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Editorial on the Research Topic
 Crosstalk between peripheral and local immune response in the pathophysiology of stroke and neurodegeneration diseases




The role of immune response in neurological disease pathophysiology continues to be a hot topic in recent decades. Accumulating evidence reveals both local and peripheral immune systems contribute to in stroke, traumatic brain injury, and neurodegenerative diseases (Waisman et al., 2015). Immune cell activation is also involved through facilitating inflammatory responses in Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis. Despite the central nervous system (CNS) being described as an immune-privileged site, both local and peripheral immune cells participate in the immune response in the progression of these neurodegenerative diseases (Waisman et al., 2015). In the CNS parenchyma, two glia cells, astrocytes and microglia are actively involved in the local innate immune response. In contrast, the peripheral lymphocytes like T cells, B cells and master cells, monocytes, can cross the blood-brain barrier (BBB) contributing to immune activation (Greenhalgh et al., 2020; Harms et al., 2021). However, both innate and adaptive immune responses in CNS disorders are double-edged swords, which not only promote repair and recovery but also accelerate brain injury.

Neuroimmunologists seek to understand the interactions between the local innate immune response and peripheral adaptive immune response both under homeostatic conditions and in diseases (Kipnis, 2016). In pathological conditions, peripheral immune cells, cytokines, and complements can cross the BBB to cause direct neurotoxicity that contributes to microglia and astrocyte activation. Additionally, local immune cell activation can also release cytokines and chemokines to attract neutrophils and initiate local inflammatory responses. Immune responses have broad implications for with various other pathological changes, such as BBB disruption, oxidative stress, and programmed cell death. Multiple signaling pathways are activated by the stimulation of local and peripheral immune responses which further modifies the function of non-immune cells such as endothelial cells, neurons, pericytes, and oligodendrocytes (Kipnis, 2016). A better knowledge of the roles of both peripheral and local immune responses in stroke and neurodegenerative diseases may provide new therapeutic opportunities to explore neuronal rescue and repair strategies.

The topic of “Crosstalk between peripheral and local immune response in the pathophysiology of stroke and neurodegenerative diseases,” has attracted many original research and review articles, including papers on molecular and cellular mechanisms, as well as clinical translational applications. A total of 11 reviews and 18 original articles were collected in this topic, studying stroke (Chen H. et al.), spinal cord injury (Chen, Shen et al.; Tang et al.), glioma (Lin et al.), Alzheimer's disease (AD) (Chen, Dai et al.), Parkinson's disease (PD) (Zhang Z. et al.), traumatic brain injury (TBI) (Wang et al.) and pediatric septic shock (Fan et al.).

For stroke, Cheng et al. and Fu et al. summarized the interaction between peripheral and local immunity, as well as the role of autophagy in immune responses after stroke onset and the potential immunotherapeutic strategies. In addition, Zhong et al. and Tuz et al. reviewed and summarized the effect of sex and gastrointestinal function in stroke progression, the role of estrogen as an immunomodulator in immune reactions, and the potential clinical value of estrogen replacement therapy, which may help better understand the immunomodulatory function and provide a basis for its novel therapeutic use in stroke. Meanwhile, Zhao et al. used bibliometric analysis of tumor necrosis factor (TNF) in post-stroke neuroinflammation from 2003 to 2021, revealing the important role of TNF in post-stroke neuroinflammation which may represent a potential target for neuroprotective therapeutics after stroke.

Several original studies revealed new therapeutic targets for subarachnoid hemorrhage (SAH), including salvianolic acid B, gasdermin D (GSDMD), pleckstrin homology-like domain family A member 1 (PHLDA1), and sestrin2. Salvianolic acid B ameliorates neuroinflammation and neuronal injury via blocking NOD-like receptor thermal protein domain associated protein 3 (NLRP3) inflammasome and promoting silent mating type information regulation 2 homolog - 1 (SIRT1) after SAH in rats (Zhao et al., 2021). A newly discovered GSDMD inhibitor, LDC7559 was found to suppress neuronal pyroptosis and microglial activation after experimental SAH (Cai et al.). Similarly, PHLDA1 blockade was found to modulate microglial responses and NLRP3 inflammasome signaling following experimental SAH (Lai et al.). Both endogenous and exogenous nuclear factor erythroid 2-related factor 2 (Nrf2) promoted microglia polarization from the M1 to M2 phenotype after SAH in rats (Yang et al.). Interestingly, Han et al. found inhibition of Axl reduced macrophage polarization toward the M1 phenotype via the STAT1/HIF-1α signaling pathway and prevented aneurysm SAH to happen in mice.

Meanwhile, Su et al. found that γδ T cells recruitment and local proliferation in brain parenchyma alleviated neuroinflammation after micro-intracerebral hemorrhage (ICH). Zhang L. et al. used spatial transcriptome analysis to discover hematoma-stimulated circuits for secondary brain injury after intraventricular hemorrhage, which may help design more effective clinical management regimens and develop novel bioinformatics strategies for the study of other CNS diseases as well. Luo et al. investigated the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and D-dimer-to-fibrinogen ratio (DFR) as predictors of pneumonia and poor outcomes in patients with ICH.

Sun et al. retrospectively reviewed 741 consecutive patients with acute ischemic stroke who underwent intravenous thrombolysis with rtPA and found that platelet-to-lymphocyte ratio at 24h after thrombolysis is a prognostic marker in acute ischemic stroke patients. Mu et al. explored two datasets (GSE37587 and GSE16561) from the Gene Expression Omnibus database and found 6 critical genes, STAT3, FPR1, AQP9, SELL, MMP9, and IRAK3, related to oxidative stress and neutrophil response in early ischemic stroke, which may provide new insights into understanding the pathophysiological mechanisms of ischemic stroke. Shen et al. revealed human umbilical cord mesenchymal stem cells (hUCMSCs) could inhibit the infiltration of inflammatory cells in the brain tissue and promote the repair of brain tissue structure and function. Early intervention by injecting high-dose of hUCMSCs could significantly improve the recovery of neurological/motor function and reduce the size of cerebral infarction in rats. Additionally, Zhang Q. et al. found electroacupuncture (EA) and induced pluripotent stem cell (iPSC)-derived small extracellular vesicles (iPSC-EVs) treatments regulated intestinal immunity through MGBA regulation of intestinal microbes, reducing brain and colon damage following cerebral ischemia and positively impacting the outcomes of ischemic stroke.

For neurodegenerative diseases, Zhang Z. et al. discussed the structural function of toll-like receptors and signal transduction in Parkinson's disease by reviewing clinical studies, animal models, and in vitro studies, which highlighted the therapeutic value of toll-like receptors in immune therapies of PD. Huang's review concluded that positron emission tomography (PET) imaging of neuroinflammation is a promising approach to decipher the enigma of the pathophysiological process of AD and mild cognitive impairment. Interestingly, Chen, Dai et al. first revealed activated biological markers leukocyte cell adhesion molecule and vascular cell adhesion molecule-1 as indicators of AD. Houser et al. also found progranulin and Glycoprotein Nonmetastatic Melanoma Protein B to jointly regulate the peripheral and the central immune system in a sex-dependent manner, which may also play a role in neurodegenerative diseases.

These studies enriched our understanding of immune responses in the pathophysiology of neurological diseases. We extend our deepest gratitude to all the contributing authors and reviewers who participated in this Research Topic. And we are looking forward to more reviews and original articles covering to the new Research Topic “Crosstalk between peripheral and local immune response in the pathophysiology of stroke and neurodegenerative diseases, volume II”.
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Uremic neuropathy in children encompasses a wide range of central nervous system (CNS), peripheral nervous system (PNS), autonomic nervous system (ANS), and psychological abnormalities, which is associated with progressive renal dysfunction. Clinically, the diagnosis of uremic neuropathy in children is often made retrospectively when symptoms improve after dialysis or transplantation, due to there is no defining signs or laboratory and imaging findings. These neurological disorders consequently result in increased morbidity and mortality among children population, making uremia an urgent public health problem worldwide. In this review, we discuss the epidemiology, potential mechanisms, possible treatments, and the shortcomings of current research of uremic neuropathy in children. Mechanistically, the uremic neuropathy may be caused by retention of uremic solutes, increased oxidative stress, neurotransmitter imbalance, and disturbance of the blood-brain barrier (BBB). Neuroimmune, including the change of inflammatory factors and immune cells, may also play a crucial role in the progression of uremic neuropathy. Different from the invasive treatment of dialysis and kidney transplantation, intervention in neuroimmune and targeted anti-inflammatory therapy may provide a new insight for the treatment of uremia.




Keywords: uremia, neuroimmune, inflammation, oxidative stress, pediatric



1 Introduction

Uremia, a term used to describe the presenting syndrome patients experience in end-stage renal disease (ESRD), is characteristic for a variety of clinical and metabolic disorders with progressive kidney failure, which usually caused by chronic kidney disease (CKD) or acute kidney injury (AKI) (1). It can cause the accumulation of organic waste products in plasma, referred to as uremic solutes or uremic toxins, which are not yet fully identified (2). Besides uremia toxins, oxidative stress and inflammation also persist in uremia. These risk factors may involve in generalized organ dysfunction and consequently result in a significant decrease in quality of life and increased mortality, which has made uremia rapidly become an urgent public health problem worldwide. Due to the disturbance of the internal environment, uremia can cause a series of complications. Generally, nervous system dysfunction is quite common in patients with uremia, knowns as uremic neuropathy. Patients with uremic neuropathy may experience insomnia, agitation, paranoia, cognitive impairment, and coma for weeks or months or even years, followed by exacerbation and ultimately a poor prognosis (3). It has been also reported that sleep disorders and restless legs syndrome are common in dialysis patients with neurological complications. The pathogenesis of uremic neuropathy remains unclear.

Children as a special population are gradually arousing concern among patients with uremia. Pediatric uremia differs from adult uremia in that the largest diagnosed group in children are associated with congenital abnormalities and inherited disorders, whereas glomerular and renal diseases in the context of diabetes are relatively rare. At present, the treatment of children with uremia is still mainly dialysis and kidney transplantation (4, 5). Additionally, since children are in a critical period of growth and development, the therapy of recombinant human growth hormone is required for the complications of growth retardation caused by uremia (6, 7). Further, uremia in children can also cause neurological complications that not only lead to substantial disability and mortality but also incite medical issues beyond childhood. It is generally known that the first year after birth is a critical period for brain development, with the proliferation of glial cells and the rapid formation of myelin sheaths (8). Therefore, any factor that interferes with these two processes could have a major impact on brain development. Multiple neurological and developmental abnormalities have been identified in children who develop chronic renal failure during the first year of life. These abnormalities include microcephaly, retardation, cerebral edema, recurrent seizures and ataxia (9–11). Moreover, children between 3 and 16 years old with chronic renal impairment are more likely to have hearing impairment, decreased hearing sensitivity (12). Children born by mothers with chronic kidney disease are more likely to develop to cerebral palsy and intellectual disability (13). This may suggest that the CNS of children is more susceptible to uremia. However, studies on the epidemiology and corresponding mechanisms of uremia-induced neuropathic disorders in children are scarce.

The aim of this review was to investigate the epidemiology, clinical features, underlying mechanism and possible treatments of the neuropathic disorders in pediatric uremia, in order to provide new insights for pediatricians.



2 Epidemiology of pediatric uremia

Epidemiological researches of uremia on growing children are scarce. Nonetheless, given that uremia is usually caused by CDK and AKI, the epidemiology of CDK and AKI indirectly reflects the prevalence of uremia. According to a report from the United States, the incidence of CDK in adults is approximately 11%, which is 50 times greater than that of ESRD (14). Besides, a review of 15-year admissions in Nigeria estimated the prevalence of severe pediatric CKD to be 15 cases per million (15). The average incidence of CDK in Kuwaiti children was 38.2 cases per million per year (16). The Swedish national survey reported a prevalence of advanced CKD was 21 cases per million per year (17). A population-based data from Italy reported a point prevalence of CKD of 74.7 cases per million per year (18). Taken together, compared with adults, the prevalence of CKD in children has been reported at 15-74.7 per million, while the incidence of AKI ranged from 37% to 51% (19). Such variation in data is likely to be influenced by geography, culture and the medical resources. Moreover, the prevalence of ESRD in children is less than 2% of the total ESRD population (20). Nonetheless, pediatric CKD is a progressive disease, and the mortality rate among children with ESRD who receive dialysis is 30 to 150 times higher than the general pediatric population (21). During 2012, the prevalence of ESRD in children treated with dialysis in a Brazilian cohort was 20 cases per million (22), while a nation-wide survey from China between the 2007 to 2012 showed that 45.9% children with ESRD were on dialysis (23). The 1-, 2-, and 5- year overall survival rates of children on dialysis were 96.9%, 94.5%, 89.5% respectively (24). Furthermore, uremic neuropathy is quite prevalent in children with CKD on continuous hemodialysis. The prevalence of uremic neuropathy in children is not available, however, a small sample research reported that it was approximately 22% (25). Thus, the diagnosis and treatment of pediatric CKD and AKI must emphasize early detection, primary prevention, and active management to avoid further progression to ESRD and uremia. A population-based epidemiology of uremia in children is urgently needed.



3 Uremic neuropathy


3.1 Background

Uremic neuropathy encompasses a wide range of neurological abnormalities associated with poor renal function. It can involve the central nervous system (CNS), peripheral nervous system (PNS), autonomic nervous system (ANS) as well as psychological abnormalities (Table 1). CNS complications include cognitive impairment (26), seizures (27, 28), cranial neuropathy (29, 30), extrapyramidal disorders such as Parkinson’s disease (31) and chorea (32). Pediatric patients are more prone to the CNS damage caused by uremia, including microcephaly, retardation, cerebral edema, recurrent seizures and ataxia (9–11). Moreover, Hurkx et al. found delayed peak of brainstem auditory evoked potentials and unusual sensory evoked potentials in younger children, suggesting unusual myelination and synapse formation in children with chronic renal failure (CRF) (39).


Table 1 | The symptoms of uremic neuropathy.



The symptoms of peripheral neuropathy include loss of tendon reflexes and muscle atrophy (33). The ANS complications is manifested by defective function of sweat glands (34), abnormal response to the valsalva maneuver (35), decreased baroreflex sensitivity (36), and hypotension (37). Psychological abnormalities include depression emotional changes, disturbing and depression (28, 38). Thus, the symptoms of uremic neuropathy are very complex and lack clear clinical, laboratory, or radiographic findings. The diagnosis of uremic neuropathy is frequent retrospective, only when symptoms improve after dialysis or kidney transplantation as well as other causes of neuropathy have been excluded (40). Although the prevalence of uremic neuropathy in children is not available, it has been reported it is quite common in children with CKD on maintenance hemodialysis (25). Neurologic complications contribute largely to the disability and mortality in patients with kidney failure. The age of onset and duration of CDK may influence neurocognitive and functional outcomes (41). Early life is an important period for the rapid proliferation and myelination of glial cells, and any significant insult can have enduring effects on neural structure and function (42, 43). Further knowledge of the potential link between uremia and neurological symptoms is needed, especially in children, to better understand this complication and to exert early intervention.



3.2 The general underlying mechanisms of uremic neuropathy


3.2.1 Uremic toxin accumulation

The development of uremic syndrome is usually caused by the retention of retained solutes that are filtered by healthy kidneys and have deleterious effects on biological function, known as uremic toxins (44). The European uremic toxin working group proposed a classification of 90 uremic solutes in 2003 (2). By reviewing the literature, Flore et al. identified 88 uremic toxins (45). According to their physicochemical properties, uremic toxins can be classified into small water-soluble compound, middle molecular compounds and protein-bound compounds (Table 2). Due to the difference in hydrophobicity, small molecular weight uremic toxins can exist as a free water-soluble form or reversibly bind to serum proteins, thereby altering protein function (75). Several studies suggest that these toxins may originate from diet or microbial metabolism as they can also be produced in the gut (76, 77). Recently, mitochondria have been implicated as contributors to uremic toxin production. Mitochondria may directly impact the synthesis of uremic toxins, especially the oxidation products or peroxidation products of cellular components, and uremic toxins in turn can cause damage to mitochondria, thereby producing more uremic toxins, forming a positive feedback loop that leads to increased production of uremic toxins (78). Studies also have reported that uremic toxins contribute to uremic neuropathy (79). Understanding the relationship between uremic toxins and neurological disorders contribute to better comprehend the pathogenesis of uremic neuropathy.


Table 2 | The uremic toxins affecting neurogoical disorder.




3.2.1.1 Small water-soluble compounds


3.2.1.1.1 Guanidine compounds

Guanidine compounds (GCs), such as guanidinosuccinic acid (GSA), guanidine and methylguanidine, are considered to be the major cause of cognitive dysfunction in uremic syndrome of CKD (46–48). The accumulation of guanidine compounds can trigger oxidative stress (49) and lead to neuronal damage (50). Study in uremic animal models reported that GSA impaired synaptic function in CA1 region and affected memory process by blocking gamma aminobutyric acid (GABA) and glycine receptor-associated ion channels (51). It was also found an elevation of GSA and methylguanidine in the epileptic brain in animal models (52). Moreover, methylguanidine may promote uremia-related neurodegeneration by enhancing the pro-apoptotic effects of H2O2 and altering mitochondrial calcium homeostasis in glial cells (53).



3.2.1.1.2 Hypoxanthine

Hypoxanthine, a metabolite of purines, has been shown to have effects on the CNS (54). Hypoxanthine damages rat hippocampus and striatum. These effects are mediated by elevated levels of free radicals and uric acid, which lead to changes in acetylcholinesterase and butyrylcholinesterase activity (55). Hypoxanthine can be converted to xanthine by xanthine oxidase (XO) and subsequently to uric acid and have been shown to be positively associated with lipid peroxidation (56). Consistent with this result, XO inhibition ameliorates brain injury and renal dysfunction (57, 58).




3.2.1.2 Middle molecular compounds


3.2.1.2.1 Parathyroid hormone

Excessive parathyroid hormone (PTH) is mainly caused by hyperparathyroidism due to hyperphosphatemia that occurs in CDK (59, 60). Elevated parathyroid hormone reduces the conduction velocity of motor nerve in uremic patients (79). Hyperparathyroidism increases calcium entry into the brain and interferes with nerve transmission, thereby inducing neurotoxicity (61), while removal of parathyroid glands can prevent calcium excess in uremic brain (62). Furthermore, parathyroidectomy can prevent electroencephalogram (EEG) abnormalities in uremic animals, whereas administration of parathyroid extract to normal animals can induces similar EEG changes to uremic animals (63). It has also been suggested a harmful effect of PTH on cognitive function in CKD patients (64). However, there is still a lack of research supporting this view, which needs further investigation.



3.2.1.2.2 β2-microglobulin

Limited information is available on the relationship between β2-microglobulin and neuropathy. It has been reported that β2-microglobulin is cytotoxic for the SH-SY5Y neuroblastoma cells at concentrations readily attainable in the plasma of hemodialysis patients (65). Despite the potential neurotoxicity of β2-microglobulin, the concentration of β2-microglobulin in CSF is maintained at a low level due to the protective effect of the blood-brain barrier (BBB). However, BBB may be damaged in uremic patients. Furthermore, β2-microglobulin has been also identified as a pro-aging factor that impairs hippocampal cognition and neurogenesis (66).




3.2.1.3 Protein-bound compounds


3.2.1.3.1 Indoxyl sulfate

The serum indoxyl sulfate concentration in uremic patients was markedly increased (80). The average serum level of total indoxyl sulfate in patients with uremia was approximately 43 times higher than that in normal subjects (45). The accumulation of indoxyl sulfate within brain structures may be related to the expression of organic anion transporter 3 (OAT3) efflux transporter (67). Indoxyl sulfate involve in human astrocyte apoptosis through oxidative stress and protein kinase inhibition (68). Bartłomiej et al. also reported that the level of indoxyl sulfate in the cerebrospinal fluid of patients with Parkinson’s disease was higher than expected, which may affect the progression of Parkinson’s disease (69). Furthermore, intraperitoneal injection of indoxyl sulfate leads to emotional disturbance in mice unilateral nephrectomy, which is associated with altered neuronal cell function and neuroinflammation (70).



3.2.1.3.2 Homocysteine

The serum level of total homocysteine in uremic patients was significantly higher than that in the healthy people (81). Homocysteine has been demonstrated to display direct neurotoxic effects (71). Indeed, homocysteine causes direct neurotoxicity in cortical neurons by activating the glutamate N-methyl-d-aspartate (NMDA) receptors (72). Overactivation of these receptors may mediate ischemic damage in the brain (73). Thus, homocysteine may be involved not only in cerebrovascular injury, but also in neurotoxicity. A prospective cohort study reported plasma homocysteine as an independent risk factor that may play a persistent role in dementia (74). Further studies are needed to assess the impact of hyperhomocysteinemia in uremia-related neurological damage.





3.2.2 Oxidative stress

Oxidative stress can be regarded as an imbalance between reactive oxygen species (ROS) production and antioxidant defense. This disturbance can impact cellular function and damage nucleic acids, proteins and lipids (82). Numerous studies have demonstrated increased oxidative stress in uremic patients. Low-density lipoproteins (LDL) from uremic patients are more prone to copper-induced lipid peroxidation than plasma LDL from healthy subjects in vitro (83). In addition to lipid peroxidation, uremic oxidative stress is also biochemically characterized by a state of accumulation of reactive aldehydes and oxidative thiols and depletion of reductive thiols (84). Reactive aldehydes can be regarded as end products of various oxidation reactions, such as the oxidation of alcohol and amino (85). Several reactive aldehyde compounds, including acrolein, malondialdehyde, methylglyoxal, glyoxal, and hydroxynonenal have been demonstrated to be 10-fold higher concentrations in uremic plasma than that in healthy individuals (86, 87). In particular, α, β-unsaturated aldehydes are important oxidation products with capable of forming advanced glycation end products (AGEs) (88). In uremia, the accumulation of reactive aldehydes is primarily due to reduced renal catabolism and increased production by myeloperoxidase-catalyzed activation of phagocytes (84). Thiols, important antioxidant component, are found to be depleted in hemodialysis patients and thus is unavailable to participate in antioxidant defense (87). Furthermore, plasma glutathione levels decreased in hemodialysis patients and accompanied by a significant decrease in glutathione peroxidase function (89). Mitochondria are also involved in the production of ROS. Impaired mitochondrial respiratory system in CKD patients is deemed as a consequence of enhanced oxidative stress, which may explain the abnormal energy metabolism in this population. Many uremic toxins such as indoxyl sulfate, p-cresyl sulfate, kynurenic acid and hippurate can inhibit the mitochondrial respiratory chain and lead to the overproduction of ROS (78).


3.2.2.1 The role of oxidative stress in uremic neuropathy

Neuronal tissue is quite vulnerable to oxidative stress (90). Oxidative stress not only causes direct neurotoxicity through phospholipid membrane peroxidation (91), but also incites excitotoxicity by promoting glutamate release (92, 93). This leads to the activation of NMDA and non-NMDA receptors, resulting in severely elevated intracellular Ca2+ levels, neuronal nitric oxide synthase (NOS) activation, peroxynitrite formation, protein nitration, mitochondrial damage, and ultimately causing neuronal damage or death (84). As mentioned above, lipid peroxidation, increased AGEs, and mitochondrial dysfunction are present in uremic patients. Lipid peroxidation can cause several deleterious effects during the development of neurodegenerative diseases (94). Since lipid peroxidation can increase the production of N-carboxymethyl lysine, which is a major form of AGEs (95). It has reported that the expression of AGEs receptors increased in human peripheral neuropathy (96). AGEs induce hypertrophy of the endoneurial microvascular basement membrane by stimulating pericytes to release TGF-β and vascular endothelial growth factor (VEGF), thereby destroying the BBB (97). In addition, AGEs exert deleterious effects on cells by upregulating pro-inflammatory cytokines and triggering inflammation (98). Similarly, reduced energy due to mitochondrial dysfunction can lead to neuronal damage, death and neuropathy (99). Additionally, oxidative stress is associated with an increased inflammatory response. Indeed, oxidative stress and inflammation can form a feed-forward cycle, leading to neurodegeneration (100). Oxidative stress can directly or indirectly induce the production of pro-inflammatory cytokines by activating tumor necrosis factor-α (TNF-α) and nuclear factor-kappaB (NF-κB). These factors can trigger the inflammatory mechanisms in neurodegeneration (100, 101). As a stimulator, oxidative stress can also cause the dysfunction of proteasome, thereby enhancing free radical generation and protein oxidation, as well as inhibiting ubiquitination. Consequently, unwanted proteins will accumulate in the cytoplasm and induce the formation of senile plaques (102), which is closely related to cognitive impairment and Alzheimer’s disease (103).




3.2.3 Neurotransmitter imbalance

Neurotransmitters are defined as substances that carry messages between neurons. When neurotransmitters bind to neurotransmitter receptors, it can transmit either excitatory or inhibitory signals, thereby triggering a series of responses. However, when neurotransmitters become dysregulated, it can result in neurological disorders (104). Franz et al. found that both the extracellular concentrations of neuroexcitatory and neuroinhibitory amino acids increased in medial preoptic area (MPOA) of chronic renal failure rats (105). Moreover, Schaefer et al. found that basal outflow of synthetic g-aminobutyric acid (GABA), glutamate and aspartate was increased in the uremic rat brain (105). Consistent with this result, Biasoli et al. demonstrated altered transport of amino acids across the BBB and resulted in a high phenylalanine-tyrosine ratio and low glutamine level in the brain (106). Similarly, some other researchers found the phenomenon of plasma/cerebrospinal fluid amino acid imbalance in infants with CRF. The accumulation of abnormal amino acids in CSF was detrimental to the function of Na-K pump in synaptosomes, and might affect the development of neurons and astroglia, which may partially explain the potential mechanisms of impairments caused by CRF in pediatric patients (107).

Glutamine is the main source of synthetic GABA, and low levels of glutamine in the brain suggest the deficiency of GABA (108). Perry et al. dissected 10 patients with ESRD and dialysis encephalopathy and found decreased GABA levels in many brain regions, with reductions of more than 40% in the cortex and thalamus. Clinical consequences of GABA deficiency may be associate with cognitive impairment (109). This may suggest that cognitive impairment in uremia may be related with reduced GABA. As a well-known neurotransmitter, acetylcholine plays a multifaceted role (110). However, renal failure results in a disorder of acetylcholine metabolism, which leads to its accumulation and release in brain synaptosomes. This is mainly due to decreased activity of choline kinase, to some extent, mediated by the secondary hyperparathyroidism of renal failure (111). Thus, behavioral and motor changes in uremic patients may be due in part to disturbances in acetylcholine metabolism.



3.2.4 Blood brain barrier disruption

BBB is a highly complex and dynamic structure involving endothelial cells, basement membranes, astrocyte foot processes, and pericytes that separates the CNS from the peripheral blood circulation (112). The BBB can tightly regulate the exchange of substances such as molecules and ions between the blood and the CNS. This is critical for strictly controlling the CNS homeostasis, as well as protecting the CNS from pathogens, inflammation, toxins, injury and disease (113). Recent studies have shown that BBB disruption play an essential role in neurodegenerative processes (114, 115). Meanwhile, some animal models of acute and chronic renal failure show BBB disruption in the context of uremia, but the mechanism remains unclear (116, 117). It has been reported that uremia increases the permeability of BBB as assessed by radioisotopes (118). Some uremic toxins, such as indoxyl sulfate, has been reported to mediate the activation of the transcription factor aryl hydrocarbon receptor (AhR) to induce BBB disruption and uremia-related cognitive impairment. Uremia activates inflammatory and oxidative pathways and inhibits antioxidant and cytoprotective systems, which erode the brain’s capillary-junction complexes (119). This suggests a possible disruption of the integrity of the blood-brain barrier in uremic patients.




3.3 The alteration of neuroimmune

Recent studies have uncovered the interaction between the nervous and immune systems, which can modulate immune function and inflammation, known as neuroimmune (120). One of the well- explored neuroimmune pathways is the cholinergic anti-inflammatory pathway (CAP). Chemicals released in the inflammatory bind to receptors on sensory nerve terminals and transmit neuronal signals to the brain via the afferents of vagus (121). This signal activates the vagal efferent nerve through the nucleus of the solitary tract and the dorsal vagus motor nucleus. The activated efferent vagal nerve stimulates the splenic nerve, although whether there is a direct connection between the efferent nerve of vagus and the splenic nerve remains controversial (122). Subsequently, norepinephrine is released from splenic nerve terminals and bind to β2-adrenergic receptors expressed by CD4+T cells in the spleen to mediate acetylcholine release from these cells (123). Acetylcholine interacts with the α7 nicotinic acetylcholine receptors (α7nAChRs) expressed on macrophages, which are key mediators to the regulation of neuroimmune, thus leading to inhibition of NF-κB and activation of Janus kinase 2 signal transducer and activator of transcription 3 (JAK2-STAT3) pathway, and ultimately inhibiting the production of pro-inflammatory cytokines, such as TNFα, and suppressing inflammation (124–126). Notably, the neuroimmune cross-talk between the nervous system and the kidney to maintain a normal physiological state. However, pathological state, such as uremia, can disrupt this interaction, further leading to disturbances in homeostasis that may ultimately result in neuropathy (127).


3.3.1 Inflammatory cytokines and cells

Multiple factors can contribute to immune dysregulation and inflammatory activation in uremic patients. Uremia exhibits a persistent low-grade inflammatory environment, involving impaired inflammatory cell function and dysregulated cytokine networks. Some of these factors may be related to the primary disease, and some may be due to the highly proinflammatory oxidative stress generated by the uremic environment (128). Indeed, a feed-forward loop is formed between oxidative stress and inflammation, which lead to neurodegeneration (100). Oxidative stress can induce production of pro-inflammatory cytokines directly or indirectly via activating TNF-α and NF-κB (129–131). Available data suggest that the anti-inflammatory cytokine interleukin-10 (IL-10) and the major pro-inflammatory cytokines IL-6 (IL-6) and TNF-α may play critical roles in uremia (132). The cerebrorenal interactions suggested that IL-6 and TNF-α are likely to have an effect on the CNS, although the mechanisms are yet to be identified (133). NALP3, the best characterized inflammasome, act as a connection between inflammation and immunity. The NALP3 is activated in immune peripheral cells isolated from uremic patients. These cells show higher levels of mRNA of NALP3, IL-1β and IL-18 compared to healthy subjects (134). Interestingly, metabolic acidosis is another cause of inflammation among chronic hemodialysis patients, which develop with a decrease in glomerular filtration rate (GFR) (135, 136). Uremic toxins may contribute to gut dysbiosis in CKD and facilitate the translocation of gut bacteria, which in turn activates systemic inflammatory responses (137). Furthermore, protein-bound uremic toxins, such as indoxyl sulfate exert a proinflammatory effect by stimulating crosstalk between leukocytes and blood vessels, resulting in vascular injury (138). In addition, leukocyte oxidative burst, that is, the production of large amounts of ROS via the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex (139), may further aggravate the inflammatory response (140, 141).



3.3.2 Immune cells


3.3.2.1 Innate immune system


3.3.2.1.1 Polymorphonuclear neutrophils

Polymorphonuclear neutrophils (PMNLs), named after their lobulated nuclei, contain multiple granules in their cytoplasm and are particularly important in nonspecific cellular immunity (142). In patients with ESRD, the expression of toll-like receptor 2 (TLR2), TLR4 and integrins on PMNLs is increased (143). This increased expression is a key mediator of oxidative stress and inflammation associated with renal failure, which contribute to tissue damage in this population (144). The level of ROS production, degranulation, and extracellular trap formation in PMNLs from dialysis patients are significantly elevated, suggesting spontaneous activation (145). Synergistic elimination of activated PMNLs is critical for resolution of inflammation (146).



3.3.2.1.2 Monocytes and macrophages

Monocytes are produced in the bone marrow and distributed in all body tissues as macrophages (147). Circulating monocytes were widely expanded in ESRD patients, especially CD14+CD16+ subsets (143). This may be due to the increased expression of integrins, TLRs and proinflammatory cytokines in uremic condition. The possibility therefore might lead to the release of CD14+CD16+ monocytes from the bone marrow (148). These abnormalities suggest spontaneous activation of monocytes and contribute to the prevailing oxidative stress and inflammation in ESRD. Thus, the number of circulating monocytes in ESRD patients, particularly the CD14+CD16+ subsets might be related to the degree of systemic inflammation and/or uremia.



3.3.2.1.3 Dendritic cells

Dendritic cells are considered to be the major professional antigen presenting cell in the immune system (149). Uremia has a negative effect on dendritic cells. Study have shown that monocyte-derived dendritic cells from CKD patients are less able to stimulate T cells than healthy controls (150). This may be related to the decreased expression of the key costimulatory molecule CD86 in the uremic situation (151). Dendritic cells are also present in the renal and involve in the progression of kidney failure by binding to glomerular antigens (152).




3.3.2.2 Adaptive immune cells


3.3.2.2.1 T cells

Exposure of naive T cells to antigen leads to clonal expansion and differentiation of memory T cells and effector T cells, which play a central role in cell-mediated immune responses (152). Patients with ESRD showed significantly reduced naïve and CD4+ and CD8+ T cells (153). Furthermore, the proliferation of T cell in ESRD patients have been reported to be impaired when detect in uremic serum (154). This is associated with increased sensitivity to apoptosis in both naive and memory T cells from uremic patients (155).



3.3.2.2.2 B cells

B lymphocytes are mainly produced by hematopoietic stem cells in the bone marrow and mediate humoral immunity by producing antigen-specific antibodies (156). Similar to T cells, B cell lymphopenia in ESRD patients is associated with progressive loss of renal function (157). Additionally, CD5+ innate B cells and CD27+ memory B cells are reduced in childhood chronic renal failure (158). Fernández et al. reported that uremic environment may sensitize B cells to apoptosis in ESRD patients (159). Madeleine et al. reported that the uremic environment may interfere with the differentiation and survival of B cells by down-regulating the BAFF receptor in transitional B cells in ESRD patients (157). Thus, the deficiency and dysfunction of B cells in advanced CKD may be mediated simultaneously by increased B cell apoptosis and impaired differentiation and maturation of transitional B cells.







4 Potential treatment for uremia

Hemodialysis and renal transplant are two common treatments for uremia. Efficient solute removal usually improves CNS symptoms over multiple dialysis sessions. However, dialysis is relatively effective only for some small water-soluble solutes, and some protein-bound solutes cannot be effectively removed. Kidney transplants are also effective at removing uremic toxins. Patients with kidney transplant are given immunosuppressants and prophylactic antibiotics, which cause changes in the gut microbiota (160).


4.1 Anti-inflammatory therapy

As mentioned above, pro-inflammatory factors play an important role in uremia, therefore, targeted anti-inflammatory therapy is recommended for these patients. Statins, a typical lipid-lowering drug, has been demonstrated to have an anti-inflammatory effect in hemodialysis patients (161). Angiotensin-converting enzyme (ACE) inhibitors can suppress TNF-α in advanced chronic renal (162). In patients with chronically uremia, pentoxifylline was confirmed to reduce the whole-body proteolysis, a characteristic of systemic inflammation activation (163).



4.2 Neuroimmunomodulatory therapy

Besides, neuroimmunomodulation of organ function has attracted extensive attention as a new treatment for diseases. Considering the anti-inflammatory effect of CAP pathway, stimulation of vagal nerve, has been shown to protect the kidney from AKI (164). However, electrical stimulation of the vagus nerve requires invasive surgery. In clinical application, ultrasound, a non-invasive imaging technique, can be used as a candidate for the activation of CAGigliotti et al. reported that ultrasound can suppresses inflammation in renal by stimulating the CAP pathway (165). This result might lead to a powerful nonpharmacological approach to block the inflammation of kidney and preserve function. Further studies are needed to explore the underlying mechanisms of neuroimmunomodulatory in inflammation and organ damage.




5 Limitations of current researches and perspectives

The paucity of data on pediatric uremia is a thorny problem. Due to the differences in region, culture and detection methods, the heterogeneity of the existing data is relatively high. For this reason, we discuss a general underlying mechanism of uremia. Therefore, a unified standard is urgently needed to register and follow up these patients. Besides, the association between uremic toxins and uremic neuropathy has not been fully elucidated, especially in children, which may require large prospective studies. Finding biostatistical associations between specific clinical signs and solute concentrations by combining high-throughput analytical methods with clinical databases represents an intriguing but underexplored track to unravel the pathophysiology of uremic neuropathy.

Moreover, the roles of immune cells and inflammatory factors in the uremic immune microenvironment and the inflammatory microenvironment remain to be explored, and the temporal and spatial distribution of immune cells and inflammatory factors needs to be further investigated. New methods such as single-cell sequencing and temporal-spatial omics need to be used to further explore the underlying mechanisms. In addition, non-invasive treatments, neuroimmune interventions, and targeted anti-inflammatory treatments in uremia, such as dose gradients or time gradients, need to be further explored.

Going forward, technological innovations and the combined efforts of the global scientific community may help elucidate some fundamental questions about the causes and treatment of uremic neuropathy in children, and provide new insights for this disease that can help pediatricians prescribe tailored treatment for children.



6 Conclusion

Pediatric uremic neuropathy is an extremely complex complication that leads to morbidity and mortality in children. In this review, we discuss the epidemiology of childhood uremic neuropathy, the underlying mechanisms, possible treatments, and current research gaps (Figure 1). Uremic neuropathy is associated with accumulation of toxins, oxidative stress, neurotransmitter imbalance, and disturbance of the blood-brain barrier. Among them, neuroimmune, including the change of inflammatory factors and immune cells, play a crucial role in the progression of uremic neuropathy. Different from traditional dialysis and kidney transplantation, treatments that focus on anti-inflammation and neuroimmune intervention show promising prospects.




Figure 1 | The potential mechanisms of uremic neuropathy and the cholinergic anti-inflammatory pathway. Uremic neuropathy is associated with accumulation of toxins, oxidative stress, neurotransmitter imbalance, and disturbance of the blood-brain barrier. These factors may lead to the release of inflammatory factors and stimulate the sensory afferent vagus nerve endings. The cholinergic anti-inflammatory pathway is starting with vagal activation. Signals transmits to the brain via the afferents of vagus. The activated efferent vagal nerve stimulates the splenic nerve and release norepinephrine. The norepinephrine binds to β2-adrenergic receptors expressed by CD4+T cells in the spleen and mediate the of release acetylcholine. Acetylcholine interacts with the α7 nicotinic acetylcholine receptors (α7nAChRs) expressed on macrophages, and ultimately inhibiting the production of pro-inflammatory.
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Alzheimer’s disease (AD) is a devastating neurodegenerative disease with a concealed onset and continuous deterioration. Mild cognitive impairment (MCI) is the prodromal stage of AD. Molecule-based imaging with positron emission tomography (PET) is critical in tracking pathophysiological changes among AD and MCI patients. PET with novel targets is a promising approach for diagnostic imaging, particularly in AD patients. Our present review overviews the current status and applications of in vivo molecular imaging toward neuroinflammation. Although radiotracers can remarkably diagnose AD and MCI patients, a variety of limitations prevent the recommendation of a single technique. Recent studies examining neuroinflammation PET imaging suggest an alternative approach to evaluate disease progression. This review concludes that PET imaging towards neuroinflammation is considered a promising approach to deciphering the enigma of the pathophysiological process of AD and MCI.
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1 Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease with a concealed onset and continuous progress. It is a severe risk factor that is threatening the health and life of elderly individuals (1, 2). AD is known to accumulate two different insoluble protein aggregates. During the prodromal phase of AD, also called mild cognitive impairment (MCI), patients have a receding performance of cognitive domains (3). The neuropathological biomarkers for AD and MCI are β-amyloid (Aβ) plaques and intracellular tau neurofibrillary tangles (NFTs) (4, 5). Aβ cascade hypothesis is one of the dominant hypotheses of AD pathogenesis (6). It refers to the Aβ patch as the initial factor causing excessive phosphorylation of tau protein, microglial activation, neurotransmitter disorders, oxidative stress, and neuro-pathological changes (7). However, AD pathological changes may have been maintained for decades before symptoms occur. When the exact diagnosis has been made with the above approaches, patients may present with irreversible nervous system damages. Therefore, developing an early, non-invasive, and accurate diagnostic method could be a research hotspot.

The central nervous system (CNS) degeneration and disease neuropathology predate AD and MCI (8). One dominant theory indicates that the excess generation or disordered clearance of Aβ is the dominant event that initiates AD pathogenesis. However, about 30% of healthy individuals with Aβ deposition are without clinical symptoms. Nevertheless, most clinical studies revealed that high Aβ levels are associated with the severity of cognitive impairment. The hyperphosphorylated tau-based NFT pathology is positively associated with the severity of cognitive symptoms (9). However, anti-amyloid interventions have been reported to depict limited effects in clinical trials. Because of poor understanding of the pathogenesis, the clinical diagnosis of AD mainly depends on detailed medical history, imaging, and neuropsychological scale assessment. Therefore, besides the traditional biomarkers of AD pathology, more targets require further investigation in exploring AD.

Positron emission tomography (PET) is a neuroimaging approach to evaluate the molecular processes in the brain, effective and accurate for diagnostic purposes, clinical strategy planning, and assessing disease progression (10, 11). PET radioligands can bind to responding targets, including receptors, transporters, or enzymes. Furthermore, tracer binding or uptake degrees can serve as a quantitative neuropathology approach. With the advance of PET technology, targeted molecular probes toward Aβ deposition, tau protein, and neuroinflammation have been extensively developed and utilized in the clinical management of AD. PET biomarkers have also been recommended to ameliorate diagnostic accuracy for AD and MCI, including cerebral metabolism or Aβ deposition on amyloid PET (12). However, the rate of cerebral metabolism cannot explicitly elucidate potential neuropathology. Although measurement of amyloid and neuroinflammation through PET tracers provides excellent insight into the underlying process of AD and MCI, the latter has not been implemented in clinical practice. The present review describes the associated trials of PET imaging targeting neuroinflammation within AD and MCI.



2 AD and neuroinflammation

Currently, neuroinflammation in AD has been well illustrated (13). In the initial phase of neuroinflammation, immune cells aim to ameliorate neuronal injury. However, abnormal inflammatory responses involving prolonged microglial activation presented adverse effects and exacerbated neurodegeneration (14). According to histopathological studies, activated microglia localize to Aβ plaques and NFTs, which attached significant attention to the role of neuroinflammation in the AD process (15). Microglia are dominant immune cells in the central nervous system (CNS), essential in maintaining hemostasis and secreting inflammatory factors (16, 17). Under the hemostatic condition, microglia present M1-like status, while under pathological conditions, they convert to an M2 state (18). M1 microglia are pro-inflammatory and produce reactive oxygen species (ROS) to remove the foreign substance and trigger neuroinflammation, while M2 microglia present an anti-inflammatory function to protect the neurons. Additionally, reactive astrocyte is also a critical member of neuroinflammation, which precipitates both Aβ and tau and is closely linked to microgliosis (19, 20). Astrocytes can be classified into A1 and A2 subtypes based on their phenotype and genetic expression profiles (21). A1 astrocyte secretes and produces various inflammatory factors and neurotoxins, whereas A2 astrocyte produces neurotrophic substances (22, 23).

Neuroinflammation is considered to have an essential role in AD. It has been demonstrated that the persistent accumulation of Aβ levels in AD patients leads to activated neuroinflammation and elevated ROS, which induces cell death through apoptosis (7). Moreover, neuroinflammation initiated by infection has been revealed to exacerbate the tau pathological process in transgenic rodent AD models. Because elderly individuals are more prone to infections, the elevated Aβ burden with activated neuroinflammatory insult may accelerate the progression of neurodegeneration in patients at risk for AD (24). According to the above discussion, it is urgent to make international efforts to develop novel radiotracers for imaging neuroinflammation in AD patients with PET. Therefore, the following sections will briefly review the different strategies within advanced PET radiotracers targeting the potential molecules in the neuroinflammation process.



3 Application of PET imaging agents for neuroinflammation

The AD-associated neuroinflammatory biomarkers are divided into (1) enzymes or signal molecules, including 18-kDa transporters (TSPO), monoamine oxidase B (MAO-B), imidazoline binding sites I2 (I2BS), epoxidation enzyme, and arachidonic acid (AA); (2) G protein-coupled receptors, including purine P2X7 and P2Y receptors, and type 2 cannabinoid receptors (CB2R). Therefore, the corresponding PET tracers are developed and will be summarized in the following section.


3.1 TSPO PET radiotracer

It is reported that TSPO presents a variety of cellular functions, including cholesterol transport, inflammatory responses, and hormone synthesis. However, its exact role in the brain immune reaction is not fully understood. Under the hemostatic condition, the expression of TSPO maintains a low level in microglia within CNS, while after neuroinflammation, abnormal activation of microglia is associated with a high level of TSPO. Furthermore, upregulation of TSPO and activation of microglia colocalize spatially after a neurotoxic intervention was established through immunohistochemistry staining, suggesting that TSPO can detect activated microglia and can be a novel approach to measure neuroinflammation. Therefore, combining imaging agents with TSPO can serve as microglia activation and neuroinflammation biomarkers. 11C-PK11195 presents a high affinity to TSPO, the first classical probe used for PET neuroinflammation imaging. Accumulative evidence of PET images revealed that the region of the cingulate, temporoparietal cortex, and amygdala in patients with AD presented a high level of 11C-PK11195 absorption compared to healthy individuals. However, the low sensitivity, low bioavailability, high rate of nonspecific binding, and short half-life defects limited the application of 11C-PK11195 in patients with AD (25–27). Therefore, the second- and third-generation imaging agents, including the 11C-DPA713, 18F-DPA714, 18F-GE180, and 11C-ER176, exert higher affinity, and brain uptake rate can detect TSPO in neuroinflammation in low expression.


3.1.1 First generation of TSPO PET radiotracers: 11C-PK11195

The dominant first generation of TSPO PET radiotracers was the 11C-PK11195, which is accompanied by either the racemic mixture or the active R-enantiomer. It has been considered the most widely used radiotracer for PET imaging in brain tissue. However, due to the intrinsic properties of the compound and complexity of carbon-11 radiolabeling within a short period of 20 min, the development of this technique for exploring neuroinflammation was impeded. Due to the poor blood–brain barrier (BBB) penetration and low brain uptake, 11C-PK11195 presents a poor signal-to-noise ratio. Moreover, 11C-PK11195 has various shortcomings, including low bioavailability and nonspecific binding, which limit its ability to determine subtle changes in TSPO expression in brain tissues (25, 27, 28). Therefore, the above difficulties challenge its application in clinical management and require further development of novel TSPO PET radiotracers.



3.1.2 Second generation of TSPO PET radiotracers

A wide range of second-generation TSPO PET radiotracers have emerged, which present a higher affinity to TSPO and better characteristics. Several radiotracers have already been widely used in patients, especially in AD. According to a previous study, 11C-PBR28 presents a higher specific signal towards microglial activity than 11C-PK11195 (29). Additionally, 11C-DPA-713 showed better sensitivity in the healthy brain than 11C-PK11195 in measuring increased TSPO expression in the brain (30). Moreover, 11C-DPA-713 determined increased TSPO density in widespread brain regions in AD patients than 11C-PK11195 (31). The evaluations of TSPO radioligands, including 11C-DPA-713, 18F-DPA-714, and 11C-PK11195, have been compared in acute neuroinflammation rat models (32). The results indicated that 18F-DPA-714 had the highest ipsilateral-to-contralateral uptake ratio and had a better binding potential than 11C-DPA-713 and 11C-PK11195 (31). Moreover, the ligand 11C-DAA1106 has demonstrated a higher affinity than 11C-PK11195 to activate microglia in various neurological disorders (33, 34). The development of novel molecules with higher affinity, greater bioavailability, and the possibility of radiolabel with 18F facilitates the easier development of inflammation imaging. Currently, a couple of radioligands labeled with 18F have also been established. Among these, 18F-FEDAA1106 presents a higher affinity to TSPO than DAA1106. Accumulated evidence has revealed the higher brain uptake of 18F-FEDAA1106 than 11C-PK11195 or 11C-DAA1106 (35). Moreover, 18F-FEMPA could be a suitable PET radiotracer for TSPO (36). It has been described that 18F-FEPPA is associated with higher affinity towards TSPO, higher brain penetration, and better pharmacokinetics than the first generation of TSPO PET radiotracers (37).



3.1.3 Third generation of TSPO PET radiotracers

A wide range of third-generation TSPO tracers, including 18F-GE-180 (R, S)-18F-GE-387, 11C-ER176, 11C-CB184, 11C-CB190, 11C-N′-MPB, and 18F-LW223, have been well established. A couple of clinical trials have compared the binding properties, brain uptake, and performance of TSPO radiotracers. The measurement of microglial activation through 18F-GE-180 was more sensitive than that by 18F-PBR06. A wide range of studies have reported on the value of 18F-GE-180 in assessing microglial activity in different rodent models. Furthermore, rising levels of 18F-GE-180 uptake indicate elevated microglial activation in patients with AD, semantic dementia, and MCI. However, another study on mouse stroke models suggested that 11C-DPA-713 PET presented higher accuracy and sensitivity on microglial activation measurement than 18F-GE-180. Moreover, a more favorable brain entrance property of 11C-PBR28 has also been reported compared to 18F-GE-180. 11C-ER176 has been revealed with a higher binding affinity than 11C-PK11195, 11C-PBR28, and 11C-DPA-71. A clinical trial of 11C-ER176 PET for accessing microglia activation in MCI and AD patients is still ongoing (NCT03744312).

Based on the evidence, the dominant concern for TSPO ligands is the cellular location of the signal. The different binding sites on glial and vascular TSPO have been reported for several TSPO ligands. The high-glial-TSPO-selectivity and polymorphism-sensitive ligand 18F-FEBMP has been developed. It presented a higher contrast to neuroinflammation than 11C-PK11195 in the PS19 tauopathy mouse model. Further studies assessing the binding selectivity to TSPO polymorphism among different generations of TSPO radiotracers are highly required.




3.2 TSPO PET imaging of neuroinflammation in AD

The following section will summarize the clinical effects secured from the clinical trials of PET imaging toward neuroinflammation among AD and MCI patients. An in-depth understanding of the underlying mechanisms of AD neuroinflammation will lead to novel therapeutic approaches to monitor disease progression using TSPO PET imaging.


3.2.1 First generation of TSPO PET imaging in AD

The radiotracer has been examined in accumulative studies involving AD and MCI patients (Table 1). The first clinical trial focusing on 11C-PK11195 failed to detect TSPO binding related to microglial activation in patients with mild to moderate dementia (51). Another AD study also reported a similar result, which suggested that microglial activation presented in later stages of AD or 11C-PK11195 is insensitive in mild to moderate AD (40). A recent study reveals only a small cluster of significantly elevated 11C-PK11195 binding in occipital lobes in AD dementia patients without any difference between clinically stable prodromal AD patients and those who progressed to dementia (43). The rising 11C-PK11195 brain uptake among AD patients was observed in two studies: (1) higher uptake was found in the frontal and right mesotemporal regions using SPECT (52); (2) higher uptake was seen in the frontal, temporal, occipital, and striatum using PET (39). Additionally, elevated regional 11C-PK11195 binding is observed in the entorhinal, temporoparietal, and cingulate cortex in patients having mild and early AD. The results were consistent with another study showing increased 11C-PK11195 signals (38, 53)


Table 1 | Studies examining regional brain uptake via first-generation TSPO tracers in AD and MCI.



Moreover, two other longitudinal studies provided the course of neuroinflammation in AD via 11C-PK11195. The first study revealed an increase in radiotracer signals in AD patients (44). On the contrary, another longitudinal study illustrated the evolution of 11C-PK11195 in eight MCI patients, four of whom revealed negative amyloid imaging. In contrast, a longitudinal reduction of microglial activation was observed in this population (47). The small sample sizes, different methods, and first-generation TSPO radiotracer limits could elaborate on these contradictory results.



3.2.2 Second generation of TSPO PET imaging in AD

The shortcomings of the second generation of TSPO radiotracers were improved with the development of advanced-generation TSPO ligands with an enhanced signal-to-noise ratio and higher binding affinity compared to 11C-PK11195 (54). Several studies assessed neuroinflammation with the measurement of radiotracer retention in AD patients through these advanced ligands (Table 2). This section will summarize the second-generation TSPO radiotracers widely used in AD or MCI. Elevated region-specific TSPO binding signals in a wide range of cortical areas are more illustrated in patients with AD than in normal individuals. The temporal pattern of neuroinflammation over the course of AD has also been well-characterized through longitudinal investigations (55, 60, 62). The role of neuroinflammation is revealed by a large longitudinal study with the administration of 18F-DPA-714 (60, 61). Participants with MCI and higher initial TSPO binding indicate a slower rate of decline due to dementia than those with lower initial TSPO binding. Combined with the other 11C-PK11195 studies, the proposal of a dual peak hypothesis of neuroinflammation in AD has been well-established (47). The hypothesis illustrated that neuroinflammation in the early phase of MCI patients is protective and beneficial to Aβ removal, while activated neuroinflammation in the later phase is detrimental. Notably, the results from TSPO imaging studies could reflect different PET signals to explore the association between TSPO expression and clinical outcomes. Similar to 11C-PK11195, enhanced TSPO signals are related to impairments in cognition and memory, visuospatial and language ability, executive functioning, dementia severity, and brain atrophy. Further research and clinical trials are urgently required when illustrating regional uptake patterns of TSPO ligands in MCI. Some studies indicated that striking patterns of high cortical tracer retention, especially in the temporal lobe, have been observed compared to healthy controls (47, 63, 65).


Table 2 | Studies examining regional brain uptake via advanced TSPO tracers in AD and MCI.



Nevertheless, it is necessary to understand the limitation of second-generation TSPO radiotracers, particularly sensitivity to the single-nucleotide polymorphism (SNP) of the TSPO gene. Genetic variation in the SNP rs6917 leads to different binding patterns in TSPO. Therefore, it is critical to evaluate these genetic polymorphisms when examining data from these radiotracers and exclude low-affinity binders (54, 67). Consequently, the advantage of 11C-PK11195 can be emphasized without any influence of TSPO polymorphism.




3.3 Other radiotracers targeting neuroinflammation

It is imperative to develop other novel and effective imaging radiotracers to measure neuroinflammation with higher specificity and affinity since TSPO is not specifically located in microglia. Therefore, promising targets should present precise localization in neuroinflammation and particular ligands to enable imaging measurement (68–71). Further work is required to explore novel targets for the activated microglia and their ability to phagocytose Aβ. Transcriptional profiling of human microglia in plaque-associated and parenchymal tissues could decipher changes in whole tissue RNA, leading to novel targets identified and prioritized for further investigation (72). In the following section, we summarized the other neuroinflammation-targeted ligands for imaging neuroinflammation.


3.3.1 CSF1R PET imaging

Colony-stimulating factor 1 receptor (CSF1R) is dominantly expressed in the microglia, macrophages/monocytes, and dendritic cells in the brain parenchyma. CSF1R presents an essential role in microglia growth, proliferation, and survival. Previous studies have determined that the growth factors of colony stimulating factor-1 (GCSF1) and interleukin-34 (IL-34) are endogenous ligands toward CSF1R (73). It has also been demonstrated that the upregulation of CSF1R is responsible for injury and AD-related neuropathology (74, 75). Due to the role of CSF1R, a novel CSF1R-targeting radiotracer 11C-CPPC was developed. In animal acute inflammation models, the encephalomyelitis model of multiple sclerosis, and APPsi with cerebral Ab pathology, increased microglial levels of CSF1R have been captured through this radiotracer (76). Moreover, a recent study compared novel CSF1R tracers 11C-GW2580 with 11C-CPPC in detecting both acute inflammation induced by LPS injection and chronic inflammation in APP knockin mice. The results revealed that 11C-GW2580 signal changes in CSF1R showed higher sensitivity than 11C-CPPC, associated with increased TSPO pattern in the brain (77).



3.3.2 COX1 and COX2 PET imaging

Cyclooxygenase (COX) plays an essential role in the generation of prostaglandin H2, the substrate for prostaglandins and thromboxanes. There are two isoforms of COX, COX-1 and COX-2, determined to present a critical role in neuroinflammation and links to various neurodegenerative diseases, especially AD. According to the results of immunochemical evidence, COX-1 and COX-2 are located in both microglia and neuron in the CNS (78). Various radiotracers for COX-1 and COX-2 have been well established, such as 18F-TMI, 18F-triacoxib, 11C-rofecoxib, 11C-KTP-Me, 11C-PS13, and 11C-MC1 (79–86). A few studies demonstrated that 11C-KTP-Me harbors a greater BBB entrance and selective sensitivity towards COX-1 (80, 86). Moreover, clinical trials with 11C-KTP-Me revealed an elevated brain signal in AD patients compared to normal individuals. 11C-KTP-Me accumulation can be seen in activated microglia surrounding Aβ plaques within the frontal cortex and hippocampus. Similar in vivo studies can also be observed in APPswe (Tg2576) mice compared to wild-type mice (80, 81). Additionally, previous studies illustrated that both 11C-PS1 (COX-1 PET imaging) and 11C-MC1 (COX-2 PET imaging) radiotracers showed specific detection patterns after LPS-induced neuroinflammation in monkey brain and human inflammatory tissues (82, 83).



3.3.3 P2X7R and P2Y12R PET imaging

The upregulated levels of the purinergic P2X7 receptor (P2X7R) can activate neuroinflammation, especially in M1 microglia. P2X7R had various biological functions, including inflammasome activation, cytokine secretion, T lymphocyte differentiation, and cell death (87). Microglia monitors through P2Y12R-dependent junctions are associated with mitochondrial activity in neurons (88). Brain injuries altered somatic junctions that induced P2Y12R-dependent neuroprotective effects through calcium load and functional connectivity in neurons (89, 90). Based on the immunohistochemical staining results, levels of P2Y12R were decreased in the brains of AD patients (91). Accumulative evidence has revealed that various P2X7R-targeting radiotracers have been developed currently, such as 11C-GSK1482160, 11C-JNJ-47965567, 18F-JNJ-64413739, 11C-JNJ-54173717, 11C-SMW139, and 18F-PTTP (92–98). A previous study overexpressed human P2X7R in a rat model by rAAV3flag-hP2X7R and demonstrated that 11C-SMW139 had higher affinity and specificity to the P2X7R (99). Moreover, brains of AD patients revealed higher 11C-SMW139 binding compared to healthy individuals through autoradiography, consistent with histological staining results (99). An ongoing clinical trial applied 11C-SMW139 as a PET imaging radiotracer toward neuroinflammation in Parkinson’s disease (PRI-PD: 2018-000405-23). The other probes are P2Y12R-based radiotracers, including 11C-AZD1283, 11C-P2Y12R-ant, and 11C-5, assessed among animal models (94, 100, 101). A previous study has demonstrated that the P2Y12R radiotracer, 11C-AZD1283, distinctly responds to tau and amyloid deposits. The levels of P2Y12R binding increase in APP23 and APPNL-F/NL-F mice (101). However, 11C-AZD1283 PET imaging showed no signal in the wild-type mouse brain.

Additionally, two other radiotracers, 11C-P2Y12R and 11C-5, exerted sufficient brain uptake, high affinity, and promising results in experimental autoimmune encephalomyelitis and stroke models, detecting anti-inflammatory microglia (48) (94, 100).



3.3.4 MAO-B PET imaging

In several clinical trials, 11C-deuterium-L-deprenyl (DED) MAO-B inhibitors have also been applied in PET imaging toward neuroinflammation. It has been proved that early astrocytosis can be measured via 11C-DED in sporadic and autosomal dominant AD patients and amyloidosis mouse models (102–110). In addition, 18F-fluorodeprenyl-D2 showed favorable kinetic properties and ameliorated affinity in MAO-B imaging (111). However, the technical problems of irreversible inhibitors impede the accuracy of imaging. Therefore, several reversible-binding inhibitors have been developed and validated, including 11C-Cou, 11C-SL25.1188, and 11C-SMBT-1 (69, 112, 113). Among the advanced PET imaging based on reversible-binding inhibitors, a specific elevated regional retention of 11C-SMBT-1 within the cortical and hippocampal regions can be seen in patients with AD compared to healthy individuals (114).



3.3.5 I2BS PET imaging

I2BS is located on both monoamine oxidases A (MAO-A) and B (MAO-B), which is another novel target for PET imaging toward neuroinflammation (115–118). 11C-FTIMD presented the specific binging to I₂BS in the monkey brain (119). A previous study has revealed that the activated astroglia determined using 11C-BU99008 PET in the early period of Parkinson’s disease is responsible for α-synuclein accumulation (116). A previous in vitro study demonstrated that 3H-BU99008 revealed high specificity in brain tissues from AD patients and colocalized with glial fibrillary acidic protein staining of astrocytes (120). Moreover, a clinical study reported that an increasing 3H-BU99008 binding signal could be detected in the brain of patients with AD compared to healthy individuals. Similar results were reported in the cortical region via 11C-BU99008, consistent with the high cerebral Aβ load evaluated by 18F-florbetaben in MCI and AD patients (121). A previous study demonstrated that increased 11C-BU99008 signaling could be detected in earlier stages with low Aβ loads. At the same time, reduced astrocytosis can be observed in the advanced stages with a more significant Aβ load and atrophy (122).



3.3.6 CB2R PET imaging

Cannabinoid type 2 receptor (CB2R) is a member of the endogenous cannabinoid system. CB2R has a low concentration in the brain during healthy conditions. However, Aβ deposition activates microglia leading to the high expression of CB2R, another widely considered dominant marker of AD neuroinflammation. Various PET radiotracers with higher affinity towards CB2R have been well established. Among the developed CB2R imaging agents, 11C-NE40 can specifically and reversibly bind to CB2R. Previous studies have depicted that the uptake of 11C-NE40 was reduced in the brain of AD patients due to loss of neuron-based CB2R expression, contrary to the expectations from preclinical studies. This inconsistency may be due to the low expression of CB2R and insufficient selectivity for CB2R and CB1R (123). The other CB2R agonists with high affinity are under exploration, including 11C-MA2, 18F-MA3, or 18F-RS126 (124).



3.3.7 11C-AA PET imaging

AA, a kind of n-6 polyunsaturated fatty acid and an essential component of the metabolic network of inflammation, is abundant in the brain parenchyma and participates in cell signal transduction. Microglia in the CNS release the inflammatory cytokines and bind to receptors on the surface of astrocytes, leading to the secretion of phospholipase and cytoplasmic phosphatase and mediated AA release. Therefore, AA detection can serve as an indirect marker of microglial activation (125). Based on the above results, 11C-AA and PET imaging can determine brain phospholipase activity. By injecting 11C-AA, the regional brain incorporation coefficients and metabolic loss of AA in the brain can be determined (125). Therefore, elevated signals of 11C-AA could evaluate the disordered metabolism of AA due to neuroinflammation.



3.3.8 Nicotinic acetylcholine receptors

It has been demonstrated that nicotinic acetylcholine receptors (nAChRs) were closely related to neuroinflammation. Moreover, the ligand 2-18F-A85380 (2-FA) towards nAChR has also presented similar patterns of uptake with 11C-PK11195 in activated microglia and astrocytes (126). Additionally, 18F-flubatine has been established with more favorable kinetic profile, which leads to a better understanding of nAChRs in neuroinflammation (126, 127). The homomeric nAChRs are colocalized in neuritic plaques in patients’ brain with AD, and Aβ1–42 has been reported to bind to the α7 nAChRs with high affinity (128). α7 nAChRs are also strongly expressed on astrocytes and microglia, the activation of which has been shown to suppress inflammatory processes (128). Recently, several new compound-based bio-tracers, such as 18F-ASEM and 18F-DBT-10, presented more promising results (129).





4 Methodological issues in radiotracers quantification by PET

A variety of quantification methods have been established due to the tracers. It appears that it is a great challenge for quantification by PET and that various factors should be taken into account. (1) Genetic polymorphism and affinity: The main limitation of the second-generation TSPO radiotracers is their sensitivity to a polymorphism of the TSPO gene. This polymorphism leads to differential affinity of these ligands to TSPO (67). (2) Arterial plasma input function: The kinetics model analyses are based on the input function, which requires the relative traumatic placement of an arterial catheter and the development of radioanalytical methods to accurately identify the plasma metabolite fractions (56). (3) Reference region definition: The reference region should be devoid of specific ligand binding to the target and only share the same free and non-specific binding with the region expressing the target and remain unaffected by the disease.



5 Conclusion

The interplay between amyloid, tau, and neuroinflammation is a brand new area of investigation that has only recently become possible through the development of an expanded repertoire of PET tracers. Therefore, we reviewed various strategies for PET imaging for neuroinflammation and summarized the dominant results from previous clinical trials on AD patients. There are a variety of approaches explaining the exploration of neuroinflammation. Although determining neuroinflammation by PET imaging in AD is widely used, there is a conflict on whether neuroinflammation is beneficial or detrimental to the evolution of the symptoms, neuronal injury, and cognitive deficits. This review also highlighted are a number of areas of uncertainty and various radiotracers’ limitations. The challenges of radiotracer establishment and accurate binding quantification, the complicated neuroinflammation in the brain tissue of AD patients, and its extensive roles in different stages have also been emphasized. PET imaging towards neuroinflammation is a potential approach to deciphering the pathophysiological process of AD patients. It clarifies the links between amyloid/tau pathologies and neuroinflammation, influencing different clinical symptoms and pathophysiological progression. More efforts are also required to improve the approaches to determine the binding signal from the PET imaging based on the current radiotracers and develop novel radiotracers. Moreover, deciding on a consensus to standardize the PET data analysis is critical. Given the proposal that the role of neuroinflammation in AD pathogenesis changes over the disease course, this is a prerequisite to conducting multi-tracer longitudinal studies based on multiple centers and elucidating the multifaced role of neuroinflammation in AD and MCI patients.
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Background

The changes in the platelet-to-lymphocyte ratio (PLR) before and after recombinant tissue plasminogen activator (rtPA) treatment and the time point at which the PLR is a potentially valuable prognostic predictor in patients wit ischemic stroke remain largely unknown. Therefore, the purpose of this study was to explore the characteristics of the PLR and evaluate their effects on clinical outcomes before and 24 h after rtPA treatment.



Methods

This study included 741 consecutive patients with acute ischemic stroke who underwent intravenous thrombolysis with rtPA. We collected data on demographics, vascular risk factors, medication history, and other clinical information pertaining to all patients. Specifically, blood samples for PLR measurement were collected on admission and 24 h after stroke. The outcome was assessed by using the Modified Rankin Scale (mRS) at 3 months and whether death occurred within 3 months or not. Univariate and multivariate logistic regression analysis was used to assess the association of the PLR with the risks of poor outcome (mRS>2) and death. An individualized prediction model was established to predict poor outcome.



Results

Of the 741 patients, 255 (34.4%) had poor outcome, and 43 (5.8%) died. The PLR significantly increased 24 h after rtPA in patients with poor outcome and death. Logistic analysis revealed that higher PLR 24 h after rtPA was independently associated with increased risks of poor outcome and death. However, the PLR on admission was not associated with the risks of poor outcome and death. The individualized prediction model for poor outcome based on the 24-h PLR exhibited favorable discrimination (areas under the curves of the training and validation groups: 0.743 and 0.729, respectively), calibration (P > 0.05), and clinical usefulness.



Conclusions

We found the PLR to be a variable that potentially predicts the risks of poor outcome and death in patients with acute ischemic stroke 24 h after rtPA; however, it cannot make the same prediction on admission.





Keywords: platelet-to-lymphocyte ratio, acute ischemic stroke, intravenous thrombolysis, outcome, death



Introduction

Acute ischemic stroke is one of the most common causes of disability and death worldwide, representing 80% of all stroke cases (1, 2). Although recombinant tissue plasminogen activator (rtPA) has been proved as the most effective treatment for acute ischemic stroke since the 1990s, limitations such as hemorrhagic transformation and narrow therapeutic window (4.5h) have posed challenges to the therapeutic qualities (3) (4, 5). Therefore, identifying the clinical indicators that potentially predict patient prognosis and determining possible means of controlling the risk factors at an earlier stage are of paramount importance.

Immune-inflammatory responses following ischemic stroke are associated with poor patient prognosis because of their role in exacerbating neuronal injury and damage to the blood-brain barrier (6). Emerging evidence suggests that platelets and lymphocytes play crucial roles in immune and inflammatory responses. Platelets are active participants in inflammatory reactions at sites of thrombosis. When a stroke occurs, platelets are activated rapidly and adhere to the injured endothelial surface. The inflammatory factors released by them can then further recruit inflammatory cells such as leukocytes to the site of injury and amplify the inflammatory response (7, 8). In contrast, lymphocytes are known to control inflammatory pathways by coordinating, healing, and repairing inflammation (9, 10). The platelet-to-lymphocyte ratio (PLR) is a bio-index combining platelets and lymphocytes, which can reflect thrombus formation and immune-inflammation pathways. The PLR has recently been reported as a potential novel biomarker in acute ischemic stroke intravenous thrombolysis treatment, playing an active role in the prediction of the functional outcomes (11, 12). However, these results were obtained from studies involving heterogeneous time points from symptom onset to the collection of blood samples for PLR calculation. The time point at which the PLR is collected is a potentially valuable predictor and the PLR changes before and after rtPA are largely unknown. Thus, this study aimed to (1) explore the changes in the PLR before and 24 h after rtPA and (2) evaluate their relationship with poor outcome and death in patients with acute ischemic stroke.



Materials & methods


Study population

This retrospective study performed using prospectively collected data. Patients diagnosed with acute ischemic stroke who underwent intravenous thrombolysis with 0.9 mg/kg rtPA within 4.5h in our department, between April 2015 and December 2020, were performed. The exclusion criteria were as follows (1): with other severe systemic diseases such as cancer, rheumatism and hematological diseases (2); incomplete clinical data (3); incomplete follow-up data. The study flowchart is shown in Figure 1. This prospective observational study was registered (NCT05028868) and approved by the Ethics Committee of the First Hospital of Jilin University (2016–294). Written informed consent was signed by each participant or an appropriate agent.




Figure 1 | The flow chart of the study.





Data collection

Information on demographics (age and sex); vascular risk factors (smoking, alcohol consumption, hypertension, diabetes, coronary artery disease, atrial fibrillation and previous stroke); medication history (antihypertensive drugs, hypoglycemic, and antiplatelet agents); and other clinical information, including baseline systolic and diastolic blood pressure (SBP and DBP), baseline blood glucose, time to treatment, baseline National Institutes of Health Stroke Scale (NIHSS) score, infarction site (whether located in the anterior circulation), and the Trial of Org 10172 in Acute Stroke Treatment (TOAST) subtype were recorded. Blood samples were collected from all patients on admission and 24 h after thrombolysis for platelet- and lymphocyte-count assessment. The PLR was calculated as the ratio of the platelet count to lymphocyte count.



Outcome

(A) Modified Rankin Scale (mRS): The mRS score was assessed at 3 months (13). A mRS score >2 denoted a poor outcome and that ≤2 a favorable outcome.

(B) Death was defined as a stroke related death within 3 months.



Statistical analysis

IBM SPSS Statistics 23.0 and Stata 15.0 were used for statistical analysis. The Kolmogorov–Smirnov test was used to verify the normality of the distribution. All continuous variables were non-parametric distributions. Therefore, continuous and categorical variables were compared using the Mann–Whitney U-test and chi-squared test, which was then expressed in terms of median with interquartile range (IQR)and percentages, respectively. The paired Wilcoxon signed-rank test was performed to compare the PLR before and 24 h after rtPA. Univariate and multivariate logistic regression analysis was used to assess the association between PLR and outcome. Model 1 was unadjusted, Model 2 was adjusted for variables with P<0.05, Model 3 was adjusted for all other variables using enter method. An individualized prediction model for poor outcome was applied using multivariate logistic regression analysis and selected using a backward stepwise method with Akaike’s information criterion. Of the included cases, 70% and 30% were randomly assigned to training and validation groups, respectively. The nomogram was based on the data from the training group. The area under the receiver operating characteristics curve (AUC-ROC) was applied to assess model discrimination, and the calibration curve and Hosmer–Lemeshow test were applied to assess model fit in both the training and validation groups. Additionally, to further assess clinical usefulness, decision curve analysis (DCA) was performed by calculating the net benefit and plotting the net benefit against the threshold probability to derive a “decision curve”. DCA can determine the range of threshold probabilities that the model has value, and the magnitude of benefits (14). The model was validated by using a 10-fold cross-validation in all patients. P<0.05 was considered statistically different.




Results


Baseline characteristics of the patients

In our study, 788 rtPA-treated patients were included based on the inclusion criteria. After excluding 47 patients based on the exclusion criteria, 741 were finally included (Figure 1). The baseline clinical characteristics are presented in Table 1. Of the 741 patients, 255 (34.4%) had poor outcome (mRS >2), and 43 (5.8%) died.


Table 1 | Baseline characteristics of patients according to presence/absence of poor outcome and death.



Patients with poor outcome tended to be older and more likely to have hypertension, to be on antihypertensive therapy, have large-artery atherosclerosis, and have higher SBP and NIHSS scores (all P<0.05). Patients who died within 3 months were older and more likely to have diabetes, higher NIHSS scores, and a higher proportion of large-artery atherosclerosis (all P<0.05) (Table 1).



Changes in the PLR before and after rtPA

Overall, no significant difference was noted between the PLR on admission and that 24 h after rtPA (P=0.462). In the poor-outcome (mRS >2) group, the PLR increased significantly 24 h after rtPA treatment (median: 118.6 vs. 131.4, P=0.004). In contrast, the PLR decreased significantly 24 h after rtPA treatment compared with the value before rtPA therapy (median: 118.8 vs. 109.2, P<0.001) in the favorable-outcome group. In the deceased group, the PLR also increased significantly 24 h after rtPA treatment (median: 124.2 vs. 146.0, P=0.002) (Supplemental Table 1 and Figure 2).




Figure 2 | The 24 h dynamic change of PLR after rtPA in patients. (A) Patients in total. (B) Patients with favorable (mRS ≤ 2) or poor (mRS>2) outcome. (C) Patients with alive or dead status. PLR, platelet-to-lymphocyte ratio; rtPA, recombinant tissue plasminogen activator; mRS, Modified Rankin Scale. **P<0.01; ***P<0.001.





Association between the PLR and outcomes

The 24 h PLR after rtPA therapy was significantly higher in patients with poor outcome (median: 109.2 vs. 131.4, P<0.001) and death (median: 115.3 vs. 146.0, P<0.001) than in those without (Table 1). Multivariate analysis revealed that higher PLR 24 h after rtPA was independently associated with an increased risk of poor outcome (OR=1.005; 95% CI: 1.002–1.008; P<0.001) and death (OR=1.008; 95% CI: 1.003–1.012; P=0.001). However, the PLR on admission was not associated with an increased risk of poor outcome (OR=1.001; 95% CI: 0.998–1.003; P=0.534) or death (OR=0.998; 95% CI: 0.992–1.003; P=0.421) (Table 2).


Table 2 | Univariate and multivariable logistic regression analysis of PLR associated with poor outcome and death after rtPA.





Individualized prediction model

A comparison of the training and validation groups is shown in Supplemental Table 2. The individualized prediction model for poor outcome comprised age (continuous variables), baseline NIHSS score (continuous variables), TOAST subtype (categorical variables), and the 24-h PLR after rtPA (continuous variables), based on the results of the multivariate logistic regression analysis. The nomogram is shown in Figure 3. The AUC-ROC values of the training and validation groups were 0.743 (95% CI: 0.692–0.787) and 0.729 (95% CI: 0.659–0.800) respectively, indicating favorable discrimination. The cutoff point for the training and validation group was 0.393 with a sensitivity of 61%, a specificity of 76%, and 0.348 with a sensitivity of 67%, a specificity of 69%, respectively. The calibration curve indicated a favorable predictive accuracy in both the training and validation groups. The Hosmer–Lemeshow test yielded P=0.977 and P=0.571 for the training and validation groups, respectively, indicating favorable calibration. DCA results were similar in the training and validation groups, reflecting a relatively favorable clinical net benefit (Figure 4). The ROC curve for the 10-fold cross-validation is given in Figure 5.




Figure 3 | The nomogram for predicting poor outcome. TOAST: 1, large-artery atherosclerosis; 2, small-vessel occlusion; 3, the other types. PLR, platelet-to-lymphocyte ratio; rtPA, recombinant tissue plasminogen activator; NIHSS, National Institutes of Health Stroke Scale; TOAST, the Trial of Org 10172 in Acute Stroke Treatment.






Figure 4 | ROC curves, calibration curve and DCA of the model to predict poor outcome. (A) Training group. (B) Validation group. ROC, receiver operating characteristic curve; DCA, decision curve analysis.






Figure 5 | The ROC curve for the 10-fold cross-validation.






Discussion

This study attempted to explore the changes in the PLR before and 24 h after rtPA as well as evaluate their relationship with outcomes in acute ischemic stroke patients. We found the PLR increased 24 h after rtPA treatment in patients with poor outcome and death. This result indicated that instead of the PLR on admission, the 24h-PLR after rtPA was an independent risk factor for poor outcome and death. In addition, the individualized prediction model for poor outcome, which comprised age, baseline NIHSS score, TOAST subtype, and the 24-h PLR after rtPA, indicated favorable discrimination, calibration, and clinical usefulness. Our results suggest that the 24-h PLR after rtPA has prognostic value for poor outcome in patients who have undergone intravenous thrombolysis; thus, the PLR could be considered a possible target for interventions that improve outcomes in these patients.

Previous studies have shown that the PLR may be a strong biomarker used for the prognosis of acute ischemic stroke. For example, a recent study suggested that the PLR is potentially useful as an independent predictor of functional outcome at 3 months in patients with acute ischemic stroke (15). Simultaneously, a study by Altintas et al. (16) conducted in acute ischemic stroke patients undergoing endovascular therapy found the correlation between lower PLR values and a better clinical outcome (mRS ≤2). However, to the best of our knowledge, only two studies have explored the association between the PLR and outcomes in patients who have undergone intravenous thrombolysis. Xu et al. (12) collected lymphocyte- and platelet-count data within 24 h and found a higher PLR to be independently associated with poor outcome and death at 3 months in patients with stroke treated with intravenous thrombolysis. In another observational study of patients undergoing rtPA treatment, researchers found the PLR on admission before intravenous thrombolysis to be associated with early neurological improvement and deterioration (11). No study has investigated the predictive value of the PLR before intravenous thrombolysis for long-term clinical outcomes. Moreover, these previous studies exclusively reported a single time point for the PLR, and the time point at which blood samples were collected for PLR calculation was heterogeneous. Conversely, our study collected platelet- and lymphocyte-count data both on admission and 24 h after thrombolysis and found that only the 24-h PLR after rtPA was independently associated with poor outcome and death, while the PLR on admission showed no association with these outcomes.

In addition, we investigated the 24-h changes in the PLR after rtPA. Various components of the immune system change dynamically after stroke and may potentially have detrimental or beneficial effects depending on the stage of the development of ischemia. Therefore, understanding PLR changes during stroke and determining the time point at which the PLR is effective as a predictor of patient prognosis are of paramount importance (17, 18). Our study found the PLR to increase 24 h after rtPA treatment in patients with poor outcome and death; nonetheless, the trends in patients with favorable outcome were completely contrary. This mechanism may be due to the following reasons. Lymphocytes exhibit significant temporal variation after ischemic stroke (19, 20), and they accumulate in cerebral vessels at a later time within 24 h of the onset of stroke (21). A decreased lymphocyte count after ischemic stroke potentially aggravates the injury to neurons, and further exacerbate cerebral infarction and neurological deficits (22). Some subtypes of lymphocytes, such as regulatory T cells (Tregs), are known to attenuate inflammation and may exhibit brain protective qualities by producing anti-inflammatory cytokines in the process of acute stroke (19, 23). The consumption of Tregs after stroke profoundly exacerbates functional outcome (24). Furthermore, the decrease of lymphocyte count can also reflect the activation of the renin–angiotensin system, which further increases the production of proinflammatory cytokines, promoting ischemic injury (22, 25–27). In addition, lymphocytopenia may also increase the risk of infection in patients with stroke, which is associated with poor outcome (28). In contrast, studies have demonstrated that excessive activation and accumulation of platelets may reflect a greater tendency toward the inflammatory response and thrombosis, leading to hampered stroke recovery and poor prognosis (29, 30). Moreover, the mechanisms by which the prognostic value of the 24-h PLR after rtPA appears to be greater than that at baseline have not been well established. An increase in platelet count after thrombolytic therapy may be responsible for delayed thrombosis, leading to reocclusion and rethrombosis (31). A previous study revealed that rtPA potentially induces the elevation of matrix metalloproteinase-9 and chemokine ligand-2, which mediate blood–brain barrier disruption and may lead to hemorrhagic transformation. During this period, Tregs potentially eliminate the excess of these two inflammatory factors, thus decreasing the risk of brain damage and poor prognosis (24). Therefore, we speculated that the PLR at baseline may not be used as an ideal indicator to reflect the patient’s condition dynamically and comprehensively, whereas the post rtPA ratio would be a more valuable indicator.

The PLR, as an index, combines platelets and lymphocytes, which results in the unique advantage of linking key pathways both in thrombus formation and the inflammation process (32). The PLR index has potential superiority to an absolute platelet or lymphocyte count in the prediction of acute ischemic stroke prognosis. Firstly, the PLR combines two predictors which represent two inverse immunologic pathways (33). Secondly, individual platelet and lymphocyte count are not as stable as a combined ratio like PLR, as these values are fragile and potentially altered by several physiologic and pathologic conditions (34–36). Therefore, the PLR shows its reliability and rationality in predicting the risk of poor outcome and death for acute ischemic stroke patients.

In addition, we established an individualized prediction model for predicting poor outcome, which comprised age, baseline NIHSS score, TOAST subtype, and the 24-h PLR after rtPA. The AUC-ROC, Hosmer–Lemeshow test, and DCA results in the training and validation groups were similar, indicating that our model had favorable stability. Moreover, the results of the AUC-ROC, Hosmer–Lemeshow tests, and DCA suggested that our model exhibited favorable discrimination, calibration, and clinical usefulness. Thus, we considered our model based on the 24-h PLR after rtPA to have favorable prognostic value for poor outcome in patients undergoing rtPA treatment.

Notwithstanding, our study had certain limitations. First, this paper is a retrospective analysis of data from single-center hospitals. Second, we examined the PLR only at baseline and 24h after thrombolysis, where the two time points cannot fully reflect a dynamic change in the PLR throughout the entire process of stroke. In addition, the definite mechanisms for this have not been fully elucidated. Further investigation is required to explore the relevant mechanisms underlying the findings of this study.



Conclusion

In conclusion, we found the PLR to be a variable that is associated with the risks of poor outcome and death in patients with acute ischemic stroke 24 h after rtPA thrombolysis, rather than before. Furthermore, PLR is potentially useful as a simple, novel, and inexpensive method of predicting patient prognosis.
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Background

Mounting evidence strongly uncovered that peripheral immuno-inflammatory response induced by acute stroke is associated with the appearance of post-stroke depression (PSD), but the mechanism remains unclear.



Methods

103 stroke patients were assessed at 2 weeks after onset using Diagnostic and Statistical Manual of Mental Disorders, 5th edition and then divided into PSD and non-PSD groups. Polymorphisms of inflammatory molecules (interleukin [IL]-1β, IL-6, IL-10, IL-18, tumor necrosis factor-α [TNF-α], interferon-γ [IFN-γ] and C-reactive protein [CRP]), complete blood count parameters, splenic attenuation (SA) and splenic volume (SV) on unenhanced chest computed tomography, demographic and other clinical characteristics were obtained. Binary logistic regression model was used to analyze the associations between inflammation-related factors and the occurrence of PSD at 2 weeks after stroke.



Results

49 patients were diagnosed with PSD at 2 weeks after onset (early-onset PSD). The C/T genotypes of CRP rs2794520 and rs1205 were less in PSD group than non-PSD group (both adjusted odds ratio = 3.364; 95%CI: 1.039-10.898; p = 0.043). For CRP rs3091244, the frequency of G allele was higher (80.61% vs. 13.89%) while the frequency of A allele was lower (6.12% vs. 71.30%) in PSD patients than non-PSD patients (χ2 = 104.380; p<0.001). SA of PSD patients was lower than that of non-PSD patients in the presence of CRP rs2794520 C/T genotype and rs1205 C/T genotype (both t = 2.122; p = 0.039). Peripheral monocyte count was less in PSD group than non-PSD group (adjusted odds ratio = 0.057; 95%CI: 0.005-0.686; p = 0.024).



Conclusions

CRP polymorphisms, SA based on CRP genotype, and peripheral monocytes are associated with the risk of early-onset PSD, suggesting peripheral immuno-inflammatory activities elicited by stroke in its aetiology.





Keywords: post-stoke depression, single nucleotide polymorphisms, splenic attenuation, splenic volume, immuno-inflammatory response



Introduction

Post-stroke depression (PSD), one of the most prevalent complications of stroke, afflicts approximately 31% of stroke survivors (1). The emergence of depression after stroke is closely coupled with further worsening of functional ability and quality of life (2), low rehabilitation efficiency (3), increased disability and mortality (2). Due to the lack of reliable biomarkers, the early diagnosis of PSD is still difficult (4). The main reason may be that the mechanisms responsible for the etiology of PSD have, so far, not yet been undetermined. In recent years, many scholars have supported the important role of inflammation in the risk of PSD. The available data have shown that immuno-inflammatory responses are activated immediately after acute stroke, both centrally and peripherally, followed by impressive increased expression of pro-inflammatory cytokines (such as interleukin [IL]-1, IL-6 and tumor necrosis factor [TNF]-α) to initiate and/or amplify inflammatory response (5), causing dysfunction of noradrenergic system, hyperactivity of the hypothalamic pituitary adrenal (HPA) axis and extensive activation of indoleamine 2,3-dioxygenase enzyme that accelerates serotonin depletion in physiological regions such as paralimbic areas of left frontal and temporal cortex, which may ultimately lead to depression (6–9). Although there is a large amount of evidence that inflammatory molecules are involved in the formation of PSD (10–13), but genetic factors underlying the association remain unclear.

Single nucleotide polymorphism (SNP) is a common genetic variation and has become main molecular genetic marker conducive to our understanding of diseases with genetic susceptibility (14). It has been suggested that the production of inflammatory molecules is influenced by the transcriptional activity of gene polymorphisms (15). Exploring the associations between inflammatory molecule gene SNPs and PSD have significant implications for further understanding immuno-inflammatory mechanism of PSD. However, to our knowledge, there is considerably a paucity of research on the influence of inflammation-related genetic factors on propensity to PSD.

It is believed that activation of peripheral immunity and secondary intracerebral neuroinflammation after stroke are mainly the result of brain-spleen communication (16–18). The spleen is a major lymph organ containing an abundance of immunological cells, which can rapidly deploy the distribution of immune cells in the system to fight injury including brain insult (19). The spleen is activated soon after stroke onset and resident immune cells such as monocytes, lymphocytes, and neutrophils are released into the bloodstream, leading to increased secretion of cytokines and the spleen shrink, and subsequently these cells carrying copious inflammatory mediators migrate into the damaged brain, thereby exacerbating the local brain inflammation during the process of stroke (16, 20, 21). These findings suggest that stroke not only triggers changes in splenic components (that is, splenocyte redistribution and abnormal cytokines expression, which may influence splenic density), but also changes in splenic volume (SV). Spleen appears to be a crucial pivot linking stroke to PSD, considering its ability in the initiation and amplification of immuno-inflammatory response.

Taking into account the role that immune-inflammation system plays in the occurrence of PSD and given the sparse evidence on inflammation-related genetic factor of PSD. The current study, therefore, investigated the associations between SNPs of inflammatory molecules, consisting of IL-1β, TNF-α, IL-6, IL-10, IL-18, interferon-γ (IFN-γ) and C-reactive protein (CRP), and PSD at 2 weeks after stroke (early-onset PSD). We also analyzed whether splenic attenuation (SA) on computed tomography (CT) [reflecting splenic density, because attenuation can be estimated by the physical density of an organ (22)], SV on CT and peripheral immuno-inflammatory parameters have an association with early-onset PSD.



Materials and methods


Recruitment

We recruited 103 stroke patients admitted to the Department of Neurology, Xiangya Hospital of Centre South University from July 2019 to August 2021. All patients met the following inclusion criteria (1): age between 18 and 75 years (2); within 2 weeks after stroke; (3) diagnosed ischemic stroke or intracerebral hemorrhage by brain CT or magnetic resonance imaging; (4) conducted an unenhanced chest CT scan on which the intact spleen can be clearly shown; (5) ability to complete all necessary investigations and questionnaires; and (6) capacity to provide informed consent. The exclusion criteria were as follows: patients with any self-report psychiatric illness (previous treatment or clinical diagnose); any comorbid neuropsychiatric conditions, particularly dementia, Parkinson’s disease, brain tumor, epilepsy, psychoses, and alcohol or substance dependence; severe aphasia or dysarthria, visual or auditory impairment; hematopoietic diseases; splenic lesions; malignant lesions; serious or longstanding infection; liver diseases or portal hypertension; autoimmune diseases; metabolism diseases. The study was approved by “Medical Ethics Committee of the Xiangya Hospital of Centre South University”.



Participant characteristics

The characteristics potentially in connection with PSD or functional status were collected as covariates: age, gender, body mass index (BMI, defined as the body mass divided by the square of the body height), years of education, pulmonary infection, medicines (antibiotic, statin and antiplatelet agents), vascular risk factors (hypertension, diabetes mellitus, heart disease, hyperlipidemia, smoking, drinking and previous stroke), stroke type (ischemic, hemorrhagic and subtypes based on TOAST classification), stroke hemisphere (left, right or bilateral), stroke location (anterior, posterior or both), stroke severity assessed by the National Institutes of Health and Stroke Scale (NIHSS), cognitive function evaluated by the Mini-Mental State Examination (MMSE), the times from stroke onset to chest CT scan and to the blood sample collection. Complete blood count parameters including leukocyte, neutrophil, monocyte, lymphocyte and platelet counts were obtained from the blood routine results at admission and platelet-to-lymphocyte ratio, neutrophil-to-lymphocyte ratio and monocyte-to-lymphocyte ratio were calculated. All stroke patients were assessed for depressive symptoms at 2 weeks after onset by Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-V, American Psychiatric Association, 2013) and then classified into PSD and non-PSD groups. All investigators had undergone professional pre-job training according to the depression diagnostic guideline.



Spleen measurements

CT is viewed as the most reliable noninvasive imaging technique for the in vivo assessment of SV (23). All subjects completed a high resolution (512×512 image matrix, 1.25-mm slice thickness) non-enhance chest CT scan (Aqulion one). The spleen was segmented on CT using a three-dimensional volumetric analysis software (ITK-SNAP) to calculate SV (Figure 1) (24). SA was obtained by averaging the three Hounsfield units for about 1.0 cm2 circular region-of-interest placed in the upper, middle, and lower thirds of the spleen, on imaging Picture Archiving and Communication System (version 4.1.3.0) (Figure 2). The method of measuring SA has been reported (25, 26). All spleen measurements were performed by a radiologist with five years’ experience.




Figure 1 | Measurement of splenic volume on unenhanced chest computed tomography using ITK-SNAP software. (A) showed the spleen segmentation, while (B) presented 3D model of the spleen.






Figure 2 | Measurement of splenic attenuation (SA) on unenhanced chest computed tomography using imaging Picture Archiving and Communication System. Three circular region-of-interests (about 1.0 cm2 in size) were placed in the upper (A), middle (B), and lower third (C) of the spleen respectively. The average of these three measurements was used for the SA value.





SNPs selection and gene sequencing

In accordance with information in the National Center for Biotechnology Information SNP database (http://www.ncbi.nlm.nih.gov/SNP) and the Chinese dataset of an online genetic database (http://www.ensembl.org), we screened up to 22 SNPs (with a minor allele frequency of > 5%) of IL-1β, TNF-α, IL-6, IL-10, IL-18, IFN-γ and CRP candidate genes previously reported to be associated with depression, stroke or PSD. Samples for testing polymorphisms were extracted from admission venous blood using standard procedures. The SNPs were genotyped by SNPscan™ multiplex SNP typing kit (Cat#: G0104K, Genesky Biotechnologies Inc. Shanghai, China), provided by Shanghai Tianhao Biotechnology Co., Ltd., China. The SNP typing technique has been reported in the study of Cheng et al. (27). 5% of duplicate DNA samples were analyzed for quality control, with consistence in more than 99% of the samples.



Statistical analysis

Statistical analysis was done using SPSS 26.0 statistical package. The normality of continuous variables was examined by Shapiro-Wilk test. Results were presented as percentages for enumeration data compared using Chi-squared test or Fisher’s exact test, as means ± standard deviation for continuous variables with normal distributions compared using Student’s t-test, and as median (interquartile range) for continuous variables with skewed distributions compared using Mann–Whitney U-test. The genotype distributions of SNPs were assessed by Hardy–Weinberg equilibrium (HWE) using the Chi-square test. SNPs allele frequencies between PSD and non-PSD groups were also evaluated by Chi-squared test. Associations of genotypes with PSD (by comparing genotype distributions with non-PSD) were analyzed with binary logistic regression model. SA and SV were analyzed by Student’s t-test or Mann–Whitney U-test between PSD and non-PSD groups. Complete blood count parameters were assessed by Mann–Whitney U-test between PSD and non-PSD groups. A p value of less than 0.05 was considered as statistically significant.




Results


Characteristics of PSD and non-PSD patients

Demographic and clinical characteristics of 103 participants were summarized (Table 1). Participants had a median (interquartile range) age of 57 (53–67) years and 69.9% were male, 85 patients with ischemic stroke and 18 patients with intracerebral hemorrhage. 49 out of the 103 stroke patients were diagnosed as early-onset PSD (47.6%).


Table 1 | Demographic and clinical characteristics of PSD and non-PSD patients.



We observed that compared with the non-PSD group, PSD group showed a higher proportion of female (40.80% vs. 20.37%, p = 0.024), lower years of education (9 [6-12] vs. 12 [9-16]; p = 0.044), higher stroke severity (NIHSS score: 5 [1.5-8.5] vs. 2 [1-4.5]; p = 0.046), worse cognitive function (MMSE score: 24 [22-27] vs. 27 [23-29]; p = 0.027) and lower monocyte count (0.50 [0.35-0.60] vs. 0.50 [0.48-0.70]; p = 0.007). BMI, pulmonary infection, medicines (antibiotic, statin and antiplatelet agents), vascular risk factors (hypertension, diabetes mellitus, heart disease, hyperlipidemia, smoking, drinking and previous stroke), stroke type including TOAST classification, stroke hemisphere, stroke location, the times from stroke onset to chest CT scan and to the blood sample collection, complete blood count parameters (leukocyte, neutrophil, lymphocyte and platelet counts, platelet-to-lymphocyte ratio, neutrophil-to-lymphocyte ratio and monocyte-to-lymphocyte ratio), and SV did not show any significantly association with PSD status.



Polymorphisms of IL-1β, TNF-α, IL-6, IL-10, IL-18, IFN-γ and CRP

Genotype distributions and allele frequencies of the seven selected inflammatory molecule polymorphisms in PSD and non-PSD groups were documented (Tables 1, 2 in the Supplementary Material). The call rates of all SNPs were 100%. All genotypes were in HWE (p > 0.05). For CRP gene, the C/T genotypes of rs2794520 and rs1205 were significantly more in PSD group than non-PSD group (both odds ratio [OR] = 3.229; 95%CI: 1.090-9.570; p = 0.034). The remaining 20 SNPs genotypes showed no statistical difference between the two groups (p > 0.05). Of all alleles frequencies for the 22 SNPs described here, only CRP rs3091244 allele frequency had statistical significance (χ2 = 104.380; p < 0.001), showing that G allele was significantly higher (80.61% vs. 13.89%) while A allele was significantly less (6.12% vs. 71.30%) in PSD patients compared to non-PSD patients. These findings indicated that CRP rs2794520 C/T genotype, rs1205 C/T genotype and rs3091244 G allele was related to an increase in the risk of PSD while rs3091244 A allele was associated with a reduction in the risk of early-onset PSD.



Independent risk factors of early-onset PSD

We further analyzed the independent risk factors of PSD (Table 2). The C/T genotypes of CRP rs2794520 and rs1205 between PSD and non-PSD groups still had significant differences after gender, years of education, NIHSS score, MMSE score and monocyte count adjustments (both adjusted OR = 3.364; 95%CI: 1.039-10.898; p = 0.043). There were also significant differences in monocyte count between PSD and non-PSD groups after adjusting for other variables (adjust OR = 0.057; 95%CI: 0.005-0.686; p = 0.024). CRP rs2794520 C/T genotype, rs1205 C/T genotype and lower monocyte count were independent risk factors of early-onset PSD.


Table 2 | Independent risk factors of PSD.





SA and SV based on CRP genotypes

The SA and SV based on the genotype of CRP rs2794520 and rs1205 were compared between PSD and non-PSD group (Table 3). We found that SA was significantly lower in PSD group than that in non-PSD group in the presence of CRP rs2794520 C/T genotype and rs1205 C/T genotype (both t = 2.122; p = 0.039). But there was no significant difference in SV between PSD and non-PSD groups (p > 0.05)


Table 3 | SA and SV by CRP SNP genotypes and PSD status.






Discussion

This is the first study focusing on the association between immuno-inflammatory response and early-onset PSD from the microscopic level in SNPs of inflammatory molecules and the macroscopic level in peripheral inflammation-related parameters, SA and SV. The principal findings here were (1) that the C/T genotypes of CRP rs2794520 and rs1205, and CRP rs3091244 G allele were associated with an increased risk of early-onset PSD, while CRP rs3091244 A allele was associated with a reduced risk of early-onset PSD; (2) and that SA was correlated with the risk of early-onset PSD in the presence of CRP rs2794520 C/T genotype and rs1205 C/T genotype; (3) and that peripheral lower monocyte count was related to an increased risk of early-onset PSD. Our findings indicate from different points of view that activated immune system characterized by a widespread inflammatory response, where stroke act as a precipitating factor, plays an important role in the occurrence of early-onset PSD.

To our knowledge, there to date were only two studies emphasizing the effect of inflammatory molecule polymorphisms on PSD liability. Kim et al. first reported the association of cytokine polymorphisms with PSD, showing that patients with polymorphisms of anti-inflammatory cytokines IL-4 and IL-10 rather than pro-inflammatory cytokines TNF-α, IL-1β, IL-6 and IL-8 had an increased propensity to develop depression in the acute phase of stroke (28). Another stroke cohort by Kim et al. showed that TNF-α -850T allele and IL-1β –511T allele were not independently associated with PSD status, but the interaction with cytokine levels played an important role in the risk of PSD at 2 weeks (29). We did not observe, however, polymorphisms of pro-inflammatory cytokines (IL-1β, TNF-α, IL-6, IL-18 and IFN-γ) and anti-inflammatory cytokines (IL-10) endowed pronounced impacts on the risk of early-onset PSD. This could indicate that the association of polymorphisms in pro- and anti-inflammatory cytokines with early-onset PSD is either not causal or is influenced by pleiotropy. The racial heterogeneity of cytokine SNPs (30), methodological differences and choice of subjects could give rise to the discrepancy in early-onset PSD genetic risks among studies.

Interestingly, we found that the C/T genotypes of CRP rs2794520 and rs1205 were associated with an increased occurrence of early-onset PSD even after gender, years of education, NIHSS score, MMSE score and monocyte count adjustments, which were independent risk factors for early-onset PSD. We observed, moreover, that CRP rs3091244 G allele was a predisposing factor for early-onset PSD, while A allele was a protective factor against early-onset PSD. CRP is traditionally classed as a biomarker of both peripheral and central inflammation (31), but there is converging evidence that CRP plays a significant role in regulating and amplifying inflammatory process (32, 33). Serum CRP level is influenced by specific SNPs including rs2794520, rs1205 and rs3091244 (34–36). Recently, Otsuka et al. pointed out that CRP SNPs might engender elevated levels of multiple inflammatory molecules comprising cytokines and CRP, thereby resulting in neuroinflammation (37), a critical process in the pathogenesis of PSD (38). Besides, a latest meta-analysis underscored that a higher level of CRP in the acute phase of stroke predicted an augmented risk of PSD (39). On the basis of these evidences, the possible explanation for the associations in current study is that CRP polymorphisms may be involved in the occurrence of depression following stroke by causing changes in inflammatory molecule levels, which affect neurotransmitters, hormones or other mechanisms in relation to depression (9).

The framework of inflammation for depressive symptoms after stroke has, recently, garnered amount of attention. As one of the primary peripheral immune organs, spleen is a key participant in the immuno-inflammatory response in response to stroke. The activation of spleen after stroke is predominantly associated with the following events that are paramount for the initiation of effective brain-spleen crosstalk: the interactions of chemokines egress from damaged brain cells with chemokine receptors upregulated by splenocytes, autonomic nervous system activation, the secretion of antigens from compromised brain (40, 41). Concomitant with spleen activation after stroke, the changes of it are mainly manifested in morphology, the numbers of immunocytes and cytokines production, which may be involved in the progression of early-onset PSD by potentiating neuroinflammation. The data, however, showed here that there was no association between SV and PSD status, but lower SA was significantly associated with PSD status in the presence of CRP rs2794520 C/T genotype and rs1205 C/T genotype. The mechanisms underlying the associations may be that owing to the contribution of CRP polymorphism and CRP levels to immuno-inflammatory process (32, 37), patients with the C/T genotypes of rs2794520 and rs1205 may be in a more active inflammatory state so that immune cells and cytokines produced abundantly in the spleen, in response to brain vascular damage, were released into the bloodstream and migrated to the site of brain insult (17, 20), aggravating secondary brain inflammatory response which influences serotonin metabolism and causes noradrenergic system and HPA axis imbalance, may culminate in PSD (6, 42). There in addition were evidence from animal studies for the involvement of pro- and anti-inflammatory cytokines produced by splenic cells in the formation of depression like behavior (43, 44). So lower SA in early-onset PSD patients with genetic susceptibility to CRP might be a consequence of more intense splenic activities. Our results suggested that SA may be a potential biomarker of early-onset PSD, further supported the immuno-inflammatory mechanism in etiology of PSD from an image-based perspective.

Among circulating immuno-inflammatory parameters in present study, only monocyte count was independently associated with the risk of early-onset PSD. The plethora of strong evidence have corroborated that monocyte can rapidly trafficking from spleen to the site of brain insult and regulate neuroimmune responses (45–47), facilitating the development of depressive-like behavior (48). Thus, the lower monocyte count of early-onset PSD patients may be the result of excessive migration of monocytes to cerebral injury site. Hu et al. proposed that higher neutrophil-to-lymphocyte ratio and platelet-to-lymphocyte ratio were correlated with PSD at 6 months (49), and Ding et al. found that monocyte-to-lymphocyte ratio was in association with depression 3 months after stroke (50). But these associations were not shown in current study. The inconsistency may be attributed to the times from onset to depression assessment and to blood samples collection.

Albeit with these promising findings in our study, there are some limitations need to be considered. Firstly, not all the SNP locis of inflammatory molecules were tested and large-scale genome-wide association studies may identify more genetic risk SNP locis associated with early-onset PSD. Secondly, study on the associations of inflammatory molecular polymorphisms with PSD susceptibility was conducted in the Chinese population and investigations are warranted in different ethnicities. Thirdly, this was a cross-sectional study underscoring inflammatory risks of early-onset PSD and further longitudinal study on the association between immuno-inflammatory response and the risk of PSD may contribute to clarify whether immuno-inflammatory activities are involved in the occurrence of PSD in a time-dependent manner.

In conclusion, the findings of the current study suggest the important role of peripheral immuno-inflammatory response in the risk of early-onset PSD. Characteristics of the splenic activities after acute stroke and their contribution to the occurrence of depression at 2 weeks after stroke may provide new insights for assessment and recognition of early-onset PSD. Future developments should struggle to elucidate the pathophysiology of PSD on immuno-inflammatory mechanisms, furthering our understanding in the common neuropsychiatric sequelae of stroke, especially in the absence of specific and sensitive biomarkers for the diagnosis of PSD (51).



Data availability statement

The data presented in the study are deposited in the European Nucleotide Archive (ENA) repository, accession number PRJEB56038.



Ethics statement

The studies involving human participants were reviewed and approved by “Medical Ethics Committee of the Xiangya Hospital of Centre South University”. The patients/participants provided their written informed consent to participate in this study



Author contributions

HC, FL, FT designed the study and drafted the manuscript. HC, FL, DS, JZ, SL, QL, FT collected and analyzed the data, and reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by National key Research and Development Program of China (No. 2017YFC1310003).



Acknowledgments

All authors thank every volunteer who agreed to participate in the trial.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1000631/full#supplementary-material



References

1. Hackett, ML. Pickles k. part I: frequency of depression after stroke: an updated systematic review and meta-analysis of observational studies. Int J Stroke (2014) 9:1017–25. doi: 10.1111/ijs.12357

2. Ayerbe, L, Ayis, S, Wolfe, CD, and Rudd, AG. Natural history, predictors and outcomes of depression after stroke: systematic review and meta-analysis. Br J Psychiatry (2013) 202:14–21. doi: 10.1192/bjp.bp.111.107664

3. Gillen, R, Tennen, H, McKee, TE, Gernert-Dott, P, and Affleck, G. Depressive symptoms and history of depression predict rehabilitation efficiency in stroke patients. Arch Phys Med Rehabil (2001) 82:1645–9. doi: 10.1053/apmr.2001.26249

4. Das, J, and KR, G. Post stroke depression: The sequelae of cerebral stroke. Neurosci Biobehav Rev (2018) 90:104–14. doi: 10.1016/j.neubiorev.2018.04.005

5. Emsley, HC, Smith, CJ, Gavin, CM, Georgiou, RF, Vail, A, Barberan, EM, et al. An early and sustained peripheral inflammatory response in acute ischaemic stroke: relationships with infection and atherosclerosis. J Neuroimmunol (2003) 139:93–101. doi: 10.1016/s0165-5728(03)00134-6

6. Spalletta, G, Bossù, P, Ciaramella, A, Bria, P, Caltagirone, C, and Robinson, RG. The etiology of poststroke depression: a review of the literature and a new hypothesis involving inflammatory cytokines. Mol Psychiatry (2006) 11:984–91. doi: 10.1038/sj.mp.4001879

7. Wichers, M, and Maes, M. The psychoneuroimmuno-pathophysiology of cytokine-induced depression in humans. Int J Neuropsychopharmacol (2002) 5:375–88. doi: 10.1017/s1461145702003103

8. Nedic Erjavec, G, Sagud, M, Nikolac Perkovic, M, Svob Strac, D, Konjevod, M, Tudor, L, et al. Depression: Biological markers and treatment. Prog Neuropsychopharmacol Biol Psychiatry (2021) 105:110139. doi: 10.1016/j.pnpbp.2020.110139

9. Troubat, R, Barone, P, Leman, S, Desmidt, T, Cressant, A, Atanasova, B, et al. Neuroinflammation and depression: A review. Eur J Neurosci (2021) 53:151–71. doi: 10.1111/ejn.14720

10. Su, JA, Chou, SY, Tsai, CS, and Hung, TH. Cytokine changes in the pathophysiology of poststroke depression. Gen Hosp Psychiatry (2012) 34:35–9. doi: 10.1016/j.genhosppsych.2011.09.020

11. Kang, HJ, Bae, KY, Kim, SW, Kim, JT, Park, MS, Cho, KH, et al. Effects of interleukin-6, interleukin-18, and statin use, evaluated at acute stroke, on post-stroke depression during 1-year follow-up. Psychoneuroendocrinology (2016) 72:156–60. doi: 10.1016/j.psyneuen.2016.07.001

12. Chi, CH, Huang, YY, Ye, SZ, Shao, MM, Jiang, MX, Yang, MY, et al. Interleukin-10 level is associated with post-stroke depression in acute ischaemic stroke patients. J Affect Disord (2021) 293:254–60. doi: 10.1016/j.jad.2021.06.037

13. Kowalska, K, Pasinska, P, Klimiec-Moskal, E, Pera, J, Slowik, A, Klimkowicz-Mrowiec, A, et al. C-reactive protein and post-stroke depressive symptoms. Sci Rep (2020) 10:1431. doi: 10.1038/s41598-020-58478-6

14. Christensen, K, and Murray, JC. What genome-wide association studies can do for medicine. N Engl J Med (2007) 356:1094–7. doi: 10.1056/NEJMp068126

15. Smith, AJ, and Humphries, SE. Cytokine and cytokine receptor gene polymorphisms and their functionality. Cytokine Growth Factor Rev (2009) 20:43–59. doi: 10.1016/j.cytogfr.2008.11.006

16. Vahidy, FS, Parsha, KN, Rahbar, MH, Lee, M, Bui, TT, Nguyen, C, et al. Acute splenic responses in patients with ischemic stroke and intracerebral hemorrhage. J Cereb Blood Flow Metab (2016) 36:1012–21. doi: 10.1177/0271678x15607880

17. Yu, H, Cai, Y, Zhong, A, Zhang, Y, Zhang, J, and Xu, S. The "Dialogue" between central and peripheral immunity after ischemic stroke: Focus on spleen. Front Immunol (2021) 12:792522. doi: 10.3389/fimmu.2021.792522

18. Han, D, Liu, H, Gao, Y, and Feng, J. Targeting brain-spleen crosstalk after stroke: New insights into stroke pathology and treatment. Curr Neuropharmacol (2021) 19:1590–605. doi: 10.2174/1570159x19666210316092225

19. Lewis, SM, Williams, A, and Eisenbarth, SC. Structure and function of the immune system in the spleen. Sci Immunol (2019) 4:eaau6085. doi: 10.1126/sciimmunol.aau6085

20. Seifert, HA, Hall, AA, Chapman, CB, Collier, LA, Willing, AE, and Pennypacker, KR. A transient decrease in spleen size following stroke corresponds to splenocyte release into systemic circulation. J Neuroimmune Pharmacol (2012) 7:1017–24. doi: 10.1007/s11481-012-9406-8

21. Sahota, P, Vahidy, F, Nguyen, C, Bui, TT, Yang, B, Parsha, K, et al. Changes in spleen size in patients with acute ischemic stroke: a pilot observational study. Int J Stroke (2013) 8:60–7. doi: 10.1111/ijs.12022

22. Mull, RT. Mass estimates by computed tomography: physical density from CT numbers. AJR Am J Roentgenol (1984) 143:1101–4. doi: 10.2214/ajr.143.5.1101

23. Heymsfield, SB, Fulenwider, T, Nordlinger, B, Barlow, R, Sones, P, and Kutner, M. Accurate measurement of liver, kidney, and spleen volume and mass by computerized axial tomography. Ann Intern Med (1979) 90:185–7. doi: 10.7326/0003-4819-90-2-185

24. Yushkevich, PA, Piven, J, Hazlett, HC, Smith, RG, Ho, S, Gee, JC, et al. User-guided 3D active contour segmentation of anatomical structures: significantly improved efficiency and reliability. Neuroimage (2006) 31:1116–28. doi: 10.1016/j.neuroimage.2006.01.015

25. Jirapatnakul, A, Reeves, AP, Lewis, S, Chen, X, Ma, T, Yip, R, et al. Automated measurement of liver attenuation to identify moderate-to-severe hepatic steatosis from chest CT scans. Eur J Radiol (2020) 122:108723. doi: 10.1016/j.ejrad.2019.108723

26. Speliotes, EK, Massaro, JM, Hoffmann, U, Foster, MC, Sahani, DV, Hirschhorn, JN, et al. Liver fat is reproducibly measured using computed tomography in the framingham heart study. J Gastroenterol Hepatol (2008) 23:894–9. doi: 10.1111/j.1440-1746.2008.05420.x

27. Cheng, J, Li, Y, He, Q, Luo, L, Zhang, Y, Gao, Y, et al. Essential hypertension in patients exposed to high-arsenic exposed areas in western China: Genetic susceptibility and urinary arsenic metabolism characteristics. J Trace Elem Med Biol (2021) 67:126778. doi: 10.1016/j.jtemb.2021.126778

28. Kim, JM, Stewart, R, Kim, SW, Shin, IS, Kim, JT, Park, MS, et al. Associations of cytokine gene polymorphisms with post-stroke depression. World J Biol Psychiatry (2012) 13:579–87. doi: 10.3109/15622975.2011.588247

29. Kim, JM, Kang, HJ, Kim, JW, Bae, KY, Kim, SW, Kim, JT, et al. Associations of tumor necrosis factor-α and interleukin-1β levels and polymorphisms with post-stroke depression. Am J Geriatr Psychiatry (2017) 25:1300–08. doi: 10.1016/j.jagp.2017.07.012

30. Bagheri, M, Abdi-Rad, I, Omrani, D, and Khalkhali, HR. Heterogeneity of cytokine single-nucleotide polymorphisms among the Iranian and in the other East-south Asian populations. Transfus Med (2006) 16:192–9. doi: 10.1111/j.1365-3148.2006.00666.x

31. Felger, JC, Haroon, E, Patel, TA, Goldsmith, DR, Wommack, EC, Woolwine, BJ, et al. What does plasma CRP tell us about peripheral and central inflammation in depression? Mol Psychiatry (2020) 25:1301–11. doi: 10.1038/s41380-018-0096-3

32. Sproston, NR, and Ashworth, JJ. Role of c-reactive protein at sites of inflammation and infection. Front Immunol (2018) 9:754. doi: 10.3389/fimmu.2018.00754

33. Hattori, Y, Matsumura, M, and Kasai, K. Vascular smooth muscle cell activation by c-reactive protein. Cardiovasc Res (2003) 58:186–95. doi: 10.1016/s0008-6363(02)00855-6

34. Dehghan, A, Dupuis, J, Barbalic, M, Bis, JC, Eiriksdottir, G, Lu, C, et al. Meta-analysis of genome-wide association studies in >80 000 subjects identifies multiple loci for c-reactive protein levels. Circulation (2011) 123:731–8. doi: 10.1161/circulationaha.110.948570

35. Wang, S, Zhong, H, Lu, M, Song, G, Zhang, X, Lin, M, et al. Higher serum c reactive protein determined c reactive protein single-nucleotide polymorphisms are involved in inherited depression. Psychiatry Investig (2018) 15:824–28. doi: 10.30773/pi.2018.04.03.2

36. Shen, C, Sun, X, Wang, H, Wang, B, Xue, Y, Li, Y, et al. Association study of CRP gene and ischemic stroke in a Chinese han population. J Mol Neurosci (2013) 49:559–66. doi: 10.1007/s12031-012-9856-8

37. Otsuka, T, Hori, H, Yoshida, F, Itoh, M, Lin, M, Niwa, M, et al. Association of CRP genetic variation with symptomatology, cognitive function, and circulating proinflammatory markers in civilian women with PTSD. J Affect Disord (2021) 279:640–49. doi: 10.1016/j.jad.2020.10.045

38. Fang, M, Zhong, L, Jin, X, Cui, R, Yang, W, Gao, S, et al. Effect of inflammation on the process of stroke rehabilitation and poststroke depression. Front Psychiatry (2019) 10:184. doi: 10.3389/fpsyt.2019.00184

39. Yang, Y, Zhu, L, Zhang, B, Gao, J, Zhao, T, and Fang, S. Higher levels of c-reactive protein in the acute phase of stroke indicate an increased risk for post-stroke depression: A systematic review and meta-analysis. Neurosci Biobehav Rev (2022) 134:104309. doi: 10.1016/j.neubiorev.2021.08.018

40. Liu, ZJ, Chen, C, Li, FW, Shen, JM, Yang, YY, Leak, RK, et al. Splenic responses in ischemic stroke: new insights into stroke pathology. CNS Neurosci Ther (2015) 21:320–6. doi: 10.1111/cns.12361

41. Wang, Z, He, D, Zeng, YY, Zhu, L, Yang, C, Lu, YJ, et al. The spleen may be an important target of stem cell therapy for stroke. J Neuroinflamm (2019) 16:20. doi: 10.1186/s12974-019-1400-0

42. Endres, M, Moro, MA, Nolte, CH, Dames, C, Buckwalter, MS, and Meisel, A. Immune pathways in etiology, acute phase, and chronic sequelae of ischemic stroke. Circ Res (2022) 130:1167–86. doi: 10.1161/circresaha.121.319994

43. You, Z, Luo, C, Zhang, W, Chen, Y, He, J, Zhao, Q, et al. Pro- and anti-inflammatory cytokines expression in rat's brain and spleen exposed to chronic mild stress: involvement in depression. Behav Brain Res (2011) 225:135–41. doi: 10.1016/j.bbr.2011.07.006

44. Idova, GV, Markova, EV, Gevorgyan, MM, Al'perina, EL, and Zhanaeva, SY. Cytokine production by splenic cells in C57BL/6J mice with depression-like behavior depends on the duration of social stress. Bull Exp Biol Med (2018) 164:645–49. doi: 10.1007/s10517-018-4050-9

45. Swirski, FK, Nahrendorf, M, Etzrodt, M, Wildgruber, M, Cortez-Retamozo, V, Panizzi, P, et al. Identification of splenic reservoir monocytes and their deployment to inflammatory sites. Science (2009) 325:612–6. doi: 10.1126/science.1175202

46. Kim, E, Yang, J, Beltran, CD, and Cho, S. Role of spleen-derived monocytes/macrophages in acute ischemic brain injury. J Cereb Blood Flow Metab (2014) 34:1411–9. doi: 10.1038/jcbfm.2014.101

47. Garcia-Bonilla, L, Brea, D, Benakis, C, Lane, DA, Murphy, M, Moore, J, et al. Endogenous protection from ischemic brain injury by preconditioned monocytes. J Neurosci (2018) 38:6722–36. doi: 10.1523/jneurosci.0324-18.2018

48. Wohleb, ES, and Delpech, JC. Dynamic cross-talk between microglia and peripheral monocytes underlies stress-induced neuroinflammation and behavioral consequences. Prog Neuropsychopharmacol Biol Psychiatry (2017) 79:40–8. doi: 10.1016/j.pnpbp.2016.04.013

49. Hu, J, Zhou, W, Zhou, Z, Han, J, and Dong, W. Elevated neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios predict post-stroke depression with acute ischemic stroke. Exp Ther Med (2020) 19:2497–504. doi: 10.3892/etm.2020.8514

50. Ding, KQ, Lai, ZH, Zhang, Y, Yang, GY, He, JR, and Zeng, LL. Monocyte-to-Lymphocyte ratio is associated with depression 3 months after stroke. Neuropsychiatr Dis Treat (2021) 17:835–45. doi: 10.2147/ndt.S299462

51. Levada, OA, and Troyan, AS. Poststroke depression biomarkers: A narrative review. Front Neurol (2018) 9:577. doi: 10.3389/fneur.2018.00577



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.

Copyright © 2022 Chen, Liu, Sun, Zhang, Luo, Liao and Tian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 October 2022

doi: 10.3389/fimmu.2022.1037255

[image: image2]


The clinical value of neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and D-dimer-to-fibrinogen ratio for predicting pneumonia and poor outcomes in patients with acute intracerebral hemorrhage


Sai Luo 1†, Wen-Song Yang 2†, Yi-Qing Shen 2†, Ping Chen 3, Shu-Qiang Zhang 4, Zhen Jia 5, Qi Li 2, Jian-Ting Zhao 1* and Peng Xie 1,2*


1 Department of Neurology, The Fourth Affiliated Hospital of Xinxiang Medical University, Xinxiang, China, 2 Department of Neurology, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China, 3 Department of General Practice, The Fourth Affiliated Hospital of Xinxiang Medical University, Xinxiang, China, 4 Department of Radiology, Chongqing University FuLing Hospital, Chongqing, China, 5 Department of Radiology, The Fourth Affiliated Hospital of Xinxiang Medical University, Xinxiang, China




Edited by: 

Lei Huang, Loma Linda University, United States

Reviewed by: 

Shuixiang Deng, Fudan University, China

Jun Yan, Guangxi Medical University Cancer Hospital, China

*Correspondence: 

Jian-Ting Zhao
 584460244@qq.com 

Peng Xie
 xiepeng@cqmu.edu.cn


†These authors share first authorship


Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 05 September 2022

Accepted: 26 September 2022

Published: 10 October 2022

Citation:
Luo S, Yang W-S, Shen Y-Q, Chen P, Zhang S-Q, Jia Z, Li Q, Zhao J-T and Xie P (2022) The clinical value of neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and D-dimer-to-fibrinogen ratio for predicting pneumonia and poor outcomes in patients with acute intracerebral hemorrhage. Front. Immunol. 13:1037255. doi: 10.3389/fimmu.2022.1037255




Background

This study aimed to investigate the neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and D-dimer-to-fibrinogen ratio (DFR) as predictors of pneumonia and poor outcomes in patients with acute intracerebral hemorrhage (ICH).



Methods

We retrospectively examined patients with acute ICH treated in our institution from May 2018 to July 2020. Patient characteristics, laboratory testing data, radiologic imaging data, and 90-day outcomes were recorded and analyzed.



Results

Among the 329 patients included for analysis, 183 (55.6%) developed pneumonia. Systolic blood pressure, initial hematoma volume, D-dimer concentration, NLR, PLR, DFR, and white blood cell, platelet, neutrophil, and lymphocyte counts at admission were significantly higher in patients who developed pneumonia than in those who did not; however, the Glasgow coma scale (GCS) score at admission was significantly lower in pneumonia patients compared with non-pneumonia patients (all P <0.05). Multivariate logistic regression showed that the NLR and PLR were independent predictors of pneumonia, and the NLR and DFR were independent predictors of poor 90-day outcomes (modified Rankin scale score 4–6).



Conclusion

The NLR and PLR were independent predictors of pneumonia and the NLR and DFR were independent predictors of poor 90-day outcomes. The NLR, PLR, and DFR can provide prognostic information about acute ICH patients.
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Introduction

Intracerebral hemorrhage (ICH) accounts for 15% to 20% of all strokes (1) and is associated with high rates of mortality and disability (2). The reported mortality was 35% at 7 days and 59% at 1 year (3). Currently, there is no treatment for the reduction of ICH mortality (4).

Pneumonia is one of the most common consequences of acute stroke and can cause brain hypoxia and further brain damage. It, therefore, increases healthcare costs and the length of hospital stays (5–7) and poses a major threat to the patient’s health and life (8, 9). Furthermore, the incidence of pneumonia is higher after ICH than after cerebral infarction because ICH is characterized by sudden onset, rapid intracranial pressure increase, and rapid neurological deterioration (10). Several studies reported that neurological dysfunction and stroke severity in acute stroke patients are important predictors of post-stroke infection. However, the mechanisms underlying lung infection after ICH are not fully understood (11). A clinical study speculated that risk factors for poststroke pneumonia include aspiration, dysphagia, nasogastric tubing, and mechanical ventilation (12). However, conventional pneumonia prophylaxis and prophylactic antibiotics have not improved clinical outcomes in acute ICH patients (13, 14). Therefore, objective and conveniently accessible outcome predictors are needed.

The neutrophil-to-lymphocyte ratio (NLR) has the potential as such a predictor (15). A high NLR indicates an imbalance between central and peripheral inflammation and was shown to be an independent risk factor for pneumonia in acute stroke patients (16). Secondary brain injury is more likely to occur after infection and is associated with an increase in neutrophils and a decrease in lymphocytes.

The D-dimer-to-fibrinogen ratio (DFR) is another potential predictor. This novel coagulation parameter indicates the balance of fibrinolysis and coagulation processes (17) and has clinical value in patients with acute coronary syndrome and acute ischemic stroke (18). In addition, the platelet-to-lymphocyte ratio (PLR) may also have predictive value based on studies of patients with ischemic stroke and pulmonary embolism caused by intracardiac thrombotic disease (19, 20). PLR reflects platelet aggregation and systemic inflammation (21).

Previous studies have shown that the NLR, DFR, and PLR are associated with infection or poor outcomes in patients with the acute coronary syndrome, acute cerebral infarction, and pulmonary embolism. This study aimed to investigate the association of the NLR, DFR, and PLR with pneumonia and poor outcomes in patients with acute ICH.



Patients and methods


Study population

This retrospective study examined the medical records of 848 acute ICH patients hospitalized in intensive care units in the Fourth Clinical Faculty of Xinxiang Medical University from May 2018 to July 2020.



Clinical data collection and radiological assessment

Data regarding comorbidities, cigarette and alcohol use, demographics, clinical features, laboratory testing, and radiologic imaging were recorded, including the time of ICH onset, Glasgow coma scale (GCS) score, length of hospital stay, and modified Rankin scale (mRS) score at 90-day follow-up. Baseline hematoma volume, presence of intraventricular hemorrhage (IVH) and/or subarachnoid hemorrhage (SAH), and in-hospital and 90-day mortality rates were recorded and evaluated as potential risk factors for pneumonia and predictors of poor outcomes. Hematoma volume was measured using the ABC/2 method (22). Blood counts and D-dimer and fibrinogen concentrations were determined using a fully automated biochemical analyzer according to the manufacturer’s instructions (AU2700, Olympus, Tokyo, Japan).



Patient selection

Inclusion criteria were as follows: 1) diagnosis of acute hemorrhagic stroke according to the Chinese Guidelines for the Diagnosis and Treatment of ICH (23), 2) deep hemorrhage in the basal ganglia and/or thalamus and/or infratentorial confirmed by cranial computed tomography within 12 hours of admission, and 3) available chest computed tomography imaging data. We excluded patients with other types of ICH (traumatic, arteriovenous malformation, cerebral aneurysm, tumor, primary IVH, cavernous hemangioma, hemorrhagic cerebral infarction, and lobar hemorrhage) and those with severe underlying diseases such as severe cardiac, hepatic, and renal impairment. Patients who refused or were lost to follow-up and those with incomplete data were also excluded (Figure 1). The study was conducted in accordance with the 1964 Helsinki Declaration. Medical ethics committee approval was obtained. All patients provided written informed consent.




Figure 1 | The flow chart of excluded patients.





Study grouping

Among the 848 eligible patients, 519 were excluded based on the exclusion criteria. Therefore, 329 patients were included in the analysis (Figure 1). Patients were grouped according to the presence of pneumonia (pneumonia or no pneumonia groups; Figure 1). Diagnostic criteria for nosocomial pneumonia (24) included chest X-ray or computed tomography (CT) showing new or progressive patchy infiltrates, solid lobar changes, or pleural effusion, plus two or more of the following three clinical symptoms, to establish a clinical diagnosis: 1. fever, body temperature >38°C; 2. purulent airway secretions; and 3. low leukocyte count (<4000 × 109/L), high leukocyte count (>10× 109/L). Patients were also grouped into poor and good outcome groups based on their mRS score at 90 days. A poor outcome was defined as an mRS score of 4–6 and a good outcome was defined as an mRS score of 0–3 (25).



Statistical analysis

Statistical analyses were performed using SPSS software version 25 (IBM Corp. Armonk, NY, USA). Continuous variables are expressed as means with standard deviation and were compared using a nonparametric rank-sum test and independent sample t-test as appropriate. Categorical variables are expressed as numbers with percentages and were compared using the chi-square test or Fisher’s exact test as appropriate. Risk factors and predictors were determined using multivariate logistic regression to calculate the odds ratio (OR) with 95% confidence interval (CI). P <0.05 was considered statistically significant.




Results

Figure 2 shows the correlations between the PLR, NLR, and DFR. NLR was significantly correlated with PLR, the NLR was significantly correlated with DFR, and there was no significant correlation between the PLR and DFR. The correlation coefficients were as follows: NLR and PLR = 0.83, NLR and DFR = 0.18, PLR and DFR = 0.036 (Figure 2).




Figure 2 | The correlation coefficient between The PLR, NLR, and DFR.



The distribution characteristics of the PLR, NLR, and DFR are shown in Figure 3. The mean value of group 1 (pneumonia group) was higher than that of group 0 (non-pneumonia group). Data of the PLR, NLR, and DFR in group 1 (pneumonia group) were relatively discrete, whereas data in group 0 (non-pneumonia group) were relatively centralized (Figure 3). The mean value of group 1 (poor outcome group) was higher than that of group 0 (good outcome group). Data of the PLR, NLR, and DFR in group 1 (poor outcome group) were relatively discrete, whereas data in group 0 (good outcome group) were relatively centralized (Figure 3).




Figure 3 | Boxplots of The PLR, NLR, and DFR in pulmonary infection group and prognosis group. The mean value and distribution of PLR, NLR and DFR of 329 sample sizes in each grouping are reflected. In the (A–C), Group 1 represents the pneumonia group, and group 0 represents the non-pneumonia group. (A) The mean PLR of Group 1 was higher than that of group 0. (B) The mean NLR of Group 1 was higher than that of group 0. (C) The mean DFR of Group 1 was higher than that of group 0. In the panels (D–F), Group 1 represents the poor outcome, and group 0 represents the good outcome. (D) The mean PLR of Group 1 was higher than that of group 0. (E) The mean PLR of Group 1 was higher than that of group 0. (F) The mean PLR of Group 1 was higher than that of group 0. PLR, platelet-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; DFR, D-dimer-to-fibrinogen ratio.



Compared with patients in the non-pneumonia group, those in the pneumonia group had a significantly larger initial hematoma volume (P <0.001) and lower GCS score at admission (P <0.001), with significantly higher baseline platelet (P =0.025), leukocyte (P <0.001), neutrophil (P <0.001), and lymphocyte (P <0.001) counts. In addition, the D-dimer concentration (P <0.001), NLR (P <0.001), PLR (P =0.008), DFR (P <0.001), and systolic blood pressure (P =0.015) were significantly higher in the pneumonia group. The incidences of IVH (P <0.001), SAH (P <0.001), hypertension (P =0.036), and poor outcomes (P <0.001) in the pneumonia group were significantly higher than those in the non-pneumonia group. The in-hospital mortality (P =0.003) and 90-day mortality (P <0.001) rates were also significantly higher in the pneumonia group than in the non-pneumonia group. The number of patients with basal ganglia hemorrhage in the non-pneumonia group was 1.5 times higher than that in the pneumonia group (Table 1).


Table 1 | Comparison of demographic, clinical and imaging characteristics and outcome between patients with and without pneumonia.



The NLR (OR 1.076, 95% CI, 1.003–1.154, P =0.041), PLR (OR 0.996, 95% CI, 0.992–0.999, P =0.023), GCS score at admission (OR 0.782, 95% CI, 0.726–0.841, P <0.001), and initial hematoma volume (OR 1.035, 95% CI, 1.020–1.049, P <0.001) were independent risk factors for pneumonia (Table 2). There was a significant correlation between NLR and PLR (Figure 2).


Table 2 | Multivariable logistic regression models of primary ICH for predicting pneumonia.



Table 3 shows the characteristics of patients grouped according to outcome. Compared with patients with a good outcome, those with a poor outcome were significantly older (P =0.024), with significantly larger initial hematoma volume (P <0.001) and lower GCS score at admission (P <0.001), with significantly higher baseline platelet (P =0.024), leukocyte (P <0.001), neutrophil (P <0.001), and lymphocyte (P <0.001) counts. The D-dimer concentration (P <0.001) and fibrinogen levels (P =0.027) were significantly higher in the poor outcome group. In addition, the NLR (P =0.012) was significantly higher in the poor outcome group than in the good outcome group. The DFR (P <0.001) was significantly lower in the poor outcome group than in the good outcome group. The proportions of patients with IVH (P <0.001) and SAH (P <0.001) were significantly higher in the poor outcome group than in the good outcome group. Compared with the poor outcome group, patients with basal ganglia hemorrhage were almost two-fold as likely to have a good outcome.


Table 3 | Comparison of demographic, clinical, and imaging characteristics and outcomes between patients with and without poor outcome.



The NLR (OR 1.079, 95% CI, 1.021–1.140, P =0.007), DFR (OR 1.003, 95% CI, 1.001–1.005, P =0.016), age (OR 0.967, 95% CI, 0.944–0.990, P =0.006), and initial hematoma volume (OR 0.983, 95% CI, 0.969–0.996, P =0.011) were independent predictors of poor outcomes (Table 4). There may be a significant correlation between the NLR and DFR (Figure 2).


Table 4 | Multivariable logistic regression models of spontaneous ICH for predicting poor outcome.





Discussion

Our study found that age, initial hematoma volume, D-dimer concentration, systolic blood pressure, GCS score at admission, NLR, PLR, DFR, and platelet, leucocyte, neutrophil, and lymphocyte counts were significantly associated with pneumonia in patients with acute ICH. The prevalence of hypertension, IVH presence, and SAH presence was significantly higher in the pneumonia group than in the non-pneumonia group. There were slightly fewer patients in the pneumonia group with bleeding in the basal ganglia than in the non-pneumonia group. Of the significantly higher factors identified, the NLR, PLR, GCS score, and initial hematoma volume were independent risk factors for pneumonia in the multivariate analysis, and the NLR, DFR, age, and initial hematoma volume were independent predictors of a poor outcome.

Pneumonia is the most prevalent complication of early stroke and is associated with high mortality, increased cost of treatment, and poor functional outcomes (26, 27). In patients with acute ICH, immunity is impaired by the stress response and elevated blood glucose levels, which promote bacterial growth and proliferation that exacerbate pulmonary microcirculatory dysfunction and increase the risk of pneumonia (28). Zhang et al. (29) observed changes in the immune system and intestinal barrier function during the development of ICH in mice. They found that ICH mice had rapidly dysregulated proinflammatory and immunosuppressive responses, which changed the structural distribution of lung microbiota and intestinal microbiota, promoted bacterial migration, and increased their susceptibility to respiratory diseases. ICH involves multiple pathophysiological pathways. Neutrophils, macrophages, monocytes, and microglia are activated, accumulate around the hematoma, and induce inflammation, which has an impact on the degree of neurological damage (30, 31). Our study examined whether systemic parameters of inflammation could be used to predict pneumonia in ICH patients.

The NLR was used as a predictor of different inflammatory diseases in a previous study (15) and it was a predictor of death and intensive care unit admission in patients with coronavirus disease 2019 (32). Moreover, NLR might be a good indicator of COVID-19 disease severity (33). Zhang et al. (34) demonstrated that an association between the NLR and acute stroke-associated pneumonia did not disappear in patients with a large artery atherosclerosis infarct. Although inflammation is dynamically altered in the early stages of acute stroke, the results of Wang et al. (30) suggest that early NLR may be an independent risk factor for acute pneumonia during this period. The NLR reflects the balance between innate and adaptive immune responses, which is partially consistent with our findings.

In addition to an inflammatory state, ICH patients are in a hypercoagulable state associated with the release of coagulation factors. A large network of relationships exists between inflammation and thrombosis; therefore, the inflammatory response can promote a hypercoagulable state and subsequent thrombosis (35). Likewise, thrombosis factors can trigger an inflammatory response, which leads to a vicious cycle of inflammation and thrombosis (36, 37). The PLR reflects the coagulation and inflammatory pathways (38) and was shown to be an independent risk factor for hyperinflammatory processes (39). Moreover, it has a significant impact on thrombophilia, but is not influenced by other interfering factors (40). Therefore, the PLR provides a more accurate assessment of the inflammatory response and thrombotic status (41). Tao et al. (42) analyzed preoperative blood tests in 247 patients with aneurysmal subarachnoid hemorrhage and found that higher PLR was associated with neurological damage within 90 days of hemorrhage onset. In a case-control study of 335 acute ICH patients, Zou et al. (43) reported that those with higher NLR and PLR had a higher risk of gastrointestinal bleeding. Furthermore, higher NLR and PLR were associated with worse overall survival and outcomes, findings that are generally consistent with our findings.

The D-dimer concentration reflects the activation of hemostasis and fibrinolysis and is typically elevated in patients undergoing active thrombosis, such as stroke or venous thromboembolism. However, it may also be elevated in patients with other diseases, such as cancer or severe infection (44). The D-dimer concentration can be used to monitor disease progression and antifibrinolytic effects. Fibrinogen is a clotting factor produced by the liver that is converted to fibrin by activated thrombin. This conversion is the most critical step in the coagulation cascade. Fibrinolytic enzymes dissolve cross-linked fibrin to produce degradation products, such as D-dimer. As blood coagulates, fibrinogen is depleted and its blood concentration decreases. Fibrin stimulates platelet aggregation and damages endothelial cells, which promotes intravascular thrombosis and plaque development, processes that underly acute ischemic stroke. These abilities make fibrinogen useful for treating patients with severe stroke (44). Moreover, the fibrinogen concentration appears to be a predictor of ischemic stroke risk and has been associated with poor outcomes and death after stroke (45–47). Chen et al. (18) studied 155 patients with AIS and 33 patients with other disorders, and divided them into disorders of consciousness or unconsciousness. A comparison between groups with differences in plasma D-dimer, FIB, and DFR, showed that for different types of patients with disturbances of consciousness, D-dimer and fibrinogen alone were of limited value for a diagnosis of AIS, DFR was more specific for thrombosis than D-dimer plasma levels, and that the combination of D-dimer and DFR may improve the diagnostic efficiency and provide more etiological information. This would provide a new direct and cost-effective method for diagnosing thrombophilia in clinical practice.

In 2021, Wen et al. (48) used the predictive value of the DFR for hemorrhagic stroke and its related thrombotic complications. Their study showed a significant association between the DFR and lower limb deep vein thrombosis in young ICH patients. However, the relationship between the DFR and inflammatory complications in ICH patients has not been studied to date.

Our findings suggest that the NLR and PLR are independent risk factors for pneumonia and that the NLR and DFR are independent predictors of poor outcomes in patients with acute ICH. These ratios may have a role in real-world clinical practice and should be examined further in future studies. We also reported various clinical and imaging characteristics associated with pneumonia and outcomes in ICH patients, which may assist clinicians in identifying patients who require early and aggressive treatment.

Our study had several limitations. First, its retrospective single-center design and small sample size may have introduced confounding bias. Second, data were derived from medical records; therefore, pre-stroke medications could not be entirely accounted for and medications may have affected the laboratory results. Future large-scale prospective studies are warranted.



Conclusion

The NLR and PLR are independent risk factors for pneumonia and the NLR and DFR are independent predictors of poor 90-day outcomes in patients with acute ICH.
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Objective

Tumor necrosis factor (TNF), a crucial cytokine, has important research value in post-stroke neuroinflammation (PSN). We analyzed the studies that have been conducted in this area and used bibliometric methods to predict research hotspots and identify trends regarding TNF in PSN.



Methods

Publications were accessed at the Science Citation Index Expanded 1975-2021 (SCI expanded), Web of Science Core Collection (WoSCC), on May 1, 2022. Additionally, software such as CiteSpace and VOSviewer were utilized for bibliometric analyses.



Results

In total, 1391 original articles and reviews on TNF in PSN published from 2003 to 2021 were identified. An upward trend was observed in the number of publications on TNF in PSN. These publications were primarily from 57 countries and 1446 institutions, led by China and the United States with China leading the number of publications (NP) and the US with the number of citations (NC). The League of European Research Universities (LERU) and Journal of Neuroinflammation, respectively were the most prolific branches and journals. Zhang, John H. published the most papers and Finsen, Bente had the most cited papers. One paper by Kettenmann, H. published in 2011 reached the highest level of Global Citation Score (GCS). The keyword co-occurrence and reference co-citation analyses suggest that poststroke therapy and potential mechanistic pathways are important topics related to PSN in recent years. Reference burst detection suggests new burst hotspots after 2015, focusing on pathway modulation and discovery of therapeutic targets, suggesting a substantial development in the study of TNF in PSN research.



Conclusion

The present bibliometric analysis shows a continuous trend of increasing literature related to TNF in PSN, and shows that TNF plays an important role in PSN involves multiple immune mechanisms and may contribute as a potential target for neuroprotective therapeutics after stroke. Prior to 2011, most of the research was focused on discovering the specific role of TNF in PSN, and in recent years studies have mainly targeted the exploration of the signaling pathways. Future research prospects may lie in finding key therapeutic targets in pathway of TNF in PSN.





Keywords: neuroinflammation, stroke, TNF, bibliometric analysis, VOSviewer, CiteSpace



Introduction

Cerebrovascular disease has become a disease with a high mortality and disability rate worldwide (1). Stroke disease, one of the most significant cerebrovascular diseases, has a rising trend in incidence in recent years at a younger age, imposing a huge economic burden on the lives of patients and society (2). One of the primary reasons for the poor prognosis of stroke disease is post-stroke neuroinflammation (PSN) which is caused and exacerbated by the microglia-mediated inflammatory response (3). This response is an important pathological mechanism through which large amounts of TNF-α are released in ischemic stroke, thus worsening PSN. The TNF-α, one of the most important inflammatory cytokines in the TNF family (4), has a vital central mediating role in the regulation of PSN (5). It is a key element of the neuroinflammatory response linked with several neurological disorders. According to some strong evidence, TNF-α expression is associated with stroke injury and stroke recovery (6–8). What’s more, focusing on effectively improving the development of neuroinflammation by regulation of TNF expression, is likely to find a way forward in repair and recovery after stroke (9, 10).

The current research focusing on the direction of TNF in PSN has been continuously improved and explored. However, there is no complete and objective assessment of the publication output, institutions, influential countries, authors and their collaborations, research progress and directions, hot spots, and frontiers of this study.

As an interdisciplinary discipline, bibliometrics allows the analysis and study of the systems and characteristics of the literature, using statistical and mathematical methods to quantify all knowledge carriers and understand the foundations and frontiers of the field of study (11, 12). The most obvious advantage is that it is a secondary visualization of previous research on the topic and can be used to identify changes the research focus related to the topic over time through cluster analysis, keyword analysis, reference analysis and other analysis methods, as well as to predict future research directions (13, 14).For example, in Yu’s outstanding work, they used a citation network analysis to determine the trajectory of intuitionistic fuzzy sets, as a new attempt to provide a useful guide for our bibliometric analysis (13). What’s more, the future progress of the research topic can be characterized and predicted by comparing the contributions of different countries, institutions, authors, and publications (15). There are already scholars performing bibliometric analysis in many medical fields of research, such as tinnitus (16), mesenchymal stem cells (17), and novel coronavirus pneumonia drugs (18).

In this study, the publications were analyzed and research directions of TNF in studies related to PSN from 2003 to 2021 were assessed and the corresponding network mapping was carried out using VOSviewer and CiteSpace software. These findings provide knowledge support and direction for basic research and clinical treatment applications in this research area.



Methods


Data sources and search strategies

This study collected data from the Web of Science Core Collection (WoSCC), and the time span of the search was set between 2003 and 2021 and was conducted on May 1, 2022. The search terms were as follows: ts=(“stroke” OR “intracerebral hemorrhage” OR “ischemic stroke “ OR “brain infarction” OR “brain stem infarction” OR “cerebral infarction” OR “cerebral stem infarction” OR “ischemic encephalopathy” OR “infarction encephalopathy” OR “brain ischemia” OR “brain stem ischemia” OR “cerebral ischemia” OR “cerebral stem ischemia”) and (TS=(“TNF” OR “Tumor Necrosis Factor”)) and (TS=(“neuroinflammation” OR “microglia” OR “microglia activation”)). Among the various forms of relevant publications (published papers, reprints, book chapters and reviews, conference abstracts, news items, letters, editorial material, corrections, data files, early access, bibliographies, and biographical entries), the English articles and reviews were the ones analyzed. In total, 1248 articles and 143 reviews were accessed and studied. The strategy for accessing and retrieving articles and reviews has been elaborated as well (Figure 1).




Figure 1 | Screening flow chart.





Bibliometric analysis

The text data were obtained on WoSCC, and bibliometric indicators such as the NP and the number of non-self-citations (NC) were extracted from these text data representing the quality of publications. In particular circumstances, the H-index is utilized to assess the published content of a region or country, a journal, or an institution as well as the scholarly achievement of an individual (19). The statistical computing and graphics were done by employing VOSviewer, CiteSpace, and Microsoft Office Excel 2019. The data collected from WoSCC was utilized to create bibliometric maps and visualized as well as analyzed for potential information by employing VOSviewer and CiteSpace respectively. Microsoft Office Excel 2019 was employed to plot statistical charts.




Results


Research profile

According to the search strategy (Figure 1), 1391 papers and reviews published from 2003 to 2021 were retrieved, containing a total of 59,524 citations, with an average of 45.1 citations per paper. The H-index for all publications was 111.



Annual trends in the number of publications

The change in the number of annual publications characterizes the pace and advancement of research on this topic and the level of attention paid to this area regarding research (20). There were 1391 annual publications on TNF in PSN between 2003 and 2021 (Figure 2). The number of publications on this topic tended to increase from 2003 to 2021, with a slight decrease in 2005, an increase from 2009 to 2014, and a decrease in 2015 and 2017. The number of publications exceeded 150 in 2020 and 2021. The curve of the total number of publications fits the quadratic function curve with a goodness of fit R2 of 0.9987, indicating that the total number of publications will grow more rapidly in the future.




Figure 2 | Publication growth trend of TNF in PSN publications from 2003 to 2021.





Country analysis

The analysis of publications from different countries can indicate to some extent the importance placed on the research area by the country as well as the degree of influence of that country. The VOS clustering indicates the division of the inter-country cooperation networks into seven clusters of which five are cooperative network clusters, while LITHUANIA and SLOVAKIA countries do not cooperate with other countries (cluster #6 and cluster #7, respectively). Among the different cooperative network clusters, inter-country cooperation is generally low, except for cluster #3, where closer cooperation is shown by China and the United States suggesting that countries should further deepen their cooperation to promote the development of the discipline (Figure 3A). The ridgeline plot represents the relative trends in a number of publications per year for the top 10 countries. To enhance the visualization, after normalization (each country’s annual issuance divided by its overall national issuance separately) it represents that China’s research in this area has been on an increasing trend since 2003, the US annual issuance has been relatively stable, and after 2012, the major research countries have increased their research momentum (Figure 3B). These findings suggest that the interest in the study of TNF in PSN has become widespread which has kickstarted a rapidly developing field. As shown in Table 1, China had the highest number of publications (652), followed by the USA (361) and South Korea (82). A major portion of the total citations (42.74%) was comprised of the 25,441 times cited US papers that preceded China (19,331) and Germany (6,572). Additionally, the U.S. had the top-ranked H-index (84), which was twofold higher than South Korea (33) and Canada (30). The UK was ranked at the top in terms of the average citations (120.84) with Germany (99.58) occupying the second position, demonstrating the high quality of publications in both countries. The relatively low average citations in China, South Korea, and Iran indicates the need for improved quality of publications in these countries.




Figure 3 | Country analysis. (A) Inter-country cooperation network map. The size of the nodes indicates the amount of publications, and the thickness of the lines represents the intensity of cooperation. (B) ridgeline plot.




Table 1 | Top 10 most productive countries.





Institutional and author analysis

The units with the most publications related to TNF in PSN research are listed in Table 2. The European Research University Consortium with the most publications (57), citations (4477), and H-index (32), preceded the Zhejiang University and the University of California system. Additionally, in terms of average citations, the University of Texas system was at the top (92.17) with the University of California system (86.88), and the League of European Research University (78.54) following closely. In addition, 50% of the top 10 affiliated institutions are from China and 40% are from the United States. The institutional collaboration co-occurrence map shows weak collaborative relationships among institutions, suggesting the need for greater collaboration (Figure 4A). The 17 affiliations with the most representative outbreak intensity were also illustrated (Figure 4B). Loma Linda University has the highest outbreak intensity. The 10 topmost published authors, with 116 papers, accounted for 8.34% of the total number of papers (Table 3). They had 5454 citations, accounting for 9.16% of the total citations. Zhang, John H. from Loma Linda University ranked first in this topic research area, followed by Tang, Jiping from Loma Linda University and Finsen, Bente from University of Southern Denmark. As depicted in Table 3, Finsen, Bente had the highest average citations (95.62). Additionally, the percentage of the 10 topmost authors from the USA was 40% while 30% were from China, and the author’s co-occurrence network was also explored (Figure 4C).


Table 2 | Top 10 most productive affiliations.






Figure 4 | Visualization of institutions and authors. (A) Inter-institutional collaboration analysis (B) Top 17 institutions in terms of burst detection, where red bars indicate the burst year. (C) Collaboration analysis among authors.




Table 3 | Top 10 most productive authors.





Journal analysis

The VOSviewer software was used to count the published journals related to the study of TNF in PSN to explore and identify the most prominent and productive journals. In total, the number of publications published in 367 well-reputed academic journals comes to 1391 publications. The highest ranking journals regarding the publication of related articles were depicted in Table 4 with the Journal of Neuroinflammation (87 publications, IF: 9.587, JCR:Q1) occupying the top position and the Journal of Cerebral Blood Flow and Metabolism (37 publications, IF: 6.96, JCR:Q1) along with the Neuroscience (33 publications, IF: 3.708, JCR:Q3) following close behind. An analysis of the journals from which the references originated shows the contribution of each journal to the knowledge base of the field. Of the 4340 cited journals, two journals had cited more than 3,000 times. The journals as depicted in Table 4 were ranked highest to lowest with Stroke (citations: 3,982, IF: 10.17, JCR:Q1) preceding the Journal of Cerebral Blood Flow and metabolism and the Journal of Neuroscience.


Table 4 | The top 10 most productive journals and cited journals.



The dual-map overlay analysis fabricated by Chen and Leydesdorff L. reveals patterns in the scientific mix of global scientific journal maps. A dual map of studies on TNF in PSN published between 2003 and 2021 was generated (Figure 5A). All colored curves originating from the citing journal collection map (left panel) and pointing to the cited journal collection map (right panel) indicate the path of citation links. The citing journal overlay and cited journal overlay maps generated on the Global Scientific Journal Map for all detailed journal information published on this topic between 2003 and 2021 were explored (21), respectively (Figures 5B, C). The results of the journal biplot overlay indicate a relatively high concentration of journals studied on this topic. The source journals of the cited literature and references are mainly in the field of Molecular/Biology/Genetics, and the citation chain is mainly generated in this field, with less cross-field research. In the future, the fields of Physics/Materials/Chemistry, Veterinary/Animal/Science, Medicine/Medical/Clinical, Neurology/Sports/




Figure 5 | Journal overlay map. (A) Dual map overlay of journals. The citing journals collection is on the left, the cited journals collection is on the right, and the colored paths indicate the citation relationships; (B) Citing journals overlay; (C) Cited journals overlay.



Ophthalmology, and Psychology/Psychology/Health are likely to be emerging areas. Education/Health are likely to be emerging frontier research areas.



Reference analysis

The CiteSpace’s co-citation analysis of references is a core feature of this program (22). CiteSpace’s co-citation network of references extracts cluster labels based on the cited literature, and the citing and cited literature represents the research frontier and knowledge base (23). Therefore, the analysis of typical clusters can help in understanding the core information regarding this area of research as well as the evolution and development of research regarding TNF in PSN. A scaling factor k=25 was set, and 1391 cited literature references with certain influences were extracted using g-index that allowed the identification of homogeneous clusters of literature that was cited more frequently and was associated with TNF in PSN research.

The co-citations of the references were also examined and illustrated such that the labels showed the first author with the ten most cited references and the year (Figure 6A). The aforementioned references were done by Iadecola, C. et al. They published the original article entitled “The immunology of stroke: from mechanisms to translation” (24) in Nature Medicine in 2011 and another article entitled “Commensal microbiota affects ischemic stroke outcomes by regulating intestinal γδ T cells” (25).




Figure 6 | Visualization of co-citation and clustering network, where the nodes in the figure represent citations and the links between nodes represent co-citation relationships. (A) Co-citation analysis of references; (B) Clustering network analysis of references; (C) Burst detection of co-citations, where red represents bursts; (D) Burst detection of top 21 references, where red bars indicate burst years.



The structure of the knowledge and the research boundaries of the area of interest can be examined utilizing cluster analysis. The cluster analysis of the co-cited literature summarizes the areas researched in the field and explores the hot spots and research directions (26). The largest 19 clusters extracted from the references of 1391 cited articles were thoroughly examined (Figure 6B). The noun phrases usually constitute the cluster labels and are extracted from the titles of the cited articles using the log-likelihood ratio (LLR) algorithm, such as #0 cytokines, #1 reactive astrocytes, #2 NADPH oxidase, #3 tpa, #4 bone marrow chimeras, #5 hypoxia, #6 neurogenesis, #7 central nervous system, #8 stroke recovery, #9 tnf, #10 intracerebral hemorrhage, #11 tight junctions, #12 inflammatory cytokines, #13 reactive blue 2, #14 bradykinin, #15 microRNA, #16 neuropathology, #17 cyclooxygenase-1, #18 memory (Figure 6B). The total Q value was 0.8123 and the average profile of the weights for each cluster was 0.8618, indicating reasonable cluster quality. The purple contours represent early clusters, such as #6 neurogenesis and #16 neuropathology, while the yellow contours represent the most recent cluster labels, such as #0 cytokines and #10 intracerebral hemorrhage. The node size is proportional to the mediator centrality size, and the mediator centrality measures the likelihood of any shortest path through a node in the network (Figure 6B). The nodes with high intermediary centrality may be located between two clusters or in the middle of some clusters, serving to connect different clusters or articles within clusters and facilitating shifts in research topics and research paradigms, etc. (intermediary) (27, 28). The item that is positioned at the top by centrality is Ekdahl CT (2009) in Cluster #3, with a centrality of 0.38. The second one is Xiong XX (2011) in Cluster #3, with a centrality of 0.28. The third is Ajami B. (2007) in Cluster #2, with a centrality of 0.21. The fourth is Pan J (2015) in Cluster #0, with a centrality of 0.19. The fifth is Hu XM (2015) in Cluster #0, with a centrality of 0.17. The sixth is Gelderblom M. (2009) in Cluster #3, with a centrality of 0.15. The seventh is Clausen B.H. (2005) in Cluster #13, with a centrality of 0.14. The eighth is Babcock AA (2006) in Cluster #2, with a centrality of 0.13. The ninth is Yenari MA (2006) in Cluster #14, with a centrality of 0.13. The tenth is Lambertsen K.L. (2012) in Cluster #9, with the centrality of 0.12.

The burst detection was used to reveal sudden increases in popular citations over time that were illustrated such that nodes indicate references, and nodes with red circles indicate burst citations in this region (Figure 6C). The details of the 21 most burst citations were examined (Figure 6D). The item positioned at the top by bursts is Iadecola C. (2011) in Cluster #4, with bursts of 16.64. The second one is Hu XM (2012) in Cluster #4, with bursts of 14.94. The third is Jin R. (2010) in Cluster #8, with bursts of 14.83. The fourth is Lambertsen K.L. (2009) in Cluster #4, with bursts of 13.25. The fifth is Lambertsen K.L. (2012) in Cluster #9, with bursts of 12.95. The sixth is Patel ANITAR (2013) in Cluster #1, with bursts of 9.38. The seventh is Hanisch U.K. (2007) in Cluster #2, with bursts of 8.44. The eighth is Denes A (2007) in Cluster #3, with bursts of 7.49. The ninth is Liesz A. (2009) in Cluster #3, with bursts of 7.23. The tenth is Amantea D. (2009) in Cluster #3, with bursts of 6.80. It is worth noting that the literature of Pan J (2015) in cluster #0 remains hot and continues even to this day. These hot papers suggest that the knowledge base of TNF in PSN has been extensively studied.



Keyword analysis

The keywords of 1391 publications (including Author Keywords and Keywords plus) were analyzed in VOSviewer for keyword co-occurrence (Figure 7). The results indicated that Cluster 1 mainly concentrated on the study of PSN and microglia mechanisms while Cluster 2 focused on the mechanisms of cytokines such as TNF and PSN (Figure 7A). The Cluster 3 focused on the mechanisms of PSN and oxidative stress pathways, with the prevalent keyword being “stroke,” “expression,” “focal cerebral-ischemia,” “activation,” “oxidative stress,” “tumor-necrosis-factor,” and “mechanisms.” The keywords were color-coded into different types per the average year of publication (APY) utilizing the VOSviewer (Figure 7B). The areas such as neuroinflammation, mechanisms, rat model, and oxidative stress have become the main research areas in this field compared to older research keywords such as tumor-necrosis-factor and cytokines. The comparison of the two aforementioned figures (Figures 7A, B) shows that pathway and mechanism are the hot spots of research in neuroinflammation after stroke. The twenty keywords that aptly represent this field of research in terms of burst intensity, burst duration, and burst time were also examined (Figure 7C). In the early stages of PSN research areas such as tumor-necrosis-factor, central nervous system, and messenger RNA were the focus of research.




Figure 7 | Co-occurrence network analysis of keywords regarding TNF in PSN study. (A) The keywords were divided into 3 categories according to different colors: category 1: red; category 2: green; and category 3: blue, where the size of the nodes indicates the frequency of occurrence; (B) Visualization of the keyword co-occurrence network according to the average years of publication. Keywords in yellow appear later than those in blue; (C) Top 20 keywords for burst detection.





Global citation score analysis

The top ten publications were analyzed regarding their global citation scores per year. And nine of the top ten publications were review, which is related to the relatively high impact and citation count of the high-level reviews. However, the important role of TNF in neuroinflammation due to stroke or other brain injury was highlighted in all nine reviews, and the TNF secreted by activated microglia plays an important role as an important inflammatory cytokine in various brain injuries, such as mediating the development of PSN and as a relevant target for effective treatment of PSN. Especially, the paper by Kettenmann (29), H published in 2011, ranked first with 2106 points (Figure 8) revealed the main mechanisms of PSN, that is once brain injury or neurological dysfunction occurs, microglia transforms into “activated microglia” and releases large numbers of substances such as TNF-α that are harmful or beneficial to surrounding cells, while migrating to the site of injury, proliferating and phagocytosing cells and cellular compartments. Lucas, S.M., et al. (30), highlighted the dual role of inflammatory mediators, including TNF-α, such as benefitting the long-term repair and recovery as well as being essential for the development of effective treatments for CNS disorders. TNF is reported to have both deleterious and protective actions in neurones, and these opposing effects may be explained by the existence of two distinct TNF-signaling pathways mediated by two receptors, p55 and p75. The author, Kaminska, B. et al. (31) systematically summarized current developments in the deleterious effects of inflammation, the regulation of TNF signaling pathways in cerebral ischemia, and potential molecular targets for anti-inflammatory therapy. Liesz, A et al. (32) proposed that Treg cell deficiency affected TNF-α (TNF-α) and interferon-γ (IFN-γ) expression in the brain by enhancing post-ischemic activation of inflammatory cells, including microglia and T cells, which increased delayed brain injury and worsened functional outcomes. Ekdahl, CT et al. (33) concluded that microglia activation as an indicator of inflammation is not per se pro- or anti-neurogenic and that its outcome depends on the balance between secreted molecules with pro- and anti-inflammatory effects, such as solTNF and tmTNF. The new and old observations from animal models and clinical trials reviewed by Mccoy, MK et al. (34) suggest that solTNF and tmTNF perform different functions in the CNS under normal and pathological conditions. SolTNF elevation is associated with acute and chronic neuroinflammation, as well as neurodegenerative conditions such as ischemic stroke. TmTNF is able to maintain immune functions such as self-tolerance and resistance to infection while limiting other functions of TNF and may selectively inhibit solTNF/TNFR1 signaling.




Figure 8 | Annual global citations for papers with high GCS, where the size and color of the circles represent the GCS of the literature.






Discussion

The current status and trends in the development of TNF-related research in PSN were analyzed for the first time ever by employing bibliometric analysis. According to the WoSCC database search, 1391 papers and reviews published from 2003 to 2021 were retrieved as of May 1, 2022. The spatial and temporal distribution, author contributions, and journal quality of these 1391 articles were assessed by employing CiteSpace and VOSviewer. In addition, burst hotspot analysis, cluster analysis, and keyword analysis were used to identify the currently more studied areas of research and frontiers of TNF-related research in PSN.

The change in annual trends based on published publications indicates a dynamic change from 12 annual publications in 2003 to 170 publications in 2021. Although the annual number of publications decreased in 2015 and 2017, studies on TNF in PSN have increased year by year. In this study, we also identified changes in TNF in PSN research over time: initially focusing on the key pro-inflammatory role of TNF in PSN, then focusing more on the specific signaling pathways of TNF-mediated inflammation in PSN, and more recently shifting to the therapeutic targets associated with the tmTNF-TNFR2 axis in PSN. We also predict that future research will be directed at how to better treat stroke in PSN by effectively balancing the biphasic effects of TNF. Therefore, the development of research on TNF in PSN is steadily progressing and improving.

An analysis of the top ten countries in terms of publications (Figure 3B) showed that the number of publications in China and the United States had increased each year since 2003, indicating the rapid development of TNF-related research in PSN in these two countries. China had the highest number of publications between 2003 and 2021, with 114 articles published in 2021. as shown in Figure 4B. Thus, China has a significant influence and is entering a phase of rapid development in the study of TNF in PSN. Papers published in the United States have the highest number of citations, indicating the high quality of publications published in the United States in this research area and a good reference value. The visual analysis of the cooperation between countries shows that the cooperation between China and the USA are closer, while the previous cooperation between other countries is less. In order to better carry out research and attack problems in this research area, it is strongly recommended that scholars from all countries break the academic boundaries and actively communicate and cooperate.

The analysis of the top ten institutions and authors of publications in this research area given in Table 2 found that the European Research University Consortium has the highest number of publications, citations, and H-index, indicating its important role in this research area. Among the top ten institutions in terms of publications, 50% are Chinese universities or institutes and 40% are from the United States, indicating that China and the United States have a greater influence in this research area. The volume of publications and collaborations among institutions has also been illustrated (Figure 4A). Loma Linda University has the highest outbreak intensity, indicating that this institution may have had a larger output and contribution in this research area in the last five years (Figure 4B). To identify the most prolific authors, the top ten authors with the most publications were analyzed. Ranked first in this topic research area, Zhang, John H. from Loma Linda University ranked first in the field of TNF-related research on PSN, followed by Tang, Jiping from Loma Linda University and Finsen, Bente from University of Southern Denmark. The visual network of authors (Figure 4C) suggests less collaboration between authors and no network among principal investigators. It is suggested that more academic exchanges between scholars effectively increase collaboration to accelerate the progress of research in this field.

The publications published in this research area were counted using VOSviewer and 1391 articles published in 367 journals were assessed with publications in Journal of Neuroinflammation (IF: 9.587, JCR:Q1) ranking first in this research area. Among the top ten journals, only two journals (Journal of Neuroinflammation and Journal of Cerebral Blood Flow and Metabolism) have an impact factor of more than 6 points, indicating that no deeper or groundbreaking studies can be published in this research area. In addition, two journals were cited more than 3000 times, with Stroke (IF: 10.17, JCR:Q1) having the most citations, indicating the higher quality and better reference value of this journal in this field of study.

The two-plot overlay of journals shows the distribution of TNF in PSN studies across journal fields and the citation relationship between different journal fields. There are more studies related to PSN published in the Molecular/Biology/Genetics field. The study published in Journal of Neuroinflammation by Chen, S., et al., in 2017 (35) focused on ischemic stroke caused by elevated Hcy levels, which can effectively inhibit STAT3 phosphorylation by blocking the expression of JAK2/STAT3 signaling pathway as well as reducing the secretion of IL-6 and TNF-α, thereby reducing the occurrence of PSN. In addition, articles related to this study have been published in other fields, such as Physics/Materials/Chemistry, Veterinary/Animal/Science, Medicine/Medical/Clinical, and Neurology/Sports/. In the field of Veterinary/Animal/Science, articles related to this study focus on the specific mechanisms of neuroinflammation regulation after stroke through animal experiments, and in Psychology/Education/Health, research has focused on a range of psychological problems that result from post-stroke. It is worth noting that, in the field of Medicine/Medical/Clinical, studies related to this topic are mainly focused on clinical trials of drugs. For example, an article published by Brain Behavior and Immunity focuses on a natural product (36), pinocembrin, which has been shown to improve neuroinflammation and effectively reduce the expression of inflammatory factors such as IL-6,TNF-α in the brain tissue of patients with ischemic stroke. The pinocembrin may be a promising new drug candidate for the treatment of cerebral hemorrhage and other acute brain injuries. And in Neurology/Sports/Ophthalmology the specific pathogenesis and key regulatory pathways of PSN were mainly explored. The article published in Stroke analyze the biphasic role of microglia in stroke (37): microglia can play different roles in neuroinflammation by secreting different types of TNF-α through binding to TNFR1 or TNFR2, while microRNAs were found to play a biphasic role in post-stroke inflammation by regulating glial cell expression.

The reference co-citations facilitate the discovery of the knowledge base of the relevant research areas. The co-citations of references, with the top ten references cited, were also examined (Figure 6A). Among them, the most cited article is the original article “The immunology of stroke: from mechanisms to translation” (24) published by Iadecola C. et al. in the journal Nature Medicine in 2011. The aforementioned article focused on the relevant role between the immune system with post-ischemic brain tissue and the reduction of PSN by modulating adaptive immunity to reduce the levels of inflammatory factors such as TNF-α, offering the prospect of new therapeutic options for stroke. This article is highly cited literature and it’s probably because of the larger relevance of the main background knowledge of TNF in PSN in this research field to the issues studied in this paper.

Burst detection analysis can explore the development and evolutionary dynamics of a discipline’s research base and reveal sudden increases in popular citations in this research area over time. The 2010 article in Journal of Leukocyte Biology (38), which explores the mechanisms of inflammatory cell (inflammation) formation after ischemic stroke. The article, as a breaking hotspot, has a crucial role in addressing related issues and suggesting directions for research of PSN in the next step. A study on microglia/macrophage polarization kinetics published in Stroke in 2012 (39) found that under ischemic brain injury, the microglia/macrophages can change from an M2 phenotype, which favors brain tissue, to an M1 phenotype, which exacerbates brain tissue damage. This finding, as a burst hotspot, led to a research direction focused on the phenotypic transformation of microglia/macrophages. Since then, numerous studies have emerged to modulate microglia/macrophage polarization through therapeutic approaches such as drugs. The 2015 article published in the Journal of Neuroinflammation (40) found that Malibatol A. (MA), mice treated with a novel natural antioxidant extracted from the Chinese plant Hopea hainanensis showed decreased infarct size and brain damage after the middle cerebral artery occlusion (MCAO), effectively reducing ischemic brain injury as well as neuroinflammation, making it a potential therapeutic agent for stroke treatment. This finding has evolved in the last five years. Discoveries related to the extraction of natural antioxidant substances from plants to exert their anti-inflammatory effects and as novel drugs for the treatment of PSN have started to become a hot research topic.

Cluster analysis can be used to identify the main research topics, frontier directions, and progress in this research area by analyzing different clusters. A typical cluster analysis of the valid references of 1391 cited articles was performed to identify 19 homogeneous clusters of highly cited literature related to the study of TNF in PSN.

Cluster #16 (Neuropathology), which explores the pathophysiological changes in brain tissue after stroke, shows that inflammation is considered to be an important factor in the pathophysiology of ischemic stroke (41). According to the article related to cluster #5 (hypoxia), ischemic stroke leads to varying degrees of ischemia in brain tissue further leading to neuronal hypoxia in brain tissue, allowing microglia to receive chemoattractive and activating signals from injured neurons. The subsequent inflammatory transcriptional machinery begins to synthesize and release a large number of effector molecules such as pro-inflammatory cytokines. The production of pro-inflammatory cytokines, a common phenomenon in post-ischemic microglia, has received much attention in recent years. Many studies have suggested that pro-inflammatory cytokines are the main cause of secondary neuronal cell death. TNF-α is one of the most prominent pro-inflammatory cytokines. According to the analysis of cluster #0 (cytokines) and cluster #12 (inflammatory cytokines), both cytokines, TNF-α and IL-1β, exacerbate ischemic brain injury, while their inhibition reduces infarct volume (7, 42, 43). In most ischemic models, TNF-α was observed to be upregulated in post-ischemic microglia (44–48). Among the receptors of TNF-α produced by activated microglia, TNF-R1 (45, 49) and TNF-R2 (45, 48) were also reported to be upregulated after ischemia. The literature in cluster #1 (activated astrocytes) is dominated by studies on the effects and specific mechanisms of various types of glial cells on brain tissue during cerebral hemorrhage or other types of brain injury. It has been traditionally believed that reactive astrocyte proliferation and glial scar formation during ischemia are detrimental to recovery through physical and chemical inhibitory properties (50–52), however further studies have found that astrocyte proliferation is associated with neuroprotection (53, 54). Thus, astrocytes may play a dual role in the evolution of ischemic brain injury, with their ultimate impact strongly dependent on their interactions with microglia and neurons (55, 56) and polarization toward specific phenotypes (57). In the analysis of specific mechanisms, TNF also plays a different role as an indispensable cytokine. The TNF-α is mainly produced by activated microglia and enhances the tolerance of cultured neurons and astrocytes to oxidative stress and ischemic injury. Thus, microglia may promote neuroprotective functions against cerebral ischemia via TNF-p55R. This task will pave the way for the development of intervention strategies targeting microglia-produced mediators for the treatment of ischemic stroke.

One of the specific mechanisms via which TNF-α plays a role in post-ischemic brain injury was identified in cluster #17 (COX-1). The upregulation of cyclooxygenase (COX)-2 exacerbates neuronal injury after cerebral ischemia and leads to neuronal cell death (58). The peroxisome proliferator-activated receptor (PPARγ), which is primarily associated with anti-inflammatory processes, effectively inhibits (COX)-2 production and plays an important anti-inflammatory role in the post-ischemic inflammatory response. TNF-α is a potent suppressor of PPARγ expression in adipocytes, and this antagonism also appears to occur in inflammatory cells (59). This study found that TNF-induced microglial cell activation leads to a dramatic decrease in the number of PPARγ-positive cells (60).

The continuous development and refinement of research on TNF in PSN have led to further evolution of clusters, from the study of the specific roles and mechanistic pathways played by TNF in PSN to the investigation of the regulation of TNF to treat PSN and ensure a good prognosis. In terms of cluster #9 (TNF) and cluster #15 (microRNA), TNF can be expressed in brain tissue in two forms: a 26 kDa membrane-anchored form called transmembrane TNF (mTNF) and soluble TNF (solTNF), and a 17 kDa soluble form, which is mTNF after cleavage by the metalloprotease TNFα-converting enzyme TACE (61). Both TNFs further mediate different cellular functions through two TNF receptors (TNFR1 and TNFR2) (62–64), respectively. A study was conducted to investigate the role of TNF in PSN by using transgenic mice to alter the expression levels of both TNFs in mice. The results showed that elimination of solTNF while TNF maintained mTNF had a neuroprotective effect on focal cerebral ischemia (65). This finding may have implications for stroke treatment, as recently developed TNF inhibitors, such as XPro1595, can selectively target solTNF. Similar to the successful use of XPro1595 in the treatment of experimental spinal cord injury, local injection of XPro1595 after stroke may help to reduce lesion volume and inflammation and improve functional outcomes. Current research on TNF in PSN has focused on drug development, focusing on effectively improving the development of neuroinflammation by inhibiting or promoting the expression of a certain TNF, which is related to the articles covered in cluster #8 (Stroke Recovery). Per the findings of cluster #3 (TPA) (66), a better understanding of the spatiotemporal evolution of the inflammatory response associated with ischemic events and its potential role in later repair and regeneration processes is crucial for the development of novel and effective anti-inflammatory agents.

In addition to playing an important role in PSN, TNF plays other functions in the central nervous system. Related articles covered in Cluster #7 (CNS) and Cluster #18 (Memory) found that TNF is constitutively expressed in the brain and exerts important physiological functions as a regulator of neuronal activity. Neurotransmitter modulation produces glial-derived TNF that plays a necessary role in synaptic scaling and synaptic strength preservation (67, 68). In addition, a normal cognitive function under initial conditions relies on TNF and its receptors deficiency of TNF improves spatial learning and memory and reduces anxiety levels in mice (69), whereas knockdown of TNF receptor-increase exploration and anxiety-like behavior (70, 71).

The keyword co-occurrence analysis and keyword burst intensity analysis can be used to explore the research direction and hot frontier of this field. In the analysis of keyword burst intensity, the keyword “TNF” appeared most frequently in this field, followed by the “central nervous system.” This is related to the fact that the research on TNF was a hot spot in this field during 2003-2011. Analysis of relevant articles appearing from 2003 to 2011 revealed that most of them mainly explored the mechanisms and specific roles of TNF-α as an inflammatory cytokine in the central nervous system in acute brain injury. However, new research directions have emerged in the past five years, and studies on TNF-related issues have focused on the analysis of specific signaling pathways of TNF in neuroinflammation, and more conclusions and findings have been obtained from the research on the transcriptional translation of TNF in various glial cells and secretion through vesicles.

Meanwhile, TNF-R1 and TNF-R2 receptor regulation, which are involved in the activation of TNF in neuroinflammation, have also become a recent hot topic of research. The prevailing therapeutic approach is to selectively inhibit solTNF/TNFR1 signaling to improve the prognosis of brain injury by reducing the production of pro-inflammatory signals while preserving the function of the tmTNF/TNFR2 axis. Thus, selective blockade of solTNF by genetic ablation or the soluble inhibitor XPro1595 reduces neuroinflammation in experimental models of MS (72) and ischemic stroke (65, 73). Fewer treatment options target the tmTNF/TNFR2 axis. One study used a selective TNFR2 agonist, which showed protective effects in a model of NMDA-induced acute neurodegeneration (74). Meanwhile, another study found that TNF promotes re-sheathing in oligodendrocyte growth and suppresses autoimmunity simultaneously, by promoting tmTNF/TNFR2 simultaneously, and has a protective effect in demyelinating disease, and improve motor and cognitive symptoms in EAE mice effectively (75). The analysis revealed that the future research prospect may be mainly reflected in the regulation of solTNF-TNFR1 axis/tmTNF-TNFR2 axis to treat PSN and improve its prognosis more precisely and effectively.



Conclusion

With the help of CiteSpace and VOSviewer, a deeper understanding of the research development, hotspots and future trends of TNF in PSN over 19 years has been gained. Leading countries are China and the USA, but countries, institutions, and authors need to collaborate and communicate better. The bibliometric analysis provides an objective and quantitative method to assess the trends and frontiers of TNF in PSN, and also provides important clues for researchers to understand the structural and temporal dynamics of the field. The current study also summarizes the bidirectional roles of TNF in PSN and reveals that the future research prospect may be mainly reflected in the regulation of bidirectional pathway of TNF to treat PSN.
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Background

Early diagnosis of septic shock in children is critical for prognosis. This study committed to investigate the signature genes and their connection with immune cells in pediatric septic shock.



Methods

We screened a dataset of children with septic shock from the GEO database and analyzed differentially expressed genes (DEGs). Functional enrichment analysis was performed for these DEGs. Weighted gene co-expression network analysis (WCGNA) was used to screen the key modules. Least absolute shrinkage and selection operator (LASSO) and random forest analysis were finally applied to identify the signature genes. Then gene set enrichment analysis (GSEA) was exerted to explore the signaling pathways related to the hub genes. And the immune cells infiltration was subsequently classified via using CIBERSORT.



Results

A total of 534 DEGs were screened from GSE26440. The data then was clustered into 17 modules via WGCNA, which MEgrey module was significantly related to pediatric septic shock (cor=−0.62, p<0.0001). LASSO and random forest algorithms were applied to select the signature genes, containing UPP1, S100A9, KIF1B, S100A12, SLC26A8. The receiver operating characteristic curve (ROC) of these signature genes was 0.965, 0.977, 0.984, 0.991 and 0.989, respectively, which were verified in the external dataset from GSE13904. GSEA analysis showed these signature genes involve in positively correlated fructose and mannose metabolism and starch and sucrose metabolism signaling pathway. CIBERSORT suggested these signature genes may participate in immune cells infiltration.



Conclusion

UPP1, S100A9, KIF1B, S100A12, SLC26A8 emerge remarkable diagnostic performance in pediatric septic shock and involved in immune cells infiltration.





Keywords: children, septic shock, weighted gene co-expression network analysis, signature gene, immune cells infiltration



Introduction

Sepsis is a life-threatening generalized inflammatory response primarily caused by a disordered defense against pathogen infection, usually along with abnormal immune response as well as multiple organ dysfunction (1). As noted by the World Health Organization (WHO), sepsis is now becoming a major worldwide public health problem, especially among children (2). Globally, there are an estimated 1.2 million cases of sepsis in children each year (3). The mortality rate for pediatric sepsis is approximately 1% to 25% (4, 5).

Septic shock, the most serious complication of sepsis, is defined as patients accompanied by acute circulatory failure, which is characterized by persistent hypotension even with adequate volumetric resuscitation, and is otherwise unexplained (6). The mortality rate for pediatric septic shock was as high as 50% in the 1980s (7, 8). Fortunately, in the past few decades, with the development of diagnosis and treatment, the mortality rate of children with septic shock has decreased in developed nations (9). However, the mortality rates in third world countries are still extremely high as before (10, 11).

Clinically, the first few hours after the diagnosis of pediatric septic shock are known as the “gold time” for survival, when targeted treatment is urgently needed to carry out as soon as possible (12, 13). It has been reported that without proper resuscitation and restoration of blood pressure, the clinical condition of children can deteriorate rapidly and the risk of death increases by 40% per hour (14, 15). Treatment of sepsis or septic shock should include treatment of infection and source control, reversal of hemodynamic abnormalities, and preservation of end-organ perfusion. The key to the treatment of septic shock is the control of infection, the reversal of hemodynamic abnormalities, the guarantee of the perfusion of important organs, and stabilization of airway and adequate breathing with oxygen supply (16). Thus, early diagnosis as well as timely and effective intervention is crucial to improve prognosis and reduce mortality of children with septic shock.

The role of innate and adaptive immunity in the defense against pathogens is irreplaceable. However, sepsis can induce immune resistance of the host, so that the invading pathogens cannot be eliminated immediately, which make the host more prone to refractory infection or new secondary infection (17). According to a small sample study, pediatric septic shock showed early adaptive immune suppression and developed subsequent infectious complications when contrast to hygeian peers (18). Therefore, further exploration of the underlying mechanism of immune suppression in septic shock emerge a favorable prospect in the treatment of pediatric septic shock.

At the present article, we employed multiple bioinformatic approaches to pick up signature genes in pediatric septic shock. These genes displayed remarkable diagnostic performance and were validated in external dataset. Finally, we further evaluated the enrichment signaling pathways of these genes and their roles in the immune cell infiltration, in order to provide new insights for the diagnosis and treatment of clinicians.



Method and material


Data sources

For the current study, two datasets, namely GSE26440 and GSE13904 (Platforms: GPL570[HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array), have been downloaded from Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/). As a training set, GSE26440 contained 130 patients, including 98 children with septic shock and 32 normal controls, while a validation group consisting of 106 children with septic shock and 18 normal controls was obtained from GSE13904.



Identification of DEGs

Using R software’s limma package (19), differentially expressed genes (DEGs) between septic shock cohort and control cohort were analyzed, with the following criterion: adjust p value <0.05 and |log fold change (FC)| > 1. The volcano plot was generated to show these DEGs, while the top 50 up-regulated and the top 50 down-regulated DEGs were displayed by the heatmap.



Functional and pathway enrichment analyses

The clusterProfiler package in R was used for functional enrichment analyses of DEGs based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (20). As part of the GO analysis, three categories were identified, biological process (BP), cellular component (CC), and molecular function (MF), which was contributed to explore the biological processes of these DEGs. Potential signaling pathways were explored using KEGG analysis.



Weighted gene co-expression network analysis

Based on the scale-free topology criterion, the co-expression network in the GSE26440 cohort was constructed by weighted gene co-expression network analysis (WGCNA) (21). The pickSoftThreshold function of the WGCNA package was performed to calculate the soft threshold power as well as adjacencies. The adjacency matrix was then converted into a topological overlap matrix (TOM) and the corresponding dissimilarity was calculated to perform hierarchical clustering analysis. The dynamic tree cutting method with a minimum module size of 50 were used to identify the co-expressed gene modules. We then measured the connection between the gene modules and children with sepsis shock via gene significance (GS) values as well as module membership (MM) values and ultimately identified the key modules.



Signature gene identification

We identified candidate hub genes by the intersection of DGEs and key module genes. Subsequently, two machine learning algorithms, namely least absolute shrinkage and selection operator (LASSO) as well as random forest were exerted to screen hub genes.

LASSO analysis was implemented using the glmnet package with penalty parameters for 10-fold cross-validation, which is superior to regression analysis method in evaluating high-dimensional data (22). Moreover, we applied the R package “randomforest” to classify the DEGs for hub genes. The random forest model determined the optimal number of variables by computing the average error rate of candidate hub genes (23). Then, we calculated the error rate for each of one to 500 trees and determined the optimal number of trees based on the lowest error rate. A random forest tree model was built when the above parameters were determined. Finally, the feature importance scores of each candidate hub gene were identified, and the genes with an importance value greater than 0.25 were selected. The intersection genes of these two machine learning algorithms were as the signature genes of children with sepsis shock. The area under curve (AUC) of the receiver operating characteristic curve (ROCs) was used to assess the diagnostic efficiency of these signature genes. An AUC greater than 0.7 indicated favorable diagnostic performance.



Gene set enrichment analysis

To identify the association between the of signature genes and signaling pathways, we grouped the septic shock cohort according to the median value of hub gene expression, and performed gene set enrichment analysis (GSEA) on different subgroups with adjusted p< 0.05 (24).



Immune cell infiltration

The CIBERSORT, a method using the principle of linear support vector regression to deconvolute the expression matrix of 22 human immune cell subtypes, was used to explore the discrepancy in immune cell between children with sepsis shock and healthy subjects (25). Subsequently, we screened out the immune cells that showed significant differences in infiltration between pediatric septic shock and normal children, and analyzed the correlation with the signature genes by spearman method.



Statistical analysis

All statistical analyses in the present study were implemented using R software (version 4.1.2). Unless otherwise stated, p<0.05 was deemed as statistically significant, and all p values were two-tailed. The flow chart of this research was shown in Figure 1.




Figure 1 | The flow chart of this research.






Results


Identification of DEGs between sepsis and control

DEGs from children with septic shock and normal controls were analyzed using the “limma” package. A total of 534 DEGs were finally screened, of which 346 genes were up-regulated and 188 genes were down-regulated (Figure 2A). The heatmap showed the top 50 up-regulated and top 50 down-regulated DEGs between children with septic shock and healthy group (Figure 2B).




Figure 2 | Identification of the DEGs in pediatric septic shock. (A) Volcano showed expression of DEGs between the pediatric septic shock and healthy cohort. (B) The heatmap showed the top 50 up-regulated DEGs and 50 down-regulated DEGs.





Function enrichment analysis

The GO analysis consists of three categories (Figure 3A), namely BP, CC, as well as MF. The BP analysis displayed that positive regulation of cytokine production, leukocyte mediated immunity and positive regulation of response to external stimulus were significantly enriched. In CC analysis, secretory granule lumen, cytoplasmic vesicle lumen and vesicle lumen occupied the top three positions. Moreover, immune receptor activity, carbohydrate binding as well as endopeptidase activity played an essential role in MF. As shown in the KEGG analysis, the top 3 enriched pathways were mainly complement and coagulation cascades, staphylococcus aureus infection as well as hematopoietic cell lineage (Figure 3B).




Figure 3 | Functional enrichment analysis of DEGs. (A) The top 10 functional enrichment in BP, CC, and MF analysis, respectively. (B) The KEGG analysis of DEGs.





Construction of the weighted gene co-expression network

Children with septic shock and healthy subjects were analyzed using WGCNA package in R software, and a scale-free co-expression network was established, and the soft threshold power was determined as 10 with a scale-free index of 0.85 as well as a relatively favorable mean connectivity (Figures 4A, B). The cluster dendrogram was shown in Figure 4C. Finally, the data was clustered into 17 modules (Figure 4D). The correlation between each module and children with septic shock was calculated. The results indicated that the MEgrey module was significantly related to children with sepsis shock (cor=−0.62, p<0.0001). Herein, MEgrey module included 1567 genes, which was regarded as a pivotal module related to children with sepsis shock. The overlap between the DEGs and genes in MEgrey module was shown in Figure 4E.




Figure 4 | The WGCNA analysis of GSE26440 and identification of candidate hub genes. (A) The soft threshold power of WGCNA. (B) The mean connectivity of WGCNA. (C) The cluster dendrogram of WGCNA. (D) The clustered modules of WGCNA. (E) The veen plot showed the interaction between DEGs and genes in MEgrey module.





Selection of signature genes via LASSO and random forest algorithms

Two machine algorithms were applied to screen out signature genes from candidate key genes in children with septic shock. For the LASSO analysis selected 23 signature genes (Figures 5A, B), while in the random forest analysis, 45 signature genes were determined with relative importance more than 0.25 (Figures 5C, D). These screened out signature genes were displayed in Table 1. Five signature genes were finally determined via the interaction of these two algorithms, containing UPP1, S100A9, KIF1B, S100A12, SLC26A8 (Figure 5E).




Figure 5 | The machine algorithms for signature genes. (A) Penalty plot of the LASSO model with error bars denoting standard errors. (B) LASSO plot showed the variations in the size of coefficients for parameters shrank as the value of k penalty increased. (C) The error rate confidence intervals for random forest model. (D) The relative importance of genes is more than 0.25 in random forest model, (E) The interaction of the LASSO and random forest algorithms.




Table 1 | The key genes screened out through LASSO and random forest analysis.





Diagnostic efficacy of signature genes in predicting septic shock

The screened signature genes were highly expressed in children with sepsis shock than those in healthy children, suggesting that these genes may play a potential role in pediatric sepsis shock (Figures 6A-E). Furthermore, the area under curve (AUC) of the receiver operating characteristic curve (ROC) of these signature genes was 0.965 of UPP1, 0.977 of S100A9, 0.984 of KIF1B, 0.991 of S100A12, 0.989 of SLC26A8 respectively (Figures 6F-J). We also evaluated the diagnostic efficiency of each signature gene in predicting pediatric septic shock in an external validation cohort. Consistent with GSE26440, these signature genes were highly expressed in children with septic shock (Figures 7A-E). The AUC values of ROC were 0.954 of UPP1, 0.959 of S100A9, 0.987 of KIF1B, 0.975 of S100A12, 0.982 of SLC26A8, respectively (Figures 7F-J). These phenomena indicated that the screened signature genes had remarkable diagnostic efficiency in forecasting pediatric septic shock.




Figure 6 | The performance of the signature genes in GSE26440. (A–E) The expression of signature genes between the pediatric septic shock and healthy cohort. (F–J) ROC showed the diagnostic performance of the signature genes.






Figure 7 | The performance of the signature genes in GSE13904. (A–E) The expression of signature genes between the pediatric septic shock and healthy cohort. (F–J) ROC showed the diagnostic performance of the signature genes.





GSEA analysis

We assessed signaling pathways associated with signature genes via GSEA analysis. The top 10 signaling pathways were displayed in Figure 8. The results showed that UPP1 was significantly correlated with fatty acid biosynthesis, fructose and mannose metabolism, galactose metabolism, glycine, serine and threonine metabolism, Kaposi sarcoma-associated herpesvirus infection, nicotine addiction, pantothenate and CoA biosynthesis, porphyrin metabolism, starch and sucrose metabolism, tyrosine metabolism. The expression of S100A9 significantly correlated with fatty acid biosynthesis, fructose and mannose metabolism, galactose metabolism, glycine, serine and threonine metabolism, mineral absorption, nicotine addiction, pantothenate and CoA biosynthesis, porphyrin metabolism, starch and sucrose metabolism, systemic lupus erythematosus, yersinia infection. The expression of KIF1B significantly correlated with fatty acid biosynthesis, fructose and mannose metabolism, galactose metabolism, glycine, serine and threonine metabolism, mineral absorption, nicotine addiction, pantothenate and CoA biosynthesis, porphyrin metabolism, starch and sucrose metabolism, tyrosine metabolism. The expression of S100A12 significantly correlated with arginine biosynthesis, fatty acid biosynthesis, fructose and mannose metabolism, hematopoietic cell lineage, leukocyte transendothelial migration, mineral absorption, neutrophil extracellular trap formation, osteoclast differentiation, pantothenate and CoA biosynthesis, starch and sucrose metabolism. The expression of SLC26A8 significantly correlated with fructose and mannose metabolism, galactose metabolism, glycine, serine and threonine metabolism, inflammatory bowel disease, nicotine addiction, porphyrin metabolism, starch and sucrose metabolism, systemic lupus erythematosus, taste transduction, TNF signaling pathway. Taken together, these genes all positively correlated fructose and mannose metabolism signaling pathway as well as starch and sucrose metabolism signaling pathway.




Figure 8 | The GSEA of the signature genes in pediatric. (A) The GSEA of UPP1 in pediatric septic shock. (B) The GSEA of S100A9 in pediatric septic shock. (C) The GSEA of KIF1B in pediatric septic shock. (D) The GSEA of S100A12 in pediatric septic shock. (E) The GSEA of SLC26A8 in pediatric septic shock.





Immune cell infiltration

Immunological features were evaluated according to immune cell infiltration. Compared with normal children, children with septic shock have higher T regulatory cells (Tregs), M0 macrophages, M1 macrophages, activated mast cells, neutrophils infiltration and lower naive B cells, CD8+ T cells, follicular helper T cells, gamma delta T cells, resting dendritic cells, resting mast cells infiltration (Figure 9A). All hub genes were negatively correlated with the infiltration of CD8+ T cells, follicular helper T cells, gamma delta T cells, resting dendritic cells, and resting mast cells, and positively correlated with the infiltration of M0 macrophages and neutrophils. S100A9, S100A12, SLC26A8 were negatively correlated with naive B cells, while UPP1, KIF1B were positively correlated with Tregs (Figure 9B). Only SLC26A8 was positively correlated with activated mast cells.




Figure 9 | The immune cell infiltration association with signature genes. (A) The immune cell infiltration between the pediatric septic shock and healthy cohort. (B) The association between signature genes and significantly different immune cell infiltration. "ns" means P ≥ 0.01. *P < 0.01, **P < 0.001, and ***P < 0.0001.






Discussion

Pediatric septic shock is a highly lethal acute systemic inflammatory reaction with multiple organ dysfunction (13). Early diagnosis and treatment are critical to improving the prognosis of children with septic shock. More and more studies have shown that immune cell infiltration plays a non-negligible role in sepsis shock (26, 27). The present study assessed the DEGs between the pediatric sepsis shock and normal cohort and explored the key module based on WGCNA. The signature genes associated with pediatric septic shock was identified by LASSO analysis as well as random forest analysis, including UPP1, S100A9, KIF1B, S100A12, SLC26A8. We then verified these signature genes in external validation set. Subsequently, GSEA analysis was exerted to explore the signaling pathways related to hub genes. Finally, CIBERSORT algorithm was applied to analyze the immune cell infiltration between the pediatric sepsis shock and healthy groups the correlation with the signature genes.

Uridine phosphorylase 1(UPP1) encodes uridine phosphorylase, a key enzyme participates in the regulation of intracellular uridine homeostasis and the metabolism of pyrimidine ribonucleosides (28). Mike et al. reported that the expression of UPP1 was up-regulate in young sepsis rat when compared with aged sepsis rat (29). Consistent with our results, Guoli et al. also found that UPP1 was highly expressed in children with septic shock (30). These suggested that UPP1 may involve in young sepsis patients. Recently, UPP1 also has been reported to play a pivotal role in inflammatory and immune biological processes such as respiratory allergy (31) and chronic atrophic gastritis (32). Thus, UPP1 may affect the occurrence and progression of pediatric sepsis shock by regulating inflammatory and immune responses.

S100A9 is mainly derived from immune cells, such as macrophages and neutrophils, and is a member of the alarmins family, which functions in immune defense and homeostasis as well as mediating inflammatory responses (33, 34). It has been reported that patients with higher serum level of S100A9 are more susceptible to sepsis-related organ dysfunction (35). Mechanically, the S100A8/S100A9 complex can act as an endogenous activator of toll-like receptor 4 (TLR4), thereby enhancing phagocytic activation upstream of tumor necrosis factor α (TNF-α)-dependent action and promoting lethality in septic shock (36). Endotoxin tolerance was an essential immune dysfunction associated with sepsis (37). The expression of S100A9 was significantly elevated in the in vitro model of endotoxin tolerance, suggesting that S100A9 may be a novel biomarker of endotoxin tolerance and providing valuable information for immunotherapy in patients with sepsis shock (38). Furthermore, blockade of S100A9 can reduce the infiltration and activation of neutrophil and prevent sepsis-related pulmonary edema and tissue damage, suggesting that S100A9 may be a key target for alleviating sepsis-related injury (39).

The kinase protein family member 1B (KIF1B) gene belongs to the kinase protein superfamily and are mainly engaged in the intracellular transport of mitochondrial as well as synaptic vesicle precursors (40). KIF1B cooperates with the mitochondrial metalloproteinase YME1 like 1 ATPase (YME1L1) to mediate the fission and apoptosis of mitochondrial (41). In the early stage of sepsis, mitochondrial respiration is directly blocked by accumulated nitric oxide, which resulting in body shock (42). The underlying role of KIF1B in mitochondria implied that KIF1B may be critical in septic shock.

S100A12 is a calcium-binding protein expressed in the cytoplasm of neutrophils and also found in monocytes and lymphocytes (43, 44).The plasma level of S100A12 in patients with septic shock have been reported to be higher than in healthy volunteers (45). Notably, S100A12 has been regarded as a biomarker of the activating neutrophil in inflammatory diseases (46). S100A12 can provoke pro-inflammatory responses via binding to advanced glycation end products (RAGE) (47). Besides, as an endogenous TLR4 ligand, S100A12 can induce the activation of monocyte, thereby exerting an amplifying role in innate immunity during early inflammation and septic progression (48).

SLC26A8, also known as testis anion transporter 1 (TAT1), is identified as a novel member of the SLC26 family. At present, there are few reports on the function of SLC26A8. TAT1 is thought to be specifically expressed in spermatocytes and spermatids and interact with MgcRacGAP in these cells (49), which displays moderate transport of oxalate, Cl− and SO42− (50). However, the role of SLC26A8 in pediatric septic shock remains unclear.

Carbohydrates, the most abundant molecules in our daily life, are classified into three major categories according to their structure: simple sugars, such as glucose or sucrose; complex carbohydrates, such as starch; glycoconjugates, which are covalently modified forms of glucose that bind to proteins or lipids (51). Notably, the carbohydrates metabolism has been reported to involve in multiple pathological process, including inflammation, tumorigenesis as well as immune response (52–54).The present study indicated that the fructose and mannose metabolism signaling pathway as well as starch and sucrose metabolism signaling pathway participated in the children with septic shock. These results suggested that the carbohydrates metabolism may play a key role in septic shock. Moreover, it has been reported that fructose can reprograms glutaminolysis and oxidative metabolism to underpins lipopolysaccharide (LPS)-induced inflammation (55). It was well known that LPS, also known as endotoxin, was regarded as a pivotal molecule in the pathogenesis of septic shock (56).

Studies have shown that hyperinflammatory responses in septic shock often coexist with immunosuppression, resulting in undesirable treatment and poor prognosis (27, 57). Recently, study have reported that Tregs may act as an essential component of the immune dysfunction in sepsis (58). Monneret et al. found a higher level of circulating Tregs in patients with septic shock (59). Mechanically, circulating Tregs induced immunosuppression in septic shock patients by expressing tumor necrosis factor receptor type 2 (TNFR2) (60). Macrophages comprised a heterogeneous population of cells that can differentiate into different subtypes (61). Infection-induced acute inflammatory immune response lead to the transformation of M0 macrophages into M1 type, and these M1 macrophages can secrete a large number of pro-inflammatory molecules, including chemokines, cytokines, and reactive oxygen species (ROS), which severed as key factors in the progression of sepsis (62). Consistent with this phenomenon, mast cells also secreted multifunctional cytokines, nitric oxide (NO) and oxidants, which involved in septic shock (63). During septic shock, neutrophils were de-interacted with other immune cells and involved in the inflammatory response (64). Otherwise, neutrophils also mediated adaptive immune suppression via lymphocyte depletion in patients with septic shock (65). Although B cells were indispensable to the immune response to infection, patients with septic shock showed significantly fewer circulating B cells and prone to a depletion-like regulatory profile (66). Therefore, further studies are urgently needed to evaluate the role of B lymphocytes in sepsis-induced immunosuppression.

With a better understanding of how sepsis modulates the host immune response, new therapeutic agents, especially immune-based ones, are being developed. More specifically, IL-7, IL-15, granulocyte-macrophage colony stimulating factor (GM-CSF), anti-programmed cell death receptor-1 (PD-1), and anti- B- and T-lymphocyte attenuator (BTLA) targeted the immunosuppressive status of critically patients with sepsis shock (67). In particular, PD-1 specific antibodies and recombinant IL-7 can reverse the basic immune deficiency of sepsis, improve the survival rate of a variety of clinically relevant septic animal models, and show good clinical tolerance (17). Immunotherapy is promising for sepsis, however, the use of these cytokines and co-inhibitory molecules in sepsis, especially in children with septic shock, still needs to be further verified.

Our study also has certain limitations. First, the data for this study obtained from public databases and involved small samples, which may result in selected bias. However, the external validation database confirmed the reliability of our analysis. Second, molecular experiments as well as follow-up of larger clinical samples are required to further validate the results. Third, further studies are needed to confirm whether immune cell infiltration in hub genes is associated with the progression of pediatric septic shock.



Conclusion

In summary, the present study screened out five signature genes, namely UPP1, S100A9, KIF1B, S100A12, SLC26A8, which showed prominent value in early diagnosis of pediatric septic shock. Besides, we also explored the immune cell infiltration in children with septic shock and their correlation with signature gene, which provided a new perspective for the role of immunity in pediatric septic shock.
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Stroke is primarily a neurodegenerative disease but can also severely impact the functions of other vital organs and deteriorate disease outcomes. A malfunction of the gastrointestinal tract (GIT), commonly observed in stroke patients, is often characterized by severe bowel obstruction, intestinal microbiota changes and inflammation. Over-activated immune cells after stroke are the major contributors to endorse intestinal inflammation and may induce damage to single-layer epithelial cell barriers. The post-stroke leakage of intestinal barriers may allow the translocation and dissemination of resident microflora to systemic organs and cause sepsis. This overshooting systemic immune reaction fuels ongoing inflammation in the degenerating brain and slows recovery. Currently, the therapeutic options to treat these GIT-associated anomalies are very limited and further research is required to develop novel treatments. In this mini-review, we first discuss the current knowledge from clinical studies and experimental stroke models that provide strong evidence of the existence of post-stroke GIT complications. Then, we review the literature regarding novel therapeutic approaches that might help to maintain GIT homeostasis and improve neurological outcomes in stroke patients.
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Introduction

Stroke is the second most frequent cause of death and the third most prevalent cause of human disability in the world. Due to improvements in post-stroke handling including recanalization therapies and prevention studies, the mortality and prevalence of stroke have decreased in the last decades (1). Nevertheless, there is a shift in the overall burden of stroke toward younger ages showing the importance of stroke management and long-term rehabilitation for all adult age groups (2). Even though there are different epidemiological trends among countries, the absolute mortality of stroke patients is expected to increase in the future with one key reason being the longer life expectancy and growing populations worldwide (1, 3). The prediction that elderly people are more susceptible to post-stroke complications suggests the importance and urgency of efficient and targeted treatments. In addition to neurological deficits, stroke patients also show a wide spectrum of non-neurological complications like gastrointestinal (GIT) disturbances, immunosuppression, and bacterial infections in all recovery periods from hyper-acute to chronic phases (1), (Table 1). This imposes a significant burden on patients’ overall health and considerably slows post-stroke brain recovery. Moreover, GIT complications are the most frequent cause of increased morbidity and mortality in patients (8). The post-stroke deterioration of intestinal epithelial barriers may allow the invasion of lumen bacteria to systemic tissues and induce activation of immune cells (16). The severity of GIT problems depends on the magnitude of stroke and clinical characteristics of patients, hence, timely prognosis and management of intestinal disorder may reduce systemic and parenchymal inflammation.


Table 1 | Stroke induces gastrointestinal disturbances in human patients.





Stroke induces gastrointestinal complications

Several studies have demonstrated GIT disturbances in stroke patients such as dysphagia, gastrointestinal bleeding, or constipation (17). A recent stroke registry study showed that 19.6% of patients experience swallowing problems and indicate dysphagia frequency of 75.4% which is associated with a high risk of death during hospital admissions (5). Approximately 50% of the dysphagia complications persisted even after hospital discharge (4, 6, 17), causing a persistent burden on patients’ health. One of the widely discussed pathophysiological explanations for dysphagia after stroke is cranial nerve involvement, thereby causing severe malnutrition in patients (4). With dysphagia, paralytic ileus causing constipation is the second most prominent symptom observed in patients with brain stem infarcts, with an overall incidence of 45%, of which 30% had proximal colonic transit delay (7, 18). Conversely, in addition to constipation history being related to worse stroke outcomes, the usage of laxatives increases stroke risk in patients with constipation (19). Furthermore, old-age patients with existing disorders of GIT such as dysbiosis, hypertension, diabetes mellitus, and intestinal infections present a higher risk of future ischemic stroke (10). These exploratory data from a large number of patients indicate that even before stroke, gastrointestinal problems might exist and may increase the incidences of stroke. The reason for this derived relationship might be that these complications are also the major comorbidities in cerebrovascular diseases. Previous studies have consistently reported a higher rate of mortality in women patients compared to men patients and was associated with aging, stroke severity, and atrial fibrillation (20, 21). However, the presence of GIT complications did not differ between men and women patients (21). Experimental studies using animal models of stroke have also highlighted the beneficial role of male and female hormones in reducing brain inflammation and injury (22). Conversely, the clinical studies investigating the circulating levels of hormones and their relationship to post-stroke functional outcomes have provided inconsistent results. How GIT complications in patients promote vascular pathology and associated stroke risk are important questions for further research.

GIT bleeding is diagnosed in about 0.1-8.4% of stroke patients and contributes to high mortality (8, 23). The use of calcium channel blockers, steroid hormones, or nonsteroidal anti-inflammatory drugs increases the risk of GIT bleeding (8). Of note, when a patient is diagnosed with GIT bleeding, antithrombotic treatment is not endorsed as this can further increase susceptibility to bleeding-related mortality, causing limitations to existing approved therapies (24). GIT bleeding is also an independent risk factor for recurrent stroke, indicating bidirectional crosstalk between the intestine and brain (9). Moreover, patients with large cortical infarcts have more severe gastrointestinal symptoms that significantly correlate with worse outcomes (6, 8). Other than early diagnosis, erythrocyte transfusion, and endoscopic interventions, there are no approved therapies against GIT bleeding, thus requiring careful patient diagnosis in hospitals (24). The recent experimental studies using animal models of stroke have largely reproduced similar patterns of GIT disturbances observed in stroke patients (Figure 1). Using a fluorescence gastric bolus tracking approach, we demonstrated that GIT in mice is severely paralyzed after a large stroke (25). A recent work from Ye et al. showed increased intestinal permeability and signatures of local inflammation after experimental stroke (26). Their results demonstrated reduced intestinal motility and lower expression of tight junction proteins in intestinal tissue which closely relates to constipation and intestinal inflammation observed in stroke patients (26). Future studies in animal models of experimental stroke will greatly help to understand the in-depth mechanisms of gastrointestinal changes and the development of targeted therapies.




Figure 1 | Stroke induces intestinal paralysis, barrier leakage, and inflammation. Left panel: In healthy conditions, there is immune homeostasis at intact intestinal barriers with balanced microbiota. Right panel: After stroke, the activation of SNS/HPA axis and release of DAMPs trigger microbiota dysbiosis, and paralytic ileus and promote immune cell-driven inflammation. Activated neutrophils, macrophages, and dendritic cells release toxic cytokines, free radicals, and proteases and cause epithelial damage. Invasion of intestinal bacteria to systemic tissues enhances immune cell activation and neuroinflammation. Rebalance of dysbiotic microbiota with pre and probiotics, food supplements, or its depletion with antibiotics is associated with reduced brain inflammation and improved stroke outcome in experimental studies and their application to stroke patients requires validation. APC, Antigen-presenting cell, DAMPs, Damage-associated molecular patterns, FMT Fecal microbiota transplantation, HPA, Hypothalamus Pituitary Adrenal; IFN, Interferon; IL, Interleukin; SCFA, Short-chain fatty acid; SNS, Sympathetic Nervous System. Created with BioRender.com.





Stroke changes intestinal microflora and increases inflammatory responses

The human intestine harbors more than 100 trillion bacteria with Bacteriodetes and Firmicutes as the most abundant phylotypes (27). The fermentation of dietary fiber by intestinal bacteria generates short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate which influence intestinal barrier integrity and regulate inflammatory processes (28, 29). Moreover, intestinal microflora can modulate the levels of important neurotransmitters, thus playing a crucial role in nervous system development and physiology (29). Interestingly, most bacterial species in the human GIT are not cultivable but their identification using 16S rRNA sequencing has helped to analyze microbiota changes in different brain diseases. The composition of intestinal microbiota is severely altered (a process termed dysbiosis) in stroke patients and a higher abundance of genera Enterobacteriaceae is an independent risk factor for poor outcomes (15). In addition, UniFrac distance analysis revealed altered microbiota structure in the acute and subacute phases of stroke. However, α-diversity was only reduced in the convalescent phase (1-3 months post-stroke) (15). On the contrary, Li et al. showed no differences in microbiota α-diversity between healthy controls and stroke patients that were sampled within two days of admission (12). These results may indicate delayed kinetics of large-scale microbiota changes in stroke patients.

The mechanisms underlying post-stroke alterations in specific bacterial species are still unknown but have been reasoned to be affected by intestinal paralysis and increased inflammation. Intestinal microbiota composition or produced metabolites show a positive correlation with serum inflammatory markers in stroke patients. For instance, Lactobacillus ruminis levels in stool were correlated to elevated serum interleukin-6 concentrations, while valeric acid levels were associated with serum C-reactive protein (30). Interestingly, intestinal microbiota of stroke patients is enriched with SCFA-producing bacteria Odoribacter, Akkermansia, Ruminococcaceae and Victivallis (12). Higher levels of SCFAs in stroke patients who underwent thrombectomy were associated with increased systemic inflammation and poor stroke outcomes (12, 31). However, different studies on analyzing the plasma or fecal levels of SCFAs in stroke patients and underlying outcomes have derived variable results. A new clinical study involving 141 aged stroke patients showed a low abundance of butyrate-producing bacteria and reduced levels of fecal butyrate in the high-risk group compared to the low-risk group (32). In this regard, animal models of stroke have significantly contributed to deciphering the interrelationship between SCFAs and stroke outcomes. A study by Sadler et al. showed that four weeks treatment of mice with SCFAs improves post-stroke cortical reorganization and increases neuronal spine density (33). The beneficial effects were further correlated with reduced microglia activation and brain invasion of T lymphocytes. These results are in line with previous research findings demonstrating the impact of microbiota-derived SCFAs on microglia functions (34, 35). The analysis of post-stroke changes in intestinal microbiota or their produced molecules may help to predict stroke severity. Recently, Xia et al. performed 16S rRNA analysis on patients’ fecal samples and generated a Stroke Dysbiosis Index (SDI), demonstrating that a higher SDI was associated with larger brain infarcts and high mortality (11). The SDI established in this study might help to predict clinical prognosis after stroke. Another study showed that the bacterial metabolite-trimethylamine N-oxide (TMAO) is increased after stroke and correlates with recurrent cardiovascular events (36). Those prognostic factors might shed further light on clinical paradigms to closely monitor patients with cardiovascular disease.

Inflammation is a crucial part of stroke-related GIT complications. In healthy conditions, intestinal homeostasis is maintained between immune cells, intestinal microflora and epithelial cells. In inflammatory disorders, activated macrophages release chemokines that attract neutrophils to the intestinal lamina propria (37). The activated neutrophils release toxic cytokines, free radicals, and proteases, causing further disruption of a single-layer intestinal epithelial cell barrier. On the other side, neutrophils can phagocytose the luminal bacteria that translocate through the epithelial barriers and may reduce systemic infections (38). Intestinal microbiota-generated SCFAs have been shown to regulate the inflammatory functions of neutrophils (39, 40). In addition, neutrophil maturation is regulated by gut microbiota via the involvement of toll-like receptors and myeloid differentiation factor 88-mediated signaling pathways (41). However, further research is required to understand the functions of neutrophils in post-stroke intestinal inflammation. Previous studies observed that activated neutrophils can migrate to intestinal tissues and release the inflammatory protein calprotectin (42). Stroke patients show increased levels of fecal calprotectin which positively correlates with high concentrations of serum inflammatory C-reactive protein. Moreover, fecal calprotectin amounts negatively correlate with serum albumin levels and the Glasgow Coma Scale which is suggested as an indicator of intestinal inflammation (43). Thus, activated neutrophils after stroke can increase intestinal inflammation and fecal calprotectin can be a promising biomarker for diagnosing intestinal inflammation.

In the last years, experimental research has largely contributed to our understanding of post-stroke disturbances at the intestinal-brain-immune axis. Recently, we have shown that intestinal microbiota after stroke is severely changed in mice and activates T cells in systemic and intestinal lymphoid tissues (25, 44). This study showed that proinflammatory T cell subsets Th1 and Th17 in intestinal Peyer’s patches can migrate to the injured brain and increase tissue injury via the release of toxic cytokines (25). In line with our findings, Benakis et al. observed a lower number of intestinal γδ T cells after experimental stroke in mice that caused reduced secretion of neuroprotective cytokine interleukin-10 (45). T regulatory (Treg) cells exhibit neuroprotective functions after stroke via the release of anti-inflammatory cytokines such as IL-10 and TGF-β (46). Intestinal microbiota plays a significant role in the development of Treg cells and microbiota-deficient germ-free mice exhibit low numbers of IL-10-producing Treg cells in lymphoid organs (47). Previous studies have highlighted the contribution of microbiota-derived SCFAs in the generation of Treg cells in intestinal lymphoid tissues (48, 49). But, how intestinal microbiota changes after stroke influence the activation of T cells is still an open question. Nevertheless, recent findings have demonstrated that intestinal bacteria can invade systemic tissues and induce sepsis-like conditions. For example, Stanley et al. showed that intestinal bacteria can invade organs like liver, spleen and lungs in mouse models of experimental stroke (16). In addition, conventional intestinal bacteria such as Enterococcus species, Escherichia coli and Morganella morganii were identified in the sputum of stroke patients with pneumonia (16). In this study, the number of patients was low (N=8) however the high mortality of about 37.5% may relate to severe stroke and related pneumonia (16). Hence, studies with a higher number of stroke patients are required to identify intestinal bacterial species that may induce pneumonia or sepsis-like conditions. A further understanding of the mechanisms of intestinal bacteria invasion and spread would be important to specifically block these routes and inhibit post-stroke inflammation.



Potential therapies for post-stroke GIT dysfunction

The GIT complications after stroke strongly modify the disease pathogenesis and are associated with an unfavorable functional outcome. Thus, the identification of potential therapeutic approaches to prevent these side effects is a clinical priority. In this regard, the following therapeutic regimens have been clinically explored in stroke and other brain diseases and the results are optimistic, but require careful interpretation in multi-center clinical trials.



Antibiotics prophylaxis

Post-stroke bacterial infections are a common complication after stroke (17). For its treatment, multiple clinical trials have tested a combination of different antibiotics. A recent multicenter and randomized clinical trial investigated the effect of intravenous ceftriaxone given daily for four days and analyzed the infection rates and functional outcomes at three months (50). The study results showed a reduction in post-stroke infections but no significant improvement in functional outcomes. Two large meta-analysis studies included patients from more than seven clinical trials that received prophylactic antibiotics treatment at the time of stroke onset and found significantly decreased levels of bacterial urinary tract infections but not pneumonia (51, 52). On the contrary, a recent study by Benakis et al. observed neuroprotection in mice that were pre-treated with antibiotics for four weeks (53). However, the results are difficult to anticipate in clinical situations when treating patients in acute or subacute phases after stroke. The absence of antibiotics protective effects in stroke patients can be due to multiple reasons; (a) the acceleration of existing stroke-induced dysbiosis (b) reduced levels of bacterial metabolites involved in epithelial barrier integrity (c) severe immunosuppression in patients and (d) antibiotic resistance in pneumonia-causing bacterial strains. Thus, instead of using antibiotics, cause-aiming treatment modalities that help to maintain intestinal homeostasis should be introduced.



Healthy microbiota transplantation

Fecal microbiota transplantation (FMT) is the transfer of intestinal bacteria and other microbes from a healthy donor to a patient. This process is performed to restore microbiota and inhibit the detrimental effects of dysbiosis (54). In healthy volunteers, FMT is suggested to be a safe procedure without any long-term complications (55). A recent study has reported the beneficial effect of FMT in a patient with secondary progressive multiple sclerosis and showed disease stability for over ten years (56). Furthermore, FMT is currently the most effective intestinal microbial intervention and approved therapy for frequent Clostridioides difficile infections (54). Interestingly, FMT composition enriched in Bifidobacterium produced a more favorable symbiosis after transplant and indicates the necessity of microbiota characterization in healthy donor FMT samples to select more favorable bacterial species (57). Considering the beneficial impact of FMT in other neurodegenerative diseases, this approach might prove helpful in stroke patients (58, 59).



Prebiotics and probiotics

Prebiotics act as a substrate to be used solely by the host microbiota, which has regulatory and balance-maintaining effects. Human milk oligosaccharides, fermentable fibers, and indigestible oligosaccharides are examples of prebiotics. Earlier studies have evidenced the protective function of prebiotics in reducing neuroinflammation and improving cognitive function in Alzheimer’s disease patients (60, 61). The treatment of obese patients with prebiotic inulin was shown to increase plasma acetate and improve fat oxidation (62). Probiotics comprise a combination of microorganisms that have beneficial effects on human health. Most are bacterial strains that can produce lactic acid via fermentation such as Lactobacillus, Bifidobacterium and Lactococcus. A recent meta-analysis by Liu et al. showed that stroke patients treated with enteral nutrition including probiotics had a better outcome and reduced incidence of bacterial infections (63). Similarly, another meta-analysis study involving 26 randomized controlled trials in probiotics-treated stroke patients revealed a significant reduction in GIT complications and lower incidences of bacterial infection (64). Importantly, the composition of probiotic regimens used in different patient studies differs and might have unsolicited effects. Thus, probiotics with standardized molecules and proven beneficial effects in pre-clinical stroke models and multi-center clinical trials would be required for their translation to clinics.



Dietary interventions

Stroke patients often suffer from dysphagia and require the placement of a nasogastric tube or endoscopic gastrostomy (PEG) (17) which shows positive effects (65, 66). Nutritional support in stroke patients via oral feeding is crucial and decreases mortality. A balanced diet supplementation in stroke patients may improve stroke outcomes possibly by reducing intestinal microbiota changes and associated inflammation. The manipulation of diet contents for stroke treatment might serve as a vital therapeutic option but findings in animal models of stroke have provided inconsistent results. For example, the administration of a high-protein diet in rats has been shown to reduce post-stroke neurological deficits (67). In contrast, we recently showed that the restriction of dietary protein from 20% to 8% rebalanced intestinal microbiota, reduced brain inflammation, and was neuroprotective after stroke in mice (68). These variable results might be due to the differences in used animal models or the composition of protein diets. Furthermore, a Mediterranean diet with a higher percentage of plant-based foods and olive oil was shown to have short and long-term protective effects on stroke outcomes (69). Another study demonstrate that feeding stroked mice with a high-fat diet increased infarct volumes and more hemorrhagic complications via the mechanisms involving altered lipid profiles and high blood sugar levels (70). Other important nutrients in the human diet are choline and carnitine which are required for the synthesis of acetylcholine, betain, phopholipids, and trimethylamine (TMA). Choline exerts a wide range of beneficial effects like reducing inflammation, placental health, and positive neurocognitive effects. Intestinal microbiota can also convert choline/carnitine into TMA which is then metabolized into trimethylamine N-oxide (TMAO) by host hepatic monooxygenases (71). Despite many protective functions, higher circulating levels of TMAO and its precursors are related to an increased risk of stroke and poor functional outcomes (72, 73). Diets with reduced levels of choline/carnitine or probiotics to reduce TMAO biosynthesis may help to reduce the incidences of cardiovascular events such as atherosclerosis and ischemic stroke (74). Thus, diet manipulation studies after stroke require further standardization and large-scale validation in multicenter preclinical trials before their application to stroke patients.



Summary and future prospective

There is extensive clinical and experimental evidence that highlights the existence of GIT disturbances after stroke. However, the clinical trials focused on treating stroke-associated intestinal comorbidities are still very limited.

Post-stroke disturbances of GIT can increase bacterial infections and systemic inflammation that reversibly impacts brain tissue degeneration. The clinical trials on the use of antibiotics as prophylaxis treatment have not delivered promising results and suggest research on new avenues to benefit stroke patients. In this direction, recent preclinical studies have shown the protective effects of regimens that focused on rebalancing disturbed intestinal microbiota via FMT (25) or diet manipulations (68). As in the emergency stroke treatment motto, “Time is brain”, a new point of approach “Gut is brain” could be proposed to impose the crucial role of intestinal microbiota on post-stroke pathologies and long-term outcomes.

In terms of stroke-induced immunosuppression and the susceptibility of patients toward bacterial infections, there is an urgent need to find the underlying pathomechanisms and treatment options. Our recent findings have highlighted the key role of the stroke-induced release of circulating DNA as a major factor in causing lymphocyte loss in systemic lymphoid tissues (75). However, if stroke can induce a similar loss of lymphocytes in intestinal immune compartments is not completely known. The understanding of these pathways might help to uncover novel drug targets to maintain immune homeostasis at the intestinal barriers and reduce GIT complications. Further research on testing the effects of novel therapeutics for correcting intestinal immune dysbalance will help to reduce post-stroke neuroinflammation and ongoing brain degeneration.
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Oxidative damage generally exists in stroke and impairs stem cells’ survival; however, the problem is difficult to treat. In order to help stem cells to resist this damage, we inserted a magnetotactic bacteria (MB) gene, mms6, into the neural stem cell genome by lentiviral transfection. It was found that the transfection of mms6 significantly improved the survival rate of stem cells in the condition of iron overload but not hypoxia. The bioenergetic profile also revealed that iron overloading weakened the mitochondrial respiration and spare respiration capacity of stem cells, but that these were enhanced after the expression of mms6. Additionally, Western blotting (WB) data revealed that mms6 upregulated the expression of glutathione peroxidase (GPX4), which protected stem cells from oxidative damage and ferroptosis. In order to determine the possible mechanisms, we analyzed the interactions between the MMS6 protein, Fe2+, and GPX4 via analog computation. The predicted models found that the MMS6 protein had a direct chelating site in the region of M6A with divalent iron; it also had weak binding with GPX4. Taken together, the magnetotactic bacterial gene mms6 protected stem cells from oxidative damage via binding with Fe2+, which could help them adapt to the microenvironment of stroke.
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Introduction

Stem cell replacement therapy is frequently applied to treat stroke, but, in this disease, oxidative damage is often induced by pathological factors, such as hypoxia and iron overloading (Duce et al., 2010; Jiang et al., 2019). Oxidative damage seriously affects the fate of stem cells (Wilson et al., 2018). Moreover, the relatively hypoxic microenvironment after stem cell transplantation will lead to hypoxia and produce excessive reactive oxygen species (ROS) (Jiang et al., 2019), thus affecting the survival of stem cells. Recently, increasing studies proved that iron overload following up with ischemic or hemorrhagic stroke can produce detrimental ROS and brain injury and neuronal ferroptosis (Wan et al., 2019). The iron overloading usually occurs at the subacute and chronic phase of stroke following up with acute hypoxia, cellular excitotoxicity, and neuroinflammation (Qin et al., 2022). In order to treat stroke, stem cell transplantation is recommended to implement at this phase (Boese et al., 2018). In term of pathogenic injury process, oxidative damage induced by iron overloading may be a major hinder on survival rate of stem cells. To solve this problem, some researchers have employed drug carriers to reduce the ROS levels in stem cells (Gomes et al., 2019; Jiang et al., 2019), which improves the survival rate of stem cells. Nonetheless, these methods cannot solve the problem of oxidative damage in the host microenvironment. Notably, the problem of host environments after transplantation needs to be overcome for the long-term survival of stem cells.

Magnetotactic bacteria represent a kind of special archaea that grow in extremely iron-rich and low-oxygen environments (Lin et al., 2020). During the long-term natural evolution process, these bacteria have gained the ability to utilize the high iron and ROS contents in the environment (Guo et al., 2012; Li et al., 2017; Lin et al., 2020). The hypoxic microenvironment and the increased ROS levels in cells caused by high iron ion concentrations can trigger the magnetosome synthetic process (Lin et al., 2020). In this process, the gene encoding mms6 plays a critical role (Tanaka et al., 2011; Staniland and Rawlings, 2016). This gene encodes a small molecular protein, MMS6, which only contains 61 amino acids, but has a strong ability to bind free irons. MMS6 possesses a ferrous ion binding site at C20, and the DDVED motif at the C-terminus is an iron ion binding site (Rawlings et al., 2016; Tunyasuvunakool et al., 2021). In addition, some studies have shown that mms6 may be the key gene responsible for the utilization of ROS in magnetotactic archaea (Li et al., 2017). Therefore, this study utilized mms6 to modify neural stem cells, so as to explore whether it was used by neural stem cells (NSCs) to reduce ROS in cells for resisting oxidative damage in the microenvironment.



Materials and methods


Generation and culture of midbrain neural stem cells

The study protocol was approved by the Institutional Animal Care and Use Committee of Shantou University. All procedures were conducted in adherence with the Guidelines for Animal Experimentation of Shantou University and the Chinese Guidelines for the Care and Use of Laboratory Animals. Twenty-four-hour Wistar neonatal rats were anesthetized with urethan and sterilized in 75% ethanol before the operation. After decapitation, the midbrain was dissected out on an ice board and transferred to a new dish with a culture medium. Their surface blood vessels were removed. The midbrain was sheared with microscopic scissors, and 5 ml of 0.05% trypsin (containing DNase 0.5 mg⋅L–1) was added and incubated at 37°C for 10 min. Trypsin digestion was terminated by adding a DMEM/F12 medium containing 1% FBS in an equal volume. The supernatant was discarded after centrifugation. The cells were dispersed by gentle repeated blowing. A serum-free culture medium of neural stem cells was added and transferred to 25 cm culture flasks and cultured in a thermostat. Neural stem cell culture medium: DMEM/F12 (1:1), 2% B27, bFGF (20 μg L–1), and 5% N2. The culture medium was refreshed every 7 days.



Expression of mms6 in neural stem cells

After codon optimization for mammalian expression, AMB-1 mms6 from Magnetospirillum magneticum was cloned into the lentivirus vector (pHBLV-CMV-MCS -3FLAG-EF1-ZsGreen-T2A-PURO) and synthesized. To verify successful expression, both PCR and gene sequencing were performed. The mms6 primers used for PCR were as follows: mms6-F, GGATCTATTTCCGGTGAATTCGCCACCATGGGATCCGC CACCATGCC; mms6-R, TAAGC- TTGGT ACCGAGGATCC AGCCAGAGCGTCCCTAAGTT.

To enhance the transfection efficiency, we cultured NSCs into single cells. Matrigel matrix glue was precoated on a six-well plate, placed in an incubator for at least 2 h, and then cleaned with PBS after drying. A serum-free neural stem cell culture medium was added. Well-growing suspensions of NSCs were transferred to a six-well plate for culturing. When NSCs were spread as single cells and their aggregation reached approximately 70%, lentivirus transfection was carried out. Before transfection, the original medium was removed, and 1 ml of fresh medium was added. Approximately 15 ml of the target virus was added to each well (an MOI of approximately 20:1) and incubated for 4 h. The supernatant was removed, and new medium was added. After 3 days, puromycin was used to screen untransfected cells (1 μg/ml), and the screening time was 3 days. The medium was refreshed after 3 days. Photographs were taken under a fluorescence microscope to determine the success rate of transfection.



Cell proliferation test

Two types of NSCs (mms6-GFP-NSCs and GFP-NSCs) were cultured under different conditions: (1)0.5% CO2, 20% O2 and ferric citrate (0 μM); (2)0.5% CO2, 20% O2, and ferric citrate (320 μM); (3)0.5% CO2, 1% O2 and ferric citrate (0 μM); and (4)0.5% CO2, 1% O2, and ferric citrate (320 μM). To determine the effect of the different conditions on cell proliferation, we applied the CCK-8 test to detect the OD450 value of each cell culture via an enzyme labeling instrument. Two groups of cells were added to 96-well plates precoated with Matrigel gel (2 × 103 cells/well, 200 μl serum-free NSC culture medium/well). Samples were photographed after 12 h, 1, 2, 4, and 8 days. Before the test, PBS was used to wash the plates, 100 μl of culture medium was added to each well, and 10 μl of CCK8 reagent was added to each well after 1 h. After incubation in the incubator for 2 h, the absorbance at 450 nm was measured by using a microplate reader.



Mitochondrial superoxide production under the condition of oxidative damage induced by hypoxia or high levels of iron

To test the effect of mms6 on mitochondrial superoxide production in a state of oxidative damage, we cultured NSCs under hypoxia or added a high concentration of ferric citrate (320 μM). To induce hypoxic conditions, we added 1.2 ml of paraffin oil to completely cover 6-well plates in which NSCs were cultured. After 24 h, both groups of NSCs were collected to detect mitochondrial superoxide by flow cytometry. The concentration of Mito-SOX (Thermo Fisher, M36008, USA) for testing was 5 μM, and the incubation time was 60 min. Excitation (nm) was at 488 and 580, and GFP as well as Mito-SOX signals were detected in the FL-1 and PE channels, respectively.



Mitochondrial stress test

GFP-NSCs and mms6-GFP-NSCs were treated with/without ferric citrate (320 μM) for 2 weeks. These treated cells were then seeded in XFe 96-well microplates (6,000 cells/well) (Agilent Technologies, Santa Clara, CA, USA) overnight. Cells were washed and incubated in a base medium (Agilent Technologies) at 37°C for 1 h. The oxygen consumption rate (OCR) was measured in real time with a Mito Stress Test Kit using a Seahorse XFe96 Analyzer (Agilent Technologies) following the manufacturer’s instructions. Data were normalized by cell numbers that were measured by a YO-PRO®-1 Assay (Thermo Fisher Scientific).



Transmission electron microscopy

Both NSC groups were cultured in a high concentration of ferric citrate for 1 week and were then collected for transmission electron microscopy (TEM) tests to detect the morphology of the mitochondria. The procedure was carried out as follows: Cells were digested, centrifuged, and fixed with glutaraldehyde. After rinsing and dehydration, acetone/epon812 was added for embedding, and cells were then baked in a 60°C oven for curing. After dressing the package, it was fixed on a slicing machine and sliced (layer thickness of 1 μm). The cell sections were placed on a 200-mesh φ 3 mm copper mesh to produce ultrathin sections (50–70 nm thick). The sections were selected with a lash pen, and sections were then taken with a steel ring. The selected sections were placed in a Petri dish, stained with a uranyl acetate solution for 30 min, and washed three times. After natural drying, lead citrate was added for dyeing and cleaning. The slices were dried and observed.



Western blotting

To investigate the effects of mms6 expression on the proteins associated with iron metabolism, we detected glutathione peroxidase 4 (GPX4; Abcam 125066, USA) and lipoxidase (LOX; Abcam 174316, USA) through Western blotting (WB). After the centrifugation of the collected cells, the protein concentration was measured. Aliquots of homogenate with equal protein concentrations (20 μg) were then added to SDS-PAGE gels (10%) and transferred to nitrocellulose membranes. After blocking in non-fat milk, the membranes were incubated overnight with primary antibodies (GPX4 1:1,000; LOX 1:000). The blots were then incubated with anti-rabbit IgG conjugated to IRDye for 1 h at room temperature. The film was then reacted with chemiluminescent detection reagents (reagent A:reagent B = 1:1) for 2 min. The film was then removed, excess liquid was shaken off, the PVDF film was wrapped with a preservative film, and an X film was used for photosensitivity, development, and fixation in a darkroom.



Analog computation

We used Alphafold2 artificial intelligence protein simulation software based on MMseqs2 (Many-against-Many sequence searching) to predict the three-dimensional structure of the MMS6 protein, and evaluated the prediction model. Autodock docked Fe2+ with MMS6 and set the docked system with 2 positive charges and 3 positive charges, respectively. It was optimized by MOPAC to select sites with lower energy. PyMOL shows the docking conformation, and I-TASSER predicts the structure of GPX4. The conformation in the steady state was selected, and the structure of the model was evaluated by save6 V6; ZDOCK docked GPx4 proteins with the MMS6 protein after chelating iron ions; and PyMOL shows interaction.



Statistics

The SPSS 12.0 software was used for the statistical analysis of the experimental data, and a P-value between groups of less than 0.05 was considered to be statistically significant. A non-parametric rank sum test and a two-sample t-test were used to compare differences between two groups. The comparision of growth rate among groups is performed by analyzing the differences in the five consecutive OD450 values using a method of repeated measure ANOVA. Differences in longitudinal changes in the survival rate between two groups were analyzed with repeated measures analysis of variance. Mauchly’s test of sphericity was used to check whether the variance in the difference between different measurements was equal in repeated measurements.




Results


Expression of mms6 enhanced the tolerance of neural stem cells to iron overloading but not hypoxia

Both iron overloading and hypoxia, following up with stroke, could induce oxidative damage and result in the death of stem cells. To test the effect of mms6 on oxidative damage, we detected the survival rates of NSCs in these pathological states. Both mms6-GFP-NSCs and GFP-NSCs were cultured under four different conditions, namely normoxia/no iron, hypoxia/no iron, normoxia/high-level iron (320 μM), and hypoxia/high-level iron (320 μM). The OD450 value of each group was measured on the day 0, 1, 2, 4, and 8. The comparision of growth rate among groups is performed by analyzing the differences in the five consecutive OD450 values using a method of repeated measure ANOVA. As shown by the OD450 results in Figure 1D, mms6 expression did not disturb the growth at the routine cell culture status (normoxic/no iron conditions). When we added a high level of iron in the culture medium, the growth rate of NSCs sharply decreased. Mms6-GFP-NSCs, but not those of the control group, exhibited tolerance to iron overloading. According to Figures 1B,D, mms6-GFP-NSCs showed a significantly increased survival rate in a high-iron environment regardless of whether it was normoxic (F = 85.98, P = 0.01). However, mms6 expression did not significantly improve the growth rate under hypoxic conditions (F = 1.570, P = 0.530), although the OD450 value of mms6-GFP-NSCs was higher than that of GFP-NSCs on the 8th day (t = 2.945, P = 0.042) (Figures 1A,D). These data indicated that the expression of mms6 in NSCs might contribute to the resistance of stem cells to iron overloading but not hypoxia.
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FIGURE 1
The expression of mms6 can lead to the resistance of the harm caused by iron overloading on the growth of neural stem cells and decrease the production of superoxide anions. (A) Growth curve on consecutive days under normoxic/no iron and hypoxic/no iron conditions. (*) indicates that under hypoxic/no iron conditions, the OD450 value on the eighth day of mms6-GFP-NSCs was significantly higher than that of the control group (P < 0.05). (B) Growth curve on consecutive days under high levels of iron (320 μM) or hypoxia/high levels of iron (320 μM). *** or indicates a P-value of the significant difference of the 8-day growth curve between GFP-NSCs and mms6-GFP-NSCs, <0.001. (C) Histograms of superoxide anion staining of mms6-GFP-NSCs and GFP-NSCs cultured under different conditions. (D) Statistical graphs of the superoxide anion staining fluorescence intensity of mms6-GFP-positive NSCs and GFP-positive NSCs cultured under different conditions. * indicates a P-value <0.05; **<0.01; and ***<0.001.




Expression of mms6 decreased mitochondrial superoxide production and promoted mitochondrial function of neural stem cells in iron-loading conditions

Furthermore, this study examined whether the expression of mms6 protected NSCs from oxidative damage. Mito-SOX is a sensitive indicator of changes in mitochondrial superoxide production. In this study, Mito-SOX fluorescence intensity was detected by flow cytometry to evaluate superoxide anion production under hypoxic and high-iron conditions. Typically, superoxide anion production was measured in mms6-GFP-NSCs and GPF-NSCs, respectively, under different culture conditions. As demonstrated in Figure 1C, when NSCs were cultured under both hypoxic and iron overloading conditions, their superoxide production increased significantly compared with those under normal conditions (Figure 1D). When compared with the control group, the expression of mms6 significantly decreased their superoxide anion production. These results indicated that the expression of mms6 might enhance the oxidation resistance of NSCs.

To test the effect on bioenergetic profiles, mms6-GFP-NSCs and GFP-NSCs were examined with a Seahorse XFe96 Analyzer (Figure 2A). In the absence of iron supplementation, mms6-GFP-NSCs had decreased ATP production (t = 4.265, P = 0.0003) but not basal OCR, maximal respiration, and spare respiration capacity (Figures 2B–E). When a high level of ferric citrate (320 μM) was added into the medium, ATP production decreased in GFP-NSCs compared with control NSCs (t = 4.49, P = 0.0002), whereas the opposite effect was observed in mms6-GFP-NSCs (t = 2.960, P = 0.0072; Figure 2C). At a high level of iron ions, mms6-GFP-NSCs exhibited higher basal OCR (t = 2.931, P = 0.0077; Figure 2B), maximal respiration (t = 3.665, P = 0.0014; Figure 2D), and spare respiration capacity (t = 3.336, P = 0.0030; Figure 2E) than those of GFP-NSCs. Collectively, our data indicated that the expression of mms6 significantly promoted mitochondrial respiration and spare respiration capacity.


[image: image]

FIGURE 2
The expression of mms6 helps stem cells resist the effect of iron overloading on mitochondrial respiratory functions. (A) Schematic diagram of the detection process of the oxygen consumption of cells in different groups; (B) basic oxygen consumption: the addition of exogenous iron increased the basal respiration capability of mms6-GFP-NSCs but not GFP-NSCs; (C) oxygen consumption during ATP production: the addition of exogenous iron decreased the ATP production of NSCs but increased it in mms6-GFP-NSCs; (D) the addition of exogenous iron enhanced the maximal oxygen consumption of mms6-GFP-NSCs but not that of the control group; and (E) the addition of exogenous iron obviously enhanced the spare oxygen consumption capacity of mms6-GFP-NSCs but not that of the control group. * indicates a P-value <0.05; **<0.01; and ***<0.001.




Mms6 increased the expression of glutathione peroxidase 4 and protected neural stem cells from mitochondrial damage induced by iron overloading

Transmission electron microscopy was applied to observe the morphological changes in mitochondrial membrane structures. Under a high level of ferric citrate (320 μM), these iron particles were scattered on the cell membranes of GFP-NSCs, whereas iron particles in mms6-GFP-NSCs aggregated to form nanoparticles, as observed in Figures 3A,B. The mitochondrial membranes of GFP-NSCs without mms6 expression were severely disrupted, along with mitochondrial damage, such as mitochondrial shrinkage (Figures 3C,D). However, the membrane structure of the mitochondrial crest in mms6-GFP-NSCs remained intact, with no obvious damage (Figures 3C,D).
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FIGURE 3
Transmission scanning electron microscopy (TEM) of NSCs under the condition of iron overloading (320 μM). (A) Under the condition of iron overload, a large number of iron granules were endocytosed in neural stem cells. A large amount of iron deposited in the cytoplasm or near the plasma membrane of GFP-NSCs. (B) Mitochondrial membrane structure of GFP-NSCs exhibited damaged (red arrow marked). (C) However, the mitochondria within with mms6-GPF-NSCs did not exhibit serious damage. (D) The iron particles in Mms6-GFP-NSCs could form a special crystalline in the cytoplasm [marked in the oval dotted box and displayed on the upper left panel of (D)].


Iron loading may result in ferroptosis (Gomes et al., 2019). To further investigate the possible effect of mms6 on ferroptosis signaling, the expression of GPX4 and LOX was detected by WB assays (Figure 4A). GPX4 and LOX are the most important enzymes that regulate the iron-metabolism-related redox reactions (Bird et al., 2016), which are in a balanced state to regulate iron and oxygen metabolism (Bird et al., 2016). LOX is an oxidase containing non-heme proteins that mediates the oxidative reaction of iron ions in cells after overloading and produces a large number of hydroxyl radicals, whereas GPX4 is an important antioxidant enzyme in cells. Our data indicated that mms6 did not increase the expression of LOX in cells (Figure 4B, t = 0.875, P = 0.958), but that it did increase that of GPX4 (Figure 4B, t = −7.916, P < 0.001), which also explained the reason why mms6 had an antioxidant effect. Ferritin H and transferrin reflects intracellular iron metabolisms. We also detected the expression of Ferritin H and transferrin (Figure 2A). The results indicated mms6 increased the expression of transferrin (t = −6.609, P = 0.001) but not Ferritin H (t = 0.066, P = 0.950).
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FIGURE 4
The expression of mms6 increased the glutathione peroxidase 4 (GPX4) level of NSCs. (A) Western blotting (WB) of mms6-GFP-NSCs and GFP-NSCs; (B) the results of WB showed that the expression of GPX4, but not that of LOX, was significantly increased by the expression of mms6. MN, mms6-GFP-NSCs; GN, GFP-NSCs. *** indicates a P-value <0.001.




The MMS6 protein chelates ferrous iron through m6A and interacts with glutathione peroxidase 4

In order to determine the antioxidant mechanism, we analyzed the interaction of the MMS6 protein with ferrous ion and GPX4 via analog computation. We used AlphaFold2 artificial intelligence protein structure predictions based on MMseqs2 (Many-against-Many sequence searching) to predict the three-dimensional structure of the MMS6 protein (Seeliger and de Groot, 2010; Bird et al., 2016). As shown in Figures 5A–C, five structure prediction models were evaluated by alignment error and exhibited high quality. We then used PyMOL to mark the divalent iron binding region, M6A, of MMS6 (Figure 5D). After the chelation of the N-terminal of the MMS6 protein with Fe2+, the βhelix increased, and thus its conformational stability increased (Figure 5E). Additionally, we performed molecular docking (Seeliger and de Groot, 2010; Bird et al., 2016) to explore whether the MMS6 protein interacted with GPX4. The results showed that the docking score of the GPx4 and MMS6 docking complex was 978.573, and that the zrank energy was−151.374 kcal/mol (Figure 5F). The results indicated that there was the possibility of interaction between MMS6 and GPX4. This result provided a molecular mimicry basis for the subsequent physical and chemical study of the MMS6 protein.
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FIGURE 5
The MMS6 protein chelates ferrous iron through m6A and interacts with glutathione peroxidase 4 (GPX4). (A) The five protein structure models predicted by Alphafold2 are sorted according to the pLDDT (predicted local distance difference test). (B) Predicted local distance difference test (pLDDT) of each amino acid position in MMS6 protein structure models. (C) Predicted alignment error (PAE) values of five MMS6 protein structure models. (D) The chelating sites of MMS6 and Fe2+are distributed in the M6A sequence at the C-terminal. (E) The N-terminal after the chelation of MMS6 with Fe2+; the β-helices increase and the conformational stability increases. (F) The location where glutathione peroxidase 4 (GPX4) combines with MMS6 may be TRP-9 and TRY-169.





Discussion

In the present study, we first investigated whether the biomagnetic coding gene mms6 had the potential ability to protect stem cells from oxidative damage in stroke. Our preliminary data exhibited exciting prospects of mms6 in antioxidation in mammals. Inserting the magnetotactic bacteria gene mms6 improved the capability of stem cells to survive in iron overloading conditions. Iron overloading is an inevitable state after stroke, especially in the late stage of a cerebral hemorrhage. A local iron overloading microenvironment would significantly weaken the therapeutic effect of stem cell transplantation. Our findings provided a novel path to solve such problems.

Stem cell transplantation is a promising strategy for the management of stroke and neurodegenerative diseases (Jiang et al., 2019; Sun and Alkon, 2019; Parmar et al., 2020). However, there is still a critical problem to be solved after transplantation, that is, the problem of pathological transplantation environments (Lisowski et al., 2018). When stem cells are transplanted into the brain, the conditions of high oxygen concentration and sufficient energy supply in vitro are transferred into the ischemic, hypoxic, and inflammatory microenvironments (Hou et al., 2017). Moreover, blood seepage and ischemia in the operation area will lead to an increase in iron in the stem cell microenvironment in vitro, along with increases in hydroxyl free radicals and ROS in hypoxic cells (Armand et al., 2012). These factors significantly reduce the survival rate of NSCs (De Filippis and Delia, 2011; Armand et al., 2012; Khacho et al., 2016; Lange et al., 2016; Khacho and Slack, 2017). Our team inserted a magnetosome mineralization gene into the genome of NSCs to investigate the effect of antioxidant activity. Our data provided primary evidence that the gene might be a new candidate antioxidant that improves the tolerance of stem cells in pathological microenvironments.

mms6 is a critical gene of magnetotactic bacteria that is responsible for mineralization (Tanaka et al., 2011). It can guide the synthesis of ferromagnetic nanoparticles by crystallizing from free iron ions in cells. When mms6 is expressed in NSCs, it facilitates the utilization of free iron ions in cells and makes cells tolerant to hypoxic and high-iron environments (Guo et al., 2012; Lin et al., 2020). In hypoxic and high-iron-ion environments, long-term natural selection has endowed magnetotactic bacteria with the ability to resist low oxygen and high iron levels (Lin et al., 2020), as well as to make good use of magnetite. As a result, magnetotactic bacteria can utilize iron ions in microenvironments, transform them into energy, and synthesize ferromagnetic nanoparticles in cells (Johnsen and Lohmann, 2005; Lin et al., 2020). Therefore, magnetotactic bacteria are also used to scavenge harmful minerals from the environment in bioengineering and environmental engineering (Dieudonné et al., 2020). The addition of mms6 contributes to the ability of magnetotactic bacteria to scavenge intracellular free iron ions.

At the same time, our data confirmed the role of mms6 expression in mitochondrial protection. The expression of mms6 enabled NSCs to resist damage caused by high iron ion levels and hypoxia in the microenvironment, and significantly reduced mitochondrial superoxide anion production, thereby weakening mitochondrial damage. The results were further confirmed by TEM. MMS6 binds to intracellular free iron ions and mobilizes intracellular iron activities. Our study found that mms6 expression did not affect intracellular ferritin, but that it increased the expression of transferrin. This study confirmed that the synthesis of mms6 in cells mobilized intracellular functional transferrin, and that mammalian cells effectively expressed and executed mms6 function, even though the underlying mechanism remained unclear. mms6-bound iron ions did not trigger iron-death-related enzymes, but increased the expression of antioxidant enzymes. Our results showed that mms6 expression did not increase the expression of LOX, but that it did increase that of GPX4. GPX4 and LOX are the most important enzymes that regulate the iron-metabolism-related redox reactions, which are in a balanced state to regulate iron and oxygen metabolism (Bogdan et al., 2016). We speculated that they might be related to the function of mms6 itself. MMS6 combines with intracellular free iron ions, which significantly reduces the production of superoxide and hydroxyl radicals. Consequently, the downregulation of GPX4 enables cells to resist against the oxidative damage caused by iron-overloading.

We also found that the expression of mms6 enhanced ATP production in NSCs under high-iron conditions. The results indicated that the expression of mms6 significantly promoted mitochondrial respiration and spare respiration capacity. This was consistent with the TEM results mms6-modified NSCs experienced less mitochondrial membrane destruction under high-iron conditions. ATP production is associated with the generation of ROS, which are responsible for many negative feedback mechanisms of physiological reactions (Giniatullin et al., 2005; Sies and Jones, 2020). We speculated that the decrease in ATP production was not associated with C-terminal activity, which has been proven to show a strong binding ability to free iron. Fe2+ is not responsible for the decrease in ATP production, because it has been proven to have a negative relationship with ATP production. Additionally, there is no evidence proving the relationship between ATP production and Fe3+ levels. Collectively, this evidence suggested that the mms6 gene did not interfere with the normal physiological activities of stem cells.

Considering all of the above results, it was concluded that the expression of mms6 helped stem cells to reduce ROS levels in cells, thus facilitating resistance to the oxidative damage caused by the microenvironment. This discovery will provide good prospects for its application in NSC tracing in vivo, and also as a feasible strategy for enhancing the survival rate of stem cells. We believe that this result will pave the way to the application of mms6 due to its antioxidant effect. This is also an important example that we have learned from magnetotactic bacteria, a kind of ancient bacteria.
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  Introduction

Progranulin (PGRN) is a secreted glycoprotein, the expression of which is linked to several neurodegenerative diseases. Although its specific function is still unclear, several studies have linked it with lysosomal functions and immune system regulation. Here, we have explored the role of PGRN in peripheral and central immune system homeostasis by investigating the consequences of PGRN deficiency on adaptive and innate immune cell populations.


 
Methods

First, we used gene co-expression network analysis of published data to test the hypothesis that Grn has a critical role in regulating the activation status of immune cell populations in both central and peripheral compartments. To investigate the extent to which PGRN-deficiency resulted in immune dysregulation, we performed deep immunophenotyping by flow cytometry of 19-24-month old male and female Grn-deficient mice (PGRN KO) and littermate Grn-sufficient controls (WT).



Results

Male PGRN KO mice exhibited a lower abundance of microglial cells with higher MHC-II expression, increased CD44 expression on monocytes in the brain, and more CNS-associated CD8+ T cells compared to WT mice. Furthermore, we observed an increase in CD44 on CD8+ T cells in the peripheral blood. Female PGRN KO mice also had fewer microglia compared to WT mice, and we also observed reduced expression of MHC-II on brain monocytes. Additionally, we found an increase in Ly-6Chigh monocyte frequency and decreased CD44 expression on CD8+ and CD4+ T cells in PGRN KO female blood. Given that Gpnmb, which encodes for the lysosomal protein Glycoprotein non-metastatic melanoma protein B, has been reported to be upregulated in PGRN KO mice, we investigated changes in GPNMB protein expression associated with PGRN deficits and found that GPNMB is modulated in myeloid cells in a sex-specific manner.



Discussion

Our data suggest that PGRN and GPNMB jointly regulate the peripheral and the central immune system in a sex-specific manner; thus, understanding their associated mechanisms could pave the way for developing new neuroprotective strategies to modulate central and peripheral inflammation to lower risk for neurodegenerative diseases and possibly delay or halt progression.
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 1 Introduction

Progranulin (PGRN) is a secreted glycoprotein expressed in several cell types, including neurons and non-neuronal cells such as microglia. It is encoded by the gene GRN, and it is internalized by cells by binding to its receptor sortilin and prosaposin receptors (mannose-6-phosphate receptor (M6PR) or the low-density lipoprotein receptor-related protein (LRP1) in a sortilin-independent manner (1, 2). PGRN comprises seven subunits, so-called granulins (GRNs), formed upon intracellular progranulin cleavage by cathepsins (3, 4). Progranulin functions are diverse, comprising critical biological processes such as modulating inflammation and lysosomal homeostasis (5, 6), which are known to decline with advancing age (7, 8). Homozygous GRN mutations lead to neuronal ceroid lipofuscinosis (9), and heterozygous mutations in GRN in humans lead to frontotemporal dementia (FTD-GRN) with TAR DNA-binding protein-positive inclusions (FTD-TDP). FTD-GRN is responsible for 5-20% of familial FTD cases and 1-5% of sporadic cases with around 70 pathogenic mutations identified so far (10). Other GRN polymorphisms associated with reduced PGRN levels also modify the risk for Alzheimer’s (AD) (11–13) and parkinsonism (14, 15).

Interestingly, PGRN has been recently described as a candidate gene that connects several neurodegenerative diseases because of its role in regulating neuroinflammation (16). For instance, a proposed mechanism by which PGRN contributes to neurodegeneration through neuroinflammation is aberrant microglial activation which results in an excessive synaptic pruning in the ventral thalamus and ultimately leads to neurodegeneration (17). However, and importantly, PGRN is not only expressed in microglia but also in other immune cells such as peripheral monocytes, monocyte-derived dendritic cells, and in tissue macrophages (18), which presents the interesting possibility that PGRN could regulate neuroinflammation not only through microglia but also through other immune cells both in the peripheral and the central immune compartments to protect against or contribute to the development of neurodegeneration. Hence, identifying the specific cell types and mechanisms by which progranulin acts both centrally and peripherally to curb or exacerbate inflammation and associated pathology could provide critical insights for developing effective immunomodulatory therapeutic strategies to prevent or treat FTD-GRN and other neuroinflammatory neurodegenerative conditions. The interactions of these mechanisms with biological sex are also an important area of research as sex differences in FTD are just beginning to be recognized. Recent reports have shown that sex impacts the clinical manifestations of the disease (19), that behavioral variant FTD is more common in males than females (19, 20), and that female sex may be somewhat protective, with more advanced neurodegeneration required in females to produce similar levels of impairment to those observed in males (21).

In the context of dysregulated inflammation, glycoprotein non-metastatic melanoma protein B (GPNMB) has been associated with PGRN, where weighted correlation analysis of PGRN-deficient mice revealed GPNMB to be one of the top 40 dysregulated genes (17). Also, GPNMB levels have been reported to increase with age in the plasma and brain of PGRN-deficient mice (22). GPNMB is involved in the regulation of the immune response and modulation of lysosomal function (23). GPNMB expression has been associated with different neurodegenerative diseases such as FTD (22), AD, and parkinsonism (24). Moreover, GPNMB has been related to the regulation of immune responses in macrophages (25) and astrocytes (26). Considering this, we examined the impact of PGRN deficits on both adaptive and innate immune cell subsets and their associated GPNMB expression. We started by analyzing neurodegeneration-associated myeloid cell gene co-expression networks to understand the potential role of PGRN in the activation of immune cells. We complemented this analysis with deep immunophenotyping by flow cytometry of PGRN-deficient (PGRN KO) and PGRN-sufficient (WT) control male and female mice using cells from the brain and peripheral blood. Finally, we assessed the expression of GPNMB in central and peripheral myeloid cells of male and female PGRN KO and WT mice. We identified PGRN as an important regulator of immune cell activation in central and peripheral compartments, where GPNMB is potentially involved, suggesting that PGRN and GPNMB could be relevant targets for neurological diseases with an immunological component.


 2 Material and methods

 2.1 Comparative co-expression network analysis

Co-expression network analyses were performed in R using the weighted correlation network analysis (WGCNA) package (27). We used comparative analysis to assess the preservation and trajectory of microglial neurodegeneration modules that were previously defined from transgenic mice expressing human mutant microtubule-associated protein tau (MAPT) (28), including two modules neuroimmune activation (NACT), neuroimmune suppression (NSUPP), that were identified in mutant MAPT mice and preserved and up-regulated in microglia and brain tissue isolated from five familial AD (5xFAD) mice and P2SAPP models of Alzheimer’s pathology and human brain tissue from patients with Alzheimer’s disease, Frontotemporal dementia, and Progressive Supranuclear Palsy (28).

To assess the co-expression patterns of these modules in microglia from GRN deficient mice using published data (17), we first applied module preservation analysis from the WGCNA package to normalized counts from GRN knockout cerebral cortex. This measure combines module density and intramodular connectivity metrics to give a composite statistic for which Z < 2 has no evidence of module preservation, and Z > 2 and < 10 is weak to moderate evidence of preservation (29). Both modules had weak evidence of preservation (Z = 2.4 for NACT and Z = 2 for NSUPP). Therefore, we measured the module eigengene expression trajectories in GRN knockout and control WT microglia from the brain cortex at 2-, 6-, 9-, and 18- months of age to assess their differential expression across conditions.


 2.2 Network adjacency plot

Biweighted mid-correlations were calculated for NSUPP and NACT genes in purified microglia from the Tg4510 model to create an adjacency matrix using WGCNA code, as described in Rexach et al., 2020 (28). Using these data, a network adjacency plot was generated in Cytoscape with the edge weight between genes corresponding to bi-weighted mid-correlations.


 2.3 Mice

All studies involving mice were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at Emory University School of Medicine (# DAR-2003358-ENTRPR-N, PI: Tansey). Male and female PGRN KO (30) and WT littermate mice on a C57BL/6 background were maintained in a specific pathogen-free facility on a 12 h:12 h light/dark cycle with free access to water and standard chow until 19-24-months of age. PGRN KO and WT mice were cohoused. Mice were decapitated, trunk blood was collected into microfuge tubes containing ethylenediaminetetraacetic acid (EDTA), and the brain was rapidly dissected. Deterioration of overall health is almost universal in mice at this advanced age. Any animal found to be in a moribund state prior to the aging endpoint or developing an injury or condition which would require treatment to preserve quality of life was euthanized, and no tissues or data from these animals were utilized in the study. All mice which reached the endpoint without such illness or injury were utilized in the study. For comparative gene expression analysis, gene expression data from cerebral cortex of GRN knockout and WT mice was downloaded from the gene expression omnibus GEO (GSE75083) (17).


 2.4 Immune cell isolation

For peripheral blood immune cell (PBMC) isolation, 100 μL of trunk blood were incubated with 2 mL of red blood cell lysis buffer (BioLegend) for 10 min at room temperature (RT) in the dark. PBMCs (~106) were then pelleted for flow cytometry.

Brain immune cell isolation was performed as previously described with minor modifications (31). Briefly, the right hemisphere of the brain was minced in 2 mL of RPMI 1640 (ThermoFisher) and then incubated for 15 minutes at 37°C, 5% CO2 with agitation every 5 minutes in 2.5 mL dissociation medium (1.4 U/mL collagenase VIII [Sigma-Aldrich], 1 mg/mL DNase 1 [Sigma-Aldrich] in RPMI 1640). The reaction was quenched with 5 mL RPMI 1640 with 10% fetal bovine serum (FBS, Atlanta Biological). Tissue was pelleted and then homogenized on ice in Hanks’ Balanced Salt Solution (HBSS, without calcium, magnesium, or phenol red, ThermoFisher) with fire-polished glass pipettes. The cell suspension was strained through a 70 μm filter and pelleted. A Percoll (Percoll pH 8.5–9.5; Sigma Aldrich Co, P1644) gradient was prepared with the cell pellet resuspended in 37% Percoll, 70% Percoll layered below, 30% Percoll layered above, and HBSS layered on the top. The gradient was centrifuged 30 minutes at room temperature at 400xg with no brake. Immune cells were then collected from the interface of the 70% and 37% Percoll layers and thoroughly washed with HBSS.

For splenocyte isolation, spleens were removed and placed into glass Petri dish with 1 mL of cold HBSS and homogenized with a 3-mL syringe plunger. Homogenized spleens were collected with 10 mL of cold HBSS and filtered through 40 μM Nylon cell strainer. Filters were rinsed twice with 5 mL of cold HBSS. Cells were pelleted and resuspended in 2 mL ice-cold ACK lysis buffer (0.15 M NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA) per spleen and incubated for 30 seconds on ice in order to lyse red blood cells. Reaction was quenched with 8 mL HBSS and cells pelleted. Resulting splenocytes were then taken forward for flow cytometry staining.


 2.5 Flow cytometry

Immune cells were washed and resuspended in phosphate-buffered saline (PBS) and transferred to a V-bottom plate (Corning). They were incubated at RT in the dark for 30 minutes in 50 μL LIVE/DEAD Fixable Aqua Dead Cell Stain (Life Technologies) prepared according to the manufacturer’s protocol and diluted 1:2000 in PBS. Cells were washed in PBS, then incubated for 20 min on ice in 50 μL fluorescence-activated cell sorting (FACS) buffer (1 mM EDTA and 0.1% sodium azide in PBS) containing the specified concentrations of Fc-blocking anti-CD16/CD32 and fluorophore-conjugated antibodies ( Supplemental Table 1 ). Surface-stained PBMCs were washed in FACS buffer and fixed with 1% PFA for 30 minutes on ice.

Samples to be probed intracellularly for GPNMB (Intracellular Fixation and Permeabilization Buffer Set, Invitrogen) were not incubated with Rt anti-Ms CD44-APC (BioLegend). After surface staining, these cell samples were washed with FACS buffer and fixed with 50 μL Reagent A for 15 min at RT, washed with FACS buffer, then permeabilized and stained with 50 μL Reagent B and Rt anti-Ms GPNMB-eFluor660 (eBioscience) for 20 minutes at RT.

After staining, cell samples were washed and resuspended in FACS buffer, and 10 μL AccuCheck Counting Beads (ThermoFisher) were added to each. Samples were run on an LSR II flow cytometer with FACSDiva software (BD Biosciences). Results were analyzed with FlowJo 10.6.1 software using the gating strategies in  Supplementary Files S1–S5 . Cell frequencies and counts (calculated according to the manufacturer’s protocol) and geometric mean fluorescence intensities (GMFIs) of targets were evaluated. Isotype controls in cells stained with all other antibodies in the panel were used to set gates. Cells from PGRN KO animals were used to set gates to identify PGRN+ cells.


 2.6 Statistics

Analysis of data distribution was performed using Shapiro-Wilk or Kolmogorov-Smirnov test. For non-parametric data ( Figure 1C ), Mann-Whitney with Holm-Šidák post-hoc was used. As data for many of the variables were normally distributed and as the sample sizes in these experiments were close to that referenced in the Central Limit Theorem, we utilized parametric two-way ANOVA with Tukey’s or Bonferroni post hoc tests to evaluate genotype and sex effects and differences between groups. Statistical testing was performed using GraphPad Prism 6. Unless otherwise specified, data are represented as mean ± SEM, and p<0.05 was considered significant. Letter(s) centered above groups reflect results of post hoc tests. Groups that do not share any letters are significantly different from one another.

 

Figure 1 | PGRN regulates inflammatory responses in the periphery and central nervous system. (A) Gene co-expression adjacency network plot showing GRN is in the NSUPP module (turquoise) and highly connected to NACT (pink) module, with genes as nodes and edges between genes proportional to their bi-weighted miscorrelation of their expression in MAPT mutant microglia (see Methods). (B) Module eigengene trajectory of NACT in PGRN knockout, and WT cerebral cortex from Lui et al. (17) (n= 3-6 per condition, two way ANOVA genotype effect p <0.0001 and interaction p = 0.039, Bonferroni post hoc). (C) Module eigengene trajectory of NSUPP in PGRN knockout, and WT cerebral cortex from Lui et al. (17) (n= 3-6 per condition, Mann-Whitney with Holm-Šidák post-hoc). (D) PBMCs and (E) splenocytes from 18–21-month-old female and male B6 mice were isolated, and different immune cell subsets were assessed for PGRN MFI determined by flow cytometry, n= 6 per sex; two-way ANOVA, cell type and sex effect p < 0.05 for all, Bonferroni post hoc. Letter(s) centered above groups reflect results of post hoc tests. Groups that do not share any letters are significantly different from one another. *p<0.05 and **** p<0.0001. 





 3 Results

 3.1 Progranulin has a regulatory function in immune cell activation and suppression in central and peripheral compartments and is highly expressed in peripheral monocytes

To understand the potential implications of PGRN in the peripheral and central immune system, we used co-expression modules that represent neuroimmune activity (28). Specifically, based on an integrated analysis of 25 RNAseq datasets from mouse models of neurodegenerative disease (n = 18 data sets; 531 mice) and human pathological specimens (n = 7 data sets, 361 cases and controls), we previously identified two highly-correlated gene co-expression modules that represent early neuroimmune activation (NACT), neuroimmune suppression (NSUPP), and their reciprocal crosstalk (28). The NACT module includes genes and pathways that would activate microglial extracellular signaling via cytokines, chemokines, and toll-like receptors; whereas the NSUPP module includes genes and pathways that would suppress it. Importantly, GRN is predicted to be a major regulator of this crosstalk, because GRN is in the NSUPP module but also highly connected to NACT ( Figure 1A ).

In support of this, the expression of NACT and NSUPP are no longer correlated in cerebral cortex of homozygous GRN knockout mice (17) which is otherwise consistently observed across all mouse models of AD and AD brain samples previously analyzed (28), but instead GRN knockout only up-regulate NACT ( Figures 1B   , C  ). This suggests that microglia deficient in PGRN may exhibit heightened proinflammatory activity due to increased expression of proinflammatory genes without a commensurate increase in anti-inflammatory regulators.

Next, we investigated PGRN expression in major immune cell subsets in peripheral blood and spleen of aged animals (20-months old) and assessed potential sex differences ( Figures 1D   , E ). In PBMCs from both female and male mice ( Figure 1D ), the immune cells with the lowest PGRN expression were neutrophils, followed by T cells, B cells, and Ly6C- monocytes, which all had 3-4x the PGRN expression seen in neutrophils. Ly6C+ monocytes expressed the highest amount of PGRN in PBMCs from both male and female mice. Some sex differences were also observed, with neutrophils and B cells from male mice expressing significantly less PGRN relative to cells from female mice. No significant effects of sex were observed in other immune cells from the blood. A similar expression profile was observed in the immune cells isolated from spleens ( Figure 1E ), with both males and females expressing the least PGRN on neutrophils, followed by B cells, T cells, Ly6C-, and Ly6C+ monocytes. In the spleens, F4/80+ macrophages expressed the most PGRN. Similar to PBMCs, male neutrophils from the spleen expressed significantly less PGRN than neutrophils from female spleens, as did B cells and Ly6C+ monocytes. The fact that PGRN is expressed in various peripheral immune cell populations with particularly high expression in myeloid cells suggests that it may play a similar role in immune activation in these cells as it does in microglia.


 3.2 Loss of progranulin dysregulates myeloid populations in the periphery and the brain in a sex-specific manner

Based on the previous observation that PGRN coordinates inflammatory responses involving myeloid cells in the brain, we next sought to examine the consequences of PGRN loss in myeloid cells originating from the periphery.

In peripheral blood monocytes, the frequency of Ly-6Chigh monocytes among Ly-6C+ monocytes was significantly higher in PGRN KO females compared to WT females. A similar trend was observed in males, but it was not significant by post hoc tests (p=0.0802) ( Figure 2A ).

 

Figure 2 | PGRN deficient mice exhibit altered monocytic and microglial immunophenotypes in the peripheral blood and brain. (A) Ly-6Chi frequency of Ly-6C+ monocytes in peripheral blood, geometric mean fluorescence intensity (GMFI) of (B) MHC-II and (C) CD44 on monocytes in the brain, (D) microglia counts, and (E) GMFI of MHC-II on microglia from aged WT and PGRN KO mice (n=8-10) determined by flow cytometry; two-way ANOVA, genotype effect p < 0.01 for all, Tukey’s post hoc. Histograms show distribution of fluorescence intensity per cell. Letter(s) centered above groups reflect results of post hoc tests. Groups that do not share any letters are significantly different from one another. 



Expression of markers of activation and differentiation on monocytes in the brain also differed by genotype. PGRN KO females had reduced surface expression of MHC-II on brain monocytes compared to WT females, with no significant difference observed in males ( Figure 2B ). Male PGRN KO mice had significantly higher CD44 surface expression on monocytes; no changes in CD44 by genotype were observed in female mice ( Figure 2C ). Both male and female PGRN KO mice had fewer microglia compared to WT mice ( Figure 2D ). Interestingly, microglia from male PGRN KO mice expressed higher levels of MHC-II compared to WT, with no differences found in female mice ( Figure 2E ).


 3.3 Progranulin deficits alter T cell populations in the peripheral blood and the brain

We also investigated T cell phenotypes associated with PGRN loss. In peripheral blood, compared to WT mice, CD44 surface expression on CD4+ and CD8+ T cells of female PGRN KO mice was reduced, whereas male PGRN KO mice exhibited increased expression of CD44 on CD8+ T cells ( Figures 3A   , B ). Male PGRN KO mice also had more CD8+ T cells in the brain in comparison to WT mice ( Figure 3C ).

 

Figure 3 | PGRN deficient mice have altered T cell populations in the peripheral blood and brain. GMFI of CD44 on (A) CD4+ and (B) CD8+ T cells in peripheral blood, and (C) CD8+ T cell counts in the brain from aged WT and PGRN KO mice (n=8-10) determined by flow cytometry; two-way ANOVA, genotype effect p < 0.01 for (A, C), interaction p < 0.0001 for (B), Tukey’s post hoc. Histograms show distribution of fluorescence intensity per cell. Letter(s) centered above groups reflect results of post hoc tests. Groups that do not share any letters are significantly different from one another. 




 3.4 GPNMB+ myeloid cell populations in brain and peripheral blood are altered in a sex-dependent manner in PGRN-deficient mice

Next, to elucidate the potential relationship between PGRN and GPNMB in regulating immune responses, we examined the expression of GPNMB in different immune cells in PGRN KO and WT mice. In blood, we observed that females had fewer GPNMB+ Ly-6C+ monocytes than males but that there were no differences by genotype, whereas PGRN KO males had fewer GPNMB+ Ly-6C+ monocytes compared with WT males ( Figure 4A ). In the brain, PGRN KO males also had fewer GPNMB+ myeloid cells of various types, including monocytes – specifically MHC-II+ monocytes – neutrophils, and dendritic cells, with no differences observed in females ( Figures 4B   –E ). Counts of GPNMB+ MHC-II+ microglia were also reduced in PGRN KO males compared to WT males, while counts in female PGRN KOs trended higher compared with female WTs ( Figure 4F ). Female PGRN KOs did have significantly higher numbers of total GPNMB+ microglia compared to WT females ( Figure 4G ).

 

Figure 4 | PGRN KO male mice have fewer GPNMB+ immune cells, while female PGRN KO mice increase GPNMB expression on microglia. Counts of (A) GPNMB+ Ly-6C+ monocytes in peripheral blood, and GPNMB+ (B) monocytes, (C) MHC-II+ monocytes, (D) neutrophils, (E) dendritic cells (DCs), (F) MHC-II+ microglia, and (G) microglia in the brain from aged WT and PGRN KO mice (n=6-7) determined by flow cytometry; two-way ANOVA, sex effect p < 0.01 for (A), genotype effect p < 0.05 for (B–E), interaction p < 0.05 for all, Tukey’s post hoc. Histograms show distribution of fluorescence intensity per cell. Letter(s) centered above groups reflect results of post hoc tests. Groups that do not share any letters are significantly different from one another. 





 4 Discussion

Inflammation plays a crucial role in neurodegenerative diseases, where it can be either beneficial, helping to reduce the risk of neurodegeneration, or detrimental, contributing to neuronal loss of populations selectively vulnerable to damage caused by immune cell-derived reactive oxygen and nitrogen species and apoptotic or necroptotic cell death (32–34). In addition, the role of peripheral immune cells in triggering neuroinflammation and their potential contribution to neurodegeneration is a new area of intense investigation that may bring about more effective immunomodulatory interventions to delay onset or slow progression of neurodegeneration (35). Hence, discovering new targets associated with neurodegeneration that could modulate the central and/or peripheral immune response is of great interest to the field.

Genetic mutations or polymorphisms in GRN have been associated with several neurodegenerative diseases, including FTD, AD, and PD (16), and the protein it encodes, PGRN, is involved in regulating key inflammatory responses, including cytokine release and phagocytosis (6), thereby positioning GRN as a candidate gene to be investigated in the context of inflammation and neurodegeneration. An example is the study by Lui et al., in which the authors conclude that PGRN deficits exacerbate microglial activation, which contributes to thalamic neuronal loss through the complement pathway (17). Similarly, in a study by Martens et al., PGRN KO mice exposed to the neurotoxin 1-methyl-4-(2’-methylphenyl)-1,2,3,6-tetrahydrophine (MPTP) were found to exhibit increased nigrostriatal neurodegeneration compared to WT mice due to heightened microglial activation (36). In these studies, the ionized calcium-binding adapter molecule 1 (IBA1) was used as a microglia-specific marker; however, it is now known that infiltrating monocytes also express IBA1 before undergoing maturation (37, 38). Furthermore, multiple studies implicate both microglia and peripheral monocytes in neuronal loss in AD and PD (39). Thus, these observations raise the interesting possibility that loss of PGRN function may alter not only microglia but also myeloid cells in the peripheral blood and the brain and that, together, these both contribute to thalamic degeneration. Therefore, a key objective of our study was to investigate the function of PGRN in immune cells in the brain as well as in the periphery, and the consequences of PGRN deficits in immune homeostasis over time which could contribute to neurodegeneration.

Using previously-described gene co-expression networks from myeloid cells in the periphery and in the brain of mice and humans (28), we determined that PGRN was located at the interface between the NACT and the NSUPP gene modules. This novel finding suggests that, indeed, PGRN is well-positioned to modulate the immune responses of myeloid cells. This analysis indicated that, when GRN expression is lost, myeloid cell activation is predicted to increase. Based on gene co-expression relationships, these findings demonstrate that innate immune activation involving myeloid cells involves two compartments that are separate but highly coordinated: suggesting the possibility of interacting by distinct myeloid cell pools. Notably, one module is marked by genes enriched in peripherally derived myeloid cells in disease; including GPNMB, together with genes involved in lysosomal function, including GRN, suggesting these genes may contribute to specific cellular functions and/or distinct cellular pools that are part of a neurodegeneration-associated CNS innate immune response that is robust and conserved.

To empirically confirm and extend these findings, we first investigated PGRN expression in peripheral immune cells and confirmed that the highest expression was in monocytes and macrophages. These expression patterns and the functional similarities between peripheral myeloid cells and microglia suggested that PGRN might serve a similar role in regulating immune activity in peripheral and central compartments, an unexpected finding with implications for development of therapeutic strategies. We then undertook deep-immunophenotyping studies in aged PGRN KO mice. We included sex-specific analysis since there is accumulating evidence that immune responses become altered in aged organisms and can differ in male and female mammals, including humans (40), both of which have important implications for the sexual dimorphism reported in risk for various neurodegenerative diseases. We have summarized our findings in  Figure 5 .

 

Figure 5 | Summary of main findings by flow cytometry in aged PGRN KO mice compared to WT. Created with BioRender.com. 



In male PGRN KO mice, we found no significant differences with genotype in peripheral monocytes, but in the brain, we found increased CD44 levels on Ly-6C-expressing monocytes. The CD44 glycoprotein facilitates circulating immune cell adhesion and extravasation (41), and its expression on monocytes increases with monocyte activation in response to proinflammatory stimuli (42). It has also been implicated in monocyte differentiation and subsequent inflammatory and phagocytic activity (43–45). This finding indicates that monocytes in the brains of aged male mice lacking PGRN are in a more highly activated state than are monocytes in their WT counterparts. Similarly, while fewer microglia were found in male PGRN KO brains, those cells also expressed higher levels of a microglial activation marker, MHC-II. As activated monocytes and microglia have been identified as mediators of neurodegeneration, our findings suggest that aged PGRN-deficient males may be at increased risk for neuropathology. This risk may be further heightened by increased numbers of CNS-associated CD8+ T cells in PGRN KO males. T cell activation and infiltration in the brain have been documented in different neurodegenerative diseases (46), and immune interactions between T cells and myeloid cells, such as microglia, are well known (47). We posit that the pro-inflammatory and cytotoxic activity of T cells, in addition to myeloid cells, is likely to contribute to neuron damage and degeneration in disease states. In the peripheral blood of male PGRN KO mice, we detected higher expression of CD44 on CD8+ T cells. As in myeloid cells, CD44 on lymphocytes helps facilitate their migration to inflamed tissues (48), and CD44 has been shown to be upregulated in activated T cells that are undergoing infiltration (49). Here we report that PGRN deficiency in aged males was associated with increased activation and infiltration of CD8+ T cells into the CNS.

While PGRN loss in aged males was associated with immunological changes that are likely to promote neurodegeneration, these effects were not observed in PGRN KO females. While in the blood of PGRN KO females relative to WT there was an increased frequency of Ly-6Chi monocytes, cells which can be recruited to and differentiate into effectors in sites of inflammation (50), there was no evidence of increased monocyte infiltration or activation in their brains. Brain monocytes in PGRN KO females relative to WT females expressed lower levels of MHC-II, which is upregulated under inflammatory conditions (51). Like males, PGRN KO females had fewer microglia compared to WT, but unlike in male mice, the loss of PGRN was not associated with increased microglial activation markers. In further contrast with the males, PGRN KO females had reduced expression of CD44 on peripheral blood T cells compared with WT females and no signs of increased CNS-associated T cells.

To our knowledge, this study is the first to report sex-specific differences in central and peripheral immune cells resulting from PGRN deficiency in an aged animal model. Modulation of Grn expression in the rodent brain by sex hormones has been reported (52), and in humans, there are known sex differences in the prevalence of neurodegenerative conditions such as FTD-GRN, AD, and PD (53–55). It is reasonable to consider, then, that mutations impacting PGRN levels may have differential immunomodulatory effects by sex. For instance, we found that, in advanced age, the microglial activation, which has been previously reported in PGRN KO mice (56), appears to be restricted to males. This could be related in part to broader sex differences in immune regulation. Differences in the transcriptomic profiles of microglia have been described in mice, with inflammatory processes over-represented in male microglia and neuroprotective mechanisms in female microglia (57–59).

We also investigated the potential role of GPNMB in producing sex-specific immune phenotypes associated with PGRN loss. GPNMB is an immunomodulatory glycoprotein with significantly altered expression in the context of PGRN deficiency in both rodent models and human disease states (18, 23, 56). While these studies have reported increased GPNMB levels, we again found that this phenotype was sex specific. GPNMB was upregulated in female PGRN KO microglia, but male PGRN KOs had fewer activated (MHC-II+) microglia with detectable levels of GPNMB as well as fewer GPNMB+ monocytes, neutrophils, and dendritic cells in the brain and fewer GPNMB+ Ly-6C+ monocytes in peripheral blood. The majority of studies agree that GPNMB functions as a negative regulator of inflammatory activity in myeloid cells, suppressing activation, limiting gliosis, and promoting phagocytosis and tissue repair (24–26, 60–62). GPNMB, expressed most highly on antigen-presenting cells, can also bind T cells, and this interaction suppresses T cell activation and proliferation (63). All these activities promote GPNMB-associated protection of neurons from immune-mediated damage and degeneration (24). The increase in GPNMB+ microglia in female PGRN KOs and the decrease in GPNMB+ myeloid cells in the brain and the peripheral blood in male PGRN KOs relative to WTs is consistent with the pro-inflammatory and potentially neurotoxic immunophenotypes that we observed only in PGRN KO males in this study. Together, these findings support a model in which PGRN serves as a neuroprotective protein against aging-associated immune-mediated neurodegeneration in males, facilitated mechanistically by regulation of GPNMB levels in myeloid cells. Whereas we hypothesize that GPNMB is involved in driving the specific phenotypes observed in PGRN deficient mice, there might be other chemotactic factors metabolized within lysosomes responsible for the potentially cytotoxic phenotypes observed in this study, particularly in male PGRN deficient mice. In this context, sphingosine-1-phosphate (S1P1) is involved in T cell recruitment and infiltration in brain tumors (64) and in acute ischemic stroke (65). In addition to this, S1P1 is also involved in neurodegeneration, where its deficiency contributes to amyloid or alpha-synuclein aggregation (65, 66), enhancing the risk to develop AD and/or PD. Together, this opens up the possibility that S1P1 could be involved in the T cell infiltration phenotypes observed in male PGRN deficit mice and could contribute to the neuronal loss characteristic of neurodegenerative diseases such as AD and PD, furthering the importance of uncovering a potential mechanistic link between PGRN and S1P1.

Taken together, our findings indicate that (i) PGRN is an important regulator of immune homeostasis in the periphery as well as the brain and particularly in males, and (ii) PGRN loss induces sex-specific changes in GPNMB levels in myeloid cells, which help permit or prevent amplification of pro-inflammatory immune responses. Additional studies will be needed to address whether PGRN and GPNMB act as partners in modulating immune responses by, for example, investigating the consequences and mechanisms involved in sexually dimorphic immune responses associated with PGRN and GPNMB deficiency. The current and future studies will lay the foundation to investigate the molecular mechanisms underlying the role of PGRN in other chronic inflammatory neurodegenerative diseases where dysregulation of the central-peripheral immune crosstalk may contribute to disease etiology and or progression.
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 Supplementary Figure 1 | Immunophenotyping gating strategy for splenocytes and PBMCs. (A) Total splenocytes or PBMCs were gated from total events based on FSC-A and SSC-A. Single cells were gated out based on FSC-A and FSC-H. Live cells were gated and CD45+ cells gated. B cells and T cells were identified based on CD19 and CD3 expression, respectively, and T cells were further gated into CD4 and CD8 populations. (B) Total splenocytes or PBMCs were gated from total cells based on FSC-A and SSC-A. Single cells were gated out based on FSC-A and FSC-H. Live cells were gated and CD45+ cells gated. Neutrophils were identified based on Ly6G expression, and CD11b+/Ly6G- populations gated on Ly6C and F4/80 to identify monocytes and macrophages, respectively. PGRN fluorescence intensity in myeloid cells (C) and B cells and T cells (D) was assessed in both wild-type and PGRN KO animals in order to confirm antibody specificity and set gates to identify PGRN+ cells. 

 Supplementary Figure 2 | Immunophenotyping gating strategy for PBMCs. PBMCs were gated from total events based on FSC-A and SSC-A. Single cells were selected based on FSC-A and FSC-H. Live cells were identified based on absence of dead cell stain, and CD45+ immune cells were selected. B cells were identified as CD19+ MHC-II+, and T cells by CD3 expression further divided into CD4 and CD8 populations. Neutrophils were identified based on Ly6G and CD11b expression, and CD11b+ Ly6G- populations were gated on Ly6C and MHC-II to distinguish populations of monocytes. 

 Supplementary Figure 3 | Immunophenotyping gating strategy for immune cells isolated from brain. Putative immune cells were gated from total events based on FSC-A and SSC-A. Single cells were selected based on FSC-A and FSC-H. Live cells were identified based on absence of dead cell stain. Lymphocytes were identified as CD45+ CD11b- cells. B cells were identified as CD19+ MHC-II+, and T cells by CD3 expression further divided into CD4 and CD8 populations. Microglia were distinguished from other CD11b+ myeloid populations in the brain based on CD45 expression. Neutrophils were identified based on Ly6G expression, and CD11b+ Ly6G- populations were gated on Ly6C and MHC-II to distinguish populations of monocytes. 

 Supplementary Figure 4 | GPNMB gating strategy for immune cells isolated from brain. Putative immune cells were gated from total events based on FSC-A and SSC-A. Single cells were selected based on FSC-A and FSC-H. Live cells were identified based on absence of dead cell stain. Lymphocytes were identified as CD45+ CD11b- cells. B cells were identified as CD19+ MHC-II+, and T cells by CD3 expression further divided into CD4 and CD8 populations. Microglia were distinguished from other CD11b+ myeloid populations in the brain based on CD45 expression. Neutrophils were identified based on Ly6G expression, and among CD11b+ Ly6G- cells, CD11c+ cells were categorized as dendritic cells while CD11c- cells were gated on Ly6C and MHC-II to distinguish populations of monocytes. Geometric mean fluorescence intensity (GMFI) of GPNMB was evaluated in each cell population. 

 Supplementary Figure 5 | GPNMB gating strategy for PBMCs. PBMCs were gated from total events based on FSC-A and SSC-A. Single cells were selected based on FSC-A and FSC-H. Live cells were identified based on absence of dead cell stain, and CD45+ immune cells were selected. B cells were identified as CD19+ MHC-II+, and T cells by CD3 expression further divided into CD4 and CD8 populations. Neutrophils were identified based on Ly6G and CD11b expression, and among CD11b+ Ly6G- cells, CD11c+ cells were categorized as dendritic cells while CD11c- cells were gated on Ly6C and MHC-II to distinguish populations of monocytes. Geometric mean fluorescence intensity (GMFI) of GPNMB was evaluated in each cell population. 
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Cell adhesion molecules (CAM) are crucial in several pathological inflammation processes in Alzheimer’s disease (AD). However, their potential for clinical diagnostics remains unknown. The present investigation evaluated the clinical significance of ALCAM, VCAM-1, NCAM, and ICAM-1 levels in the plasma of participants with cognitive impairment (44 patients with mild cognitive impairment, 71 patients with Alzheimer’s dementia, and 18 patients with other dementia) and 28 controls with normal cognitive ability. We also detected plasma levels of multiple inflammatory factors (IFN-gamma, IL-18, IL-1beta, IL-13, IL-8, IL-7, CCL11, MCP-1, TSLP, IL-10, BDNF, IL-17, IL-5, TREM-1) using Multiplex liquid chip and plasma levels of Abeta1-42 and Abeta1-40 using liquid-phase flow cytometry (FCM). Our findings demonstrated a correlation of ALCAM and VCAM-1 with age, the severity of cognitive decline, and MTA, but no significant difference between groups for NCAM and ICAM-1. ALCAM and VCAM-1 both demonstrated a positive correlation with the degree of atrophy in the medial temporal lobe structure. Further analysis revealed no significant correlation in plasma between VCAM-1, ALCAM and Abeta1-40, Abeta1-42. Nevertheless, there was a significant correlation between VCAM-1, ALCAM and many inflammatory factors. Furthermore, the predictive value of ALCAM and VCAM-1 for AD was assessed using a multi-parameter regression model. ALCAM and VCAM-1 in combination with ApoE4, education, age, and MMSE could predict AD with high precision (AUC=0.891; AIC=146.9) without imaging diagnosis. ALCAM and VCAM-1 combination improved the predictive accuracy significantly. In a nutshell, these findings revealed ALCAM and VCAM-1 as reliable indicators of Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is the most common dementia worldwide, with an age-standardized prevalence rate of roughly 5.7% for individuals over 60 years old. With the subtle progression of AD, patients already find themselves in the middle or late stages by the time they seek therapy, and it is difficult to delay AD deterioration. As a result, early detection, diagnosis, and treatment are critical to delaying the onset or progression of AD and lowering its incidence. Screening patients with Mild Cognitive Impairment (MCI) in the population with chronic cognitive decline can considerably benefit the early detection and prevention of AD (1). Current medical research is thus focused on developing low-cost, non-invasive, and readily accessible methods for early detection. Much effort must be expended in developing clinically feasible detection indicators, popularizing them more successfully, and making them valuable supplementary diagnostic markers (2, 3).

The three primary procedures for diagnosing Alzheimer’s disease are neuropsychological testing, imaging examinations, and biomarker detection (3, 4). Biomarkers can also shed light on specific biological changes in AD. Several biomarker detection methods have been developed today. Amyloid protein Abeta1-42/1-40 (5) and Tau-217 in cerebrospinal fluid (2, 6) have been identified as AD biomarkers. Nevertheless, it is difficult to popularize these detection methods in clinical applications due to their invasion, and they may not be utilized as a standard screening test. With advancements in detection technology, Abeta1-42/1-40, p-Tau218, p-Tau181, and Neurofilament Light Chain (NfL) may now be detected in peripheral blood (7, 8). However, all of these markers must exceed a pg/ml level. Clinical detection approaches, on the whole, fall far short of this degree of precision. In addition, they are costly and time-consuming. It is important to highlight that, while neuroimages can be incredibly useful for detecting dementia, they also have some limitations, particularly if the patient is cooperative and there are no metal compounds in the body. PET-CT is also limited in its application due to its high cost and radioactivity. Therefore, finding new biomarkers or auxiliary diagnostic procedures that can be employed in clinical practice is urgently needed.

Cell adhesion molecules (CAMs) (9–11) are membrane-surface glycoproteins that promote cell-to-cell adhesion as well as cell-to-extracellular matrix adhesion. They are members of the immunoglobulin superfamily (IGSF) and have a variety of physiological functions. Studies have implicated adhesive proteins in multiple pathological linkages of AD, including amyloid plaque degradation, diffusion, and inflammation (12–14). The vascular cell adhesion molecule 1 (VCAM-1) (15) is found on the surface of many different types of cells, including active endothelial cells and macrophages (16). White blood cells contain a ligand, which stimulates them to traverse the vascular endothelium and aggregate toward inflammation. Previous research confirmed that the new role of the hippocampus VCAM-1 in brain aging regulation was directly related to cognitive processes (16). It has also been shown that VCAM-1 in plasma of AD patients is higher than MCI, and this relationship is related to multiple cerebrospinal fluid components (17). Nerve cell adhesion molecule (NCAM) (10) is a glycoprotein found on the cell membrane that regulates axon/dendrite growth, branching, synaptic extension, shape, and cognitive processes (18). It could be the neurobiological basis of AD learning and memory dysfunction. As one of the adhesion structures, activated leukocyte cell adhesion molecule (ALCAM) (19), positioned at the cell junction in the epithelium, can maintain tissue structure stability. Intercellular adhesion molecule 1 (ICAM-1) (11), an inflammatory factor secreted by vascular endothelium, can mediate platelet, white blood cell, and vascular endothelial adhesion. Although it is expressed at low levels in normal cells and tissue, it is rapidly up-regulated once the inflammatory reaction begins. As a result, it plays a critical role in the inflammatory response process.

Whilst all the above-mentioned adhesion molecules are potentially implicated in AD pathogenesis, their diagnostic value as auxiliary markers remain elusive. The present work purposed to evaluate the association between these adhesion molecules and the severity of AD and the level of inflammation. Moreover, their predictive value in clinical practice is assessed. A clinical application of CAMs as auxiliary diagnostic markers is also evaluated to establish whether their combination could improve predictive accuracy.



Methods


Study participants

This study enrolled 71 patients with Alzheimer’s disease (AD), 44 patients with mild cognitive impairment (MCI) (20), 18 patients with other dementia (OD) and 28 healthy people (Normal control, NC) screened and diagnosed in the First Affiliated Hospital of Shantou University Medical College between January 2021 and November 2022. All experiments were performed with the informed and overt consent of each participant in accordance with the Clinical Ethics Committee of The First Affiliated Hospital of Shantou University Medical College (2020-115-XZ2, B-2022-232). Clinical screening, cognitive function evaluation, and imaging examination were used to diagnose AD according to the revised version of the NINCDS-ADRDA criteria proposed by the International Working Group (IWG) in 2007 (21). Exclusion criteria included a clinical stroke history three months before admission, an MRI confirmed regional infarction, autoimmune or systemic inflammatory diseases, malignant tumors, and treatment with NSAIDs or steroids as these may influence circulating CAM levels (15, 22).



Demographic data

All participants were recruited from Shantou, Guangdong Province, China, accompanied by their families, who consented to provide relevant information, including age, gender, and education level, while also accepting the corresponding inspection.



Cognitive test

In addition to routine outpatient consultations, we administered cognitive tests to all participants using the locally adapted 30-point Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) (23, 24). Participants were tested in the language they were most comfortable with. The test sequence started with the MMSE, followed by each participant in the MoCA. The MMSE had five subsections (Orientation, Reg indication, Recall, Attention, Calculation, Language, and Praxis). MoCA was divided into seven subsections (Visuospatial/Executive, Naming, Memory and Delayed recall, Attention, Language, Abstraction, and Orientation). The equivalent chapters on “direction” and “sequence subtraction from the beginning” of the two tests were only tested once to avoid familiarity responding to the task in MMSE. Participants were permitted to use personal visual aids (such as glasses). The test was conducted in a room with sufficient light and sound insulation room to facilitate satisfactory face-to-face dialogue.



Apolipoprotein E genotype analysis

The patients fasted for 8 hours overnight, and blood was collected from their anterior elbow vein into a vacuum tube containing EDTA for DNA extraction. Genotyping was then performed using snapshot SNP typing. rs429358 and rs7412 at exon 4 of the ApoE gene were sequenced to determine ApoE alleles and genotypes. Furthermore, ApoE status was defined as having one or more copies of ϵ2, ϵ3 and ϵ4, whereas ApoE ϵ4 positive status (ApoE4) was validated as having ϵ4/ϵ4; ϵ3/ϵ4, or ϵ2/ϵ4 (25–28). In the experimental steps, 2 ml anticoagulant peripheral venous blood was collected to extract leukocytes. Genomic DNA was extracted from blood samples using the silicon matrix adsorption column method for PCR amplification of target genes, and PCR products were purified. Sequencing and subsequent analysis were performed following the snapshot extension reaction. The following primer sequences were used for genotyping: rs429358-F: AATCGGAACTGGAGGAACAAC; rs429358-R: GATGGCGCTGAGGCCGCGCTC; rs7412-F: AATCGGAACTGGAGGAACAAC; rs7412-R: GATGGCGCTGAGGCCGCGCTC.



Clinical chemistry analysis

Cell adhesion molecules (CAMs: ALCAM, VCAM-1, NCAM, ICAM-1) and inflammatory factor (IFN-gamma, IL-18, IL-1beta, IL-13, IL-8, IL-7, CCL11, MCP-1, TSLP, IL-10, BDNF, IL-17, IL-5, TREM-1) in plasma of the participants was detected using the multiple liquid chip technology. The plasma levels of Abeta1-42 and Abeta1-40 were detected by liquid-phase flow cytometry (FCM). Differences between CAMs were determined by comparing the natural logarithm (LN) of their concentrations.



MRI and visual rating scales

A 1.5T MRI scanner was used to scan T1 weighted hippocampal sequence. The Medial Temporal Atrophy (MTA) scale is based on T1 weighted images (29). MTA has been proven in prospective studies in non-demented subjects to predict future dementia, particularly in general and Alzheimer’s disease (30, 31). The MTA scale ranks the degree of atrophy in the hippocampus, parahippocampal gyrus, entorhinal cortex, and the surrounding cerebrospinal fluid spaces from 0 to 4.



Data analysis

All statistical analyses were performed with the R statistical software (Version R4.2.1) and the R studio interface (Version 2022.07.0).

The relationship between the four CAMs was compared in all participants using the Kruskal-Wallis test (a nonparametric method for testing whether two or more samples originate from the same probability distribution). Furthermore, the correlation of CAM with clinical index (Demographics data, Cognitive test, and MTA) was examined in all subjects. The potential link between ALCAM, VCAM-1, and AD was evaluated based on the correlations between ALCAM, VCAM-1 and Abeta1-42, Abeta1-40, and inflammatory factors.

To give full play to the value of ALCAM and VCAM-1 in AD diagnosis, all participants were divided into a training set and test set at 7:3 (114:47) at random. ALCAM, VCAM-1, Demographics (Education, Age, Gender), Plasma Biomarker (ApoE4), and Cognitive Test (MMSE, MoCA) were all merged to develop a two-way stepwise logistic regression model. AIC (Akaike information criterion, a standard to measure the goodness of statistical model fitting) was gradually reduced until the best model was obtained. The bootstrap-resampling method was used for internal verification in the training set. The resampling number was set to 1000, to generate the Nomograms. The same method was used for external verification of the test set, and the calibration curve of the best model was generated.




Results


Increase in plasma ALCAM and VCAM-1 levels is positively linked to the severity of the cognitive decline

This study enrolled 131 patients with cognitive dysfunction, including 71 patients with AD, 44 patients with MCI, and 18 patients with other dementias (OD). In addition, 28 healthy people (Normal control, NC) were enlisted. All participants were clinically diagnosed after the outpatient clinical screening, cognitive function assessment, and imaging. Table 1 shows a significant difference in age, education, MMSE, MoCA, and the ApoE4 carrier ratio between AD and non-AD (MCI, OD, and NC). Alzheimer’s disease patients were the oldest (72.0 ± 9.01 years) and the least educated (6.75 ± 4.47 years). They also had the lowest MMSE (13.5 ± 8.46) and MoCA (9.73 ± 7.0) scores, but with ApoE4 carrier ratio (47.9%).


Table 1 | Basic characteristics of study participants: This study recruited 71 patients with Alzheimer’s disease (AD), 44 patients with mild cognitive impairment (MCI), 18 patients with other dementia (OD), and 28 healthy people (Normal control, NC).



To understand the changes in plasma CAMs, we detected some of their adhesion molecules, including ALCAM, ICAM-1, NCAM, and VCAM-1 (Supplementary Table 1). There was a substantial variation in CAM expression between the four groups, which has been linked to AD. First, the relationship between the four CAMs was compared in all populations using the Kruskal-Wallis test; the analysis revealed that ALCAM (p<0.001) and VCAM-1 (p<0.001) exhibit significant differences across the four groups. Next, we compared the differences between the two groups. As illustrated in Figure 1, plasma ALCAM levels differed between NC and AD (p<0.001) and MCI and AD (p<0.001). However, no significant differences were recorded in ALCAM between AD and OD (Figure 1A), as well as in the plasma ICAM-1 between the two groups (Figure 1B). The findings also revealed that AD patients had higher levels of NCAM than OD patients (p<0.05), but not MCI or NC (Figure 1C). Plasma VCAM-1 level of AD patients was higher than in MCI (p<0.001), NC (p<0.001), and OD patients (p<0.05) (Figure 1D). Furthermore, VCAM-1 and ALCAM levels in AD peripheral blood were found to be higher than in other groups. VCAM-1 and ALCAM levels were higher in the peripheral blood of AD patients than in other groups, making it beneficial for the differential diagnosis of AD.




Figure 1 | The relationship of Plasma CAMs in different groups: ALCAM (Kruskal-Wallis test, p<0.001) and VCAM-1 (Kruskal-Wallis test, p<0.001) demonstrated significant differences among the four groups. Plasma ALCAM was different between NC and AD (p<0.001), and between MCI and AD (p<0.001). (A) There were no significant differences in ALCAM between AD and OD. (B) There was no significant difference in the plasma ICAM-1 between the two groups. (C) Patients with AD had a higher level of NCAM than OD (p<0.05) but not MCI or NC. (D) A higher level of VCAM-1 was reported in the plasma of AD patients than in MCI (p<0.001), NC (p<0.001), and OD (p<0.05). *Y-axis represents the natural logarithm (LN) of CAM concentration.



To determine the clinical correlation, we compared plasma CAMs with MMSE, MoCA, and age in all subjects. VCAM-1 and ALCAM were negatively correlated with cognitive functions and age (Figure 2). Higher levels of VCAM-1 and ALCAM were associated with a lower MMSE score (VCAM-1: r=-0.28, p<0.001, ALCAM: r=-0.35, p<0.001), lower MoCA score (VCAM-1: r=-0.36, p <0.001, ALCAM: r=-0.36, p<0.001) and an older age (VCAM-1: r=0.21, p=0.0085, ALCAM: r=0.16, p=0.0018). In addition, we investigated their (VCAM-1 and ALCAM) correlation with MTA in all groups, which is a critical index for assessing the degree of atrophy in the medial temporal lobe (Supplementary Table 1). The analysis revealed that they were significantly negatively correlated with MTA score (Figure 3: VCAM-1: r= 0.38, p<0.001, ALCAM: r= 0.35, p<0.001). The findings suggest that both adhesion molecules could be used to predict disease severity. The higher the plasma concentration of ALCAM and VCAM-1, the higher the atrophy of the medial temporal lobe structure. However, neither ICAM-1 nor NCAM could correlate significantly with the clinical index (MMSE, MoCA, MTA, Age).




Figure 2 | The correlation between four CAMs and Demographics data, Cognitive test (MMSE, MOCA) in all participants: Spearmen correlation analysis revealed a correlation of ALCAM with Age (r=0.16, p=0.0018<0.05), MMSE (r=-0.35, p<0.001), MoCA (r=-0.36, p<0.001), whereas VCAM-1 was correlated with Age (r=0.21, p=0.0085<0.05), MMSE (r=-0.28, p<0.001), MoCA (r=-0.36, p <0.001). * The curve at the lower left corner represents the fitting curve of two factors, the value at the upper right corner represents the correlation coefficient (r -value) of two factors, * represents the significance of correlation (“***”: p-value<0.001, “**”: p-value<0.01, “*”: p-value<0.05, “ “: p-value>0.05), and the diagonal represents the histogram of single factor and corresponding curve.






Figure 3 | The correlation between ALCAM, VCAM-1, and MTA in all participants: (A) Spearmen correlation analysis revealed a significant correlation of ALCAM with MTA (r=0.38, p<0.001). (B) Spearmen correlation analysis revealed a significant correlation of VCAM-1 with MTA (r=0.35, p<0.001). * The blue line represents the fitting line. Shadows represent a 95% confidence interval.





Plasma levels of VCAM-1 and ALCAM in plasma are correlated with inflammatory factors

Abeta1-40 and Abeta1-42 detection in the plasma of AD was performed to reveal the link between VCAM-1 or ALCAM and pathological changes and investigate their potential predictive mechanisms in AD (Supplementary Table 2). Plasma VCAM-1 and ALCAM had no significant correlation with plasma Abeta1-40, Abeta1-42, or ratio of Abeta1-42 to Abeta1-40 (Abeta1-42/Abeta1-40) (Figures 4A–F).




Figure 4 | The correlation between ALCAM, VCAM-1, and Abeta1-40, Abeta1-42, Abeta1-40/Abeta1-42 in participants with AD:  (A–C) Spearmen correlation analysis demonstrated that VCAM-1 was not significantly correlated with Abeta1-42 (p-value > 0.05, A), Abeta1-40 (p-value > 0.05, B) and Abeta1-40/Abeta1-42 (p-value > 0.05, C). (D–F) Spearmen correlation analysis demonstrated that ALCAM was not significantly correlated with Abeta1-42 (p-value > 0.05, D), Abeta1-40 (p-value > 0.05, E) and Abeta1-40/Abeta1-42 (p-value > 0.05, F).



Moreover, we detected several inflammatory factors in the plasma of AD, including IFN-gamma, IL-18, IL-1beta, IL-13, IL-8, IL-7, CCL11, MCP-1, TSLP, IL-10, BDNF, IL-17, IL-5, and TREM-1 (Supplementary Table 2). VCAM-1 and ALCAM were significantly correlated with several inflammatory factors in plasma (Figure 5A). Through Spearman correlation analysis, ALCAM was shown to be significantly correlated with IFN-gamma (r=0.58, p<0.001), IL-18 (r=0.37, p<0.001), IL-1beta (r=-0.37, p<0.001), IL-13 (r=0.31, p<0.001), IL-8 (r=-0.31, p<0.001), and IL-7 (r=-0.31, p<0.001) (Figure 5B). Meanwhile, VCAM-1 was significantly correlated with IL-1beta (r=-0.3, p<0.001), IL-18 (r=0.27, p<0.001), IL-7 (r=-0.28, p<0.001), TSLP (r=-0.27, p<0.001) (Figure 5C). These data indicate that CAMs may reflect a pathological inflammatory state, which could serve as a critical index for predicting AD severity.




Figure 5 | Differences in the correlation between ALCAM, VCAM_1, and inflammatory factors in participants with AD: (A) Spearman correlation analysis revealed an association of ALCAM with IFN-gamma, IL-18, IL-1beta, IL-13, IL-8, IL-7, CCL11, MCP-1 and TSLP. VCAM-1 was correlated with IL-1beta, IL-18, IL-7, TSLP, IFN. gamma, and CCL11. (B) ALCAM was significantly correlated with IFN- gamma (r=0.58, p<0.001), IL-18 (r=0.37, p<0.001), IL-1beta (r=-0.37, p<0.001), IL-13 (r=0.31, p<0.001), IL-8 (r=-0.31, p<0.001), and IL-7 (r=-0.22, p<0.001). (C) VCAM-1 was significantly correlated with IL-1beta (r=-0.3, p<0.001), IL-18 (r=0.27, p<0.001), IL-7 (r=-0.28, p<0.001), and TSLP (r=-0.27, p<0.001). * represents the significance of correlation (“***”: p-value<0.001, “**”: p-value<0.01, “*”: p-value<0.05, “ ”: p-value>0.05).





Clinical Predictive Value of VCAM-1 and ALCAM

Previous findings revealed that VCAM-1 and ALCAM were useful in the differential diagnosis of AD. In this view, we employed VCAM-1 and ALCAM as independent predictors. To predict AD, multiparameter regression analysis was performed with demographics (age, gender), cognitive test (MMSE, MoCA), ApoE4 genotype, ALCAM, and VCAM-1. The most predictive single variable or multiple variable combinations for AD diagnosis were also compared. AIC was gradually reduced by two-way stepwise regression (Table 2). Eventually, the best model was developed, based on the combination of ApoE4, age, education, MMSE, VCAM-1, and ALCAM (AUC: 0.891, AIC: 146.9, Model 1) (Figure 6). ALCAM and VCAM-1 contributed the most to the best prediction model. ALCAM and VCAM-1 solely had an AUC of 0.832 (Model 6) in AD prediction, which was higher than the results of the basic model (age, education, MMSE, and ApoE4) (AUC: 0.827, AIC: 173, Model 5). ALCAM and VCAM-1 combination with traditional information yielded a significantly higher predictive value (Supplementary Figure 1A, p=0.012<0.05). The best model was more accurate than the basic model (Supplementary Figure 1B, p=0.006<0.05). The AUC of the best model was nearly similar to the combined MTA scale of the basic model (Supplementary Figure 1C, p=0.128>0.05). These findings suggested that the model combined with VCAM-1 and ALCAM (Model 1, the best Model)could accurately predict AD even without MRI data.


Table 2 | Parameters of each model under two-way stepwise logistic regression: Area under curve (AUC), Akaike information criterion (AIC), and the P value of statistical difference compared with Model 5 (p-VALUE).






Figure 6 | Compound ROC curve of all types of models. CAMs (ALCAM, VCAM-1) were combined with demographics (Education, Age), plasma biomarker (ApoE4), and cognitive tests (MMSE, MoCA) to establish a new diagnostic model. AIC (Akaike information criterion) was gradually reduced through two-way stepwise logistic regression. The best model, integrating ApoE4, Age, Education, MMSE, VCAM-1, and ALCAM (AUC:0.891, AIC 146.9), and a compound ROC curve were eventually generated. Purple shadow represents the basic model, integrating ApoE4, age, education, and MMSE (AUC:0.827, AIC 173). * Y-axis of the ROC curve represents the value of sensitivity, and X-axis represents the value of 1 minus Specificity (1-Specificity).



Finally, we used the parameters in the best model (ApoE4, age, education, MMSE, VCAM-1, and ALCAM) to construct a personalized risk prediction model for AD. The enrolled subjects were divided into training and test sets in a 7:3 ratio (114/47); internal verification was performed with a bootstrap-resampling approach within the training set. Resampling was set to 1000 to generate Nomograms (Figure 7A). A similar method was employed for external verification of the test set, and a calibration curve of the best model was generated. Intriguingly, the top prediction model had the best predictive probability (Figure 7B).




Figure 7 | (A) The Nomogram of the best model. Each indicator is the collected measured value (below the indicator frame), which is converted into the corresponding score according to the color and color legend (upper right). The total score is obtained by adding all factors, and the corresponding forecast risk below is converted into the specific forecast probability. (B) The calibration curve of the training set and test set: Patients were divided into the training set and test set according to 7:3 (114:47), followed by internal verification with the bootstrap resampling method within the training set. The number of resampling was set to 1000. External verification was performed with the same method for the testing set, and a calibration curve of the best model was generated. The X-axis represents the prediction probability, the Y-axis represents the observation probability, and the black dotted line represents the ideal curve. The yellow dotted line represents the actual observation curve of the training set, the red solid line represents the calibration curve of the training set (n=114, Mean absolute error=0.051, Mean squared error=0.0041, 0.9 Quantity of absolute error=0.105), the blue dotted line represents the actual observation curve of the test set, and the green solid line represents the calibration curve of the test set (n=47, Mean absolute error=0.061, Mean squared error=0.00576, 0.9 Quantity of absolute error=0.124).






Discussion

This study looked into four different CAM types. ALCAM and VCAM-1 may aid in differential diagnosis based on a correlation analysis with clinical indicators. The composite prediction model of ALCAM, VCAM-1, age, education, ApoE4, and MMSE was demonstrated to have a higher prediction accuracy for AD. This prediction model is of great promise as it can achieve the same prediction accuracy in the absence of imaging diagnosis. In view of these findings, ALCAM and VCAM-1 met the requirement for biological markers in large-scale screening tests.

Inflammation is heavily linked to the onset and progression of AD, an age-related neurodegenerative disease (14, 32). Inflammation is evident in brain tissue, cerebrospinal fluid, and peripheral blood. Previous evidence indicates that traditional biomarkers are largely associated with amyloid plaques or Tau protein phosphorylation, and inflammation in AD is rarely used as a diagnostic tool (20, 28). The model based on cell adhesion molecules exhibited a comparable prediction value to the classic MRI-based AD model. These findings strongly demonstrated that cell adhesion molecules could be employed in the future for clinical differential diagnosis of AD.

ALCAM is predominantly expressed in leukocytes and thymic epithelial cells. It binds to the lymphocyte antigen CD6 and interacts with inflammatory factors to mediate immune cell adhesion and regulate T-cell development and function (33). ALCAM has previously been utilized to evaluate tumor invasiveness and immunity; however, it has received little attention in AD research (34). Until recently, only one study has linked the expression of ALCAM-coding genes to AD. Our research group was the first to note a link between plasma ALCAM expression and AD. While our evidence was circumstantial and did not establish causation, this finding reflected the role of peripheral inflammatory factors in AD progression. Moreover, the VCAM-1 protein has also been extensively investigated in AD and it is thought to play a role in T-cell invasion and inflammatory responses (35–37). In the present work, we found a strong correlation of VCAM-1 protein with cognitive functions and the degree of medial temporal lobe atrophy. VCAM-1 had a higher predictive value in AD from this standpoint; however, our data demonstrated that ALCAM had a stronger contribution to AD prediction than VCAM-1. The traditional prediction model had a higher predictive value after merging the parameters of VCAM-1 and ALCAM. As a result, different CAMs indicate different inflammatory pathological processes, and combining them can provide a more comprehensive view of ‘the inflammatory state of AD. Plasma inflammatory factors are expected to vary substantially in response to other clinical stimuli, and their specificity remains unknown. Additionally, because they are generally low in concentration, sensitive detection methods such as mass spectrometry is warranted. As a result, utilizing inflammatory factors to predict AD may be not suitable. Plasma CAM could be used to predict AD.

The limitation of this experiment was that the predictive value of adhesion molecules was evaluated by clinical diagnosis; our clinical diagnosis model was based on clinical symptoms, neuropsychological assessment, and MRI (atrophy degree of medial temporal lobe structure). However, our subsequent study will test the accuracy of the CAM prediction model using a biomarker model (Clinical assessment, MRI, and biomarkers).

Cell adhesion molecules could be seen from our perspective as a screening indicator but not a diagnostic indicator. In other words, screening for patients with cognitive impairments was implemented to improve screening efficiency rather than to make a definitive diagnosis.

Our research preliminarily assessed the predictive accuracy and demonstrated its potential as a biological marker. Future research is anticipated to develop a basic tool for the differential diagnosis of AD.
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Excessive immune activation within the lesion site can be observed after stroke onset. Such neuroinflammation within the brain parenchyma represents the innate immune response, as well as the result of the additional interactions between peripheral and resident immune cells. Accumulative studies have illustrated that the pathological process of ischemic stroke is associated with resident and peripheral immunity. The infiltration of peripheral immune cells within the brain parenchyma implicitly contributes to secondary brain injuries. Therefore, better understanding of the roles of resident and peripheral immune reactions toward ischemic insult is necessary. In this review, we summarized the interaction between peripheral and resident immunity on systemic immunity and the clinical outcomes after stroke onset and also discussed various potential immunotherapeutic strategies.
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1 Introduction

Stroke is a disease with cerebral blood flow obstruction (ischemic stroke) or cerebral vascular rupture hemorrhage (hemorrhagic stroke) caused by a variety of factors (1). Among which, ischemic stroke accounts for approximately 87% and is the leading cause of mortality and morbidity (2). According to data from the World Health Organization (WHO), approximately 5 million people die of ischemic stroke worldwide each year, and about 1 million people lose their lives due to ischemic stroke in China each year (3, 4). Although tremendous efforts have been made with regard to therapeutic strategies, a number of treatments have not been successfully translated into clinical settings (5). This disappointing outcome indicates an insufficient understanding of the pathophysiology of ischemic stroke and emphasizes the need to determine the underlying mechanisms of the progression of brain injuries (6).

Numerous studies have revealed the activation of the innate and adaptive immune responses in the brain lesion of ischemic stroke. The stroke onset induces sustained immune reactions during both the acute and chronic phases. Accumulative evidence has revealed that neuroinflammation plays the predominant role in the progression of brain injury (7). A variety of harmful substances, including excessive cytokines/chemokines and reactive oxygen species (ROS), comprise the stroke-induced inflammatory cascade, which are responsible for the damaged vascular integrity, cell death, and secondary brain damage (8). However, rapid and optimal neuroinflammation is also indispensable in the subsequent process of injury repair and functional recovery (9). Such dual characteristics may be due to systemic conditions and the time-dependent role of immune reactions (9). Furthermore, regional and systemic immune responses present spatial and temporal functions during the different phases after stroke. In this review, we discuss the interaction between the peripheral and resident immune cells and summarize the immunotherapeutic strategies against ischemic stroke to better understand the role of immune reaction in the progression of stroke.



2 Resident and peripheral immune responses in ischemic stroke

The immune reactions within the brain parenchyma are distinguished from periphery immunity. In the past decades, accumulative evidence has revealed the link of immune responses between the brain and the periphery. With the physical defense of the blood–brain barrier (BBB), lymphatic drainage and antigen-presenting cells (APCs) are deficient, which makes the brain an immune-privileged organ (10–12). However, after the disrupture of the BBB, peripheral immune cells can move into the lesion sites. Cellular or soluble components within the central nervous system (CNS) are drained through the cerebrospinal fluid (CSF) into the deep cervical lymph node and induce further immune reactions. Such neuroinflammatory interaction will be intensified in a variety of neurological conditions, especially in stroke. It has been reported that peripheral immune cells can also be observed in the brain parenchyma after stroke onset (13). Therefore, it is necessary to fully examine the physiological interactions between the immune responses and brain injuries.

After stroke occurrence, harmful substances and peripheral antigens enter the brain parenchyma through the disrupted BBB, followed by the subsequent recruitment of immune cells into the lesion sites, resulting in activated neuroinflammation. Due to the influence of immune and neuroinflammatory reactions on the progression of injuries, mortality, and recovery from stroke, a better understanding of the compartmentalization and the links between the brain and peripheral immune reactions is necessary, which will facilitate the establishment of effective therapeutic strategies through immune-targeted approaches (Figure 1).




Figure 1 | Interaction between resident and peripheral immune cells in response to stroke. The distinction between resident and peripheral immunity is lost after the disruption of the blood–brain barrier (BBB). The resident microglia is then activated after recognition of the danger signals in the lesion sites and the release of pro-inflammatory cytokines. Additionally, the increase of adhesion molecules enables the migration and invasion of peripheral immune cells. Invading neutrophils, monocytes, and lymphocytes elicit neuroinflammation and influence the development of brain injury and the recovery process. Additionally, comorbidities occur with the chronic inflammatory status in peripheral circulation. Currently, various immune-based therapies have been established to improve the acute damage and recovery process in ischemic stroke.




2.1 Activated immune reactions in the brain after ischemic stroke

According to a previous study, the infiltration and the activation of immune cells caused by ischemic stroke are temporally and spatially regulated (14). The biological function of these immune cells depends on the microenvironment during the different phases after stroke onset. At the earliest phase, within hours of ischemic onset, the resident microglia and astrocytes are both remarkably activated, which is also maintained in the following weeks. In a previous longitudinal transcriptome analysis, the sustained innate and adaptive immune transcripts in the brain of patients with ischemic stroke were determined (15). A variety of harmful substances and excessive cytokines will further lead to a wide range of cell death. Of note is that the damage-associated molecular patterns (DAMPs) derived from damaged cells can be recognized by pattern recognition receptors (PRRs), which in turn activate further innate inflammatory reactions (16). Such activated immune cells accompanied by damaged cells release various inflammatory substances, which leads to the entry and infiltration of peripheral immune cells. In addition, the infiltration of peripheral immune cells can be observed at the acute, subacute, and recovery phases of ischemic stroke, indicating long-term immune reactions. However, the spatial and temporal patterns of immune trafficking during the recovery period are still not fully defined. Activation of the NLRP3 inflammasome is also strongly associated with immunotherapy after ischemic stroke. NLRP3 has been thought to be a key factor in neuronal injury after stroke. NLRP3 inflammasomes can produce large amounts of inflammatory factors after ischemic stroke, ultimately leading to neurological dysfunction and neuronal cell death (17). Targeting the upstream and downstream NLRP3 pathways has shown promise in the treatment of ischemic stroke (18).



2.2 Innate and adaptive immunity after ischemic stroke

Innate immunity represents the initial immune reaction to ischemic stroke onset, while peripheral immune cells can be observed within the brain parenchyma in the later phase (19, 20). According to a previous study based on experimental ischemic stroke models, peripheral immune cells can be detected in the lesion site after stroke and last for at least 7 days (21). Of these peripheral immune cells, neutrophils are the first invading cells into the brain parenchyma. Subsequently, monocyte-derived macrophages (MDMs), dendritic cells, and some other immune cells are found in the damaged sites after ischemic stroke (22). In the later stages, adaptive immunity will be activated, which features the infiltration of T and B lymphocytes within the brain parenchyma (23). Accumulative evidence has revealed the roles of the innate and adaptive immunity in the progression of stroke, even affecting the recovery stage. In this section, we will summarize the role of various immune cells after stroke onset.


2.2.1 Infiltrated neutrophils

Neutrophils are the first immune cells into the lesion site after ischemic stroke onset, which can be observed at 30 min and peak at 24–72 h post-stroke, decreasing over time (24, 25). The infiltration of neutrophils is considered a risk factor for poor outcomes, which accounts for the release of various mediators including metalloproteases (MMPs), ROS, and the pro-inflammatory interleukin-1 beta (IL-1β). Although the relationship between neutrophils and ischemic lesions is well recognized based on clinical trials and experimental studies, conflicting roles of neutrophils are still revealed in ischemic outcomes (26). There are two classical subtypes of neutrophils—neurotoxic phenotype and neuroprotective phenotype—the different polarized status of which is based on functional heterogeneity (27). Moreover, a variety of substances, including ROS, are produced, further inducing the release of pro-inflammatory cytokines and activating neuroinflammation (28). Additionally, the anti-inflammatory effects of neutrophils have also been reported through the degradation of pro-inflammatory substances, which is beneficial to brain recovery post-ischemic stroke. Neutrophils that present signs of alternative activation, which features the expressions of Arg1 and YM1, might be beneficial in the recovery from stroke. Cytotoxic neutrophils are generated through the activation of the TLR4 signal pathway, while myeloid-selective TLR4 knockout promotes the polarization of cytoprotective neutrophils and plays a neuroprotective function (29). Due to the functional heterogeneity of neutrophils, neutrophil manipulation may be a potential therapeutic strategy for patients with stroke.



2.2.2 Microglia and monocyte-derived macrophages

The microglia and MDMs are the dominant immune cells that produce and release a wide range of cytokines or chemokines with a peak at 3–7 days after stroke (30, 31). They play an essential role as the predominant innate immunity in the regulation of neuroinflammation after ischemic stroke onset. However, according to experimental studies, the microglia and MDMs also play a detrimental role in the progression of neuronal death (31). It is well known that the microglia and MDMs can release ROS and various inflammatory substances, which are cytotoxic and induce the progression of brain injury (32, 33). Moreover, enhanced phagocytosis of cells is closely related to brain damage after ischemic stroke. However, the removal of immunogenic intracellular contents and apoptotic cells can inhibit cytotoxicity and attenuate the progression of brain damage. Additionally, resident phagocytes within the brain parenchyma can take up infiltrated neutrophils, which have been revealed to be beneficial in the recovery from brain injury post-stroke. There is also conflicting evidence on the neuroprotective function of the microglia/macrophages after stroke. It has been demonstrated that, after depletion or inactivation of the microglia or MDMs, tissue repair will be inhibited, but the neuroinflammation and secondary brain injury will be accelerated, accounting for the presence of a variety of anti-inflammatory cytokines such as IL-10 and TGF-β (produced and secreted by the microglia and MDMs), which are responsible for tissue recovery (34). Additionally, several common biomarkers are localized in the microglia, which indicates the overlapping function of neuroinflammation and immune regulation. The dual function of mononuclear phagocytes depends on bidirectional polarization. Within the lesion site, the microglia and MDMs can be activated and polarized toward either the pro-inflammatory M1-like phenotype (classically activated subtype) or the anti-inflammatory M2-like phenotype (alternatively activated subtype) (35). The M1 phenotype comprises the pro-inflammatory immune cells that are responsible for ischemic damage and poor clinical outcomes, while the M2 phenotype contributes to the recovery after stroke through the release of various anti-inflammatory substances. The microglia can be polarized into different states within a few hours after stroke onset (36). In acute ischemia–reperfusion assays, the microglia is polarized from the M1 to the M2 phenotype by drugs that inhibit the secretion of pro-inflammatory cytokines and promote the expression of anti-inflammatory cytokines (36, 37). The M1 phenotype is pro-inflammatory and secretes IL-6, tumor necrosis factor (TNF), and IL-1β, which contribute to brain injury after stroke (38, 39). The M2 phenotype has anti-inflammatory effects and secretes anti-inflammatory cytokines such as IL-10, IL-4, and transforming growth factor beta (TGF-β), which further protect neurological function and improve prognosis after stroke (38, 40). The peak time points of cytokine expression differ in different cell polarization states. Promotion of the microglia M2 polarization is one method for exerting neuroprotective effects in ischemic stroke (41).



2.2.3 NK cells

Natural killer (NK) cells are important members of the innate immunity. NK cells can immediately respond to pathological insults after stroke onset without a prior activation period, which enhances neuroinflammation and further exacerbates brain injury. The expression of CXC3CR1 on NK cells is required for the recruitment of neutrophils, which is also dependent on the expression of interferon gamma (IFN-γ) (42). Moreover, according to a previous study, IFN-γ can be secreted from NK cells and recruit macrophages or dendritic cells, which are involved in secondary ischemic damage (13). However, there are also several conflicting reports on the biological role of NK cells in the progression of stroke. In 2014, Mracsko et al. demonstrated that the depletion of NK cells presented no beneficial effects after ischemic stroke in a rodent middle cerebral artery occlusion (MCAO) model (43). Furthermore, the administration of IFN-γ prolongs survival after stroke with the function of antibacterial infection rather than pro-inflammation (44).



2.2.4 T and B lymphocytes

Immediately after stroke onset, brain-derived antigens are generated from damaged cells and reach peripheral circulation. Subsequently, T and B lymphocytes will be stimulated in the spleen and lymph nodes. Compared with that of other immune cells, the infiltration rate of T lymphocytes into the lesion sites is relatively lower. Dead cells are taken up by phagocytes and present antigens, which induce the migration of T lymphocytes into the ischemic region within a few days after stroke (45). T lymphocytes have been demonstrated to show detrimental effects after stroke, while their depletion played a protective role in a rodent ischemic stroke model (46). Regulatory T cells (Tregs) are another predominant member of T lymphocytes that are also protective effectors in the progression of ischemic stroke. Tregs play a neuroprotective role after stroke onset through the release of various anti-inflammatory substances and through maintaining the BBB integrity (47). Tregs are locally expanded and are dependent on the activation of serotonin signaling. Their main role is the maintenance of immune homeostasis and the attenuation of the onset of overpowering immune responses (48). It has been shown that the number of Tregs in normal brain tissue is relatively low, whereas after ischemic stroke, a large number of Tregs accumulate in the brain and play a neuroprotective role until the chronic phase of stroke, which is essential for neurological recovery from ischemic stroke (49, 50). Tregs mainly infiltrate the brain 1–5 weeks after stroke and remain at high levels for about a month (51). In the acute phase, within 1 week after stroke, Tregs may reduce the inflammatory activation through the production of the anti-inflammatory cytokine IL-10 (52). The depletion of Tregs within 1 week after stroke can inhibit neural stem cell proliferation. During the chronic phase of stroke (after 1 week), a significant reduction in the number of Tregs was seen in mice treated with an inhibitor of T cells, and eventual neurological recovery was delayed (53). Therefore, increasing the number of Tregs is likely to be a reliable method to improving the neurological function in the acute and chronic phases after stroke.

Accumulative studies have illustrated the role of T and B lymphocytes in the progression of secondary brain injury. It has been reported that CD4+ or CD8+ T lymphocytes and B cells increase within 4 days after stroke (54). Additionally, the depletion of CD4+ or CD8+ T lymphocytes with monoclonal antibodies also alleviates the progression of brain damage after stroke onset (55). A variety of studies demonstrated that T lymphocytes clonally expand within the brain parenchyma or peripheral circulation in the first week after stroke based on antigen-dependent activation (55). However, another study indicated that T lymphocytes acerbate the ischemic damage without the involvement of antigen recognition or co-stimulatory pathways (56). In the acute phase of stroke, Tregs also play a critical role in the inhibition of neuroinflammation and the other pro-inflammatory T-lymphocyte subpopulations (57). Interestingly, a previous study also reported the detrimental role of Tregs in ischemic stroke. Targeting the depletion of Tregs attenuated the ischemic damage and improved the neurological function, while microvascular dysfunction was exacerbated (58). B-lymphocytic responses can occur in the late stage of ischemic stroke. The production of CNS antibodies increases over time, and antibody synthesis can be observed within the first week in approximately half of stroke survivors (59).





3 Comorbidity and immunity after stroke onset

A wide range of comorbidities involving aging, hypertension, hyperglycemia, and hyperlipidemia are linked to the increased incidence of cardio- and cerebrovascular diseases (60). There is consistent accumulative evidence that such comorbid conditions can impair the immune reactions in peripheral circulation. Various cascades, including oxidative stress, edema, and lipid oxidation, are involved in the pathological progression of stroke, which are also converged into immune responses (8). In comorbid conditions, the inflammatory reactions will be intensified and will negatively affect the clinical outcomes of ischemic stroke (61–63).

Aging compromises the immune responses after brain damage. In particular, both clinical and preclinical studies have reported that aging diminishes the phagocytic function of monocytes, reduces the chemotaxis of neutrophils, and inhibits the cytotoxic role of NK cells (64–66). In terms of adaptive immunity, the number and the function of lymphocytes are also altered with aging (67). Hypertension is the second common risk factor for stroke that is associated with poor outcomes and higher mortality (68, 69). It has been illustrated that hypertension-related stroke is associated with the involved autoregulatory responses, the dysfunction of vessels, and enhanced oxidative stress (70, 71). Patients with hypertension present exacerbated clinical outcomes after stroke due to the deregulation of chronic systemic inflammation. It has been reported that hypertension can activate monocytes and elevate the production of ROS (72). Increased CD45+ cells and worse neurological injuries can be observed in hypertension after stroke onset (73). Moreover, hypertension can also activate the microglia, endothelial cells, and astrocytes within the brain parenchyma. Additionally, it has been reported that high levels of cholesterol in plasma are linked to the higher occurrence of vascular diseases and to poor clinical outcomes after stroke (74). Similar to other comorbidities, the negative influence of hyperlipidemia after stroke injuries is related to the chronic inflammatory environment in both the periphery and brain parenchyma. Accumulative evidence has demonstrated that high levels of cholesterols in plasma are positively associated with a larger infarction area and a higher rate of edema formation (75). The hyperlipidemia-induced damage is closely associated with the elevated pro-inflammatory reactions within the lesion sites, which are recognized by the multifunctional class B scavenger receptor, CD36, after stroke (76). In addition, clinical trials have also revealed that hyperlipidemia is related to worse neurological outcomes of patients with stroke, while the administration of cholesterol-containing drugs can attenuate such poor outcomes due to their pleiotropic effects on vascular integrity, neuroinflammation, and oxidative stress (77). Lastly, diabetes mellitus (DM) is also a high risk factor for patients with stroke, which features hyperglycemia and insulin resistance, as well as chronic systemic inflammation (78). Accumulative evidence has illustrated the effects of DM on the systemic pro-inflammatory status and the alteration of the immune reactions after stroke. Additionally, it has also been demonstrated that diabetes can serve as a predictor for the poor clinical outcomes of patients with ischemic stroke, which can indicate a larger infarct volume, the occurrence of brain edema, and damaged neurological function.



4 Immune-based strategies against ischemic stroke

Accordingly, the immune responses are closely associated with tissue recovery and clinical outcomes after stroke. With the disruption of the BBB, the distinction between resident and peripheral immune cells is also lost, which provides a unique opportunity to modulate the pathological or recovery process. In this section, we provide insights into the several potential drugs in clinical trials that work by targeting the immune system (Table 1).


Table 1 | Potential clinical immunotherapeutic strategies NIHSS, National Institutes of Health Stroke Scale; mRs, modified Rankin scale.




4.1 Fingolimod

Inflammation is closely related to the pathogenesis of ischemic stroke, and the recruitment of inflammatory cells can further aggravate brain damage (84). Fingolimod is one of the sphingosine 1-phosphate receptor (S1PR) modulators and is the first S1PR modulator approved for the treatment of multiple sclerosis (85). In the past few years, fingolimod has gradually been found to be a potentially beneficial drug in the treatment of stroke. According to previous studies, fingolimod can limit the migration and circulation of lymphocytes (86). In some clinical trials, fingolimod showed beneficial effects in ischemic stroke. In the study of Tian et al., fingolimod was found to enhance the effect of alteplase administration in the short-acting time window (4.5–6 h) primarily by promoting anterograde reperfusion and retrograde collateral flow (79). Fingolimod primarily maintains the integrity and function of microvessels by inhibiting the migration of lymphocytes into the brain parenchyma, further reducing the occurrence of vascular inflammation and inhibiting the formation of inflammatory thrombus in capillaries, finally maintaining the perfusion of brain tissue and rescuing the post-stroke penumbra (87, 88). In another early-phase clinical study, participants given fingolimod showed lower circulating lymphocyte counts, milder neurological deficits, and better recovery of neurological functions (89). In addition, patients using fingolimod did not show obvious drug side effects, indicating the safety of the drug. Furthermore, fingolimod can reduce peri-hematoma edema after hemorrhagic stroke and can further improve the clinical prognosis of patients (90). However, in some other studies, fingolimod was not found to confer long-term treatment benefits in an acute intracerebral hemorrhage (ICH) mouse model, and its effect on ICH was weaker than that of ischemic stroke (91). A number of large medical institutions are still conducting clinical trials of fingolimod for the endovascular treatment of ischemic stroke. In summary, some of the latest research studies have shown the role of fingolimod in stroke to be very promising. The satisfactory effect of fingolimod in ischemic stroke is greatly anticipated.



4.2 Minocycline

Minocycline is a broad-spectrum antibacterial tetracycline antibiotic that achieves an antibacterial effect by combining with transfer RNA (tRNA) (92). The lipophilic nature of minocycline allows it to cross the BBB and exert its effects on the brain (93). Some previous studies have shown that minocycline can confer neuroprotective effects in a variety of neurological diseases, including ischemic stroke (94–96). Previous preclinical trials have fully demonstrated that minocycline can improve the prognosis of patients with acute ischemic stroke. In rat models of stroke, minocycline treatment protected the brain by affecting the glial cells surrounding the injured brain (97). Astrocytes and the microglia have great influence on the plasticity of neurons around infarction. Cell death after infarction can release pro-inflammatory factors and affect scar formation by activating peripheral glial cells (98, 99). Minocycline can reduce the infarct size and improve neurological function when administered in the acute phase of stroke, and it can also be used in combination with a tissue plasminogen activator (100). Some clinical trials have also confirmed the neuroprotective effect of minocycline in ischemic stroke. The combination of minocycline with other treatment modalities increased the success rate of stroke treatment. In a meta-analysis of randomized controlled clinical trials (including seven randomized controlled trials), minocycline showed efficacy in patients with acute stroke and appeared to be a promising neuroprotective agent (101). In a large open-label, evaluator-blinded study, patients who received minocycline showed significantly better post-stroke assessments compared with the placebo group (80).



4.3 Anakinra

Anakinra is an IL-1 receptor antagonist. Previous studies have fully described IL-1 to play an important role in the development of brain damage in ischemic stroke (102). As the main members of the IL-1 family, IL-1α and IL-1β play an important role in stroke. A previous study confirmed that genetic deletion of IL-1α and IL-1β in mammals leads to a substantial reduction in damage after experimental stroke (102). The pro-inflammatory cytokine IL-1 promotes destructive inflammation in brain regions after stroke (103). In addition, due to the damage of the BBB after stroke, white blood cells and inflammation-related factors can more easily enter the brain through the BBB. The interleukin-1 receptor antagonist (IL-1Ra), which inhibits IL-1, is neuroprotective in stroke models (104). In a randomized, double-blind, placebo-controlled trial, peripheral administration of anakinra 6 h after the onset of acute stroke significantly reduced neuronal cell death and the inflammatory processes, demonstrating its therapeutic potential and its safety and efficacy in acute stroke (81).



4.4 Ginsenoside-Rd

Ginsenoside-Rd is derived from the well-known traditional Chinese medicine ginseng (105). A lot of previous studies, including some clinical trials, have confirmed its beneficial effects on stroke. Ginsenoside-Rd can alleviate brain damage after stroke by inhibiting inflammation (106). Ginsenoside-Rd also has the effect of penetrating the BBB, further exerting effects on brain tissue (107). In experimental models of stroke (mainly transient middle cerebral artery occlusion, tMCAO), treatment with ginsenoside-Rd before or after ischemic stroke reduced the cerebral infarct volume, increased the survival ratio of functional neurons, and protected neurological function (108–110). A treatment trial with ginsenoside-Rd (10 mg/kg) found that it could inhibit poly(ADP-ribose) polymerase-1, thereby downregulating the apoptosis-inducing nuclear factor-kappa B p65 subunit nuclear accumulation in MCAO mice, which supports the anti-inflammatory therapeutic effect of ginsenoside-Rd in ischemic stroke (111). It has also been shown to reduce neuroinflammation after stroke by downregulating the activation of the microglia (108). In a phase II randomized, double-blind, placebo-controlled multicenter trial, patients with stroke were divided into a placebo group, low-dose group (10 mg), and a high-dose group (20 mg), and the 15-day National Institutes of Health Stroke Scale (NIHSS) score was used as the primary endpoint. The results showed significant statistical differences between the ginsenoside-Rd group and the control group, which indicated that ginsenoside-Rd may play a neuroprotective role in acute ischemic stroke (82). In a subsequent phase III trial, the primary endpoint set was the distribution of the disability scores on the modified Rankin scale (mRs) at 90 days, and the results also indicated the same conclusion: that ginsenoside-Rd can improve the prognosis of patients with acute ischemic stroke (112).



4.5 Cyclosporin A

Cyclosporin A is generally used as an immunosuppressant, and it is primarily used clinically for the treatment of autoimmune diseases and organ transplant rejection. Moreover, cyclosporin A can also act on neural precursor cells in neurogenic regions of the brain (113, 114). Recent studies have found that cyclosporin A can act as a neuroprotective agent in stroke models by activating neural precursor cells (114). It can also inhibit mitochondrial dysfunction caused by ROS formation after stroke (115). In addition, treatment with chronic cyclosporin A has shown positive effects on cognitive recovery after stroke. The earliest research on the anti-ischemic effect of cyclosporin A in a MCAO animal model was conducted in the 1990s, with the experimental results showing that the oral administration of cyclosporin A in animal models of cerebral ischemia could significantly reduce the volume of cerebral infarction and edema (116). The role of cyclosporin A has also been confirmed in subsequent clinical studies. In a multicenter, single-blind controlled trial, patients with stroke received intravenous injection of cyclosporin at 2.0 mg/kg, and the results showed that, although cyclosporine was not effective in reducing the infarct volume, a smaller infarct volume and effective recanalization were observed in some patients with proximal cerebral artery occlusion (83). Due to its basic foundation and clinical research prospects, there is a high expectation for cyclosporin A in the treatment of ischemic stroke.




5 Conclusion and perspective

Excessive activation of immune reactions may lead to harmful neuroinflammation, while insufficient immunity will result in infection. Immunity maintains balance under healthy conditions; however, following several pathological events, especially stroke, such balance may be disrupted. The inflammatory reactions after stroke are closely related to secondary brain injuries and poor clinical outcomes. Accordingly, great effort has been made to alleviate excessive neuroinflammation within the brain parenchyma; however, the relevance of systemic immunity has not been addressed. The distinction between the resident immune cells within the brain parenchyma and systemic immunity is lost; consequently, the neuroinflammation will interact with peripheral immunity. The infiltration of peripheral immune cells plays an indispensable role after ischemic insult, and the neuroinflammation within the damaged brain inevitably regulates the systemic immunity. So far, the primary studies have solely focused on the local neuroinflammation after stroke and have neglected the systemic immunity and the interaction between organs. Although anti-inflammatory therapeutic strategies can effectively alleviate neuroinflammation, the other effects on systemic immunity also need to be considered in future explorations.
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Spinal cord injury (SCI) is a devastating neurological condition prevalent worldwide. Where the pathological mechanisms underlying SCI are concerned, we can distinguish between primary injury caused by initial mechanical damage and secondary injury characterized by a series of biological responses, such as vascular dysfunction, oxidative stress, neurotransmitter toxicity, lipid peroxidation, and immune-inflammatory response. Secondary injury causes further tissue loss and dysfunction, and the immune response appears to be the key molecular mechanism affecting injured tissue regeneration and functional recovery from SCI. Immune response after SCI involves the activation of different immune cells and the production of immunity-associated chemicals. With the development of new biological technologies, such as transcriptomics, the heterogeneity of immune cells and chemicals can be classified with greater precision. In this review, we focus on the current understanding of the heterogeneity of these immune components and the roles they play in SCI, including reactive astrogliosis and glial scar formation, neutrophil migration, macrophage transformation, resident microglia activation and proliferation, and the humoral immunity mediated by T and B cells. We also summarize findings from clinical trials of immunomodulatory therapies for SCI and briefly review promising therapeutic drugs currently being researched.
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1 Introduction

Spinal cord injury (SCI) is a devastating neurological condition that most commonly results from vertebral fractures caused by traumatic accidents, including motor vehicle accidents, falls, and sports injuries. A few SCIs result from non-traumatic events such as infections or vascular damage (1). The clinical manifestations of SCI include loss of sensory and/or motor function below the level of injury. The symptoms can be partial or complete depending on the degree of injury and its location on the spinal cord (1). The estimated global incidence of total SCI in 2019 was 900,000, with an age-standardized incidence rate of 12 per 100,000 (2). Currently, patients who survive after severe SCI find it difficult to achieve complete recovery owing to the limited regenerative capacity of the lesioned spinal cord. As a result, SCI can not only causes serious disability but can also place great economic burden on patients’ families and society at large (3). Therefore, it is crucial to clarify the underlying cellular and molecular mechanisms of SCI pathophysiology and investigate novel therapeutic targets for intervention. After SCI onset, the primary injury caused by mechanical damage is the mechanical disruption of tissues and subsequent edema (4). This is followed by a secondary injury cascade that develops over the subsequent weeks and/or months. This involves vascular dysfunction (5), ischemia (6), excitotoxicity (7), ionic dysregulation (8), oxidative stress (9), neurotransmitter toxicity (10), lipid peroxidation (11), necrosis/apoptosis (12), immune-inflammatory response (13), and Wallerian degeneration and scar formation (14). These biological responses in secondary injury cause further damage to the spinal cord. Nevertheless, proper interventions in these processes can aid tissue regeneration and functional recovery after SCI.

The immune response appears to be the key molecular mechanism underlying these various pathophysiological processes and the main factor affecting the outcome of SCI (15). Immune response to SCI orchestrates the activation of different immune cells and the generation of various immunological factors. After SCI, astrocytes, the primary resident cells in the spinal cord, react rapidly by producing immunological mediators and recruiting or activating immune cells, including macrophages/monocytes, neutrophils, microglia, and T and B cells. The immunological mediators released by immune cells include not only inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α, but also chemicals such as chondroitin sulfate proteoglycans (CSPGs). With recent developments in biotechnology, a more precise method to understand the heterogeneity of immune cells and immunological factors is now available. This provides novel perspectives for investigating new therapeutic targets. In this review, we focus on the latest findings on (i) the pathophysiological mechanisms underlying SCI, (ii) heterogeneity of these immune components and their roles in SCI, and (iii) clinical trials and promising basic research on immunomodulatory drugs for SCI.



2 The role of the immune response in pathophysiological processes in spinal cord injury

In traumatic SCI, primary injury is predominantly caused by the compression of,or distraction of the spinal cord resulting from dislocated bone fragments, discs, and ligaments (16). In traumatic SCI, primary injury is primarily caused by the compression of the spinal cord (17). Primary injury leads sequentially to local hemorrhage, edema, ischemia, and hypoxia at the site of injury (16). The disruption of blood vessels at the site of SCI results in hemorrhage and increased permeability of the blood–brain barrier (BBB)/blood–spinal cord barrier (BSCB). Following the release of vasogenic and cytotoxic factors, active chemicals infiltrate to site of injury, which causes tissue edema. Subsequent blood flow reduction at the injury site causes ischemia and hypoxia in local neurons and glial cells. Early surgical decompression of the spinal cord within 24 h of SCI onset is the best treatment to reduce neuronal damage caused by primary injury (18). Biological responses in the primary injury are significant proponents of the development and progression of a pathophysiological cascade of secondary injury, including oxidative stress, ischemia, BSCB disruption, inflammatory and immune response, apoptosis, and mitochondrial dysfunction. In acute SCI, secondary injuries are usually categorized into four phases: the acute phase (<48 h), subacute phase (2–14 days), intermediate phase (14–180 days), and chronic phase (>180 days) (16, 19). In the acute phase, a disrupted BBB/BSCB results in astrocyte polarization, the infiltration of immune cells, including neutrophils, monocytes, and T cells, into the injured site of the spinal cord, and the proliferation of resident microglia (15). These cells release pro-inflammatory and chemotactic factors, triggering inflammation, lipid peroxidation, necrosis, edema, oxidative stress, calcium influx, ion disturbance, and excitotoxicity (13). In the subacute phase, the critical characteristics include the commencement of reactive astrogliosis at the injury site and infiltration of macrophage (20, 21). The resolution of edema and BSCB repair are also initiated in this phase (19). In the intermediate phase, reactive astrogliosis continues and glial scars start maturing, which is followed by axonal sprouting of the corticospinal tract and reticulospinal fibers (22). The chronic phase is typically characterized by the stabilization of scar formation, cysts/syrinx formation, and Wallerian degeneration (16).

The immune response contributes to each phase of secondary injury and affects the clinical outcome. Moreover, immune cells and related immunological factors also modulate the pathophysiological reactions in SCI (
Figure 1
). Nguyen et al. reported that neutrophil infiltration led to cytotoxic tissue damage via the release of excessive cytokines, prostaglandins, and toxic granules, and also caused oxidative stress (23). Chen et al. demonstrated that a stronger local immune microenvironment inhibited apoptosis, thus aiding recovery in murine SCI (24). Mohrman et al. showed a strong immune response associated with the reduction of neuronal signal transmission and better recovery of the SCI animal model (25). Collectively, a better understanding of the immune response after SCI may help investigate effective therapeutic targets for protecting tissue and functional loss in response to SCI.




Figure 1 | 
The mechanism of spinal cord injury (SCI). Demonstration of primary injury and secondary injury, including four phases of SCI after trauma to the spinal cord.






3 How are the functions of immune cells and immune factors orchestrated in the pathophysiology of spinal cord injury?


3.1 Astrocytes


3.1.1 The dual roles of astrocytes in spinal cord injury pathophysiology

Astrocytes are the most abundant cells in the central nervous system (CNS) and contribute to the functional and structural homeostasis of the CNS (26) by regulating the balance of neurotransmitter ions (27) and maintenance of the BBB (28). Astrocytes do not belong to the immune system, but they play essential roles in immune responses to SCI by, for example, recruiting immune cells and secreting immunomodulatory molecules, such as transforming growth factor (TGF-β) and TNF-α. After SCI, astrocytes in the quiescent state (i.e., naïve astrocytes) gradually shift to an activated state (i.e., reactive astrocytes), forming a glial scar, which has dual roles that are either protective or detrimental to the recovery of injured tissues and neurological functions of patients (26).

Astrocytes proliferate and migrate in an overlapping manner to the lesion site, and are arranged into glial scars around the area of injury. With this, they form a network of tangles with other cells (including fibroblasts and oligodendrocyte precursor cells, among other cells) and secrete various cytokines to participate in the subsequent inflammation and repair process (29, 30). Glial scars prevent the spread of necrotic and apoptotic cells and restrict inflammation to the lesioned area (20). Simply eliminating astrocytes severely affects the pathology of and recovery after SCI, such as by causing more severe inflammation, increasing lesion volume, and worsening motor dysfunction. Although the physical and molecular properties of scars limit the spread of inflammation to the area of injury, the accumulation of excess astrocytes follows. The physical barrier also hinders the damage to axon regeneration and scaffolds disruption in the extracellular matrix, which will soften the tissue and lead to the failure of axon regeneration (31). In the final phase, astrocytes constitute the predominant cell type in the injury site (32) and form scar tissue as a barrier between necrotic and normal tissues (33). An in vitro study using primary astrocytes found that transforming growth factor β3 (TGFβ3) exerts neuroprotection effect and reverses the neurotoxic phenotype of astrocytes induced by aligned poly-L-lactic acid fibers (34). The formation of astrocyte scars aids rather than inhibits the regeneration of axons in the CNS. Blocking the formation of astrocytic scars significantly reduces the regrowth of laminin-dependent sensory axons and related molecules across scar-forming astrocytes (35). A robust stimulation was observed in the regeneration of propriospinal axons in the astrocyte scar border as well as in the lesion cores of non-neural tissue (35). The conditional deletion of sterile alpha and TIR motif-containing 1 (SARM1) in neurons and astrocytes improved the functional recovery of behavior performance post-SCI (36). After SCI, the traumatized spinal cord is protected by neuron-derived exosome-transmitted miR-124-3p via inhibited activation of neurotoxic microglia and astrocytes (37).

Traditional terms associated with astrocytes include reactive astrocytes and reactive astrogliosis. The modern concept of astrocyte polarization was proposed by Virchow, who described astrocyte polarization after trauma and neurodegenerative injury (38). In 2017, Liddelow et al. first proposed that reactive astrocytes can be characterized as inflammatory astrocyte 1 (A1) and neuroprotective astrocyte 2 (A2). The activation of A1-type astrocytes was induced by microglia in neuroinflammation, with C3 as a surface marker. Activated microglia in vitro and in vivo secrete IL-1α, TNFα, and C1q to activate A1 astrocytes (39). Based on this new classification method, recent studies have provided a new perspective. In 2021, Zhang et al. found that miR-21a-5p can aggravate the inflammatory response after traumatic SCI by increasing A1 polarization via the inhibition of the CNTF/STAT3/Nkrf signaling pathway (40). In the same year, in another study, Li et al. demonstrated that heat shock transcription factor 1 plays a key role in suppressing the excessive increase in neurotoxic A1 astrocytes (41). Wang et al. showed that the transformation of A1/A2 reactive astrocytes may be associated with functional recovery after SCI (42). Furthermore, a recent study based on single-cell RNA sequencing demonstrated that astrocytes in the injured tissue of SCI showed the altered expression of biomarkers, including Atp1b2, S100a4, Gpr84, C3/G0s2, GFAP/Tm4sf1, and Gss/Cryab, which can help achieve a more precise classification (43).



3.1.2 Pivotal immune chemicals released by astrocytes

Following SCI, reactive astrocytes in the glial scar produce high levels of CSPGs (44), which were initially known to inhibit axonal growth and regeneration (45), but were later found to be beneficial in spinal cord recovery (46). CSPGs are extracellular matrix proteins that contribute to the interactions between the matrix and the immune system (47). CSPGs bind to chemokines/cytokines, growth factors, and pro-inflammatory cytokines required for immune cell growth and recruitment, thereby modulating the immune system (47). Astrocytes also secrete monocyte chemoattractant protein-1 (MCP-1), which is a chemokine inhibiting the expansion of the lesioned spinal cord tissue by attracting M1 macrophages (48). Other chemokines, such as chemokine C–C motif ligand 2 (CCL2) (49) and C–X–C motif ligand 1 (CXCL1) are produced by astrocytes. These chemokines will intensify the recruitment of neutrophils and pro-inflammatory macrophages after SCI (50). Moreover, astrocytes release anti-inflammatory cytokines, such as IL-10 and TGF-β, which can enhance the transformation of microglia/macrophages to a pro-regenerative M2-like phenotype (51, 52).




3.2 Neutrophils


3.2.1 The dual roles of neutrophils in spinal cord injury pathophysiology

Neutrophils are fundamental members of the innate immune system (51). In humans, neutrophils are derived from bone marrow hematopoietic stem cells and are known as polymorphonuclear leukocytes. Although neutrophils have a short lifespan (less than 24 h), they have a generation rate of 1 × 1011 cells/day, which makes them the most abundant granulocytes in peripheral blood (53). In SCI, neutrophils are the first immune cells that arrive at the site of injury, i.e., within 3 h of SCI, and remain at the site for 3 days post injury. Large number of neutrophils gather at the site of injury within 24 h post SCI (54). The infiltration of neutrophils to the site of SCI exerts adverse effects via the secretion of neutrophilic tissue-damaging factors (54). These unfavorable factors trigger biological responses, such as oxidative stress, inflammation, pro-inflammatory cytokins release, and BSCB disruption, which interrupts vascular formation. In mice, neutrophil accumulation inhibition after SCI can improve white matter sparing and promotes rapid neurological recovery (55).

Although numerous studies have paid attention to the deleterious role and effect of neutrophils in SCI, we should take into account that neutrophils are heterogeneous, and the recruitment of neutrophil post SCI may not completely reflect the exacerbation of injury. Early pathogenesis of the contused spinal cord and long-term neurological recovery are mediated by neutrophils and monocytes (56). As the initial responders at the site of injury, neutrophils and monocytes can initiate the clearance of debris and generate pro-inflammatory cytokines that recruit other immune/inflammatory cells, such as macrophages, to engulf residual debris and promote tissue repair (57). Sas et al. revealed that a new subgroup of neutrophils (i.e., CD14+ Ly6G
low
) increases the survival of neurons and promotes axon regeneration in the CNS (58).



3.2.2 Pivotal immune chemicals released by neutrophils

Neutrophils activate more immune cells for migration to the injury site and clear debris by secreting pro-inflammatory factors. Neutrophils were also shown to participate in inflammation and tissue healing via the release of secretory leukocyte proteases (59). Myeloperoxidase (MPO) is one of the most abundantly expressed proteins in neutrophils. It is a peroxidase enzyme present in the granules of neutrophils. The enzyme induces the formation of hypochlorous acid to eliminate the invasion of pathogens; at the same time, it can also cause unintentional host tissue injury. Release of MPO attracts the aggregation of neutrophils, contributing to sustained damage (60). Matrix metallopeptidase 9 (MMP-9), secreted by neutrophils in response to SCI (61), has been shown to be involved in the BBB degradation, facilitating the entry of cells, such as inflammatory cells, into the CNS (62). Members of the MMP family affect functional recovery after SCI by modulating the BSCB (63–65).




3.3 Microglia


3.3.1 The roles of microglia in the pathophysiological process of spinal cord injury

Microglia are the resident immune cells of the CNS. Thus, they are the early immune cells that respond to tissue damage after SCI (66). Microglia account for approximately 10% of all CNS cells. These cells help maintain CNS homeostasis through continuous interactions with neuronal and non-neuronal cells. It is the first line of immune defense in the CNS. Microglia constantly remove damaged nerves, plaques, and infectious substances from the CNS. Activated microglia play an important role in neurodegenerative diseases such as Parkinson’s disease, multiple sclerosis, and Alzheimer’s disease (67). Microglia are activated soon after initial damage in the spinal cord. They mediate morphological change, neurotoxicity, and inflammatory cascade activation (68). However, hyperactivated or unregulated microglia can cause neurotoxicity, which is an important source of pro-inflammatory factors and oxidative stress inducers, such as TNFs, nitric oxide, ILs, and other neurotoxic substances. Microglia have similar properties to peripheral macrophages, and activated microglia include inflammatory microglia (M1 type) and anti-inflammatory microglia (M2 type). M1-type activated microglia play a neurotoxic role by secreting reactive oxygen species and inflammatory cytokines. M2-type activated microglia produce anti-inflammatory cytokines and neurotrophic factors, which exert an anti-inflammatory and neuroprotective effect (69).

Our understanding of the role of microglia in SCI remains preliminary. Often, microglia responses are confused with macrophage responses. When the abundance of microglia reduces after SCI, it disrupts glial scar formation, increases parenchymal immune infiltration, decreases neuronal and oligodendrocyte survival, and inhibits locomotor function recovery (70). Meanwhile, the pharmacological depletion of microglial cells reduces neuroinflammation in the brain and spinal cord after injury, and improves cognitive recovery, depression-like behavior, and motor function (71). The transplantation of microglia in the area with SCI in an acute period increases tissue sparing, but does not lead to functional recovery (72).



3.3.2 Immune chemicals released by microglia

Cytokines and chemokines released by activated microglia can induce the secretion of inflammatory factors and cytotoxic substances from leukocytes and macrophages, mediating neuroinflammation and neurotoxicity, and causing BBB disintegration and glial cell death. The sustained activation of M1-phenotype microglia causes excessive inflammatory factor and neurotoxic molecule secretion, leading to the death of normal cells and further damaging the tissue. Under treatment with lipopolysaccharides or interferon-gamma (IFN-γ), M1 microglia secrete pro-inflammatory cytokines, such as IL-1β, IL-2, IL-6, and TNF-α. Induced by IL-4 or IL-13, M2-type microglia secrete anti-inflammatory cytokines, such as IL-10, arginase 1, and TGF-β, which play a neuroprotective role and contribute to neuronal regeneration (70). Cytokines and chemokines released by activated microglia can induce leukocytes and macrophages to release inflammatory factors and cytotoxic substances, mediating neuroinflammation and neurotoxicity. This leads to the destruction of the BBB, and causes glial cell death (67). Recently, cytokines released by activated microglia after CNS injury occurrence have been found to influence the neurotoxic or neuroprotective effects of astrocytes (39). Aberrant growth factors such as IGF-1 are produced by the elimination of microglia. This leads to an increase in neuronal and oligodendrocyte death and a decline in locomotor performance (71).




3.4 Macrophages


3.4.1 The roles of M1 and M2 macrophages in spinal cord injury pathophysiology

Macrophages are one of the primary cells that infiltrate to the lesion after SCI. These cells produce and secrete inflammatory factors, thereby aggravating secondary injury (73). Based on the molecular phenotype and function, macrophages can be classified into two major subsets: classically activated pro-inflammatory (M1) cells and alternatively activated anti-inflammatory (M2) cells (74). M1 macrophages exhibit proteolytic activity, expressing TNF-α and inducible nitric oxide synthase (iNOS). M2 macrophages express unique molecular markers, possess immunomodulatory, phagocytic, and remodeling properties, and mediate tissue repair (73, 75). There is evidence that both M1 and M2 macrophages infiltrate lesions in SCI. The spinal cord environment favors the polarization of macrophages toward a predominantly M1 cytotoxic macrophage phenotype (76). Evidence from previous studies has shown that M1 macrophages are neurotoxic, whereas M2 macrophages promote axonal regeneration (77–80). Therefore, increasing the M2 cell population at the site of injury may be a promising strategy to repair tissue damage post SCI (81). In the subsequent stage, macrophages reduce edema and induce the formation of a cavity by removing dead cells and myelin debris (80).

Macrophages play pivotal roles in recognizing and degrading cellular and tissue debris. Furthermore, macrophages remove the debris and components inhibiting myelin function. Therefore, macrophages can promote remyelination and axonal regeneration. However, foam macrophages appear when excess lipids accumulate in cells; this results in dysregulated lipid metabolism. This can lead to further neurological decline (73). The metabolic fitness of macrophages is conducive to secondary damage, and strategies that promote oxidative phosphorylation may help mitigate the negative effects of macrophages in nerve injury (82). M2 macrophage-derived exosomes loaded with berberine could be used to treat SCI via the inhibition of M1 inflammatory activation and anti-apoptosis function (83).



3.4.2 Immune chemicals released by macrophages

Interferon-c (IFN-c) and prototypical T-helper type 1 cytokine can activate macrophages to produce cytotoxic mediators (such as reactive oxygen and nitrogen species) and pro-inflammatory cytokines [iNOS, IFN-c, TNF-α, C–C motif chemokine ligand 5 (CCL5), IL-6, IL-12, IL-6], and enhance their ability to kill pathogens present within cells. By contrast, the IL-13, IL-4, and T-helper type 1 cytokines inhibit macrophages from producing pro-inflammatory cytokines (15). Among these immunomodulatory chemicals, TNF-α is a protein with multiple functions. Targeting this cytokine could facilitate better SCI repair owing to its widespread inflammatory nature. TNF-α is a cytokine associated with acute and chronic inflammation. Predominant and prolonged TNF-α expression is counterproductive to post-SCI recovery (84). iNOS catalyzes the synthesis of nitric oxide, which participates in the apoptosis of neurons in the spinal cord (85). iNOS may exert a beneficial effect in the acute phase but plays a detrimental role in the chronic stage (86). TGF-β, also called human cytokine synthesis inhibitory factor, participates in cell differentiation and proliferation, which is mainly activate through type 1 and type 2 serine/threonine kinase receptors (87). In addition, TGF-β induces cellular apoptosis via activation of the SMAD pathway. IL-10 prevents the expression of IFN-c and TNF-α by keeping a check on CD8+ T cells (88) and inhibits MHC-II expression on the surface of monocytes/macrophages, which are involved in the presentation of antigens to T cells (89).




3.5 T and B cells


3.5.1 The roles of T and B cells in spinal cord injury pathophysiology

T and B cells are two fundamental cells in adaptive immunity (90). SCI can activate T and/or B cells to induce autoimmune responses in the nervous system and maintain their activation for a long duration (91). There are different classification methods for T cells, including surface markers, transcriptional regulators, effector molecules, and functions. Based on the surface marker, T cells can be classified as CD4+ T cells and CD8+ T cells. The subpopulations of CD4+ T cells include helper T cells (Th1, Th2, and Th17) and regulatory T cells (Tregs) (90). T-cell infiltration in injured spinal cord tissues has been consistently reported in various SCI animal models (92). Jennifer et al. reported that a few CD8+ T cells were detected in human postmortem injured spinal cords, in both blood vessels and extravascular spaces, from hours to months after injury. The authors did not detect any CD20+ B cells in injured spinal cords (93). These findings were consistent with a recent study showing that CD8+ T cells are the major cell type among the few cells detected at the site of injury. Interestingly, CD138+/IgG+ plasma cells were found in a subpopulation of SCI, which serve as a reserve cell source in humoral immunity (82). Whether T cells cause secondary degeneration or mediate wound repair after SCI remains highly controversial. CD8+ T cell-derived perforin aggravates secondary SCI by damaging the BSCB (94). Chronic SCI impairs primary CD8+ T-cells’ antiviral immunity, but does not affect the generation or function of memory CD8+ T cells (95). Sirtuin 4 suppresses the anti-neuroinflammatory activity of infiltrating regulatory T cells at the SCI site (96). Programmed cell death protein 1 was shown to be essential for maintaining the anti-inflammatory function of infiltrating regulatory T cells in a murine SCI model (97). γδ T cells serve as an early source of IFN-γ to aggravate lesions in SCI. γδ T-cell recruitment to the SCI site promotes inflammatory responses and exacerbates neurological impairment (98). CCL2/CCR2 signaling is a vital mechanism underlying the recruitment of γδ T cells to the SCI site (99). SCI can trigger a demyelinating response, producing myelin basic proteins that activate T cells. Many cell adhesion molecules appear on the surface of activated T cells, which is useful for adhesion to vascular endothelial cells and to enable T cells to enter the CNS, inhibit axonal death, and promote neuroprotection (100).

The role and effect of B cells contributing to neurological changes after SCI occurrence has not been clarified. B cells can generate pathogenic antibodies that inhibit local lesion repair (90), leading to delayed recovery of neurological function. Precision therapeutic strategies that target B cells or block the effects of pathogenic antibodies have been proven to be effective (101). During the acute stage of injury, B cells in the bone marrow and spleen are substantial reduced. This is likely to be attributable to the reduction of B cell production, as the number and frequency of B cell progenitors in the bone marrow and periphery decrease at 8 days following SCI (15). The function of activated B cells that produce pro-inflammatory factors and maintain autoreactive T cells improves after B-cell knockout, but B cells also promote repair after SCI through their immunoregulatory Breg phenotype. Breg cells control antigen-specific T-cell autoimmune responses by producing IL-10 (91).



3.5.2 Role of immune factors released by T and B cells in spinal cord injury pathophysiology

Lymphocytes are the only cell type that can specifically recognize the antigens and initiating the adaptive immune response (15). However, even though mechanisms by which these autoreactive T cells are eliminated or inactivated are existent, these are inadequate and autoreactive phenomenon is observed after SCI. T and B cells are responsible for the induction of autoimmunity in individuals. After induction of protective autoreactivity, a process characterized with immune response modulation by neural-derived peptides, the presence of T cells with a Th2 phenotype in the lesion site favors functional recovery (102, 103). This is because T cells have the ability to synthesize nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and diverse neurotrophies (104, 105). CD4+ and CD8+ T cells in tandem with natural killer (NK) cells are the major sources of IFN-γ. There is a greater axial migration of T-cells in SCI mice, which is associated with an increase in macrophage/microglial activation and divergent expression patterns of growth factors and immune regulatory molecules (106). B cells benefit SCI repair by transforming to Breg phenotype, which regulate T cells’ autoimmune responses by controlling IL-10 production (107).





4 Potential pharmaceutical immunotherapeutic drugs for spinal cord injury


4.1 Methylprednisolone

Methylprednisolone is a classic drug recommended by SCI standard guidelines (108). A series of clinical trials over recent decades has demonstrated motor score improvements in patients with SCI treated with methylprednisolone. In addition, the 24-hour National Acute Spinal Cord Injury Study II (NASCIS II) dosing protocol has been shown to be relatively safe in SCI patients (109). Methylprednisolone treatment could inhibit the expression of TNF-α and the activity of NF-κB in SCI rats and promote the restoration of neurological function. Methylprednisolone can maintain biological activity in injured tissues and significantly reduce the inflammatory response and protein expression caused by secondary injury, thereby reducing edema (110, 111). Gao et al. have shown that methylprednisolone combined with amniotic mesenchymal stem cells suppressed MPO activity and cell apoptosis, reduced the expression of pro-inflammatory factors such as TNF-α, IL-1β, and IL-6, and increased the level of IL-10 (112). Methylprednisolone has been used in the treatment of SCI for more than 20 years, but owing to the major problems with respect to the time of treatment and dose, the appropriateness of its use has been debated. Therefore, for treating SCI using methylprednisolone, it is necessary to strictly control the dosage and time of administration to relieve pain. Methylprednisolone exhibits substantial immunosuppressive activity by increasing immune cell apoptosis and suppressing inflammatory responses (113). Furthermore, methylprednisolone can inhibit lipid peroxidation and protect oligodendrocytes from apoptosis-mediated cellular death after SCI. Methylprednisolone significantly attenuates the release of various inflammatory cytokines as well as the activation of T lymphocytes in symptomatic patients with multiple sclerosis (114). More importantly, methylprednisolone has been found to diminish the IL-12 levels in the CNS (115), indicating its competency for reducing autoreactive T-helper 1 lymphocyte reactions.



4.2 Minocycline

Minocycline is a lipophilic derivative of tetracycline that can penetrate the BBB (116). Casha et al. reported a single-center, double-blind, randomized clinical trial of minocycline administration after SCI. A total of 12 months after minocycline treatment, the motor function recovery of patients with SCI improved (117). Kobayashi et al. confirmed in an SCI mouse model that minocycline inhibited the expression of M1-type microglia surface markers and the generation of inflammatory cell factors in vivo and in vitro, but did not affect the expression of M2-type microglial surface markers in vivo. This is the first study to demonstrate the selectivity of minocycline in microglia subsets (118). The study showed that minocycline selectively inhibits the activation of microglia into pro-inflammatory states, which provides a basis for understanding the pathological changes that accompany many diseases involving microglia activation (118). Minocycline can achieve neuroprotection and functional recovery by eliminating secondary SCI injury (119).



4.3 Statins

Statins are inhibitors of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. They can competitively combine with HMG-CoA reductase and inhibit cholesterol biosynthesis (120). Chung et al. reported that hyperlipidemia adversely affects the recovery of neurological function in patients with SCI. Therefore, theoretically, statins may reverse neurological disability in patients with SCI (121). However, in 2017, the only clinical trial investigating the efficacy of atorvastatin in patients with acute SCI found no significant improvement at the 3- and 6-month follow-up in patients receiving the drug (122). Nevertheless, various basic research studies have demonstrated the neuroprotective role of statins and elucidated the underlying molecular mechanisms. In 2014, Nacar et al. showed that the intraperitoneal administration of atorvastatin improved the recovery of locomotor activity in a rat SCI model constructed by single-level laminectomy at T10. Furthermore, atorvastatin reduced the levels of IL-1β, IL-6, and lipid peroxide in SCI rats. This indicates that atorvastatin affects SCI by modulating inflammatory cytokines (11). A single dose of atorvastatin used immediately after SCI inhibits inflammation and apoptosis and stimulates axon outgrowth, which may be important for functional outcomes improvement (123). Mirzaie et al. showed that lovastatin remarkably improved the functional outcomes of SCI treatment by reducing inflammation-induced tissue destruction, neuronal apoptosis, and demyelination post SCI. These findings indicated the neuroprotective role of lovastatin in SCI (124). Lovastatin could inactivate toll-like receptor 4 (TLR4) in microglia by targeting its co-receptor myeloid differentiation protein 2 (MD2) and alleviate neuropathic pain (125). However, there was a lack of robust neurological benefits with simvastatin or atorvastatin treatment after acute thoracic contusion SCI (126). More clinical research needs to be performed on this topic.



4.4 Human immunoglobulins

Immunoglobulins are a class of globulins that act as antibodies or have a chemical structure similar to that of antibodies. They are the primary reactive components in humoral immune response (127). Intravenous immunoglobulin (IVIG) has been used to treat various neurological diseases, but the evidence on its effects in SCI treatment is limited. In 2015, in a pioneer clinical trial named STRIVE (standard therapy for the treatment of transverse myelitis in adults and children), researchers attempted to investigate the efficacy of IVIG in SCI caused by infection. However, the study ended before completion because of the challenges associated with conducting a trial on a rare disease with a short enrolment window (128, 129). In 2018, another research team demonstrated that the intrathecal injection of neurite growth-promoting anti-Nogo-A antibodies contributed to neurological recovery in acute SCI (130). The effects of human immunoglobulin G in the recovery of tissue injury and neurological outcome after traumatic cervical SCI are with the involvement of the neurovascular unit (131). The delayed injection of high-dose human immunoglobulin G improves the outcome of traumatic cervical SCI via attenuating neuroinflammation and protecting the BSCB integrity (132).



4.5 Other potential immunomodulatory drugs under basic research

In the past few years, several basic research studies have been conducted on immunomodulatory options, which may be the focus of therapeutic strategies for SCI in the future. Neuroimmunophilin ligands are a class of compounds that have great potential in the treatment of neurological diseases, which easily penetrate the BBB. Several drugs targeting neuroimmunophilins, such as cyclosporin A, FK-506, and FK1706, have shown significant positive effects after SCI (133–135). Following SCI, the blockade of IL-6 signaling can facilitate the production of alternatively activated macrophages, and thereby alter the inflammatory response after SCI and promote spinal cord regeneration with functional recovery (136). Immunomodulatory therapy of SCI with ChABC yielded significant neuroprotective and potential neuroregenerative effects (137). Histone deacetylase (HDAC) is widely accepted as an enzyme that can eliminate acetyl groups from lysine residues localized on histone proteins and suppress transcription and gene expression (138). HDAC inhibitors, CI-994 inhibitors (139), RGFP966 (140), and valproic acid (141) were shown to exert significant neuroprotective effects in SCI. Finally, drugs targeting T and B cells like FTY720 also show beneficial effects in SCI (142). Furthermore, advanced therapies based on stem cells (112, 143) and new biomaterials that improve the tissue microenvironment are also promising direction (144, 145). 
Table 1
 shows recent findings on inflammation and immunotherapy with potential application in SCI. This may provide further guidance in both the research and the treatment for SCI.


Table 1 | 
Summary of key clinical trials on immunotherapy after spinal cord injury (SCI).







5 Limitations and perspectives

In the past decades, there have been significant advances in elucidating post-SCI immune responses and their relationships with other molecular mechanisms such as inflammation, axon regeneration, and scar formation. Nevertheless, there remain several limitations in research published to date: (i) there is a lack of a clear temporal–spatial profile of immune cells and immunological factors post SCI, (ii) there is a lack of substantial evidence on the safety of new immunomodulatory drugs, (iii) studies on novel drug carriers, such as nanomaterials, are promising but still at the nascent stage, and (iv) there is lack of sensitive and specific detection methods for clinical use for monitoring the progression of SCI. Therefore, more basic and clinical research should be undertaken, with a focus on the following: (i) immune cells and their roles at different time points and positions in the tissue microenvironment post SCI should be characterized more precisely, (ii) the safety of emerging drugs should be investigated thoroughly to ensure that physiological functions are not affected with their use, (iii) the application of new biomaterials to transport immunomodulatory drugs should be explored and characterized, and (iv) detection methods with high sensitivity and specificity should be developed to reflect comprehensive immune components after SCI. Collectively, as various experimental therapies are being developed or have been explored in clinical trials, promising therapies for SCI are expected.
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Objective

This study explored the underlying therapeutic mechanism of human umbilical cord mesenchymal stem cells (hUCMSCs) for ischemic stroke (IS), and determined the optimal administration time windows and dose-effect relationship.


Methods

The levels of SDF-1α, IL-10, IL-6, TNF-α, BDNF, IL-1β, and VEGF-A factors in serum and brain tissue lysate were measured by ELISA. The pathological status of brain tissues was evaluated by Hematoxylin-Eosin (HE) staining, and apoptosis of nerve cells was detected by tunel. The protein expression of CXCR-4, NeuN, and Nestin in the brain tissues was assessed through immunofluorescence. The balance beam, forelimb muscle strength, and limb placement were tested on MCAO rats at different time points and doses. The infarct area of the rat brain tissues was measured at the end of the experiment.


Results

The hUCMSC treatment during the acute phase of MCAO significantly reduced the secretion of IL-6, TNF-α, IL-1β but increased IL-10 in serum, and the levels of SDF-α and BDNF in serum and brain tissues lysate were also increased. The pathological results showed that there were more neurons in the treatment group compared to the model group. Immunofluorescence assays showed that the expression of CXCR4、Nestin、NeuN was relatively higher than that in the model group. The d4 and d7 treatment significantly improves the motor function, promotes the recovery of forelimb muscle strength, increases the forelimb placement rate and reduces the scope of cerebral infarction, but the d14 treatment group has less therapeutic effect compared to the d4 and d7 treatment. The 2×107/kg treatment showed the best therapeutic effect, followed by the 1×107/kg treatment, and the worst is 0.5×107/kg treatment from the test of balance beam, forelimb muscle strength, limb placement and the infarct area of the rat brain tissues.


Conclusion

The hUCMSCs can inhibit the infiltration of inflammatory cells in the brain tissue, and promote the repair of brain tissue structure and function. Early intervention by injecting high-dose of hUCMSCs can significantly improve the recovery of neurological/motor function and reduce the size of cerebral infarction in rats.




Keywords: hUCMSCs, MCAO, Ischemic stroke, Time windows, Dose-effect relationship

1  Introduction

Stroke is a destructive cerebrovascular event caused by the interruption of cerebral blood flow due to a blockage or burst/hemorrhage of cerebral vessels (hemorrhagic stroke; HS), which led to physical disability and multiple secondary impairments of physical function (1). The Guidelines for the Prevention and Treatment of Stroke in China (2021 Edition) defines the onset of stroke within 2 weeks as the acute phase, between 2 weeks and 6 months as the recovery phase, after 6 months as the sequelae phase, and after 2 weeks also regarded as the sub-acute phase (2, 3). Furthermore, the latest Global Burden of Disease Study (GBD) shows that the overall lifetime risk of stroke in China is 39.9%, ranking the first in the world, which means that about two out of every five chinese will suffer from stroke in older adults over 75 (4). In addition, stroke is also the top cause of death among all diseases in China (5, 6).

The middle cerebral artery (MCA) is a vulnerable site for stroke, and the middle cerebral artery occlusion (MCAO) model is generally accepted as the standard animal model for focal cerebral ischemia (7, 8). The basic principle involves the occlusion of the middle cerebral artery origin with a wire plug, causing the middle cerebral artery feeding area to be ischemic for a certain time, which in turn leads to the rats developing focal cerebral ischemia (9). This method is characterized by good stability, reproducibility, small injury, exact infarct location, and high success rate (8). Therefore, this model was adopted in this study to simulate human stroke and conduct drug treatment studies (10).

Umbilical cord mesenchymal stem cells (UC-MSCs) are a type of fibroblast-like cells present in the fahrenheit gum and are mesoderm-derived multipotent stem cells with high self-renewal capacity and multilineage differentiation potential (11). hUCMSCs can be induced to differentiate into neural stem cells in vitro, and they still exist and express neuron-specific markers three weeks after direct brain transplantation (12), and hUCMSCs can cooperate with some other drugs such as neural stem cells or corresponding culture medium to produce a better therapeutic effect (13). hUCMSCs have an important application value in improving the clinical symptoms of IS patients, and studies have shown that UC-MSCs inhibit lesion symptoms in the acute phase and promote cerebral ischemic site repair in the chronic phase through different mechanisms (14). During IS treatment, hUCMSCs migrate to the location of the hypoxia-induced brain injury via the homing effect mediated by stromal cell-derived factors and chemokine receptors and exert their functions through immunomodulation, anti-inflammation, inhibition of apoptosis, vascular regeneration, neural repair, and remodeling (3, 15–18). Although numerous pre-clinical and clinical studies on the use of stem cells in stroke have reported their safety and effectiveness, problems regarding the pre-clinical treatment time windows, dosage, and mechanism of preparation of hUCMSCs in a mature system still need to be clarified (19–22). In this study, a pharmacodynamic evaluation of hUCMSCs for the treatment of IS was performed to determine its therapeutic mechanism, different time windows, and the dose-effect relationship.


2  Methods

2.1  Preparation of the hUCMSCs

The hUCMSCs were obtained from Shanghai Quansheng Biotechnology Co., Ltd., which were extracted and cultured from the umbilical cords of newborns. The umbilical cords were obtained from Dongguan Chang’an Hospital and approved the inspection of the ethics committee of the hospital. hUCMSCs were routinely tested for surface markers, three-line differentiation function, immunomodulatory function, fungi, bacteria, and other indicators before use. hUCMSCs were approved for use after meeting the certificate of analysis (COA) release criteria.


2.2  Model establishment

The use of experimental animals was approved by the Laboratory Animal Ethics Committee of Youji (Tianjin) Pharmaceutical Technology Co., Ltd. In this experiment, the rats were anesthetized with isoflurane and fixed in the supine position. The skin was incised along the median line of the neck to expose the right common carotid artery. The nerves and fascia around the blood vessels from the bifurcation of the common carotid artery to the skull base were carefully removed. A nylon suture (Diameter 0.28 mm) was introduced into the internal carotid artery from the distal end of the external carotid artery and inserted into the circle of Willis at the middle cerebral artery to effectively blocks the middle cerebral artery. The length of the inserted suture was 18 to 20 mm from the bifurcation of the common carotid artery. The free end of the external carotid artery was then ligated with an intraluminal suture to prevent bleeding. The subcutaneous fascia and skin were sutured layer by layer, and penicillin was dripped locally to prevent infection. In the control group, only the internal carotid artery was separated. Two hours after the start of MCAO, the thread in the lumen of the internal carotid artery was carefully extracted to reperfuse the artery, followed by feeding the animals.

The Neurological impairment degree score (NDS) was assessed after 2 hours of ischemia and reperfusion (23). A point above 8 meant a successful model (24). Samples with 10-12 points were selected for downstream experiments. The detailed scoring criteria are indicated in Supplementary Table 1.


2.3  Experimental design

In the mechanism experiment, hUCMSCs were injected into the rat tail vein at a dose of 1 mL/kg based on the standard of 1×107 cells/ml on d1 after modeling. After 7 days, the second administration was carried out. The model group were given the same dose of PBS. Each group consisted of 12 rats, and the serum and brain tissues of MCAO rats on the d1, d4, d7, and d14 were collected after hUCMSCs or PBS infusion. Normal rat blood and brain tissue lysates were used as initial control data before the experiment was carried out. The protein levels of SDF-1α, IL-10, IL-6, TNF-α, BDNF, IL-1β, and VEGF-A in serum and brain tissue lysates were measured using Luminex multi-factor kits (R&D). Meanwhile, the protein levels of CXCR-4, NeuN, and Nestin in the brain tissues of d14 rats were determined by immunofluorescence. The pathological structures in the brain tissues were examined by HE staining (Figure 1A).



Figure 1 | Schematic illustration of hUCMSCs treatment for ischemic stroke experiment. (A) The mechanism experiment; (B) The time windows experiment; (C) The dose-effect relationship experiment; The red arrows indicate the model establishment time points; The blue arrow indicates the time point of injection of hUCMSCs or PBS; The purple arrows indicate the time points of motor/neural function testing; The green arrow indicates the time point of sample collection and detection.



In the time window experiments, the hUCMSCs were injected into the rat tail vein on d4, d7, and d14 after MCAO, corresponding to the acute, sub-acute, and sequelae phases of IS, respectively. The dose of hUCMSCs was 1×107cells/kg, and the second treatment was performed 7 days after the first administration. Each time point was divided into control group, model group and treatment group with 10 rats in each subgroup. The clinical observation period for the rats lasted until 28 days after the first administration. The balance beam test, forelimb muscle strength test, and limb placement test were all performed on the rats before administration and on the 7d, 14d, 21d, and 28d after administration. The infarct area was detected by triphenyl tetrazolium chloride (TTC, Phygene) staining at the end of the experiment (Figure 1B).

Based on the results of the time window experiments, the optimum time point for the injection of hUCMSCs was determined, and the dose-effect relationship experiment was carried out. The low-dose, medium-dose, and high-dose hUCMSCs treatment groups were set up, with doses of 5×106 cells/kg, 1×107 cells/kg, and 2×107 cells/kg, respectively, with 12 rats in each group. The balance beam test, forelimb muscle strength test, and limb placement test were performed on 7d, 14d, 21d, and 28d after the first administration, and the cerebral infarction area was detected by TTC staining at the end of the experiment (Figure 1C).


2.4  Motor function scoring

The balance beam, forelimb placement, and forelimb muscle strength of MCAO rats were tested before the first administration and on 7d, 14d, 21d, and 28d after administration to evaluate the recovery of neurological/motor function of MCAO rats (25).


2.5  Determination of the cerebral infarction area

Following the motor function experiments, the rats were sacrificed by cervical vertebra detachment after isoflurane gas anesthesia and bleeding. The brain tissues were harvested, stored in a -80°C freezer, and then sectioned from front to back with a thickness of 2 mm. Brain tissue sections were placed in 2% red tetrazolium solution and incubated at 37 °C for 5 minutes. Infarct tissues were white and non-infarct tissues were red. The cerebral infarction area (%) was measured using Image J software. Bias due to brain edema or brain atrophy was excluded using a modified formula as follows:

Cerebral infarction area (%) = (area of the hemisphere on the non-infarct side – area of normal brain tissue on infarct side)/(area of the hemisphere on non-infarct side × 2)× 100% (26, 27).


2.6  Data analysis

The SPSS 22 software was used for statistical analysis. One-way analysis of variance (ANOVA) was used for multi-group comparison. Meanwhile, the independent data of the two groups were analyzed using a t-test. A P<0.05 was considered statistically significant. The graphical representations of the results were constructed using the Graphpad Prism 8 software.



3  Results

3.1  Phenotype and multilineage differentiation ability validation

Cell surface markers of hUCMSCs were detected by flow cytometry assay, and the result indicates that they are CD14, CD19, CD31, CD34, CD45, HLA-DR negative and CD73, CD90, CD105 positive (Figure 2A). hUCMSCs were detected by immunocytochemistry for their lipogenic, osteogenic, and chondrogenic differentiation potential in the different induction differentiation media. The results showed that hUCMSCs could also successfully transdifferentiate into adipocytes (analyzed by Oil Red O staining), osteoblasts (analyzed by Alizarin Red staining), and chondrocytes (analyzed by Arsenic Blue staining) (Figures 2B–D). Together, these results indicate that hUCMSCs are characterized by high purity and with multidirectional differentiation capabilities.



Figure 2 | hUCMSCs surface markers detected by flow assay and three-lineage (adipogenic, osteogenic, chondrogenic) differentiation ability detected by immunocytochemistry. (A) the negative expression of surface markers CD14, CD19, CD31, CD34, CD45, HLA-DR of hUCMSCs; and the positive expression of surface markers CD73, CD90, CD105 of hUCMSCs, antibody binding dye is PE; (B) Oil red O staining to analyze adipogenic differentiation of hUCMSCs; (C) Alcian blue staining to explore chondrogenic differentiation of hUCMSCs; D: Alizarin red staining to analyze osteogenic differentiation of hUCMSCs.The scale bar = 50 μm in (B) and 200 μm in (C, D).




3.2  Administration of hUCMSCs affected the levels of cytokines in the blood and brain tissue lysates in MCAO rats

The administration of hUCMSCs led to a significant reduction in the levels of the proinflammatory factors IL-1β, IL-6, and TNF-α and an increase in the levels of the anti-inflammatory factor IL-10 in serum (Figures 3D–G), but no significant difference in the levels of these factors has been observed in the brain tissue samples (Figures 4C–E). Furthermore, the hUCMSCs effectively promoted the secretion of the SDF-α, BDNF, and VEGF in the serum (Figures 3A–C). In addition, the levels of SDF-α and BDNF in the brain tissues also showed an increasing trend (Figures 4A, B); particularly, these factors were relatively high in the sub-acute phase of MCAO. Unfortunately, the levels of IL-6 and VEGF-A were lower than the sensitivity limit of the Luminex multi-factor kits. Based on these results, the hUCMSCs administration showed a good immunomodulatory function in the treatment of IS, improved the secretion of chemokines and neurotrophic factors in the sub-acute phase.



Figure 3 | Cytokine levels in serum samples of MCAO rats after administration of hUCMSCs. (A–G) Expression levels of SDF-α, BDNF, VEGF-A, IL-6, IL-10, TNF-α, and IL-1β in serum, respectively. Data are presented as mean ± SD. Statistically significant values between the treatment and the model groups are denoted as *P < 0.05, and ***P < 0.001.





Figure 4 | Cytokine levels in the brain tissue lysates of MCAO rats after administration of hUCMSCs. (A–E) Expression levels of SDF-α, BDNF, IL-1β, IL-10, and TNF-α in brain tissue lysates, respectively. Data are presented as mean ± SD. Statistically significant values between the treatment and the model groups are denoted as *P < 0.05.




3.3  hUCMSCs administration promoted the recovery of the pathological structure of brain tissue and reduced apoptosis in MCAO rats

The pathological and structural analysis of rat brain tissues in each group by HE showed that the normal control group had an intact brain structure with clear borders and abundant cell numbers (Figure 5A), while the model group had increased neuronal death and inflammatory cells, as well as vacuolar degeneration and edema formation (Figure 5B). Meanwhile, the treatment group was characterized by relatively more neuronal cells, regular brain tissue and cell arrangement, and a more complete structure (Figure 5C). Compared with the model group, the striatum of the treatment group showed a smaller number of apoptotic cells (Figures 5D–F). These results indicate that hUCMSCs administration via the tail vein could effectively inhibit pathological damage, reduce inflammatory infiltration, and promote tissue repair to some extent in the brain tissues of MCAO rats.



Figure 5 | Effect of hUCMSCs on the pathological structure and apoptosis of brain tissues of MCAO rats. (A–C) HE staining results of the normal, model, and treatment groups on d14 after administration, respectively. The staining magnification is 400 times and the scale is set at 2.5 µm (green arrow: neuronal cells; red arrow: microglial cells; blue arrow: apoptotic neuronal cells); (D–F) tunel staining results of the normal, model, and treatment groups on d14 after administration, respectively. The staining magnification is 400 times and the scale is set at 2.5 µm.




3.4  hUCMSCs administration increased the levels of chemokines and neuronal repair in the brain of the MCAO rats

Immunofluorescence was used to evaluate the protein expression of CXCR4, Nestin, and NeuN in the brain tissue of MCAO rats in the sequelae phase (Figure 6). Upon hUCMSCs administration in sequelae phase MCAO rats, an apparent upregulation of CXCR4 was observed in the treatment group compared with the model group (Figures 6A–C). The expression of Nestin, a neural stem cell marker (28), was significantly increased after the injection of hUCMSCs (Figures 6D–F). Consistently, the expression of NeuN, a neuronal marker (29), also showed an upward trend (Figures 6G–I). These findings suggest that the hUCMSCs administration could promote the expression of chemokines in the brain tissue of MCAO rats at the sequelae phase and promote the repair, proliferation, and maturation of neurons.



Figure 6 | Levels of chemokines and neuronal markers in the brain tissues of MCAO rats after administration of hUCMSCs. The figures show the immunofluorescence staining results of CXCR4 (A–C), Nestin (D–F), and NeuN (G-I) in the normal group, model group, and treatment group, respectively. The staining magnification is 400 times and the scale is set at 2.5 µm.




3.5  hUCMSCs administration improved motor function recovery and reduced cerebral infarction area in MCAO rats at different time windows

The MCAO rat models were monitored for totally 28 days from the first injection of the hUCMSCs. Each experimental group showed motor function, balance beam crawling disorder, gait side-slip, forelimb placement rate, and forelimb muscle strength reduction (Figures 7). The d4 and d7 hUCMSCs treatment could significantly improve the motor function and forelimb placement rate from d21 to d28 after administration, and the gait side-slip was significantly reduced (Figures 7A, B, D, E). The d14 hUCMSCs treatment had a relatively weak lower trend in improving the balance beam test scores and forelimb placement rate (Figures 7C, F). The d4, d7, and d14 hUCMSCs treatment had significantly improved forelimb muscle strength (Figures 7G–I). Based on the results of the balance beam test, forelimb placement test, and forelimb muscle strength test, the d4 hUCMSCs treatment group showed a greater trend of score improvement in each group. Meanwhile, the d7 hUCMSCs treatment group had a slight score improvement, but the difference was relatively lower than that of the d4 hUCMSCs treatment group. In contrast, there was only a statistically significant difference in the forelimb muscle strength scores of the d14 hUCMSCs treatment group. These findings suggest that the hUCMSCs administration can promote the recovery of motor function in the MCAO model, with earlier intervention treatment time leading to a better therapeutic effect.



Figure 7 | Effect of hUCMSCs administration on the neurologic/motor recovery of MCAO rats at different administration time points. (A–C) Balance beam test scores after administration on d4, d7, and d14 post-modeling. (D–F) Forelimb placement scores after administration on d4, d7, and d14 post-modeling. (G–I) Forelimb muscle strength scores after administration on d4, d7, and d14 post-modeling. Data are presented as mean ± SD. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs control group; **P < 0.01, ***P < 0.001 vs model group.



The brain tissues of rats in each group were stained with TTC 28 days after hUCMSCs administration (Figures 8). In the model establishment, the right cerebral infarction area of the MCAO rats was larger by inserting the suture from the right common carotid artery. The brain tissues in the model group and the treatment group showed a white cerebral infarction area, which was analyzed by the Image J software (Figures 8A–I). Compared with the model group, The d4 (Figures 8B, C), d7 (Figures 8E, F), and d14 (Figures 6H, I) hUCMSCs treatments showed less white areas after modeling. No white necrosis area in the control group at each time point has been observed (Figures 8A, D, G). In contrast with the model control group, the cerebral infarction area was reduced in the hUCMSCs treatment group on d4, d7, and d14 post-modeling, and the improvement rates were 35%, 30.4%, and 14.1%, respectively (Figures 8J–L). These findings indicate that within a certain time limit, early hUCMSCs treatment could reduce the cerebral infarction area and improve the therapeutic effect.



Figure 8 | Effect of hUCMSCs administration on the size of the cerebral infarction area of MCAO rats at different administration time points. The figures show the results of the TTC staining of the MCAO rats’ brain tissue 28 days after administration. The white area means necrotic area, (A–C) The TTC staining of the control group, model group, and hUCMSCs treatment group after administration on d4; (D–F) The TTC staining of the control group, model group, and hUCMSCs treatment group after administration on d7; and (G-I) The TTC staining of the control group, model group, and hUCMSCs treatment group after administration on d14; (J–L) The proportions of cerebral infarction area as evaluated by TTC after administration on d4, d7, and d14 post-modeling. Data are presented as mean ± SD. ###P<0.001 vs control group; **P<0.01 vs model group.




3.6  Different doses of hUCMSCs improved motor function recovery and reduced cerebral infarction area in MCAO rats

The time windows experiment showed that the hUCMSCs had a better therapeutic effect in acute IS. Based on this observation, the dose effect of the hUCMSCs was performed 4 days after modeling. In the balance beam test, the low-dose hUCMSCs treatment had no significant improvement effect (Figure 9A). Furthermore, the low-dose, medium-dose, and high-dose stem cell treatment could significantly improve the motor function of rat models on d14 to d21 after administration, while the gait side-slip was significantly reduced (Figure 9A). Additionally, the frequency of forelimb placement and forelimb muscle strength was significantly increased in all treatment groups (Figures 9B, C). There was a significant dose-dependent improvement in the comprehensive scores of neurological/motor functions in the high-dose treatment group compared with the medium-dose and low-dose treatment groups.



Figure 9 | Effect of different doses of hUCMSCs on the recovery of neurological/motor function in MCAO rats. (A–C) Balance beam test, forelimb placement test, and forelimb muscle strength test results. Data are presented as mean ± SD. #P<0.05, ###P<0.001 vs control group; $P<0.05 low dose group vs model group; *P < 0.05, **P < 0.01 middle dose group vs model group; &P < 0.05 high dose group vs. model group.



In the dose-effect relationship experiments, the brain tissues of rats in each group were stained with TTC 28 days after hUCMSCs administration (Figures 10A–E). The low-dose treatment group exhibited a slight reduction in the cerebral infarction area; however, no statistically significant value was observed. Meanwhile, the medium-dose treatment group and the high-dose treatment group could significantly reduce the cerebral infarction area. The three treatment groups improvement rates of cerebral infarction area were 15.8%, 21.7%, and 22.9%, respectively (Figure 10F). These results show that the middle and high doses of hUCMSCs had a higher effect on reducing the cerebral infarction area in MCAO rats.



Figure 10 | Effect of different doses of hUCMSCs on cerebral infarction area of MCAO rats. (A–E) Results are shown for the control group, model control group, low-dose hUCMSCs treatment group, medium-dose hUCMSCs treatment group, and high-dose hUCMSCs treatment group, respectively. (F) The proportion of cerebral infarction area in different hUCMSCs treatment groups. Data are presented as mean ± SD. ###P < 0.001 vs control group; *P < 0.05 vs model group.





4  Discussion

IS is a high-incidence disease with a wide time windows, different clinical manifestations at different onset periods, and targeted treatment requirements through different methods (30). In the acute phase (within 2 weeks), IS is mainly manifested as oxidative stress and neurotoxicity caused by the lack of cellular oxygen, glucose, and adenosine triphosphate (ATP) at the ischemic site, which in turn leads to increased cell damage and apoptosis (31). The reperfusion of blood flow after ischemia causes damage to the blood-brain barrier and blood vessels due to the secondary beating of damaged tissues and loss of vascular structural integrity, which further leads to cerebral edema and infarction (32). Unfortunately, there is no current effective treatment for brain tissue repair and functional recovery in the sub-acute and sequela phases of IS due to the inherent irreversibility of nerve cells (21).

hUCMSCs have been shown to return to the damaged site for tissue repair, promotion of endogenous neural cell repair after cerebral ischemia, effective inhibition of apoptosis in the ischemic penumbra, promotion of angiogenesis after cerebral ischemia, and inhibition of excessive inflammation through immune regulation (11, 33). Numerous preclinical studies and clinical reports on the use of stem cells in the treatment of IS have confirmed the safety and effectiveness of stem cells (20, 22, 34). However, studies exploring the mechanism and time windows of administration are relatively few, with fewer preclinical studies in the sub-acute and sequela phases of IS. Treatment methods that use stem cells with more comprehensive functions offer several advantages for diseases with strict treatment windows during the acute phase and limited treatment options.

In this study, we explored the underlying mechanism of injecting hUCMSCs at the acute phase of the disease and the time windows, as well as the dose-effect relationship of the injeciton at the acute, sub-acute, and sequelae phases of the disease. Since the brain tissues of acute stroke patients or animal models are severely damaged and the internal environment is poor during IS, treatment options should be given at a relatively later time windows. The expression of chemokines, neurotrophic factors, and angiogenic factors was increased in MCAO rats after the treatment in the acute stage. In the pre-clinical experiment of the time windows and dose-effect relationship, the results showed that under the same administration frequency, the earlier use of relatively high doses of hUCMSCs significantly increased the neurological and motor function scores, as well as increased the improvement rate of cerebral infarction area.

IS will activate the peripheral immune system in a short time after the blood-brain barrier is damaged, and the inflammatory cells will be overactivated and secrete a large amount of inflammatory factors into the blood (35). Damage to the blood-brain barrier leads to an increase in its permeability, and a large number of neutrophils, T cells, and macrophages infiltrate into the central nervous system.In this experiment, treatment with hUCMSCs effectively inhibits the activation of the peripheral immune system and regulates immune function. However, there is no treatment difference in the brain tissue has been observed. Based on this result, we speculate that hUCMSCs may not be able to enter the brain tissue for direct contact to participate in the treatment (36). We also used human nuclear staining antibodies to detect the brain tissue of MCAO rats 3 days and 5 days after injection of hUCMSCs. Consistent with published studies (22, 37), we did not find UCMSCs at this time window. We also considered using intracerebral injections, but this method resulted in increased mortality in MCAO rats.

hUCMSCs, under the action of the SDF-α/CXCR4 axis, may migrate to the blood-brain barrier and secrete neurotrophic factors through paracrine to inhibit the apoptosis of nerve cells in the brain tissue and promote the brain structure and function recovery (38, 39). However, the relatively poor therapeutic effect of hUCMSCs at a later time windows may be attributed to the liquefaction of damaged tissues and the formation of cysts that are not readily cleared by the body during the subacute and sequela stages of IS. Moreover, the inflammatory stimulation and the interference of the glial scar during this period may also limit stem cell function. In the future, more precise treatment can be carried out through gene modification, minimally invasive targeted implantation, specific differentiation, and other stem cell technologies, which is bound to improve the clinical significance of this treatment option.
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Intracerebral hemorrhage (ICH) is the second-largest stroke subtype and has a high mortality and disability rate. Secondary brain injury (SBI) is delayed after ICH. The main contributors to SBI are inflammation, oxidative stress, and excitotoxicity. Harmful substances from blood and hemolysis, such as hemoglobin, thrombin, and iron, induce SBI. When cells suffer stress, a critical protective mechanism called “autophagy” help to maintain the homeostasis of damaged cells, remove harmful substances or damaged organelles, and recycle them. Autophagy plays a critical role in the pathology of ICH, and its function remains controversial. Several lines of evidence demonstrate a pro-survival role for autophagy in ICH by facilitating the removal of damaged proteins and organelles. However, many studies have found that heme and iron can aggravate SBI by enhancing autophagy. Autophagy and inflammation are essential culprits in the progression of brain injury. It is a fascinating hypothesis that autophagy regulates inflammation in ICH-induced SBI. Autophagy could degrade and clear pro-IL-1β and apoptosis-associated speck-like protein containing a CARD (ASC) to antagonize NLRP3-mediated inflammation. In addition, mitophagy can remove endogenous activators of inflammasomes, such as reactive oxygen species (ROS), inflammatory components, and cytokines, in damaged mitochondria. However, many studies support the idea that autophagy activates microglia and aggravates microglial inflammation via the toll-like receptor 4 (TLR4) pathway. In addition, autophagy can promote ICH-induced SBI through inflammasome-dependent NLRP6-mediated inflammation. Moreover, some resident cells in the brain are involved in autophagy in regulating inflammation after ICH. Some compounds or therapeutic targets that regulate inflammation by autophagy may represent promising candidates for the treatment of ICH-induced SBI. In conclusion, the mutual regulation of autophagy and inflammation in ICH is worth exploring. The control of inflammation by autophagy will hopefully prove to be an essential treatment target for ICH.
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1. Introduction

Intracerebral hemorrhage (ICH), the second most common type of stroke, is characterized by non-traumatic brain parenchymal hemorrhage (Nobleza, 2021). It causes severe neurological dysfunction with high morbidity and mortality rates, accounting for 15% of strokes (Shao et al., 2019; Zhang and Liu, 2020). ICH-induced secondary brain injury (SBI) occurs because blood components and hemolysates from ruptured blood vessels contribute to brain tissue damage and cell death by activating inflammatory reactions, cytotoxicity, and excitatory toxicity (Zhu et al., 2019). At present, although removing hematomas via a minimally invasive operation can relieve the mechanical compression of hematomas on peripheral brain tissue, there are still no effective treatments for post-hemorrhage-mediated SBI (Shao et al., 2019).

Autophagy, sometimes called “self-eating,” is a cellular process of stress that is dynamic and complex (Yu et al., 2018). It can maintain the stability of the material and energy and ensure cells’ survival in starvation or other types of stimulations, positively contributing to stroke (Ghavami et al., 2014; Zhang and Liu, 2020). Under normal circumstances, autophagy occurs at a basic level in the brain. It is involved in many physiological activities in most cells, such as cell development and death, immune function decline, and anti-aging mechanism (Wang and Zhang, 2019). However, autophagic activity is significantly enhanced in ICH. In addition, iron, heme, thrombin, and other harmful substances play a role in ICH-induced SBI by regulating autophagy. Neuroinflammation, which plays a critical role in ICH-induced SBI, exacerbates the mass effect by increasing the permeability of the blood-brain barrier (BBB) around the hematoma, leading to cell death. Meanwhile, the cells that die release inflammatory mediators that further aggravate neuroinflammation.

Therefore, reduced neuroinflammation is particularly important for treating ICH (Xiao L. et al., 2020). Is there a relationship between autophagy and inflammation in ICH? It remains a fascinating topic for research that the mechanisms are interrelated but have yet to be fully explained. Obviously, multitarget neuroprotective compounds will be a promising strategy to alleviate ICH-induced SBI. Therefore, in this article, we summarized the fundamental mechanisms of autophagy following ICH and the interrelationship between autophagy and inflammation. We also summarize in detail the potential compounds and therapeutic targets of autophagy in regulating inflammation.



2. Pathophysiology of ICH

Intracerebral hemorrhage usually occurs deep in the brain (basal ganglia and thalamus) (Zhang et al., 2020; O’Carroll et al., 2021), and 30% of patients with ICH may develop hematoma dilation within the first 6 h after ICH (Tschoe et al., 2020). The leading cause is chronically elevated blood pressure (hypertension) and cerebral amyloid angiopathy (Nobleza, 2021). The pathophysiology of ICH is extremely complex, mainly including primary brain injury (PBI) caused by hematoma-related pathological reactions. However, the hematoma is the leading cause of PBI after ICH. It can aggravate SBI, leading to severe neurological dysfunction and even death (Zhang and Liu, 2020). Although these injury pathways are distinct in pathophysiology, the mechanisms by which they injure the brain parenchyma overlap (Magid-Bernstein et al., 2022). For example, inflammation-mediated inflammatory factors and leukocyte infiltration can also lead to BBB breakdown (mainly endothelial cell damage and deformation) after ICH. BBB disruption and increased permeability can also lead to further perihematomal edema, thus forming a vicious circle (Figure 1).
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FIGURE 1
Schematic illustration of pathophysiology after ICH. PBI and SBI are not performed singly, leading to edema, BBB disruption, inflammation, neuronal damage, and oxidative stress. Thrombin can induce significant neuroinflammation in microglia. Most extravasated erythrocytes are trapped in the hematoma and phagocytosed or lysed by microglia/macrophages. In ICH, hemoglobin is a key factor in the inflammation of damaged erythrocyte leakage and is a potent activator of inflammation. Hemoglobin induces proinflammatory cytokine production in microglia through TLR2/TLR4 heterodimer. Heme is partially degraded by HO-1 in macrophages/microglia or HO-2 in neurons to form ferrous iron, carbon monoxide, and biliverdin. The released iron can produce a large amount of ROS through the Fenton reaction and cause oxidative stress damage to nearby tissues. TLR2/TLR4, toll-like receptor 2/4; HO-1, heme-oxygenase-1; ROS, reactive oxygen species (by Figdraw).



2.1. Primary brain injury in ICH

Occurring immediately within the first few days after bleeding, PBI is a direct injury caused by the acute mass effect of an intracerebral hematoma, which causes brain tissue deformation and intracranial pressure. PBI in ICH is characterized by hematoma formation and expansion, the mass effect that leads to greater intracranial pressure (Bautista et al., 2021). The severity of ICH is mainly affected by the site of the hemorrhage and the amount of bleeding. When the blood loss is extensive, the compression of the tissue intensifies. It causes intracranial hypertension (ICP), leading to mechanical damage to adjacent tissue and decreasing cerebral perfusion, eventually bringing severe irreversible neurological dysfunction to the tissue. In addition, mass effects may lead to midline displacement, brain herniation formation, and even death (Magid-Bernstein et al., 2022).



2.2. Secondary brain injury in ICH

Previous studies have shown that SBI after ICH is a vital factor leading to neurological dysfunction and a significant determinant of the poor prognosis of patients (Shao et al., 2019). When blood components and damage-associated molecular patterns (DAMPs) are released from necrotic and damaged tissues, injury pathways are activated, including inflammation, blood cytotoxicity, and oxidative stress (Aronowski and Zhao, 2011). SBI after ICH is exceptionally complex, and the most severe consequences of SBI are neuronal cell death or endothelial damage (and subsequent vasogenic edema) (Duris et al., 2018). In addition, hemoglobin, thrombin, heme, and iron cause BBB hyperpermeability after ICH (Bian et al., 2022; Xia et al., 2022).




3. Autophagy

There are three types of autophagy, namely, macroautophagy, microautophagy, and chaperone-mediated autophagy. Macroautophagy, also known as autophagy (‘self-eating’) is a major pathway involved in cytoplasmic content recycling and degradation in autophagosomes. Microautophagy can phagocytose cellular solutes into lysosomes and degrade them through the formation of characteristic invaginations of the lysosomal membrane. Unlike macroautophagy, microautophagy does not require the formation of autophagosomes, and its substrates are directly phagocytic and degraded by lysosomes. Chaperone-mediated autophagy is a highly selective pathway recognized only by soluble proteins containing chaperone recognition sites, such as the heat shock protein-70 (HSP70) complex (Kanno et al., 2022). Among the three kinds of autophagy, macroautophagy is the most widely studied and the most characteristic of autophagy. In general terms, “autophagy” refers to macroautophagy. The autophagy mentioned in this review is all macroautophagy (hereinafter, “autophagy”).


3.1. Selective autophagy and non-selective autophagy

In mammalian cells, autophagy can also be classified as selective and non-selective (Li et al., 2021d). Selective autophagy is a major process in maintaining cellular homeostasis, in which lysosomes recognize and degrade cargo through the activity of selective autophagy receptors (Lamark and Johansen, 2021; Xu W. et al., 2021). Selective autophagy can be divided into the following categories according to the targeted organelles or particles such as some damaged organelles: mitophagy (impaired mitochondria), reticulophagy (endoplasmic reticulum), xenophagy (pathogens), or aggrephagy (misfolded proteins) (Faruk et al., 2021). Non-selective autophagy is a process in which cytoplasmic components are non-selectively wrapped by bilayer phagosomes to form autophagosomes and transported to lysosomes for degradation and recycling as essential metabolic substrates. It is a physiological reaction to maintain nutrient supplies by stimulating hunger and other behaviors (Li et al., 2021d).



3.2. Molecular mechanisms of the canonical autophagy process

As shown in Figure 2, the canonical autophagy process involves the sequential and selective recruitment of ATG proteins that can be divided into five sequential steps, including (1) the initiation and nucleation of phagophores; (2) double membrane formation and elongation; (3) the maturation and completion of autophagosomes; (4) lysosomes’ integration with autophagosomes to form autolysosomes; and (5) the degradation of intra-autophagosomal contents by lysosomal enzymes (Yu et al., 2018). In the autophagolysosome, many autophagy-related (ATG) proteins can regulate autophagy, playing an extremely crucial role in the formation of autophagy (Lõrincz and Juhász, 2020). When cells are subjected to various stimuli, such as starvation and energy deprivation, or the activity of the mammalian target of rapamycin (mTOR) complex is inhibited, the initiation of autophagy is mediated by the Unc-51-like autophagy-activating kinase (ULK1) complex, consisting of ULK1/2, Atg13, FIP200, and Atg101 (Jung et al., 2009; Mizushima, 2010; Zachari and Ganley, 2017). Nutritional conditions regulate this complex: When nutrients are plentiful, mTOR phosphorylates ULK1 and Atg13, inactivating the ULK1 complex (Wang and Zhang, 2019). When cells are starved or hypoxic, mTOR activity is inhibited, leading to dephosphorylation and the activation of the ULK1 complex (Fang et al., 2018). Therefore, the ULK1 complex completes the crucial step of inducing autophagy.
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FIGURE 2
Schematic illustration of the autophagy process. The autophagy process can be divided into the following stages: Induction, nucleation of phagosomes, elongation of phagosomes, completion of autophagosomes, fusion with lysosomes to form autophagosomes, and content degradation. After LC3 binds to phospholipid ethanolamine (PE), LC3-II is anchored to the cell membrane, promoting the expansion and closure of phagosomes and finally forming autophagosomes. P62 links LC3-II to the substrate on the isolation membrane and separates the isolation substrate. In response to SNARE proteins, both ends of the sequestration membrane close and form a complete autophagosome with a bilayer structure. The autophagosome and lysosome fuse to form the autophagolysosome. Under the control of lysosomal-associated membrane proteins, the autophagy outer membrane fuses with the outer lysosomal membrane to form an autophagolysosome. Autophagolysosome degrades the substrate into small molecules such as lipids, nucleosides, and other substances used by the cell.


Second, the class III phosphatidylinositol 3-kinase (PI3K class III) complex consisting of Beclin-1-Atg14-PI3K class III is an essential component of nucleation and assembly (Wang X. et al., 2020). The PI3K class III complex generates phosphatidylinositol 3-phosphate and recruits additional ATG proteins to form the isolation membrane (also termed the “phagosome”) (Muller et al., 2017). Autophagosome formation and elongation depend on Atg5-Atg12-Atg16L and microtubule-associated protein 1A/1B light chain 3 (LC3) (Yang and Klionsky, 2010). ATG4 can transform Pro-LC3 into LC3. When the complex (ATG12-ATG5-ATG16L) binds LC3 to phosphatidylethanolamine (PE), the cytoplasmic form of LC3 (LC3-I) is anchored to the cell membrane as LC3-II (Stavoe and Holzbaur, 2019). LC3-II promotes the expansion and closure of the phagophore and, eventually, the formation of autophagosomes. Thus, the conversion of LC3-I to LC3-II marks autophagy initiation. After expansion and closure, all the ATGs escape from the autophagosome and return to the cytoplasm. Only the LC3-II is anchored to the autophagosome membrane. Meanwhile, substrate recognition and transport are completed by P62 (Galluzzi and Green, 2019). Hence, P62 can target and bind the substrate and LC3-II, connecting LC3-II with the substrate in the isolation membrane. Once a phagophore is formed, it isolates and coats the substrate (damaged intracellular proteins and organelles). Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins transport vesicles and fuse autophagy membranes during autophagy formation. The two ends of the isolation membrane close and form a complete autophagosome with a bilayer membrane structure under the action of SNARE proteins (Tian et al., 2021).

Subsequently, the autophagosome moves along the microtubule system of the cytoskeleton to lysosomes containing cathepsin B and cathepsin D (Hossain et al., 2021). Under the control of lysosomal-associated membrane proteins, the autophagy outer membrane fuses with the outer lysosomal membrane. The inner membrane is degraded by lysosomal enzymes and eventually turns into an autophagolysosome. Hydrolase in the autophagolysosome degrades the substrates into small molecular substances and transports them to the cytoplasm for reuse (Fang et al., 2018).



3.3. The regulatory mechanism of autophagy

The regulation process of autophagy can be divided into mTOR-dependent and mTOR-independent pathways. Under normal nutritional conditions, mTOR, which is highly active, recognizes and phosphorylates ULK1 and Atg13 to inactivate the ULK1 complex, which exerts a negative regulatory effect to prevent autophagy (Zachari and Ganley, 2017). In contrast, under starvation or hypoxia, mTOR activity is inhibited. The inhibition of the ULK complex by mTOR is then reduced, which effects the activation of ULK1 kinase and autophagy. The PI3K complex is a downstream regulator of the ULK complex, which can induce an autophagic membrane to turn into nucleation (Shen et al., 2021). There are four main regulatory pathways upstream of mTOR, namely, adenosine monophosphate-activated protein kinase (AMPK), PI3K/protein kinase B (Akt) signaling, MAPK/Erk1/2 signaling, and P53. The inhibition of autophagy occurs through PBK/Akt signaling and MAPK/Erk1/2 signaling, while the activation of autophagy occurs through AMPK and P53 (Xu D. et al., 2021). AMPK can also activate it with the phosphorylation of ULK1, thereby promoting autophagy (Li and Chen, 2019). In addition, p53 is usually present in the cytoplasm. However, when DNA is damaged, it is phosphorylated and translocated to the nucleus. Nonetheless, p53 can affect autophagy in both the cytoplasm and the nucleus (White, 2016). In the cytoplasm, p53 inhibits autophagy by inhibiting AMPK and activating mTOR. It can also directly inhibit FIP200 through a non-mTOR-dependent pathway, inhibiting the autophagy pathway. In the nucleus, though, p53 promotes the transcription of autophagy-related genes to promote autophagy (Tanida et al., 2008; Figure 2).



3.4. Molecular mechanisms of ICH-induced autophagy

There is increasing evidence to support the claim that autophagy is activated and involved in the pathophysiology of ICH-induced SBI (Duris et al., 2018). It was found that autophagy was activated 6 h after ICH and peaked at 12 and 24 h (Zhang and Liu, 2020). It has also been revealed that autophagy occurred in the perihematomal area after ICH in rat models, specifically manifested in increased cathepsin D expression and vacuole formation and the conversion of LC3-I to LC3-II. In addition, 24 h after ICH, the protein levels of LC3 and Beclin-1 were increased, and the protein levels of SQSTM1/P62 were decreased, suggesting that autophagy is enhanced in the process of ICH-induced SBI. We have summarized the mechanism of autophagy in ICH (Figure 3A). Nevertheless, this mechanism still merits further exploration.
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FIGURE 3
(A) Schematic illustration of the mechanism of autophagy in ICH. In low energy states, the increasing ratio of AMP/ATP leads to the activation of AMPK and subsequently inhibits mTOR for induction of autophagy. In addition, the AMPK pathway suppresses mTOR activity, while the cell undergoes induction of starvation or calcium signals. After ICH, oxidative stress produces many ROS, and glutamate causes calcium overload, resulting in mitochondrial damage and inducing mitophagy. Thrombin can reduce SBI by inducing autophagy, whereas iron and citrate can induce autophagy to aggravate SBI through the BECN1/ATG5 pathway. (B) Schematic illustration of the mechanism of inflammation in ICH. The inflammatory mechanisms after ICH mainly include microglia activation, inflammatory cell infiltration, toll-like receptor activation, and DMPs mode regulation (by Figdraw).


After ICH, the hematoma expands and presses on the surrounding tissue, leading to edema of the surrounding tissue and resulting in cell hypoxia and starvation. Autophagy is strongly induced by starvation and is an adaptive response to nutrient deficiency and hypoxia, which promotes nutrient recycling (Vargas et al., 2022). In response to a decrease in ATP levels and a rise in AMPK levels, the mTOR pathway was inhibited. Furthermore, energy deprivation, starvation, and other stimuli could initiate autophagy through the ULK1 complex pathway after ICH. In addition, oxidative stress and calcium overload caused by glutamate could lead to mitochondrial dysfunction, producing reactive oxygen species (ROS) to trigger autophagy or mitophagy pathways. It has been mentioned that erythrocyte lysis, iron toxicity, and thrombin play significant roles in ICH-mediated SBI (Zhang and Liu, 2020). Coagulation components or their products, such as thrombin and hemoglobin, participate in endogenous autophagy regulation during ICH. Hematoma-induced thrombin and iron overload accumulation are the leading causes of autophagy.




4. Dual role of autophagy in ICH

Many studies suggest that there is no unified theory on the role of autophagy in ICH (Li et al., 2018). The double-sided role of autophagy in ICH may be because different periods and phases of ICH are characterized by different roles in autophagy, mainly depending on the level of autophagy and whether the autophagy flux is complete (Duan et al., 2017).


4.1. The role of canonical autophagy in ICH

Studies have confirmed that enhancing autophagy is beneficial for the repair of nervous system diseases (Xu W. et al., 2021). Thrombin is an essential part of the coagulation cascade. A large amount of thrombin is produced to induce hemostasis in the early stage after ICH, which induces leukocyte infiltration and brain edema formation, leading to SBI (Ye et al., 2021). Many studies have found that thrombin is a vital inducer of autophagy after ICH and that autophagy plays a beneficial role in thrombin-induced SBI (Wu et al., 2019). In astrocytes, autophagy was obviously activated 24 h after intracerebral thrombin injection in rats, and autophagy activity reached its peak 3 days after injection. In addition, in vitro and in vivo data have confirmed the beneficial aspects of autophagy in ICH after SBI induced by thrombin (Shao et al., 2019). The inhibition of thrombin-induced autophagy exacerbated cell death via the inhibition of autophagy with 3-MA (3-methyl-adenine), the autophagy inhibitor. Interestingly, ATG7 is an essential autophagy regulator but has no autophagy-unrelated functions. When ATG7 is knocked down using siRNA, the thrombin-induced expression of inflammatory molecules, such as IL-6, is significantly reduced (Shadab et al., 2020). Duan et al. (2016) found that autophagy and ER had distinct effects on ICH at disparate periods. At 6 h after ICH, the autophagy level is too high, and ER stress induction can enhance autophagy, leading to brain injury. However, after 7 days, autophagy may improve the protective effect of ER stress inhibitors by removing the cellular waste produced by early impaired autophagy flux. The primary possible reason is that autophagy flux was damaged 72 h after ICH and restored to integrity after 7 days (Duan et al., 2017). Furthermore, Wang et al. found that the knockdown of the p75 neurotrophin receptor (p75NTR) could promote neuronal autophagy by inactivating the mTOR pathway, presenting protective roles in a rat model of ICH (Wang L. et al., 2020).

The function of autophagy is usually to prevent cellular death. However, excessive autophagy can also cause cell death (Fricker et al., 2018). The excessive elevation of autophagy activity may lead to the accumulation of cellular solutes and the enhanced degradation of essential cellular components in autophagosomes. Excessive autophagy, which blindly hydrolyzes damaged or undamaged cytoplasm and organelles, may lead to increased lysosomal membrane permeability and the release of large amounts of cathepsin into the cytoplasm, thereby aggravating cell damage (Fang et al., 2018). Cathepsin B in lysosomes promotes the release of cytochrome C from mitochondria by regulating the proapoptotic protein Bid, activating caspase family members, and finally inducing apoptosis. Numerous studies have found in rats injected with ferrous citrate and iron that autophagy is highly active and that iron or citrate-induced autophagy has harmful effects on ICH-mediated SBI (Zhang and Liu, 2020). After hemorrhage, iron accumulation subsequently generates abundant ROS, which may induce autophagy and neurotoxicity. However, some studies have found that the inhibition of autophagy can reduce the ICH-mediated SBI induced by ferrous citrate. In addition, heme enhances neuronal autophagy through ER stress and induces cell death through the BECN1 (Beclin1)/ATG5 pathway, and the silencing of Beclin1 and Atg5 or the use of autophagy inhibitors can reduce the release of inflammatory factors in microglia induced by lysed erythrocytes in vitro, which is beneficial for alleviating brain injury after ICH (Yang et al., 2020).

There is a great deal of interesting speculation that the beneficial or detrimental effects of autophagy depend in large part on whether the autophagic flux is unimpeded (Li et al., 2018). A complete autophagic flux is essential for homeostasis in almost all cells, especially neurons. According to previous studies, autophagy intensity was primarily determined by the number of autophagosomes or LC3-II. In recent years, it has been found that an increase in autophagosomes is not essentially equivalent to an increase in autophagy levels. An increase in autophagosomes only reflects the induction of autophagy or the inhibition of autophagosome clearance (Li et al., 2018; Zhang and Liu, 2020). From the perspective of autophagic flux, the number of autophagosomes is affected by both formation and clearance. Meanwhile, the heightened activity of cathepsin D and acid phosphatase may be responsible for the greater autophagic flux. Autophagic flux can be demonstrated by the disappearance of the autophagic substrate p62/SQTM1 (Fricker et al., 2018). It is necessary to observe not only autophagosomes but also the entire autophagic flux dynamically to assess autophagy accurately and comprehensively to discern whether the whole autophagic flux process is stable.



4.2. Selective autophagy in ICH

Earlier studies classified autophagy as a non-selective process, but recent studies have suggested that the selectivity of targeted cargo is achieved through a series of autophagy receptors (Xu et al., 2015). In 2014, at the Vancouver Symposium on Autophagy, scholars focused on the importance of autophagy as a selective mechanism in pathological conditions, emphasizing the role of autophagy in the strict regulation and precise targeting of substrates (Li et al., 2018). It suggests that a complete understanding of the regulation of selective autophagy in disease may accelerate the development of autophagy-based therapies. Two kinds of selective autophagy, such as mitophagy and ferritinophagy, have been found to play a role in ICH. The roles of selective autophagy in stroke have been reported (Table 1). Currently, most literature on selective autophagy in ICH focuses on mitophagy.


TABLE 1    Selective autophagy characteristics and effect in stroke.

[image: Table 1]


4.2.1. Mitophagy

Mitophagy is one of the most recognized types of selective autophagy and is the mechanism of the specific autophagic elimination of mitochondria (Lou et al., 2020). Mitophagy, as a mechanism of mitochondrial quality and quantity control, selectively identifies and eliminates dysfunctional or superfluous mitochondria by autophagy, thus playing a role in protecting the brain (Guan et al., 2018). Many mitophagy receptors link target mitochondria to autophagosomes for degradation in response to various environmental or intracellular stresses. It remains to be determined how mitophagy is regulated, whether it is inducted or inhibited, and its specific role in ICH. Mitophagy is restrictively controlled by several proteins, including phosphatase and tensin (PTEN)-induced putative kinase (PINK1) and FUN14 domain containing 1 (FUNDC1) (Li et al., 2021d). The decreased oxygen metabolism in hematomas after ICH leads to mitochondrial dysfunction. In damaged mitochondria, the significant decrease in intracellular ATP and Ca2+ overload and the increase in ROS production are essential factors aggravating the SBI caused by ICH (Guan et al., 2018; Bian et al., 2022). Excessive ROS in tissues or cells produced during oxidative stress can induce autophagy through various mechanisms to prevent further oxidative damage overload in the brain after a hemorrhage (Yao et al., 2021). In addition, PTEN-induced kinase 1 (PINK1) is a mitochondrial-targeted protein kinase. By encouraging mitophagy in microglia, PINK1 defends against ICH-induced SBI, and PINK1 overexpression can treat ICH-induced behavioral problems (Li et al., 2021b). As a vital component of the mitochondrial contact site and cristae junction organizing system, MIC60 plays a significant role in maintaining the mitochondrial structure and functioning. After ICH, mitochondrial damage, mitochondrial crest remodeling and the reduction of MIC60 protein after the PINK1 level decrease, and Parkin localization errors are observed. The overexpression of MIC60 could maintain mitochondrial structural integrity and reverse ICH-induced neuronal cell death and apoptosis (Deng et al., 2021).



4.2.2. Ferritinophagy

As a selective autophagy type, ferritinophagy mediates the degradation of ferritin and the release of free iron and engages in the regulation of intracellular iron content (Vargas et al., 2022). Ferritin chelates free iron and ensures that iron homeostasis is maintained at tolerable levels within cells. However, an overload of ferritin can cause brain damage and cell death (Li et al., 2021a). The release of free iron after erythrocyte lysis and from ferritin stores may influence oxidative stress, glutamine release, and inflammation after hemorrhagic brain injury. Nuclear receptor coactivator 4 (NCOA4) mediates ferritin degradation via the autophagosome-lysosome pathway through ferritinophagy (Li B. et al., 2023). With the help of the autophagy proteins ULK112 and FIP200, Tax1-binding protein 1 binds directly to NCOA4 and promotes ferritin lysosomal localization and degradation under iron-depleted conditions (Zheng et al., 2021b).



4.2.3. Reticulophagy (ER-phagy)

As a type of selective autophagy, reticulophagy involves the selective degradation of ER fragments. Reticulophagy is induced by ER stress to maintain the stable state of ER, and intracellular reticulophagy is maintained at a low level under normal physiological conditions. The ER activates reticulophagy when it receives harmful signals, including nutritional deficiencies or unfolding protein aggregation (Wilkinson, 2019). Interestingly, selective degradation of the ER by autophagy has become one of the typical responses to ER stress (Thangaraj et al., 2020).





5. ICH-induced inflammation

Neuroinflammation is a crucial factor in ICH-induced SBI and may develop shortly after ICH and peak a few days later (Li et al., 2021c). Inflammation caused by various proinflammatory factors, such as IL-1β, IL-18, and TNF-α, leads to the destruction of the BBB, exacerbated brain edema, and neuronal death (Tschoe et al., 2020; Li H. et al., 2022). There are many reactive inflammatory processes after ICH, including microglia activation, inflammatory cytokine release, and leukocyte infiltration (Figure 3B; Ye et al., 2021). After ICH, the hemolytic components of red blood cells (hemoglobin and iron) and plasma proteins (thrombin and fibrinogen) are released into the brain tissue, leading to inflammatory reactions via the activation of the immune, oxidative stress, hemostasis, and other systems (Fu et al., 2021a). After a hemorrhage, neuronal injury and DAMPs trigger proinflammatory responses that increase BBB permeability around the hematoma and worsen the mass effect (Wu et al., 2020a).


5.1. Mobilization and activation of inflammatory cells

Neuroinflammation is characterized by the polarization of microglia toward the proinflammatory phenotype and the release of proinflammatory factors (Taylor et al., 2017). Neuroinflammation occurred on day 1 post-ICH, and changes in microglia size and morphology were observed. Activation of microglia leads to the infiltration of macrophages and T cells, which release inflammatory cytokines, chemokines, free radicals, and other potentially toxic chemicals, triggering a cascade of inflammatory responses. Shtaya’s study showed that the accumulation of neutrophils on the endothelial surface is considered a marker of intracerebral microvascular inflammation within 1–4 days after ICH (Shtaya et al., 2019). The proinflammatory factors (TNF-α and IL-1β) and ROS produced by aseptic inflammation after ICH promote the activation of endotheliocytes, which change their phenotype and connexin composition, and express more selectin and adhesion molecules, which is a crucial step in recruiting white blood cell from peripheral blood (Eser et al., 2022). The accumulation of astrocytes in the area surrounding the hematoma was observed 1–3 days after the onset of ICH (Scimemi, 2018). In addition, astrocytes secrete various proinflammatory factors (such as IL-1β and IL-6), which aggravate the neuronal injury and brain injury (Tschoe et al., 2020).



5.2. Activation of inflammasome

The inflammasome is a crucial component of innate immunity and is usually composed of the pattern recognition receptor (PRR) containing the pyrin domain, the apoptosis-associated spot-like protein (ASC), and the effector protease caspase-1 (Broz and Dixit, 2016). When stress factors, such as DAMPs, are detected, PRRs divide and activate caspase-1, which leads to the activation of interleukin-1β (IL-1β) and interleukin-18 (IL-18), ultimately resulting in inflammation (Chung et al., 2020). Nod-like receptors (NLRs) are PRRs involved in detecting invading pathogens and initiating innate immune responses. This section mainly describes the role of NLRP inflammasomes in ICH. As the most characteristic inflammasome, the NLRP3 inflammasome plays a crucial role in developing an immune response and disease. NLRP3, pro-caspase-1, and ASC aggregate to form NLRP3 inflammasomes (Huang et al., 2021; Gu et al., 2022). Studies have shown that the NLRP3 inflammasome expression is significantly elevated after ICH (Xiao L. et al., 2020). Ma et al. demonstrated that the NLRP3 inflammasome activation amplifies the inflammatory reaction, promotes neutrophil infiltration, aggravates brain edema, and worsens neurological functioning after ICH in a mouse model of autologous blood injections. There is increasing evidence that the NLRP3 inflammasome is a critical component of the inflammatory reaction in strokes (Gao et al., 2017; Luo et al., 2019). In addition, mature NLRP3 inflammasomes can promote IL-1β and IL-18 maturation and recruit peripheral immune cells, which can amplify an inflammatory reaction (Xiao L. et al., 2020).

The NLRP6 inflammasome is a critical intracellular innate immune sensor shown to regulate immune responses. NLRP6 recruits the adaptor apoptosis-associated ASC and inflammatory caspase-1 or caspase-11 to form an inflammasome (Zheng et al., 2021a). NLRP6 could regulate inflammation in inflammasome-dependent and non-inflammasome-independent ways. The expression of the NLRP6 inflammasome increased in perihematomal brain tissue from 6 h to 3 days and peaked 1 day after ICH. However, the role of NLRP6 in ICH remains controversial (Wang P. F. et al., 2017).




6. Autophagy regulates inflammation in ICH

The autophagy mechanism is linked to most cellular stress response pathways, especially inflammatory pathways (Zheng et al., 2021e). Autophagy and inflammation are significant pathologies of ICH-induced SBI; however, their relationship remains unclear (Durocher et al., 2021). Many studies have illustrated that autophagy activation could block inflammation, inhibiting the body’s inflammatory response and reducing the disease in inflammatory tissue injury (Matsuzawa-Ishimoto et al., 2018). Nonetheless, microglial autophagy can also promote inflammation and aggravate SBI. What is the relationship between ICH-induced autophagy and ICH-induced inflammation, and is it an enemy or a friend?


6.1. Autophagy inhibits the inflammasome

Increasing evidence suggests that autophagy inhibits the neuroinflammation mediated by NLRP3 inflammasome activation and, correspondingly, attenuates inflammatory damage (Biasizzo and Kopitar-Jerala, 2020; Figure 4A). Recent studies have depicted that autophagy reduces caspase-1 production by inducing the selective clearance of damaged mitochondria in cells, thereby affecting NLRP3 inflammasome activation and NLRP3-ASC assembly (Plaza-Zabala et al., 2017). Moreover, p62 can recognize ubiquitinated ASC and induce autophagy to degrade inflammasome complexes selectively (Zhao et al., 2021). In addition, when autophagy is impaired, Beclin-1 reduction leads to the enhanced release of IL-1β and IL-18 from the microglia. Autophagy inhibits NLRP3 inflammasome overactivation by removing pro-IL-1β through the autophagic lysosomal pathway (Plaza-Zabala et al., 2017; Houtman et al., 2019). In conclusion, autophagy removes NLRP3 inflammasome activators, NLRP3 inflammasome components, and inflammatory cytokines, reducing inflammasome activation and inflammation (Biasizzo and Kopitar-Jerala, 2020). Additionally, the inflammation caused by ischemic stimulation can be inhibited by autophagy via the mTOR and AMPK pathways and by inhibiting inflammasome activation (Mo et al., 2020). However, the mechanism of autophagy regulating inflammation in ICH still necessitates detailed research.
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FIGURE 4
(A) Schematic illustration of autophagy regulates NLRP3 inflammasome and NLRP6 inflammasome. NLRP3, pro-caspase-1, and ASC aggregate to form NLRP3 inflammasome. Autophagy antagonizes inflammation mainly in three parts: (1) P62 can recognize ubiquitinated ASC and induce autophagy to degrade inflammasome adaptor protein ASC selectively. (2) Decomposition and removal of pro-IL-1β, the substrate of inflammatory mediators. (3) Can inhibit NLRP3 inflammasome activation by removing endogenous inflammasome activators, such as ROS. Meanwhile, mitophagy antagonizes neuroinflammation-mediated NLRP3 inflammasome via FUNDC1 and Nrf2/OPTN pathways. In addition, autophagy promotes inflammasome-dependent NLRP6-mediated inflammation after ICH. (B) Schematic illustration of autophagy in microglia regulates autophagy in microglia. HMGB1 combines with Beclin1 and PI3K I/Vsp34 to activate autophagy. Autophagy promotes microglial activation and microglia-mediated inflammation via the HMGB1/TLR4/MyD88, Beclin-1-Atg5 pathway. IL-17A-mediated autophagy activation induced microglial activation and microglial inflammation via ATG5/ATG7. In addition, microglial autophagy can regulate inflammation through TRL4, miRNA-144, NLRP3, mitophagy, and Microrna-23b (by Figdraw).


Xiao H. et al. (2020) found that NLRP6 can reduce brain damage by lessening inflammation and inhibiting autophagy after ICH with the NLRP6 gene knockout. They also demonstrated that autophagy promoted inflammasome-dependent NLRP6-mediated inflammation after ICH. However, the role of NLRP6 in ICH remains controversial (Wang P. F. et al., 2017).



6.2. Mitophagy inhibits NLRP3 inflammasome

Reactive oxygen species generation is a vital activation pathway of NLRP3. The primary source of ROS has damaged mitochondria. Mitochondria play a vital role in initiating and regulating NLRP3 inflammasomes and are the basis for NLRP3 inflammasome activation. Mitophagy can inhibit NLRP3 inflammasome activation by removing endogenous activators of the inflammasome, including ROS, inflammatory components, and cytokines (Biasizzo and Kopitar-Jerala, 2020; Zhao et al., 2021). The loss of autophagy leads to the accumulation of damaged mitochondria and increased ROS. Currently, mitophagy has been shown to inhibit neuroinflammatory-mediated NLRP3 inflammasome attenuation ICH-induced SBI through the FUNDC1 and nuclear factor E2-related factor 2 (Nrf2)/Optineurin- (OPTN-) mediated autophagy pathways (Cheng et al., 2021; Zheng et al., 2021c). FUNDC1 is a mammalian mitophagy receptor containing LC3-interacting regions capable of interacting with LC3. Hypoxia is one of the most common conditions for inducing the FUNDC1 pathway, and it is a common pathological state in tissues surrounding the ICH. The function of FUNDC1 is regulated by phosphorylation at Ser13, Tyr18, and Ser17. During hypoxia, phosphoglycerate mutase family member 5 phosphatase dephosphorylates Ser13 of FUNDC1, subsequently activating mitophagy by binding to LC3 (Chen et al., 2016; Wu et al., 2017). Zheng et al. found that FUNDC1 protein levels were upregulated and peaked 12 h after ICH (Zheng et al., 2021c). They first demonstrated that FUNDC1 alleviated ICH-induced inflammation by inhibiting NLRP3-mediated inflammation by promoting mitophagy. In addition, the inhibition of FUNDC1-mediated mitophagy markedly increased IL-1β production in vitro and in vivo (Huang et al., 2020). Optineurin is an autophagy receptor and an autophagy inducer that participates in the initiation of autophagosome membrane formation (Ying and Yue, 2016; Qiu et al., 2022). Cheng et al. found that Nrf2 could interact with the mitophagy receptor OPTN and regulate OPTN-mediated mitotic phagocytosis to effectively remove damaged mitochondria and inhibit NLRP3 inflammasome activation after ICH, thereby alleviating SBI after ICH by collecting human ICH brain flecked for iTRAQ-based quantitative proteomics (Cheng et al., 2021).



6.3. Microglial autophagy regulates inflammation

Surprisingly, more evidence suggests that autophagy does not always fight inflammation in ICH but promotes neuroinflammation and exacerbates ICH-induced SBI. The process of autophagy-promoting inflammation is inseparable from microglia (Figure 4B), especially TLR4, on the microglial membrane.


6.3.1. TLR4-mediated autophagy pathway

TLRs belong to a large family of pattern-recognition receptors. TLR4-mediated microglial activation is a pivotal factor in inflammatory injury in ICH (Lee et al., 2019). TLR4 is activated during ICH by several endogenous ligands with injury-related molecular patterns, including hemes and fibrinogen. The activation of TLR4 leads to downstream inflammatory signaling cascades, including the myeloid differentiation primary response 88(MyD88)/TRIF pathway (Gu et al., 2018). TLR4 was upregulated in the early ICH (Deng S. et al., 2022). Interestingly, ROS accumulation in the microglia can trigger the release of inflammatory mediators by activating signaling molecules, including mitogen-activated protein kinase and NF-κB. The activation of microglia and inflammation are associated with TLR4-mediated autophagy. TLR4 synuclein was accompanied by a notable increase in P62, while the levels of other autophagic receptors remained constant. This process is mediated by the activation of NF-κB and promotes the transcription of P62. Increasing evidence demonstrates that the inhibition of TLR4 and its downstream molecules can alleviate the brain injury caused by ICH.

Yang et al. (2015) treated microglia cultured in vitro with exogenous heme chloride and observed greater TLR4 expression, as well as proinflammatory cytokines, and proved that autophagy was involved in TLR4-mediated inflammatory damage and the migration of microglia. They also found that 3-MA reduced microglial activation and inflammatory damage caused by lysed red blood cells, thereby augmenting neurological functioning in ICH mice models. This mechanism may occur because autophagy promotes an inflammatory reaction through the high-mobility group box-1 (HMGB1)/TLR4/MyD88 pathway (Lei et al., 2022). HMGB1 has been widely reported to play a central role as a regulator of autophagy and in initiating proinflammatory cytokine production (Xu et al., 2019). After ICH, peripheral nerve cells are damaged, and HMGB1 can be passively released from necrotic or apoptotic cells and transported from the nucleus to the cytoplasm. HMGB1 in cytoplasm mainly promotes the binding of Beclin1 and PI3K I/Vsp34 to activate autophagy by binding to the autophagy factor Beclin1 (Zhang et al., 2022a). Some research has revealed that HMGB1 upregulates the expression of TLR4 and MyD88, causing neurological deficits, and autophagy promotes microglial activation and microglia-mediated inflammation through the HMGB1/TLR4/MyD88 axis in the acute phase of ICH (Lei et al., 2022).



6.3.2. IL-17A pathway

IL-17A is one of the cytokine members of the IL-17 family, which is produced by a subset of T cells. IL-17A promotes the activation of microglia by stimulating the expression of ICH-induced cytokines, including IL-1β and IL-6, TNF-α, as well as downstream signaling molecules, including P65, TRIF, NF-κB, and MyD88. The inhibition of autophagy with RNA interference in essential autophagy genes (ATG5 and ATG7) reduced microglial autophagy and inflammation and ameliorated neurological functioning in a mice model of ICH (Shi et al., 2018). Consequently, IL-17A-mediated autophagy activation induced microglial activation and microglial inflammation.



6.3.3. miRNA-144-mTOR pathway and microRNA-23b-mTOR pathway

miRNAs play a crucial role in inflammation by negatively regulating the expression and function of genes. In addition, miRNA-144 targets mTOR through direct interaction with the 3’-untranslated regions and mutations at the binding site cancel the responsiveness of miRNA-144. Yu et al. detected the autophagy activity, inflammation, and expression of miRNA-144 of microglia in ICH and knocked out endogenous miRNA-144 (Yu et al., 2017). Meanwhile, they demonstrated that miRNA-144 enhanced autophagy activity and the inflammation of microglia after ICH through the mTOR pathway. Furthermore, hemoglobin-mediated autophagy and the inflammation of microglia are mediated by miRNA-144. In addition, microRNA-23b plays an anti-inflammatory role in many diseases and is downregulated in patients with ICH (Wang Z. et al., 2017). MicroRNA-23b negatively regulates inositol polyphosphate multikinase-mediated autophagy, after which it participates in post-ICH anti-inflammatory effects via the Akt/mTOR pathway (Hu et al., 2019).



6.3.4. IL-33 pathway and Beclin-1-Atg5 pathway

Interleukin-33 (IL-33) is a new member of the IL-1 family cytokines, and is mainly used as a novel serum prognostic marker in ICH. Its signals through a heterodimer comprising the IL-1 receptor-associated protein ST2L and IL-1RACP to play a biological function is mainly used as a novel serum prognostic marker in ICH (Miao et al., 2021). IL-33 plays a neuroprotective role in inhibiting autophagy and inflammation by increasing P62 and decreasing the expression of LC3-2 and Beclin-1 (Gao et al., 2017). IL-33 also reduces neuronal and white matter damage by promoting the M2-like microglia polarization of microglia after ICH, thereby optimizing neurological outcomes (Chen Z. et al., 2019).

Yuan et al. (2017) found that autophagy promoted microglial activation via the Beclin-1-Atg5 pathway in ICH. They also demonstrated that the inhibition of autophagy with pharmacological inhibitors or RNA interference with essential autophagy genes reduced microglial activation and inflammation in ICH and reduced brain damage.





7. ICH-induced cell death

The modes of cell death following ICH can be categorized into autophagy, apoptosis, ferroptosis, necrosis, and pyroptosis (Table 2). Autophagy interacts with various forms of cell death, making it difficult to separate the roles of autophagy (Denton and Kumar, 2019). Therefore, the concept of cell death that is solely dependent on autophagy remains somewhat controversial.


TABLE 2    Comparison of different ICH-induced cell death.
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7.1. ICH-induced apoptosis

Apoptosis is a type of programmed cell death, which is a series of coordinated and progressive biochemical reactions that lead to the orderly decomposition of cells. The apoptosis of nerve cells exists in the perihematomal region of the brain, a crucial pathological process after ICH (Fricker et al., 2018). The toxic effects of hematoma components and their degradation products, oxidative stress surrounding hematomas, and thrombin release are the principal causes of ICH-induced apoptosis. In general, apoptosis can be divided into intrinsic (mediated by mitochondrial dysfunction or ER stress) and extrinsic (mediated by cell surface receptors, namely, tumor necrosis factor and apoptosis-related factor receptor system) pathways (Bobinger et al., 2018; Wu et al., 2018). The activation of a series of cysteine aspartate proteases is key to apoptosis, especially Caspase 3, a common downstream effect of multiple apoptotic pathways termed the “executive death protease”(Nagata, 2018).



7.2. ICH-induced apoptosis and autophagic cell death

Autophagy-dependent cell death is a unique mechanism that occurs independently of apoptosis or necrosis; however, autophagy-induced cell death is often accompanied or triggered by apoptosis (Denton and Kumar, 2019). There is complex crosstalk between ICH-induced apoptosis and autophagic cell death. Bcl-2 is a crucial protein in the regulation of apoptosis. Besides inhibiting apoptosis, Bcl-2 could also inhibit Beclin-1, thus blocking autophagy (Gao et al., 2017). When external pressure or injury destroys normal intracellular homeostasis, the decrease of Beclin-1 binding with Bcl-2 could lead to the induction of autophagy. Autophagy and apoptosis usually occur in the same cell, and studies have shown that autophagy mainly precedes apoptosis. In general, autophagy and apoptosis are mutually inhibitory processes (Maiuri et al., 2007). Autophagy usually inhibits the occurrence of apoptosis, and the caspase protein activated after the occurrence of apoptosis blocks autophagy (Maiuri et al., 2007). For example, an experiment suggested that heme-induced apoptosis was promoted by autophagy via the BECN1/ATG5 pathway (Yang et al., 2020).



7.3. Other types of cell death

Ferroptosis is an iron-dependent non-apoptotic cell death mode (Ren et al., 2022). Ferroptosis in ICH is closely related to increased lipid peroxidation, disorders of iron metabolism, and glutathione (GSH)-glutathione peroxidase 4 (GPX4) antioxidant systems (Zhang et al., 2018). Necrosis is a caspase-independent and regulated form of cell death. The mass effect of hematoma formation, including thrombin, hemoglobin, and their metabolites, can lead to the necrosis of peripheral nerve cells through the pathophysiological process. Pyroptosis, a programmed cell death mediated by NLRP1/NLRP3 inflammasomes and the caspase family, is an important mechanism of inflammation-induced neuronal cell death in ICH. Pyroptosis is accompanied by cell lysis, which promotes the release of proinflammatory factors, in turn triggering and amplifying inflammatory responses (Gou et al., 2021).




8. The cellular autophagy and inflammatory reaction to ICH

Various cells in the central nervous system (CNS), such as microglia, cerebral endothelial cells, and astrocytes, are involved in SBI after ICH. In particular, these cells play an essential role in both inflammation and autophagy, but the functional significance of their reactions is still unclear.


8.1. Neurons

Neurons are the most basic structural and functional units of the nervous system that maintain cellular homeostasis via strict protein quality control and elimination of abnormal organelles (Zhao et al., 2021). Generally, neurons are divided into three compartments, namely, the soma, the axon, and the dendrites. Neuronal lysosomes and autophagosomes fuse in the soma of the neuron, and most autophagosomes form in the axon (Sedlackova et al., 2020). Interestingly, some studies have found that the production and transport of autophagosomes mainly occur in axons, so axonal transport is crucial for the clearance of damaged mitochondria. Autophagy is especially important in neurons and can directly affect neuronal death. Therefore, neuronal cell lines have been used as models to analyze autophagy (Benito-Cuesta et al., 2017). However, the role of autophagy in neurons is complex, and current research has achieved satisfactory results. Under physiological conditions, autophagy in the neuron is maintained at a low level, but when stimulated, autophagy is enhanced (Stavoe and Holzbaur, 2019).



8.2. Microglia

Microglia, as resident immune cells of the CNS, are mainly responsible for clearing damaged tissues and pathogens and reshaping the extracellular matrix (Liu J. et al., 2021). In a normal brain, they are stationary (Eldahshan et al., 2019). Microglia are sensitive to a variety of transcription factors and growth factors, and they activate rapidly by changing morphology and polarization in response to various brain injuries. Activated microglia respond to stimuli to maintain CNS homeostasis by phagocytosing to remove harmful substances. Previously, we have discussed the interaction between microglial autophagy and inflammation after ICH. The regulation of microglia-mediated neuroinflammation by autophagy is not an isolated process but has complex relationships with other pathophysiological processes, such as apoptosis.



8.3. Endotheliocytes

Endotheliocytes are actively involved in the complex process of inflammation in the CNS. Endotheliocytes are significant components of the BBB, a critical barrier separating the CNS from peripheral cells. The BBB maintains CNS homeostasis by restricting the entry of inflammatory molecules and peripheral immune cells into the CNS (Abdullahi et al., 2018). A disrupted BBB is a critical feature of neuroinflammation leading to harmful inflammatory cascades (Zheng et al., 2021d). Autophagy plays an indispensable role in vascular diseases as a regulator of endotheliocytes senescence and inflammation. Autophagy has beneficial effects on BBB integrity. For instance, autophagy in endotheliocytes has been shown to target lipid deposition in vascular walls through selective autophagy (lipid phagocytosis). When stimulated by hypoxia and low energy, vascular endothelial growth factor (VEGF) activates autophagy through AMPK-dependent mechanisms, further enhanced by rapamycin treatment, which increases zonula occludens-1 (ZO-1) levels and protects cells from ROS production. However, the role of autophagy in regulating BBB homeostasis remains controversial, as some studies have shown that the activation of autophagy promotes the degradation of BBB components, such as claudin-5 or occludin, in endotheliocytes and capillaries (Yang Z. et al., 2021).



8.4. Astrocytes

Astrocytes, known as “support cells,” are the most numerous glial cells in the CNS. The accumulation of astrocytes in the area surrounding the hematoma is observed 1–3 days after the onset of ICH (Scimemi, 2018). Astrocytes exhibit a stronger autophagy response to hypoxia and starvation by activating AMPK-dependent autophagy protection (Murray et al., 2022). In cultured astrocytes, thrombin activates autophagy (enhancing the conversion of LC3-I to LC3-II) in the brain, showing that thrombin plays a role in ICH-induced autophagy. Astrocyte-derived proinflammatory cytokine IL-17A can inhibit autophagy-mediated microglial activation and neuroinflammation, and it decreases the expressions of TNF-α, IL-1β, and P65 (Shi et al., 2018).



8.5. Other cells

Oligodendrocytes are the main targets of white matter injury during the stroke (Fu et al., 2021b) and may interfere with autophagy flux through oxidative stress and mitochondrial damage, thereby preventing autophagy from degrading α-synuclein (α-Syn). However, the effect of oligodendrocytes on the pathophysiology of SBI has not been fully revealed (Kang and Yao, 2019). Autophagy not only contributes to T cell homeostasis and affects T cell repertoires and polarization but also contributes to antigen presentation. Platelet hyperactivity is the hallmark of thrombosis, and a study has demonstrated that substantial autophagy is induced (above basal level) by hemostatic agonists, decreasing platelet aggregation (Banerjee et al., 2019; Paul et al., 2019).




9. Autophagy and inflammation-related drugs in stroke

Interestingly, since neuroinflammation has been clearly associated with the extent of ICH-induced SBI, the regulation of neuroinflammation by autophagy is a promising therapeutic strategy. Accordingly, it is exciting to search for compounds or multiple targets that modulate inflammation through autophagy in ICH. Further exploration of the molecular mechanisms underlying the neuroprotective effects of these compounds will help us understand the pathology of ICH and illuminate potential treatments for ICH. In this section, we focus on targets and compounds related to the autophagy regulation of the inflammation treatment of ICH.


9.1. Potential targets related to autophagy and inflammation in ICH

Several targets modulate inflammation through autophagy in the ICH (Table 3). MCC950, an NLRP3 inflammasome-specific inhibitor, inhibits NLRP3 derived from microglia via the AMPK/Beclin-1 pathway to prevent excessive autophagy and reduce the release of IL-1β into the cell (Zhang et al., 2022b). Besides, alpha 7 nicotinic receptor (α-7nAChR) is a subtype of acetylcholine receptor primarily found in the CNS, and α-7nAChR is activated against inflammatory diseases by triggering cholinergic anti-inflammatory pathways. PNU-282987, an α7-nAChR agonist, activates α7-NachR to reduce inflammatory factors, promote the polarization of macrophages into anti-inflammatory subtypes, repair BBB injury, alleviate acute brain edema, and then recover neurological dysfunction via the AMPK-mTOR-P70S6K-associated autophagy pathway (Su et al., 2022). Protocatechuic acid (PCA) is an important phenolic acid in plants with antibacterial, anti-tumor, and anti-oxidation effects. PCA is inhibited mTOR signaling and therefore improves M1/M2 polarization switching and attenuated neuroinflammation by suppressing the activation of the microglia (Xi et al., 2021).


TABLE 3    Summary of potential targets related to autophagy and inflammation for ICH.
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9.2. Autophagy-related compounds in ICH and clinical trials

There are several poststroke autophagy drugs in clinical trials (Table 4). Although many autophagy-related drugs have been preclinically tested in the treatment of ICH, few have been tested for neuroprotective clinical efficacy.1 Only patients taking minocycline achieved beneficial results. Minocycline is a tetracycline class of oral antibiotics. After the injection of minocycline in rat models, Wu et al. found that Beclin-1 and LC3 II/I were suppressed and that minocycline could reduce brain injury via the anti-autophagy and anti-apoptosis pathways (Wu et al., 2016). Minocycline can reduce the iron overload caused by ICH, upregulate the expression of Bcl-2 protein, and restrict the flow of calcium ions into the mitochondrial membrane, thus inhibiting autophagy and heightening neural functioning. Statins such as lovastatin have been shown to reduce the risk of ICH, maintain the integrity of the BBB, and enhance neurological function (Chen C. J. et al., 2019). Hepcidin (a hepatic peptide hormone to regulate iron absorption) and hesperidin (a flavanone glycoside with a wide range of biological effects) could inhibit autophagy and reduce brain injury. However, hirudin (a thrombin inhibitor), luteolin (a group of flavonoids), and acupuncture could activate autophagy for neuroprotective effects.


TABLE 4    Autophagy-related compounds in ICH and these compounds or treatment in clinical trials for stroke reported (https://www.clinicaltrials.gov/).
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10. Conclusion

Intracerebral hemorrhage remains a worldwide concern and a serious risk to human longevity. However, the pathophysiology of ICH-induced SBI is extremely complex. Many studies have demonstrated that neuroinflammation and autophagy are promising targets for the treatment of strokes. Damaged organelles and misfolded proteins are degraded during autophagy, a cellular self-degradation process. However, due to the diversity of potential factors affecting autophagy, autophagy does not always act as an enemy against ICH-induced SBI. In contrast, autophagy sometimes contributes to inflammation as a friend of SBI. Is that because the activation of autophagy in ICH is excessive or the flow of autophagy is blocked? To better understand inflammation and autophagy in ICH, we consider it advisable to start with intracranial cells, such as microglia and neurons, although the current research on these aspects is not sufficient. The regulation of neuroinflammation by autophagy to treat ICH is an exciting area of research with many unanswered questions.
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Electroacupuncture (EA) and induced pluripotent stem cell (iPSC)-derived small extracellular vesicles (iPSC-EVs) have substantial beneficial effects on ischemic stroke. However, the detailed mechanisms remain unclear. Here, we explored the mechanisms underlying the regulation of EA and iPSC-EVs in the microbiome-gut-brain axis (MGBA) after ischemic stroke. Ischemic stroke mice (C57BL/6) were subjected to middle cerebral artery occlusion (MCAO) or Sham surgery. EA and iPSC-EVs treatments significantly improved neurological function and neuronal and intestinal tract injury, downregulated the levels of IL-17 expression and upregulated IL-10 levels in brain and colon tissue after cerebral ischemia−reperfusion. EA and iPSC-EVs treatments also modulated the microbiota composition and diversity as well as the differential distribution of species in the intestines of the mice after cerebral ischemia−reperfusion. Our results demonstrated that EA and iPSC-EVs treatments regulated intestinal immunity through MGBA regulation of intestinal microbes, reducing brain and colon damage following cerebral ischemia and positively impacting the outcomes of ischemic stroke. Our findings provide new insights into the application of EA combined with iPSC-EVs as a treatment for ischemic stroke.
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  1 Introduction

Stroke seriously endangers human health and quality of life (1). Every 6 seconds, one person in the world dies of stroke (2, 3), and 60%-80% of these cases are due to ischemic stroke (4). Recent studies have demonstrated that stroke has a strong inflammatory response, intestinal symbiotic bacteria regulate ischemic stroke injury, and there is two-way communication between the brain and the gut called the “Microbiome-Gut-Brain Axis” (MGBA) (5–7).

The interaction of the components of this axis affects the occurrence, development, and prognosis of many neurological diseases (8–10). After stroke, communication from the brain to the intestine via the gut-brain axis may occur via parasympathetic and sympathetic efferent fibers that innervate the intestine directly or indirectly through the enteric nervous system, affecting the level of intestinal mucosal tight junctions and maintaining the integrity of the intestinal mucosal barrier and the gut microbiota (11). The gut microbiota and its release of neurotransmitters, metabolites, and immune factors affect the central nervous system and brain function after stroke by affecting immune cell differentiation and accumulation and changing the levels of circulating anti-inflammatory and proinflammatory cytokines (12). Modulation of the gut microbiome has the potential to prevent and treat stroke (13).

Immune signals can be exchanged between the brain after stroke and the gut following gut microbiota dysbiosis (GMD) (14, 15). After cerebral ischemia, the intestinal microbiota further damages the immune system, regulates lymphocytes, affects Treg cells and γδT cells, promotes IL-17 secretion, and aggravates intestinal and brain injury (16, 17). Treg cells play a neuroprotective role by secreting IL-10 to inhibit postischemic inflammation (18). Knockdown of IL-17 alleviates cerebral injury and restores the homeostasis of intestinal flora (19, 20). Transplantation of healthy intestinal flora (21, 22) and administration of exogenous compounds, such as short-chain fatty acids and fructose, induced the differentiation of T lymphocytes into Th1 cells and the secretion of IL-10 to eliminate inflammation (23, 24). IL-10 has a critical function in limiting the signaling of the proinflammatory factor IL-17A during stroke (25). The intestinal microbiota, IL-10, and IL-17A are closely related to recovery from cerebral injury (26, 27).

Induced pluripotent stem cell-derived small extracellular vesicles (iPSC-EVs) had therapeutic potential during stroke (28). iPSC-EVs could cross the blood−brain barrier and exhibit protective function against cerebral injury induced by ischemia−reperfusion (29, 30). Recent studies showed that exosomes derived from iPSCs or MSCs reduced infarct volume and brain edema, inhibited inflammation and promoted white matter integrity and functional recovery (31–34). Exosomes released by cells of the intestinal mucosa could modulate intestinal homeostasis, including epithelial barrier integrity, and orchestrate the regulation of intestinal immunity as well as the features of the microbiota (35, 36).

Electroacupuncture (EA), an effective acupuncture method, has been widely used for the treatment of stroke in the clinic. After acupuncture is used to get qi at the acupoint, a trace current wave of human bioelectricity is passed on the needle, which can objectively control the amount of stimulation. EA can reduce brain edema, inhibit inflammation and improve neurological function (37, 38). Acupuncture at “Baihui” (GV20) and “Zusanli” (ST36) and iPSC-EVs treatment upregulated Treg cells, suppressed Th17 and Th1-cell responses and exerted neuroprotective effects in an ischemia−reperfusion mouse model (29). However, the specific mechanism by which EA and iPSC-EVs regulate neuroinflammation and the gut microbiota remains unclear.

Accordingly, in this study, we explored the effects of EA treatment and iPSC-EVs in middle cerebral artery occlusion (MCAO) mice and found that EA and iPSC-EVs regulated the inflammation and gut microbiota response.


 2 Materials and methods

 2.1 Animals

Male mice (C57BL/6) aged 6~8 weeks and weighing 21~23 g (n= 10/group) were purchased from Beijing SPF Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were housed in a 12 h light/dark cycle in a temperature-controlled room (22 ± 2°C) and provided access to food and water. The animal treatment protocols were conducted according to the guidelines of the National Institutes for Animal Research and approved by the Ethics Committee for Animal Experimentation of Peking Union Medical College Hospital of the Chinese Academy of Medical Sciences (reference no. XHDW-2021-037).


 2.2 Mouse model of middle cerebral artery occlusion

A mouse model of MCAO was established as previously described (29). The MCAO mice were successfully established by inserting a 7-0 monofilament (Doccol Corporation, Sharon, MA, USA) via the right external carotid artery (ECA) across the right internal carotid artery (ICA) to the origin of the middle cerebral artery (MCA) 1 h after withdrawing the monofilament.

MCAO in mice was established using a laser speckle contrast imager (PeriCam PSI HR System, Jarfalla-Stockholm, Sweden) while supervising regional cerebral blood flow (rCBF). Animals were excluded that died or failed to show a ≤50% or ≥80% rCBF reduction for further analysis (39–41). Sham group mice underwent the same procedure but without MCAO. After the operation, the mice were housed individually and euthanized by cervical dislocation after 72 h, and brain tissue, colon tissue and colon contents were collected for further experiments. The model success rate was 87.72%.


 2.3 The preparation of iPSC-EVs

The iPS cells were amplified and cultured to logarithmic growth stage and were passaged at a ratio of 1:4~1:6 every 4~5 days as described previously (29). In brief, cell coverage reached 60-70% after adherent, and then the cells were cultured overnight. The culture medium was changed to GDEV medium for 24h, and the supernatant of cell culture was collected when the cell coverage reached 80-90%. The collected cell supernatant was ultrafiltrated to harvest exosomes. The purified exosomes were stored in a -80°C refrigerator for subsequent experiments.


 2.4 EA and iPSC-EVs treatments

The mice were randomly divided into five groups, including the sham operation group (Sham), model group (MCAO), electroacupuncture group (EA), iPSC-EVs group (EV), and EA combined with iPSC-EVs group (EA+EV). EA and EV treatments were performed four times at 0 h, 24 h, 48 h, and 70 h after reperfusion. In the EA group, acupuncture needles (ANDE, Guizhou, China) were inserted into the mice at the “Baihui” acupoint (GV20) and left the “Zusanli” acupoint (ST36) at a depth of 2–3 mm. The stimulation was carried out for 30 min at 2 Hz (intensity, 1 mA) frequency with continuous waves using an electroacupuncture device (KWD-808 II, Great Wall Brand, Baoding, China). Additionally, in EV group, iPSC-EVs were injected into the tail vein of mice, 20 μg per injection in each mouse was performed for a total of four injections. EA combined with iPSC-EVs treatment (EA+EV) utilized the same EA and EV treatment methods described above.


 2.5 Neurological score

Neurological function and deficits were evaluated 72 h after reperfusion by the Clark score, which is closely related to cerebral infarction. Using this test, the general functional impairment score (0-28 points) and focal functional impairment score (0-28 points) were applied to evaluate the injury of mice. The lowest number of points (0) indicated normal function, and the highest score (28 points) represented the most severe level of functional impairment.


 2.6 Histopathology staining

For histopathological staining (72 h postreperfusion), frozen brain sections (12 μm thick) were used for Nissl staining, and colon tissues were embedded in paraffin (4 μm thick) with hematoxylin and eosin (H&E) to reveal histopathological lesions. Images of the Nissl staining and H&E staining results were captured using a fluorescence microscope (Carl Zeiss, Germany).


 2.7 Western blot

Mouse brain tissue and colon tissue were collected from each group. Protein samples were separated on SDS−PAGE gels then electrotransferred to nitrocellulose membranes (Millipore, Burlington, MA, USA). The primary antibodies were hybridized with membranes. The primary antibodies included anti-IL-10 (1:200, ab9969, Abcam, Cambridge, MA, USA) and anti-IL-17 (1:200, ab79056, Abcam, Cambridge, MA, USA). The secondary antibodies incubated with membranes. The ImageJ software were used to scan and analyze protein bands. The bands of brain tissue were normalized to β-tubulin (ab 7291, Abcam, Cambridge, MA, USA), and colon tissue were normalized to β-actin (ab8227, Abcam, Cambridge, MA, USA).


 2.8 16S rRNA gene sequencing

The contents of the colon were harvested after 72 h, immediately frozen in liquid nitrogen and stored at -80°C. Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA). The V3-V4 region of the bacterial 16S rRNA gene was amplified by PCR. The Illumina MiSeq/NovaSeq platform was used to perform double-end sequencing of community DNA fragments. Microbiome bioinformatics was performed with QIIME 2 2019.4 with slight modification according to the official tutorials. Sequence data analyses were mainly performed using QIIME2 and R packages (v3.2.0).


 2.9 Statistical analysis

The data were analyzed with SPSS 24.0 and were presented as the means ± standard deviations (SD). Comparisons among groups involved the use of one-way analysis of variance (ANOVA) and the Tukey–Kramer post hoc multiple comparisons test. Differences among groups were considered significant when the P value was < 0.05.



 3 Results

 3.1 EA and iPSC-EVs treatments alleviated injury to the brain and intestine after cerebral ischemia−reperfusion

To determine the effects of EA and iPSC-EVs on mice subjected to cerebral ischemia−reperfusion injury, a mouse MCAO model was established according to the procedure (29). The acupoints and iPSC-EVs injection points were shown in  Figure 1A . The mice were randomly divided into five groups, including the sham operation group (Sham), model group (MCAO), electroacupuncture group (EA), iPSC-EVs group (EV), and EA combined with iPSC-EVs group (EA+EV) ( Figure 1B ). Laser speckle cerebral blood flow was monitored before the operation, during the operation, and after reperfusion to ensure successful model establishment ( Figure 1C ). Cerebral blood flow in the MCAO, EA, EV, and EA+EV groups was significantly lower than that in the Sham group (P < 0.001,  Figure 1D ). There was no significant difference among the MCAO, EA, EV, and EA+EV groups, and there was no difference in cerebral blood flow after recovery ( Figure 1D ). The Clark neurological function score was determined 72 h after EA and EV treatments ( Figure 1E ). The score in the MCAO group was significantly higher than that in the Sham group (P < 0.001,  Figure 1E ). The Clark scores were decreased significantly after EA, EV, and EA+EV treatment 4 times compared with those of the MCAO group (P < 0.001,  Figure 1E ). However, there was no statistical significance among the EA, EV, and EA+EV groups ( Figure 1E ). Moreover, Nissl staining showed that unlike in the Sham group, the structure of the cortex on the injured side in MCAO mice was incomplete, the number of Nissl bodies was reduced or they were destroyed, and the arrangement was irregular (P < 0.05,  Figures 1F, H ). EA, EV, and EA+EV significantly alleviated neuronal injury (P < 0.05,  Figures 1F, H ). There was no significant difference between the EA and EV groups, but significant differences were observed between the EA and EA+EV groups and the EV and EA+EV groups (P < 0.05,  Figures 1F, H ). EA, EV, and EA+EV reduced injury after cerebral ischemia−reperfusion. Intriguingly, H&E staining showed that unlike in the Sham group, according to the Chiu’s score the colon tissue in the MCAO group showed obvious pathological changes (P<0.01,  Figures 1G, I ), including intestinal mucosal edema, integrity destruction, villi damage, breakage and stripping, and a reduction in the number of goblet cells. The EA, EV, and EA+EV treatment groups exhibited significantly fewer pathological changes of intestinal mucosal edema, villus damage, and goblet cell depletion in colon tissue than the MCAO group (P < 0.05, P < 0.05, P < 0.01,  Figures 1G, I ).

 

Figure 1 | EA and iPSC-EVs treatments reduce brain tissue and intestinal injury after cerebral ischemia−reperfusion. (A) Image of mouse EA and iPSC-EVs treatments. (B) Diagram of the experimental paradigm used in each group. (C, D) Cerebral blood flow was monitored by rCBF laser speckle before and after MCAO and after reperfusion. Scale *** indicates significant differences between the Sham and MCAO groups, ns indicates no differences in MCAO, EA, EV, and EA+EV between groups after ischemia, n=10/group. (E) The Clark score was used to evaluate the degree of neurological impairment. (F) Representative images of Nissl staining. Scale bar = 50 μm. (G) Injury of the colon after cerebral injury. Scale bar = 100 μm. (H) Quantification of the number of neurons positive for Nissl staining, n = 4/group. (I) Chiu’s score of colon injury after cerebral ischemia. Data were expressed as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001. 




 3.2 EA and iPSC-EVs treatments regulated the levels of IL-17 and IL-10 in brain and colon tissue after cerebral ischemia−reperfusion

To confirm the protective effects of EA and iPSC-EVs in the brain and colon tissues in MCAO mice, the expression levels of the inflammatory cytokines IL-17 and IL-10 on the brain and colon tissues were measured by western blot. The intestinal flora was dysregulated after cerebral ischemia. IL-17 and IL-10, which were proinflammatory and anti-inflammatory factors, respectively, played an important role in intestinal injury and brain injury. In the brain tissue on the side of the injury, IL-17 expression was significantly increased in the MCAO group (P < 0.05,  Figure 2A ) and was significantly decreased in the EA, EV, and EA+EV groups (P < 0.05,  Figure 2A ). IL-10 expression increased in the MCAO group (P < 0.05,  Figure 2A ) and significantly increased after EA, EV and EA+EV treatments (P < 0.05, P < 0.05, P < 0.01,  Figure 2A ), and EA+EV treatment was more effective than EA and iPSC-EVs treatments alone.

 

Figure 2 | EA and iPSC-EVs treatments regulated the levels of IL-17 and IL-10 in brain and colon tissues after cerebral ischemia reperfusion. (A) The levels of IL-17 and IL-10 in brain tissues were measured by western blot, n = 5/group. (B) The levels of IL-17 and IL-10 in the colon tissues were measured by western blot, n = 5/group. Data were expressed as the mean ± SD, *P < 0.05, **P < 0.01. 



Similarly, in colonic tissue, IL-17 expression was significantly increased in the MCAO group (P < 0.05,  Figure 2B ) and significantly decreased in the EA, EV and EA+EV groups (P < 0.01, P < 0.05 and P < 0.01,  Figure 2B ). IL-10 levels increased in the MCAO group (P < 0.05,  Figure 2B ) and were significantly increased after EA, EV and EA+EV treatments (P < 0.05,  Figure 2B ). Together, these results suggested that EA, EV, and EA+EV treatments regulated inflammatory factors to exert a protective effect on the brain and intestinal tissue, and EA+EV treatment displayed a more obvious effect.


 3.3 EA and iPSC-EVs treatments modulated the microbiota composition in the intestines of the mice after cerebral ischemia−reperfusion

To further explore the possible protective mechanism of EA, EV, and EA+EV treatments, we performed stool 16S rRNA gene sequencing analysis to distinguish between the intestinal microbiota composition in normal mice and MCAO mice. QIIME 2 2019.4 software was applied for microbiome bioinformatics with slight modification according to the official tutorials. Sequence data analyses were mainly performed using QIIME2 and R packages (v3.2.0) as shown in  Figure 3 .

 

Figure 3 | 16S rRNA gene amplicon sequencing bioinformatics and statistical analysis. 



Regarding the number of microorganisms, the abundance of intestinal microbial species in the MCAO group was decreased significantly compared with that in the Sham group. EA, EV, and EA+EV treatments restored the abundance of intestinal microbial species ( Figures 4A, B ). It was very interesting that the number of taxonomic units in the MCAO group was significantly lower than that in the Sham group. EA treatment significantly improved the number of taxonomic units in the intestinal microbiota (P < 0.05,  Figures 4C, D ), and the effect was more significant in this group than in the EV and EA+EV groups (P <0.01,  Figures 4C, D ;  Figure S1 ). Based on the statistics obtained from the flattened amplicon sequence variant (ASV)/operating taxonomic units (OTU) table, the specific taxonomic composition of microbial communities and the number of taxa contained in each sample at each taxonomic level were calculated. The phylum level analysis showed that the abundance of Proteobacteria in the MCAO group was significantly higher than that in the Sham group ( Figure 4E ), indicating the dysregulation of intestinal microorganisms. EA, EV, and EA+EV treatments decreased their levels, and the effect of EA was more significant than those of EV and EA+EV treatments ( Figure 4E ). Bacteroidetes was a phylum involved in metabolic activities in the colon. EA+EV treatment was associated with a high proportion of Bacteroidetes compared with that of the Sham group ( Figure 4E ). Firmicutes and Verrucomicrobia were the most beneficial bacteria, and a high proportion was observed in the Sham and EA groups ( Figure 4E ). In particular, Akkermansia was associated with cardiovascular and cerebrovascular diseases and decreased blood flow after cerebral ischemia, promoting the balance of metabolism in the body (42, 43). The abundance of Akkermansia was significantly increased in the EA group ( Figures 4F, G ). These findings indicate that EA has a more substantial effect on regulating the balance of metabolism. EV and EA+EV treatments had more prominent effects on the overall number of gut microbes, and EA was potentially more involved in regulating the specific taxa and the taxonomic composition.

 

Figure 4 | EA and iPSC-EVs treatments modulated microbiota composition after cerebral ischemia−reperfusion. (A) The ASV/OTU number at each taxonomic level of phylum, class, order, family, genus, and species. The process used for species annotation involves comparing the data with a reference sequence database and scoring the results. (B) ASV/OTU Wayne diagram. To determine which species were common and which were unique among different samples (groups), ASV/OTU abundance tables were used to generate a Venn diagram. (C, D) Species composition taxon number statistics. (E, F) Taxonomic composition statistics at the phylum and species levels. (G) Akkermansia muciniphila flora abundance, n= 10/group, data wre expressed as the mean ± SD, *P < 0.05, **P < 0.01, and ***P < 0.001. 




 3.4 EA and iPSC-EVs treatments regulated the microbiota diversity in the intestines of mice after cerebral ischemia−reperfusion

The alpha diversity index represents the diversity of species and the beta diversity index represents the diversity of species between habitats to comprehensively evaluate the overall diversity of species. Alpha diversity refers to indexes including the richness, diversity, and evenness of the species in partially uniform habitats and is also known as within-habitat diversity. Here, we used richness (Chao1, Observed Species), diversity (Shannon, Simpson), diversity based on evolution (Faith’s PD), evenness (Pielou’s Evenness) and coverage (Good’s coverage) to comprehensively analyze alpha diversity.

Regarding the alpha diversity index, there were significant differences between the MCAO and Sham groups in richness and diversity and in diversity based on evolution, evenness, and coverage (P <0.05) ( Figures 5A, B ). The Chao1 value and number of observed species (the richness sparse curve) were more significant in the EV group; the Shannon, Simpson’s and Pielou’s evenness (the diversity and evenness) values were more significant in the EA+EV groups; the Faith’s PD (the diversity based on evolution) value was more significant in the EA group; and Good’s coverage index represented coverage with almost no difference ( Figure 5A ).

 

Figure 5 | EA and iPSC-EVs treatments regulated the microbiota alpha and beta diversity after cerebral ischemia−reperfusion. (A, B) Alpha diversity of microbial communities (Chao1, observed species index for richness; Shannon and Simpson index table characteristic diversity; Faith’s PD index represents diversity based on evolution. Pielou’s evenness index was used to characterize the evenness. Good’s coverage index represents the coverage). (C–H) Nonmetric multidimensional scaling analysis (NMDS) of beta diversity in microbial communities (weighted unifrac, unweighted unifrac). NMDS simplifies the data structure by reducing the dimension of the sample distance matrix to describe the distribution characteristics of samples at a specific distance scale. The lower the stress value of the NMDS, the better. The NMDS analysis results are more reliable when the stress value is less than 0.2, n = 10/group, data were expressed as the mean ± SD, *P < 0.05, **P < 0.01. 



Beta diversity, also known as between-habitat diversity, refers to the dissimilarity of species composition or the replacement rate of species along environmental gradients among different communities that change along environmental gradients. Using nonmetric multidimensional scaling analysis (NMDS) unconstrained ranking, dimensionality reduction of multidimensional microbial data can be carried out. Finally, the main trends in the data can be observed by analyzing the distribution of samples in the continuous ranking axis.

When the NMDS value is less than 0.2, the results of the NMDS analysis are more reliable. The weighted unifrac (Stress=0.0902, P=0.012, R2=0.177) and unweighted unifrac (Stress=0.116, P=0.001, R2=0.143) results in the Sham, MCAO, EA, EV, and EA+EV groups were statistically significant ( Figures 5C, D ). Sham and MCAO resulted in significantly weighted unifrac (Stress=0.0625, P=0.025, R2=0.172) and unweighted unifrac (Stress=0.0804, P=0.002, R2=0.146) values ( Figures 5E, F ). The stress values in the MCAO and EA, EV, EA+EV groups calculated in weighted unifrac (Stress=0.0823, P=0.054, R2=0.138) and unweighted unifrac (Stress=0.113, P=0.029 R2=0.108) stress assessments were less than 0.2 and were statistically significant ( Figures 5G, H ).

In summary, these results suggest that EA, EV, and EA+EV could improve alpha and beta diversity, especially with EV and EA+EV treatments, which exhibited advantages in the alpha diversity index. Regarding improvements in the beta diversity index, EA was better than EV and EA+EV treatments.


 3.5 EA and iPSC-EVs treatments regulated the differential distribution of species after cerebral ischemia−reperfusion

After exploring the differences in microbial community composition through assessments of beta diversity, we investigated which species were responsible for these differences. LEfSe analysis was applied for this analysis. To further compare the differences in species composition among samples and show the distribution trend of species abundance in each sample, heatmaps were used for species composition analysis.

The LEfSe method was used to identify the differences between the Sham and MCAO groups ( Figure 6A ) and among the MCAO groups subjected to EA, EV, and EA+EV treatments at different classification levels ( Figure 6B ). Based on the comparisons of the MCAO and Sham groups, Proteobacteria may be a pathogenic bacterium related to the mechanism of postischemic injury ( Figure 6A ). Based on comparisons between the EA, EV, and EA+EV treatment groups, EA improved intestinal microbiota imbalance by affecting Actinobacteria, Coriobacteria, and Verrucomicrobia and EA+EV through Verrucomicrobia ( Figure 6B ). It can be concluded that EA resulted in the most significant improvement in intestinal microbiota ( Figure S2A–E ).

 

Figure 6 | EA and iPSC-EVs treatments can regulate microbiota diversity after cerebral ischemia−reperfusion. (A) LEfSe analysis of microbial differences at the species level between the Sham and MCAO groups (B) LEfSe analysis of microbial differences at the species level among MCAO, EA, EV, and EA+EV. The taxonomic cladogram shows the taxonomic hierarchical distribution of marker species in each sample. (C) Heatmap of species composition at the phylum level, n = 10/group. 



Heatmaps were generated to show the distribution and abundance of each species at the phylum level ( Figure 6C ). To further compare the differences in species composition among samples and show the distribution trend of species abundance in each sample, heatmaps were used for phylum composition analysis. By default, we used abundance data from the top 20 genera with average abundance for heatmapping. The EA group was significant at the phylum level (Firmicutes, Tenericutes, Chloroflexi, Actinobacteria, Cyanobacteria, Verrucomicrobia, Gemmatimonadetes, Rokubacteria, Bacteroidetes). The MCAO group was significant at the phylum level (Proteobacteria, Acidobacteria, Patescibacteria, Epsilonbacteraeota, Halanaerobiaeota, GAL15). The EV group exhibited Deferribacteres at the phylum level (Mucispirillum schaedleri, Parabacteroides goldsteinii). The Sham and EA+EV groups exhibited specific regulation at the phylum level.


 3.6 EA and iPSC-EVs treatments regulated the metabolic pathways after cerebral ischemia−reperfusion

The above analysis focused on the diversity and species composition of the flora. For the study of microbial ecology, we also paid attention to the functional potential of the microbiota. The functional units obtained were used to obtain the abundance value of metabolic pathways according to the metabolic pathway database and certain calculation methods. Metabolic pathways were divided into six broad categories, including metabolism, genetic information processing, environmental information processing, cellular process processes, organismal systems, and human diseases. Each of these was further divided into multiple hierarchies ( Figure 7A ).

 

Figure 7 | EA and iPSC-EVs treatments may regulate metabolic pathways after cerebral ischemia−reperfusion. (A) Metabolic pathway statistics. (B) Species composition of metabolic pathways, n= 10/group. 



Having obtained the functional components of the samples/groups, especially some of the differential pathways, we next investigated which species encoded the genes with these functional potentials. A stratified sample metabolic pathway abundance table was generated for species composition pathway analysis ( Figure 7B ). It was confirmed that all or most of the functions involved in metabolic pathways could be independently performed by a certain bacterial species.



 4 Discussion

Stroke promotes an increase in the local inflammatory response, resulting in two-way communication and immune signal exchange between the gut and brain through the brain-gut axis. After cerebral ischemia, intestinal microbiota dysregulation produces an inflammatory response. In the current study, we investigated the protective effects of EA and iPSC-EVs on brain and colon tissues and the regulatory effects on intestinal microbiota using a mouse model of MCAO. EA, iPSC-EVs, and EA combined with iPSC-EVs treatments reduced damage to brain and colon tissue, and their protective effect was related to the regulation of intestinal microorganisms.

This study showed that EA, iPSC-EVs and EA combined with iPSC-EVs increased the number of neurons (Nissl staining), improved neural function (Clark score), alleviated inflammation in MCAO mice, reduced colon injury, inhibited inflammation, and regulated gastrointestinal microbes. Regarding the inflammatory response, the effect of EA combined with iPSC-EVs treatment was more significant than the effects of EA and iPSC-EVs. Regarding intestinal microbiota regulation, EA more significantly regulated beneficial flora, and iPSC-EVs and EA combined with iPSC-EVs treatments more significantly regulated microbial diversity. We believe that the combination of EA and iPSC-EVs may have synergistic neuroprotective effects that are greater than those of the use of iPSC-EVs or EA alone, which is consistent with previous studies (29).

Acupuncture treatment, as an effective method of traditional Chinese medicine for stroke treatment, has unique advantages, especially with the correct choice of points. GV20 is located in the head and has the effect of awakening the brain and enlightening the body, which is a point of the governor meridian involving the governor meridian veins in the brain, for the treatment of the encephalopathy effect point. ST36 belongs to the Stomach Meridian of Foot-Yangming, which is targeted to treat gastrointestinal diseases, paralysis of lower limbs, mental disease and deficiency of fatigue. According to the literature reports and previous studies, GV20 and ST36 can reduce brain edema, inhibit inflammation, improve mitochondrial function and promote nerve regeneration (37, 38, 44–46). EA and iPSC-EVs treatments promote the Treg response and regulate Th17 and Th1 inflammatory responses to protect the brain (29).

Acupuncture plays a unique role in regulating gastrointestinal inflammation and intestinal microbiota. Acupuncture at ST36 can inhibit neuroinflammation and intestinal microbiota dysregulation in a mouse model of Parkinson’s disease (47, 48), preserves intestinal barrier integrity by modulating the gut microbiota in dextran sulfate sodium (DSS)-induced chronic colitis (49), and may ameliorate spinal cord injury (SCI) by modulating microbiota and metabolites (50). Relevant studies have shown that acupuncture has a positive effect on the treatment of ischemic stroke through the interaction between the gut microbiota and the immune response; it can correct disorders in intestinal microbiota, reduce the immune inflammatory response, and promote the recovery of brain tissue damage and neurological function after stroke (51, 52). Acupuncture at LI11, GB34 and ST36 promotes recovery after stroke by regulating intestinal microecology and plasma metabolism (53). Acupuncture at GV20 and ST36 can benignly modulate gut microbiota dysbiosis and significantly reduce intestinal inflammation (54).

Exosomes affect inflammatory bowel disease (IBD)-related pathways, such as immune responses, barrier function, and gut microbiota (55). Exosomes from different sources and the components of exosomes have different regulatory effects on intestinal immune regulation and microbiota (55, 56). Additionally, exosomes intervene in the intestinal inflammation caused by the imbalance of intestinal flora after stroke and play a neuroprotective role through the brain-gut axis (57).

Innate immune cells respond within hours after ischemia and then mount an adaptive immune response by activating T and B lymphocytes. T-cell subsets can help or aggravate ischemic brain injury (58). Proinflammatory Th1, Th17, and γδT cells are commonly associated with increased inflammatory damage, while regulatory T cells are known to inhibit postischemic inflammation mediated by IL-17 by increasing the secretion of the anti-inflammatory cytokine IL-10 (58–60). Our research showed that EA, iPSC-EVs, and EA combined with iPSC-EVs treatments significantly decreased IL-17 levels and increased IL-10 levels in the brain and colonic tissue, and EA combined with iPSC-EVs treatment was more effective than EA or iPSC-EVs treatment alone. EA, iPSC-EVs, and EA combined with iPSC-EVs treatments can regulate inflammatory factors to exert a protective effect on the brain and intestinal tissue, and EA combined with iPSC-EVs treatment has a more obvious effect. This result was consistent with previous literature studies (61).

The intestinal microbiota is dysregulated after cerebral ischemia, which causes inflammation; IL-17 expression increases, and inflammation further aggravates the dysbiosis of intestinal flora; decreasing IL-17 and increasing IL-10 levels may regulate the intestinal microbiota, which may be a mechanism that inhibits the transition into an inflammatory state. This effect may be due to Firmicutes, Bacteroidetes, and actinobacteria, which exhibit severely reduced abundance after stroke (17). An imbalance in gut microbiota can contribute to stroke and may exacerbate its effects. The prognosis of stroke can be improved with a variety of treatments. A large number of gut microbes and multiple metabolites may alter the impact of the gut microbiome on stroke outcomes. The brain-gut axis is a neuro-immune network that is bidirectional to the gut. Changes in the cerebral and intestinal axis can also cause changes in the structure of the microflora. The dysfunctional intestinal microflora can stimulate inflammatory response, change the intestinal mucosal permeability, affect the inflammatory factors to aggravate the cerebral ischemia injury, and then feed back to the gut and microflora, and the cycle repeats. Acupuncture and moxibustion can regulate the various links of the cerebral and intestinal axis and block this vicious cycle (62, 63).

Regarding the gut microbiome, iPSC-EVs and EA combined with iPSC-EVs treatments predominantly regulate the overall number, abundance, diversity of gut microbes. At the phylum level, increased Proteobacteria abundance is a microbiological characteristic of intestinal flora dysregulation. After cerebral ischemia, its abundance increased significantly in the MCAO group, and EA, iPSC-EVs, and EA combined with iPSC-EVs treatments reduced it.The abundance of Firmicutes and Verrucomicrobia, which are beneficial bacteria, can be increased by EA. Furthermore, Akkermansia abundance was increased by EA, which protected the integrity of intestinal epithelial cells and the mucus layer and played a protective metabolic role. Akkermansia is associated with cardiovascular and cerebrovascular diseases and decreases in blood flow after cerebral ischemia, promoting the balance of metabolism in the body. Bacteroidetes abundance can be increased by EA combined with iPSC-EVs treatment, and Bacteroidetes are involved in many important metabolic activities in the colon. We speculate that EA and iPSC-EVs treatments have different regulatory mechanisms involving gut microbes. In this study, we used ST36, which is the “He-sea Point” and “lower He-sea Point” of the Stomach Meridian of Foot-Yangming and has the effect of strengthening the spleen and stomach, as stated in the expressions “the belly ST36 stay” and “He treats the six Fu-Organs”. This point is used for treating stomach pain, vomiting, hiccups, abdominal distension, abdominal pain, bowel cramping, indigestion, diarrhea, constipation, etc. Based on the characteristics of meridians and the acupoints to which they belong, treating these regions has a unique regulatory effect on intestinal microorganisms. The iPSC-EVs maybe influence intestinal microbes by improving inflammatory responses (64).

The alpha and beta diversity of the microbiota is positively correlated with health. The more abundant different microorganisms in the gut, the more positively correlated with metabolic health (65, 66). The imbalance of intestinal microbiota is generally accompanied by a decrease in the alpha diversity of the microbiota (67, 68). Short-term intervention did not increase the abundance of intestinal microbiota but increased beneficial bacteria, leading to an increase in β diversity before and after intervention (69).

EA, iPSC-EVs, and EA combined with iPSC-EVs treatments improved alpha and beta diversity. Regarding improvements in the alpha diversity index, the iPSC-EVs and EA combined with iPSC-EVs treatments had advantages; regarding the beta diversity index, EA was better than the iPSC-EVs and EA combined with iPSC-EVs treatments. LEfSe also showed that EA improved the intestinal microbiota imbalance by affecting Actinobacteria, Cyanobacteria, Verrucomicrobia, and EA combined with iPSC-EVs through Verrucomicrobia. Additionally, the heatmap showed that the EA combined with iPSC-EVs group was comparable to the Sham group at the phylum level. Overall, the efficacy of EA combined with iPSC-EVs treatment was more significant than that of EA or iPSC-EVs treatments alone. The gut bacteria can also participate in the immune response and in neuroinflammation through microbiota-derived metabolites (70), and the results of this study also demonstrated the metabolic pathways that may be affected by gut microbiota. Acupuncture treatment has a positive effect on neurological diseases by regulating immune responses and changing the metabolism of related tissues (71). The specific metabolic pathways and the mechanisms of metabolite production need to be further studied.

This study showed that iPSC-EVs used for the regulation of intestinal flora species were better at targeting the overall abundance of specific species; the adjustment of beneficial bacteria was not very substantial, and previous reports suggest that mesenchymal origin cells secrete iPSC-EVs and that those secreted by intestinal epithelial cells (IECs) have a significant role (72, 73). Regarding the inhibition of the inflammatory response, this study was consistent with previous literature (74). The mechanism through which iPSC-EVs regulate the intestinal flora needs to be further studied.

Electroacupuncture has been widely used to treat ischemic stroke, especially in the sequelae of stroke. Recently, iPSC-EVs have become one of the focuses in the research field because of their powerful ability to inhibit inflammatory response and to promote tissue regeneration. In addition, iPSC-EVs exhibit good safety and the capacity to pass through the blood-brain barrier while avoiding tumorigenicity of iPSCs. We believe that the combination of acupuncture and iPSC-EVs would be a safe and efficient treatment strategy for ischemic stroke in clinic. Next, we will focus to develop iPSC-EVs as a drug and launch a clinical study with this combination strategy.


 5 Conclusion

Electroacupuncture and iPSC-EVs treatments significantly improved neurological function and neuronal and intestinal tract injury, regulated the intestinal immunity as the levels of IL-17 and IL-10 in brain and colon tissue through MGBA and modulated the microbiota composition and diversity as well as the differential distribution of species in the intestines of the mice after cerebral ischemia−reperfusion. EA and iPSC-EVs treatments positively impacting the outcomes of ischemic stroke and provided new insights into the application of EA combined with iPSC-EVs as a treatment for ischemic stroke.
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Subarachnoid hemorrhage (SAH) is a neurological emergency characterized by dysfunctional inflammatory response. However, no effective therapeutic options have been reported so far. Microglia polarization has been proposed to exert an essential role in modulating inflammatory response after SAH. Sestrin2 is a stress response protein. Growing evidence has reported that sestrin2 could inhibit M1 microglia and promote M2 microglia polarization. The current study investigated the effects of sestrin2 on microglia phenotype switching and the subsequent brain injury and sought to elucidate the underlying mechanism. We conducted an endovascular perforation SAH model in mice. It was found that sestrin2 was significantly increased after SAH and was mainly distributed in neurons and microglia. Exogenous recombinant human sestrin2 (rh-sestrin2) evidently alleviated inflammatory insults and oxidative stress, and improved neurofunction after SAH. Moreover, rh-sestrin2 increased M2-like microglia polarization and suppressed the number of M1-like microglia after SAH. The protection by rh-sestrin2 was correlated with the activation of Nrf2 signaling. Nrf2 inhibition by ML385 abated the cerebroprotective effects of rh-sestrin2 against SAH and further manifested M1 microglia polarization. In conclusion, promoting microglia polarization from the M1 to M2 phenotype and inducing Nrf2 signaling might be the major mechanism by which sestrin2 protects against SAH insults. Sestrin2 might be a new molecular target for treating SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a multiphasic neurological disease with worse prognosis (1, 2). Most SAH survivors suffer permanent neurological disabilities (3). Recently, substantial evidence has indicated that the early brain injury (EBI) is the determinant factor to poor prognosis after SAH (4–6). In the pathological cascade of EBI, the innate inflammatory correlates with unfavorable clinical outcomes in SAH patients (7, 8). However, the effective therapeutic interventions in clinical are still lacking. Therefore, targeting inflammatory response holds great potential for SAH treatment.

Upon the onset of SAH, inflammatory response occurs not only in the brain parenchyma, but also in cortical regions. The infiltration of immune cells, activation of microglia, and reactive oxygen species (ROS) are central to the inflammatory insults after SAH. Among them, microglia activation is crucial for post-SAH neuroinflammation (9–11). Studies have indicated that microglia have a dual role in central nervous system (CNS) diseases. Microglia could polarize into two phenotypes, including M1 phenotype and M2 phenotype. M1-polarized microglia could produce proinflammatory mediators and increase ROS to further aggravate inflammatory insults. In contrast, M2-polarized microglia could release anti-inflammatory agents including IL-10 and IL-13 to reduce inflammation and promote brain repair (12–14). Thus, strategies aiming to inhibit M1 microglia polarization and promote M2 microglia polarization might be a viable treatment for SAH.

Currently, most reported compounds and molecular targets could inhibit M1 microglia polarization. However, few compounds and targets have the ability to promote M2 microglia polarization in acute brain injuries and neurodegenerative diseases. Sestrin2 is a stress response protein. Growing evidence has demonstrated that sestrin2 is involved in modulation of multiple biological functions, such as immune response, oxidative insults, endoplasmic reticulum, ischemia, and hypoxia (15–17). More importantly, recent studies indicate that sestrin2 could inhibit M1 microglia and promote M2 microglia polarization (18). In CNS diseases, sestrin2 has been demonstrated to protect against traumatic brain injury (TBI), ischemic stroke, Parkinson’s disease, and Alzheimer’s disease (19–22). However, less is known regarding the role of sestrin2 on EBI after SAH and the underlying molecular signaling. Therefore, we investigated the influence of sestrin2 on microglia phenotype switching and the subsequent brain injury after SAH and sought to elucidate the underlying mechanism.



Material and methods


SAH mice model

Male C57BL/6 (18 wk old, 25–30 g) mice were used in the present study. All experiments were approved by the Ethics Committee of The First Affiliated Hospital of Nanchang University. The endovascular perforation SAH model was conducted according to previous studies (23). In brief, after anesthetization with an intraperitoneal ketamine/xylazine, the carotid artery was exposed. A sharp 6–0 monofilament nylon suture was used to perforate the bifurcation of the anterior and middle cerebral arteries. After the operation, animals were placed into a heating chamber to recover. Sham-treated mice underwent the same procedures without perforating artery vessel. The severity of SAH was evaluated by using a SAH grading system (24). SAH mice that received with a score < 8 were excluded from the current study.



Experimental groups

In the first experiment, mice were randomly assigned to sham and SAH (6 h, 12 h, 24 h, 48 h, 72 h) groups. Western blot analysis and immunofluorescence staining were employed to explore sestrin2 activation after SAH.

In the second experiment, mice were randomly assigned to sham, SAH, and SAH treated with recombinant human sestrin2 (rh-sestrin2) (1μg, 3μg, and 9μg) groups. Neurological function, ELISA, western blot analysis, and immunofluorescence staining were conducted to assess the influence of rh-sestrin2 on SAH-induced EBI and the underlying molecular pathway.

In the third experiment, Nrf2 inhibitor ML385 was employed to determine the role of Nrf2 signaling in the beneficial effects of rh-sestrin2 after SAH. Mice were randomly assigned into SAH, SAH treated with rh-sestrin2, SAH treated with rh-sestrin2 and ML385, and SAH treated with ML385 groups. Neurological function, ELISA, western blot analysis, and immunofluorescence staining were conducted. Animal groups, number of animals in each group, and mortality rates were shown in Supplementary Table 1.



Drug administration

Recombinant human sestrin2 (rh-sestrin2) (Sigma-Aldrich) was dissolved in saline before use. Three different doses of rh-sestrin2 (1μg, 3μg, and 9μg) were administrated into the lateral ventricle at 2 h post-SAH. The doses of rh-sestrin2 was chosen based on an experimental brain ischemia study (18). ML385 (30 mg/kg) was given by intraperitoneally injection at 2 h before SAH as previously reported (25).



Neurobehavioral tests

Functional deficiency was recorded at 24 and 72 h after surgery. A modified Garcia scale system was used to evaluate functional deficiency (26). The beam balance test was also employed in this study to assess motor dysfunction. In brief, mice were placed on a beam. The latency to fall and walking distance were recorded.



Western blot analysis

Western blot analysis was processed as previously reported (27). The protein samples were placed into 10-12% gels and transferred to a PVDF membrane. The membrane was then supplemented with primary antibodies to sestrin2 (1:1000, 21346-1-AP, Proteintech), Nrf2 (1:1000, ab62352, Abcam), HO-1 (1:2000, ab68477, Abcam), NQO-1 (1:1000, ab34173, Abcam), β-actin (1:4000, AP0060, Bioworld), and Histone H3 (1:1000, 4499S, Cell Signaling Technology) at 4°C. After that, the membrane was supplemented with appropriate secondary antibodies. Bands were visualized with ECL reagent. The relative intensity was measured with ImageJ software.



Immunofluorescence

Brain sections were fixed with 4% paraformaldehyde, and then permeabilized with TritonX-100 (0.5%). After that, they were blocked with 1% BSA, and then supplemented with primary antibodies to sestrin2 (1:100, 21346-1-AP, Proteintech), Nrf2 (1:100, ab31163, Abcam), 8-ohdg (1:100, ab62623, Abcam), Iba-1 (1:50, SC-98468, Santa Cruz; 1:100, ab178847, Abcam), CD16 (1:100, BD Biosciences), and CD206 (1:100, Invitrogen) at 4°C. The next day, the slices were incubated with the appropriate secondary antibodies, and were sealed with DAPI. The fluorescence intensity was measured with ImageJ software.



TUNEL staining

TUNEL staining was conducted on frozen brain slices with a commercial TUNEL kit (Beyotime). In brief, brain slices were supplemented with the primary antibody anti-NeuN (1:200, EMD Millipore) at 4°C for one night. After that, they were incubated with TUNEL detection solution for 30 min. The TUNEL-positive neurons were recorded for statistical analysis.



ELISA

The protein levels of IL-1β and TNF-α in brain samples were measured with commercial ELISA kits according to the manufacturer’s protocols (Multi Sciences Biotech). In brief, the tissues from the brain cortex were collected and homogenized. The supernatants from different groups were evaluated with different ELISA kits.



Nissl staining

Nissl staining was conducted to reflect neuronal damage after SAH insults. As previously reported (28), brain slices were stained with cresyl violet solution. After three times washing with double-distilled water, the slices were mounted with permount.



Statistical analysis

Data were summarized as mean ± SD. Statistical analysis was performed with the application of Prism V.9 software program (GraphPad Software, USA). One-way ANOVA followed by Tukey’s multiple comparisons test was performed to compare multiple groups. For neurological function, two-way ANOVA with Tukey’s multiple comparisons test was conducted. A value of P < 0.05 was considered statistically significant.




Results


Expression of sestrin2 in cortex after SAH

The expression of sestrin2 in brain cortex after SAH remains unclear. In this study, we used western blot analysis and double immunofluorescence staining to assess endogenous sestrin2 expression in the early period after SAH. As shown in Figures 1A, B, the protein levels of sestrin2 was significantly increased at 12 h and peaked at 24 h after SAH as compared with sham group. The cellular distribution of sestrin2 was identified by double immunofluorescence staining. It showed that sestrin2 can be distributed in neurons and microglia, especially in neurons. SAH insults significantly induced sestrin2 expression in neurons when compared with sham group (Figures 1C, D).




Figure 1 | Expression and cellular distribution of sestrin2 in the early period after SAH. (A) Representative western blot bands and (B) quantitative analysis of sestrin2 in different groups (n = 6 per group). (C) Quantitative analysis of sestrin2 in neurons and microglia in sham and SAH groups (n = 6 per group). (D) Double immunofluorescence staining for sestrin2 in neurons and microglia in the brain cortex after SAH. *P < 0.05 versus sham group. Data indicated as mean ± SD. Scale bars = 50 μm.





Effects of Rh-sestrin2 on neurological function and inflammatory response after SAH

Sestrin2 is involved in modulation of multiple biological functions, such as immune response, oxidative insults, endoplasmic reticulum, ischemia, and hypoxia. More importantly, rh-sestrin2 has been shown to reduce neuroinflammation and improve neurological outcomes in a variety of CNS models. In this experiment, we then evaluated the effects of rh-sestrin2 on neurological function and inflammatory response after SAH. As shown (Figures 2A-D), both 3 μg and 9 μg rh-sestrin2 effectively improved neurological behavior and decreased pro-inflammatory cytokines release when compared with sham group. No statistical differences on neurological function and pro-inflammatory cytokines were detected between 3 μg and 9 μg rh-sestrin2 treatment. Our data also revealed that 3 μg rh-sestrin2 treatment significantly decreased microglia activation and increased sestrin2 expression in the cortex after SAH (Figures 2E-H).




Figure 2 | Rh-sestrin2 improved neurological function and reduced neuroinflammatory insults after SAH. (A) Modified Garcia score and (B) beam balance score indifferent experimental groups (n = 6 per group). Quantitative analyses of (C) IL-1β and (D) TNF-α in different experimental groups (n = 6 per group). (E) Representative immunofluorescence staining for Iba1. (F) Quantitative analysis of Iba1 staining (n = 6 per group). (G) Representative images and (H)quantifications of sestrin2 staining in different groups (n = 6 per group). *P < 0.05 versus sham group. @P < 0.05 versus SAH group. Data indicated asmean ± SD. Scale bars = 50 mm.





Rh-sestrin2 promoted M2 microglia polarization and decreased neuronal apoptosis after SAH

Recent studies indicate that sestrin2 could inhibit M1 microglia and promote M2 microglia polarization. However, the potential effects of rh-sestrin2 on microglia polarization after SAH remain obscure. Consistent with previous studies, the double immunofluorescence staining confirmed that SAH insults significantly increased the number of M1 microglia when compared to the sham group. However, SAH did not cause an evident increase in the number of M2 microglia as compared with the sham group. In contrast, rh-sestrin2 significantly decreased the number of M1 microglia (CD16+/Iba1+) and increased the number of M2 microglia (CD206+/Iba1+) after SAH (Figures 3A-D). Microglia polarization has been shown to play a vital role in neuronal apoptosis after SAH. We also investigated the effects of rh-sestrin2 on neuronal apoptosis. It showed that the number of TUNEL-positive neurons was dramatically increased after SAH, which could be significantly decreased after rh-sestrin2 (Figures 3E, F).




Figure 3 | Rh-sestrin2 inhibited M1 microglia, increased M2 microglia polarization, and reduced neuronal apoptosis after SAH. (A) Representative images and (B) quantifications of CD16+/Iba1+ staining in different groups (n = 6 per group). (C) Representative images and (D) quantifications of CD206+/Iba1+ staining in different groups (n = 6 per group). (E) Representative images and (F) quantifications of TUNEL staining in different groups (n = 6 per group). *P < 0.05 versus sham group. @P < 0.05 versus SAH group. Data indicated as mean ± SD. Scale bars = 50 μm.





Rh-sestrin2 induced Nrf2 signaling activation after SAH

Mounting evidences has indicated that sestrin2 is a key upstream target of Nrf2. Targeting sestrin2 could significantly induce Nrf2 activation. We further evaluated the effects of rh-sestrin2 on Nrf2 signaling after SAH with the application of Nrf2 selective inhibitor ML385. Western blot analysis showed that rh-sestrin2 significantly increased Nrf2 expression, as well as the downstream targets including HO-1 and NQO-1. ML385, a selective Nrf2 inhibitor, was employed to suppress Nrf2 signaling. It showed that ML385 evidently reversed the effects of rh-sestrin2 on Nrf2 signaling pathway (Figures 4A-F). The double immunofluorescence staining verified that rh-sestrin2 markedly increased Nrf2 expression in nucleus after SAH, which could be abrogated by ML385 pretreatment (Figures 4G, H).




Figure 4 | Rh-sestrin2 treatemtn induced Nrf2 signaling activation after SAH. (A) Representative western blot bands and quantitative analysis of (B) sestrin2, (C) total Nrf2, (D) NQO-1, (E) HO-1, and (F) nuclear Nrf2 in different groups (n = 6 per group). (G) Representative images and (H) quantifications of Nrf2 staining in different groups (n = 6 per group). *P < 0.05 versus sham group. @P < 0.05 versus SAH group. Data indicated as mean ± SD. Scale bars = 50 μm.





ML385 reversed the anti-inflammatory and anti-oxidative effects of Rh-sestrin2 on SAH

Based on our above-mentioned results, rh-sestrin2 could reduce inflammatory response after SAH. Nrf2 is a nuclear transcription factor and plays a crucial role in oxidative stress defense. We suspected that ML385 might reverse the anti-inflammatory and anti-oxidative effects of rh-sestrin2 on SAH. Our data showed that ML385 further exacerbated SAH-induced proinflammatory cytokines release and microglia activation when compared with SAH group. Meanwhile, ML385 abrogated the anti-inflammatory effects of rh-sestrin2 against SAH (Figures 5A-D). Moreover, rh-sestrin2 treatment could reduce oxidative damage and lipid peroxidation after SAH, which could be abated by ML385 (Figures 5E-G).




Figure 5 | ML385 reversed the anti-inflammatory and anti-oxidative effects of rh-sestrin2 against SAH. Quantitative analyses of (A) IL-1β and (B) TNF-α in different experimental groups (n = 6 per group). (C) Quantitative analysis and (D) representative images of Iba1 staining in different groups (n = 6 per group). (E) Quantitative analyses of MDA (n = 6 per group). (F) Representative images and (G) quantifications of 8-ohdg staining in different groups (n = 6 per group). *P < 0.05 versus SAH group. @P < 0.05 versus SAH + rh- sestrin2 group. Data indicated as mean ± SD. Scale bars = 50 μm.





ML385 reversed the effects of Rh-sestrin2 on microglia polarization after SAH

As mentioned above, rh-sestrin2 could suppress M1 microglia polarization and promote M2 microglia transformation. Nrf2 has been shown to modulate microglia polarization in other diseases models. We hypothesized that ML385 might reverse the effects of rh-sestrin2 on microglia polarization after SAH. The double immunofluorescence staining results confirmed that ML385 pretreatment further induced M1 microglia activation and decreased the number of M2 microglia after SAH. Meanwhile, the effects of rh-sestrin2 on microglia polarization were abrogated by Nrf2 suppression with ML385 (Figures 6A-D). These data suggested that rh-sestrin2 modulated M2 microglia polarization while suppressing M1 polarization after SAH via Nrf2-mediated signaling pathway.




Figure 6 | ML385 induced M1 microglia polarization and suppressed M2 microglia polarization after SAH. (A) Representative images and (B) quantifications of CD16+/Iba1+ staining in different groups (n = 6 per group). (C) Representative images and (D) quantifications of CD206+/Iba1+ staining in all groups (n = 6 per group). *P < 0.05 versus SAH group. @P < 0.05 versus SAH + rh- sestrin2 group. Data indicated as mean ± SD. Scale bars = 50 μm.





ML385 reversed the cerebroprotective effects of Rh-sestrin2 after SAH

We then evaluated the effects of ML385 on neuronal apoptosis and neurological function after SAH. TUNEL staining showed that ML385 pretreatment further significantly aggravated neuronal apoptosis after SAH and reversed the anti-apoptotic effects of rh-sestrin2 on SAH. Meanwhile, rh-sestrin2 mitigated neuronal degeneration at day 3 after SAH, which could be abrogated after ML385 treatment (Figures 7A-C). Concomitant with the aggravated inflammatory insults and neuronal apoptosis, ML385 further exacerbated neurological deterioration and reversed the cerebroprotective effects of rh-sestrin2 against SAH (Figures 7D, E). Collectively, rh-sestrin2 could suppress SAH-induced inflammatory insults and ameliorate neurological dysfunction by promoting M2 microglia polarization and suppressing M1 microglia polarization via Nrf2 signaling pathway.




Figure 7 | ML385 aggravated neuronal apoptosis and exacerbated neurological deterioration after SAH. (A) Representative images and (B) quantifications of TUNEL staining in different groups (n = 6 per group). (C) Representative images of Nissl staining in all groups. Quantifications of (D) modified Garcia score and (E) beam balance score (n = 6 per group). *P < 0.05 versus SAH group. @P < 0.05 versus SAH + rh- sestrin2 group. Data indicated as mean ± SD. Scale bars = 50 μm.






Discussion

Mounting evidence has suggested that inflammatory insults is an independent predictor of unfavorable clinical outcomes in SAH patients (8, 29). After hemorrhage, microglia are activated promptly and their activation can persist for a long time. Under different stimulants, microglia can dynamically and temporally change their phenotype. M1 microglia has been demonstrated to induce amounts of proinflammatory mediators as well as ROS to exacerbate neuronal cell death and brain dysfunction. On the other hand, M2 microglia could clear toxic debris and release anti-inflammatory agents to resolve cerebrovascular inflammation (12). In a model of spinal cord injury, both M1 microglia and M2 microglia markers increased in the early period and microglia mainly polarized into M1 phenotype (30). In an experimental ischemic stroke, M1 microglia increased from day 3, whereas M2 microglia appeared on day 1 and persisted for 7 days (31). After experimental SAH, a mixed M1 and M2 microglia can be seen in brain cortex in the early period (32). Meanwhile, the microglial M1-to-M2 phenotype transition can be observed in the late stage of SAH (9). Thus, targeting the microglial phenotypic transformation after SAH might be a therapeutic approach.

Sestrin2 is a key component of the Sestrin family. Mounting evidence has indicated that sestrin2 could modulate different injuries, such as energy deficiency, oxidative insults, hypoxia stress, and immune response (33–35). In CNS diseases, sestrin2 has also been shown to exert neuroprotective effects. For example, Shi et al. reported that sestrin2 exerted anti-apoptosis effects, reduced brain atrophy, and improved function recovery after experimental hypoxic-ischemic encephalopathy (19). Sun et al. observed that sestrin2 deficiency exacerbated neuropathic pain behaviors and increased ROS production (17). In models of TBI, sestrin2 overexpression also decreased neuronal apoptosis, oxidative insults, and neurological deficit (22). However, the potential role of sestrin2 on SAH-induced brain injury remains unknown. In the present study, we measured the time-course of sestrin2 in the brain tissue after SAH. We found that sestrin2 levels markedly increased and peaked around day 1 after SAH. This result was consistent with a previous report which illustrated that sestrin2 expression increased significantly in the early period after cerebral ischemia (16). At the cellular level, sestrin2 is primarily distributed in neurons (17). Similarly, our data revealed that the elevated sestrin2 after SAH was mainly distributed in neurons. Whether sestrin2 exerts a role in modulating inflammatory response, especially microglia polarization, is still obscure.

Recent studies have observed that sestrin2 participates in modulating microglia-mediated inflammatory response. Sun et al. reported that sestrin2 overexpression inhibited astrocytes and microglia activation, decreased the production of proinflammatory cytokines release, and restored mitochondrial biogenesis in the spinal cord of a rat model of osteoarthritis pain (17). In experimental cerebral ischemia, He et al. demonstrated that sestrin2 mitigated infarction volume, reduced neuronal apoptosis, and improved neurological function. The cerebroprotective effects of sestrin2 was associated with its anti-inflammatory effects by suppressing M1 microglia and promoting M2 microglia polarization (18). In parallel with these studies, our experiments revealed that sestrin2 overexpression significantly mitigated SAH-induced inflammatory insults by suppressing microglia M1 polarization and polarizing microglia from M1 to M2 phenotype. Concomitant with the decreased inflammatory insults, sestrin2 overexpression reduced neuronal apoptosis and ameliorated neurological dysfunction after SAH.

How sestrin2 regulates microglia polarization remains unclear. Nrf2 is a nuclear transcription factor and plays a crucial role in oxidative stress defense (36, 37). More importantly, in the CNS, Nrf2 has been shown to regulate microglia polarization (38–40). Hu et al. reported that Nrf2 activator omaveloxolone inhibited M1 microglia activation, promoted M2 microglial polarization, and ameliorated secondary brain insults after experimental intracerebral hemorrhage (ICH) both in vivo and in vitro. Nrf2 deletion abrogated the anti-inflammatory effects of omaveloxolone on ICH (38). Another study indicated that magnolol exhibited anti-depressant effects and promoted M2 microglia polarization by activation of Nrf2 signaling. Nrf2 deficiency abolished the magnolol-mediated microglia polarization (39). Interestingly, a great deal of research has indicated that sestrin2 is a key upstream target of Nrf2 (15, 22). Targeting sestrin2 could significantly induce Nrf2 activation in a variety of diseases models. We hypothesized that sestrin2 overexpression might modulate Nrf2 signaling to mediate microglia polarization after SAH. We then evaluated the expression of Nrf2 after sestrin2 overexpression. As expected, our experiment revealed that sestrin2 overexpression induced Nrf2 expression and further reduced oxidative damage after SAH. By using a highly selective Nrf2 inhibitor ML385, the relationship between sestrin2 and Nrf2 after SAH was verified. We observed that ML385 significantly suppressed Nrf2 activation by sestrin2 overexpression. Moreover, sestrin2-mediated microglia polarization and its anti-inflammatory effects were abrogated by ML385 treatment. Meanwhile, Nrf2 deficiency by ML385 further exacerbated neuronal apoptosis and neurological deficits after SAH. Our study demonstrated that sestrin2 could inhibit inflammatory insults and promote M2 microglia polarization by increasing Nrf2 expression.

It should be noted that sestrin2 modulated microglia polarization might not be dependent solely on Nrf2. Peroxisome proliferator-activated receptor coactivator-1α (PGC-1α), a transcription co-activator for nuclear receptors, has been shown to suppress M1 microglia activation and promote M2 microglia polarization in many CNS disorders (41). More importantly, PGC-1α plays a key role in neuronal survival after SAH (42). Sestrin2 could induce PGC-1α activation to facilitate cancer cell survival (43). Besides, some previous studies indicated that inhibiting NLRP3 after SAH could drive the microglial phenotype toward M2 (32). Sestrin2 has also been shown to protect against NLRP3-meidaited pyroptosis in many diseases models (35, 44). However, we did not evaluate the potential influence of sestrin2 on these molecular targets. Additional studies are further required to elucidate these issues.



Conclusions

In conclusion, we provided the first preclinical evidence that sestrin2 mitigated SAH-induced EBI by inhibiting inflammatory insults. Sestrin2 overexpression could suppress microglia M1 polarization and promote microglia polarization to M2 by inducing Nrf2 signaling. Collectively, our findings indicated that sestrin2 might be a potential new target for treating SAH insults.
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Introduction

Central nervous system (CNS) diseases, such as neurodegenerative disorders and brain diseases caused by acute injuries, are important, yet challenging to study due to disease lesion locations and other complexities.


Methods

Utilizing the powerful method of spatial transcriptome analysis together with novel algorithms we developed for the study, we report here for the first time a 3D trajectory map of gene expression changes in the brain following acute neural injury using a mouse model of intraventricular hemorrhage (IVH). IVH is a common and representative complication after various acute brain injuries with severe mortality and mobility implications.


Results

Our data identified three main 3D global pseudospace-time trajectory bundles that represent the main neural circuits from the lateral ventricle to the hippocampus and primary cortex affected by experimental IVH stimulation. Further analysis indicated a rapid response in the primary cortex, as well as a direct and integrated effect on the hippocampus after IVH stimulation.


Discussion

These results are informative for understanding the pathophysiological changes, including the spatial and temporal patterns of gene expression changes, in IVH patients after acute brain injury, strategizing more effective clinical management regimens, and developing novel bioinformatics strategies for the study of other CNS diseases. The algorithm strategies used in this study are searchable via a web service (www.combio-lezhang.online/3dstivh/home).




Keywords: intraventricular haemorrhage, neural circuits, spatial transcriptome sequencing, bioinformatics analysis, secondary brain injury

1  Introduction

Intraventricular hemorrhage (IVH) refers to bleeding inside the ventricles of the brain or a hematoma dislodging from the periventricular brain parenchyma, which is usually secondary to traumatic brain injury, subarachnoid hemorrhage, or spontaneous intracerebral hemorrhage. IVH is one of the common complications after various acute brain injuries (1–3) that causes severe mortality and mobility dysfunction and is a great economic and societal burden. To date, the gold standard for the treatment of IVH is hematoma removal and hydrocephalus prevention (4), which relieves the general pathophysiological effects and elevated intracranial pressure in the lateral walls of the ventricles (3) as well as reduces the obstructions and inflammatory responses from blood metabolic stimulations (5, 6). However, a recently completed large-scale randomized clinical trial (CLEAR III, Trial No. NCT00784134) employing alteplase to effectively clear intraventricular hematomas did not demonstrate adequate neurobehavioral benefits for IVH patients (7–9). With the development of neurosurgery and the improvement of neurocritical care, the direct IVH mortality rate has gradually decreased. However, we still need to understand the neurological dysfunction that occurs after IVH in order to alleviate it and produce better outcomes in these patients. Indeed, the pathophysiology of how these hematoma stimulations in the ventricles cause neurological dysfunction remains unknown.

For this reason, this study investigated the pathophysiological mechanism of secondary neurological dysfunction after IVH and the related intervention strategies by developing a bioinformatics analysis workflow based on spatial transcriptome sequencing (10, 11). First, by constructing 3D pseudospace-time trajectories (12, 13), we identified the cell subtypes (14) generated after IVH stimulation and their potentially similar cell types. We then explored and validated the important pathophysiological mechanisms for these cell subtypes by carrying out cell–cell communication strength (12, 13) and pathway analyses (15–19).

In summary, our study not only identified the brain regions affected by secondary neurological dysfunction after IVH stimulation from a 3D perspective but also allows for the further investigation of driving cell types and molecular pathways, which might benefit the construction of translational intervention strategies for secondary brain injuries after IVH at the molecular and cellular levels in the distant future (20–22). Finally, our study is available via a web service (www.combio-lezhang.online/3dstivh/home).


2  Materials and methods

2.1  Experimental setup

Five wild-type C57/BL6 male mice (weighing 25 ± 5 g, 8 weeks old, from the Experimental Animal Center of the Third Military Medical University, Chongqing, China) were used in this study. These mice were housed in a temperature-controlled room under specific-pathogen-free conditions and a standard 12-h light/dark cycle, with ad libitum access to food and water. All experiments were reported in compliance with the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines. The experimental protocols were approved by the Laboratory Animal Welfare and Ethics Committee of the Third Military Medical University (AMUWEC2020762) and performed according to the Guide for the Care and Use of Laboratory Animals.

An IVH model was established according to previously described methods with modified coordinates. Briefly, mice in each group were deeply anesthetized by an intraperitoneal injection of 2 mg of ketamine and 0.4 mg of xylazine in 0.9% saline. A feedback-controlled heating pad was used to maintain body temperature at 37.0°C. A small cranial burr hole was drilled, and a 32-gauge needle was inserted stereotaxically into the right lateral ventricle (coordinates: 1.0 mm lateral, 0.24 mm posterior, and 2.5 mm ventral to the bregma) to establish the IVH model under stereotactic guidance. Approximately 25 μl of autologous blood was then injected at a rate of 5 μl/min using a microinfusion pump (Harvard Apparatus, Holliston, MA, USA). The burr hole was sealed with bone wax, and the skin incision was closed with sutures after the needle was removed. Sham-operated mice underwent the same surgery without blood injection. The brains of the mice were harvested at different time points after IVH stimulation, after they were deeply anesthetized for further study.


2.2  Visium spatial transcriptome sequencing

We collected wild-type C57/BL6 mouse brains, which were classified into the no-surgery group (control), the needle-puncture group without blood injection (sham), and the needle-puncture group with blood injection on the first, third, and seventh days. These brains were then frozen on dry ice in an optimal cutting temperature (OCT) compound.

Frozen brains were then sectioned coronally at 10 μm on a cryostat and mounted on 10X Genomics Visium spatial transcriptome slides. The tissue locations of the library patches started from the emergence of the lateral ventricle, with 20 μm intervals and a 10-μm margin of error (SM Table 1).

For morphological analysis and spatial alignment of sequencing data, sections were fixed in methanol at −20°C for 30 min before hematoxylin and eosin (H&E) staining. Additionally, all fractions were measured using a bioanalyzer (Agilent 2100) meeting the RNA integrity number RIN>=7.

After brightfield imaging, we permeabilized 19 brain sections, the permeabilization time of which are listed in SM Table 1. After tissue permeabilization, we isolated poly-A mRNA at each point in the capture region and added spatial barcodes and unique molecular identities into reads for library construction.

A DNF-915 kit and our library detection instrument were employed for quantification by qPCR. After the library was quantified, we performed PE150 paired-end sequencing using the Illumina NovaSeq 6000 S4 sequencing platform with 50,000–100,000 reads per locus (spot).

Finally, genomes and images were aligned to the mouse reference genome mm10-3.0.0 by SpaceRanger (v1.1.0) software. The data were analyzed and normalized by using Seurat (v3.1.2) software and the transform package, respectively.


2.3  Cell subtype analysis

2.3.1  Cell subtype identification

We used the top 30 up/downregulated 3D transition genes for each 3D subtrajectory (SM Table 1 and SR3 Table 2) as input. We then employed our developed algorithm (SM Tables 4, 5) to identify a cell subtype that corresponded to the selected trajectory at different times (SM Tables 4, 5 and SR4 Table 1).


2.3.2  Similarity algorithm for cell subtypes

We used the marker gene sets of cell subtypes corresponding to the selected trajectory at different times (SM Tables 4, 5 and SR4 Table 2) as input. We then employed a similarity algorithm for cell subtypes (SM Tables 4, 6) to describe the similarity between cell subtypes at different times within the same trajectory (SM Tables 4, 6 and SR4 Table 3).


2.3.3  Search for similar cell types by CellMeSH

Here, we used marker genes of the cell subtypes as input. We then found the top 5 similar cell types for each cell subtype by using the CellMeSH database (23). Next, we performed a union operation for these top 5 similar cell types.



2.4  Cell−cell communication analysis

We use   (SM Tables 4, 6 and SR5 Table 2) for each ligand−receptor pair (LRn) of cell subtypes and   for all the brain regions as the input. We then employed the cell−cell communication strength (density) algorithm (SM Tables 7, 8) to obtain the discrete interaction intensity ( ) after conversion of the continuous interaction intensity   and the sum of the interaction intensity   of N points in the corresponding position (ZTTotal) (SM Tables 7, 8 and SR5 Table 3) to obtain the average DensityLRn for each ligand–receptor pair of the cell subtypes (SM Tables 7, 8 and SR5 Table 4).


2.5  Signaling pathway analysis

We used mutual pathway sets for our identified cell subtypes ( P_ATrajectoryn, n = 1 … N ) (SM Tables 7, 8 and SR6 Table 2) and similar cell types ( P_BTrajectoryn, n = 1 … N ) (SM Tables 7, 8 and SR6 Table 3) as the input. We then employed the similarity algorithm for mutual pathway sets (SM Tables 9, 10) to obtain the mutual pathway set ( P_interTrajectoryn ) (SM Tables 9, 10 and SR6 Table 4) and the similarity ( ) between P_ATrajectoryn and P_BTrajectoryn (n = 1 … N).



3  Results

3.1  Developing a spatial transcriptome sequencing-based bioinformatics analysis workflow to investigate IVH

To comprehensively dissect the complex gene expression changes following acute brain injury, we first developed a spatial transcriptomics sequencing-based bioinformatics analysis workflow to investigate IVH (Figure 1).



Figure 1 | The workflow of the study. (A) Secondary intraventricular hemorrhage (IVH) experiment. (B) Annotation atlas of mouse brain cell-type clusters. (C) 3D global pseudospace-time trajectories and the transition gene sets. (D) Cell subtype analysis. (E) Cell−cell communication strength analysis. (F) Pathway analysis.



First, given the difficulty of conducting the analysis with human patient samples, we constructed an IVH model (Figure 1A) in mice by injecting autologous blood into the lateral ventricle (for technical details, please refer to Experimental procedures).

Spatial transcriptomics sequencing (10, 11) and the spatial and morphological expression (SME) clustering algorithm (12) were subsequently used to analyze frozen sections of IVH model mouse brain to obtain the annotation atlas of cell type clusters (Figure 1B; Visium spatial transcriptome sequencing of the Methods section) and to construct 3D global pseudospace-time trajectories (Figure 1C) and transition gene sets. More extensive cell subtype characterizations were performed on the three identified 3D global pseudospace-time trajectories at different times (Figure 1D). We further explored the molecular-level changes in these cell subtypes (Figure 1E) by using a newly developed cell–cell interaction intensity and density algorithm and evaluated the biological cha++racteristics of these cell subtypes using pathway analysis (Figure 1F).


3.2  3D global pseudospace-time trajectory reconstruction for mouse brain tissue after lateral ventricle hemorrhage

Initially, we used 19 original frozen sections from the brains of five mice with IVH stimulation as the input. After carrying out spatial transcriptome sequencing (10, 11), we performed H&E staining on the sections and examined spatial gene expression (Figure 2A (SR1 Figure 1; SR1 Table 1).



Figure 2 | The process to obtain the 3D global pseudospace-time trajectory after IVH. (A) Hematoxylin and eosin (H&E)-stained sections and spatial gene expression. (B) Normalization and clustering of the cell types with similar gene expression. (C) Annotation atlas of cell-type clusters. (D) Planar diffusion pseudotime plots and planar global pseudospace-time trajectories. (E) The 3D global pseudospace-time trajectories on the first day after IVH stimulation. (F) The 3D global pseudospace-time trajectories on the third day after IVH stimulation. (G) The 3D global pseudospace-time trajectories on the seventh day after IVH stimulation.



Next, we employed the SME algorithm (12) to normalize and cluster the cell types with similar gene expressions (Figure 2B (SR1 Figure 2)) by inputting (SR1 Figure 1 and SR1 Table 1).

Following that, we obtained the annotation atlas of cell type clusters (24) (Figure 2C) in different brain regions by comparing the clustering results with the corresponding anatomical brain regions in the Allen Brain Reference Atlas map (25), which describes the whole transcriptional signal in the brains of mice after IVH stimulation (SR1 Figure 3).

We then employed the stLearn algorithm (12) to obtain the planar diffusion pseudotime plots and the planar global pseudospace-time trajectories (Figure 2D (SR2 Figures 1, 2)) by inputting (SR1 Figure 3).

Finally, we used a 3D global pseudospace-time trajectory reconstruction algorithm that we developed (SM Tables 2, 3) to obtain 3D global pseudospace-time trajectories (Figures 2E–G) by inputting Figures 2D (SR2 Figures 1, 2).

In addition to a disturbance in consciousness, it has been commonly observed that short-term motor dysfunction and long-term cognitive disorders occur after a single IVH. Table 1 classifies the 3D global pseudospace-time trajectories (Figures 2E–G) into three major trajectory bundles based on their pivotal effect after hematoma stimulation and their representative neural circuits that are involved in motor dysfunction and cognitive disorder.

Table 1 | Three major trajectory bundles from the lateral ventricle to the hippocampus and primary cortex after hematoma stimulation.



Here, trajectory groups I and II are described in Figures 2E–G (SR2 Figures S3.1A–C, 3.2B, C, 3.3B, C) for different times, which extend from the lateral ventricle to the hippocampus. Trajectory bundle III is described in Figures 2E–G (SR2 Figures 3.3A, 3.3A, D) for different times, which extend from the lateral ventricle to the primary cortex.

The following analysis of trajectory bundle III explores how hematoma stimulation in the lateral ventricle affects the cortex and causes motor dysfunction, while that of trajectory bundles I and II illustrates direct pathophysiological mechanisms of cognitive dysfunction after IVH, with unique neural circuits for hematoma stimulation in the lateral ventricle.


3.3  The trajectory-based transition gene set for 3D global pseudospace-time trajectories

Initially, we employed the Spearman’s correlation analysis to obtain the top 30 planar up/downregulated transition genes (Figure 3A (SR3 Table 1)) for each planar subtrajectory by inputting the planar global pseudospace-time trajectory (SR2 Figure 2) using stLearn software (12, 26–33).



Figure 3 | The process to obtain trajectory-based transition gene sets for 3D global pseudospace-time trajectories. (A) The top 30 planar up/downregulated transition genes for each planar subtrajectory. (B) The top 30 3D up/downregulated transition genes for each 3D subtrajectory. (C) The top 30 3D trajectory-based transition gene sets of VL→fxs→CA1→DG. (D) The top 30 3D trajectory-based transition gene sets of TH→CA1→DG. (E) The top 30 3D trajectory-based transition gene sets of VL→I→(V, VIa, VIb).



Among the three major global pseudospace-time trajectory bundles (Table 1), we chose frequently appearing trajectories from each trajectory bundle at different times for further analysis, which are VL→fxs→CA1→DG from trajectory bundle I, TH→CA1→DG from trajectory bundle II, and VL→I→(V, VIa, VIb) from trajectory bundle III.

VL→fxs→CA1→DG from trajectory bundle I could represent the mechanism of how hematoma stimulation in the lateral ventricle directly induces hippocampal activities and cognitive dysfunction.

TH→CA1→DG from trajectory bundle II might represent the transmission of multiple signals from the lateral ventricle and signal integration via the hypothalamus to the hippocampus, which might be a relatively long-term effect of hematoma stimulation.

The changes in VL→I→(V, VIa, VIb) from trajectory bundle III might reflect the acute and direct effect of hematoma stimulation on the primary cortex.

Next, we carried out a union operation for the top 30 planar up/downregulated transition genes for the same subtrajectory in different plane sections at the same time to obtain the top 30 3D up/downregulated transition genes (SR3 Table 2) for each 3D subtrajectory by inputting SR3 Table 1. When we performed a union operation for the top 30 planar up/downregulated transition genes, if different plane sections had the same gene with a different sign (up- or downregulated), we chose the gene whose absolute value was the greatest.

Here, Figures 3C–E are examples of the top 30 3D up/downregulated transition genes for each subtrajectory in VL→fxs→CA1→DG from trajectory bundle I, TH→CA1→DG from trajectory bundle II, and VL→I→(V, VIa, VIb) from trajectory bundle III.


3.4  Cell subtype analysis

As discussed in the Cell subtype analysis section, we chose VL→fxs→CA1→DG from trajectory bundle I, TH→CA1→DG from trajectory bundle II, and VL→I→(V, VIa,VIb) from trajectory bundle III for further analysis.

Initially, we employed our developed algorithm (SM Tables 4, 5) to identify cell subtypes in the selected trajectory at different times (Figure 4A (SR4 Table 1)) by inputting the top 30 up/downregulated 3D transition genes for each 3D subtrajectory (Figure 4A (SR3 Table 2)), the marker gene sets of which are listed in Figure 4B (SR4 Table 2). This process is detailed in the cell subtype identification section of the Methods.



Figure 4 | Cell subtype analysis. (A) The cell subtypes corresponding to the selected trajectory at different time points. (B) The marker gene sets of cell subtypes corresponding to the selected trajectory at different time points (SR4 Table 2). (C) Similarity analysis of cell subtypes at different time points within the same trajectory (SR4 Table 3). Among them, the thick line represents a high similarity between two time points, and the thin line represents a low similarity between two time points. (D) The cell types shared by our identified cell subtypes at different times within the same trajectory (SR4 Table 5).



We then built a similarity algorithm (SM Tables 4, 6) to describe the similarity between cell subtypes within the same trajectory at different times (Figure 4C (SR4 Table 3)) by inputting the marker gene sets (Figure 4B (SR4 Table 2)). This process is detailed in the similarity algorithm for cell subtypes in the Methods section.

Figure 4C shows that the degree of cell subtype similarity between the third day and the seventh day is small for each selected trajectory. Additionally, the degree of cell subtype similarity between the sham group and the third day are both small, but the degree of cell subtype similarity between the sham group and the seventh day are both great for VL → fxs → CA1 → DG and VL → I→ (V, VIa, VIb).

These findings indicate a pattern in which not only are the cell subtypes similar for VL → fxs → CA1 → DG, TH → CA1 → DG, and VL → I → (V, VIa, VIb) after IVH stimulation, but these cell subtypes are also different from the cell subtypes of the sham group.

It should be noted that we do not have a cell subtype for the first day or the sham group for VL → fxs → CA1 → DG and TH → CA1 → DG, respectively. Additionally, Figure 4C (SR4 Table 3) shows that the pattern is not as obvious for VL → I → (V, VIa, VIb).

Finally, we found cell types (Figure 4D (SR4 Table 4)) from a commonly used public single-cell sequencing database (CellMeSH (23)) that are similar to our identified cell subtypes (Figure 4A (SR4 Table 1)) as described in the Methods section. Additionally, Figure 4D (SR4 Table 5) describes the cell types that are most similar to our identified cell subtypes at different times within the same trajectory.


3.5  Cell−cell communication strength analysis

Initially, we employed the CellTalkDB database (34) to locate ligand–receptor pairs by inputting the up- and downregulated transition gene sets (Figure 5A (SR3 Table 2)). Figure 5A (SR5 Table 1) shows the up/downregulated transition ligand–receptor (LRn) pairs.



Figure 5 | Cell−cell communication strength analysis. (A) The transition ligand–receptor sets. (B) The interaction intensity value  . (C) The discrete interaction intensity value  . (D) The cell−cell communication strength (density).



Next, we employed stLearn software (12) to analyze their interaction intensity by using Figure 5A (SR5 Table 1) as the input. Figure 5B (SR5 Table 2) shows the interaction intensity values,  , for the up/downregulated transition ligand–receptor (LRn) pairs. We then obtained the discrete interaction intensity   (Figure 5C (SR5 Table 3)) and the average DensityLRn values for each ligand–receptor pair in the cell subtypes (Figure 5D (SR5 Table 4)) by using the cell−cell communication analysis described in the Methods section.

Figure 5D shows that the density of   increased from   to   and decreased from   to  ; the density of   increased from   to   but decreased from   to  ; and the density of   decreased from   to   and from   to   but increased from   to  .

Finally, the Kruskal−Wallis test (35) (SR5 Table 5) demonstrates that the density is significantly different among these cell subtypes in VL → fxs → CA1 → DG, TH → CA1 → DG, and VL → I → (V, VIa, VIb).

Therefore, we hypothesized that the cell−cell communication strength would greatly change on the third day after IVH stimulation and return to normal on the seventh day.


3.6  Pathway analysis

First, we employed CellMeSH (23) to identify the genes associated with similar cell types (Figure 6A (SR6 Table 1)) by inputting similar cell types (Figure 6A (SR4 Table 5)).



Figure 6 | Pathway analysis. (A) The marker genes of similar cell types. (B) The mutual pathway sets for our identified cell subtypes P_ATrajectoryn and similar cell types P_BTrajectoryn . (C) The mutual pathway set P_interTrajectoryn between our identified cell subtypes P_ATrajectoryn and similar cell types P_BTrajectoryn . (D) The similarity between P_ATrajectoryn and P_BTrajectoryn .



Next, using Figure 6A (SR6 Table 1) and marker genes of our identified cell subtypes (Figure 6A (SR4 Table 2)) as the input, we employed Metascape software (15) to carry out pathway analysis for each of them. Figure 6B shows mutual pathway sets for our identified cell subtypes P_ATrajectoryn (Figure 6B (SR6 Table 2 and SR6 Figure 1)) and similar cell types P_BTrajectoryn (Figure 6B (SR6 Table 3 and SR6 Figure 2)).

Figure 6C (SR6 Table 4) shows the mutual pathway set P_interTrajectoryn between our identified cell subtypes P_ATrajectoryn and similar cell types P_BTrajectoryn , the process of which is detailed in the signaling pathway analysis section of the Methods.

Figure 6D shows that our identified cell subtypes and their similar cell types in VL → fxs → CA1 → DG, TH → CA1 → DG, and VL → I → (V, VIa, VIb) have 11, nine, and nine mutual pathways, respectively. Since they have mutual pathways (Figure 6C (SR6 Table 4)) and the proportion of these mutual pathways remained stable for each trajectory, we hypothesized that our identified cell subtypes and their similar cell types found using CellMeSH software (23) should be at the same molecular level.



4  Discussion

In the present study, we established an IVH mouse model by generating a hematoma in the lateral ventricle of the brain as primary stimulation for the ipsilateral hemisphere in mice. We then developed spatial transcriptome sequencing-based bioinformatic algorithms to investigate the 3D spatial brain regions affected by the primary stimulation of the hematoma in the ipsilateral ventricle after IVH (Figure 1). Investigations using this model have resulted in the following important findings: (1) the discovery of three 3D global pseudospace-time trajectories (Figure 2); (2) the identification of the cell subtypes within these trajectories at different times after IVH stimulation (Figure 3) and the elucidation of a similar pattern for these cell types within each 3D global pseudospace-time trajectory (Figure 4); (3) the observation that the cell−cell communication strength greatly changes after IVH stimulation and returns to a normal state later (Figure 5); and (4) the notion that our identified cell subtypes and their similar cell types found in the single-cell sequencing database (CellMeSH (23)) should be similar to each other at the molecular level (Figure 6).

SM Figure 1 indicates that 25 μl of autologous blood was injected into the contralateral ventricle to establish the IVH model used in this study, which exhibited obvious hematoma drainage across the interventricular foramen and deposition in the ipsilateral ventricle but without direct damage to the ependymal barrier in the ventricles. We suggest that this hematoma establishment method produces the ideal model to investigate the secondary neurological dysfunction derived from hematoma stimulation after IVH. The 3D global pseudospace-time trajectories (Figures 2E–G) indicated that hematoma stimulation in the lateral ventricle mainly affected the ipsilateral cortex and hippocampus. A recent analysis of the functional connectivity of the ipsilateral cortex indicated that IVH in infants born moderately preterm and later preterm was associated with the frontoparietal operculum and orbitofrontal cortex, which are related to language and cognition during development (36). In addition, low-grade IVH after germinal matrix hemorrhage in preterm neonates was reported to cause lower cerebral blood flow in posterior cortical and subcortical gray matter regions (37). Trajectory bundle III encompasses changes directly from the lateral ventricle to the ipsilateral cortex, suggesting the regional vulnerability of these brain structures. However, intraventricular extension after intracerebral hemorrhage might not be associated with dysphagia, even with a space-occupying effect and midline shift (38). As Figure 4C (SR4 Table 3) illustrates, we revealed a pattern in which not only are the cell subtypes after IVH stimulation similar for VL → fxs → CA1 → DG, TH → CA1 → DG, and VL → I → (V, VIa, VIb), but these cell subtypes are also different from the cell subtypes of the sham group. However, Figure 4C (SR4 Table 3) demonstrates that the pattern is not as obvious for VL → I → (V, VIa, VIb) compared to that of VL → fxs → CA1 → DG and TH → CA1 → DG. We explain this phenomenon as follows: (1) motor dysfunction usually occurs in most clinical patients with isolated IVH, and (2) our data show that lateral ventricle stimulation has only a transient effect on the ipsilateral cortex.

However, since most patients with IVH are in a supine resting state after onset, there is no clinical evidence to accurately describe the severity of motor dysfunction in its acute phase, and the effects of hematoma stimulation largely returned to normal after 7 days in model mice.

In addition to the limited evidence of hematoma stimulation in the lateral ventricle affecting the cortex, we also illustrated two major 3D global pseudospace-time trajectory bundles involving the hippocampus. Trajectory bundle I (Figures 4C (SR2 Figures 3.1A, B, 3.2B, 3.3B)) is a direct neuronal circuit from the lateral ventricle to the hippocampus, which, from our understanding, is closely associated with white matter lesions after intraventricular extension in spontaneous intracerebral hemorrhage patients (39). Trajectory bundle II (Figures 4C (SR2 Figures 3.1C, 3.2C, 3.3C)) is a novel integrated signaling circuit from the hypothalamus to the hippocampus that flexibly modulates long-term potentiation (40) and several factors of cognition (41). In addition, corpus callosum injury is also reported to strongly correlate with the severity of IVH (42) and serves as a prognostic marker for poor outcomes after brain trauma. Consistent with our previous rodent experiment, perihematomal tissue injury and neurocognitive deficits were reported in intracerebral hemorrhage with ventricular extension (43), and blood metabolites such as iron (44), oxyhemoglobin (45), and thrombin (45, 46) are well considered in this pathophysiological process. Combined with the negative results of the CLEAR III clinical trial, our data in Figure 4C indicated that the presence of a hematoma rapidly stimulates the direct neuronal circuit from the lateral ventricle to the hippocampus, and clearing the blood clots in the ventricle might not successfully remove these stimulations in the cerebrospinal fluid. Targeting subsequent secondary brain injuries due to hematoma stimulation in the ventricles might be a promising therapeutic strategy for IVH patients. Figure 4D (SR4 Table 5) illustrates the most affected or activated cell types by our identified cell subtypes (Figure 4B (SR4 Table 2)), which clearly correspond to the potential pathophysiological changes in these main trajectories/neural circuits after IVH stimulation.

For VL→fxs→CA1→DG from trajectory bundle I, which might be tightly associated with white matter lesions, as we discussed above, the most activated cell type is oligodendroglia, which is consistent with its being widely understood as the main participant in white matter and cognitive functions. Further pathway analysis indicated intense metabolic changes and synaptic activity, as well as gliogenesis and neural cell death in this trajectory. The cell−cell communication strength analysis exhibited strong cell–cell communication after IVH stimulation, which substantially weakened, as shown in Figure 5D. During the post-IVH period, 11 mutual pathways (Figure 6D) reflected the core pathophysiological changes, and these pathways may be potential clues and therapeutic targets for further preclinical study.

Additionally, in TH→CA1→DG from trajectory bundle II, it seems that neuronal cells are the main participants and cell proliferation is the pathway with the most substantial changes, which is supported by a recent study (47) that suggested hypothalamic circuits could regulate memory by modulating adult hippocampal neurogenesis.

However, pathway analysis (SR6 Figure 1.3) of VL→I→(V, VIa, VIb) from trajectory bundle III indicated an acute response to hypoxia and oxidative stress, which is consistent with the significant suppression of cell−cell communication strength within this trajectory on the third day after IVH stimulation (Figure 5D). Nevertheless, the communication strength recovered to a normal level on the seventh day after IVH stimulation, which might be an explanation for the short-term motor dysfunction in IVH patients and is worthy of clinical attention in the future.

Our proposed bioinformatics analysis workflow has the following innovations and limitations: First, we developed a 3D global pseudospace-time trajectory reconstruction algorithm that cannot only investigate the genetic changes in 3D global pseudospace-time trajectories but also identify cell subtypes within these trajectories at different times. However, due to the limited sections and the conflict between planner trajectories, this algorithm cannot obtain high accuracy.

Second, because our proposed similarity algorithm considers the up/downregulation of marker genes of cell subtypes, we can accurately compute the similarity between cell subtypes at different times on the same trajectory. However, since spatial transcriptome data only provide discrete up/downregulation data, the accuracy of our similarity algorithm is limited.

Third, our proposed cell−cell communication intensity density algorithm can uniformly measure cell−cell communication intensity for multiple spatial transcriptome sections at different times for each ligand−receptor pair within a cell subtype compared to a previous method (12) that analyzed cell−cell communication intensity for a single section. However, since we do not have an automatic algorithm to match cell subtype ligand–receptor pairs in the CellTalkDB database (34), it was time-consuming for us to process the cell subtypes that had many paired ligands.

In conclusion, we innovated a bioinformatics algorithm to discover three main 3D global pseudospace-time trajectory groups that represent the main neural circuits from the lateral ventricle to the hippocampus and primary cortex affected by experimental IVH stimulation. Further analysis indicated a rapid response in the primary cortex as well as a direct and integrated effect on the hippocampus after IVH stimulation. To the best of our knowledge, this is the first study to investigate secondary brain injury after IVH stimulation by using spatial transcriptome sequencing and bioinformatics analysis, but verification and further investigation by basic neuroscience and translational interventions are still needed. These data provide helpful information for elucidating the pathophysiological mechanism for the occurrence of IVH in patients after acute brain injury, as well as algorithm strategies for similar studies in the future. The algorithm strategies used in this study are searchable via a web service (www.combio-lezhang.online/3dstivh/home).
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Balancing microglia M1/M2 polarization is an effective therapeutic strategy for neuroinflammation after subarachnoid hemorrhage (SAH). Pleckstrin homology-like domain family A member 1 (PHLDA1) has been demonstrated to play a crucial role in immune response. However, the function roles of PHLDA1 in neuroinflammation and microglial polarization after SAH remain unclear. In this study, SAH mouse models were assigned to treat with scramble or PHLDA1 small interfering RNAs (siRNAs). We observed that PHLDA1 was significantly increased and mainly distributed in microglia after SAH. Concomitant with PHLDA1 activation, nod-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome expression in microglia was also evidently enhanced after SAH. In addition, PHLDA1 siRNA treatment significantly reduced microglia-mediated neuroinflammation by inhibiting M1 microglia and promoting M2 microglia polarization. Meanwhile, PHLDA1 deficiency reduced neuronal apoptosis and improved neurological outcomes after SAH. Further investigation revealed that PHLDA1 blockade suppressed the NLRP3 inflammasome signaling after SAH. In contrast, NLRP3 inflammasome activator nigericin abated the beneficial effects of PHLDA1 deficiency against SAH by promoting microglial polarization to M1 phenotype. In all, we proposed that PHLDA1 blockade might ameliorate SAH-induced brain injury by balancing microglia M1/M2 polarization via suppression of NLRP3 inflammasome signaling. Targeting PHLDA1 might be a feasible strategy for treating SAH.
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1 Introduction

Subarachnoid hemorrhage (SAH), a devastating acute cerebrovascular event, has a poor prognosis with a high rate of neurocognitive impairment in patients. Currently, accumulating evidence has proposed that early brain injury (EBI) may be a determinant factor for SAH-induced long-term neurocognitive sequelae (1–3). Unfortunately, no effective pharmaceutical strategy has been identified to interfere with the development of EBI. Hence, identifying new drug targets to improve SAH outcomes is urgently needed.

Neuroinflammation has been verified as a crucial contributor to EBI progression after SAH (4–6). It is known that microglia, key innate immune cells of the brain, are rapidly activated to various acute brain injuries (6–8). After activation, microglia can exhibit different phenotypes (M1 and M2 phenotypes) and exert distinct functions. M1 microglia could induce proinflammatory mediators and increase reactive oxygen species (ROS). By contrast, M2 microglia exhibit anti-inflammatory effects by secreting anti-inflammatory meditators. Interestingly, microglia can switch their phenotype under different microenvironments. In a variety of neurological disorders, suppression of microglia M1 polarization and promotion of M2 microglia could effectively reduce acute brain injuries and improve neurological outcomes (9–11). Thus, modulating microglia M1/M2 polarization might be a feasible method to mitigate EBI.

Recently, a substantial number of studies have revealed that pleckstrin homology-like domain family A member 1 (PHLDA1) plays a crucial role in oxidative stress and immunological regulation (12–15). In a model of cerebral ischemia/reperfusion injury, PHLDA1 blockade ameliorated the acute brain injury by switching microglia M1/M2 polarization via inhibiting nod-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome signaling (12). Another study reported that PHLDA1 deficiency mitigated motor deficits and microglia-mediated neuroinflammation in Parkinson’s disease models (13). However, the function roles of PHLDA1 in microglia-mediated immune response after SAH remain unclear. NLRP3 inflammasome has been demonstrated to implicate in neuroinflammation after SAH by modulating microglial polarization (4, 16). Notably, blockade of NLRP3 inflammasome activation could exert beneficial effects in different brain injuries (17–19). Herein, we hypothesized that PHLDA1 inhibition might mitigate neuroinflammation and the subsequent neurobehavior deficits after SAH through the NLRP3 inflammasome signaling pathway.



2 Material and methods


2.1 Establishment of SAH model

Adult male C57BL/6 mice (8-10 wk old, weighing 20–25 g) were obtained from the Animal Core Facility of Fujian Medical University. All experimental procedures were complied with the rules for animal research by Fujian Medical University. Briefly, mice were anesthetized with isoflurane. After the common, external and internal carotid arteries were exposure, a marked 6-0 filament was employed to puncture the origin of the left middle cerebral artery through the internal carotid artery (20). Animals in sham group received similar procedures without the artery puncture. The SAH severity grading score was recorded according to previous studies (21). Mice with a SAH grading score of less than 8 were excluded.



2.2 Study design

In the first experiment, mice were assigned to sham group (n = 6) and post-SAH (6 h, 12 h, 24 h, 48 h, 72 h) (n = 6 per group). Western blot and immunofluorescence staining were performed in the experiment. In the second experiment, mice were assigned to sham group, vehicle-treated SAH group, Scramble small interfering RNA (siRNA)-treated SAH group, and PHLDA1 siRNA-treated SAH group (n = 12 per group). Animals were sacrificed at 24 h or 72 h after SAH. Post-treatment assessments included neurobehavior tests, western blot, immunofluorescence staining, TUNEL staining, enzyme-linked immunosorbent assay (ELISA), and biochemical estimation. In the third experiment, mice were assigned to sham group, vehicle-treated SAH group, PHLDA1 siRNA-treated SAH, and PHLDA1 siRNA plus nigericin -treated SAH group (n = 12 per group). Post-treatment assessments included neurobehavior tests, western blot, immunofluorescence staining, TUNEL staining, ELISA, and biochemical estimation.



2.3 Drug administration

For PHLDA1 knockdown, a volume of 3μl PHLDA1 siRNA (Santa Cruz Technology) or scramble siRNA was dissolved in transfection solution and then injected into the lateral ventricles at 48 h before the construction of SAH model. Nigericin (MedChemExpress, 2 μg), a potent NLRP3 activator, was prepared in 2 μl ethanol and physiologic saline. Nigericin or vehicle was intracerebroventricularly administered at 2 h before SAH operation. The dose of nigericin and administration route were based on previous studies (22).



2.4 Neurobehavioral tests

The modified Garcia scale test was used to evaluate neurological deficits as previously reported (23). Six measurements were included in this score system. The higher score suggested the better neurobehavioral outcomes. For motor function, the beam-walking score test was performed according to previous reports (24). The animals’ walking distance within 1 min were recorded. Neurobehavior tests were conducted in a blinded manner.



2.5 ELISA

The supernatant of brain samples was collected. The levels of interleukin (IL)-1β, IL-6, IL-18, and IL-10 were detected by using commercially available kits (Multi Sciences). The detailed methods were conducted according to the manufacturer’s instructions.



2.6 Western blotting

The brain tissue and protein samples were prepared according to previous studies (25). Briefly, the protein samples were loaded onto SDS-PAGE gels and transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk. After that, they were incubated with primary antibodies: PHLDA1 (1:1000, Abcam), NLRP3 (1:200, Santa Cruz Biotechnology), ASC (1:200, Santa Cruz Biotechnology), caspase-1 (1:200, Santa Cruz Biotechnology), cleaved caspase-1 (1:200, Santa Cruz Biotechnology), and β-actin (1:3000, Bioworld Technology) in a 4°C freezer. Then, membranes were incubated with corresponding secondary antibodies. ImageJ software was employed to measure relative intensity.



2.7 Immunofluorescence staining

The detailed methods were performed according to previous studies (26). In brief, the frozen tissue sections were treated with Triton X-100 (0.3%) and then blocked with 5% goat serum. After that, sections were incubated with primary antibodies: PHLDA1 (Abcam), CD16/32 (BD Biosciences), CD206 (Invitrogen), NeuN (EMD Millipore), IL-1β (Santa Cruz Biotechnology), and Iba-1 (Santa Cruz Biotechnology) in a 4°C freezer. After that, they were incubated with corresponding secondary antibodies followed by using DAPI staining. The slices were then observed under a fluorescence microscope.



2.8 TUNEL staining

TUNEL staining was performed by using a commercially available kit (Beyotime Biotechnology). Brain sections were incubated with primary antibody against NeuN in a 4°C freezer. After that, the sections were incubated with TUNEL reaction mixture. The slides were then washed and counterstained with DAPI. The slices were observed under a fluorescence microscope.



2.9 Statistical analysis

Data are expressed as mean ± SD. Statistical analysis was conducted with Graph- Pad Prism 8 software. Statistical evaluation was performed using one-way ANOVA or two-way ANOVA with Tukey’s post hoc test. The significant P-value was < 0.05.




3 Results


3.1 Time course and cellular expression of PHLDA1 and NLRP3 after SAH

Mounting evidence has indicated that PHLDA1 and NLRP3 might interact with each other. PHLDA1 activation could induce NLRP3 inflammasome signaling. In this experiment, western blot (
Figure 1A
) was performed to investigate the protein expression of PHLDA1 and NLRP3. As shown in 
Figures 1B, C
, the expression of PHLDA1 and NLRP3 markedly increased in the early period after SAH, and peaked at 24 h post-SAH (P < 0.05). In addition, double immunofluorescence staining indicated that the enhanced PHLDA1 and NLRP3 were mainly distributed in microglia after SAH (P < 0.05) (
Figures 1D–G
).




Figure 1 | 
Expression levels of PHLDA1 and NLRP3 were increased after SAH. (A) Representative western blots for PHLDA1 and NLRP3 expressions in the early period after SAH. Western blot analysis of PHLDA1 (B) and NLRP3 (C) expressions after SAH (n = 6 per group). (D, E) Representative immunofluorescence images of PHLDA1 and NLRP3 co-localized with Iba1 in temporal cortex after SAH. Quantification of PHLDA1 (F) and NLRP3 (G) immunoactivities in microglia (n = 6 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.2 PHLDA1 deficiency inhibited NLRP3 inflammasome signaling activation after SAH

Previous study has demonstrated that PHLDA1 activation could induce NLRP3 inflammasome signaling. We applied PHLDA1 siRNA to inhibit PHLDA1 expression and explore whether PHLDA1 deficiency could reduce NLRP3 inflammasome activation. As shown, western blot results (
Figure 2A
) showed that PHLDA1 siRNA significantly reduced PHLDA1 expression after SAH (P < 0.05). Moreover, the activated NLRP3 inflammasome signaling pathway was markedly suppressed by PHLDA1 siRNA (P < 0.05) (
Figures 2A–F
). Consistently, double immunofluorescence staining confirmed that PHLDA1 siRNA significantly decreased PHLDA1 and NLRP3 expression in microglia in the brain cortex after SAH (P < 0.05) (
Figures 2G–J
).




Figure 2 | 
PHLDA1 deficiency suppressed NLRP3 inflammasome signaling after SAH. (A) Representative western blots for PHLDA1, NLRP3, ASC, Caspase1, and Cleaved caspasse1 expressions after SAH. Western blot analysis of PHLDA1 (B), NLRP3 (C), ASC (D), caspase1 (E), and cleaved caspasse1 (F) expressions after SAH (n = 6 per group). Representative immunofluorescence images of PHLDA1 (G) and NLRP3 (H) co-localized with Iba1 in temporal cortex. Quantification of PHLDA1 (I) and NLRP3 (J) immunoactivities in microglia (n = 6 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.3 PHLDA1 deficiency reduced inflammatory response

The anti-inflammatory effects of PHLDA1 blockade have been verified in other diseases models. We further investigated the influence of PHLDA1 deficiency on inflammatory response after SAH. By using ELISA kits, we found that SAH insults induced a significant increase in proinflammatory cytokines release, including IL-1β, IL-6, and IL-18 (P < 0.05) (
Figures 3A–C
). All these cytokines were decreased by PHLDA1 deficiency (P < 0.05). In addition, PHLDA1 deficiency significantly induced an increase in IL-10 expression after SAH (P < 0.05) (
Figure 3D
). Simultaneously, IL-1β immunofluorescence staining verified that PHLDA1 deficiency significantly decreased the enhanced levels of IL-1β in the brain cortex after SAH (P < 0.05) (
Figures 3E, F
).




Figure 3 | 
PHLDA1 deficiency mitigated inflammatory insults after SAH. ELISA analysis of IL-1β (A), IL-6 (B), IL-18 (C), and IL-10 (D) expressions (n = 6 per group). (E) Representative immunofluorescence images of IL-1β staining in temporal cortex. (F) Quantification of IL-1β immunoactivities (n = 6 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.4 PHLDA1 deficiency promoted M2 microglia polarization and prevented M1 microglia polarization after SAH

Microglial polarization plays a key role in inflammatory response after SAH. Studies have proved that suppression of microglia M1 polarization and promotion of M2 microglia could effectively reduce acute brain injuries and improve neurological outcomes. Interestingly, PHLDA1 has been reported to modulate microglia M1/M2 polarization in other diseases. To determine whether PHLDA1 deficiency affects microglial polarization after SAH, double immunostaining was performed to examine the levels of M1 microglia and M2 microglia. It showed that the number of Iba1+/CD16/32+ cells was significantly increased after SAH, which could be decreased by PHLDA1 silencing (P < 0.05) (
Figures 4A, C
). In addition, we examined the expression of M2 microglia and revealed that the levels of Iba1+/CD206+ cells were markedly increased after PHLDA1 siRNA treatment (P < 0.05) (
Figures 4B, D
). These data suggested that PHLDA1 silencing could suppress M1 microglia and promote M2 microglia polarization.




Figure 4 | 
PHLDA1 deficiency inhibited M1 microglia polarization and promoted M2 microglia transformation. Representative immunofluorescence images of CD16/32 (A) and CD206 (B) co-localized with Iba1 in temporal cortex. Quantification of Iba1+/CD16/32+ cells (C) and Iba1+/CD206+ (D) cells in temporal cortex (n = 6 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.5 PHLDA1 deficiency reduced neuronal death and improved neurological outcomes after SAH

Next, we explored whether PHLDA1 deficiency could exert cerebroprotective effects after SAH. TUNEL staining revealed that SAH insults significantly induced neuronal apoptosis (P < 0.05) (
Figures 5A, B
). Concomitant with the exacerbated neuronal death, the neurological outcomes of SAH was further aggravated (P < 0.05) (
Figures 5C, D
). In contrast, PHLDA1 siRNA treatment evidently reduced SAH-induced neuronal apoptosis (P < 0.05). Simultaneously, PHLDA1 deficiency showed better neurological outcomes after SAH insults (P < 0.05) (
Figures 5A–D
). These suggested that PHLDA1 deficiency could protect against SAH-induced EBI by its anti-inflammatory effects.




Figure 5 | 
PHLDA1 deficiency decreased neuronal apoptosis and improved neurological function after SAH. (A) Representative immunofluorescence images of TUNEL staining in temporal cortex. (B) Quantification of TUNEL+/NeuN+ cells in temporal cortex (n = 6 per group). PHLDA1 deficiency mitigated neurological deficits (C) and improved motor function (D) after SAH (n = 8 or 9 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.6 Nigericin administration reversed the inhibitory effects of PHLDA1 deficiency on NLRP3 inflammasome

NLRP3 inflammasome plays a key role in microglial activation after SAH. Moreover, NLRP3 inflammasome activation could induce microglia M1 polarization and inhibit NLRP3 inflammasome could promote M2 microglia polarization. As mentioned above, PHLDA1 deficiency could markedly inhibit NLRP3 inflammasome activation after SAH. We further explored whether NLRP3 inflammasome activation by nigericin could abate the cerebroprotective effects of PHLDA1 deficiency. As expected, western blot results showed that nigericin administration eliminated the inhibitory effects of PHLDA1 deficiency on NLRP3 inflammasome activation (P < 0.05) (
Figures 6A–E
). Consistently, the immunofluorescence staining results verified that NLRP3 inflammasome staining was further induced after nigericin treatment (P < 0.05) (
Figures 6F, G
).




Figure 6 | 
Nigericin administration counteracted the effects of PHLDA1 deficiency on NLRP3 inflammasome. (A) Representative western blots for NLRP3, ASC, caspase1, and cleaved caspasse1 expressions after SAH. Western blot analysis of NLRP3 (B), ASC (C), Caspase1 (D), and Cleaved caspasse1 (E) expressions after SAH (n = 6 per group). (F) Representative immunofluorescence images of NLRP3 co-localized with Iba1 in temporal cortex. Quantification of NLRP3 (G) immunoactivity in microglia (n = 6 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.7 Nigericin abated the effects of PHLDA1 deficiency on microglia M1/M2 polarization and inflammatory insults

Next, we examined the effects of nigericin administration on microglial polarization after PHLDA1 siRNA treatment. As expected, the immunofluorescence staining results showed that NLRP3 inflammasome activation by nigericin abated the effects of PHLDA1 silencing on microglia M1/M2 polarization, as evidenced by the increased number of Iba1+/CD16/32+ cells and decreased number of Iba1+/CD206+ cells (P < 0.05) (
Figures 7A–D
). Moreover, the ELISA data indicated that nigericin further exacerbated proinflammatory cytokines release and decreased anti-inflammatory cytokines after SAH (P < 0.05) (
Figures 7E–H
). These suggested that NLRP3 inflammasome activation contributed to the modulation effects of PHLDA1 on microglial polarization after SAH.




Figure 7 | 
Nigericin administration abated the effects of PHLDA1 deficiency on microglia M1/M2 polarization and inflammatory insults. Representative immunofluorescence images of CD16/32 (A) and CD206 (B) co-localized with Iba1 in temporal cortex. Quantification of Iba1+/CD16/32+ cells (C) and Iba1+/CD206+ cells (D) in temporal cortex (n = 6 per group). ELISA analysis of IL-1β (E), IL-6 (F), IL-18 (G), and IL-10 (H) expressions (n = 6 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.





3.8 Nigericin abrogated the beneficial effects of PHLDA1 deficiency on neuronal survival and neurological function

We suspected that NLRP3 inflammasome activation by nigericin might reverse the beneficial effects of PHLDA1 deficiency on neuronal survival and neurological function. Consistent with the aggravated inflammatory insults, nigericin administration further significantly increased neuronal apoptosis and exacerbated neurological deficits and motor dysfunction (P < 0.05) (
Figures 8A–D
). Based on the findings above, PHLDA1 blockade could attenuate EBI after SAH by regulating microglia M1/M2 polarization via NLRP3 inflammasome signaling.




Figure 8 | 
Nigericin administration abrogated the beneficial effects of PHLDA1 deficiency on neuronal survival and neurological function. (A) Representative immunofluorescence images of TUNEL staining in temporal cortex. (B) Quantification of TUNEL+/NeuN+ cells in temporal cortex (n = 6 per group). Nigericin administration aggravated neurological deficits (C) and motor dysfunction (D) after SAH (n = 9 per group). *
P < 0.05. Scale bar=50 μm. Data are expressed as mean ± S.D.






4 Discussion

In this study, we elucidated the biological function of PHLDA1 in microglia-mediated neuroinflammation after SAH. We demonstrated that PHLDA1 was significantly increased and was peaked at 24 h after SAH. The immunofluorescence studies revealed that the enhanced PHLDA1 after SAH was mainly distributed in microglia. PHLDA1 siRNA treatment significantly reduced neuroinflammatory response and the subsequent brain insults after SAH. Notably, PHLDA1 knockdown reduced the number of M1 microglia and promoted M2 microglial polarization. Moreover, PHLDA1 deficiency inhibited NLRP3 inflammasome signaling after SAH. In contrast, NLRP3 inflammasome activator nigericin abrogated the protective effects of PHLDA1 deficiency against SAH and further aggravated neurobehavior deficits. Taken together, these data suggested that targeting PHLDA1 might be a potential therapeutic strategy for treating SAH.

PHLDA1, a member of the PHLDA family, is a multifunctional protein. It has been demonstrated that PHLDA1 participates in modulation of cell proliferation, energy homeostasis, differentiation and apoptosis (27–29). Recently, a wealth of evidence indicated that PHLDA1 also plays an important role in immune response. For example, Hossain et al. demonstrated that PHLDA1 knockdown modulated macrophages and endothelial cells phenotypic changes to reduce atherogenesis-induced oxidative and ER stress (14). In Parkinson’s disease study, Han et al. reported that PHLDA1 was a potent modulator of neuroinflammation, and knockdown of PHLDA1 could markedly inhibited M1 microglia activation (13). A more direct study indicated that PHLDA1 blockade inhibited neuroinflammation after ischemic stroke by balancing microglial M1/M2 polarization (12). However, the potential roles of PHLDA1 in EBI after SAH remain unclear.

We first investigated the time course of PHLDA1 expression after SAH. Consistent with previous reports (12), our data indicated that PHLDA1 was significantly increased, with a peak at 24 h after SAH. At the cellular level, the enhanced PHLDA1 after SAH was mainly distributed in microglia. Moreover, we noted that NLRP3 inflammasome was significantly increased in microglia after SAH. The NLRP3 inflammasome, a cytoplasmic multiprotein complex, has been demonstrated to exert a pivotal role in neuroinflammation and intracranial aneurysm rupture (30–32). It showed that NLRP3 inflammasome participated in microglial polarization in a variety of brain injuries (33–35). Chen et al. demonstrated that NLRP3 deficiency could promote M2 microglia polarization in experimental models of intracerebral hemorrhage (36). A recent study in cerebral ischemia/reperfusion injury suggested that inhibition of TXNIP/NLRP3 promoted the transition of microglia from M1 to M2 phenotype (37). In SAH area, inhibition NLRP3 inflammasome has also been demonstrated to promote microglial polarization to M2 phenotype (4). In our experiments, we observed that there were similar expression trends and cellular distribution of PHLDA1 and NLRP3 after SAH. These suggested that PHLDA1 and NLRP3 might interact with each other. Intriguingly, a recent study by Zhao et al. revealed that PHLDA1 deficiency suppressed middle cerebral artery occlusion/reperfusion-induced NLRP3 inflammasome activation and the subsequent mRNA level and expression of NLRP3 inflammasome-associated proteins (12). Therefore, we speculated that PHLDA1 might modulate microglial polarization by NLRP3 inflammasome activation.

In our experiments, we employed PHLDA1 siRNA to suppress PHLDA1 activation. Our data revealed that PHLDA1 siRNA treatment significantly inhibited the protein expression of PHLDA1 after SAH. Moreover, the evident neuroinflammation was markedly suppressed by PHLDA1 blockade. Microglial polarization plays a critical role in immune response after SAH. Mounting evidence has shown that inducing microglia toward M2 phenotype or suppression of microglia M1 polarization could promote neuronal survival, reduce inflammatory insults, and improve neurological outcomes after SAH (38–40). We further examined the influence of PHLDA1 blockade on microglial polarization after SAH. Consistent with previous studies, we found that PHLDA1 deficiency decreased M1 phenotype microglia and induced microglia M2 polarization after SAH. Concomitant with the reduced neuroinflammation, PHLDA1 blockade improved neuronal survival and neurological function after SAH. However, the underlying molecular mechanisms of PHLDA1 blockade on microglial polarization remain unknown. The evidence above implied that NLRP3 inflammasome might participate in PHLDA1-mediated microglial polarization. To further clarify the molecular mechanisms of PHLDA1 blockade on microglial polarization, nigericin was applied to activate NLRP3 inflammasome signaling. As expected, nigericin treatment significantly induced NLRP3 inflammasome activation and abrogated the beneficial effects of PHLDA1 blockade on EBI after SAH. Meanwhile, nigericin further increased M1 microglia polarization and inhibited M2 phenotype microglia. These data further supported that PHLDA1 blockade could inhibit NLRP3 inflammasome activation to balance microglial polarization from M1 to M2 after SAH.

There are several shortcomings in our study. Firstly, microglia-specific PHLDA1-knockout mouse should be utilized in the future to validate the biological function of PHLDA1 in microglial activation after SAH. Secondly, some authors reported that PHLDA1 exhibited anti-inflammatory effects through inhibition of toll-Like receptor 4 (TLR4) signaling (15). The reasons for this disagreement are somewhat obscure. One possible explanation might be that acute brain injuries have different pathophysiology. Thirdly, in addition to modulate NLRP3 inflammasome signaling, PHLDA1 might interfere with other molecular targets, such as TLR4, nuclear factor-erythroid 2-related factor 2, and TRAF6 (13, 15, 41). Moreover, the long-term effects of PHLDA1 inhibition in the delayed phase of SAH remains unclear. Therefore, additional studies are still warranted to clarify these questions.



5 Conclusions

This study is the first to document that PHLDA1 blockade attenuated EBI after SAH by regulating microglia M1/M2 polarization via NLRP3 inflammasome signaling. These findings suggested that PHLDA1 might be a novel therapeutic strategy for treating SAH.
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Glioma is a mixed solid tumor composed of neoplastic and non-neoplastic components. Glioma-associated macrophages and microglia (GAMs) are crucial elements of the glioma tumor microenvironment (TME), regulating tumor growth, invasion, and recurrence. GAMs are also profoundly influenced by glioma cells. Recent studies have revealed the intricate relationship between TME and GAMs. In this updated review, we provide an overview of the interaction between glioma TME and GAMs based on previous studies. We also summarize a series of immunotherapies targeting GAMs, including clinical trials and preclinical studies. Specifically, we discuss the origin of microglia in the central nervous system and the recruitment of GAMs in the glioma background. We also cover the mechanisms through which GAMs regulate various processes associated with glioma development, such as invasiveness, angiogenesis, immunosuppression, recurrence, etc. Overall, GAMs play a significant role in the tumor biology of glioma, and a better understanding of the interaction between GAMs and glioma could catalyze the development of new and effective immunotherapies for this deadly malignancy.
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1 Introduction

Glioblastoma (GBM), also known as IV grade glioma, is the most common and malignant neoplasm in the adult central nervous system (CNS). Despite surgical resection, targeted radiotherapy, combined chemotherapy, and newer developed treatments like tumor-treating fields (TTF), the prognosis of GBM patients remains very poor (1). The median survival time of adult GBM patients is less than 15 months with traditional treatment and less than 20 months with TTF treatment (1, 2). This poor prognosis is attributed to the highly aggressive nature of GBM, which is characterized by progressive growth, diffuse invasiveness, and frequent resistance to chemotherapy (1). Besides the inability to completely resect the tumor body due to invasive growth of the tumor and cell heterogeneity of the GBM stem cells (GSCs) in the glioma, tumor-associated immune cells significantly contribute to the high malignancy and proliferation of GBM (3). These immune cells as well as other noncancerous cells such as normal and reactive astrocytes, GSCs, fibroblasts, vascular pericytes, and endothelial cells form the tumor microenvironment (TME), which assists tumor development by releasing various cytokines, chemokines, growth factors, and other hormones (4–6). In recent years, researchers have conducted comprehensive studies on TME using genomics, proteomics, and other technologies.

Although many types of immune cells within the lymphoid lineages have been detected in the TME, glioma-associated macrophages and microglia (GAMs) are the predominant immune population in the solid GBM, comprising up to one-third of the tumor mass (7–9). This is primarily due to the critical role resident macrophages and microglia play in the innate immunity of the brain, an organ known for its immune privilege (9). Recently, T-cell-based immunotherapies have demonstrated curative potential in several non-intracranial malignancies, such as B-cell acute lymphoblastic leukemia and advanced renal-cell carcinoma (10–12). However, although T-cells can infiltrate the tumor body and surrounding areas of the GBM, the application of T-cell rejuvenation strategies for GBM has produced contradictory results due to the low number of T-cells and the lack of key stimulators (13). Although immune checkpoint blockade regimens including cytotoxic T lymphocyte antigen 4 and programmed cell death 1 (PD-1) have been employed, they have not demonstrated a significant improvement in the survival time of GBM patients (13, 14). Dominant GAMs in GBM mediate low levels of proinflammatory factors and a lack of key T-cell costimulatory factors, leading to a weak response state of T-cells in GBM (15). Additionally, the presence of GAMs in GBM is a known indicator of poor prognosis (8, 9), as GAMs are biased toward M2 polarization, which promotes heterogeneous differentiation, diffusion growth, and tumor recurrence (7, 16). Nonetheless, GAMs possess a feature of plasticity, which highlights the potential of developing new therapeutic methods based on their metabolism and genome regulation. In this review, we will summarize the origin of GAMs, their relationship with GBM, and recently developed immunotherapies targeting GAMs.




2 The origin, physiological function, and subtype transformation of microglia and macrophages in the CNS

Microglia are a critical innate immune component in the CNS and represent 10-15% of all glial cells (17). Due to their phagocytic activity and origin with peripheral myeloid cells, microglia are considered the tissue resident macrophages of the CNS (17, 18). In the physiological state, the number of macrophages in the CNS is much less than that of microglia (19), and they are mainly distributed in the perivascular space, meninges, and organs surrounding the ventricles and choroid plexus, and are rare in brain parenchyma (19). These macrophage populations are highly heterogeneous and can be replaced to a certain extent. In pathological conditions such as injury, infection, degenerative diseases, and tumors, microglia, and macrophages display different polarization states and express specific markers (19, 20).



2.1 Microglia

Microglia derive from hematopoietic precursor cells of the yolk sac during early embryonic development (17, 21), and Runt related transcription factor-1 (Runx-1) and colony stimulating factor-1(CSF-1) play critical roles in their development (21). Due to their powerful phagocytic function, microglia can engulf abnormal entities in the CNS, such as tumor cells, necrotic cell fragments, and pathogens (21). In addition, microglia perform immune regulatory functions, interact with neurons and glial cells, and promote angiogenesis (22). Therefore, microglia not only effectively respond to CNS damage, infection, and mutation, but also play a critical role in the development and homeostatic maintenance of brain (21, 22). Microglia rapidly shift from a ramified resting state to an amoeboid-like activated state and release reactive oxygen species (ROS), proinflammatory cytokines, and chemokines in response to exogenous and endogenous stimuli, such as infection and injury (23). This effect is mainly achieved through pattern recognition receptors (PRRs) expressed in microglia, which recognize pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) (24, 25). Recent studies have also shown that microglia play an important role in synaptic formation in the mature brain (26), serving as intermediates for information exchange through hemichannels and gap junctions with neurons and other glial cells (26). Moreover, during the development of primary tumors, activated microglia can kill tumor cells by secreting proinflammatory cytokines and other factors (9). However, with tumor progression, the phenotype and function of microglia change, causing damage to normal neural structures and promoting tumor growth (9, 27). This topic will be discussed in detail later.

Due to the lack of reliable in vivo and in vitro experimental models of microglia, the investigation of microglia in the context of tumors remains limited. Alongside primary microglia cells extracted from experimental animals or human brains, immobilized murine (BV-2) and human (HMO6) microglia cell lines have been developed (28). Nevertheless, it is crucial to note that there exist differences between the primary brain-derived microglia and the immortalized BV-2 cell line at the transcriptional level (29). Recent advancements in flow sorting technology and transcriptome sequencing, several specific marker molecules of primary microglia have been identified. For example, some transcription factors, including Rhox5, E2f6, Hoxc6, and Ppargc1b are exclusively expressed in microglia (30, 31). Furthermore, certain membrane proteins, Lrp8 and Lpcat3, which are associated with lipid metabolism, and ion transporters, like Slco4a1 and Slc30a5, are unique to microglia compared with macrophages (30, 31). Potential markers that distinguish CNS-derived microglia and BMDMs are systematically summarized in Table 1.


Table 1 | Markers for different polarization types of GAMs.






2.2 Conundrums in the identification of GAMs

Brain-infiltrating bone marrow-derived macrophages (BMDMs) originate from hematopoietic stem cells (32) and infiltrate the brain parenchyma in large numbers after the development of GBM due to the destruction of blood-brain barrier and release of multiple chemokines by the tumor tissue (33, 34). They are mainly located in perivascular and necrotic regions to address the ischemic regions of the tumor (33). Although microglia and infiltrating BMDMs have distinct origins, they perform similar immune regulatory functions and express several common markers, such as ionized calcium-binding adapter molecule 1 (IBA1), CD11b, CD68, CX3C chemokine receptor 1 (CX3CR1) (9, 35, 36). Among these markers, IBA-1 and CX3CR1 were thought to be specific to microglia, however, subsequent studies confirmed that they were also expressed by BMDMs (22, 37). In contrast, major histocompatibility complex (MHC) class II and subsequent Sall1 are specific to microglia and can be used to differentiate between microglia and macrophages in the brain parenchyma (22, 38). In addition, transmembrane protein 119 (TMEM119) is a recently discovered marker with high specificity for microglia that can distinguish microglia and macrophages in both human and mouse models (35, 39). CD49D is specifically expressed by BMDMs infiltrating malignant brain tumors in mice and humans, but not by microglia (33). C-C chemokine receptor-2 (CCR2) was previously considered as another specific marker to differentiate macrophages in TME, but subsequent studies found that CCR2 is also expressed by microglia, particularly those activated by interaction with glioma cells (40). Previously, CD45 has been used to distinguish between resident microglia (CD45low) and infiltrating macrophages (CD45high) (41), and in combination with CD11b, microglia and macrophages in rodent and human GBM can be defined as CD11b+/CD45low and CD11b+/CD45high populations, respectively (42). However, CD45 expression increases in microglia activated in the TME, which adds complicates the identification of microglia and macrophages in tumors (42). To date, no lineage-specific markers have been developed to accurately distinguish these two cell populations, which has made it challenging to assess the specific role of each cell type in tumor development.




2.3 The subtypes of microglia and macrophage in GBM

Mills et al. were the first to define macrophages as M1 polarization type for pro-inflammatory (antitumor) and M2 polarization type for anti-inflammatory (protumor), referring to the dichotomy of CD4+ T cell function into T helper (Th) 1 and Th2 lineages (43). Ponomarev et al. subsequently verified the polarization of microglia in the rodent CNS (44). Numerous CNS pathological events, such as tumor occurrence, injury, microbial infection, and degenerative diseases, can cause the polarization of microglia/macrophages (33, 45–47). For instance, microglia, which account for the majority of GBM, can be polarized into the M1 phenotype under the stimulation of lipopolysaccharides (LPS) or interferon-γ (IFN-γ) (13). M1 type microglia reactively express co-stimulatory molecules such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and chemokine (C-X-C motif) ligand 10 (CXCL10), and high-level of MHC class II, which endows them with the function of antigen presentation (13). In the context of glioma, M1 microglia play an anti-tumorigenic role through antigen presentation mediated adaptive immunity response (phagocytosis of tumorigenic cells) and secretion of proinflammatory factors (8, 48). Inflammatory factors such as TNF-α further recruit peripheral macrophages into the tumor (49). M1 microglia/macrophages have the classic activated phenotype, and their activated receptors and functions are relatively clear. The polarization of M2 microglia and macrophages is strictly regulated and presents a highly dynamic state, often followed by M1 polarization (49, 50). Type II inflammatory factors such as IL-4, IL-10, and IL-13 generally mediate M2 polarization, which can prevent further tissue damage by secreting multiple anti-inflammatory factors to downregulate the inflammatory response (51, 52). In the context of glioma, M2 microglia promote tumor development (53). M2-polarized microglia/macrophages are differentiated by the co-expression of surface markers such as CD163, CD204, CD206 as well as arginase (53). We have a systematic list of markers for M1 and M2 microglia/macrophages in Table 1. M2 microglia/macrophages can be further divided into several subtypes (M2a, M2b, M2c) based on their expression of different transcription factors, effector functions, and secretion of cytokines and chemokines (54). M2a and M2b microglia/macrophages are responsible for Th2 activation and immunoregulation (55, 56), while the M2c subtype attenuates inflammatory response, promotes matrix deposition and tissue remodeling, significantly promoting tumor development in the neoplastic context (57–59).

Recent single-cell sequencing studies on GBM suggest that individual cells can express genes promoting inflammation (M1) and genes promoting immunosuppression (M2) (60, 61). These findings challenge the precision of the conventional M1/M2 typing of GBMs and suggest that the polarization may be a highly continuous process in the context of GBM, where GAMs are highly plastic (8). Furthermore, there are likely unclearly defined GAM subtypes having important specific functions in human and rodent GBM. For example, the nonpolarized M0 subtype may have been overlooked to some extent, even though it represents a weakened M2 subtype (62). Accurate classification of GAMs is critical for guiding the development of therapeutic drugs, but it is challenging to establish a systematic microglia/macrophage classification system. Thus, the classical subtype classification model still holds important reference value.





3 Interaction between GAMs and GBM cells

Glioma-associated microglia/macrophages (GAMs) are not passive bystanders in the tumor microenvironment, but actively evolve with tumors through feedback and feedforward mechanisms (Figure 1). While most of the mechanisms involved are feedback regulation mechanisms, some feedforward mechanisms also play important roles in the recruitment of GAMs by glioma cells. For instance, glioma cells can secrete versican, which promotes the activation of microglia through the Toll-like receptor 2 (TLR2) signaling pathway (63, 64). Some researchers even propose the hypothesis that the immune system does not recognize malignant tumor cells as invaders in the CNS, but rather helps them infiltrate and grow (65). These effects are largely due to the recruitment of microglia/macrophages by tumor cells. After being polarized into a tumor-promoting M2 phenotype, GAMs assist tumor development by promoting invasive growth, inducing angiogenesis, interacting with GSCs, and mediating the formation of an inhibitory TME (9).




Figure 1 | A schematic diagram outlining the interaction between glioma cells and glioma-associated macrophages and microglia (GAMs). Under the action of various cytokines and chemokines secreted by tumor cells, resident microglia, and peripheral blood-derived macrophages are recruited into the tumor parenchyma. Activated GAMs interact with tumor cells to promote glioma growth and invasion through various mechanisms such as angiogenesis promotion, GSCs proliferation, epithelial-mesenchymal transformation, and tumorigenic immune regulation.





3.1 The recruitment of GAMs and induction of M2 polarization by glioma cells

A large number of previous studies have demonstrated that glioma cells secrete different chemokines, which serve as chemoattractants and mediate the recruitment of GAMs. These chemokines include monocyte chemoattractant protein (MCP)-1 (alternative name: C-C motif ligand 2 (CCL2)) (66), MCP-3 (67), stroma-derived factor (SDF)-1 (alternative name: CXCL12) (68), lysyl oxidase (LOX) (69), macrophage colony-stimulating factor (M-CSF) (70), and glial cell–derived neurotrophic factor (GDNF) (71). The role of MCP-1 in GAMs has been verified by various in vivo and in vitro studies, where the MCP-1 expression level is highly correlated with the grade of glioma (66). A recent study indicated that the cooperation between β- Catenin and MCP-1 may be responsible for the rapid and highly heterogeneous growth of Isocitrate dehydrogenase wildtype GBM (72). M-CSF is another important chemokine, which not only promotes the mobility of GAMs but also mediates the M2 polarization of GAMs (73). Gliomas having a phosphatase and tensin homolog (PTEN) deletion highly express LOX, which activates the β 1 integral/proline-rich tyrosine kinase 2 pathway in GAMs, aiding their recruitment (69).

In recent years, researchers have suggested alternative factors that might impact the recruitment of GAMs and M2 polarization, such as peritumoral hypoxia microenvironment-induced factors and GSCs (74). Hypoxia may be the most critical regulatory factor for the recruitment of GAMs, as a large portion of the glioma is hypoxic and harbors large numbers of M2 polarization-type GAMs. Recent studies suggest that hypoxia may affect the expression pattern of chemokines, especially in perivascular niches. For example, Guo et al. revealed that TGF-α mediated upregulation of periostin (POSTN) in the peritumoral region of the glioma significantly promotes the recruitment of GAMs (75). Another recent study showed that arginine methyltransferases (PRMTs) enhance the recruitment of GAMs by enhancing hypoxia-inducible factor-1 mediated hypoxia, thus promoting glioma progression (76). Specific chemokines secreted by GSCs may recruit certain GAMs subtypes. For example, POSTN secreted by GSCs specifically recruits M2 GAMs through integrin αvβ3 signaling pathway (53). In addition, some cytokines with undefined functions have also been reported to participate in the recruitment of GAMs. For example, dual function cytokine IL-33, secreted at the nucleus of gliomas, was recently demonstrated to recruit and activate circulating and resident innate immune cells (77).




3.2 GAMs promote glioma invasion and angiogenesis

The tumor-promoting effects of GAMs have been demonstrated in organotypic brain tumor-slice cultures as well as several in vivo models (78–80). Co-culture of glioma cells with microglia extracted from mouse brain significantly increased glioma cell migration, while the deprivation of microglia significantly promoted tumor growth and invasion (78, 79). A range of anti-inflammatory and pro-tumoral factors secreted by GAMs have been identified as playing important roles in glioma cell invasion, including transforming growth factor beta (TGF-β), epidermal growth factor (EGF), IL-6, IL-1β, stress-inducible protein-1 (STI-1), matrix metallopeptidase-2 (MMP-2), and MMP-9 (27). Among these, MMP-2 and MMP-9 are important effector molecules that enhance glioma cell invasiveness by breaking down extracellular matrix (ECM) components such as collagen and elastin. MMP-2 expression is positively correlated with glioma invasiveness and poor patient prognosis (81). TGF-β, an inhibitory immune regulatory factor, is the most widely explored factor in the mechanism of invasive growth of glioma. TGF- β released from GAMs has been demonstrated to promote the secretion of MMP-2 and MMP-9, resulting in enhanced GBM invasiveness (82). Recent studies have revealed that MMP-2 may be an important downstream molecule of CCL5 in promoting the migratory and invasive activities of GBM (83). MMP-9 has also been reported to be an effector molecule in the tumorigenic infiltration of GBM mediated by GAMs (84). GBM released CCL2 has been reported to upregulate IL-6 expression, which is responsible for GBM invasiveness in a TLR4-dependent fashion (85). The expression level of IL-6 is highly correlated with the pathologies of GBM patients (86). EGF is considered a promoter of GAM-mediated tumor invasiveness, as it is not detectable in the supernatant or cell lysate of glioma cells cultured separately (70). EGF primarily binds to the surface of GBMs to promote tumor invasion. Amplification of the EGFR gene and its truncation mutant are present in over half of primary GBM and are indicative of highly aggressive tumors (87). It should be noted that the regulatory pathways discussed above do not strictly follow the effect of GAMs on GBM in the context of GBM. Many regulatory factors can also be released by tumor cells and influence GAMs.

Angiogenesis is a critical factor in the growth and progression of glioma. GAMs extracted from GL261 gliomas have been shown to release a plethora of proangiogenic molecules, including vascular endothelial growth factor (VEGF) and CXCL2 (88). Depletion of resident microglia significantly reduces tumor vessel count, and a high spatial correlation between GAMs and tumor neovascularization has been reported (88). For instance, specific GAMs that are absent in normal brain tissue were directly detected in the perivascular niche (merged with CD31+ vessels) (89). Furthermore, studies have not only verified the direct contact effect of GAMs with blood vessels around and inside the tumor using allografted mice but have also detected elevated levels of various angiogenesis-inducing factors, such as VEGF, VEGFR1, CCR2, CXCR4, CCL2/5, and CXCL2/10/14 (14, 90–93). Recent research has confirmed the strong correlation between GAMs and tumor blood vessels in GBM patients and observed the restructuring of the blood vessel architecture, indicating the potential of anti-angiogenic therapy in the treatment of GBM (88). Consistent with this, VEGF receptor (VEGFR) blocker Sunitinib and VEGF inhibitor Bevacizumab have been shown to promote survival by reducing tumor angiogenesis in the mouse GBM model (94).




3.3 The role of GAMs in shaping immune homeostasis and promoting an immunosuppressive TME

The immune-escape mechanism of GBM relies on two main factors: the intrinsic characteristics of neoplastic cells and the immunosuppressive TME mediated by GAMs. Glioma cells are difficult to identify by the immune due to their downregulation of human leukocyte antigen (HLA) molecules that cover the surface specific tumor antigen molecules (95). However, the immunosuppressive TME has been recognized as a more significant contributor to promoting tumor immune evasion, facilitating its growth, invasion, and recurrence (78, 79). GAMs, especially the type M2 subtype, are considered major contributors to TME due to their secretion of type II immune factors such as TGF-β, IL-4, and IL-10 (4, 6). These cytokines upregulate transcription factors such as signal transducer and activator of transcription 3 (STAT3) in glioma cells, which subsequently triggers tumorigenic immune responses (27). STAT3 plays a vital role in the interaction between tumor cells and GAMs, and its activation significantly enhances tumor-promoting immune regulation while inhibiting tumor-killing immune response (96, 97). Several studies have demonstrated that glioma cells secrete S100 calcium binding protein B (S100B), which promotes M2 polarization of GAMs through the receptor for advanced glycation end products (RAGE)-STAT3 signaling pathway (98). Additionally, other growth factors secreted by type M2 GAMs, such as platelet derived growth factor (PDGF), EGF, and fibroblast growth factor-2 (FGF-2), have been reported to activate STAT3, promoting GBM progression (99–101). In vitro studies have shown that conditioned medium derived from glioma cells can activate the STAT3 pathway of microglia, promoting their polarization towards the M2 subtype and secretion of IL-6 and IL-10 (102).

A recent study found that blocking the breakdown of interferon gamma inducible protein 16 (IFI16) with drugs can activate the STAT3 signaling pathway (103). This pathway is crucial for GBM progression because it promotes cell proliferation, invasion, and regulation of the TME. Moreover, high levels of phosphorylated-STAT3 (pSTAT3) are associated with more severe gliomas and poorer patient outcomes (104–106). This is likely because pSTAT3 can suppress the immune system, leading to greater resistance to standard cancer treatments and an increased risk of tumor recurrence (105, 106).




3.4 Interactions between GAMs and GSCs

GCSs are a group of cells that are resistant to chemotherapy and contribute to tumor growth and recurrence (107–109). They share stem cell-like characteristics, which enable them to regenerate and differentiate into different cell types (108, 109). This allows them to continuously generate new tumor cells at the site of the tumor. GSCs are similar to NSCs in terms of their phenotypic characteristics. For example, they can form neurospheres in vitro and express common markers such as nestin, Sox2, and Musashi-1 (110, 111).

GSCs have low mitotic activity, which makes them resistant to therapies directed at actively dividing cells, such as temozolomide (TMZ)-based chemotherapy, and enables them to cause tumor recurrence (112, 113). They also have low expression of molecules that present tumor antigens to CD8+ T cells, and immune checkpoint pathways are often activated in glioma cells (114). These mechanisms help tumor cells evade immune surveillance. GSCs interact with various components in TME to maintain their drug resistance and tumorigenicity. They are located in specific niches where they are protected from therapy exposure and niche-specific factors (95, 115, 116). GAMs mainly accumulate in perivascular and perinecrotic hypoxic niches, where they initiate interactions with SGCs to affect glioma prognosis (74, 95). GSCs secrete chemokines (such as VEGF, CCL2, CCL5, and CCL7), to recruit GAMs to tumor mass and induce M2 type polarization of GAMs, aiding their transformation and proliferation by building a tumorigenic TME. Apart from GSCs-secreted chemokines, GSCs also exhibit higher levels of neurotensin than those in non-GSC glioma cells (27, 117). In vitro studies have shown that GSCs recruit GAMs more effectively than glioma cell lines. Moreover, a positive correlation between GAMs and GSCs has also been reported (118). These findings emphasize the importance of GSCs for GAMs recruitment.

Conversely, GAMs have been shown to play a role in promoting GSCs (119–122). Research by Wang et al. demonstrated that IL-6, which is secreted by microglia, can function as a growth factor for GSCs and enhance their biological function (122). It is important to note that only GAMs, not the naïve resident microglia, can promote GSC amplification (123). Interestingly, microglia from healthy individuals can even suppress glioma growth by expressing IL-8 and MCP-1 (123). In general, GAMs and GSCs interact extensively in glioma, jointly regulating tumor progression, recurrence, and drug resistance.





4 GAMs-targeted glioma-immunotherapy

The rapid development of new tumor treatment technologies and a deeper understanding of CNS have led to significant progress in immunotherapy for glioma (124). Some of these advancements have already undergone clinical trials, such as dendritic cell vaccine (DC Vax-L), chimeric antigen receptor T cell therapy (CAR-T), and immune checkpoint inhibitors (1–3, 125, 126). As highlighted earlier, GAMs play a critical role in glioma progression, invasion, recurrence, and drug resistance, making them a promising intervention target for glioma immunotherapy. The basic concept of GAMs targeted immunotherapy involves inhibiting the recruitment and infiltration of GAMs, inhibiting the polarization of the M2 phenotype, or eliminating the M2 phenotype and promoting the transformation of the M2 and M0 phenotypes into M1 through reprogramming and other means, thereby restoring their tumor-killing effect. Table 2 summarizes some representative immunotherapy approaches targeting GAMs.


Table 2 | Therapeutic drugs targeting GAMs in glioma.




Several antibiotics and inflammatory cytokines/substances have been reported to regulate the origin and activation of GAMs, particularly microglia, to exert effective anti-tumor effects. For instance, minocycline, a broad-spectrum tetracycline antibiotic, has been shown to reduce microglia activation and infiltration by mitigating matrix degradation, thereby exhibiting anti-tumor effects (64). Similarly, several preclinical studies have demonstrated that amphotericin B, a polyene antifungal drug, can inhibit glioma development by activating M1 GAMs (123). Researchers found that treatment with amphotericin B promotes M1 polarization of GAMs by inducing TLR signaling pathways and significantly prolongs the survival time in the mouse model of glioma (123, 144). Furthermore, IFN-γ, IL-12, LPS, and oligodeoxynucleotides containing CpG motifs (CpGODN) have been shown to increase the M1 polarization of GAMs, leading to the elimination of tumor progression in vivo (138–141). Recently, a phase II clinical trial for recurrent GBM has been conducted using combined immunotherapy including IL-12 gene-regulated therapy (130).

CSF-1 (M-CSF)/CSF-1R signal is considered a key factor in GAMs recruitment and M2 polarization. Therefore, researchers have explored drugs targeting this pathway. Treatment with the anti-CSF-1R antibody pexidartinib (PLX3397) significantly reduces GL261-associated GAM infiltration and inhibits M2 polarization, thereby inhibiting glioma growth (135). PLX3397 treatment significantly prolonged the survival time of mice with glioma. However, in the phase II clinical trial, PLX3397 as a monotherapy failed to affect recurrent GBM patients (128), mainly due to drug resistance. This highlights the need for combination therapy. Similarly, the application of another anti-CSF-1R antibody, Emactuzumab (RG7155), also failed to achieve the therapeutic effect, likely due to reactive overproduction of IL-4 by glioma cells (129). In addition, treatment with CSF1R inhibitors such as AFS98 and BLZ945 increased the expression of M2 GAM markers, but they did not inhibit glioma growth as single agents (137).

SDF-1 (CXCL12) is another factor crucial in GAMs recruitment, especially under normoxic conditions. The Food and Drug Administration (FDA)-approved drug for the treatment of multiple myeloma and lymphoma, SDF-1 inhibitor Plerixafor, is currently being evaluated in two clinical trials for its potential therapeutic effect against glioma (132, 133). As mentioned earlier, STAT3 is the central transcription factor mediating the M2 polarization of GAMs. WP1066 has been reported to inhibit the growth and recurrence of glioma by suppressing the protein synthesis of STAT3 (142). John de Groot et al., in their recently concluded Phase I clinical trial of WP1066, have determined the maximum allowable dose of WP1066 to be 8 mg/kg (134).

Microglia/macrophages exhibit strong phagocytic activity. However, in glioma, the phagocytosis of GAMs is greatly reduced, due to the high expression of CD47 along with signal regulatory protein alpha (SIRPa) on the surface of GAMs (145, 146). Therefore, a therapeutic approach involving a blockade of this signaling pathway using anti CD47 antibody to restore the phagocytic activity of GAMs has been proposed (145, 146). Recently, Zhou et al. have developed a novel nano-capsule loaded with anti-CD47 antibodies, which could prove to be useful in testing the anti-tumor potential of this therapeutic approach (143).

Recent studies have shown that olfactomedin Like 3 (OLFML3) exhibits an anti-glioma effect by regulating GAMs infiltration under the influence of the biological clock, and a positive correlation between the survival of GBM patients and the expression level of OLFML3 has been reported (147).




5 Conclusion

Although researchers have extensively studied the origin, evolution, recruitment, and other mechanisms of microglia/macrophages, the role of GAMs in TME is still poorly understood. This is because the underlying mechanisms do not act in isolation in the tumor context. Glioma cells and various components of the TME form a complex interaction network. Although novel therapies are being developed, GBM recurrence remains a challenge. A deeper understanding of various aspects of GAM biology may provide useful insights for the development of effective strategies for glioma immunotherapy. Moreover, understanding the role of the TME in the development and evolution of tumorigenic cells from a broader perspective, rather than limiting the focus to glioma cells and their transformation, would provide a holistic perspective. For example, the niche of GSCs, which influences tumor diversity and drug resistance, is of great research significance. In the future, the combined treatment with chemotherapy drugs as well as monotherapies involving immunotherapeutic strategies may prove useful in improving the life quality of glioma patients.
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Spinal cord injury (SCI) and spinal cord tumor are devastating events causing structural and functional impairment of the spinal cord and resulting in high morbidity and mortality; these lead to a psychological burden and financial pressure on the patient. These spinal cord damages likely disrupt sensory, motor, and autonomic functions. Unfortunately, the optimal treatment of and spinal cord tumors is limited, and the molecular mechanisms underlying these disorders are unclear. The role of the inflammasome in neuroinflammation in diverse diseases is becoming increasingly important. The inflammasome is an intracellular multiprotein complex and participates in the activation of caspase-1 and the secretion of pro-inflammatory cytokines such as interleukin (IL)-1β and IL-18. The inflammasome in the spinal cord is involved in the stimulation of immune-inflammatory responses through the release of pro-inflammatory cytokines, thereby mediating further spinal cord damage. In this review, we highlight the role of inflammasomes in SCI and spinal cord tumors. Targeting inflammasomes is a promising therapeutic strategy for the treatment of SCI and spinal cord tumors.
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1 Introduction

Spinal cord injury (SCI) is a devastating event that results in the structural and functional impairment of the spinal cord and may be caused by trauma to or infection or degeneration of the spinal cord (1). SCI incidence is approximately 13 per 100,000 people (2). It results in a varying extent of disability, scoping from partial or complete sensory or motor dysfunction to acute and chronic complications. These complications are accompanied by neuropathic pain, cardiovascular complexities, impaired pulmonary function, pressure ulcers, autonomic dysreflexia, or reduced mobility (3, 4), which have a considerable impact on patients and are an important cause of death after SCI (5). Current treatments for SCI include surgery, drug therapy, and cell therapy. However, these strategies can only improve symptoms and mitigate progression but cannot completely repair the injured spinal cord (6). Thus, SCI can impose a huge psychological and financial burden on individuals as well as society. Taken together, it is necessary to understand the mechanism of SCI and seek an emerging therapeutic blueprint.

The pathological process after SCI can be mainly divided into primary injury and secondary injury. Primary spinal cord injury is caused by the physical injury itself (7), followed by secondary injury caused by a series of biological events, including inflammation, ischemia, oxidative stress, axonal degeneration, astrocyte proliferation, necrosis, apoptosis, and glial scar formation (8). Although the central nervous system (CNS) possesses an innate regenerative capacity, the spinal cord has a poor regenerative ability, which is further complicated by both primary and secondary injuries during SCI. Moreover, the spinal cord regeneration of axons is usually decided by many factors, including the intrinsic growth potential of the CNS neurons, the inhibitory signals produced from CNS myelin damage, reactive astrogliosis, nerve growth factor, and neurotrophic factor (9).

Spinal cord tumors are a heterogeneous group of neoplasms that can be classified into primary and metastatic tumors. Primary spinal tumors account for only approximately 5%–12% of all primary CNS tumors (10) and can be classified into intradural, intramedullary, and extramedullary tumors based on their location. The spinal cord and spine are the common sites of tumor metastasis, and symptomatic metastatic epidural spinal cord compression can occur in 5% to 10% of patients with cancer (11). Owing to the anatomical site of the midline structure, the swelling caused by neuroinflammation is often not tolerated and may result in neurological deficits in both primary and metastatic tumors (12).

SCI and spinal cord tumors are not independent, as spinal tumor-associated compression causes 10% of new-onset SCI and 26% of non-traumatic SCI (13). Patients with spinal tumors might present with acute worsening of neurological function, which often necessitates prompt surgical decompression. Spinal tumors causing SCI are particularly challenging to treat; early diagnosis, multidisciplinary care, and appropriate rehabilitation are necessary to improve the outcomes and quality of life of these patients (14).

The biological process of an immune response is pivotal to the progression and recovery of SCI and the development of spinal cord tumors. Inflammasomes, as innate immune sensors, are multiprotein complexes that play an essential role in defense against pathogens and sterile inflammation (15). Inflammasomes have been demonstrated to be responsible for metabolic diseases, cardiovascular diseases, and tumors (16). However, the mechanism of immune response in SCI and spinal cord tumors remains unclear. This article reviews the mechanism, immune response, and application of inflammasomes in SCI and spinal cord tumors to provide novel insights for the treatment.




2 Inflammasome

The inflammasome is a multi-molecular complex consisting of three units: a sensor, an adaptor molecule called ASC (apoptosis-associated speck-like protein containing a caspase-activation and recruitment domain [CARD]), also known as PYCARD, and pro-caspase-1. Currently, the sensors that have been identified include NLR family pyrin domain containing (NLRP)1, NLRP3, and NOD-like receptor family CARD domain containing 4 (NLRC4)), absent in melanoma 2 (AIM2) or pyrin (17, 18). In line with the activation of caspases during the formation of the inflammasome, the inflammasome can be categorized into two types: classical and non-classical inflammasomes, depending on whether or not the inflammation is mediated by the caspase-1 activation (19). Inflammasome activation is usually triggered by host recognition of danger-related molecular patterns (DAMPs) or pathogen-related molecular patterns (PAMPs), which are ligands for the pattern recognition receptors (PRRs) (20). Before inflammasome activation, the PAMPs/DAMPs signals first “trigger” the innate immune cells, transcriptionally upregulating interleukin (IL)-1β and inflammasome sensor expression. When the triggered cells are stimulated by additional PAMPs/DAMPs, the inflammasome complex assembles and initiates a proteolytic cascade, resulting in the hydrolysis and release of IL-1β and IL-18. Programmed cell death in inflammatory forms, called pyroptosis, usually occurs.

In the CNS, DAMPs and PAMPs are mainly expressed by macrophages, astrocytes, and microglia (21). Recognition of DAMPs and PAMPs can induce the transcription and assembly of inflammasome proteins, such that the precursor of caspase-1 is transformed into active caspase-1 via autocatalysis. Activated caspase-1 regulates the maturation as well as the release of IL-1β, IL-18, and IL-33 (22). Functionally, IL-1β and IL-18 bind to the corresponding receptor to exert their biological effects (23, 24), whereas IL-33 can promote the T-helper 2 (Th2) to release IL-13 and IL-5 (25). In non-classical activation of inflammasomes, the release of IL-1β is mainly mediated by caspases-4 and 5 (26). Consequently, the secretion of these cytokines further induces the cleavage of gasdermin D (GSDMD) and drives the cell toward pyroptosis (27). Alterations of inflammasome-related pathways have been associated with the development and progression of common immune-mediated and neurodegenerative diseases (28), such as Alzheimer’s disease (29), multiple sclerosis (30), chronic brain injury (31), stroke (31), epilepsy (32), Parkinson disease (33), spinal cord diseases (34), and amyotrophic lateral sclerosis (35).




3 Inflammasomes are involved in inflammation and immune response after SCI

SCI can disrupt the homeostasis of the spinal cord microenvironment and result in a series of pathophysiological alterations. Inflammasomes play an essential role in this microenvironmental imbalance, including a shift in the components or their targets, regulation of immune cells, and the secretion of inflammatory factors, thereby impairing regeneration and functional recovery (Figure 1).




Figure 1 | The role of inflammasome in inflammation and immune response after spinal cord injury. The activation of inflammasome is usually launched by host recognition of danger-related molecular patterns (DAMPs) or pathogen-related molecular pattern (PAMPs), which are considered as ligands for the pattern recognition receptors (PRRs). The recognition of DAMPs and PAMPs can induce the transcription and assembly of inflammasome genes, and the precursor of caspase-1 is transformed into active caspase-1 via autocatalysis, thereby resulting in the hydrolysis and release of IL-1β and IL-18, ultimately exacerbating the inflammatory response.





3.1 The role of inflammasomes



3.1.1 NLRP1 inflammasome

As the first inflammasome in the NLR family to be identified in detail, the NLRP1 inflammasome comprises ASC, NLRP1, an inhibitor of apoptosis protein called X-linked inhibitor of apoptosis protein (XIAP), caspase-1, and caspase-11 (36). Structurally, the human NLRP1 protein contains the following protein domains: a CARD, a function to find domain (FIIND), a nucleotide-binding domain (NBD), a leucine-rich repeat (LRR) domain, and an N-terminal PYD (37). NLRP1 inflammasomes have been found in microglia and motor neurons of the spinal cord (17, 38). Significantly enhanced NLRP1 and ASC immunoreactivity has been reported 6 h after moderate experimental cervical SCI, suggesting that SCI can mediate the upregulation of NLRP1 inflammasome (36). Moreover, co-immunoprecipitation of spinal cord lysates and preimmunized serum also revealed overexpression of ASC, NLRP1, and caspase-1 at 24 h after SCI. Interestingly, the cleavage of XIAP into small fragments produces N-terminal baculovirus inhibitor of apoptosis repeat (BIR)1 and BIR2 fragments, which reduce the threshold for caspase-1 activation, resulting in the secretion of IL-1β and IL-18, and aggravation of SCI (39). Additionally, XIAP also mediates innate immune signaling in a receptor interaction protein 2 (RIP2)-dependent manner (40). Vaccari et al. also reported that NLRP1, caspase-1, and ASC levels were elevated after SCI (41).




3.1.2 NLRP2 inflammasome

The NLRP2 inflammasome consists of NLRP2, ASC, and caspase-1, and was discovered in human astrocytes (42). The NLRP2 inflammasome in astrocytes can interact with the P2X7 receptor as well as pannexin-1, which is a transmembrane channel-forming glycoprotein (43). The P2X7 receptor allows the transmembrane fluxes of Ca2+ and causes cellular death and necrosis in neurodegenerative diseases (44). Pannexin-1 participates in intracellular Ca2+ overload during SCI by accelerating extracellular Ca2+ influx, thereby promoting apoptosis of spinal cord neurons (45).




3.1.3 NLRP3 inflammasome

NLRP3, an intracellular receptor, is found in neurons, microglia, and astrocytes (46). NLRP3 becomes activated in response to DAMPs and PAMPs and forms an inflammasome complex with ASC and caspase-1, which subsequently induces the activation and secretion of proinflammatory cytokines (47). The synthesis and activation of the NLRP3 inflammasome usually involve two procedures. First, the initiation of original signaling is triggered by the toll-like receptor/nuclear factor (NF)-κB pathway, increasing inflammasome transcription and promoting posttranslational modifications; this enables the regulation of the expression of NLRP3 inflammasome complexes and the precursors of IL-1β as well as IL-18 under inflammatory situation (48). Consistent with this phenomenon, Ni et al. found a high expression of toll-like receptor 4 and an increase in NF-κB DNA-binding activity at 72 h after SCI (49). The second signal exhibits far-ranging responses to various stimuli, involving the assembly and activation of inflammasome as well as the processing of IL (50). Further, asbestos, extracellular ATP, monosodium urate crystals, the bacterial pore-forming toxin nebramycin, and cholesterol crystals are all known as NLRP3 irritants (51). Huang et al. found that extracellular vesicles derived from epidural fat-mesenchymal stem cells improved neurological functional recovery after SCI, partly by inhibiting the activation of NLRP3 inflammasome (52). Hu et al. demonstrated that NLRP3-related inflammation in motor neurons was induced by microglial activation in the motor cortex, which impaired motor function recovery after SCI. Minocycline inhibited microglia activation, thus reducing NLRP3-related inflammation and promoting functional recovery after SCI (53). More recently, an increasing number of chemicals and molecules, such as trehalose (54), cannabinoid receptor-2 (55), zinc (56), melatonin (57), and dopamine (58), have been found to improve functional recovery after SCI by targeting NLRP3 inflammasome directly or indirectly.




3.1.4 AIM2 inflammasome

AIM2, a cytoplasmic double-stranded DNA (dsDNA) sensor, belongs to the hematopoietic interferon-induced nuclear 200 (HIN200) family; it contributes to the downstream signaling of ASC, which is responsive to the presence of bacterial as well as viral DNA (59). In the normal spinal cord, AIM2 is mainly observed in astrocytes, neurons, and oligodendrocytes (60). AIM2 is also found in activated microglia or macrophages and infiltrated leukocytes during SCI. Moreover, AIM2 can distinguish the DNA released from damaged cells, thereby triggering programmed cell death (61).





3.2 The role of immune cells: Microglia, macrophages, neutrophils, and astrocytes

In the CNS, microglia are the main resident macrophages, which play an important role in the process of secondary injury after SCI, especially by regulating the release of proinflammatory cytokines and chemokines (62). The number of activated microglia was shown to increase on the first day after SCI, which then continued to increase for 7 days until the number of cells stabilized between 2 and 4 weeks (63). In the early stages of SCI, activated microglia release trophic factors that promote axonal growth and regeneration at the lesion site and play a neuroprotective role by limiting lesion site enlargement (64). However, activated microglia can also induce peripheral circulating macrophages to infiltrate the injury site and express several pro-inflammatory cytokines such as IL-1α, IL-1β, and tumor necrosis factor-alpha (TNF-α) to mediate the inflammatory response (65). Both macrophages and microglia exert polarized capability with two major phenotypes, M1 and M2 (65). M1-like cells are classically activated and resemble activated microglia by exerting proinflammatory and destructive effects and producing several proinflammatory cytokines (65). Conversely, alternatively activated M2-like cells have strong protective effects that can promote tissue remodeling, wound healing, and angiogenesis. The microenvironment after SCI is detrimental to M2 macrophages, and the overexpression of TNF can inhibit the conversion of M1 to M2 (66). The ratio of M1 to M2 reflects the proportional balance in the spinal cord microenvironment; a disequilibrium in this proportion causes the release of proinflammatory cytokines, including IL-1β, IL-6, and TNF-α. The interplay between inflammasomes and microglia or macrophages has been described by several studies. Zendedel et al. found that ASC, the inflammasome adaptor protein, was predominantly expressed in microglia after SCI (46). Hu et al. demonstrated that microglial activation triggered NLRP3-related inflammation in the motor cortex after SCI (53). Liu et al. found that oxidation protein products, which served as biomarkers of oxidative stress-triggered inflammatory response after SCI, participated in NLRP3-mediated pyroptosis (67). AIM2 exerts regulatory effects in microglia, which is associated with the development of autoimmune encephalomyelitis in a mouse model (68), indicating that an interplay between AIM2 and microglia may also exist in SCI.

Neutrophils are one of the first immune cells entering the injured site after SCI (69). Infiltrating neutrophils cause damage to the blood-spinal barrier (BBB) and induce the release of many inflammatory factors, triggering a cascade of inflammatory effects (69). Various studies have shown that neuroprotective molecules can protect spinal cord tissue by inhibiting inflammasome activity, which is accompanied by reduced infiltration of neutrophils. OLT1177, a selective inhibitor of the NLRP3 inflammasome, reduced the infiltration of neutrophils and showed a protective role in SCI (70). Similar effects and mechanisms have also been observed for BAY 11-7082 or A438079 (71), topotecan (72), P2X4 receptors (73), asiatic acid (74), and polyphenols (75).

After SCI onset, astrocytes infiltrate the injured tissue, secrete several inflammatory factors, and promote fibrosis (76). Mi et al. found that silencing heat shock protein family A member 8 reduced SCI-caused damage by blocking astrocyte activation and lowing NLRP3 levels; knockdown of this protein protected astrocytes from oxygen and glucose deprivation/reoxygenation-induced injury via the blockade of NF-κB and NLRP3 inflammasome activation (77). ASC-dependent inflammasome formation, especially in resident cells of the spinal cord, including astrocytes, plays a pivotal role in the progression of secondary damage (78). Extracellular vesicles derived from the mesenchymal stem cells have the potential to regulate inflammasome activity after SCI. Moreover, extracellular vesicles stimulate neural progenitor cells and modulate astrocyte activity (79). Oligodendrocyte progenitor cells have significantly higher levels of inflammasome proteins than astrocytes, which may be associated with their high death rates after SCI (80).




3.3 The role of pro-inflammatory or anti-inflammatory cytokines

Cytokines, which can be classified as proinflammatory or anti-inflammatory mediators, are involved in neuroinflammation (81). Various cytokines such as IL-1, IL-6, TNF-α, and leukocyte inhibitory factors are associated with alterations in the microenvironment in SCI (82). When in low concentrations, several proinflammatory cytokines display protective effects by inducing the expression of neurotrophics (83); however, at higher concentrations, these cytokines also mediate the overexpression of neurotoxic genes, such as inducible nitric oxide synthase, proinflammatory proteases, and cyclooxygenase 2 (84). Moreover, IL-1 overexpression in the spinal cord facilitates vascular permeability and lymphocyte recruitment. Additionally, IL-6 promotes the infiltration and activation of macrophages and microglia (85). High levels of TNF-α are found in neurons, glial cells, and endothelial cells after SCI (86). TNF-α can enlist neutrophils to the lesions by inducing adhesion molecules such as intercellular adhesion molecule-1 and vascular cell adhesion protein-1 (87). Subsequently, the permeability of endothelial cells is altered, thereby leading to the disorder of the blood-spinal cord barrier (88). Moreover, TNF-α can induce the death of oligodendrocytes and cause demyelination (89). Generally, CNS cells maintain low IL-1β levels in the brain and spinal cord that are regulated by preassembled inflammasomes (90). Recently, it was shown that expression of NLRP3 inflammasome components increased in the spinal cord tissue of the mouse model of amyotrophic lateral sclerosis and induced superoxide dismutase 1-mediated microglial IL-1β (35).





4 The role of inflammasomes in spinal cord tumor

Aberrant activation of the inflammasomes and concurrent overexpression of their effector molecules have been observed in several malignancies (91). Inflammation is a hallmark of neurodegenerative diseases and central nervous tumors (92). SCI results in persistent inflammatory changes, which suggests that SCI may be a risk factor for central nervous tumors, especially spinal cord tumors. Therefore, in this review, we also summarized the research achievements regarding the role of inflammasomes in spinal cord tumors.



4.1 Tumorigenesis

A common feature of all cancers is their ability to continuously self-proliferate, which is primarily stimulated by inflammation-driven mechanisms (93). The release of proinflammatory cytokines, such as IL-1β and IL-18, may induce cell proliferation in a paracrine and autocrine manner during acute and chronic inflammation (94, 95). NLRP3 inflammasomes have also been reported to inhibit the function of natural killer cells in the control of carcinogenesis and metastasis (96). In addition, the NLRP3 inflammasome exerts a critical effect on tumorigenesis and may provide prognostic markers and promising therapeutic targets in patients with cancer (97). In the CNS, malignant glioma is the most common primary brain tumor with a poor prognosis. The NLRP3 inflammasome in glioma is also constitutively activated in glioblastoma multiforme cells (98). However, the underlying mechanism of the NLRP3 inflammasome in spinal cord tumorigenesis has not been fully elucidated. Further research is needed to understand the properties of the inflammasome and explore its therapeutic potential in spinal cord tumors. In addition to cytokine maturation, another consequence of inflammasome activation is the cleavage of GSDMD; the cleaved GSDMD forms membrane pores that lead to cytokine release and culminate in cell lysis (99). The exact relevance and function of pyroptosis executor GSDMD during tumorigenesis remain unclear. How these different signals are distributed in different tumor environments and ultimately integrated into different cell types requires further investigation (100).




4.2 Metastasis and angiogenesis

Tumor metastasis is an elusive process involving a series of successive events, from the spread of tumor cells from the primary lesion to the development of metastatic foci in distant organs (101). The environment of the distant metastatic target organs experiences reprogramming, primarily through the recruitment of immune cells, in favor of tumor growth. Notably, NLRP3 promotes epithelial–mesenchymal transition by enhancing transforming growth factor-β1 (TGF-β1) signaling and activating small mother against decapentaplegic (SMAD) (102, 103). Angiogenesis, a gradual process of the formation of new capillaries and blood vessels arising from pre-existing vascularity, is necessary for tumor progression (104). It is tightly modulated by multiple pro- and anti-angiogenic factors. Inflammasome complexes contribute to the regulation of angiogenesis in different tissues. IL-1β, produced by tumor cells, induces pro-angiogenic factors. IL-1β mediates the upregulation of hypoxia-inducing factor-1α to stimulate the overexpression of vascular endothelial growth factor (105). Notwithstanding these studies demonstrating the angiogenic function of IL-1β, further exploration is necessary to distinguish how different inflammasome complexes modulate the IIL-1β to regulate angiogenesis in tumors.




4.3 Immunosuppression

In response to the invading tumor cells, the immune system initiates a powerful anti-tumor reaction, and inflammatory cells flood the tumor microenvironment (TME) (106). However, cancer cells use several mechanisms to evade the immune system’s surveillance. The release of IL-1β as well as IL-18, is a universally acknowledged process for the immunosuppressive TME during the development of multiple tumors (107, 108). Bone marrow-derived suppressor cells (MDSCs) are crucial components of TME and demonstrate robust immunosuppressive activity (109). NLRP3 is crucial for accumulating MDSCs in tumors and inhibiting the anti-tumor effect of T cells. Moreover, NLRP1 inflammasome promotes the secretion of IL-18 in myeloma, thus resulting in accelerated progression (110).

In summary, the occurrence of tumor is the result of multiple factors, and long-term exposure to the inflammatory microenvironment will increases the risk of tumor development. As an important component of inflammatory response, inflammasome also involve in the occurrence and development of spinal cord tumors, as well as induce the formation of tumor blood vessels, thereby involving in metastasis. Furthermore, inflammasome may prompt the immunosuppression of TME during the development of spinal cord tumors. Although the role of inflammasome in tumors has received considerable attention, studies in spinal cord tumors are still rare. Therefore, further researches focus on the underlying mechanism of inflammasome in spinal cord tumor are quite necessary.





5 Inhibiting the inflammasome pathways

As mentioned above, the inflammasomes exert a pivotal effect on SCI. Although there are currently no approved inflammasome suppressor drugs for the treatment of SCI, many therapies are in development and show great promise (Table 1).


Table 1 | Potential therapeutic agents on inflammasome after spinal cord injury.





5.1 NLRP3 inflammasome inhibition

Methylene blue alleviates neuroinflammation post-SCI by inhibiting the activation of the NLRP3 inflammasome in microglia (111). Polydatin, a glycoside of resveratrol, can reduce the activation of the NLRP3 inflammasome and then relieve microglial inflammation, which has a neuroprotective effect on SCI (112). Wogonoside has antioxidant, anti-inflammatory, anti-allergic, and anti-tumor properties (113). Echinoside accelerates the recovery of motor function in rats after SCI by inhibiting the NLRP3 inflammasome (114). Oral glycyrrhizin inhibits NLRP3 inflammasome activation and promotes microglial M2 polarization after a traumatic SC (115). Paeonol may alleviate SCI by regulating the NLRP3 inflammasome and pyroptosis, which is a feasible clinical treatment for SCI (116). Ulinastatin significantly improves neurological function after SCI by regulating the AMP-activated protein kinase/NLRP3 inflammasome signaling pathway (117). MCC950, a small-molecule inhibitor of NLRP3, directly interacts with the Walker B motif within the nucleotide-binding NACHT domain in NLRP3, thereby impeding ATP hydrolysis and inhibiting the synthesis of NLRP3 inflammasome (118, 119). Furthermore, 3,4-methylenedioxy-β-nitrostyrene can block NLRP3-mediated ASC spot formation and oligomerization, but not NLRP3 agonist-induced potassium efflux (120). OLT1177, an orally active β-sulfonyl butyryl molecule, suppresses NLRP3 inflammasome activation. Notably, nanomolar concentrations of OLT1177 can inhibit the secretion of IL-1β and IL-18 following classical and atypical activation of NLRP3 inflammasome in vitro (121). Bigford et al. demonstrated that NLRP3 inflammasome was activated in adipose tissue and pancreas in a chronic SCI mouse model (127). Jiang et al. found that topoisomerase 1 inhibition prevented NLRP3 inflammasome activation and pyroptosis to improve recovery after SCI (128). Antioxidants improved peripheral neuropathy in a tumor-bearing mouse model by regulating spinal cord oxidative stress and inflammation (129). Compared with NLRP3, other inflammasomes have been less studied. Vaccari et al. showed that NLRP1 inflammasome proteins presented in the cerebrospinal fluid of patients with SCI and traumatic brain injury (41). Yutaka et al. found an increased expression level of NLRP2 inflammasome in the dorsal root ganglion, which was associated with inflammatory pain hypersensitivity (130).




5.2 Cytokine inhibition

Production of proinflammatory cytokines such as IL-1β is a pivotal step in the development and progression of various neurological diseases. TNF-α-stimulated gene 6 has been demonstrated to be a promising immunomodulatory target in neurodegenerative diseases (131). In terms of SCI, IL-1β has been proposed as a therapeutic target. In 2020, Tang et al. found that binding of a secretory leukocyte protease inhibitor to the promoter region of TNF-α and IL-8 inhibited the NF-κB signaling pathway, which exerts anti-inflammatory and anti-bacterial effects and promotes recovery after SCI (132). TNF is another pivotal cytokine released after SCI onset, as increased TNF expression has been demonstrated throughout the acute and chronic stages of SCI in the resident cells of spinal tissue. TNF inhibitors, such as adalimumab, infliximab, and etanercept, promoted functional recovery after SCI (122). Yuan et al. found that curcumin inhibited a novel cytokine signaling pathway (TGF-β-SOX9) and improved recovery after SCI (123).




5.3 Caspase-1 inhibition

Previous studies have demonstrated that the absence of caspase-1 can alleviate neuroinflammation and neuronal damage during SCI, which implicates the potential significance of caspase-1 inhibitors as a therapeutic target. Pralnacasan (VX-740) and its analog VX-765 are peptide-like caspase-1 inhibitors that act by covalent modification of the catalytic site of caspase-1, thereby suppressing the activation of caspase-1 and the subsequent cleavage of the precursors of IL-1β and IL-18 (124, 125). Chen et al. demonstrated that VX-765 reduced neuroinflammation in an SCI mouse model by inhibiting caspase-1/IL-1β/IL-18 (126).





6 Perspectives

Aberrantly-activated inflammasomes are involved in SCI and the development of spinal cord tumors; this process depends on several factors, such as the expression patterns and effector molecules of inflammasomes and the profile and composition of the spinal cord microenvironment. However, the current research on inflammasomes in SCI and spinal cord tumors is still scarce, with many unresolved questions, including (1) how is the inflammasome activated in SCI and spinal cord tumors?, (2) what are the effects of the other signaling molecules on the inflammasome and what is the significance of their interaction in the development of SCI and spinal cord tumors?, (3) what is the effect of inflammasome activation in different cell types post-SCI and on the progression of spinal cord tumors?, and (4) what are the effects of each inflammasome pathway on host immunity and immunotherapy? The role of inflammasome-related immune response is less studied, which may be partly due to the difficulty in creating an accurate animal model. With the development of current biotechniques, new models like organoids may be applied to investigate the detailed mechanism in SCI and spinal cord tumors. In this review, we highlight the role of inflammasomes and their effector molecules in SCI and spinal cord tumors. Targeting inflammasomes and effector molecules is expected to bring new hope for treating SCI and spinal cord tumors, which needs to be systematically and comprehensively studied.
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Background

Cerebral microbleeds (CMBs) are an early sign of many neurological disorders and accompanied by local neuroinflammation and brain damage. As important regulators of immune response and neuroinflammation, the biological behavior and role of γδ T cells after CMBs remain largely unknown.



Methods

We made a spot injury of microvessel in the somatosensory cortex to mimic the model of CMBs by two-photon laser and in vivo tracked dynamical behaviors of γδ T cells induced by CMBs using TCR-δGFP transgenic mice. Biological features of γδ T cells in the peri-CMBs parenchyma were decoded by flow cytometry and Raman spectra. In wildtype and γδ T cell-deficient mice, neuroinflammation and neurite degeneration in the peri-CMBs cortex were studied by RNAseq, immunostaining and in vivo imaging respectively.



Results

After CMBs, γδ T cells in the dural vessels were tracked to cross the meningeal structure and invade the brain parenchyma in a few days, where the division process of γδ T cells were captured. Parenchymal γδ T cells were highly expressed by CXCR6 and CCR6, similar to meningeal γδ T cells, positive for IL-17A and Ki67 (more than 98%), and they contained abundant substances for energy metabolism and nucleic acid synthesis. In γδ T cell-deficient mice, cortical samples showed the upregulation of neuroinflammatory signaling pathways, enhanced glial response and M1 microglial polarization, and earlier neuronal degeneration in the peri-CMBs brain parenchyma compared with wildtype mice.



Conclusion

CMBs induce the accumulation and local proliferation of γδ T cells in the brain parenchyma, and γδ T cells exert anti-neuroinflammatory and neuroprotective effects at the early stage of CMBs. 





Keywords: gamma-delta T cells, cerebral microbleeds, neuroinflammation, neuroprotection, live imaging




Introduction

Cerebral microbleeds (CMBs) are a significant and independent risk factor of intracerebral hemorrhage and considered as the early sign of many neurological disorders such as cognitive degeneration and stroke (1, 2). The size of CMBs varies from 5 to 240 µm in diameter. Focal hemosiderin deposition is the important pathological feature of CMBs, which is caused by the microvessel (less than 10 mm in diameter) leakage and readily recognized by magnetic resonance imaging (MRI) with very low signal intensity. In the brain, CMBs activate local neuroinflammation and oxidate stress response to damage neural tissue and function (3). There are many capillaries in the cortex, and CMBs may lead to blood clotting in the vascular lumen which subsequently affects local blood supply and causes tissue damage (4).

Studies of CMBs are mostly focused on endogenous brain cellular responses induced by active microglia and astrocytes (4, 5). Recent studies revealed that immune cells located in the dura meninges could play an important role in neurological diseases (6). The meninges are composed of dura, arachnoid, and pia structure, serve as a protective barrier for the central nervous system (CNS) as well as the bridge between the immune and the nervous system. Immune cells such as B cells, T cells, macrophages and other monocytes reside in the meninges, and are known to function in immune surveillance or mediate postnatal immune response (7). These cells may invade the brain parenchyma through the cerebrospinal fluid circulation and play a role in immune monitoring or removing harmful substances and metabolic waste from the brain in neurological diseases. In the experimental autoimmune encephalomyelitis (EAE) mouse model, autoreactive effector T cells enter the brain parenchyma by infiltrating the leptomeninges via the pial vasculature (7, 8). In severe brain hemorrhaging disease like hemorrhagic stroke, regulatory T cells are recruited from choroid plexus and express interleukin 10 (IL-10) and osteopontin to alleviate microglia activation at the acute injury stage (9, 10), and more immune cells including CD4+/CD8+ T cells, cytotoxic T lymphocytes and γδ T cells are gathered into the edema area by expressing massive inflammatory factors such as interleukin 21 (IL-21), interleukin 17 (IL-17), tumor necrosis factor α (TNF-α) or interferon-gamma (IFN-γ) to cause neuronal autophagy and apoptosis, inflammatory cascade, as well as proinflammatory differentiation of microphages at the later stage (11). On the other hand, CMBs cause minor bleeding and relative mild inflammation, but both resident glia cells and immune cells originating from the invasion of blood-borne monocytes are involved. Diverse immune responses occur within and around the lesion. Activation and proliferation of microglia and macrophages form an inflammatory microenvironment (12). It is reported that early penetration of antiviral CD8+ T cells in the mouse brain after a neurotropic virus infection alleviates CMBs induced by virus infection (13).

γδ T cells contain a small subset of T cells and participate in an immediate immune response by direct antigen recognition (14). In neurotrauma, γδ T cells are one group of the earliest immune cells arriving at the injury site (15–17). Moreover, γδ T cells in the meninges regulate the inflammatory responses during massive CNS injury by secreting typical immune factors: IFN-γ and IL-17 (18–20). Therefore, we assume that γδ T cells may be involved in the immune response and influence the pathological process in the brain after CMBs.

To test this hypothesis, we made a microvessel spot injury in the somatosensory cortex to mimic the model of CMBs by two-photon laser (21). Using TCR-δGFP/+ mice, we traced the moving trajectory and biological changes of γδ T cells after injury in vivo using a two-photon microscopy. Characteristics of γδ T cells in the brain parenchyma were studied by flow cytometry and Raman spectra analysis. The CMBs-induced neuroinflammation and brain damage were investigated by immunofluorescent staining and in vivo imaging of neuron morphology in control and γδ T cell-deficient (TCR-δ−/−) mice. RNA sequencing (RNAseq) of cortical samples disclosed the effect of γδ T cells deficiency on gene expression and signaling pathways. Our study identified the origin and biological characteristics of γδ T cells in the brain parenchyma after CMBs and demonstrated a beneficial role of γδ T cells at the early stage of CMBs.



Materials and methods



Animals

All animal experiments were approved by and performed in accordance with The Jinan University’s Institutional Laboratory Animal Care and Use Committee. All mice were C57BL/6 and the wildtype (WT) mice were purchased from Vital River Laboratory Animal Technology Co. Ltd, Beijing, China. The mice of Thy1-YFP, TCR-δ knockout (TCR-δ-/-), Tcrd-H2B-EGFP (TCR-δEGFP), TCR-α knockout (TCR-α-/-) and IFN-γEGFP were purchased from The Jackson Laboratory. The use of F1 heterozygotes from TCR-δEGFP and TCR-α-/- mice were to genetically exclude highly fluorescent false-positive cells and named as TCR-δEGFP/+ in the later section. All mice were 7–8 weeks old and weighed 17–22 g at the time of surgery. Animals were maintained under pathogen-free conditions, with a 12-h day/night cycle.




Reagents

APC anti-mouse IFN-γ (clone XMG1.2), PE-Cy7 anti-mouse CD3 (clone 145-2C11), BV421 anti-mouse TCR γ/δ (clone B1), PE anti- mouse CCR6 (clone 29-2L17), and PE anti-mouse Ki67 (clone 16A8) were purchased from BioLegend (San Diego, CA). 7AAD Viability Staining Solution were purchased from Tianjin Sungene (Tianjin, China). APC-Cy7 anti-mouse CD45 (clone 30-F11) and eFluor™ 506 anti-mouse IL-17A (clone eBio17B7) were from eBioscience. Hamster anti-mouse CD28 mAb (clone PV1) was purchased from Tianjin Sungene (Tianjin, China), rmIL-2 (CK24) from Novoprotein (Zhejiang, China), and hamster anti-mouse TCR γδ (clone UC7-13D5) purchased from BioXcell (West Lebanon, USA) were used for γδ T cell culture. The standard culture medium was RPMI 1640 (Euroclone, Milano, Italy), containing 10% fetal bovine serum (FBS) (Euroclone), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Fixation solution consisted of 0.1M phosphate-buffered saline solution (PBS) and 4% paraformaldehyde (PFA). Tissue digestion medium was High glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco), containing 4U/ml Collagenase type VIII (Sigma-Aldrich) and 50U/ml DNase I (Thermo Scientific) for the meninges, or 1U/ml Collagenase type IV (Sigma-Aldrich) and 50U/ml DNase I (Thermo Scientific) for brain tissue. BD IMag™ streptavidin particles plus - DM (BD Biosciences, USA) and biotin hamster anti-mouse γδ T-cell receptor antibody (clone GL3) were both from BD biosciences.




Preparations for brain surgery

After anesthetization, mice were subjected to intraperitoneal injection of 3% dextran rhodamine B to label blood plasma. The head of the mouse was fixed using a head holder (Narishige STS-A SG-4N). An incision of the skin/scalp approximately 1 cm in length was cut using a surgical scalpel to expose the skull in the region of occipital lobes. Thinned-skull windows were generated using a high-speed micro drill, with a diameter of 200 μm. Further grinding of the skull, using a fine microsurgical blade, brought the bone to its thinnest area. The skull was removed, and a chronic glass-covered cranial window was implanted over the cortex. Vascular topography and the blood clot formed in CMBs were used as a guide for selecting the same region in the subsequent imaging sessions.




The model of CMBs

The model was established as previously described (21). Briefly, mice were fixed on a payload platform, and femtosecond lasers were used to target a transverse capillary vessel in the cortex (80-100 μm deep from the vessel in the subarachnoid space, 5 μm in diameter), comparable to the size of the smallest bleeds in cerebral small vessel disease, rupturing the targeted vessel with short bursts of tightly focused femtosecond laser pulses with sufficient energy at the laser focus. The laser parameter was as follows: wavelength, 800 nm; frequency, 80 MHz; and pulse width, 140 (+/= 20) fs. A previous study disputed that naturally occurring microhemorrhages that caused blood clots may sometimes also occlude the vessel lumen, expecting more severe tissue damage from the resulting decrease in local blood flow (21). Therefore, we framed the radiation range slightly wider than the vessel wall. According to the output power, path loss, pass rate of the lens and software, the laser energy reaching the sample is about 20 J. Then CMB was produced in the cortex. Laser irradiation deposited relatively little total energy, so there was minimal collateral damage to the surrounding tissue from the laser itself. The ruptured wall of the targeted vessel clotted within a few seconds and restricted the size of the hematoma formed.




Single cell suspension isolated from the brain and meninges

After anaesthetization, mice were perfused by ice-cold PBS using a 20 ml syringe with a 30 G needle until exsanguinated. The heads of the mice were severed just above the shoulder. Skin and muscle were removed with fine-angled scissors and a cut from the nasal bone was made to remove the skull. After the post-tympanic hook was removed, the lower portion of the skull was carefully cut clockwise around the skull with curved scissors and discarded. Then the brain was removed out of the upper half of the skull, and the skullcap was placed in a 24-well plate with 1 ml of ice cold DMEM. The meninges were completely removed from the skull with the tip of a very fine forceps and placed in the digestive medium (DMEM with 4 U/ml collagenase VIII and 50 U/ml DNase I) in a 37°C-water bath for 15 minutes. Filtrated by a 70 μm nylon mesh cell strainer, the meningeal cell suspensions were then centrifuged at 300×g at 4°C for 10 min and resuspended in cold 0.1 M PBS (pH 7.4) for all following experiments. Meanwhile, brain tissue from the injured cortex was removed and placed in ice-cold digestive medium (DMEM with 1U/ml collagenase IV and 50 U/ml DNase I) and shaken at a rate of 300 rpm, at 37°C for 30 min, with the intact contralateral cortex as a control. Fast pipetting was done to dissociate tissue, and the brain cell suspension was centrifuged at 300×g at 4°C for 10 min and resuspended with 40% Percoll (GE Healthcare Bio‐Science AB, Uppsala, Sweden). After centrifugation at 300×g at 20°C for 15 min, immune cell clots were precipitated on the bottom of the centrifuge tube.




Flow cytometry analysis

Meningeal and brain single cells were suspended in a 24-well culture plate with 1 ml of DMEM culture medium containing 10% of FBS and treated with phorbol myristate acetate (PMA; 10 ng/ml), Golgi Plug (1:1000) and ionomycin (1 μg/ml) for 5 h (37°C, 5% CO2), then permeabilized with 0.5% (w/v) saponin. After washing with PBS, cells were labeled with cell surface staining marker at a 1:100 dilution: FITC-conjugated anti-mouse CD3, BV421 anti-mouse TCR-γδ, PE-Cy7 anti-mouse CXCR6, PE anti-mouse CCR6, and APC-Cy7 anti-mouse CD45 for 20 min at 4°C and 7AAD was added to label live cells, following detection by BD FACS Verse flow cytometry. As for intracellular and intranuclear staining, cells were intracellularly stained with APC-anti mouse IFN-γ, BV510 anti-mouse IL-17A, and PE anti-mouse Ki67 using the protocol described in Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher, 00-5523-00) staining for 30 min at 4°C and washed with PBS. Data were analyzed using FlowJo (TreeStar).




Immunofluorescent staining

For meninges lymphatic staining, skulls were trimmed into round and flat shaped parietal bones with ophthalmic scissors, then incubated in blocking solution (0.3% PBST with 5% BSA and 3% donkey serum) for 2 h followed with primary antibody mouse anti-mouse Lyve-1 (1: 200, clone ALY7, eBioscience) for 18 h at 4°C and washed with PBS thrice before staining with secondary antibody donkey anti-mouse Alexa Fluor™ Plus 594 (1:500, A32744, Invitrogen). Immunofluorescent staining of brain slices were prepared and processed as previously described (15). Briefly, mouse brains were fixed and obtained followed by cardiac perfusion with PBS and 4% PFA, and then dehydrated with gradient sucrose before being cut into 35 mm slices in the coronal plane around the injured site with a sliding microtome. Brain slices were subjected to routine immunofluorescent staining. Primary antibodies included: rabbit anti-mouse Iba1 (1:500, 019-19741, Wako), rabbit anti-mouse glial fibrillary acidic protein (GFAP; 1:500, ab7260, Abcam), rat anti-mouse CD11b (1:500, ab8878, Abcam), rabbit anti-mouse Arginase1 (Arg1; 1:300, ab91279, Abcam) or mouse anti-mouse inducible nitric oxide synthase (iNOS; 1:300, EPR16635, Abcam). The signal was disclosed by secondary antibodies: donkey anti-rabbit IgG (H+L) Alexa Fluor™ Plus 594 (1:500; A-21207, Thermo Fisher Scientific) or donkey anti-mouse IgG (H+L) Alexa Fluor™ Plus 546 (1: 500; A10036, Thermo Fisher Scientific), and donkey anti-rat IgG (H+L) Alexa Fluor™ Plus 488 (1:500; A-21208, Thermo Fisher Scientific). The meninges were soaked in PBS and imaged with a two-photon microscope (LSM780, Zeiss, Germany). Slices were sealed with fluorescent mounting medium containing DAPI (62248, Thermo Scientific) and imaged with a fluorescent microscope (Imager Z2, Zeiss, Germany).




γδ T cell culture

For expansion of γδ T cells from mice in vivo, splenic γδ T cells were sorted and expanded with anti-γδ antibodies. Briefly, γδ T cells were polarized by plate-coated anti-CD3 (10 mg/mL), soluble anti-CD28 (1 mg/mL), and IL-2 (2 ng/mL) in 1640 medium. After 6 days of proliferation of γδ T cells, positive selection was performed with the BD IMag™ Cell Separation Magnet.




Raman spectra analysis

A Renishaw in Via Raman spectrometer attached to a Leica upright microscope equipped with a 100× objective, a 633 nm laser with a laser power of 50 mw, a laser spot size of 1 μm, and a CCD detector with a spectral resolution of 0.99 cm was utilized to collect the Raman spectra of individual cells for all cell types, in which five different areas were randomly probed within a cell and the integration time for acquiring a Raman spectrum of a cell was 10 s in all experiments. A Raman spectrum of each cell type was expressed by an average of 10 cells in the scan range of 400 to 1800 cm. Raman spectroscopic data processing was performed with MATLAB and Origin software. In this study, γδ T cells were sorted by fluorescence under the microscope to measure Raman spectrum on the fifth day after CMB. Naive γδ T cells were also separated from the spleen as the control group and sorted by the same method. Each spectrum is the average of more than 10 cells. All spectra were normalized to the area to perform a direct comparison of the data. Background subtraction was also done.




Neuron tracing

To sparsely label cortical neurons, AAV9-CMV-GFP (1E+13 μg/ml, 500 nl/injection; Vigene Biosciences Branch) was injected into bilateral the motor cortex ( ± 1.5 mm lateral to the midline, 2 mm anteroposterior to the bregma, 0.2 mm in depth) respectively. The model of CMBs and in vivo imaging of labelled neurons were proceeded 3 weeks later.




Statistical analysis

The SPSS 19.0 statistical software was used to process and analyze the data and images. Data were presented as mean ± SEM. The comparisons were performed using Student’s t-test or One-way ANOVA with Tukey’s multiple comparison. The level of significance was set at 0.05.




Results



γδ T cells are recruited from dural meningeal vessels to brain parenchyma after CMBs

To study the response of γδ T cells to CMBs, γδ T cells were dynamically tracked using TCR-δEGFP/+ transgenic mice in which γδ T cells were labelled by EGFP, and the blood vessels were visualized by intraperitoneal injection of rhodamine before injury. After opening a cranial window, an injury (around 25 μm2 area) on the capillary vessel (about 5 μm in diameter) at the brain parenchymal surface of the somatosensory cortex was made by a high energy two-photon laser to mimic a model of CMBs. In vivo long-term imaging was performed using two-photon microscopy and the relative position of blood vessels was used as reference (Figure 1A). We observed a small number of γδ T cells gathering in the dural site close to the injury spot at 6 h and 1 day post injury (dpi), indicating they response rapidly to hemorrhage (Figure 1B, Supplementary Figure 1A). The number of aggregated γδ T cells increased significantly at 3 dpi, when a tubular distribution was gradually formed in the dura (Figure 1B, Supplementary Figure 1A). To verify the permeability changes of meningeal vessels, Evans blue was injected through caudal vein, showing a large amount of dye leakage to the cortex of brain parenchyma in animals with CMBs but rare in sham animals with opening cranial window only (Supplementary Figure 1B). This indicates that CMBs, but not cranial window surgery, induces the increase of blood vessel permeability.




Figure 1 | CMBs induce migration of meningeal γδ T cells to brain parenchyma. (A–E) In vivo imaging of γδ T cells (green) and blood vessels (red) after CMBs (dotted circles) using TCR-δ EGFP/+ mice. Reconstruction of stacked sections shows the distribution of γδ T cells at different days post injury (dpi) through the vertical (B) and lateral (D) view. Total γδ T cells disclosed by GFP intensity gradually increase from 1 to 5 dpi and then decrease (C); mean ± SEM, n≥3 mice). (F) Schema illustrates opening window (dotted circle) in the cranium (SSS: superior sagittal sinus, TS: transverse sinus). (G, H) Relative location of meningeal lymphatic vessels (LVs; anti-Lyve-1 immunostaining, red in left panel) and γδ T cells (green) shows that the LV closer to the injury spot (the LV indicated by drawing red line, right panel) is surrounded by more γδ T cells than that farther away from the injury site (the LV indicated by drawing blue line, right panel) (G), with a significant increase indicated by quantification of γδ T cells (H); n=3 mice, Student’s t-test, *** P<0.001). (I–K) In vivo imaging reveals the dynamic movement of γδ T cells in the brain parenchyma (I); reconstructed images indicate the moving trajectory (J), and statistical analysis shows a significant increase of moving speed at 5 dpi compared with that at 1 dpi (K); average speed indicated as the red dotted line; **** P<0.0001, Student’s t-test, n ≥ 8 mice).



After CMBs, total fluorescent intensity of γδ T cells gradually increased from 1 dpi, peaked at 5 dpi, and decreased afterwards (Figures 1B, C). The distribution of γδ T cells was readily identified in the brain parenchyma and the meninges from the lateral view (Figure 1D, Supplementary Figure 1A). Their number in the brain parenchyma peaked at 6 dpi, while peaked 1 day earlier in the meninges (Figures 1D, E). Many γδ T cells were still detectable in the meninges after 2 weeks of CMBs (Figures 1B–E), indicating a long-term residence of meningeal γδ T cells after CMBs. In contrast, no γδ T cells were observed in sham animals with opening cranial window only from 1 dpi to 5 dpi (Supplementary Figure 1C). It was reported that basal meningeal lymphatic vessels were the major routes for cerebrospinal fluid macromolecular uptake and drainage (22), and antigens from the brain parenchyma were preferentially absorbed by meningeal lymphatic vessels to activate the immune cells around and induce the response of the cervical lymphatic immune system (23). To test whether γδ T cells were also recruited through lymphatic vessels, we stained the whole meninges at 5 dpi using anti-Lyve-1 and conducted a 3D reconstruction of the lymphatic vessels (LVs). We found that most γδ T cells accumulated around the capillary branches of meningeal LVs close to the injury spot and much less surrounded the same level branches relatively farther to the injury spot (Figures 1F–H). However, no γδ T cells were observed inside the lumen of the LVs (Supplementary Figure 1D).

To study the dynamic movement of γδ T cells after CMBs, we carried out a 20-minutes continuous imaging using a two-photon microscopy. γδ T cells detached from the wall of blood vessels, rolled toward the injured site, and then penetrated down into the brain parenchyma (Figures 1I, J; Supplementary Video 1). Following heterogeneous trajectories, the average moving speed of γδ T cells was gradually increased, which was 0.0077 ± 0.0064 μm/s at 1 dpi (964 cells from 3 animals) and 0.38 ± 1.12 μm/s at 5 dpi (1219 cells from 3 animals) after CMBs, showing a significant increase at 5 dpi (Figure 1K, Supplementary Figure 1E, P<0.0001, n=3). The moving speed of γδ T cells changed in different locations and over time. At 1 dpi, the maximal moving speed of γδ T cells was 0.05 μm/s, but the percentages of γδ T cells with more than half of the maximal speed (0.025 μm/s) were not the same in different regions: 40.0 ± 3.7% in the parenchyma, 24.0 ± 2.2% in the subarachnoid space, and 17.3 ± 1.3% in the dura. Higher percentage of γδ T cells with the moving speed more than 5 μm/s was observed in the subarachnoid space compared with those in the parenchyma and dura at 5 dpi (Figure 1K).

Aforementioned results demonstrate that CMBs induce the permeability increase of the dural blood vessels, and the active γδ T cells are attracted from the dural blood vessels to invade the peri-CMBs brain parenchyma. To further confirm this, we cultured γδ T cells from TCR-δEGFP/+ mice and transplanted them to TCR-δ-/- mice via tail vein delivery. After CMBs, the numbers of γδ T cells were gradually increased in the brain parenchyma surrounding the injury site and reached the peak at 4 dpi (Supplementary Figures 2A, B).




γδ T cells in the brain parenchyma proliferate locally and secrete IL-17A

To further investigate the biological characteristics of γδ T cells, we collected brain parenchyma and meninges from the region surrounding the CMBs, brain parenchyma from the intact side, and spleen at 5 dpi. Tissues were lysed into single cells and isolated T cells were subjected to intra/extra cellular and live/dead staining for flow cytometry. The percentage of γδ T cells in CD45+ lymphocytes was less than 0.1% in the intact cortex and around 0.6% in the spleen, whereas it was significantly increased in the injured brain (more than 1%) and the meninges (more than 4%) (Figures 2A, B). γδ T cells from mouse meninges at 5 dpi were characterized by the expression of CXCR6 and CCR6 (Figures 2A–C), which was consistent with the previous report (24). High expression of CXCR6 and CCR6 (single or double positive) was also found in γδ T cells from the injured brain parenchyma, but not in the spleen or intact-side brain parenchyma (Figures 2A–C), indicating that γδ T cells of the injured brain parenchyma and meninges are homologous.




Figure 2 | Meningeal γδ T cells migrating to peri-CMBs brain parenchyma are activated to proliferate and secret IL-17A. (A) The properties of γδ T cells sorted from peri-CMBs parenchyma (Br-model), contralateral cortex (Br-ctrl), meninges and spleen (Spl) of WT mice at 5 dpi are identified by flow cytometry. (B, C) Statistical analysis of flow cytometry shows that γδ T cells are significantly increased in peri-CMBs parenchyma (B); one sample from 2-3 mice and n≥3 samples in each group) and γδ T cells of peri-CMBs parenchyma and meninges are characterized by the elevated expression of CXCR6 and CCR6 (C); DP: CCR6 and CXCR6 double positive; DN: double negative; * P<0.05; ** P<0.01; *** P<0.001; n=7, One-way ANOVA with Tukey’s multiple comparison). (D, E) High expression of IL-17A is identified in γδ T cells of peri-CMBs parenchyma by measuring mean fluorescence intensity (MFI) at 5 dpi (3 independent experiments in each group). (F–I) High expression of Ki67 is identified in parenchymal γδ T cells at 5 dpi using flow cytometry. The percentages of Ki67-positive γδ T cells derived from different tissues (F), mean fluorescence intensity of Ki67 expression (G, H) and the statistical analysis of Ki67-positive γδ T cells from peri-CMBs parenchyma, meninges and spleen (I); one sample from at least 3 mice and n≥3 samples in each group; **** P<0.0001; One-way ANOVA with Tukey’s multiple comparison). (J) Time-series snapshots at 5-min intervals shows the division of γδ T cells in brain parenchyma at 4 dpi. (K, L) The diameters of γδ T cells (green) in peri-CMBs parenchyma are significantly increased at 4 dpi compared with them at 1 dpi (blood vessels labelled by rhodamine in red; dot circles: injured sites, Student’s t-test).



IFN-γ and IL-17A are two main effectors of γδ T cells and involve in the regulation of neuroinflammation in CNS diseases (15, 18). The ratio of IL-17A+ γδ T cells was dramatically increased in the meninges and parenchyma compared with those from spleen (Figures 2D, E). Higher proportion of IL−17A+ γδ T cells was found in the peri-CMBs parenchyma compared with IFN-γ+ γδ T cells after the stimulation of PMA and ionomycin (Supplementary Figures 3A–D), while the expression of IL-17A was extremely low in cells without stimulation (Supplementary Figures 3E–G), proving γδ T cells were further stimulated and activated into γδ T17 in the parenchyma.

Ki67 is a typical marker of cell proliferation. Here we used Ki67 to present the proliferation rate of γδ T cells from spleen, meninges and brain parenchyma with flow cytometry. The percentage of Ki67+ γδ T cells was 98.9% in the injured brain tissue, 2.03% in meninges and 4.07% in the spleen (Figures 2F, I) and the mean fluorescence intensity of Ki67 expression showed the similar change (Figures 2G, H), suggesting that γδ T cells in the injured site are in exuberantly proliferative state. In live animals with in vivo imaging, we also captured the process of γδ T cells dividing and morphological change in the injured parenchyma by two-photon microscopy at 1 dpi or 4 dpi (Figures 2J, K; Supplementary Videos 2, 3). The diameters of γδ T cells were significantly increased at 4 dpi compared with those at 1 dpi (P<0.0001, Figure 2L), indicating a higher activation state at the later stage of CMBs.




Raman spectra shows CMBs-recruited γδ T cells in an active state of transcription and lipid metabolism

The process of cell proliferation and migration requires material synthesis and energy supply, accompanied by changes in cell components. When the photons of the excitation light interact with the specific chemical bonds or groups contained in the molecules, the photon frequency changes can be detected by Raman spectra as characteristic peaks. According to this theory, Raman spectra is generally used to disclose cell components and functional states (25). We compared the major substances in sorted single γδ T cells from the meninges, injured brain parenchyma, and spleen at 5 dpi using Raman spectra. All samples from different tissues showed a typical spectra of 1001 cm-1 (Figure 3A), a characteristics of cells enriched in phenylalanine (26). Spectral subtraction between parenchymal or meningeal and splenic γδ T cells showed the decreased peak at 785 cm-1 and 1098 cm-1 (Figure 3B), representing a unwinding state of nucleic acids for active transcription (25, 27), and the increase of the spectra peak of 1437-1471 cm-1 (Figure 3B) reflected CH deformation of lipids/protein associated with transcriptive process (25, 27). These results indicate γδ T cells in the brain parenchyma and meninges are responsive and considerably activated after CMBs.




Figure 3 | The components and functional state of γδ T cells are analyzed by Raman spectra and flow cytometry respectively. (A) Raman spectra of γδ T cells isolated from spleen (I), peri-CMBs brain parenchyma (II) and meninges (III) at 5 dpi. (B, C) The differential Raman spectrum of γδ T cells in meninges (Men) and spleen (Spl), brain parenchyma (Br) and spleen, brain and meninges. (C) Raman spectra showing characteristic peaks of saturated fatty acids (890cm-1, 1130cm-1, 1277cm-1) in peri-CMBs cortical tissues at 5 dpi. (D, E) Flow cytometry uncovers the percentages of CD36- or CD44-positive γδ T cells from the meninges, peri-CMBs parenchyma and spleen (D), and statistical analysis shows high expression of CD44 and CD36 in γδ T cells from the meninges and peri-CMBs parenchyma compared to those from the spleen (E). γδ T cells are gated on singled, lived, and CD45+ lymph cells. Each sample from 2 to 4 mice; n≥3 samples in each group; *** P<0.001, **** P<0.0001; One-way ANOVA with Tukey’s multiple comparison.



To further analyze the specific components of γδ T cells infiltrated in the brain parenchyma, we subtracted the spectra of γδ T cells in the meninges from the brain parenchyma. Differential spectrum showed that peaks at 890cm-1, 1277 cm-1 and 1130 cm-1, representing the levels of C-O-O skeleton, δ (a helical structure of =CH) and saturated fatty acid chain of triacylglycerols respectively (28), were significantly increased in brain parenchymal  γδ T cells (Figure 3C). In addition, the peak at 1473 cm-1 representing ring DNA and RNA was also increased in brain parenchymal γδ T cells (Figure 3C), indicating the changing form of DNA or RNA molecules in γδ T cells during invasion.

Lipids are one of the most important constituents of brain tissue, and are extensively involved in intracellular signaling processes (29). Moreover, accumulated studies showed the phagocytic capacity of γδ T cells for particles and antigens (30–32). To meet the requirement of energy-demanding and formation of new cellular components such as membranes, DNA, and proteins for increased cell size and proliferation, T cells are heavily dependent on extra and intracellular fatty acid content for their function (33). We collected brain parenchymal samples in the region with microvessel lesion at 5 dpi for Raman spectra. The characteristic peaks of saturated fatty acids (890cm-1, 1277 cm-1 and 1130 cm-1) were remarkable (Figure 3C), indicating that these tissues contain enriched fatty acids to support the lipid metabolism or produced by endocytosis process of brain parenchymal γδ T cells during proliferation and migration.

To confirm the result in Raman spectra, we proceeded flow cytometry to analyze the meningeal, splenic and parenchymal γδ T cells using antibodies including anti-CD36 (clone HM36), a lipid transport receptor of T cells, and anti-CD44 (clone IM7) as an activation marker (34, 35). Higher expression of CD36 was identified in γδ T cells from the meninges and brain parenchyma compared to those from the spleen (Figures 3D, E). In addition, most meningeal and parenchymal γδ T cells (nearly one hundred percentage) were positive for CD44 (Figures 3D, E). The results indicate that γδ T cells in the meninges and brain parenchyma are activated by CMBs and act as the scavenger of lipids.

Taken together, the Raman spectrum analysis demonstrates that γδ T cells from lesioned brain parenchyma are enriched in the components for cell metabolism and nucleic acid synthesis, supporting their proliferation and migration, and γδ T cells from the lesioned brain parenchyma share the similar characteristics with cultured γδ T17 cells, the origin of IL-17A secretion.




γδ T cell deficiency enhances local neuroinflammation after CMBs

Given that γδ T cells were highly activated in the parenchyma after CMBs, we further studied their role in the neuroinflammatory response by comparing the RNA-seq data of brain tissues from wildtype (WT) and γδ T cell deficient (TCR-δ-/-) mice at 5 dpi (Figure 4A). There were 57 differentially expressed genes (DEGs) between two groups, 18 DEGs with upregulation and 39 DEGs with downregulation in mutant samples (Figures 4A, B). KEEG pathway analysis showed that the most abundant DEGs were clustered into immune response signaling pathways such as chemokine signaling, cytokine-cytokine receptor interaction and NF-κB signaling (Figure 4C). The gene-set enrichment analysis showed the increase of NF-κB signaling and chemokine signaling in γδ T cell deficient samples compared with WT samples (Figures 4D, E).




Figure 4 | γδ T cells deficiency enhances inflammatory signaling pathways after CMBs. RNA-seq of peri-CMBs cortical samples from WT and TCR-δ-/- mice at 5 dpi. (A) Heatmap of gene expression in two groups. (B) Heatmap showing fold changes of differentially expressed genes between two groups. (C) KEGG pathway analysis of differentially expressed genes. (D, E) Gene set enrichment analysis (GSEA) showing the upregulation of NFκB and chemokine signaling pathways in TCR-δ-/- mice compared with WT mice (n=4 mice, 2 mice in one sample, P value of log2 (ko/wt) < 0.05).



To further investigate the role of γδ T cells involved in neuroinflammation after CMBs, we prepared brain sections for anti-Iba1 immunofluorescent staining from WT and TCR-δ-/- mice at 5 dpi. Increased active microglia were visible surrounding the lesion areas compared to the intact sides in both groups (Figures 5A, B). Statistic showed a significant increase of Iba1-immunoreactive density in the mutant compared to the WT on the injury side (Figure 5B). Similarly, more reactive astrocytes were found surrounding the lesion region in γδ T deficient animals after CMBs as shown in anti-GFAP immunostaining (Figures 5C, D). Tridimensional reconstruction of microglia and astrocytes in surrounding the lesions showed the significant increases of their volumes in TCR-δ-/- mice compared to WT mice (Figures 5E–H). Double immunofluorescent staining of CD11b (a marker for macrophage) with anti-iNOS (a marker for M1 microglia) or anti-Arg1 (a marker for M2 microglia) showed the significant increase of M1 macrophages and a significant decrease of M2 macrophages in the lesioned cortex from the TCR-δ-/- compared to the WT (Figures 5I–K).




Figure 5 | γδ T cells deficiency increases glial response and macrophage polarization in the cortex after CMBs. Immunofluorescent staining of cortical sections from WT and TCR-δ-/- mice at 5 dpi. (A, B) Anti-Iba1 immunostaining (red) shows increased active microglia surrounding the injury sites compared to the intact sides in both groups (A), and the average fluorescence intensity are significantly higher in TCR-δ-/- mice compared to WT mice on the injury side (B); * P<0.05, **** P<0.0001; One-way ANOVA with Tukey’s multiple comparison; n≥3 per group). (C, D) Similar increase of astrocyte response is identified in TCR-δ-/- mice in anti-GFAP immunostaining (C), statistical analysis of average fluorescence intensity (D); ** P<0.01, **** P<0.0001; One-way ANOVA with Tukey’s multiple comparison; n≥3 mice in each group). (E–H) Tridimensional reconstruction analysis show the significant increases of reactive microglia and astrocyte volumes in TCR-δ-/- mice compared to WT mice, respectively (**** P<0.0001; Student’s t-test). (I–K) Anti-CD11b double immunostaining with anti- Arg1 or anti- iNOS discloses M2 and M1 macrophages in the peri-CMBs regions respectively (I). Statistical analysis of cell densities shows a decrease of M2 (anti-inflammatory) macrophages (J) and an increase of M1 (pro-inflammatory) macrophages (K) in TCR-δ-/- mice compared with WT mice (**** P<0.0001; Student’s t-test; n≥3 mice in each group; DAPI counterstained nuclei in blue; Hippo, Hippocampus; Ipsi, ipsilateral side; Contra, contralateral side).



Thus, γδ T cell deficiency induces an aggravated inflammatory reaction during the early stage of CMBs and aggregated γδ T cells in injured brain parenchyma contribute to anti-neuroinflammation.




γδ T cell deficiency accelerates CMBs-induced neuron degeneration in the cortex

CMBs are an early sign of brain damage. To identify the effect of CMBs on cortical neurons, we in vivo imaged neurites of pyramidal neurons surrounding the lesion using Thy1-YFP transgenic mice. Using a two-photon microscopy, scanned images showed that abundant GFP-labelled neurites were intermingled with cerebrovascular vessels traced by rhodamine (Figure 6A). At 4 dpi of CMBs, many YFP-positive degenerating neurite bubbles appeared surrounding and above the injury site, whereas rare of them were visualized at 0, 1 or 2 dpi (Figures 6B, C). The result indicates that CMBs induce a later, but not an immediate onset of neuron degeneration in the cortex.




Figure 6 | γδ T cells deficiency accelerates CMBs-induced neuron degeneration. (A–C) In vivo imaging of pyramidal neurons surrounding the injury site (dotted circles) at different timepoints after CMBs using Thy1-YFP mice. From lateral and vertical view, reconstruction of stacked sections (B) and statistical analysis (C) shows abundant degenerating neurite bubbles at 4 dpi, but very rare before 4 dpi (blood vessels labelled by rhodamine in red; enlarger images in B from rectangular frames upper respectively; *** P<0.001, **** P<0.00001; One-way ANOVA with Tukey’s multiple comparison; n=3 mice in each group). (D, E) Spare neurons in the cortex are labelled using AAV9-CMV-GFP virus in WT and TCR-δ-/- mice. Neurites are well defined with no degenerating bubbles before CMBs in both groups. Many degenerating neurite bubbles are visible in the TCR-δ-/- at 1 dpi of CMBs, but a few in the WT (D); arrows in the insets). Statistics shows a significant increase of degenerating neurite bubbles in the mutant (E; * P<0.05; Student’s t-test; n=3 mice in each group).



To better visualize morphology of single neurons in the cortex, the virus of AAV9-CMV-GFP was injected into the cortex, and CMBs were made 3 weeks later using a two-photon microscopy. Scanned images readily showed neurites of sparsely labeled cortical neurons in WT and TCR-δ-/- mice before CMBs (Figure 6D). At 1 dpi of CMBs, rare degenerating neurite bubbles were identified surrounding the lesion in WT animals, but many of them were seen in TCR-δ-/- mice (Figure 6D). Statistic showed a significant increase of neuron degeneration in γδ T cell deficient mice (Figure 6E). Thus, γδ T cells deficiency enhances CMBs-induced neuron damage and recruited γδ T cells may play a neuroprotective role after CMBs.




Discussion

In this study, we decoded the origin, biological properties, and roles of γδ T cells in the parenchyma at the early stage after CMBs. Our main findings include: (i) CMBs induce the accumulation of γδ T cells in the brain parenchyma from dural vessels by passing through the meningeal structures; (ii) γδ T cells are in the active state undergoing proliferation and movement locally in the brain parenchyma; (iii) γδ T cells mainly secrete IL-17A in the brain parenchyma; (iv) γδ T cells in the brain parenchyma have a beneficial role of anti-neuroinflammation and neuroprotection.

The meninges are a unique interface between the peripheral vasculature and the brain parenchyma, where peripheral γδ T cells are recruited and aggregated (36, 37). However, the function of meningeal γδ T cells in brain hemorrhage is blurry (38). The intact cortex is free of γδ T cells because the meningeal structures prevent their invasion into the brain parenchyma. Using a two-photon microscopy, we readily traced the movement of γδ T cells in vivo after CMBs. Based on the anatomical structure, γδ T cells subsequently pass through the dura, the arachnoid, the subarachnoid space, the pia, and finally invade the parenchyma surrounding the lesioned microvessel. This prediction is supported by the dynamic change of γδ T cell distribution: few at 0 dpi, some inside and outside of the dural vessels above the injury site at 1dpi, increasing cells scattered in the parenchyma and the meningeal structure thereafter. Imaging in vivo discloses the moving trajectory of single γδ T cells after CMBs, showing that their moving velocity is gradually increased. The peak of γδ T cell density in the parenchyma is one day later than that in the meninges, and this attributes to the time cost of γδ T cells movement from the dura to the parenchyma. Furthermore, flow cytometry shows that γδ T cells in the brain parenchyma share the same property of those in the meninges by the expression of CXCR6 and CCR6 (24) (Figure 2A). The CMBs in the brain parenchyma may activate the response of the dural microvessel to increase the permeability as shown in Evans blue staining and induce the recruitment of γδ T cells to the lesion, which should be due to the CCR6/CXCR6-mediated chemotactic effect. The relative location of γδ T cells and lymph vessels studied by double immunostaining indicates that parenchymal γδ T cells are not transported through the lymphatic vessels. Thus, our study demonstrates that the CMBs recruit γδ T cells from the dural blood vessels to the brain parenchyma. This is consistent with a previous report that dural blood vessels were the main route for immune cells to enter the meninges and cerebrospinal fluid in EAE models (37).

Peripheral macrophages may be recruited and proliferate in the peri-CMBs region to involve the brain response to a single bleed (12). Here we found similar features of γδ T cells. CMBs-recruited γδ T cells in the brain parenchyma undergo local proliferation, which biological behavior is supported by the following studies. Firstly, the diameters of parenchymal γδ T cells are significantly increased from 1 dpi to 4 dpi of CMBs, and the cell division is captured by in vivo imaging using two-photon microscopy. Secondly, the percentage of active γδ T cells is much higher in the lesioned parenchyma than those from the meninges, the spleen and the intact brain parenchyma, and flow cytometry shows that most γδ T cells (more than 98%) are positive for Ki67, indicating they are in the proliferative state. Thirdly, the components of the parenchymal γδ T cells 5 dpi of CMBs are decoded by Raman spectra analysis, showing they are in highly active state and enriched in substances for energy metabolism and nucleic acid synthesis. These results suggest that recruited γδ T cells in the brain parenchyma are further stimulated by the microenvironment to proceed proliferation and give birth to numerous new γδ T cells.

Neuroinflammation is the important pathological characteristics of brain damage, and the inflammatory response including the invasion of blood-borne leukocytes, the migration and proliferation of brain-resident microglia, and the activation of astrocytes would persist for weeks at the trauma site (39, 40). Our study indicates that CMBs-induced γδ T cells alleviate the local neuroinflammation in the brain parenchyma. RNAseq analysis of cortical samples shows the increase of the inflammatory signaling pathways from γδ T cell deficient mice compared to WT mice. Glial response is the indicator of neuroinflammation, and the CMBs induce the proliferation of astrocytes and microglia in the cortex. The cell density of reactive astrocytes and microglia is significantly enhanced in γδ T cell deficient mice compared to WT mice. Active microglia are the main source of macrophages in the injured brain, which are classified into proinflammatory M1 and anti-inflammatory M2 phenotypes. Immunostaining against iNOS and Arg1 (makers for M1 and M2 respectively) indicates that γδ T cell deficiency results in an increase of M1 macrophages and a decrease of M2 macrophages in the injured cortex after CMBs. All these results support that the recruited and proliferated γδ T cells in the brain parenchyma alleviate local neuroinflammation at the early stage of CMBs.

γδ T cells play an important role in regulating neuroinflammation through two main effectors of IFN-γ and IL-17A (15, 18). However, the effect of γδ T cells and their effectors on inflammation regulation and neurological outcomes remain controversial (38). Both beneficial and detrimental function of γδ T cells-derived IFN-γ in neuroinflammation are reported (41–43). It is reported that Vγ4 γδ T cells-derived IL-17A is involved in evoking the inflammatory cascade in the ischemic stroke (44). In the CNS injury models, the role of IL-17A is reported detrimental, which expression is induced by active microglia/macrophages-derived IL-23 at the secondary injury stage (19, 45), whereas IL-17A is also reported to benefit the survival and differentiation of neural precursor cells, and functional recovery of stroke at the delayed phases (46). The effects of γδ T cells may be dependent on the injury severity and the immune microenvironment. In the minor injury, our study shows that IL-17A+ γδ T cells are the main cell type in the brain parenchyma after CMBs and they play a beneficial role. After CMBs, γδ T cells in the brain parenchyma are active and maintain the ability of lipid fragment assimilation characterized by high expression of CD44 and CD36, which are the activation marker and lipid transport receptor respectively (34, 35).

CMBs result in the penetration of different cytokines into the brain parenchyma and are the early sign of the brain damage. With two-photon in vivo imaging, neuronal degeneration, manifested as degenerating dendritic bubbles, emerged in large numbers in the peri-CMBs region at 4 dpi, rare at the earlier timepoints. This should be due to CMBs-induced secondary damage to neurons. However, the onset of CMBs-induced neuron degeneration appears earlier (at 1 dpi) in γδ T cells deficient mice compared to WT mice. This further confirms that CMBs-induced γδ T cells in the parenchyma have a beneficial role of neuroprotection.

In conclusion, CMBs induce the accumulation of γδ T cells in the brain parenchyma where γδ T cells proliferate locally, absorb lipid, secrete factors, and play the roles of anti-neuroinflammation and neuroprotection (summarized in Figure 7). Modulation of γδ T cells is a potential strategy for preventing the early brain damage after CMBs.




Figure 7 | Summary of CMBs-induced γδ T cells in the brain parenchyma. Using a two-photon microscopy, a spot injury of the microvessel is made to mimic a model of CMBs, and the dynamic behaviors of γδ T cells are monitored. After CMBs, γδ T cells are recruited to the peri-CMBs brain parenchyma from the dural blood vessels and proliferate locally with an elevated lipid metabolism. γδ T cells secret IL-17A and play the roles of anti-neuroinflammation and neuroprotection at early stage of CMBs.
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Mounting evidence indicates that inhibition of microglial activation and neuronal pyroptosis plays important roles in brain function recovery after subarachnoid hemorrhage (SAH). LDC7559 is a newly discovered gasdermin D (GSDMD) inhibitor. Previous studies have demonstrated that LDC7559 could inhibit microglial proliferation and pyroptosis. However, the beneficial effects of LDC7559 on SAH remain obscure. Based on this background, we investigated the potential role and the mechanism of LDC7559 on SAH-induced brain damage both in vivo and in vitro. The findings revealed that microglial activation and neuronal pyroptosis were evidently increased after SAH, which could be markedly suppressed by LDC7559 both in vivo and in vitro. Meanwhile, LDC7559 treatment reduced neuronal apoptosis and improved behavior function. Mechanistically, LDC7559 decreased the levels of GSDMD and cleaved GSDMD after SAH. In contrast, nod-like receptor pyrin domain-containing 3 (NLRP3) inflammasome activation by nigericin increased GSDMD-mediated pyroptosis and abated the beneficial effects of LDC7559 on SAH-induced brain damage. However, LDC7559 treatment did not significantly affect the expression of NLRP3 after SAH. Taken together, LDC7559 might suppress neuronal pyroptosis and microglial activation after SAH by inhibiting GSDMD, thereby promoting brain functional recovery.
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1 Introduction

Subarachnoid hemorrhage (SAH) is still a catastrophic stroke with high morbidity rate (1). Although therapeutic interventions for SAH have made great progress, most SAH survivors still experience long-term physical and neurological deficits. SAH involves a variety of pathogenic mechanisms. A considerable number of preclinical and clinical studies have observed that the early robust neuroinflammation might explain the poor outcome after SAH (2–6). Microglia, the primary innate immune cells in the brain, plays a critical role in immune response. After hemorrhage, microglial activation can induce the release of pro-inflammatory mediators to further exacerbate neuroinflammation (7, 8). Thus, diminishing cerebral inflammation and inhibiting microglial activation would improve brain recovery after SAH, but effective therapies are lacking.

Evidence indicates that different forms of cell death can occur in pathological processes of inflammatory response. In addition to common cell death, pyroptosis can be driven by inflammatory processes (9, 10). Gasdermin D (GSDMD) is the inducer of pyroptosis. Activated inflammatory caspases can cleave GSDMD and release an amino (N)-terminal effector domain (GSDMD-N). GSDMD-N could rupture cell membranes and induce membrane pore formation and inflammatory cytokines secretion (11). Nod-like receptor pyrin domain-containing 3 (NLRP3) inflammasome is the currently best studied inflammasome in various disease models. Upon stimulation, NLRP3 inflammasome activation could trigger caspase-1 to cleave GSDMD, thereby initiating GSDMD-N-mediated pyroptosis (12–14). In SAH area, mounting evidence has indicated that inhibiting NLRP3 inflammasome and pyroptosis could improve neurological outcomes after SAH (15–18). These suggest that inhibiting NLRP3/caspase-1/GSDMD might be a means to treat SAH.

LDC7559 is a newly GSDMD selective inhibitor. Previous studies have indicated that LDC7559 could block the GSDMD-N domain, thereby suppressing inflammation (19, 20). A recent study by Yu et al. reported that LDC7559 can suppress pyroptosis and inhibit neuroinflammation by suppressing GSDMD after traumatic brain injury (TBI) both in vivo and in vitro (21). However, the potential role of LDC7559 in SAH remains unknown. Based on this background, we tried to explore whether LDC7559 can inhibit microglial activation and pyroptosis after SAH and the potential mechanisms both in vivo and in vitro SAH models.




2 Materials and methods



2.1 Animals and in vivo model

Adult male Sprague-Dawley rats (weighing 230-280 g) were used in our study. Rat model of SAH was built in accordance with previous published method (22). Before SAH, anesthetization was administered with 1% sodium pentobarbital. A marked filament (4-0) was used to puncture the origin of the left middle cerebral artery. Sham-operated rats received the same treatment, but not with vessel perforation. In vivo experiments, rats were randomly allotted to sham group (n= 18), SAH + vehicle group (n= 22, 4 animals died), SAH + LDC7559 group (n= 60, 6 animals died), and SAH + LDC7559 + nigericin group (n=21, 3 animals died). Investigators blinded to the experimental groups performed experimental analyses.




2.2 Cell culture

Primary neurons and microglia were dissociated from rat pups (postnatal days 0-1) and cultured as previously described (23). Primary cortical neurons were seeded in poly-D-lysine-coated plates and maintained in neurobasal media containing B27 and glutamate. Primary microglia were cultured in Dulbecco’s modified Eagle Medium (DMEM, GIBCO). The co-culture system was supplemented with DMEM with 10% FBS. In vitro experiments, primary cortical neurons and microglia were exposed to 10 μM hemoglobin (Hb).




2.3 Drug administration

In vivo, LDC7559 (MedChemExpress) was diluted in 10% DMSO and 90% corn oil before use. LDC7559 (10, 20, or 30 mg/kg) or vehicle was treated at 2 h after SAH by intraperitoneally administration and then once a day. Nigericin (MedChemExpress, 2 μg) was prepared in 2 μl ethanol and physiologic saline and was intracerebroventricularly administered at 2 h before SAH. For experiments in vitro, three different doses of LDC7559 (5, 25, or 50 μM) was dissolved in culture medium. Nigericin (5 µM) was added into culture medium after Hb stimulation. The concentrations and administration routes of LDC7559 and nigericin were based on previous studies (21, 24).




2.4 Cell viability assay

A commercial cell counting kit-8 (CCK-8) assay was used to detect cell viability. According to the instructions (Beyotime Biotechnology, China), cells were incubated with CCK-8 reagent. The optical density was measured at 450 nm.




2.5 Tissue processing

After rats were deeply anesthetized, the animals were transcardially perfused with phosphate buffer solution at room temperature. The fresh inferior basal temporal lobe was employed for western blotting and ELISA assay. For histological studies, brains were immersed in 4% paraformaldehyde overnight. After brain samples were transferred sequentially into different sucrose solution (15%, 25% and 35%), they were sectioned into 8-μm coronal sections. The brain sections were kept in refrigerater at -20°C.




2.6 ELISA assay

After sample preparation, we determined the expressions of IL-1β, IL-6, and IL-18 using the respective commercial kits (Multi Sciences. China). The expressions of these cytokines were calculated based on the instructions.




2.7 Western blot analysis

After sample preparation, the same mass of sample was separated by SDS-PAGE gels. After they were transferred to PVDF membrane, the membranes were incubated with diluted specific antibodies overnight at 4°C. Then, they were incubated with appropriate secondary antibodies. Protein signals were analyzed with Image J software. Antibodies used for western blot can be seen in Supplementary Material.




2.8 Immunofluorescence staining

Immunofluorescence staining was carried out by standard procedures (25, 26). Briefly, frozen brain sections and cells were fixed with 4% paraformaldehyde. After blocking, the slides were stained with primary antibodies and appropriate secondary antibodies. 4,6-diamidino- 2-phenylindole (DAPI) was employed to indicate the nuclei. A fluorescence microscope was employed for fluorescence detection. Antibodies used for immunofluorescence staining can be seen in Supplementary Material.




2.9 TUNEL assay

TUNEL was conducted in line with the manufacturer’s protocol (Beyotime Biotechnology). Frozen brain sections and cells were incubated with the NeuN antibody, and then with a TUNEL reaction solution. After washing, they were stained with DAPI. Brain sections and cells were observed with a fluorescence microscope.




2.10 Behavior function

The neurologic deficits of SAH rats were determined by using a previous published method (27). A lower score suggests more severe deficits. To further evaluate the motor deficits after SAH, the beam-balance score test was performed according to previous studies (6). Behavior functions were recorded in a blinded manner.




2.11 Statistics

All data are expressed as mean ± SD. Comparisons between groups were determined by one-way analysis of variance with Bonferroni post hoc test. The GraphPad Prism 8 software was employed for all statistical analysis. Probability value <0.05 was considered significantly different.





3 Results



3.1 LDC7559 treatment mitigated neurological impairment after SAH

There was no significant difference in the average SAH grading scores (Figure 1A). The Modified Garcia test and beam-walking test were used to determine the effects of LDC7559 on short-term neurological impairments. As shown, SAH insults induced a significant neurological deterioration compared with the sham group. LDC7559 treatment dose-dependently improved neurological deficits and motor function compared with the vehicle-treated SAH group (Figures 1B–E). In addition, brain water content showed that LDC7559 treatment at both 20 mg/kg and 30 mg/kg significantly reduced brain edema as compared with the SAH group (Figure 1F). Based on these results, 20 mg/kg LDC7559 was adopted as the optimum dose. Nigericin, a potent NLRP3 activator, was further employed in this experiment. Our data further revealed that nigericin aggravated neurological impairments and brain edema after SAH and abated the cerebroprotective effects of LDC7559 against SAH (Figures 1B–E).




Figure 1 | LDC7559 improved short-term neurological outcome after SAH. (A) SAH grading scores in all experimental groups (n = 6 per group). Quantification of the modified Garcia score (B) and beam-walking test (C) at 24 h post-SAH (n = 6 per group). Quantification of the modified Garcia score (D) and beam-walking test (E) at 72 h post-SAH (n = 6 per group). Measurement of brain edema in all groups at 24 h post-SAH (F) (n = 6 per group). Values are presented as the mean ± SD. @P < 0.05 compared with sham group, *P < 0.05 compared with SAH + vehicle group, &P < 0.05 compared with SAH + 20mg/kg LDC7559 group.






3.2 LDC7559 treatment inhibited microglial activation and inflammatory response following SAH

Microglial activation is essential to neuroinflammation after SAH. A previous study reported that LDC7559 can inhibit microglial proliferation and activation after TBI (21). In time, the pro-inflammatory cytokines release after TBI were decreased by LDC7559. We speculated that LDC7559 can also ameliorate microglial activation as well as the subsequent inflammatory response. The immunofluorescence staining results showed that microglial activation was significantly induced after SAH, which could be dose-dependently suppressed by LDC7559 (Figures 2A, B). In addition, SAH insults markedly triggered the levels of IL-1β, IL-6, and IL-18 in the brain samples, which could be decreased by LDC7559 (Figures 2C–E). In contrast, nigericin further aggravated microglial activation and abated the anti-inflammatory effects of LDC7559 against SAH (Figures 2A–E).




Figure 2 | LDC7559 mitigated microglial activation and neuroinflammation after SAH. Representative brain sections (A) and measurement of Iba-1 staining (B) (n = 6 per group). Scale bar = 50 μm. Measurement of IL-1β (C), IL-6 (D), and IL-18 (E) expressions (n = 6 per group). Values are presented as the mean ± SD. @P < 0.05 compared with sham group, *P < 0.05 compared with SAH + vehicle group, &P < 0.05 compared with SAH + 20mg/kg LDC7559 group.






3.3 LDC7559 treatment inhibited neuronal pyroptosis and neuronal apoptosis following SAH

Evidence indicates that neuronal apoptosis and neuronal pyroptosis play determinant roles in the poor outcome after SAH. Pyroptosis is a recently discovered cell death form, which can be driven by inflammatory processes. Studies have demonstrated that pyroptosis is characterized by GSDMD-mediated. Inhibiting neuronal apoptosis and neuronal pyroptosis have been shown to improve neurological outcomes after SAH. LDC7559 is a newly selective GSDMD inhibitor. We then evaluated the influence of LDC7559 on neuronal apoptosis and pyroptosis. The data revealed that SAH significantly induced the number of GSDMD-positive and TUNEL-positive neurons, which could be markedly inhibited after LDC7559 (Figures 3A–D). However, the beneficial actions of LDC7559 on neuronal apoptosis and neuronal pyroptosis were abated by nigericin administration (Figures 3A–D).




Figure 3 | LDC7559 mitigated neuronal apoptosis and pyroptosis following SAH. Representative immunofluorescence microphotographs of GSDMD-positive neurons (A) in the ipsilateral hemisphere. Scale bar = 50 μm. Measurement of GSDMD-positive neurons in the ipsilateral hemisphere (B) (n = 6 per group). Representative immunofluorescence microphotographs of TUNEL-positive neurons (C) in the ipsilateral hemisphere. Scale bar = 50 μm. Measurement of TUNEL-positive neurons in the ipsilateral hemisphere (D) (n = 6 per group). Values are presented as the mean ± SD. @P < 0.05 compared with sham group, *P < 0.05 compared with SAH + vehicle group, &P < 0.05 compared with SAH + 20mg/kg LDC7559 group.






3.4 LDC7559 treatment inhibited GSDMD-mediated signaling after SAH

NLRP3 inflammasome could trigger caspase-1 activation and subsequently induce IL-1β and IL-18 maturation. Additionally, activated caspase-1 exerts an important role in the intersection of the pyroptosis and the apoptosis pathways. Pyroptosis is characterized by GSDMD-mediated. Caspase-1 has been demonstrated not only to modulate GSDMD activation but also affect caspase-3 activation-mediated neuronal apoptosis. We further evaluated the effects of LDC7559 on NLRP3/caspase1/GSDMD signaling after SAH. It revealed that SAH significantly induced the activation of NLRP3/caspase1/GSDMD signaling. In contrast, LDC7559 treatment markedly inhibited the expressions of GSDMD and cleaved GSDMD after SAH (Figures 4A–H). However, LDC7559 did not significantly affect the levels of NLRP3 and caspase1. Nigericin was further used to activate NLRP3 inflammasome signaling. As expected, nigericin significantly induced NLRP3/caspase1/GSDMD signaling and abated the inhibitory effects of LDC7559 on GSDMD after SAH (Figures 4A–H).




Figure 4 | LDC7559 Treatment Inhibited GSDMD-mediated Signaling after SAH. Representative western blot bands (A) and quantification of the protein levels of NLRP3 (B), caspase-1 (C), cleaved caspase-1 (D), GSDMD (E), and cleaved GSDMD (F) (n = 6 per group). Representative immunofluorescence microphotographs of NLRP3 staining (G) in the ipsilateral hemisphere. Scale bar = 50 μm. Measurement of NLRP3 staining in the ipsilateral hemisphere (H) (n = 6 per group). Values are presented as the mean ± SD. @P < 0.05 compared with sham group, *P < 0.05 compared with SAH + vehicle group, &P < 0.05 compared with SAH + 20mg/kg LDC7559 group.






3.5 LDC7559 treatment improved cell viability and ameliorated neuroinflammation in vitro

We further verified the beneficial effects of LDC7559 on neuroinflammation and cell viability in vitro. A transwell co-culture system was established in this experiment. It showed that the neuronal cell viability was evidently decreased after SAH insults (Figures 5A, B). In addition, Hb stimulation significantly induced proinflammatory cytokines release, including IL-1β, IL-6, and IL-18 (Figures 5C–E). In contrast, LDC7559 dose-dependently inhibited the levels of proinflammatory cytokines and further improved cell viability. However, the beneficial effects of LDC7559 in vitro were abated by nigericin (Figures 5A–E).




Figure 5 | LDC7559 improved cell viability and reduced inflammatory response in vitro experiments. Phase-contrast photomicrographs of cultured neurons in all groups (A). Scale bar = 50 μm. Changes of cell viability were determined by CCK-8 assay (B) (n = 6 per group). ELISA kits were used to determine the levels of IL-1β (C), IL-6 (D), and IL-18 (E) (n = 6 per group). Values are presented as the mean ± SD. @P < 0.05 compared with control group, *P < 0.05 compared with Hb group, &P < 0.05 compared with Hb + 50μM LDC7559 group.






3.6 LDC7559 mitigated neuronal pyroptosis and neuronal apoptosis in vitro

Whether LDC7559 could inhibit neuronal apoptosis and pyroptosis in vitro remains unknown. We further evaluated the influence of LDC7559 on neuronal apoptosis and pyroptosis in vitro. It showed that the numbers of GSDMD-positive and TUNEL-positive neurons were significantly induced after Hb stimulation, whereas LDC7559 rescued the high levels of neuronal apoptosis and pyroptosis (Figures 6A–D). In contrast, NLRP3 inflammasome activator nigericin further aggravated neuronal apoptosis and pyroptosis and abated the beneficial effects of LDC7559 (Figures 6A–D). Overall, these findings indicated that LDC7559 exerted a protective effect on SAH-induced neuroinflammation and neuronal apoptosis and pyroptosis.




Figure 6 | LDC7559 reduced neuronal apoptosis and pyroptosis in vitro. Representative immunofluorescence microphotographs of GSDMD-positive neurons (A). Scale bar = 50 μm. Measurement of GSDMD-positive neurons in all groups (B). Representative immunofluorescence microphotographs of TUNEL-positive neurons (C). Scale bar = 50 μm. Measurement of TUNEL-positive neurons in all groups (D). Values are presented as the mean ± SD. @P < 0.05 compared with control group, *P < 0.05 compared with Hb group, &P < 0.05 compared with Hb + 50μM LDC7559 group.







4 Discussion

According to previous studies, LDC7559 has been verified as a selective pyroptosis inhibitor (21). In models of TBI, LDC7559 significantly inhibited GSDMD and cleaved GSDMD in microglia. Meanwhile, LDC7559 improved neurobehavioral function and mitigated brain tissue loss after TBI (21). Consistent with previous reports, our data indicated that LDC7559 dramatically inhibited microglial activation and the pro-inflammatory cytokines release after SAH. In addition, LDC7559 suppressed neuronal pyroptosis and apoptosis after SAH. Concomitant with the decreased inflammatory insults and neuronal death, LDC7559 significantly improved neurological outcomes after SAH. Mechanistically, LDC7559 inhibited GSDMD activation and GSDMD-N generation after SAH. In contrast, NLRP3 inflammasome activation by nigericin further aggravated inflammatory insults, neuronal apoptosis and pyroptosis. Meanwhile, the beneficial effects of LDC7559 against SAH were abated by nigericin.

Mounting evidence has indicated that neuroinflammation plays a critical role in SAH-triggered brain damage. After SAH, ischemia with its associated cell death cause inflammatory cells infiltration, microglial activation and proinflammatory cytokines release in the brain (2). Inflammasomes participate in the inflammatory responses after SAH. Among them, NLRP3 inflammasome has been extensively studied in different neurological diseases (28–30). NLRP3 inflammasome could trigger caspase-1 activation and subsequently induce the maturation of IL-1β and IL-18. In addition, activated caspase-1 could lead to pyroptotic cell death and apoptotic cell death (15). In central nervous system (CNS) diseases, numerous studies have demonstrated that inhibiting NLRP3 could ameliorate neural cell death and neuroinflammation (31, 32).

Pyroptosis is a recently discovered cell death form, which can be driven by inflammatory processes. Recently, some scholars have proved that pyroptosis is characterized by GSDMD-mediated, rather than caspase-1-mediated (33, 34). Shi et al. reported that pyroptosis cannot be initiated by canonical inflammasome ligands in GSDMD-deficient cells (33). Caspase-1 activation could cleave GSDMD and generate GSDMD-N. GSDMD-N could rupture cell membranes and trigger pyroptosis (35). In CNS diseases models including TBI and SAH, GSDMD and GSDMD-N were enhanced after injury (35, 36). For example, yuan et al. indicated that inhibition of absent in melanoma 2 (AIM2) inflammasome alleviated GSDMD-mediated pyroptosis after SAH. In addition, caspase-1 deficiency could mitigate both apoptosis and GSDMD-mediated pyroptosis after SAH (35). In this study, we also observed that NLRP3 inflammasome, cleaved caspase-1, GSDMD and GSDMD-N were upregulated after SAH. Concomitant with the activation of NLRP3/caspase-1/GSDMD signaling, microglial activation and the pro-inflammatory cytokines release were markedly induced after SAH. In addition, both neuronal apoptosis and pyroptosis were significantly triggered after SAH. These indicated that targeting NLRP3/caspase-1/GSDMD signaling might be a feasible method for treating SAH.

LDC7559 is a newly discovered small molecule. It can selectively inhibit GSDMD and bind to the GSDMD-N domain, thereby suppressing pyroptosis (21). A previous study indicated that LDC7559 could provide beneficial effects against GSDMD-dependent pyroptosis and microglial activation in TBI mice model (21). However, little is known about the effects of LDC7559 on SAH-induced brain damage. Recently, mounting evidence indicates that pyroptosis exerts a critical role in various brain injuries (37–39). Moreover, targeting pyroptosis has achieved positive results in preclinical research. We suspected that LDC7559 might be a promising approach for SAH. As expected, our data revealed that LDC7559 inhibited microglial activation and GSDMD-dependent pyroptosis after SAH. In addition, we found that LDC7559 also reduced neuronal apoptosis after SAH. In fact, GSDMD is the downstream target of caspase-1. Our data showed that LDC7559 did not affect caspase-1 expression. We speculated that the reduced neuronal apoptosis might be related with the decreased neuroinflammation. However, it should be noted that the caspase-1 activation is closely associated with inflammatory response. NLRP3 inflammasome activation by nigericin further increased caspase-1 activation and abated the beneficial effects of LDC7559 on SAH. These suggest that the processes of pyroptosis are complicated. The specific mechanism of pyroptosis after SAH needs further exploration.

Our present study has some limitations. Firstly, we cannot exclude other molecular targets involved in the beneficial effects of LDC7559 against SAH. Besides modulation of GSDMD-mediated pyroptosis, LDC7559 can suppress nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2)-dependent oxidative stress (40). NOX2-mediated oxidative stress also plays an important role in the pathophysiology of SAH (41). Secondly, the long-term beneficial effects of LDC7559 after SAH remain unknown. In addition, the gender-specific optimal dose, therapeutic time window, and the administration route and frequency of LDC7559 should be further determined before clinical application.




5 Conclusion

Taken together, our study demonstrated, for the first time, that LDC7559 mitigated microglial activation and neuronal pyroptosis by inhibiting GSDMD after SAH both in vivo and in vitro. LDC7559 might be a feasible candidate for SAH.
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Although estrogen is predominantly related to the maintenance of reproductive functioning in females, it mediates various physiological effects in nearly all tissues, especially the central nervous system. Clinical trials have revealed that estrogen, especially 17β-estradiol, can attenuate cerebral damage caused by an ischemic stroke. One mechanism underlying this effect of 17β-estradiol is by modulating the responses of immune cells, indicating its utility as a novel therapeutic strategy for ischemic stroke. The present review summarizes the effect of sex on ischemic stroke progression, the role of estrogen as an immunomodulator in immune reactions, and the potential clinical value of estrogen replacement therapy. The data presented here will help better understand the immunomodulatory function of estrogen and may provide a basis for its novel therapeutic use in ischemic stroke.
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1 Introduction

Stroke is the leading cause of morbidity and mortality after cardiac diseases and cancers, affecting 15 million individuals worldwide annually (1). As the risk of stroke increases with age, increasing life expectancy and rising aging population will significantly burden the economy (2). Reportedly, the economic burden of stroke has been estimated to reach $184.1 billion by 2030 (3). Moreover, ineffective treatments of stroke along with the aging of the population will increase the risk of mortality and long-term disability in the future (4). Currently, the primary barrier to establishing effective therapeutic strategies is the limited understanding of mechanisms underlying secondary neuronal damage after stroke-induced central nervous system (CNS) injuries (5). In addition, numerous preclinical studies have failed to translate into clinical use owing to the enrollment of only male animals; this emphasized the consideration of sex differences in stroke etiology. Currently, the Stroke Therapy Academic Industry Roundtable guidelines recommend considering age and sex differences when translating preclinical results in clinical trials (6, 7). Indeed, accumulative evidence has revealed that sex is an important factor in the etiology of stroke-induced CNS injuries (8). Therefore, a better understanding of the potential effect of sex can improve clinical prognosis and help establish novel therapeutic strategies. This study provides a comprehensive review of the mechanisms underlying sex-related differences observed in post-stroke CNS injuries, including genetic alteration, estrogen-mediated immune regulation, and downstream signaling pathways. Moreover, the review summarizes the anti-inflammatory effects of estrogen on the brain and emphasizes the clinical potential of estrogen-based therapeutic strategy in patients with stroke.




2 Incidence and severity of ischemic stroke based on sex

According to epidemiological data, stroke is a sexually dimorphic disease (9, 10). Although the incidence of stroke is much higher in men, women have been reported to have severe CNS injuries, higher morbidity and mortality, and greater post-stroke neurobehavioral deficits. However, according to the Greater Cincinnati/Northern Kentucky Stroke Study and data from the National Institutes of Neurological Disorders and Stroke, approximately 55,000 more women suffer from stroke annually than men, owing to the longer life expectancy in women (11). Although the incidence of stroke is higher for men, women with stroke have a higher mortality rate (58%), poorer recovery, and greater long-term disability (12). Currently, the incidence rate of stroke has decreased from 19.5% to 14.5% in men, but it has only modestly decreased from 18.0% to 16.1% in women (13). Moreover, women in the age groups of 19–30 and 45–54 years have a higher risk of stroke than men in the same age groups. This may be attributed to the alterations in estrogen status during this age. Particularly, the rapid decreases and alterations in estrogen levels lead to several disorders, which eventually increase the risk of stroke (14).

Although estrogen is a sex hormone in females that regulates reproductive function, it also plays a role in several pathological processes, especially in the CNS (14, 15). Accumulative evidence has demonstrated that estrogen, especially 17β-estradiol, has a protective role in brain injuries after ischemic stroke (16). This protective effect of 17β-estradiol is mediated by several mechanisms, including the regulation of local and systemic immune responses after stroke onset (17).




3 Effect of sex on post-stroke outcomes

It has been well documented that the sex chromosome complement is responsible for sexual dimorphism (XX for female and XY for male) (18). Accordingly, a previous study has assessed sex-related differences in the expression of X chromosome genes in patients with ischemic stroke (19). The study found that in females, X chromosome-related genes were enriched in TNFR1, interleukin (IL) 17, and natural killer cell signaling pathways, whereas in males, the X chromosome-related genes were highly expressed in pathways involved in cell development, cellular migration, and pro-inflammatory reactions (20, 21). Moreover, it has been demonstrated that genes associated with the X chromosome are responsible for cellular processes occurring after a stroke, including the activity of NF-κB activating protein, tissue inhibitor of metalloproteinase 1, and IL-1R-associated kinase (22). Specifically, the X chromosome contains several estrogen-response element (ERE) sequences. A previous study has identified 12,515 ERE sites in the human genome and 11,810 in the mouse genome. Yang et al. assessed 300 mice and reported more than 10,000 genes exhibiting sex-dependent expression in somatic tissues (23). Reportedly, approximately 13% of genes in the brain contribute to sexual dimorphism, including 355 in females and 257 in males (24).

To date, several studies have focused on the effects of sex hormones on post-stroke outcomes. Studies have additionally revealed the role of genetic sex differences in post-stroke outcomes. Reportedly, the sex hormone estrogen plays a critical role in sexual dimorphism after vascular attacks; however, this effect of estrogen is not fully accounted for in post-stroke outcomes between males and females. Based on experimental studies, several cell death-associated signaling pathways function independently of sex hormones but have been found to function differently in both sexes. In males, ischemia-induced cell death is predominantly triggered via the activation of poly ADP-ribose polymerase (PARP-1), an NAD-dependent DNA repair enzyme. The activation of PARP-1 induces further DNA damage, which results in the release of mitochondrial apoptosis-inducing factor and its subsequent translocation into the nucleus (25). Under the condition of ischemic stroke, PARP-1 activation can be observed in both sexes; however, the neuroprotective effects of this pathway were abrogated in males (26). Moreover, the inhibition or genetic deletion of PARP-1 induced these neuroprotective effects only in males, suggesting a distinct mechanism of the PARP-1 pathway in this sex (27). In addition, the caspase-mediated apoptotic pathway is the predominant mechanism underlying cell death under the conditions of ischemic stroke-induced brain injury.

Cytosolic cytochrome C (Cyto C) is an essential component of the intrinsic caspase pathway. After a stroke, neurons exhibit greater resistance to nitrosative stress and higher Cyto C levels in females than males (28). The main subjects in the study were postmenopausal or old women or ovariectomized (OVX) female models. The lack of estrogen leads to a significant increase in Cyto C (5). Moreover, neuronal responses differ according to sex. A previous study has revealed that after stroke, the caspase expression pattern in females was different from that in males. In addition, pan-caspase inhibitors preferentially protected females, but no such significant effect was observed in males. On the contrary, post-stroke males exposed to oxygen-glucose deprivation were found to be preferentially protected by neuronal NOS (nNOS) inhibitors, whereas females were not (29). Of note, these sexually dimorphic protective effects of caspase inhibitors can be observed in intact females as well as in ovariectomized (OVX) females and females who receive estrogen replacement therapy (ERT), indicating that these neuroprotective effects are independent of sex hormones (30).




4 Downstream signaling pathways of estrogen

Estrogen is a lipophilic steroid hormone that can easily diffuse across cellular membranes, especially the blood–brain barrier (31). Naturally, estrogen is synthesized from cholesterol in the ovaries and occurs in three forms: estrone, estradiol, and estriol (32). Estrone is also known as E1, estradiol as E2, and estriol as E3. Particularly, estradiol exists as 17α and 17β-estradiol, of which 17β-estradiol is the most prevalent and most potent female gonadal hormone, followed by estrone and estriol (33). Recently, it has been revealed that the role of estrogen is not limited to reproductive function. Via the bloodstream, estrogen is distributed to various tissues, such as the cardiovascular system, immune system, and CNS, where it exerts distinct effects (34, 35).

Estrogen exerts its functions by binding to estrogen receptors (ERs), which are present in several tissues, including the brain parenchyma (36). To date, three types of ERs have been identified: ERα, ERβ, and G-protein coupled receptors (37–39). Reportedly, estrogen mediates its effects via two signaling pathways (40). The first is the genomic pathway, which involves ERα and ERβ. After the binding of estrogen to ER, the activated receptor forms a homodimer and is delivered into the cell nucleus. Here, estrogen further binds to the ERE in the promoter site of various genes and serves as a transcription factor (41). The second way by which estrogen elicits its effects is through a non-genomic mechanism. In this mechanism, the ligand–ER dimer can locate itself in the cytoplasm or at the membrane, eventually activating the downstream protein kinases and phosphatases (42).




5 Regulatory role of 17β-estradiol in neuroinflammation

Ischemic stroke damages the ischemic core in the brain owing to the sudden deprivation of blood flow, oxygen, and nutrients (43, 44). A variety of ischemic cascade reactions can be observed within a few minutes after stroke onset, including increased oxidative stress and mitochondrial dysfunction, which eventually lead to cell apoptosis. These cascade reactions also include cell death-associated damage-associated molecular patterns (DAMP) and subsequent inflammatory responses (45). DAMPs promote the local activation of microglia and induce the recruitment of leukocytes (46). In this microenvironment, immune cells secrete pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, which induce local or systemic inflammatory responses (46, 47). Accumulative evidence has revealed that such immune responses can aggravate cerebral ischemic injuries as well as promote nerve regeneration, attenuate inflammation, and improve tissue repair after stroke (48, 49). In addition, the such inflammatory responses in brain can be observed in several conditions, such as infection, and are often associated with an increased risk of ischemic stroke. In line with this, a study has revealed that approximately 30% patients developed stroke during infection (50).

While the protective effects of 17β-estradiol after stroke are partially mediated by the neuroprotective pathways in the brain and immune regulation, brain injuries and tissue repairs are dependent on the immune responses after stroke onset. Specifically, the administration of 17β-estradiol after stroke can protect neural function and promote recovery through immune regulation (51). Reportedly, 17β-estradiol regulates inflammation via the activation of macrophages and release of anti-inflammatory cytokines, including IL-10 and TGF-β (52) These inflammatory responses observed in response to 17β-estradiol differ with sex throughout the lifespan and may contribute to the sexually dimorphic responses observed after stroke. However, there is still limited understanding regarding the relationship between sex hormones and immune regulation.



5.1 Estrogen and innate immunity

Stroke is associated with a significant increase in estrogen levels, which suggests an immediate physiological reaction following brain injury. The rapid, local production of estrogen has been reported to be associated with the activation of innate immunity (53). Reportedly, 17β-estradiol can inhibit the production and release of pro-inflammatory cytokines, including IL-1β, IL-6, and TNFα. This explains the role of 17β-estradiol in modulating immune responses, implicating its use as a therapeutic strategy (54).



5.1.1 Estrogen and microglia

Microglia are derived from the primary myeloid precursors and are the resident immune cells in CNS (55). Accordingly, the critical role of microglia in brain injuries has been extensively explored. It has been reported that following brain injury, the number of microglia and the intensity of immune responses differ based on sex (56). A preclinical study has demonstrated that female mice have more microglia in the hippocampus than male mice. In addition, old female mice were found to have more microglia than younger ones, which accounts for the production and release of sex hormones (57). Moreover, according to an experimental study, the administration of estrogen can suppress microglial proliferation (58). In OVX female mice, ERT was found to reduce the number of microglial cells in the aged group. Furthermore, ovariectomy was found to increase the number of microglia and abrogate the restraining effects on microglial activation (59). Reportedly, estrogen induces the maintenance of resting phenotype with ramified morphology and downregulates MHCII expression (60). Furthermore, the ERs preset on microglia allow for estrogen to mediate its effects. In mouse models of middle cerebral artery occlusion, ERα knockout was found to activate the microglia and further induce larger infarcts. These additionally provide evidence for an ADIOL/ERβ/CtBP-transcription pathway that regulates inflammatory responses in microglia and can be targeted by selective ERβ modulators (61). Moreover, estrogen can inhibit microglial activation and reduce the level of proinflammatory cytokines, thus mediating neuroprotective effects through both ERα and ERβ activation (62–64).

In animal models of traumatic brain injury, estrogen was found to inhibit TLR4 and NF-κB protein expression; reduce the expression of the proinflammatory factors IL-1β, IL-6, and TNF-α; and decrease the number of complement C3d/GFAP-positive cells and complement C3d protein expression (65). Similarly, in animal models of spinal cord injury, microglial and astrocyte activation were both significantly inhibited, along with attenuation of the secretion of inflammatory mediators (66). Specifically, the location of ERβ in the microglial cytoplasm suggests the involvement of the nonclassical effects of estrogen on microglia (67). To this extent, a study has demonstrated that in microglial cells, estrogen-mediated anti-inflammatory pathways are mediated by the activation of the mitogen-activated protein kinase (MAPK) signaling pathway (68, 69). Notably, ERT has been found to stimulate early postischemic expression of bcl-2 and bfl-1 and reduce brain injury (70). In addition, estrogen can significantly downregulate factors mediating adaptive immunity in microglial cells; this highlights the multi-faceted regulatory effects of estrogen on microglial parameters related to antigen presentation and T-cell interaction (71) (Table 1).


Table 1 | Anti-inflammatory effects of estrogen on microglia.






5.1.2 Estrogen and monocytes

Monocytes and macrophages play an important role in the resolution of inflammation by scavenging apoptotic neutrophils. In response to inflammatory signals from injury sites, monocytes are rapidly mobilized. Although it has been reported that monocyte infiltration in the injured brain mediates both beneficial and detrimental effects on immune regulation after stroke, the number of monocytes is positively associated with the risk of post-stroke infection (72). Reportedly, estrogen affects the functioning of monocytes by significantly altering myelopoiesis and monocyte migration. Specifically, during ovulation and gestation in females, the count of circulating monocytes is much higher than during other stages of the reproductive cycle. Estrogen also affects monocyte adhesion (73) by reducing the migratory and adhesive capacity of monocytes. This way estrogen limits stroke-induced inflammatory reactions, further alleviating the cerebral ischemia-reperfusion injury and selectively suppressing the activation of the neuroinflammatory cascade (74). In addition, several studies have demonstrated the anti-inflammatory effects of estrogen on monocytes. It has been reported that 17β-estradiol can induce the formation of vascular endothelial growth factor, while dihydrotestosterone can antagonize the effect of 17β-estradiol by regulating adenylate cyclase in THP-1 cells, which is mediated by GPR130 (75, 76). Another study demonstrated that a physiological dose of estrogen acutely stimulates nitric oxide release from human monocytes by activating estrogen surface receptors that are coupled to increases in intracellular calcium (77). Moreover, estrogen was found to inhibit proinflammatory cytokine release from activated monocytes partly by modulating CD16 expression (78, 79). In addition, at physiological concentrations, estradiol mediates monocyte adhesion as well as basal and hypercholesterolemia-induced increases in CXCR2 and MCP-1 expression (80–82) (Table 2). These data highlight that estrogen plays a role in post-stroke brain injury by significantly affecting monocytes and their functioning.


Table 2 | Anti-inflammatory effects of estrogen on monocytes.






5.1.3 Estrogen and macrophages

Hematopoietic stem cell-derived macrophages are another type of resident immune cells, apart from microglia, in CNS (83). These resident macrophages and microglia share overlapping features and have similar biomarkers, which complicate the assessment of their unique roles in estrogen-mediated neuroprotective effects. In addition, resident macrophages can continually renew from the bone marrow, unlike microglia (84, 85). So far, the potential role of resident macrophages is limited and based on the study of peripheral macrophages and cell lines. Therefore, accurate discrimination between the roles of microglia and macrophages after stroke requires further study. Reportedly, the proliferation and function of resident macrophages are associated with sex. A recent study focused on the changes in cell composition and immune function with sex and revealed higher resident leukocytes in the pleural and peritoneal cavities in females (86). In addition, resident macrophages had higher Toll-like receptor (TLR) expression and greater phagocytic and NADPH oxidase activities in females than in males (87). Reportedly, OVX can abrogate such effects caused by sex differences as well as regulate chemokine function, and macrophage count in females to the level observed in males. Interestingly, it has been revealed that OVX does not significantly alter T lymphocyte counts, suggesting no association of these lymphocytes with gonadal steroids (88). So far, although the role of sex differences in T lymphocyte populations has been explored in several autoimmune diseases, their effects in patients with stroke have not been fully investigated. Moreover, 17β-estradiol has been shown to inhibit the expression of inflammatory genes (TNF-α, IL-1β, MIP-2, and MCP-1) by controlling NF-κB or MAPK signaling pathway and attenuating H3 and H4 histone acetylation as well as cAMP response element binding protein-binding protein in macrophages (89–95) (Table 3). The above mentioned results of studies demonstrated the pivotal role of macrophages in inflammatory response post-ischemic stroke.


Table 3 | Anti-inflammatory effects of estrogen on macrophages.






5.1.4 Estrogen and neutrophils

Stroke is associated with the disruption of blood–brain barrier, following which neutrophils immediately migrate into the injured sites (96). At the early stage, neutrophil infiltration can activate monocyte-derived macrophages to scavenge debris. Moreover, at sites of inflammation, neutrophils release pro-inflammatory cytokines that recruit more leukocytes. However, excessive neutrophil infiltration exacerbates brain injury (97). According to clinical studies, neutrophil accumulation is related to poor prognosis in patients with brain injuries (98). Several studies have revealed a positive correlation between estrogen levels and neutrophil counts (95, 99). To this extent, a study has reported that in females, myeloperoxidase activity in neutrophils is higher than that in males. Moreover, estrogen has been reported to promote the degranulation and release of myeloperoxidase, elastase, cytokine-induced neutrophil chemo-attractant-1 (CINC)-1, CINC-3, and intercellular adhesion molecule-1 as well as increase nNOS expression and superoxide levels in neutrophils (100–103). The dynamics of neutrophil infiltration after stroke into the brain parenchyma and subsequent neutrophil-mediated responses have yet to be completely determined (104). Available studies suggest that 17β-estradiol can inhibit the synthesis of neutrophil chemoattractants at ischemic sites and regulate excessive neutrophil infiltration. Moreover, 17β-estradiol can inhibit neutrophil adhesion to endothelial cells; mediate the clearance of neutrophils; and inhibit the expression of chemotaxis, IL-1, IL-6, and CINC-2α to neutrophils by binding to Erα. It can additionally inhibit IFN-γ-induced Stat1 phosphorylation as well as downregulate CD40 and CD40L protein expression (105–107) (Table 4).


Table 4 | Anti-inflammatory effects of estrogen on neutrophils.






5.1.5 Estrogen and dendritic cells

DCs are considered the only antigen-presenting cells that are involved in post-stroke injury and have a remarkable ability to activate memory and naïve T lymphocytes (108). DCs are a member of innate immunity and play a critical role in the phagocytosis and release of inflammatory factors. They additionally play a unique role in bridging innate and adaptive immunity (109), owing to which these cells have been correlated in a wide range of diseases, including atherosclerosis, various cancers, and more recently, stroke (110). Accumulative evidence has revealed increased recruitment of DCs and their potential role in brain injury following stroke onset. Moreover, an animal study has revealed the presence of DCs with high MHCII and CD80 expression at 72 hours after reperfusion and has demonstrated their association with lymphocyte migration in a time-dependent manner (111). In general, increased DC infiltration in the brain parenchyma after stroke may be positively correlated to the degree of injury. Estrogen administration in experimental autoimmune encephalomyelitis (EAE) mice has demonstrated significant improvement in their neurobehavior and outcomes as well as a marked reduction in the DC count. In addition, 17β-estradiol was found to upregulate the expression of MHCII, IL-10, CD40, CD83, CD54, IL-6, IL-8, MCP-1, and osteoprotegerin; upregulate stimulative capacity, migratory activity, and antigen-presenting capacity; and inhibit cell apoptosis (112–115). DCs are considered the link between innate and adaptive immunity. Moreover, DCs harbor antigens specific to T lymphocytes, which on activation initiate adaptive immune responses. Correspondingly, estrogen can induce DC differentiation and MHC expression, which facilitate T lymphocyte-mediated immune responses in the brain. Specifically, 17β-estradiol treatment is of great clinical value in regulating DCs. A study has reported that 17β-estradiol administration induces both the TLRs for IL-23 production in OX62+ DCs, thus stimulating IL-6 and IL-1β production (116). In addition, 17β-estradiol induces CD86 expression in CD103+ DCs after allergen-mediated upregulation of IL-5 in CD4+ T cells (117) (Table 5).


Table 5 | Anti-inflammatory effects of estrogen on dendritic cells and adaptive immunity.







5.2 Estrogen and adaptive immunity

Evidence shows that 17β-estradiol can modulate the immune microenvironment and control the infiltration of T lymphocytes in the brain. The infiltration of cytotoxic T lymphocytes (CD8+) exacerbates brain injury, while T regulatory cells (Tregs) mediate anti-inflammatory effects and are responsible for reducing lesion volume and improving prognosis after stroke (120). 17β-estradiol administration can promote Treg responses through the inhibition of Th1- and Th17-derived cytokines or by directly promoting the proliferation of Tregs, upregulating PD-1 expression, and downregulating T lymphocyte proliferation (118, 121). Additionally, 17β-estradiol can promote Th2 response, thus upregulating the expression of CD80, CD86, PD-L1/2, B7-H3/4, IL-10, and TGF-β (119). Estrogen also plays a critical role in the regulation of B lymphocytes. Previous studies have shown that estradiol treatment protected purified B cells from apoptosis. Similarly, estradiol was shown to protect mice splenic B cells of from serum-deficiency-induced apoptosis; however, no effect was observed on the proliferation of B cells (122).





6 ERT: estrogen and immune regulation

It is well known that ERα is widely localized in the brain, including the forebrain, hypothalamus, and hippocampus (123). The binding of estrogen to ERα in the brain is responsible for several effects in both the physiological and pathological states. Reportedly, several genes are associated with neuronal survival and are regulated by an ERE-containing promoter. In particular, 17β-estradiol can promote the transcription of such genes and exert neuroprotective roles. This has been demonstrated in a study that found that 17β-estradiol could promote the transcription of a wide range of genes (124). After brain injury, 17β-estradiol administration can promote the upregulation of cell survival proteins, including phosphoinositide 3-kinase, cyclic-AMP response element-binding protein (CREB), Bcl-2, Bcl-x, c-fos, and c-jun. Moreover, 17β-estradiol inhibits the expression of apoptosis-related proteins, including Fas, FADD, and Bax, thus subsequently downregulating Cyto C release (125). Accumulative evidence has revealed the effects of downstream signaling of 17β-estradiol. Administration of 17β-estradiol can activate the MAPK pathway and promote the phosphorylation of CREB (126). In addition, it can inhibit the activation of caspase-3/8 and thus suppress ischemia-induced acetylation of p53 (127).

In the context of stroke, the neuroprotective effects of 17β-estradiol have been demonstrated in OVX animal models of ischemic stroke. OVX animals are the widely accepted model for post-menopausal women, as the removal of ovaries in female animals effectively mimics the diminished estrogen levels observed in post-menopausal women (128). Based on an extensive review of experimental studies, estrogen was found to reduce lesion volume after transient or permanent cerebral ischemic stroke in a dose-dependent manner. Therefore, pre-treatment with estrogen is considered as a prevention strategy for stroke onset, while post-treatment with estrogen is a potential therapeutic strategy (129).

Currently, the positive effects of estrogen in patients with stroke have been well investigated. However, according to the results of the Women’s Estrogen for Stroke Trial and the Women’s Health Initiative trial, estrogen may increase the incident risk of stroke, which limits the establishment of a therapeutic strategy for stroke based on estrogen (130). Of note, the therapeutic time window and dose are the critical factors in the treatment of patients with stroke. A previous clinical trial has reported that early administration of ERT was associated with a lower risk of stroke onset than later administration in the post-menopause phase (131). Moreover, lower doses of estrogen exert stronger neuroprotective effects against stroke.

Long-term administration of high-dose, micronized estradiol in healthy women remarkedly increases the level of C-reactive protein (CRP), a bio-marker used to assess vascular risk (132). Similarly, the levels of endogenous estradiol are negatively associated with CRP levels in young women, suggesting the anti-inflammatory effects of estrogen (133). It has been suggested that ERT should be started immediately at menopause to achieve maximal beneficial effect.




7 Potential therapeutic effects of estrogen in patients with stroke

According to previous studies, 17β-estradiol can effectively attenuate brain injuries, reduce infarct area, and promote recovery in animal stroke models. However, these positive effects have not been well supported by clinical data (134). Furthermore, a variety of clinical trials have reported that ERT does not induce protective effects against primary or secondary brain injuries and instead increases the risk of stroke onset (130, 135).

The difference in the effectiveness of estrogen observed in experimental and clinical studies may be attributable to differences in conditions being treated. Experimental studies assessed the treatment of ischemic cerebral injury, whereas the clinical trials focused on the prevention of stroke, which has not been thoroughly explored in experimental studies. In clinical trials, time, duration, and dosage are the important factors that mediate the negative effects of ERT (136). Based on clinical data, ERT can increase the risk of venous thrombosis, whereas a percutaneous approach to estrogen administration can reduce this risk (137, 138). Therefore, low dosage, short-term treatment, and a percutaneous approach will avoid increasing the risk of stroke onset and may formulate a safe alternative for the prevention and treatment of stroke. In a nested case-control study, short-term percutaneous treatment with estrogen was considered the safest choice against ischemic stroke (139). Compared with the oral approach, the percutaneous approach avoids the first-pass metabolism of estrogen in the liver. This prevents interaction with coagulation factors, inflammatory cytokines, and sex hormone binding protein, which reduces the risk of venous thromboembolism, which is often observed with oral estrogen. According to a clinical study, estrogen levels increase after stroke. Moreover, inflammatory control and the addition of exogenous hormones are likely to improve neural function in elderly male patients with stroke (140).




8 Conclusion

Generally, the host response to sterile inflammation is considered as a beneficial reaction; however, a hyper-immune response or altered signaling can lead to homeostatic imbalance and induce further chronic inflammation. Evidence has revealed that prolonged neuroinflammation is detrimental to clinical prognosis of stroke. Moreover, stroke-induced immunosuppression can increase susceptibility to infections, which complicates treatment. Because of the delayed diagnosis and subsequent delay in treatment, it is essential to establish new treatments with wider treatment windows. Neuro-inflammation is an attractive target for treatment of stroke owing to its wide therapeutic window. Therefore, several studies have attempted to identify novel neuroprotective strategies to target immune reactions in patients with stroke.

Previous experimental studies have demonstrated that estrogen is a potent immunomodulator and is considered a neuro-protective molecule in ischemic stroke (34, 35). Specifically, after stroke onset, the release of pro-inflammatory cytokines can aggravate brain damage. Although the use of estrogen or its analogs to regulate immune responses requires further exploration, ERT could be a potential treatment that targets immune responses in patients with stroke. Irrespective, experimental and clinical studies have not reached a consensus regarding the role of estrogen in alleviating post-stroke brain injury. This may be attributed to the conditions being targeted, as experimental research is mainly aimed at the treatment of acute ischemic stroke, while clinical trials are aimed at the prevention of primary or secondary stroke (141, 142). Furthermore, 17β-estradiol can regulate the immune system by inhibiting the release of pro-inflammatory cytokines and attenuating inflammatory reactions (143, 144). Despite the limited pre-clinical data regarding the effects of 17β-estradiol on immune regulation, the positive effects of 17β-estradiol on attenuating inflammatory reactions have been proven. Understanding the effects of 17β-estradiol provides the opportunity to explore novel therapeutic strategies while avoiding the controversial off-target effects of estrogen. Irrespective, it is necessary to establish more animal models to replicate the clinical conditions to provide a basis for future clinical trials.
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Background

Ischemic stroke (IS) is the second leading cause of mortality worldwide, continuing to be a serious health concern. It is well known that oxidative stress and neutrophil response play vital roles in the pathophysiology of early IS. However, the complex interactions and critical genes associated with them have not been fully understood.





Methods

Two datasets (GSE37587 and GSE16561) from the Gene Expression Omnibus database were extracted and integrated as the discovery dataset. Subsequent GSVA and WGCNA approaches were used to investigate IS-specific oxidative stress-related genes (ISOSGS). Then, we explored IS-specific neutrophil-associated genes (ISNGS) using CIBERSORT analysis. Next, the protein-protein interaction network was established to ascertain candidate critical genes related with oxidative stress and neutrophil response. Furthermore, these candidate genes were validated using GSE58294 dataset and our clinical samples by RT-qPCR method. Finally, functional annotation, diagnostic capability evaluation and drug-gene interactions were performed by using GSEA analysis, ROC curves and DGIDB database.





Result

In our analysis of discovery dataset, 155 genes were determined as ISOSGS and 559 genes were defined as ISNGS. Afterward, 9 candidate genes were identified through the intersection of ISOSGS and ISNGS, PPI network construction, and filtration by degree algorithm. Then, six real critical genes, including STAT3, MMP9, AQP9, SELL, FPR1, and IRAK3, passed the validation using the GSE58294 dataset and our clinical samples. Further functional annotation analysis indicated these critical genes were associated with neutrophil response, especially neutrophil extracellular trap. Meanwhile, they had a good diagnostic performance. Lastly, 53 potential drugs targeting these genes were predicted by DGIDB database.





Conclusion

We identified 6 critical genes, STAT3, FPR1, AQP9, SELL, MMP9 and IRAK3, related to oxidative stress and neutrophil response in early IS, which may provide new insights into understanding the pathophysiological mechanism of IS. We hope our analysis could help develop novel diagnostic biomarkers and therapeutic strategies for IS.
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1 Introduction

As a devastating neurological disease, ischemic stroke (IS) is a major cause of death and adult disability worldwide, thus imposing a substantial socioeconomic burden (1). Globally, nearly 7.6 million patients suffered from IS in 2019, and the incidence of IS is increasing progressively year by year (2). In the United States alone, total IS-related costs were estimated at $12.6 billion in 2012 and are expected to climb up to $241 billion by 2030 (3, 4). Thus, an increasing number of studies have been performed to explore potential drugs for IS treatment. However, till now, recombinant tissue plasminogen activator (rtPA) remains the only effective drug authorized by FDA. Meanwhile, due to a narrow therapeutic window, only 5% of IS patients benefit from rtPA (5). Therefore, there is an urgent need to explore the underlying pathophysiological mechanisms of early IS in order to find possible therapeutic targets.

During the initiation and progression of early IS, excessive oxidative stress is generated due to cerebral ischemia-reperfusion (I/R) process (6). These detrimental reactive oxygen species (ROS) could cause endothelial injury and abnormal neuron death, exacerbate subsequent neurological deficits and even lead to individual death. In addition, peripheral inflammation has been considered as another important participant in early IS. As the first leukocyte subset infiltrating the ischemic brain, neutrophils can cross injured endothelium and release various pro-inflammatory mediators to activate microglia, aggravating neuroinflammation following cerebral ischemia (7). Then, the microglia would destroy the blood-brain barrier (BBB) and subsequently recruit more activated neutrophils to migrate from peripheral blood to the ischemic brain tissue. In addition to the vicious circle between the peripheral and central inflammation, neutrophils could also form neutrophil extracellular traps (NETs), which have been shown to promote cerebral thrombosis and brain I/R damage in early IS (8). However, the critical genes related with oxidative stress and neutrophil response are still unclear and deserve further study.

In recent years, transcriptomic bioinformatics has been used to investigate the molecular mechanism of various human diseases, showing great promise in helping researchers deepen the understanding of disease etiology and explore potential therapeutic targets (9). Previous bioinformatics analyses have already found several hub genes that play important roles in stroke pathogenesis (10, 11). However, to our knowledge, no studies have identified the IS-related critical genes involved in both oxidative stress and neutrophil responses simultaneously. Hence, in this study, we first used GSE16561 and GSE37587 as discovery datasets to identify candidate critical genes associated with oxidative stress and neutrophil response in early IS. Then, six real critical genes (STAT3, MMP9, AQP9, SELL, FPR1, and IRAK3) were further validated in another dataset GSE58294 and our clinical samples using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) method. Subsequent functional annotation analysis showed these 6 critical genes were related with neutrophil response, including neutrophil extracellular trap. Moreover, the 6 critical genes had a good diagnostic performance for IS. Lastly, we predicted 53 potential drugs that may exert neuroprotective effects in early IS by targeting these genes. We hope our study could provide new enlightenment for individualized diagnosis and treatment of IS.




2 Material and methods



2.1 Data selection and description

The GEO database (http://www.ncbi.nlm.nih.gov/geo) was used to search the term “ischemic stroke” for early ischemic stroke (IS) gene expression profiles. The criteria for filtering the obtained datasets were as follows: (i) expression profile type is microarray data containing genome-wide mRNA expression, (ii) each dataset includes at least 20 IS patient samples, (iii) whole blood samples are collected within 48 hours from known onset of symptom. Finally, we selected the datasets of GSE37587, GSE16561, and GSE58294. The details of the datasets were listed in Table S1.




2.2 Data preparation and study design

The following bioinformatics analysis was conducted with R software (version 4.0.5). The background correction, normalization and log2-transformation were performed on the data of the three datasets. ID conversion was subsequently conducted in line with the probe annotation information. Then, eliminating the batch effects via ComBat in “sva” package, GSE37587 and GSE16561 were integrated into a large expression matrix as the discovery dataset. In addition, the principal component analysis (PCA) was performed to test the quality of the merged data. The flow diagram of the comprehensive analysis is shown in Figure 1.




Figure 1 | Flow chart of the transcriptomic bioinformatics analysis for early ischemic stroke.






2.3 Identification and function annotation of IS-specific oxidative stress-related gene set

The oxidative stress gene set of WikiPathways subset of Canonical pathways was obtained from the Molecular Signatures Data base (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb/). First, the enrichment scores of each sample from the discovery dataset were computed by the gsva algorithm and “gsva” package. Second, the Bayesian algorithm in the “limma” package was used to find differential pathways between IS and controls. Third, using the “wgcna” package, a scale-free co-expression network of the genes with the top 25% variance was established and the IS-specific oxidative stress-related module was defined. Finally, in the selected module, the genes with |gene significance (GS) value| for IS> 0.2, |GS value| for oxidative stress > 0.2 and |Module Membership (MM) value| > 0.8 were determined as the IS-specific oxidative stress-related gene set (ISOSGS). Furthermore, the “ClusterProfiler” package was employed to identify enriched function annotation of ISOSGS, which included Gene Ontology (GO) terms consisting of biological processes (BP), cellular components (CC), and molecular function (MF) as well as the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.




2.4 Identification of IS-specific neutrophil-related gene set

CIBERSORT deconvolution algorithm was applied to estimate the abundance of 22 types of infiltrated immune cells among 131 samples of the discovery dataset. Afterward, comparing neutrophil-high group with neutrophil-low group based on the estimated fractions, genes with |log2 fold change (FC)| > 0.5 and P < 0.05 were identified as neutrophil-related differentially expressed genes (DEGs) by the “limma” package. Likewise, IS-specific DEGs between IS and controls were achieved. Ultimately, the overlapped genes between neutrophil-related DEGs and IS-specific DEGs were considered as IS-specific neutrophil-related gene set (ISNGS).




2.5 Ascertainment of critical genes associated with oxidative stress and neutrophil response

A protein-protein interaction (PPI) network of the genes taking the intersection of the ISOSGS and ISNGS was further constructed using the Search Tool for the Retrieval of Interacting Genes (STRING) database (https://string-db.org/). For PPI construction, seven active interaction sources (text-mining, experiments, databases, co-expression, neighborhood, gene fusion and co−occurrence) were used, and only nodes of query proteins with confidence score > 0.15 were enrolled in the network. Then, the established network was imported into Cytoscape software (version 3.8.2) and the genes were ranked by degree algorithm using the plugin cytohubba. Lastly, the genes of PPI network with degree > 10 were screened as candidate critical genes.




2.6 Dataset and clinical samples validation for candidate critical genes

The GSE58294 dataset was set as replication cohort and analyzed for verifying the expression differences of candidate critical genes. All samples were dichotomized into neutrophil-high and neutrophil-low groups, as well as oxidative stress-high and oxidative stress-low groups by the median of neutrophil proportions using CIBERSORT and oxidative stress scores by GSVA, respectively. Subsequently, the expression differences of candidate critical genes were compared between IS and controls, neutrophil-high and neutrophil-low groups, oxidative stress-high and oxidative stress-low groups using t-test.

To further verify the differential expression of candidate critical genes, another case-control gene expression analysis involving 20 IS patients and 20 controls was performed using whole blood samples. The clinical characteristics of these samples were listed in Table S2. This study was approved by the ethical committee of The First Affiliated Hospital, China Medical University. Informed consent was obtained from all participating individuals.

Specifically, peripheral blood samples were collected in EDTA-coated blood tubes, and samples were immediately pretreated, including plasma depletion, RBC lysis and addition of TRIzol reagent (Invitrogen, USA). The time from sample collection to RNA extraction was no more than 2 hours. Subsequently, total RNA was extracted, reverse-transcribed into cDNA, and stored at -80°C until use. The Takara PrimeScript RT Master Mix and SYBR Green Premix were used in the reverse transcriptase reaction and PCR amplification, respectively. The PCR primer sequences applied in the experiment are shown in Table S3. All samples were examined in triplicate. The PCR validation results were quantified through the 2-ΔΔCt method (livak method) with the normalization to GAPDH.

Lastly, candidate genes replicated with the GSE58294 dataset and further validated by our clinical samples were identified as real critical genes.




2.7 Functional annotation and diagnostic capability evaluation for critical genes

For assessing the activation/suppression of signaling pathways associated with critical genes in early IS, a gene set enrichment analysis (GSEA) based on KEGG pathways in the MSigDB database was conducted using the “ClusterProfiler” package. The pathways with |normalized enrichment score (NES)| > 2 and q value < 0.05 were considered as significantly activated/suppressed. Additionally, to evaluate the diagnostic power of critical genes for early IS, receiver operating characteristic (ROC) curves and areas under the curve (AUC) were calculated and plotted by the “pROC” package. AUC > 0.7 was considered to be a good indicator of diagnostic performance.




2.8 Exploration of potential drugs targeting critical genes

The Drug-Gene Interaction Database (DGIDB, http://www.dgidb.org/) is a web resource integrating drug-gene interactions and druggability data. For exploring potential therapeutic opportunities, a drug-gene network of critical genes was constructed using the drug-gene interactions predicted by DGIDB (version 4.2.0). The drug-gene interaction network was visualized by using Cytoscape software.




2.9 Statistical analysis

Continuous variables were summarized as mean ± SD and categorical variables as numbers (percentages). Normality distribution of continuous variables was tested with the Shapiro-Wilk test. Differences of continuous variables between groups were evaluated by the Student’s t test. Categorical variables were compared by Chi-square test or Fisher’s exact test. A two-sided P value of 0.05 was considered statistically significant. Statistical analyses were performed using R (version 4.0.5) and GraphPad Prism 8 (GraphPad Software, Inc).





3 Results



3.1 Data preprocessing

After background correction, normalization, log2-transformation, ID conversion and batch calibration, the discovery dataset was merged by GSE37587 (containing 68 early IS) and GSE16561 (containing 39 early IS and 24 healthy controls). Then, we performed a PCA analysis and used the PCA scatter diagrams to show the results before and after batch correction. We found that samples from two different datasets were obviously distributed in two non-adjacent areas before data integration, but almost concentrated in the same area after removing the batch effect, demonstrating the data reliability of the discovery dataset (Figure S1).




3.2 Identification of ISOSGS

First, following the data preparation, the changes in each pathway activity in early IS and controls of the discovery dataset were evaluated through gene set variation analysis (GSVA) using WikiPathways (664 gene sets) from MSigDB. At thresholds of adjusted P value < 1E-05 and |log2 FC| > 0.3, 52 significantly differential pathways were identified (49 up-regulated and 3 down-regulated). As shown in the heatmap, the oxidative stress pathway is included among the top up-regulated pathways, implying the importance of oxidative stress in early IS (Figure 2A). In the subsequent analysis, we set GSVA scores of oxidative stress as one of the sample traits and introduced WGCNA to explore the potential genes associated with both IS and oxidative stress. Initially, a total of 4, 516 genes with the top 25% variance of discovery dataset were involved in the analysis. Then, no outliers were detected after hierarchical clustering of all samples (Figure S2A). Next, under scale-free R2 > 0.85, a minimal beta value of 7 was chosen as the soft-threshold power (Figures S2B and 2C). Consequently, WGCNA identified 17 co-expression modules (Figure 2B). The relationships of these modules with sample traits (IS, age, gender and oxidative stress) were demonstrated in the correlation heatmap (Figure 2C). The yellow module among 17 modules showed statistically significant and highest correlations with IS (Pearson co-efficient = 0.5, P = 1E-09) and oxidative stress (Pearson co-efficient = 0.53, P = 6E-11), but not age (P = 0.1) and gender (P = 0.06). Thus, we defined yellow module as the IS-specific oxidative stress-related module. Furthermore, Figures 2D, E displayed the correlations between the MM value for each gene in the yellow module and the corresponding GS value for IS as well as oxidative stress, respectively. Finally, in the yellow module (with 503 genes), 155 genes with |GS value for IS| > 0.2, |GS value for oxidative stress| > 0.2 and |MM value| > 0.8 were ascertained as ISOSGS.




Figure 2 | Identification of IS-specific oxidative stress-related genes (ISOSGS). (A) Heatmap of differential pathways showing significantly up-regulated oxidative stress pathway in early IS. (B) Cluster dendrogram of 17 gene modules. (C) The heatmap of module-trait relationships. (D) Scatter diagrams of module membership vs. gene significance for IS in yellow module; (E) Scatter diagrams of module membership vs. gene significance for oxidative stress state in yellow module.






3.3 Functional enrichment analysis of ISOSGS

GO and KEGG analysis further investigated the potential biological functions involved in ISOSGS, where the enrichment results for BP, CC, and MF terms as well as KEGG pathways were exhibited in the bubble plots. Interestingly, BP enrichment of ISOSGS were found associated with immune response, immune effector process, myeloid leukocyte activation, myeloid leukocyte mediated immunity, myeloid cell activation involved in immune response, leukocyte activation, leukocyte degranulation, leukocyte activation involved in immune response, neutrophil activation, neutrophil degranulation, neutrophil mediated immunity and neutrophil activation involved in immune response (Figure 3A). Meanwhile, the most significant CC and MF were secretory granule membrane and immune receptor activity, respectively (Figures 3B, C). Besides, for the KEGG pathways, ISOSGS were mainly enriched in the following signaling pathways including neutrophil extracellular trap formation, chemokine signaling pathway, autophagy, FoxO signaling pathway and endocytosis (Figure 3D).




Figure 3 | Bubble diagrams displaying the top 20 significant enrichment terms for the ISOSGS. (A) BP terms; (B) CC terms; (C) MF terms; (D) KEGG terms.






3.4 Identification of ISNGS

Since previous enrichment results confirmed that ISOSGS might play a critical role in the neutrophil response, the neutrophil distribution characteristics and its associated genes in early IS were further investigated. Specifically, we first used CIBERSORT deconvolution algorithm to estimate the fraction of 22 sorts of immune cells in each sample. Compared with healthy controls, a higher proportion for neutrophils (P = 1.51e−08) were found in IS samples (Figure 4A). Moreover, using the limma method, a set of 1,075 neutrophil-related DEGs were obtained between neutrophil-high and neutrophil-low group (Figure 4B). Similarly, we identified 559 IS-specific DEGs by comparing the transcriptome profiles of IS patients with healthy control participants (Figure 4C). Lastly, we intersected neutrophil-related DEGs with IS-specific DEGs and gained 402 overlapped genes defined as ISNGS, which was illustrated in the Venn diagram.




Figure 4 | Identification of IS-specific neutrophil-related genes (ISNGS) and selection of the candidate critical genes. (A) Violin plot showing the difference in the infiltration proportion of 22 immune cells between IS patients and controls. (B) Heatmap displaying different gene expression patterns between neutrophil-high and neutrophil-low groups. (C) Heatmap displaying different gene expression patterns between IS and control groups. (D) The constructed PPI network ascertaining candidate critical genes by degree algorithm.






3.5 Identification and validation of critical genes

To identify the candidate critical genes related to both oxidative stress and neutrophil response, 72 overlapping genes by the intersection of ISOSGS and ISNGS were put into the STRING database to build a PPI network. Subsequently, through Cytoscape plugin cytohubba, 9 candidate critical genes with degree > 10 were selected, including STAT3, MMP9, AQP9, SELL, FPR1, IRAK3, CREBBP, C5AR1 and IGF2R (Figure 4D).

Then, we conducted a dataset validation for the above obtained 9 candidate critical genes using the GSE58294 dataset. At the beginning of validation, the GSVA and CIBERSORT analyses were performed, the results of which again verified the up-regulation of oxidative stress status and neutrophil proportions in IS patients compared with controls (Figures S3A, B). Moreover, the expression differences of these genes between IS patients and controls, neutrophil-high and neutrophil-low groups as well as oxidative stress-high and oxidative stress-low groups were evaluated, respectively. As shown in Figures 5A–C, the log2-transformed expressions of 7 candidate genes, including STAT3, MMP9, AQP9, SELL, FPR1, IRAK3 and IGF2R, are significantly up-regulated in IS samples, oxidative stress-high group and neutrophil-high group. Lastly, these 7 candidate critical genes were further validated with our clinical samples by RT-qPCR method. As shown in Figures 6A, B, among these 7 candidate genes, 6 genes (STAT3, MMP9, AQP9, SELL, FPR1 and IRAK3) were experimentally proved to be up-regulated in the blood samples of IS patients and thus identified as real critical genes. In addition, the blood routine examination results also showed that the percentage of neutrophils in IS patients significantly increased compared with the controls, which was consistent with the trends of two CIBERSORT analysis results (Figure 6C).




Figure 5 | Validation for differential expression of candidate critical genes using GSE58294 dataset between (A) IS and control groups, (B) oxidative stress-high and oxidative stress-low groups, (C) neutrophil-high and neutrophil-low groups, respectively.






Figure 6 | Validation for the difference of candidate critical gene expression and neutrophil percentage using clinical samples. (A) Verification for candidate critical genes using qRT-PCR analysis. (B) Venn plot of candidate critical genes and validated real critical genes. (C) Violin plot showing the difference of Neutrophils (NE), lymphocytes (LY), monocytes (MONO), eosinophils (EO) and basophils (BAAO) percentage in IS patients compared with controls. ** P value < 0.01 in the comparison between IS and healthy controls. ***P value < 0.001 in the comparison between IS and healthy controls.






3.6 Potential biological signaling pathways, diagnostic capability and predicted drugs for critical genes

To understand the important roles of these six critical genes, GSEA was applied to explore KEGG pathways that each critical gene could affect in early IS. As shown in Figure 7, all these six genes are involved in five signaling pathways, including neutrophil extracellular trap (NET) formation, HSV-1 infection, phagosome, ribosome, and alcoholism pathways. In addition, three critical genes (MMP9, AQP9, and SELL) may be involved in the regulation of lysosomes.




Figure 7 | Single-gene GSEA analysis for 6 real critical genes. (A) STAT3, (B) MMP9, (C) AQP9, (D) SELL, (E) FPR1, (F) IRAK3.



Subsequently, the diagnostic capability of these 6 critical genes in early IS was assessed using the discovery dataset. As shown in Figure 8A, the AUC values of ROC curves were 0.88, 0.86, 0.87, 0.77, 0.79, and 0.89 for STAT3, MMP9, AQP9, SELL, FPR1, and IRAK3, respectively. Moreover, in the validation dataset, the AUCs of six critical genes were confirmed to be greater than 0.7 (STAT3: 0.84, MMP9: 0.82, AQP9: 0.91, SELL: 0.90, FPR1: 0.75 and IRAK3: 0.94), indicating that they had a good diagnostic performance for early IS (Figure 8B).




Figure 8 | ROC curves for diagnostic performance evaluation and gene-drug interaction relationship for critical genes. (A) ROC curves of 6 critical genes in discovery dataset. (B) ROC curves of 6 critical genes in validation dataset. (C) Drug-gene network showing the potential interactions between 5 critical genes and 53 predicted targeted drugs.



Finally, drug-gene interactions of 6 critical genes were predicted using the DGIdb database to explore potential novel drugs for early IS. After searching, we found drug-gene interactions of 5 genes except for IRAK3 and enrolled the interactions to construct a drug-gene network. As shown in Figure 8C, five potential gene targets (STAT3, MMP9, AQP9, SELL, and FPR1) and 53 promising drugs/ingredients constituted the drug-gene network. The obtained gene targets and drugs may provide new possibilities for the treatment of early IS and warrant further experimental study.





4 Discussion

Despite numerous deaths, permanent disabilities and high public burden worldwide caused by IS, the understanding of its pathogenesis and effective treatments remains limited thus far (12). Oxidative stress and inflammation, two well-known pathological mechanisms, may play crucial roles in the initiation and progression of early IS. Meanwhile, their interaction may further promote the expansion and aggravation of cerebral damage (13). Therefore, exploring the genes involved in both oxidative stress and inflammation may help uncover the novel biomarker and potential therapeutic target in the early stage of IS.

In our study, a comprehensive transcriptome bioinformatics analysis was performed to investigate critical genes related to oxidative stress and inflammation in early IS. Initially, we found ISOSGS based on GSVA and WGCNA approaches. Interestingly, their enrichment results included neutrophil degranulation, neutrophil activation involved in immune response and neutrophil extracellular trap formation, suggesting that some certain genes in ISOSGS may play pivotal roles in various neutrophil response following stroke. Next, we ascertained ISNGS adopting CIBERSORT and DEG analysis. Then, the following procedures consisting of the intersection of ISOSGS and ISNGS, PPI network construction and degree algorithm filtering, dataset and clinical samples validation were performed step by step. Eventually, six critical genes related to both oxidative stress and neutrophil response were identified (STAT3, MMP9, AQP9, SELL, FPR1, and IRAK3).

STAT3, a relatively conserved member of the STATs family, transduces signal pathways for transcriptional regulation of cellular homeostasis, proliferation, inflammation, etc (14). Previous experiments have observed that STAT3 expression levels were increased in the rat brain regions ipsilateral to middle cerebral artery occlusion (MCAO) relative to the sham group (15, 16). Moreover, Adly et al. also found elevated levels of STAT3 in the peripheral blood of patients with IS compared to controls, indicating that STAT3 may act as a vital player in the pathogenesis of IS (17). Mechanically, Agrawal et al. found that in an oxygen-glucose deprivation and reperfusion (OGD-R) model of PC12 cells, considerable reactive oxygen species (ROS) were generated, which could trigger the expression of STAT3 (18). Furthermore, in the MCAO mice, the up-regulated STAT3 could enhance IL-1β expression, thereby facilitating the recruitment and adhesion of circulating neutrophils to the damaged cerebral tissue (19–21). Then, the recruited circulating neutrophils were hyper-activated and generated more ROS and pro-inflammatory cytokines, ultimately exacerbating neuroinflammation and ischemic cerebral injury (22).

Regarding MMP9, a previous meta-analysis by Misra et al. showed that the circulating levels of MMP9 were elevated in the patients with IS and could been considered as a potential biomarker for the diagnosis of ischemic stroke (23). Moreover, a prospective observational study involving 3,186 IS patients demonstrated that the increasing levels of MMP9 in the acute phase of IS were associated with severe disability and mortality (24). Currently, the raised MMP-9 levels following IS were thought to be mainly derived from peripheral neutrophils (25, 26). Liu et al. found that ROS and reactive nitrogen species (RNS) could promote the expression and activation of MMP9 in a rat MCAO model, and thus enhance blood-brain barrier (BBB) permeability by degradation of tight junction proteins (27). Subsequently, the damaged BBB could promote more neutrophils infiltration, which in turn produced more MMP9 and ROS, eventually amplifying oxidative stress and neuroinflammation after stroke (28).

As a G protein-coupled receptor, FPR1 is distributed in various immune cells such as macrophages, monocytes, dendritic cells, and neutrophils while it has been shown to be involved in several neurological diseases, including intracerebral hemorrhage, dementia, and traumatic brain injury (29–32). Regarding IS, Li et al. observed that after 1.5 hours of MCAO and 24 hours of reperfusion, wild-type mice had larger cerebral infarct volumes and higher neurological deficit scores compared with Fpk1 knockout mice, indicating that FPR1 played a vital role in the pathogenesis of IS (33). Mechanistically, FPR1 was essential for neutrophil migration from the spleen and peripheral blood to the ischemic brain tissue, where neutrophils could exert their pro-oxidative and pro-inflammatory properties (33). On the one hand, in the neutrophils expressing FPR1, the binding of FPR1 and damage-associated molecular patterns (DAMPs) might promote extracellular influx and intracellular release of Ca2+ and subsequently cause NADPH oxidase activation by Ca2+/PKC signaling pathway, thereby generating more superoxide anion and ROS (34, 35). On the other hand, it can also accelerate the synthesis of pro-inflammatory factors including TNF-α, IL-1β, IL-6, IL-8 and MCP-1 through NF-κB pathway (36, 37).

SELL, also known as L-selectin, encodes type I transmembrane glycoprotein expressed on peripheral leucocytes with an actual molecular weight ranging from 70 to 100 kDa (38). As an adhesion molecule, it regulates the adhesion and migration of multiple immune cells and is involved in the I/R injury in a variety of organs, including the kidney and liver (39, 40). As for IS, Wei et al. recently identified SELL P213S polymorphism as a potential biomarker for IS susceptibility in the Chinese population (41). Moreover, compared with 280 healthy controls, serum SELL levels were higher in 265 IS patients, suggesting that SELL may play an important role in the occurrence and progression of IS (41). This could be explained by the following biological mechanisms. Similar to FPR1, cross-linking of SELL could activate NADPH oxidases which subsequently potentiated neutrophil oxidative burst, resulting in the generation of large amounts of ROS and more neuronal death (42, 43). In addition, with the help of PECAM-1, SELL could accelerate neutrophil migration across TNF-activated endothelial monolayers, which may facilitate circulating neutrophil infiltration into the ischemic cerebral regions (44).

As an aquaglyceroporin initially found in human circulating leukocytes, AQP9 is thought to selectively transport a variety of substances, including water, urea, etc (45, 46). In a previous experiment, Badaut et al. detected a marked increase of AQP9 levels in the mice brain following transient cerebral ischemia (47). Moreover, our study identified AQP9 in peripheral blood as a critical gene associated with early IS by bioinformatics analysis. From the perspective of mechanism, the following pathways suggest that AQP9 may play a role in the pathophysiological process of IS. For one thing, through a Rac1-dependent pathway, AQP9 was phosphorylated and relocated to the plasma membrane following fMLF and PMA activation (48). Then, AQP9 could generate a localized osmotic gradient and promote the local diffusion of polymerization-competent actin monomers by interacting with accumulated ions at the plasma membrane such as Na+, H+ and Cl- (48). Subsequently, remodeling of actin cytoskeleton led to changes in neutrophil volume and shape, ultimately facilitating trans-endothelial migration of circulating neutrophils into ischemic brain tissue (49). For another, AQP9 expressed in neutrophils could promote membrane transport of ROS, which triggered the activation of NLRP3 inflammasome (50, 51). Then, NLRP3 inflammasome could further upregulate the levels of caspase-1 and IL-1β, and exacerbate CNS inflammation and ischemic cerebral injury (51).

IRAK3, an inactive kinase of the IRAK family, is a well-known negative regulator of TLR signaling, thereby inhibiting inflammation and preventing tissue damage (52). Regarding cerebral I/R injury, Wang et al. found that activation of IRAK3 by pretreatment with TLR ligands prior to ischemia significantly prevented subsequent brain injury (53). Furthermore, Irak3 knockout mice exhibited more severe brain damage after cerebral ischemia compared with wild-type mice (54). These results indicated that IRAK3 may protect against I/R injury following IS. Mechanistically, IRAK3 inhibited the dissociation of IRAK1 and IRAK4 from MyD88 as well as their interaction with TRAF6, thus preventing the activation of NF-κB and downregulating the release of pro-inflammatory cytokines, such as IL-1β, IL-6 and TNF-α (52, 55). Besides, IRAK3 may suppress mROS production by reducing TRAF6 recruitment to mitochondria (56). Moreover, with the TLR stimulation, IRAK3 was activated and in turn negatively regulated TLR signaling, which could eventually suppress the recruitment and localization of neutrophils to ischemic brain regions (57).

As network complexes composed of chromatin DNA, histones, and granular proteins, NETs can capture and eliminate bacteria, fungi or viruses and are divided into NADPH-oxidase (Nox)-dependent NETs and Nox-independent NETs (58). Recent evidence suggested that excessive NETs could damage the host tissue in various diseases, including infection, autoimmune diseases and cardiovascular disease (59, 60). Regarding IS, our GSEA analysis identified 6 critical genes abovementioned were associated with NETs in early IS. Mechanistically, both FPR1 and SELL could regulate the activity of NADPH oxidase and thus facilitate Nox-dependent NETs generation (35, 42, 61). In addition, protein arginine deiminase 4 (PAD4) leads to Nox-independent NETs formation by increasing histone citrullination, while STAT3 could affect PAD4 expression by regulating HMGB1/TLR4 signaling pathway. In contrast, IRAK3 might block TLR4 signaling to reduce PAD4 expression (52, 61, 62). MMP9, which has been confirmed to be significantly externalized from neutrophils, may be involved in NET generation by decorating decondensed chromatin fibers released from neutrophils (63). Besides, through the ROS/NLRP3/caspase-1 pathway, AQP9 increased the expression of gasdermin-D that could puncture the plasma and nuclear membranes to release NETs (64, 65). On the one hand, intravascular NETs could induce cerebral thrombosis by providing a scaffold for platelets, red blood cells and multiple coagulation factors (66). On the other hand, NETs components from the brain parenchyma, such as histones and myeloperoxidase, could rapidly exert neurotoxicity and aggravate cerebral ischemic injury (67).

Lastly, we predicted 53 potential drugs that may exert neuroprotective effects in early stroke by targeting 5 genes (STAT3, MMP9, AQP9, SELL, FPR1). Among them, curcumin could prevent cerebral I/R damage, which could be partially explained by reducing MMP9 expression and inhibiting NETs formation (68, 69). Moreover, another three potential drugs, phloretin, cucurbitacin B, and bimosiamose, which are the inhibitors of AQP9, STAT3, and SELL, respectively, have been reported to improve neurologic deficits after rat cerebral ischemia by reducing oxidative stress (70–72). However, for most predicted drugs, especially FPR1 inhibitors, direct experimental evidence for their pharmacological effect on stroke is currently lacking. Thus, further molecular experiments are required to investigate the therapeutic effect of these predicted drugs in brain I/R injury by targeting oxidative stress and neutrophil response in early IS.

There were several merits involved in our study. To our knowledge, this was the first comprehensive transcriptome analysis to identify critical genes involved in both oxidative stress and neutrophil response and predict some potential drugs targeting these genes, which may provide new insights into the treatment of early IS. Additionally, we not only used a transcriptome-scale design, but also analyzed the data using multiple methods, including GSVA, WGCNA, and CIBERSORT, etc. Thus, our results are systematic, comprehensive, and reliable. However, some limitations should be recognized in our comprehensive analysis. First of all, studies with larger sample size are required to further validate our results, and screening pathways and genes also need to be further confirmed. Secondly, a PPI network was constructed to explore the potential biological mechanism of early IS. However, the criteria for building PPI were relatively subjective, so the results of PPI might need to be interpreted carefully. Thirdly, we systematically analyzed the roles of these six critical genes in oxidative stress and neutrophil response mainly using bioinformatics methods, and some in vitro and in vivo studies are still required to confirm their roles in early IS. Last but not least, the use of whole blood RNA analysis was the main limitation of our study, although the neutrophil response in early stroke could be detected by the transcriptome analysis using whole blood samples. As shown in the Figure S4, compared with controls, the neutrophil specific markers, such as ELANE, MPO and S100A8, were significantly up-regulated in IS group in the discovery dataset and our clinical whole blood samples. However, many of the target genes that are assumed to be linked with neutrophils are also highly expressed in other leukocytes. Thus, in the future, we hope to selectively extract neutrophils for further study to explore the potential crosstalk between oxidative stress and neutrophil response.




5 Conclusions

In conclusion, we identified 6 critical genes in early IS, including STAT3, FPR1, AQP9, SELL, MMP9 and IRAK3, that were significantly up-regulated and participated in both oxidative stress and neutrophil response, especially neutrophil extracellular trap. Our findings may provide new insights into understanding the pathogenesis mechanism and developing novel diagnostic biomarkers and therapeutic strategies for IS.
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SUPPLEMENTARY Figure S1 | Data preprocessing of the discovery dataset merging two datasets. (A) PCA diagrams for GSE16561 and GSE37587 datasets before batch effect elimination. (B) PCA diagrams for IS and controls before batch effect elimination. (C) PCA diagrams for GSE16561 and GSE37587 datasets after batch effect elimination. (D) PCA diagrams for IS and controls after batch effect elimination.

SUPPLEMENTARY Figure S2 | Samples clustering and determination of optimal soft threshold in the WGCNA. (A) Sample clustering dendrogram. (B) Analysis of the scale-free index for a set of soft thresholds (β). (C) Analysis of the mean connectivity for a set of soft thresholds.

SUPPLEMENTARY Figure S3 | Validation of the oxidative stress status and neutrophil infiltration pattern in the GSE58294 dataset. (A) Heatmap of differential pathways showing significantly up-regulated oxidative stress pathway in early ischemic stroke. (B) Violin plot showing the difference in the infiltration proportion of 22 immune cells between IS patients and controls.

SUPPLEMENTARY Figure S4 | Expression difference of neutrophil specific markers using discovery dataset and clinical samples. (A) Expression difference for neutrophil specific markers using discovery dataset. (B) Expression difference for neutrophil specific markers using qRT-PCR analysis.
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Recently, a large number of experimenters have found that the pathogenesis of Parkinson’s disease may be related to the gut microbiome and proposed the microbiome–gut–brain axis. Studies have shown that Toll-like receptors, especially Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4), are key mediators of gut homeostasis. In addition to their established role in innate immunity throughout the body, research is increasingly showing that the Toll-like receptor 2 and Toll-like receptor 4 signaling pathways shape the development and function of the gut and enteric nervous system. Notably, Toll-like receptor 2 and Toll-like receptor 4 are dysregulated in Parkinson’s disease patients and may therefore be identified as the core of early gut dysfunction in Parkinson’s disease. To better understand the contribution of Toll-like receptor 2 and Toll-like receptor 4 dysfunction in the gut to early α-synuclein aggregation, we discussed the structural function of Toll-like receptor 2 and Toll-like receptor 4 and signal transduction of Toll-like receptor 2 and Toll-like receptor 4 in Parkinson’s disease by reviewing clinical, animal models, and in vitro studies. We also present a conceptual model of the pathogenesis of Parkinson’s disease, in which microbial dysbiosis alters the gut barrier as well as the Toll-like receptor 2 and Toll-like receptor 4 signaling pathways, ultimately leading to a positive feedback loop for chronic gut dysfunction, promoting α-synuclein aggregation in the gut and vagus nerve.
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1 Introduction

As early as 2,000 years ago, the ancient Greek philosopher Hippocrates, known as the father of modern medicine, proposed that “the source of all diseases begins in the guts”. The gut microbiome is dynamic and complex. The early gut microbiome is acquired from the mother’s vagina, skin, and surrounding environment at birth. Each person’s gut microbiome is stable and unique and is considered an individual microbial fingerprint or gut type (1). With the development of medicine, many studies have shown that the gut microbiome may affect the body’s brain structure and be related to neurological lesions through a special “gut–brain axis”. The microbiome–gut–brain axis links the enteric nervous system and the central nervous system with the neuroendocrine–immune system, forming a two-way signaling pathway, and the gut microbiome can participate in the regulation of the nervous system through the release of neurotransmitters, endocrine, immunity, and other pathways. As the body’s largest immune system, the immune system of the gut is essential for the protection of the body. Parkinson’s disease, the second most affected neurodegenerative disease in the world, interestingly, is thought to be inextricably linked to the role of the gut microbiome. The pattern recognition receptor Toll-like receptors, especially Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4), expressed in immune cells can recognize various exogenous and endogenous molecules to mediate the production of neuroinflammation; specifically, targeting Toll-like receptors may be an important way to regulate neuroinflammation and treat diseases. Parkinson’s disease is a common neurodegenerative disease with 7 million to 10 million Parkinson’s disease patients worldwide (2), which is the “third killer” of health and life in middle-aged and elderly people after tumors and cardiovascular and cerebrovascular diseases (3). It is characterized by abnormal aggregation of α-synuclein (α-syn) in neuronal cytoplasm to form Lewy bodies (LBs) and degeneration necrosis of dopaminergic neurons in the substantia nigra of the midbrain (4). In turn, α-synuclein aggregates may migrate to the brain via peripheral nerves such as the vagus nerve, leading to nerve damage and neurodegeneration commonly associated with Parkinson’s disease. With the increasing problem of population aging, the disease has become a widespread concern in medical and genetic circles. Its symptoms are mainly divided into motor impairments and non-motor impairments. Motor impairments mainly include muscle rigidity, tremor, gait disorder, and bradykinesia, while non-motor impairments such as constipation, gut diseases, anxiety, depression, sleep disorders, and cognitive dysfunction have been found to be earlier than motor impairments in recent years and can seriously affect the quality of life (3). Therefore, our review focuses on the research progress of the gut microbiome and the correlation between Toll-like receptors and Parkinson’s disease. We reviewed the latest evidence that disrupted Toll-like receptor 2 or Toll-like receptor 4 signaling pathway leads to Parkinson’s disease in gut homeostasis and enteric nervous system, as well as gut dysfunction in Parkinson’s disease. We suspect that Toll-like receptor 2 and Toll-like receptor 4 signaling pathways may promote Parkinson’s disease pathogenesis by increasing gut permeability and gut inflammation, thereby driving α-synuclein aggregation in the gut or brain.




2 Gut microbiome and Parkinson’s disease



2.1 Gut microbiome

The largest microbiome is in the human gut, the gut microbiome, with a number of about 100 trillion and a genome of about 3 million, known as the “second genome” of the human body. These include bacteria, fungi, and viruses, mainly bacteria, accounting for more than 90%. The cultures are interdependent and mutually restrictive, which maintain a symbiotic relationship and a physiological balance with the host. A healthy gut microbiome is essential for maintaining nutrient metabolism and body development, enhancing immunity and anti-aging, and improving tumor immunotherapy (5, 6). The gut microbiome is mainly composed of four bacterial phyla, of which Firmicutes constitute even two-thirds, followed by Bacteroidetes, Actinobacteria, and Proteobacteria (7). Under normal circumstances, the gut microbiome and the host are in a relatively balanced state, but when the gut microbiome is out of balance, it will induce gut dysfunction and then induce a series of diseases.




Microbiome–gut–brain axis

The brain can directly or indirectly influence the composition of microorganisms through the release of signaling molecules through the innate cell layers (enteric chromophils, neurons, and immune cells) or by altering gastrointestinal peristalsis function, secretions, and gut permeability. The gut microbiome can also interact with immune regulation pathways, vagus neuromodulation pathways, neuroendocrine regulatory pathways, metabolic system regulatory pathways, and endocrine regulatory pathways by releasing bacterial substrates, metabolites, and gastrointestinal endocrine factors to achieve interaction and communication with the brain, affecting the development and function of the brain and forming a new pathway of two-way communication between “microbiome–gut–brain axis” (8, 9). There is a large amount of lymphoid tissue under the human intestinal mucosa that responds to abnormal changes in the gut microbiome through the immune system, known as gut-associated lymphoid tissues (GALTs), containing approximately 80% of immune components (10). Gut-associated lymphoid tissues include pyle collecting lymph nodes located in the wall of the small gut, which separate lymphoid follicles scattered throughout the gut, appendix, and Wechsler ring. Under normal circumstances, the epithelial tissue of the intestinal mucosa secretes a large amount of mucus, which contains a large amount of mucin, which has the effect of preventing microorganisms from adhering to the epithelium. Germ-free (GF) mice show defects in the gut and systemic immune tissue and increased blood–brain barrier (BBB) permeability, and it is speculated that the gut microbiome may be involved in building the body’s immune system. Germ-free mice also exhibit increased circulating corticosteroid levels (11), suggesting hyperfunction of their hypothalamic–pituitary–adrenal axis. The gut microbiomes are also involved in the production of a variety of neurotransmitters (12), and Streptococcus, Enterococcus, and Escherichia species can produce serotonin. Lactobacillus and Bifidobacteria can produce γ-aminobutyric acid. Escherichia, Bacilli, and yeast can synthesize norepinephrine. Enterobacter secretes dopamine. Lactobacillus produces acetylcholine. These neurotransmitters are essential for regulating the body’s mood, cognitive function, and state of consciousness. The gut microbiome can affect the levels of anti-inflammatory and pro-inflammatory factors through immune responses, activate innate and adaptive immunity, and lead to local and systemic inflammatory responses, thereby affecting the central nervous system.





2.2 Parkinson’s disease and gut microbiome

Various lines of evidence are converging to implicate chronic gut dysfunction and immune activation as triggers and drivers of Parkinson’s disease pathology. Patients with Parkinson’s disease exhibit a number of features that reflect the diagnosis of inflammatory bowel disease (13), including altered gut microbiome composition and function (14–18), increased gut permeability (19–21), extensive immune activation (22), and extensive gastrointestinal symptoms (e.g., constipation, nausea, and bloating) (23, 24), some of which may appear decades prior to Parkinson’s disease diagnosis (25). Similarly, various genetic (e.g., LRRK2 and TNF-α variants) (26, 27), environmental (e.g., pesticides), or lifestyle factors (diet, exercise, or antibiotic use) (28, 29) increase the risk or progression of Parkinson’s disease and are also associated with gut malformations and inflammatory bowel disease, which itself is considered a risk factor for Parkinson’s disease (30, 31).



2.2.1 Characteristics of the gut microbiome in patients with Parkinson’s disease

Patients with Parkinson’s disease have gut microbiome disturbances that manifest as marked changes in the number of the microbiome. Many researchers have found a significant increase in gut permeability in patients with Parkinson’s disease compared with healthy patients (32–35). Studies have shown that the abundance of Enterobacteriaceae is positively correlated with the severity of Parkinson’s disease (36). Elevated levels of Escherichia coli and serum lipopolysaccharide (LPS) in patients with Parkinson’s disease indicate that gut permeability in Parkinson’s disease patients is associated with intestinal endotoxin exposure (37). The gut microbiome also plays a key role in regulating symptoms, with antibiotic therapy improving the expression of α-synuclein in Parkinson’s disease, while oral administration of specific microbial metabolites affects motor impairments, microglial activation, and aggregation of α-synuclein (38). In addition, predictive function analysis highlights the increased expression of genes involved in lipopolysaccharide biosynthesis in fecal samples from Parkinson’s disease patients, which may be associated with peripheral and central inflammation (37). In 2015, Finnish scientist Scheperjans (36) reported that the abundance of Prevotellaceae in the feces of patients with Parkinson’s disease was reduced by 77.6% compared with normal people. The genus participates in the synthesis of mucin in the gut mucosal layer, participates in the degradation of carbohydrates, and produces products such as short-chain fatty acids, vitamin B1, and folic acid (8). At the same time, the above studies also found that the number of Enterobacter bacteria in Parkinson’s disease patients with motor impairment is much higher than in Parkinson’s patients with tremors, and it is positively correlated with the severity of symptoms (32). The increase of Enterobacteriaceae bacteria increases serum levels of LPS, which can activate the Toll-like receptor 4 transmembrane signaling pathway and the intracellular nuclear factor κB (NF-κB) and MAPK signaling pathways to cause the body to produce cytoinflammatory factors such as TNF-α, IL-1β, and IL-6, which destroy the BBB and promote the deposition of α-synuclein (39, 40). Parkinson’s disease patients have a significant decrease in the Clostridium caseinate in the gut, and butyric acid produced by Clostridium caseinate has the function of regulating the gut, inhibiting pathogenic bacteria in the gut, and promoting the growth of beneficial bacteria (36). Many clinical studies have shown dysregulation of the relative abundance of different taxa of the gut microbiome in patients with Parkinson’s disease (Table 1). The genetic sequence of the gut microbiome was detected by 16s rDNA high-throughput sequencing, and it was found that the relative abundance of Prevotellaceae (36, 45) decreased in subjects, the relative abundance of Enterobacteriaceae increased, and its expression level was positively correlated with the severity of gait difficulties in 72 Parkinson’s disease patients compared with 72 control subjects (36). In another study, researchers found that elevated levels of Anaerotruncus spp., Clostridium XIVa, and Lachnospiraceae in Parkinson’s disease patients were associated with dyskinesia symptoms in Parkinson’s disease patients, while elevations in Akkermansia were associated with non-motor impairments in Parkinson’s disease patients (14). Prevotellaceae and Akkermansia are involved in the synthesis and degradation of gut mucin, which may be associated with increased gut permeability in Parkinson’s disease (14, 36). In addition, Butyricicoccus and Clostridium XIVb were significantly elevated in Parkinson’s disease patients compared with healthy controls, which may be associated with cognitive dysfunction in Parkinson’s disease (41). Studies have proved that the relative abundance of Blautia, Coprococcus, and Roseburia in Parkinson’s disease patients has decreased, among which Blautia is considered to be a butyrate-producing bacterium with anti-inflammatory effects, while the relative abundance of Faecalibacterium with pro-inflammatory effects is significantly increased (37). Pietrucci et al. (42) found that the presence of lactic acid bacteria (46), Enterobacteriaceae, and Enterococcus in the guts of Parkinson’s disease patients was higher than that of ordinary patients, while the number of Lachnospiraceae (42, 47–49) was less. However, Hill-Burns et al. (50) found that the abundance of lactic acid bacteria in the guts of patients with Parkinson’s disease decreased. Experiments have shown that the levels of Bifidobacteriaceae and Rikenellaceae in Parkinson’s disease patients have increased, and the relative abundance of Puniceicoccaceae and Roseburia has decreased (45).


Table 1 | Changes in the gut microbiome in patients with Parkinson’s disease.







2.3 Pathogenesis of Parkinson’s disease



2.3.1 α-Synuclein and Parkinson’s disease



2.3.1.1 α-Synuclein is a pathogenic component of Parkinson’s disease

Gastrointestinal microbial disorders mainly change gut permeability through neuroendocrine and neuroimmune aspects (51, 52), promote the secretion of inflammatory factors and the formation of a pro-inflammatory environment, and induce misfolding and pathological deposition of α-synuclein (53). In Parkinson’s disease, the pathogenic components of Lewy and Lewy neurites are predominantly α-synuclein, which is a native conformationally flexible unfolded protein that exists as monomers and polymers in healthy cells also is involved in the release of neurotransmitters, the transmission of synapses, and the role of mitochondria and lysosomes (54). Many neurodegenerative diseases are attributed to misfolding and consequent aggregation of proteins in the nervous system, leading to neurotoxicity and cell death. Protein misfolding is caused by environmental, genetic, and age factors that affect the physicochemical state of the body, resulting in impaired protein synthesis, folding, and clearance (55). To date, α-synuclein accumulation has been thought to be an abnormal or dysregulated process that causes altered gene expression and degeneration of damaged proteins. This insoluble α-synuclein can be released from neurons in a variety of ways, including exosome-mediated secretion or apoptosis. In the extracellular space, α-synuclein can propagate misfolded proteins or be rapidly absorbed by neighboring cells (56, 57) and transported retrogradely along with neuronal axons (58, 59).




2.3.1.2 α-Synuclein is the immune signaling molecule of Parkinson’s disease

Interestingly, emerging evidence suggests that α-synuclein has immune-related functions such that folding, release, and uptake may involve relevant molecular mechanisms rather than pathogenic processes themselves. Therefore, by observing the elevated levels of α-synuclein and the consequent pathology of Parkinson’s disease, we provide an interesting framework for linking the various elements that occur in Parkinson’s disease patients, including risk factors, gut dysfunction, and microbial dysbiosis, and it can be found that gut dysfunction and microbial dysregulation can lead to elevated levels of α-synuclein, which in turn promotes the occurrence and development of Parkinson’s disease. While the role of primary research in synaptic communication in neurons has been conducted, recent studies have shown that α-synuclein functions as an immune signaling molecule (60). Extracellular α-synuclein exerts chemo-attracting effects to stimulate neutrophil and monocytes and dendritic cell maturation in vitro (61), as well as α-synuclein as a natural antimicrobial peptide (62, 63) and viral replication inhibitor (51). Thus, α-synuclein is hypothesized to be involved in the mobilization of central and peripheral neurons and enteroendocrine cells in gut epithelial cells (64–66). Abundant α-synuclein is stored in the gut plexus of the mucosa and human appendix (58), and the level of α-synuclein staining of neurons in the gut correlates with the degree of human bowel biopsy (67). Although there are uncertainties regarding the transport, release, and immune-related role of α-synuclein, it is clear that increased expression of α-synuclein elicits pre-inflammatory responses and that changes in the surrounding extracellular microenvironment (e.g., temperature, pH, metal ions, metabolites) can affect the conformation of α-synuclein, leading to protein folding. In turn, the misfolded α-synuclein forms pathological polymers, fibers, and Lewy bodies, which in turn cause lysosomal and mitochondrial dysfunction, interfere with microtubule formation and autophagy, and activate microglia (68, 69). Thus, not only do simple gut dysfunction and resulting exposure to translocation pathogens trigger α-synuclein increases in levels within certain intestinal cells, but long-term intestinal pathological changes may also encourage misfolded α-synuclein aggregation (Figure 1), especially when accompanied by overexpression of α-synuclein or disruption of protein clearance (70). In addition, high apoptosis turnover in certain intestinal cell populations means that insoluble α-synuclein aggregates can periodically or chronically be released from enteroendocrine cells into the extracellular space of the gut barrier. α-Synuclein can be secreted in a variety of ways by various cell types, meaning that misfolded α-synuclein in the gut barrier can easily spread into adjacent intestinal neurons, misfolding surrounding proteins and further triggering neurodegeneration. Therefore, intestinal inflammation may increase α-synuclein levels and misfold proteins into a vicious cycle, which may contribute to the development of Parkinson’s disease. Previous gut infections have been associated with the risk of future Parkinson’s disease (71), and pathological Lewy bodies were diagnosed several years ago in patients with gastrointestinal tract extremely pronounced (72). Interestingly, Helicobacter pylori infection can worsen motor impairments after diagnosis of Parkinson’s disease (73), suggesting the pathogenesis and progression of infection-mediated gut dysfunction in Parkinson’s disease. In addition, prior viral infections outside the gastrointestinal system may also be associated with the risk of developing Parkinson’s disease, and it is thought that the immune-related effects of α-synuclein lead to elevated protein levels as an endogenous physiological factor, especially in patients with sporadic Parkinson’s disease. As an example, elevated substantia nigra levels in some human immunodeficiency virus (HIV) patients (74) and Western equine encephalitis virus infection cause α-synuclein aggregation with selective dopaminergic loss in mouse brains (75).




Figure 1 | Schematic diagram of the representative distribution of TLR2 and TLR4 in gut. Microbial dysbiosis and precursor gut reactions can lead to complex leaky gut and the notorious positive feedback loop. For example, microbial dysbiosis (1) contributes to the signaling pathway of epithelial TLRs (2), which can result in a leaky gut (3) and further TLR signaling (4) with subsequent cytokine secretion (5) and immune cell activation (6), leading to TLR-associated dysbiosis. Such gut inflammation can alter the enteric nervous system signaling (7). Insoluble α-syn aggregates can spread from the gut to the brain through peripheral nerves, where they cause Lewy body pathology and neurodegeneration of the central nervous system, leading to the characteristic movement disorders of Parkinson’s disease (8). Figure created with Figdraw.com.







2.3.2 Coronavirus disease 2019 and Parkinson’s disease

Of particular note is the two hypothetical starting sites of Parkinson’s disease reflecting in some people the effects of coronavirus disease 2019 (COVID-19) affecting the sense of smell (anosmia) and gastrointestinal tract (microbial dysbiosis, diarrhea, and intestinal inflammation) (76). In addition, there are many similar molecular links between coronavirus disease 2019 and Parkinson’s disease, including oxidative stress, inflammation, and protein aggregation (43). Although there are currently unreliable data linking coronavirus disease 2019 infection or “long-term COVID” to the risk of developing Parkinson’s disease, future studies of the relationship between viral infection, Toll-like receptor signaling pathway, and α-synuclein are critical for Parkinson’s disease. Thus, early gut dysfunction signaling pathways caused by Toll-like receptor 2 and Toll-like receptor 4 destructions may directly lead to elevated α-synuclein levels and aggregation in prodromal Parkinson’s diseases. Furthermore, α-synuclein acts as an agonist of endogenous Toll-like receptor 2 and Toll-like receptor 4 (44, 77), and it is conceivable that elevated Toll-like receptor levels due to pre-existing inflammation or Toll-like receptor initiation can induce a positive feedback loop that can induce α-synuclein–Toll-like receptor signaling pathway. The Toll-like receptor is activated by pathogen-associated molecular patterns and damage-associated molecular patterns, and mediated signaling pathways can regulate the expression of cytokines, chemokines, interferons, and α-synuclein.






3 Toll-like receptors



3.1 Biological characteristics of Toll-like receptors

Toll-like receptors are a family of receptors closely related to innate immunity, which belong to a family of pattern recognition receptors; widely distributed in human tissues and cells; mainly distributed in the immune system, neurons, and glial cells; and can recognize a variety of pathogen-associated molecular patterns and damage-associated molecular patterns, which are a bridge between innate and adaptive immunity (78) and are able to identify small molecules with highly conserved structures from microorganisms. When bacteria break through the natural physical protective barriers of the human body, such as skin and mucous membranes, Toll-like receptors can recognize and stimulate the human body to form an immune response (79). Medzhitov et al. (80) first discovered in 1997 that the Toll-like receptor of humans homologous to fruit flies can activate the NF-κB signaling pathway, called Toll-like receptors, and at present, a total of 13 Toll-like receptors (i.e., Toll-like receptors 1–13) have been found in the human body, of which Toll-like receptors 3, 7, 8, 9, and 13 are distributed in the nuclear endosomes of cells, and the rest of the Toll-like receptors are distributed on the cell surface (81). These Toll-like receptor family molecules recognize the corresponding ligands, activate downstream signal transduction pathways, trigger immune responses, induce cytokines and chemokines, and play an important role in innate and adaptive immune responses.



3.1.1 Distribution and expression of Toll-like receptor 2 and Toll-like receptor 4

While Toll-like receptor 2 and Toll-like receptor 4 in Toll-like receptors are important sub-receptors for inducing Parkinson’s disease development, Toll-like receptor 2 and Toll-like receptor 4 are generally expressed in a healthy gut but are more obvious in the colon. When the gut reacts, Toll-like receptor 2 and Toll-like receptor 4 are activated by recognizing bacterial DNA in the gut, the expression of Toll-like receptor 2 and Toll-like receptor 4 in the gut is significantly higher than in healthy people (82), and abnormal expression of their receptors can accelerate the occurrence of Parkinson’s disease (83). Toll-like receptors located on the cell surface recognize multiple components of bacteria and viruses, including LPS, peptidoglycan, flagellin, and lipoprotein. Toll-like receptors located on endosomal membranes recognize nucleic acids of bacteria and viruses. Toll-like receptors mediate the specific recognition of exogenous pathogen-associated molecular patterns, which are secreted by bacteria, viruses, fungi, parasites, etc., and endogenous injury-associated molecular patterns, which are secreted by damaged tissues or cells. For example, Toll-like receptor 2 mainly acts on macrophages, monocytes, and epithelial cells of part of the mucosa of the digestive tract, etc., and plays a role by recognizing gram-positive bacterial components (84). Toll-like receptor 4 is highly expressed in human renal tubular epithelial cells and intestinal epithelial cells, and Toll-like receptor 4 is mainly effective for the recognition of LPS of gram-negative bacteria and is the only receptor for LPS (85, 86). It activates the transduction pathway of the cross-membrane immune signaling pathway mediated by Toll-like receptor 2 and Toll-like receptor 4, thereby mediating the inflammatory response, initiating the immune system, and producing inflammatory factors (87–89).





3.2 Toll-like receptor 4

To reflect the inflammatory nature of Parkinson’s disease, a growing body of research supports altered Toll-like receptor 4 signaling pathway in Parkinson’s disease pathology. Patients with Parkinson’s disease exhibit elevated levels of Toll-like receptor 4 protein and putamen samples in colon biopsies, circulating monocytes, and postmortem caudate nucleates (90). Studies have also shown that deranged serum markers indicate Toll-like receptor 4 activation (as assessed by levels of altered LPS-binding proteins) (19). Animal experiments have found that intraperitoneal injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) into mice with MPTP showed less microglial activation and less dopamine neuronal loss in the substantia–striatum nigra site of Toll-like receptor 4-deficient mice compared with wild-type mice (91). Cell experiments have also confirmed that Toll-like receptor 4 expression is upregulated in 1-methyl-4-phenylpyridinium (MPP+)-induced BV-2 cells (92). Autopsy of Parkinson’s disease patients has seen an increased expression of Toll-like receptor 4 in the substantia nigra of the midbrain (93, 94). The above studies strongly suggest that Toll-like receptor 4 plays an important role in the pathogenesis and progression of Parkinson’s disease.



3.2.1 Structural function of Toll-like receptor 4

Toll-like receptor 4 is a pattern recognition receptor that belongs to type I transmembrane glycoprotein, which is mainly expressed in innate immune cells such as macrophages and dendritic cells and mainly exists in the brain in microglia, astrocytes, and other cells involved in the immune response of the central nervous system. Toll-like receptor 4 is activated by recognizing the LPS of gram-negative bacteria, the F protein of the respiratory syncytial virus, glycerol inositol phospholipids of trypanosomes, and damage-associated molecular patterns such as high mobility group protein B1 (HMGB1) and heat shock proteins (HSPs) (95). The main structures and functions of Toll-like receptor 4 are as follows: 1) leucine-rich extracellular domain: recognizes the pathogen-associated molecular pattern and damage-associated molecular pattern to form receptor complexes; 2) intracellular Toll/interleukin-1 (IL-1) receptor (TIR) domain: homologous to the IL-1 receptor, responsible for recruiting downstream adaptor factors, triggering signal transduction from intracellular to nucleus. After Toll-like receptor 4 activation, oligomerization occurs and then the activation of myeloid differentiation factor 88 (MyD88), TIR domain-containing adaptor protein inducing interferon-β (TRIF), and TRIF-associated adaptor. In TRIF-related adaptor molecule (TRAM) and other downstream adaptor factors, a series of cascade biochemical reactions occur after the adaptor protein is activated, initiating downstream signaling pathway and finally transmitting the signal from the cell to the nucleus, subsequently activating NF-κB, activator protein-1 (AP-1), signal transduction and signal transducer and activator of transcription 3 (STAT3), and other transcription factors. Different transcription factors initiate the transcription and protein expression of corresponding target genes, such as inducing the production and release of tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and other pro-inflammatory cytokines, and exerting anti-infection, autoimmune, and other effects. After Toll-like receptor 4 is activated, on the one hand, it initiates the innate immune response, which is equivalent to the “electric gate” of innate immunity. On the other hand, adaptive immune responses can also be regulated by releasing chemokines and regulating T-cell differentiation (80).




3.2.2 Toll-like receptor 4 signal transduction

The Toll-like receptor 4 signaling pathway is complex and involves the participation of a variety of molecules and linker factors. The pathological mechanisms of various diseases such as chronic gastrointestinal diseases and malignant tumors are related to abnormal activation of Toll-like receptor 4, and all suggest that the transduction mode of the Toll-like receptor 4 signaling pathway is complex and fine. Parkinson’s disease is no exception, and the Toll-like receptor 4 signaling pathway involves multiple pathways in pathogenesis studies, starting with the classical Toll-like receptor 4/NF-κB signaling pathway, which is involved in the immune inflammatory response (96, 97). Toll-like receptor 4 deficiency has been found to significantly attenuate the activation of the Toll-like receptor 4/NF-κB signaling pathway in the midbrain of MPTP-induced Parkinson’s disease mice and reduce neuroinflammation (98, 99). In addition, in the pathological process of Parkinson’s disease, Toll-like receptor 4 can also be associated with mitogen-activated protein kinases (MAPKs) that regulate cell growth and differentiation, glycogen synthase kinase 3β (GSK3β), AP-1 that regulates oxidative stress and nuclear factor E2 (Nrf2), and other factors that form a cascading pathway. Paraquat-activated BV2 cells have shown that Toll-like receptor 4 inhibitors significantly reverse the phosphorylation of MAPKs and reduce transcription levels of pro-inflammatory cytokines compared with MAPK inhibitors (100). Studies in animal models of Parkinson’s disease have also found that activation of the Toll-like receptor 4/TNF receptor-associated factor 6 (TRAF6)-mediated MAPK signaling pathway is involved in neuroinflammatory processes (96). Similarly, in LPS-induced models of cellular inflammation, the Toll-like receptor 4/MAPK signaling pathway has been found to be involved in activating microglia, ultimately causing neuronal inflammatory damage induced by SHSY5Y cells (97). In addition, Shao et al. (101) found in the study of α-synuclein-stimulated neuroinflammation that TNF-α expression is regulated by the Toll-like receptor 4/phosphatidylinositol 3-kinase (PI3K)/AKT/GSK3β signaling pathway. There have also been studies showing that MPTP-induced Toll-like receptor 4−/− mice exhibit downregulation of AP-1 expression (99). In LPS-induced astrocyte models, Toll-like receptor 4 activation causes downregulation of Nrf2 expression (102). The limitation of this research is that there is no research to prove the possible intricate relationship between the above individual pathways, such as series, parallel, or cascade, and there is an urgent need for large-sample experiments and human trials with clear ideas to better elucidate the signal transduction and mechanism of action of Toll-like receptor 4 in Parkinson’s disease.




3.2.3 Toll-like receptor 4 and α-synuclein

In recent years, the relationship between α-synuclein and Toll-like receptor 4 has been controversial. Stefanova et al. (103) found that both the functional blockade and gene knockout of Toll-like receptor 4 could lead to a decrease in the phagocytosis of α-synuclein by microglia, resulting in the accumulation of α-synuclein in the mouse brain and the decrease in dopamine neurons. A similar study (51) also confirmed increased aggregation of α-synuclein protein in the midbrain of Toll-like receptor 4−/− mice and increased expression of α-synuclein mRNA in the cerebral cortex, striatum, hippocampus, and cerebellum. Based on the fact that α-synuclein aggregation first appeared in the olfactory bulb and vagus nerve (104), Chen et al. (105) conducted a study on the pathological tissue of the olfactory bulb and found that the Toll-like receptor/NF-κB signaling pathway was activated in the olfactory bulb of Parkinson’s disease model mice and the phosphorylation level of p65 protein was significantly increased. Based on the above studies, microglia may regulate the synthesis, clearance, and distribution of α-synuclein in the brain in a Toll-like receptor 4-dependent manner, and Toll-like receptor 4 signaling pathway disorders or signal transduction disorders can cause α-synuclein aggregation and lead to Parkinson’s disease.

Studies have found that α-synuclein can be used as a Toll-like receptor 4 activator to induce activation of the Toll-like receptor 4 signaling pathway, causing neuroinflammation dominated by TNF-α high expression (101). When Toll-like receptor 4−/− macrophages are stimulated by α-synuclein oligomers, pro-inflammatory factor secretion is significantly reduced (94). Increasing the dose of α-synuclein oligomers at physiological concentrations sensitizes Toll-like receptor 4 on the surface of microglia and astrocytes, increasing their downstream production of pro-inflammatory cytokines (94). In addition, ex vivo studies of astrocytes have found that recombinant human α-synuclein and oligomers can activate the Toll-like receptor 4 signaling pathway in ex vivo primary astrocytes, leading to pro-inflammatory factor production, but the uptake of α-synuclein by astrocytes is not associated with Toll-like receptor 4 (94, 106). It has also been confirmed that α-synuclein induces C-X-C mode-ordered chemokine ligand 12 by activating the Toll-like receptor 4 signaling pathway (C-X-C motif chemokine ligand 12, CXCL12; a classical inflammatory chemokine), and CXCL12 is involved in α-synuclein-induced microglial accumulation (107). It can be seen that α-synuclein seems to activate Toll-like receptor 4 in this “suicidal” way, thereby mediating its clearance of itself. Of course, the inflammatory pathological process that relies on α-synuclein Toll-like receptor 4 activations may also be an early cause of Parkinson’s disease.




3.2.4 Toll-like receptor 4: the bridge between coronavirus disease 2019 and Parkinson’s disease

Although the exact mechanism of Parkinson’s disease pathogenesis is unknown, in the activation of Toll-like receptor, primarily Toll-like receptor 4 and subsequent neuroinflammation, the immune response appears to play an important role. There is growing evidence suggesting that viral infections may be consistent with the precipitation of Parkinson’s disease or Parkinsonism. The recently identified coronavirus, named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is the causative agent of the ongoing pandemic coronavirus disease 2019, causing 160 million cases and more than 3 million deaths worldwide. The binding of the SARS-CoV-2 spike (S) protein to Toll-like receptor 4 and the possible interaction between SARS-CoV-2 and α-synuclein were also considered contributing factors to neuronal death. High levels of ACE2 and TMPRSS2 in neurons, astrocytes, and oligodendrocytes may promote a neuroinvasive predisposition to SARS-CoV-2, and these levels, together with Toll-like receptor 4 activation, predispose patients to α-synuclein aggregation, neurodegeneration, and Parkinson’s disease pathogenesis (108).



3.2.4.1 α-Synuclein between coronavirus disease 2019 and Parkinson’s disease

At present, the possible impact of coronavirus disease 2019 on the pathogenesis of Parkinson’s disease is controversial. Parkinson’s disease is associated with central nervous system immune response, microglial and oligodendrocytes activation, histocompatibility class II upregulation, and pro-inflammatory cytokine overproduction. Severe acute respiratory syndrome coronavirus 2 infection can be a substantial immune response. Cytokine storms during coronavirus disease 2019 can lead to blood–brain barrier breakdown and lead to viral entry and immune cell infiltration (109). This can directly lead to neuronal death and escalation of patient care to severe neurological complications that characterize all synucleinopathies, including Parkinson’s disease (110–113). Parkinson’s syndrome has been reported following coronavirus disease 2019. Although Parkinson’s disease was not diagnosed, functional nigrostriatal neuroimaging was abnormal in some coronavirus disease 2019 cases, therefore presuming dopaminergic nigrostriatal impairment (114, 115). Moreover, some of the most common non-motor impairments of Parkinson’s disease are evident in coronavirus disease 2019 patients and comprise anosmia/hyposmia, gastrointestinal symptoms, ageusia, fatigue, and painful limbs (116, 117). These symptoms antedate the pathological deposition of α-synuclein and the appearance of motor impairments. α-Synuclein is the most important protein implicated in Parkinson’s disease. Similar to West Nile virus and severe acute respiratory syndrome coronavirus 1, severe acute respiratory syndrome coronavirus 2 infection may cause α-synuclein upregulation in an attempt to prevent viral replication and nerve invasion (61, 118). However, abundant and persistent systemic inflammation may disrupt host cell protein balance and protein quality control systems, leading to pathological modification of α-synuclein, which can develop with the formation of fibril structures. Despite the need for confirmation, recent findings suggest that interactions between severe acute respiratory syndrome coronavirus 2 N proteins and α-synuclein can accelerate protein aggregation into amyloid fibers, leading to reproduction and extensive neurodegeneration (119). In addition, α-synuclein aggregation may also result from interactions between severe acute respiratory syndrome coronavirus 2 and damaged proteins that belong to the autophagy mechanism or are involved in maintaining protein balance.






3.3 Toll-like receptor 2

Toll-like receptor 2 is a cell surface receptor expressed in various immune cells and epithelial cells, as well as cells in the central, peripheral, and enteric nervous systems of neurons and glial cells (120). Toll-like receptor 2 forms homodimeric or heterodimer Toll-like receptor 1 and Toll-like receptor 6 to recognize a variety of gram-negative and gram-positive bacterial products such as lipophosphate, lipoprotein, peptidoglycan, and bacterial amyloid (e.g., Curli protein) (121), as well as endogenous substances including α-synuclein. Activation of Toll-like receptor 2 may lead to pre-inflammatory as well as anti-inflammatory responses depending on cell type and ligands and co-receptors (122). For example, on dendritic cells, activation of Toll-like receptor 2 by peptidoglycan (rather than lipoteichoic acid) induces TNF-α release. Interestingly, activation of Toll-like receptor 2 through the accumulation of Aβ42 aggregates in microglia elicits protocytokine release, a response enhanced by Toll-like receptor 1 coreceptor action but inhibited Toll-like receptor 2-Toll-like receptor 6 activation (122). Conversely, activation of Toll-like receptor 2 by polysaccharide A from Bacteroides fragilis causes an anti-inflammatory response in B cells resulting in interleukin-10 (IL-10) production (123), suggesting that Toll-like receptor 2 has complex immunomodulatory effects in the gut or endogenous factors, which are associated with neurodegeneration.



3.3.1 Expression of Toll-like receptor 2 in Parkinson’s disease patients

Given its established role in innate immunity, Toll-like receptor 2 may play a key role in microbiome-induced systemic action, and there are several pieces of evidence that the Toll-like receptor 2 signaling pathway is altered in Parkinson’s disease patients. First, polymorphisms in C–T single-nucleotide Toll-like receptor 2 rs3804099 are associated with an increased risk of Parkinson’s disease in Han populations, especially in patients with late-onset Parkinson’s disease (124), while the recent use of the Caucasus subset for research progress markers (PPMI) cohort reported that TC heterozygotes and minor CC homozygous Toll-like receptor 2 rs3804099 significantly increased the risk of Parkinson’s disease (125), indicating that possible regional or ethnic differences play a role in the polymorphism of Toll-like receptor 2 and Parkinson’s disease. This polymorphism is an important expression quantitative trait locus (eQTL) in some cell types, is expected to affect Toll-like receptor 2 mRNA levels (126), and is associated with bacterial susceptibility to infection (126, 127), but further studies are needed to confirm the direct effects of Toll-like receptor 2 rs3804099 on protein levels.

Toll-like receptor 2 expression is increased in monocytes in Parkinson’s disease patients (93, 128). Brain samples from Parkinson’s disease patients analyzed after the fact have demonstrated increased Toll-like receptor 2 expression in neurons and microglia in various regions of the brain, including the substantia nigra and putamen (129), as well as increased expression of the substantia nigra striatum Toll-like receptor 2-related signaling pathways [including cluster 14 (CD14), a coreceptor for Toll-like receptor 4] (130). In healthy brains after death, Toll-like receptor 2 levels are particularly predominantly low in microglia (94). Thus, it has consistently been suggested that elevated neuronal Toll-like receptor 2 levels are a consequence of the disease process in Parkinson’s disease patients (131). Interestingly, Toll-like receptor 2 expression in the substantia nigra of Parkinson’s disease patients was significantly higher than in healthy controls but significantly lower than in sporadic Lewy body disease (132) (prodromal phase of Parkinson’s disease and asymptomatic phase), thus supporting Toll-like receptor 2 expression in the early disease process. In addition, this study reports an association between Toll-like receptor 2 expression in the substantia nigra striatum and occasional microglia initiated in Lewy body disease, leading the authors to suggest that upregulation of Toll-like receptor 2 may represent widespread Parkinson’s disease pathology and neurodegeneration and that this early microglial activation may be due to interactions between Toll-like receptor 2 and oligomeric α-synuclein (132).




3.3.2 Toll-like receptor 2 and α-synuclein

Studies have also shown a functional molecular link between histopathology and Toll-like receptor 2 and α-synuclein. Notably, Toll-like receptor 2 is colocalized with α-synuclein in the anterior cingulate cortex of postmortem brain tissue in Parkinson’s disease patients (129). At the cellular level, α-synuclein is an endogenous Toll-like receptor 2 agonist and directly causes microglial activation and upregulation of Toll-like receptor 2 expression (132). Toll-like receptor 2 activation increases the uptake of α-synuclein fibrils by neurons, astrocytes, and microglia (129), with different potential mechanisms and consequences (133). In neurons and astrocytes, Toll-like receptor 2 stimulation impairs α-synuclein fibril degradation (133), and treatment of SH-SY5Y and primary human neurons using the Toll-like receptor 2 agonist PAM3CSK4 culture (but not the Toll-like receptor 4 agonist LPS) increases α-synuclein levels due to lysosomal degradation or impaired autophagy (129). Correspondingly, Toll-like receptor 2 activation inhibits autophagy by activating AKT/mTOR, while inhibition of Toll-like receptor 2 signaling pathway reduces neuronal α-synuclein overexpression in Toll-like receptor 2 knockout mice (134). Thus, Toll-like receptor 2 activation in neurons and astrocytes increases α-synuclein uptake and impairs degradation processes, leading to neurotoxicity. In contrast, the α-synuclein released by the cells activates microglia, in which α-synuclein Toll-like receptor 2 stimulates a pre-inflammatory response and α-synuclein internalization (130) but is degraded in a Toll-like receptor 2-independent manner (133). Cultures expose microglia to recombinant α-synuclein-activated cells and increase Toll-like receptor 2 expression (135). In addition to cell type differences in α-synuclein Toll-like receptor 2 responses, conformational α-synuclein also plays a role. Studies in primary rat microglia cultures and Toll-like receptor 2 knockout mice have shown that oligomeric α-synuclein secreted in a Toll-like receptor 2-dependent manner from neurons (130) causes an inflammatory response by Toll-like receptor 2 signal transduction in human monocytes by fibril α-synuclein aggregates (but not oligomers) in human monocytes (136), indicating cellular and conformational responses to α-synuclein. Similarly, a recent paper exposing microglia to different α-synuclein conformations in vitro showed that α-synuclein monomers and oligomers activate NLRP3 via Toll-like receptor 2 and Toll-like receptor 5. While fibrils cause NLRP3 activation, microglial inflammasomes are not activated after initial initiation with LPS and “band” conformation, of which NLRP3 inflammasomes are important for α-synuclein phagocytosis and decomposition (137). Toll-like receptor 2 may be an effective therapeutic target for Parkinson’s disease because blocking Toll-like receptor 2 with functional inhibitory antibodies reduces the transmission of α-synuclein and the accumulation of α-synuclein between neurons and astrocytes between cells and improves nerve damage and neurodegenerative disease in mice with behavioral disorders of α-synuclein overexpression (138). Further research is needed to investigate the role of Toll-like receptor 2 with α-synuclein gut–brain transmission and the role of Toll-like receptor 2 and α-synuclein in immune cells, intestinal neurons, and intestinal cells such as enteroendocrine cells.




3.3.3 Toll-like receptor 2 and Toll-like receptor 4 interact with each other in the gut microbiome

Gut Toll-like receptor has wide-ranging effects on intestinal physiology, regulatory dynamics, epithelial barrier integrity, mucosal immune response (139), and enteric nervous system function.

As mentioned earlier, the gut lumen houses the gut microbiome, which co-evolved with humans. The gut microbiome has been a hot topic for the past two decades and has implications for scientific endeavors, and it is clear that the gut microbiome connects all aspects of health, communication, and influence on human biology (e.g., the microbiome–immune axis, the gut–brain axis, the gut–skin axis). Of note, the effects of antibiotics on the gut microbiome on development and overall health were determined using sterile animals born under sterile conditions without a gut microbiome or microbiome depletion model. For example, in the GF rodent model, immune development, stress response capacity, learning capacity, memory and affective capacity, and social behavior are altered (140–142). Interestingly, a family model of Parkinson’s disease in Thy1-α-synuclein overexpressed mice, reared under GF conditions, showed that mice with α-synuclein-dependent microglia had less locomotor and gastrointestinal tract than mice cloned with complex microbiome (38). Similarly, in rodents, oral antibiotics improved 6-hydroxydopamine (6-OHDA; another established Parkinson’s disease model), suggesting that microbiome-driven signal transduction exacerbates central neurodegeneration of Parkinson’s disease (143). While these conclusions highlight the role of the microbiome and microbiome-driven inflammation in Parkinson’s disease, as well as the complexity of the disease, further clinical studies are needed to understand how the composition of the microbiome relates to changes in humans.Microbial dysbiosis is widely recognized as evident in patients with Parkinson’s disease (14–18). However, the complexity of dynamic microbiomes, the complexity of microbiome–host interactions, and the heterogeneity of Parkinson’s disease complicate the complexity of knowing which microbiome change directly helps to understand the pathogenesis of Parkinson’s disease, which is the result of an ongoing disease process or disease-related lifestyle changes, or may simply reflect an individual’s unique microbial “fingerprint”. Moreover, not everyone with microbiome dysbiosis will develop Parkinson’s disease. This complexity only underscores the need for investigation, which may mitigate dysbiosis as well as the decline of pre-inflammatory responses. In fact, the Toll-like receptor has been reviewed earlier as a mediator of the microbiome–gut–brain axis and innate immune system in Parkinson’s disease patients (79), and this section focuses on the role of Toll-like receptor 2 and Toll-like receptor 4 in overall intestinal physiology and the possible role of local effects on early Parkinson’s disease pathogenesis and enteric nervous system function.

In the gut, Toll-like receptor, especially Toll-like receptor 2 and Toll-like receptor 4, is an integral part of normal intestinal homeostasis, improving microbial tolerance, improving gut barrier integrity, and regulating immune responses to pathogens. A variety of environmental, genetic, and microbial factors can influence the Toll-like receptor signaling pathway, and long-term exposure to pro-inflammatory factors (e.g., diet, infectious agents, and antibiotics) can lead to chronic inflammation, microbial dysbiosis, and leaky gut. This gut dysfunction, especially the translocation barrier of pathogenic microorganisms in leaking gut, can trigger α-synuclein release from certain intestinal cell populations as part of a normal immune response. According to Braak’s hypothesis (144), α-synuclein aggregates have been reported to travel from the gut to the brain via the vagus nerve, where α-synuclein aggregates ultimately trigger Toll-like receptor 2- and Toll-like receptor 4-mediated inflammation and microglial activation leading to neurodegenerative and motion injury in Parkinson’s disease patients. Therefore, it is conceivable that chronic Toll-like receptor-mediated gut dysfunction and intestinal inflammation may lead to the α-synuclein propagating through the entire gut and eventually to the brain. Alternatively, α-synuclein that accumulates locally in the gut may contribute to chronic inflammatory circulation and dysfunction, ultimately triggering systemic inflammation. In turn, the systemic inflammatory response is predominantly central immune receptors (including Toll-like receptor 2/4), which can alter the permeability of the blood–brain barrier leading to central nerve damage, which is directly thought to trigger central α-synuclein aggregation and neurodegeneration of the substantia nigra. Further research into the role of α-synuclein in the gut requires validating these hypotheses and understanding whether and how normal immune mechanisms become pathogenic, leading to Parkinson’s disease.






4 Outlook

In conclusion, according to the existing theoretical studies and experiments, the intestinal microbial and enterogenic inflammatory response plays an important role in the inflammatory response of the central nervous system and the pathogenesis of Parkinson’s disease, and the Toll-like receptor signaling pathways play a regulatory role in this process. However, the current research on Toll-like receptor signaling pathways in Parkinson’s disease is not perfect, and further research is still needed on the relationship between Toll-like receptor, the gut microbiome, and Parkinson’s disease. By silencing and knocking out Toll-like receptor-related genes or transferring Toll-like receptor genes into animal models with Toll-like receptor gene defects, animal models of intestinal microbial disorders and α-synuclein aggregation in the brain were observed, and the expression of Toll-like receptor in the substantia nigra and anterior cingulate gyrus cortex was specifically detected so as to explore the relationship between the three. In addition, further studies should be conducted on the amount of inflammatory factor release caused by Toll-like receptors and changes in T lymphocyte function, and the specific signaling pathways of Toll-like receptor-induced intestinal inflammatory response should be analyzed.

Parkinson’s disease is a complex, multifaceted disease with enormous clinical and biological heterogeneity. Studies on gut dysfunction in Parkinson’s disease progression continue to increase, and there is growing evidence that intestinal malformations may contribute to the onset of at least some Parkinson’s disease, although the exact mechanism is unclear. Here, we discuss the role of Toll-like receptor 2 and Toll-like receptor 4 in normal gut functions and provide evidence of disruption of Toll-like receptor 2 and Toll-like receptor 4 signaling pathway, by inherent biological or external factors, that may lead to early gut dysfunction and the evolution of neurodegenerative processes. However, few identified genetic and environmental risk factors for Parkinson’s disease predict risk 100%, and Toll-like receptor 2 and Toll-like receptor 4 expression, function, and signaling pathway are caused by a variety of genetic and environmental factors, many of which are implicated in Parkinson’s disease. Therefore, Toll-like receptor 2 and Toll-like receptor 4 are likely to affect candidates for leaky gut and inflammatory responses, intestinal denervation, and early colonic motility disorders, all of which may help explore the pathogenesis of Parkinson’s disease. However, targeting Toll-like receptor 2 and Toll-like receptor 4 may have diagnostic potential to predict patients at risk of Parkinson’s disease or to stratify disease progression. Currently, most Parkinson’s disease therapies target the brain to improve symptoms of dopamine loss, thus doing little to prevent further neurodegenerative or non-motor impairments. However, targeting Toll-like receptor 2 and Toll-like receptor 4 in the gut may exert multiple benefits when administered alone or in combination with current Parkinson’s disease therapies. Beneficial effects may include relieving microbial dysbiosis and intestinal inflammation to improve gastrointestinal symptoms; improving metabolism of oral Parkinson’s disease drugs and their absorption in the gut, thereby reducing the side effects of increasing doses; and improving systemic inflammation, which can be beneficial to the central nervous system. Similarly, considering Parkinson’s disease pathology, Toll-like receptor 2/4 in the gut is targeted to mitigate α-synuclein aggregation and pathological changes by modifying the gut–brain axis diffusion pattern through lifestyle interventions, probiotics, or specific therapies. Therefore, Toll-like receptor 2 and Toll-like receptor 4 are potential targets to develop new therapies to alter the course of disease in people at high risk of Parkinson’s disease and improve gut disorders in patients in the prodromal phase or with established disease. However, the utility of this treatment is currently limited, especially given the complex role of extensive and Toll-like receptor signaling throughout the body and the heterogeneity of Parkinson’s disease. Therefore, further investigation of Toll-like receptor 2/4-mediated gut dysfunction for Parkinson’s pathogenesis and pathology is urgently needed.





Author contributions

ZZ wrote and reviewed the manuscript. ZL, AL and CF reviewed and proofread the manuscript. All four authors provided substantial contributions to this review, drafted and critically revised the manuscript, and designed and created the figures. All authors contributed to the article and approved the submitted version.





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.





References

1. Costea, PI, Hildebrand, F, Arumugam, M, Bäckhed, F, Blaser, MJ, Bushman, FD, et al. Enterotypes in the landscape of gut microbial community composition. Nat Microbiol (2018) 3:8–16. doi: 10.1038/s41564-017-0072-8

2. Nair, AT, Ramachandran, V, Joghee, NM, Antony, S, and Ramalingam, G. Gut microbiota dysfunction as reliable non-invasive early diagnostic biomarkers in the pathophysiology of parkinson’s disease: a critical review. J Neurogastroenterol Motil (2018) 24:30–42. doi: 10.5056/jnm17105

3. Michel, PP, Hirsch, EC, Hunot, S, and UnderstaPfeiffer, RF. Gastrointestinal dysfunction in parkinson’s disease. Curr Treat Options Neurol (2018) 20:54. doi: 10.1007/s11940-018-0539-96.03.038

4. Zeng, XS, Geng, WS, Jia, JJ, Chen, L, and Zhang, PP. Cellular and molecular basis of neurodegeneration in Parkinson disease. Front Aging Neurosci (2018) 10:109. doi: 10.3389/fnagi.2018.00109

5. Klingelhoefer, L, and Reichmann, H. The gut and nonmotor symptoms in parkinson’s disease. Int Rev Neurobiol (2017) 134:787–809. doi: 10.1016/bs.irn.2017.05.027

6. GBD. 2016 Neurology collaborators. global, regional, and national burden of neurological disorders, 1990-2016: a systematic analysis for the global burden of disease study 2016. Lancet Neurol (2019) 18:459–80. doi: 10.1016/S1474-4422(18)30499-X

7. Zhang, J, Guo, Z, Xue, Z, Sun, Z, Zhang, M, Wang, L, et al. A phylo-functional core of gut microbiota in healthy young Chinese cohorts across lifestyles, geography and ethnicities. ISME J (2015) 9:1979–90. doi: 10.1038/ismej.2015.11

8. Cryan, JF, O’Riordan, KJ, Cowan, CSM, Sandhu, KV, Bastiaanssen, TFS, Boehme, M, et al. The microbiota-Gut-Brain axis. Physiol Rev (2019) 99:1877–2013. doi: 10.1152/physrev.00018.2018

9. Mingming, T, Xizhong, S, and Ling, D. Effects of intestinal flora on brain-gut axis function. Chin J Digestion (2019) 5:352–4.

10. Mielcarz, DW, and Kasper, LH. The gut microbiome in multiple sclerosis. Curr Treat Options Neurol (2015) 17:344. doi: 10.1007/s11940-015-0344-7

11. De Palma, G, Blennerhassett, P, Lu, J, Deng, Y, Park, AJ, Green, W, et al. Microbiota and host determinants of behavioural phenotype in maternally separated mice. Nat Commun (2015) 6:7735. doi: 10.1038/ncomms8735

12. Galland, L. The gut microbiome and the brain. J Med Food (2014) 17:1261–72. doi: 10.1089/jmf.2014.7000

13. Lee, HS, Lobbestael, E, Vermeire, S, Sabino, J, and Cleynen, I. Inflammatory bowel disease and parkinson’s disease: common pathophysiological links. Gut (2021) 70:408–17. doi: 10.1136/gutjnl-2020-322429

14. Heintz-Buschart, A, Pandey, U, Wicke, T, Sixel-Döring, F, Janzen, A, Sittig-Wiegand, E, et al. The nasal and gut microbiome in parkinson’s disease and idiopathic rapid eye movement sleep behavior disorder. Mov Disord (2018) 33:88–98. doi: 10.1002/mds.27105

15. Hill-Burns, EM, Debelius, JW, Morton, JT, Wissemann, WT, Lewis, MR, Wallen, ZD, et al. Parkinson’s disease and parkinson’s disease medications have distinct signatures of the gut microbiome. Mov Disord (2017) 32:739–49. doi: 10.1002/mds.26942

16. Bedarf, JR, Hildebrand, F, Coelho, LP, Sunagawa, S, Bahram, M, Goeser, F, et al. Functional implications of microbial and viral gut metagenome changes in early stage l-DOPA-naïve parkinson’s disease patients. Genome Med (2017) 9:39. doi: 10.1186/s13073-017-0428-y

17. Romano, S, Savva, GM, Bedarf, JR, Charles, IG, Hildebrand, F, and Narbad, A. Meta-analysis of the parkinson’s disease gut microbiome suggests alterations linked to intestinal inflammation. NPJ Parkinsons Dis (2021) 7:27. doi: 10.1038/s41531-021-00156-z

18. Tan, EK, Chao, YX, West, A, Chan, LL, Poewe, W, and Jankovic, J. Parkinson Disease and the immune system - associations, mechanisms and therapeutics. Nat Rev Neurol (2020) 16:303–18. doi: 10.1038/s41582-020-0344-4

19. Forsyth, CB, Shannon, KM, Kordower, JH, Voigt, RM, Shaikh, M, Jaglin, JA, et al. Increased intestinal permeability correlates with sigmoid mucosa alpha-synuclein staining and endotoxin exposure markers in early parkinson’s disease. PloS One (2011) 6:e28032. doi: 10.1371/journal.pone.0028032

20. Clairembault, T, Leclair-Visonneau, L, Coron, E, Bourreille, A, Le Dily, S, Vavasseur, F, et al. Structural alterations of the intestinal epithelial barrier in parkinson’s disease. Acta Neuropathol Commun (2015) 3:12. doi: 10.1186/s40478-015-0196-0

21. Schwiertz, A, Spiegel, J, Dillmann, U, Grundmann, D, Bürmann, J, Faßbender, K, et al. Fecal markers of intestinal inflammation and intestinal permeability are elevated in parkinson’s disease. Parkinsonism Relat Disord (2018) 50:104–7. doi: 10.1016/j.parkreldis.2018.02.022

22. Tansey, MG, and Romero-Ramos, M. Immune system responses in parkinson’s disease: early and dynamic. Eur J Neurosci (2019) 49:364–83. doi: 10.1111/ejn.14290

23. Kenna, JE, Bakeberg, MC, Gorecki, AM, Chin Yen Tay, A, Winter, S, Mastaglia, FL, et al. Characterization of gastrointestinal symptom type and severity in parkinson’s disease: a case-control study in an Australian cohort. Mov Disord Clin Pract (2021) 8:245–53. doi: 10.1002/mdc3.13134

24. Lubomski, M, Davis, RL, and Sue, CM. Gastrointestinal dysfunction in parkinson’s disease. J Neurol (2020) 267:1377–88. doi: 10.1007/s00415-020-09723-5

25. Scott, GD, Lim, MM, Drake, MG, Woltjer, R, and Quinn, JF. Onset of skin, gut, and genitourinary prodromal parkinson’s disease: a study of 1.5 million veterans. Mov Disord (2021) 36:2094–103. doi: 10.1002/mds.28636

26. Bialecka, M, Klodowska-Duda, G, Kurzawski, M, Slawek, J, Gorzkowska, A, Opala, G, et al. Interleukin-10 (IL10) and tumor necrosis factor alpha (TNF) gene polymorphisms in parkinson’s disease patients. Parkinsonism Relat Disord (2008) 14:636–40. doi: 10.1016/j.parkreldis.2008.02.001

27. Hui, KY, Fernandez-Hernandez, H, Hu, J, Schaffner, A, Pankratz, N, Hsu, NY, et al. Functional variants in the LRRK2 gene confer shared effects on risk for crohn’s disease and parkinson’s disease. Sci Transl Med (2018) 10:eaai7795. doi: 10.1126/scitranslmed.aai7795

28. Marras, C, Canning, CG, and Goldman, SM. Environment, lifestyle, and parkinson’s disease: implications for prevention in the next decade. Mov Disord (2019) 34:801–11. doi: 10.1002/mds.27720

29. Mertsalmi, TH, Pekkonen, E, and Scheperjans, F. Antibiotic exposure and risk of parkinson’s disease in Finland: a nationwide case-control study. Mov Disord (2020) 35:431–42. doi: 10.1002/mds.27924

30. Peter, I, Dubinsky, M, Bressman, S, Park, A, Lu, C, Chen, N, et al. Anti-tumor necrosis factor therapy and incidence of Parkinson disease among patients with inflammatory bowel disease. JAMA Neurol (2018) 75(8):939–46. doi: 10.1001/jamaneurol.2018.0605

31. Villumsen, M, Aznar, S, Pakkenberg, B, Jess, T, and Brudek, T. Inflammatory bowel disease increases the risk of parkinson’s disease: a Danish nationwide cohort study 1977-2014. Gut (2019) 68:18–24. doi: 10.1136/gutjnl-2017-315666

32. Klein, C, and Westenberger, A. Genetics of parkinson’s disease. Cold Spring Harb Perspect Med (2012) 2:a008888. doi: 10.1101/cshperspect.a008888

33. Postuma, RB, Gagnon, JF, Pelletier, A, and Montplaisir, J. Prodromal autonomic symptoms and signs in parkinson’s disease and dementia with lewy bodies. Mov Disord (2013) 28:597–604. doi: 10.1002/mds.25445

34. Shaikh, M, Rajan, K, Forsyth, CB, Voigt, RM, and Keshavarzian, A. Simultaneous gas-chromatographic urinary measurement of sugar probes to assess intestinal permeability: use of time course analysis to optimize its use to assess regional gut permeability. Clin Chim Acta (2015) 442:24–32. doi: 10.1016/j.cca.2014.12.040

35. Salat-Foix, D, Tran, K, Ranawaya, R, Meddings, J, and Suchowersky, O. Increased intestinal permeability and Parkinson disease patients: chicken or egg? Can J Neurol Sci (2012) 39:185–8. doi: 10.1017/s0317167100013202

36. Scheperjans, F, Aho, V, Pereira, PA, Koskinen, K, Paulin, L, Pekkonen, E, et al. Gut microbiota are related to parkinson’s disease and clinical phenotype. Mov Disord (2015) 30:350–8. doi: 10.1002/mds.26069

37. Keshavarzian, A, Green, SJ, Engen, PA, Voigt, RM, Naqib, A, Forsyth, CB, et al. Colonic bacterial composition in parkinson’s disease. Mov Disord (2015) 30:1351–60. doi: 10.1002/mds.26307

38. Sampson, TR, Debelius, JW, Thron, T, Janssen, S, Shastri, GG, Ilhan, ZE, et al. Gut microbiota regulate motor deficits and neuroinflammation in a model of parkinson’s disease. Cell (2016) 167(6):1469–1480.e12. doi: 10.1016/j.cell.2016.11.018

39. Guo, S, Al-Sadi, R, Said, HM, and Ma, TY. Lipopolysaccharide causes an increase in intestinal tight junction permeability in vitro and in vivo by inducing enterocyte membrane expression and localization of TLR-4 and CD14. Am J Pathol (2013) 182:375–87. doi: 10.1016/j.ajpath.2012.10.014

40. Sui, YT, Bullock, KM, Erickson, MA, Zhang, J, and Banks, WA. Alpha synuclein is transported into and out of the brain by the blood-brain barrier. Peptides (2014) 62:197–202. doi: 10.1016/j.peptides.2014.09.018

41. Qian, Y, Yang, X, Xu, S, Wu, C, Song, Y, Qin, N, et al. Alteration of the fecal microbiota in Chinese patients with parkinson’s disease. Brain Behav Immun (2018) 70:194–202. doi: 10.1016/j.bbi.2018.02.016

42. Pietrucci, D, Cerroni, R, Unida, V, Farcomeni, A, Pierantozzi, M, Mercuri, NB, et al. Dysbiosis of gut microbiota in a selected population of parkinson’s patients. Parkinsonism Relat Disord (2019) 65:124–30. doi: 10.1016/j.parkreldis.2019.06.003

43. Aho, VTE, Pereira, PAB, Voutilainen, S, Paulin, L, Pekkonen, E, Auvinen, P, et al. Gut microbiota in parkinson’s disease: temporal stability and relations to disease progression. EBioMedicine (2019) 44:691–707. doi: 10.1016/j.ebiom.2019.05.064

44. Lin, CH, Chen, CC, Chiang, HL, Liou, JM, Chang, CM, Lu, TP, et al. Altered gut microbiota and inflammatory cytokine responses in patients with parkinson’s disease. J Neuroinflamm (2019) 16:129. doi: 10.1186/s12974-019-1528-y

45. Cirstea, MS, Yu, AC, Golz, E, Sundvick, K, Kliger, D, Radisavljevic, N, et al. Microbiota composition and metabolism are associated with gut function in parkinson’s disease. Mov Disord (2020) 35:1208–17. doi: 10.1002/mds.28052

46. Vascellari, S, Palmas, V, Melis, M, Pisanu, S, Cusano, R, Uva, P, et al. Gut microbiota and metabolome alterations associated with parkinson’s disease. mSystems (2020) 5:e00561–20. doi: 10.1128/mSystems.00561-20

47. Barichella, M, Severgnini, M, Cilia, R, Cassani, E, Bolliri, C, Caronni, S, et al. Unraveling gut microbiota in parkinson’s disease and atypical parkinsonism. Mov Disord (2019) 34:396–405. doi: 10.1002/mds.27581

48. Chun, Y, Hailian, S, and Xiaojun, Wu. Research progress on the correlation between neurodegenerative diseases, gastrointestinal motility abnormalities and intestinal dysbacteriosis. Chin J Pharmacol Toxicol (2019) . 07:517–24.

49. Jenkins, TA, Nguyen, JC, Polglaze, KE, and Bertrand, PP. Influence of tryptophan and serotonin on mood and cognition with a possible role of the gut-brain axis. Nutrients (2016) 8:56. doi: 10.3390/nu8010056

50. Vizcarra, JA, Wilson-Perez, HE, Fasano, A, and Espay, AJ. Small intestinal bacterial overgrowth in parkinson’s disease: tribulations of a trial. Parkinsonism Relat Disord (2018) 54:110–2. doi: 10.1016/j.parkreldis.2018.04.003

51. Bendor, JT, Logan, TP, and Edwards, RH. The function of α-synuclein. Neuron (2013) 79:1044–66. doi: 10.1016/j.neuron.2013.09.004

52. Emwas, AH, Alghrably, M, Dhahri, M, Sharfalddin, A, Alsiary, R, Jaremko, M, et al. Living with the enemy: from protein-misfolding pathologies we know, to those we want to know. Ageing Res Rev (2021) 70:101391. doi: 10.1016/j.arr.2021.101391

53. Danzer, KM, Kranich, LR, Ruf, WP, Cagsal-Getkin, O, Winslow, AR, Zhu, L, et al. Exosomal cell-to-cell transmission of alpha synuclein oligomers. Mol Neurodegener (2012) 7:42. doi: 10.1186/1750-1326-7-42

54. Uemura, N, Uemura, MT, Luk, KC, Lee, VM, and Trojanowski, JQ. Cell-to-Cell transmission of tau and α-synuclein. Trends Mol Med (2020) 26:936–52. doi: 10.1016/j.molmed.2020.03.012

55. Bieri, G, Gitler, AD, and Brahic, M. Internalization, axonal transport and release of fibrillar forms of alpha-synuclein. Neurobiol Dis (2018) 109:219–25. doi: 10.1016/j.nbd.2017.03.007

56. Schaser, AJ, Stackhouse, TL, Weston, LJ, Kerstein, PC, Osterberg, VR, López, CS, et al. Trans-synaptic and retrograde axonal spread of lewy pathology following pre-formed fibril injection in an in vivo A53T alpha-synuclein mouse model of synucleinopathy. Acta Neuropathol Commun (2020) 8:150. doi: 10.1186/s40478-020-01026-0

57. Codolo, G, Plotegher, N, Pozzobon, T, Brucale, M, Tessari, I, Bubacco, L, et al. Triggering of inflammasome by aggregated α-synuclein, an inflammatory response in synucleinopathies. PloS One (2013) 8:e55375. doi: 10.1371/journal.pone.0055375

58. Stolzenberg, E, Berry, D, Yang, D, Brucale, M, Tessari, I, Bubacco, L, et al. A role for neuronal alpha-synuclein in gastrointestinal immunity. J Innate Immun (2017) 9:456–63. doi: 10.1159/000477990

59. Barbut, D, Stolzenberg, E, and Zasloff, M. Gastrointestinal immunity and alpha-synuclein. J Parkinsons Dis (2019) 9:S313–22. doi: 10.3233/JPD-191702

60. Park, SC, Moon, JC, Shin, SY, Son, H, Jung, YJ, Kim, NH, et al. Functional characterization of alpha-synuclein protein with antimicrobial activity. Biochem Biophys Res Commun (2016) 478:924–8. doi: 10.1016/j.bbrc.2016.08.052

61. Beatman, EL, Massey, A, Shives, KD, Burrack, KS, Chamanian, M, Morrison, TE, et al. Alpha-synuclein expression restricts RNA viral infections in the brain. J Virol (2015) 90:2767–82. doi: 10.1128/JVI.02949-15

62. Mundiñano, IC, Hernandez, M, Dicaudo, C, Ordoñez, C, Marcilla, I, Tuñon, MT, et al. Reduced cholinergic olfactory centrifugal inputs in patients with neurodegenerative disorders and MPTP-treated monkeys. Acta Neuropathol (2013) 126:411–25. doi: 10.1007/s00401-013-1144-3

63. Fellner, L, Irschick, R, Schanda, K, Reindl, M, Klimaschewski, L, Poewe, W, et al. Toll-like receptor 4 is required for α-synuclein dependent activation of microglia and astroglia. Glia (2013) 61:349–60. doi: 10.1002/glia.22437

64. Paillusson, S, Clairembault, T, Biraud, M, Neunlist, M, and Derkinderen, P. Activity-dependent secretion of alpha-synuclein by enteric neurons. J Neurochem (2013) 125:512–7. doi: 10.1111/jnc.12131

65. Chandra, R, Hiniker, A, Kuo, YM, Nussbaum, RL, and Liddle, RA. α-synuclein in gut endocrine cells and its implications for parkinson’s disease. JCI Insight (2017) 2:e92295. doi: 10.1172/jci.insight.92295

66. Killinger, BA, Madaj, Z, Sikora, JW, Rey, N, Haas, AJ, Vepa, Y, et al. The vermiform appendix impacts the risk of developing parkinson’s disease. Sci Transl Med (2018) 10:eaar5280. doi: 10.1126/scitranslmed.aar5280

67. Li, L, Nadanaciva, S, Berger, Z, Shen, W, Paumier, K, Schwartz, J, et al. Human A53T α-synuclein causes reversible deficits in mitochondrial function and dynamics in primary mouse cortical neurons. PloS One (2013) 8:e85815. doi: 10.1371/journal.pone.0085815

68. Wang, S, Chu, CH, Guo, M, Jiang, L, Nie, H, Zhang, W, et al. Identification of a specific α-synuclein peptide (α-syn 29-40) capable of eliciting microglial superoxide production to damage dopaminergic neurons. J Neuroinflamm (2016) 13:158. doi: 10.1186/s12974-016-0606-7

69. Gorecki, AM, Anyaegbu, CC, and Anderton, RS. TLR2 and TLR4 in parkinson’s disease pathogenesis: the environment takes a toll on the gut. Transl Neurodegener (2021) 10:47. doi: 10.1186/s40035-021-00271-0

70. Nerius, M, Doblhammer, G, and Tamgüney, G. GI infections are associated with an increased risk of parkinson’s disease. Gut (2020) 69:1154–6. doi: 10.1136/gutjnl-2019-318822

71. Stokholm, MG, Danielsen, EH, Hamilton-Dutoit, SJ, and Borghammer, P. Pathological α-synuclein in gastrointestinal tissues from prodromal Parkinson disease patients. Ann Neurol (2016) 79:940–9. doi: 10.1002/ana.24648

72. Tan, AH, Mahadeva, S, Marras, C, Thalha, AM, Kiew, CK, Yeat, CM, et al. Helicobacter pylori infection is associated with worse severity of parkinson’s disease. Parkinsonism Relat Disord (2015) 21:221–5. doi: 10.1016/j.parkreldis.2014.12.009

73. Khanlou, N, Moore, DJ, Chana, G, Cherner, M, Lazzaretto, D, Dawes, S, et al. Increased frequency of alpha-synuclein in the substantia nigra in human immunodeficiency virus infection. J Neurovirol (2009) 15:131–8. doi: 10.1080/13550280802578075

74. Bantle, CM, Phillips, AT, Smeyne, RJ, Rocha, SM, Olson, KE, and Tjalkens, RB. Infection with mosquito-borne alphavirus induces selective loss of dopaminergic neurons, neuroinflammation and widespread protein aggregation. NPJ Parkinsons Dis (2019) 5:20. doi: 10.1038/s41531-019-0090-8

75. Brundin, P, Nath, A, and Beckham, JD. Is COVID-19 a perfect storm for parkinson’s disease? Trends Neurosci (2020) 43:931–3. doi: 10.1016/j.tins.2020.10.009

76. Beauchamp, LC, Finkelstein, DI, Bush, AI, Evans, AH, and Barnham, KJ. Parkinsonism as a third wave of the COVID-19 pandemic? J Parkinsons Dis (2020) 10:1343–53. doi: 10.3233/JPD-202211

77. Rosen, B, Kurtishi, A, Vazquez-Jimenez, GR, and Møller, SG. The intersection of parkinson’s disease, viral infections, and COVID-19. Mol Neurobiol (2021) 58:4477–86. doi: 10.1007/s12035-021-02408-8

78. Arleevskaya, MI, Larionova, RV, Brooks, WH, Bettacchioli, E, and Renaudineau, Y. Toll-like receptors, infections, and rheumatoid arthritis. Clin Rev Allergy Immunol (2020) 58:172–81. doi: 10.1007/s12016-019-08742-z

79. Caputi, V, and Giron, MC. Microbiome-Gut-Brain axis and toll-like receptors in parkinson’s disease. Int J Mol Sci (2018) 19:1689. doi: 10.3390/ijms19061689

80. Medzhitov, R, Preston-Hurlburt, P, and Janeway, CA Jr. A human homologue of the drosophila toll protein signals activation of adaptive immunity. Nature (1997) 388:394–7. doi: 10.1038/41131

81. Li, L, Acioglu, C, Heary, RF, and Elkabes, S. Role of astroglial toll-like receptors (TLRs) in central nervous system infections, injury and neurodegenerative diseases. Brain Behav Immun (2021) 91:740–55. doi: 10.1016/j.bbi.2020.10.007

82. Kim, D, and Kim, JY. Anti-CD14 antibody reduces LPS responsiveness via TLR4 internalization in human monocytes. Mol Immunol (2014) 57:210–5. doi: 10.1016/j.molimm.2013.09.009

83. Yuchen, W, Tingting, L, Huixue, C, Chaochao, Z, and Xiaohua, J. Association between intestinal flora imbalance and parkinson’s disease. Modern Wellness (2020) Z3:26–9.

84. Wei, W, Xiao, HT, Bao, WR, Ma, DL, Leung, CH, Han, XQ, et al. TLR-4 may mediate signaling pathways of astragalus polysaccharide RAP induced cytokine expression of RAW264.7 cells. J Ethnopharmacol (2016) 179:243–52. doi: 10.1016/j.jep.2015.12.060

85. Beutler, B. Tlr4: central component of the sole mammalian LPS sensor. Curr Opin Immunol (2000) 12:20–6. doi: 10.1016/s0952-7915(99)00046-1

86. Poltorak, A, He, X, Smirnova, I, Ma, DL, Leung, CH, Han, XQ, et al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science (1998) 282:2085–8. doi: 10.1126/science.282.5396.2085

87. Zhihua, Y, Yaoquan, R, and Juan, H. Research progress on the mechanism of toll-like signaling receptors in the immune barrier of intestinal mucosa. Gansu Med (2021) 8:676–8. doi: 10.15975/j.cnki.gsyy.2021.08.002

88. Pascual, M, Baliño, P, Aragón, CM, and Guerri, C. Cytokines and chemokines as biomarkers of ethanol-induced neuroinflammation and anxiety-related behavior: role of TLR4 and TLR2. Neuropharmacology (2015) 89:352–9. doi: 10.1016/j.neuropharm.2014.10.014

89. Perez-Pardo, P, Dodiya, HB, Engen, PA, Forsyth, CB, Huschens, AM, Shaikh, M, et al. Role of TLR4 in the gut-brain axis in parkinson’s disease: a translational study from men to mice. Gut (2019) 68:829–43. doi: 10.1136/gutjnl-2018-316844

90. Wanglin, Li, Mengao, L, Jie, C, Ping, Y, Xiaobin, Z, Boye, D, et al. Role of TLR4 in LPS-induced recovery of colonic inflammation. Chin J Pathophysiol (2017) 02:336–43.

91. Noelker, C, Morel, L, Lescot, T, Osterloh, A, Alvarez-Fischer, D, Breloer, M, et al. Toll like receptor 4 mediates cell death in a mouse MPTP model of Parkinson disease. Sci Rep (2013) 3:1393. doi: 10.1038/srep01393

92. Zhou, P, Weng, R, Chen, Z, Wang, R, Zou, J, Liu, X, et al. TLR4 signaling in MPP+-induced activation of BV-2 cells. Neural Plast (2016) 2016:5076740. doi: 10.1155/2016/5076740

93. Drouin-Ouellet, J, St-Amour, I, Saint-Pierre, M, Lamontagne-Proulx, J, Kriz, J, Barker, RA, et al. Toll-like receptor expression in the blood and brain of patients and a mouse model of parkinson’s disease. Int J Neuropsychopharmacol (2014) 18:pyu103. doi: 10.1093/ijnp/pyu103

94. Hughes, CD, Choi, ML, Ryten, M, Hopkins, L, Drews, A, Botía, JA, et al. Picomolar concentrations of oligomeric alpha-synuclein sensitizes TLR4 to play an initiating role in parkinson’s disease pathogenesis. Acta Neuropathol (2019) 137:103–20. doi: 10.1007/s00401-018-1907-y

95. Poltorak, A, Ricciardi-Castagnoli, P, Citterio, S, and Beutler, B. Physical contact between lipopolysaccharide and toll-like receptor 4 revealed by genetic complementation. Proc Natl Acad Sci USA (2000) 97:2163–7. doi: 10.1073/pnas.040565397

96. Ren, M, Guo, Y, Wei, X, Yan, S, Qin, Y, Zhang, X, et al. TREM2 overexpression attenuates neuroinflammation and protects dopaminergic neurons in experimental models of parkinson’s disease. Exp Neurol (2018) 302:205–13. doi: 10.1016/j.expneurol.2018.01.016

97. Yang, L, Zhou, R, Tong, Y, Chen, P, Shen, Y, Miao, S, et al. Neuroprotection by dihydrotestosterone in LPS-induced neuroinflammation. Neurobiol Dis (2020) 140:104814. doi: 10.1016/j.nbd.2020.104814

98. Shao, QH, Chen, Y, Li, FF, Wang, S, Zhang, XL, Yuan, YH, et al. TLR4 deficiency has a protective effect in the MPTP/probenecid mouse model of parkinson’s disease. Acta Pharmacol Sin (2019) 40:1503–12. doi: 10.1038/s41401-019-0280-2

99. Campolo, M, Paterniti, I, Siracusa, R, Filippone, A, Esposito, E, and Cuzzocrea, S. TLR4 absence reduces neuroinflammation and inflammasome activation in parkinson’s diseases in vivo model. Brain Behav Immun (2019) 76:236–47. doi: 10.1016/j.bbi.2018.12.003

100. Wang, YL, Zheng, J, Zhang, XF, and Zhang, Y. Attenuation of paraquat-induced inflammation by inhibitors of phosphorylation of mitogen-activated protein kinases in BV2 microglial cells. J Neurol Sci (2020) 410:116679. doi: 10.1016/j.jns.2020.116679

101. Shao, QH, Yan, WF, Zhang, Z, Ma, KL, Peng, SY, Cao, YL, et al. Nurr1: a vital participant in the TLR4-NF-κB signal pathway stimulated by α-synuclein in BV-2 cells. Neuropharmacology (2019) 144:388–99. doi: 10.1016/j.neuropharm.2018.04.008

102. Li, Y, Wu, J, Yu, X, Na, S, Li, K, Yang, Z, et al. The protective role of brain CYP2J in parkinson’s disease models. Oxid Med Cell Longev (2018) 2018:2917981. doi: 10.1155/2018/2917981

103. Stefanova, N, Fellner, L, Reindl, M, Masliah, E, Poewe, W, and Wenning, GK. Toll-like receptor 4 promotes α-synuclein clearance and survival of nigral dopaminergic neurons. Am J Pathol (2011) 179:954–63. doi: 10.1016/j.ajpath.2011.04.013

104. Mariucci, G, Pagiotti, R, Galli, F, Romani, L, and Conte, C. The potential role of toll-like receptor 4 in mediating dopaminergic cell loss and alpha-synuclein expression in the acute MPTP mouse model of parkinson’s disease. J Mol Neurosci (2018) 64:611–8. doi: 10.1007/s12031-018-1057-7

105. Chen, Y, Zhang, QS, Shao, QH, Wang, S, Yuan, YH, Chen, NH, et al. NLRP3 inflammasome pathway is involved in olfactory bulb pathological alteration induced by MPTP. Acta Pharmacol Sin (2019) 40:991–8. doi: 10.1038/s41401-018-0209-1

106. Rannikko, EH, Weber, SS, and Kahle, PJ. Exogenous α-synuclein induces toll-like receptor 4 dependent inflammatory responses in astrocytes. BMC Neurosci (2015) 16:57. doi: 10.1186/s12868-015-0192-0

107. Li, Y, Niu, M, Zhao, A, Kang, W, Chen, Z, Luo, N, et al. CXCL12 is involved in α-synuclein-triggered neuroinflammation of parkinson’s disease. J Neuroinflamm (2019) 16:263. doi: 10.1186/s12974-019-1646-6

108. Chen, R, Wang, K, Yu, J, Howard, D, French, L, Chen, Z, et al. The spatial and cell-type distribution of SARS-CoV-2 receptor ACE2 in the human and mouse brains. Front Neurol (2021) 11:573095. doi: 10.3389/fneur.2020.573095

109. Reynolds, JL, and Mahajan, SD. SARS-COV2 alters blood brain barrier integrity contributing to neuro-inflammation. J Neuroimmune Pharmacol (2021) 16:4–6. doi: 10.1007/s11481-020-09975-y

110. Alquisiras-Burgos, I, Peralta-Arrieta, I, Alonso-Palomares, LA, Zacapala-Gómez, AE, Salmerón-Bárcenas, EG, and Aguilera, P. Neurological complications associated with the blood-brain barrier damage induced by the inflammatory response during SARS-CoV-2 infection. Mol Neurobiol (2021) 58:520–35. doi: 10.1007/s12035-020-02134-7

111. Kustin, T, Ling, G, Sharabi, S, Ram, D, Friedman, N, Zuckerman, N, et al. A method to identify respiratory virus infections in clinical samples using next-generation sequencing. Sci Rep (2019) 9:2606. doi: 10.1038/s41598-018-37483-w

112. Pezzini, A, and Padovani, A. Lifting the mask on neurological manifestations of COVID-19. Nat Rev Neurol (2020) 16:636–44. doi: 10.1038/s41582-020-0398-3

113. Méndez-Guerrero, A, Laespada-García, MI, Gómez-Grande, A, Ruiz-Ortiz, M, Blanco-Palmero, VA, Azcarate-Diaz, FJ, et al. Acute hypokinetic-rigid syndrome following SARS-CoV-2 infection. Neurology (2020) 95:e2109–18. doi: 10.1212/WNL.0000000000010282

114. Cohen, ME, Eichel, R, Steiner-Birmanns, B, Janah, A, Ioshpa, M, Bar-Shalom, R, et al. A case of probable parkinson’s disease after SARS-CoV-2 infection. Lancet Neurol (2020) 19:804–5. doi: 10.1016/S1474-4422(20)30305-7

115. Faber, I, Brandão, PRP, Menegatti, F, de Carvalho Bispo, DD, Maluf, FB, and Cardoso, F. Coronavirus disease 2019 and parkinsonism: a non-post-encephalitic case. Mov Disord (2020) 35:1721–2. doi: 10.1002/mds.28277

116. Ho, BE, Ho, AP, Ho, MA, and Ho, EC. Case report of familial COVID-19 cluster associated with high prevalence of anosmia, ageusia, and gastrointestinal symptoms. IDCases (2020) 22:e00975. doi: 10.1016/j.idcr.2020.e00975

117. Tarakad, A, and Jankovic, J. Anosmia and ageusia in parkinson’s disease. Int Rev Neurobiol (2017) 133:541–56. doi: 10.1016/bs.irn.2017.05.028

118. Ait Wahmane, S, Achbani, A, Ouhaz, Z, Elatiqi, M, Belmouden, A, and Nejmeddine, M. The possible protective role of α-synuclein against severe acute respiratory syndrome coronavirus 2 infections in patients with parkinson’s disease. Mov Disord (2020) 35:1293–4. doi: 10.1002/mds.28185

119. Semerdzhiev, SA, Fakhree, MAA, Segers-Nolten, I, Blum, C, and Claessens, MMAE. Interactions between SARS-CoV-2 n-protein and α-synuclein accelerate amyloid formation. ACS Chem Neurosci (2022) 13:143–50. doi: 10.1021/acschemneuro.1c00666

120. Pascual, M, Calvo-Rodriguez, M, Núñez, L, Villalobos, C, Ureña, J, and Guerri, C. Toll-like receptors in neuroinflammation, neurodegeneration, and alcohol-induced brain damage. IUBMB Life (2021) 73:900–15. doi: 10.1002/iub.2510

121. Akira, S, and Takeda, K. Toll-like receptor signalling. Nat Rev Immunol (2004) 4:499–511. doi: 10.1038/nri1391

122. van Bergenhenegouwen, J, Plantinga, TS, Joosten, LA, Netea, MG, Folkerts, G, Kraneveld, AD, et al. TLR2 & Co: a critical analysis of the complex interactions between TLR2 and coreceptors. J Leukoc Biol (2013) 94:885–902. doi: 10.1189/jlb.0113003

123. Ramakrishna, C, Kujawski, M, Chu, H, Li, L, Mazmanian, SK, and Cantin, EM. Bacteroides fragilis polysaccharide a induces IL-10 secreting b and T cells that prevent viral encephalitis. Nat Commun (2019) 10:2153. doi: 10.1038/s41467-019-09884-6

124. Li, Z, Song, A, and Yu, H. Interaction between toll-like receptor 4 (TLR4) gene and alcohol drinking on parkinson’s disease risk in Chinese han population. J Clin Neurosci (2019) 62:128–32. doi: 10.1016/j.jocn.2018.12.002

125. Gorecki, AM, Bakeberg, MC, Theunissen, F, Kenna, JE, Hoes, ME, Pfaff, AL, et al. Single nucleotide polymorphisms associated with gut homeostasis influence risk and age-at-Onset of parkinson’s disease. Front Aging Neurosci (2020) 12:603849. doi: 10.3389/fnagi.2020.603849

126. Zhang, F, Gao, XD, Wu, WW, Gao, Y, Zhang, YW, and Wang, SP. Polymorphisms in toll-like receptors 2, 4 and 5 are associated with legionella pneumophila infection. Infection (2013) 41:941–8. doi: 10.1007/s15010-013-0444-9

127. Mirkamandar, E, Nemati, M, Hayatbakhsh, MM, Bassagh, A, Khosravimashizi, A, and Jafarzadeh, A. Association of a single nucleotide polymorphism in the TLR2 gene (rs3804099), but not in the TLR4 gene (rs4986790), with helicobacter pylori infection and peptic ulcer. Turk J Gastroenterol (2018) 29:283–91. doi: 10.5152/tjg.2018.17484

128. Wijeyekoon, RS, Kronenberg-Versteeg, D, Scott, KM, Hayat, S, Kuan, WL, Evans, JR, et al. Peripheral innate immune and bacterial signals relate to clinical heterogeneity in parkinson’s disease. Brain Behav Immun (2020) 87:473–88. doi: 10.1016/j.bbi.2020.01.018

129. Dzamko, N, Gysbers, A, Perera, G, Bahar, A, Shankar, A, Gao, J, et al. Toll-like receptor 2 is increased in neurons in parkinson’s disease brain and may contribute to alpha-synuclein pathology. Acta Neuropathol (2017) 133:303–19. doi: 10.1007/s00401-016-1648-8

130. Kim, C, Ho, DH, Suk, JE, You, S, Michael, S, Kang, J, et al. Neuron-released oligomeric α-synuclein is an endogenous agonist of TLR2 for paracrine activation of microglia. Nat Commun (2013) 4:1562. doi: 10.1038/ncomms2534

131. Kouli, A, Horne, CB, and Williams-Gray, CH. Toll-like receptors and their therapeutic potential in parkinson’s disease and α-synucleinopathies. Brain Behav Immun (2019) 81:41–51. doi: 10.1016/j.bbi.2019.06.042

132. Doorn, KJ, Moors, T, Drukarch, B, van de Berg, W, Lucassen, PJ, and van Dam, AM. Microglial phenotypes and toll-like receptor 2 in the substantia nigra and hippocampus of incidental lewy body disease cases and parkinson’s disease patients. Acta Neuropathol Commun (2014) 2:90. doi: 10.1186/s40478-014-0090-1

133. Kim, C, Kwon, S, Iba, M, Spencer, B, Rockenstein, E, Mante, M, et al. Effects of innate immune receptor stimulation on extracellular α-synuclein uptake and degradation by brain resident cells. Exp Mol Med (2021) 53:281–90. doi: 10.1038/s12276-021-00562-6

134. Kim, C, Rockenstein, E, Spencer, B, Kim, HK, Adame, A, Trejo, M, et al. Antagonizing neuronal toll-like receptor 2 prevents synucleinopathy by activating autophagy. Cell Rep (2015) 13:771–82. doi: 10.1016/j.celrep.2015.09.044

135. Béraud, D, Twomey, M, Bloom, B, Mittereder, A, Ton, V, Neitzke, K, et al. α-synuclein alters toll-like receptor expression. Front Neurosci (2011) 5:80. doi: 10.3389/fnins.2011.00080

136. Gustot, A, Gallea, JI, Sarroukh, R, Celej, MS, Ruysschaert, JM, and Raussens, V. Amyloid fibrils are the molecular trigger of inflammation in parkinson’s disease. Biochem J (2015) 471:323–33. doi: 10.1042/BJ20150617

137. Scheiblich, H, Bousset, L, Schwartz, S, Griep, A, Latz, E, Melki, R, et al. Microglial NLRP3 inflammasome activation upon TLR2 and TLR5 ligation by distinct α-synuclein assemblies. J Immunol (2021) 207:2143–54. doi: 10.4049/jimmunol.2100035

138. Kim, C, Spencer, B, Rockenstein, E, Yamakado, H, Mante, M, Adame, A, et al. Immunotherapy targeting toll-like receptor 2 alleviates neurodegeneration in models of synucleinopathy by modulating α-synuclein transmission and neuroinflammation. Mol Neurodegener (2018) 13:43. doi: 10.1186/s13024-018-0276-2

139. Burgueño, JF, and Abreu, MT. Epithelial toll-like receptors and their role in gut homeostasis and disease. Nat Rev Gastroenterol Hepatol (2020) 17:263–78. doi: 10.1038/s41575-019-0261-4

140. Braniste, V, Al-Asmakh, M, Kowal, C, Anuar, F, Abbaspour, A, Tóth, M, et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci Transl Med (2014) 6:263ra158. doi: 10.1126/scitranslmed.3009759

141. Crumeyrolle-Arias, M, Jaglin, M, Bruneau, A, Vancassel, S, Cardona, A, Daugé, V, et al. Absence of the gut microbiota enhances anxiety-like behavior and neuroendocrine response to acute stress in rats. Psychoneuroendocrinology (2014) 42:207–17. doi: 10.1016/j.psyneuen.2014.01.014

142. Diaz Heijtz, R, Wang, S, Anuar, F, Qian, Y, Björkholm, B, Samuelsson, A, et al. Normal gut microbiota modulates brain development and behavior. Proc Natl Acad Sci U S A (2011) 108:3047–52. doi: 10.1073/pnas.1010529108

143. Koutzoumis, DN, Vergara, M, Pino, J, Buddendorff, J, Khoshbouei, H, Mandel, RJ, et al. Alterations of the gut microbiota with antibiotics protects dopamine neuron loss and improve motor deficits in a pharmacological rodent model of parkinson’s disease. Exp Neurol (2020) 325:113159. doi: 10.1016/j.expneurol.2019.113159

144. Braak, H, de Vos, RA, Bohl, J, and Del Tredici, K. Gastric alpha-synuclein immunoreactive inclusions in meissner’s and auerbach’s plexuses in cases staged for parkinson’s disease-related brain pathology. Neurosci Lett (2006) 396:67–72. doi: 10.1016/j.neulet.2005.11.012




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.

Copyright © 2023 Zhang, Liu, Lv and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 08 May 2023

doi: 10.3389/fimmu.2023.1158758

[image: image2]


Axl promotes intracranial aneurysm rupture by regulating macrophage polarization toward M1 via STAT1/HIF-1α


Yongquan Han 1,2†, Gaozhi Li 2†, Zeyu Zhang 2, Xiaohua Zhang 2, Bing Zhao 2* and Hua Yang 1*


1 Department of Neurosurgery, the Affiliated Hospital of Guizhou Medical University, Guiyang, China, 2 Department of Neurosurgery, Renji Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China




Edited by: 

Yuanjian Fang, Zhejiang University, China

Reviewed by: 

Marion Mussbacher, University of Graz, Austria

Andrea Emilse Errasti, University of Buenos Aires, Argentina

Ningbo Xu, Southern Medical University, China

Yingkun He, Henan Provincial People’s Hospital, China

*Correspondence: 

Bing Zhao
 drzhaobing@yahoo.com 

Hua Yang
 yhmed@163.com


†These authors have contributed equally to this work



Received: 04 February 2023

Accepted: 27 April 2023

Published: 08 May 2023

Citation:
Han Y, Li G, Zhang Z, Zhang X, Zhao B and Yang H (2023) Axl promotes intracranial aneurysm rupture by regulating macrophage polarization toward M1 via STAT1/HIF-1α. Front. Immunol. 14:1158758. doi: 10.3389/fimmu.2023.1158758






Background

Macrophage infiltration and polarization are crucial for the pathogenesis of intracranial aneurysm (IA) rupture. Axl, a receptor tyrosine kinase, is involved in inflammation and efferocytosis in multiple organs. Upregulated soluble Axl in cerebrospinal fluid (CSF) and plasma is correlated with intracranial aneurysm rupture. This study aimed to investigate the role of Axl in IA rupture and macrophage polarization.





Methods

Male C57BL/6J mice were used to induce IA. The level of Axl from control vessels and unruptured and ruptured IA samples was detected. In addition, the relationship between Axl and macrophages was confirmed. The pathway of Axl-mediated macrophage polarization was explored after IA induction in vivo and in bone marrow-derived macrophages (BMDMs) stimulated by LPS/IFN-γ in vitro. The animals were randomized into three groups and treated intraperitoneally with the vehicle, selective AXL antagonist R428, and recombinant mouse growth arrest-specific 6 (rmGas6) for 21 consecutive days. Then, we evaluated the influence of Axl on IA rupture by administrating R428 to inhibit or rmGas6 to activate the Axl receptor in vivo.





Results

Compared with that in normal vessels, Axl expression was significantly upregulated in unruptured IA samples. The ruptured IA tissue exhibited significantly higher expression of Axl than the unruptured IA tissue. Axl and F4/80 were coexpressed in IA tissue and LPS/IFN-γ-stimulated BMDMs. R428 treatment significantly reduced the rate of M1-like macrophage infiltration and IA rupture. In contrast, rmGas6 treatment promoted M1 macrophage infiltration and IA rupture. Mechanistically, R428 inhibited the phosphorylation of Axl and STAT1 and the expression of hypoxia-inducible factor-1α (HIF-1α) and decreased the levels of IL-1β, NOS2, and MMP9 in LPS/IFN-γ-stimulated BMDMs. rmGas6 promoted the phosphorylation of Axl and STAT1 and the expression of HIF-1α. In addition, STAT1 knockdown abolished Axl-mediated M1 macrophage polarization.





Conclusion

The inhibition of Axl reduced macrophage polarization toward the M1 phenotype via the STAT1/HIF-1α signaling pathway and prevented IA rupture in mice. This finding suggests that pharmacological inhibition of Axl might be used to prevent the progression and rupture of IA.
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Introduction

The prevalence of unruptured intracranial aneurysm (IA) is estimated to be approximately 3.2% in the population around the world (1). Unruptured IAs are more frequently detected with the modern imaging modalities used in clinical practice. Ruptured IAs have a high rate of mortality and morbidity and cause a lifelong cognitive deficit for those who survive (2, 3). Most IAs are found incidentally and need preventive treatment to prevent rupture. Currently, there are two main treatment modalities, clipping and coiling, which are associated with high procedure-related complications (4). Therefore, pharmacological therapy may be a potential way to prevent IA rupture with minimal risk (5, 6).

IA is associated with complicated pathological changes characterized by an inflammatory response triggered by abnormal hemodynamic stresses in cerebral arteries (7–9). Recent studies have shown that the infiltration of the proinflammatory macrophage subtype, classified as M1-like macrophages, can exacerbate pathogenesis and promote IA rupture (10, 11). Macrophage-mediated cellular and molecular inflammation are crucial in aneurysm rupture.

A family of receptor tyrosine kinases, Tyro3, Axl, and Mer (TAM), expressed on macrophages, mediates the process of efferocytosis, phagocytosis, and the inflammatory response (12–15). In contrast to Tyro3 and Mer, the expression of Axl is stimulated by proinflammatory mediators in macrophages and dendritic cells (16, 17). In addition, the extracellular domain of Axl is proteolytically cleaved and released, which is called soluble Axl (solAxl). The upregulated solAxl in both cerebrospinal fluid (CSF) and plasma is correlated with IA rupture (18). However, whether Axl regulates the macrophage response in aneurysm biopsies in a manner that causes IA rupture needs to be investigated. Moreover, the detailed mechanism of Axl in the process and pathogenesis of IA is still unclear.

To clarify the role of Axl in IA rupture, we evaluated Axl expression and its relationship with macrophage infiltration in mouse IA models. We further determined whether Axl promotes macrophage polarization toward the M1 phenotype by activating STAT1/HIF-1α signaling, which promotes aneurysm rupture. This study potentially provides a new therapeutic target and may facilitate the design of pharmacological treatments for IAs.





Materials and methods




The induction of the mouse IA model

Animal experimental protocols were approved by the Institutional Animal Care and Use Committee of Shanghai Jiaotong University. Male C56BL/6J mice (6-8 weeks) were purchased from Charles River Laboratories (Shanghai, China). IA was induced by combining systemic hypertension and elastase injection as previously described (19). Briefly, after being anesthetized by a mixture of 3% isoflurane and O2 (1 L/min) on a heating pad, individual mice were subjected to ligation of the left common carotid artery and bilateral posterior branches of the renal artery with 6-0 nylon suture. One week later, the mice were anesthetized as described above and fixed in a stereotaxic frame with a mouse adaptor (RWD, China). According to the coordinates from Mouse Brain Atlas, mice were injected with 35 mU (milli-unit) elastase (E1250, Sigma-Aldrich, USA) through a Hamilton syringe with a 34 G needle (Hamilton, Switzerland) at a rate of 0.2 µl/min into their suitable basal cistern (2.5 mm posterior to the bregma, 1.0 mm right to the middle and 5.3 mm deep to the skull surface). Subsequently, an osmotic pump (A1004, Alzet Osmotic Pump, USA) containing angiotensin II (A1042, APExBIO, USA) was implanted into a subcutaneous pocket between the scapulae to deliver angiotensin II at a rate of 1000 ng/kg/min for systemic hypertension induction. Upon recovery, the mice were fed food containing 8% NaCl and 0.12% BAPN (N-methyl-β-alanineitrile, M27603, Sigma-Aldrich, USA).





Animal treatment

To investigate the effect of Axl on IA rupture, we administered the selective AXL antagonist R428 and recombinant mouse growth arrest-specific 6 (rmGas6) in vivo to inhibit or activate the biological effect of Axl, respectively. Mice that died within 7 days after IA induction were excluded. One week later, the animals were randomized into three groups (n=15 each group) and treated intraperitoneally with vehicle (phosphate-buffered saline, PBS), 75 mg/kg R428 (HY-15150, MCE, USA) or 4 µg/kg rmGas6 (986-GS, R&D Systems, USA) every day for 21 consecutive days. The concentration of R428 administered intraperitoneally was 2 mmol/L. The doses of R428 and rmGas6 were applied according to previous studies (20, 21). Systolic arterial blood pressure (SBP) was measured and recorded from IA induction with tail-cuff measurement (Softron, BP-2010, Japan). All animals were euthanized for tissue harvest 21 days after IA induction.





Tissue harvest

The mice were monitored daily. Intracranial aneurysm formation was defined as localized outward bulging of the artery wall. After euthanization, the mice were perfused with precooled PBS, 4% paraformaldehyde, and Microfil (MV-120, Flow Tech, USA) sequentially to visualize vessels under a microscope by two researchers in a blinded manner. Intracranial aneurysms were classified as follows: Grade 0, normal artery; Grade 1, artery dilation or tortuosity; Grade 2, unruptured aneurysm; and Grade 3, ruptured aneurysm. Unruptured aneurysms were defined as 1.5 times larger in diameter than the parent artery. An aneurysm with fresh blood clots along the cerebral artery, revealing subarachnoid hemorrhage, was defined as aneurysm rupture.





Preparation of bone marrow-derived macrophages

Bilateral femurs and tibias were dissected from male C57BL/6J mice and flushed with sterilized PBS. After lysis of red blood cells with Red Blood Cell Lysis Buffer (11814389001, Roche, Switzerland), the remaining nuclear cells were filtered through a 70 µm cell strainer (352350, Corning, USA). BMDMs were diluted to 5×105 cells per milliliter and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS and 1% penicillin/streptomycin in the presence of 25 ng/ml recombinant murine M-CSF (315-02, Peprotech, USA) for 7 days to induce macrophage maturation at 37°C in a 5% CO2 incubator.





Cell transfection

Cells extracted from bone marrow were small round cells and were plated in a culture dish at a concentration of 5x10^5 cells/ml and incubated with M-CSF stimulation for 7 days. During stimulation with M-CSF, BMDMs became larger with different-shaped antennae. The cell volume reached 70% of the dish area after 7 days of stimulation with M-CSF. Cells were transfected with 100 nM control scramble (6568, CST, USA) or 100 nM STAT1 siRNA (sc-44124, Santa Cruz, USA) using Lipofectamine™ 3000 (L3000001, Invitrogen, USA) according to the manufacturers’ instructions. The transfection efficiency was evaluated by real-time quantitative PCR (RT-qPCR) and Western blotting.





Induction of M1 macrophage polarization

Mouse BMDMs were cultured in serum-free medium for 6 hours and treated with 100 ng/ml LPS and 20 ng/ml IFN-γ (HY-D1056/HY-P7071, MCE, USA) for 6 hours in complete medium containing 1 µg/ml R428 and 200 ng/ml rmGas6 to inhibit or enhance the phosphorylation of Axl.

Human acute monocytic leukemia THP-1 cells were purchased from Procell (Wuhan, China). THP-1 cells were cultured in RPMI-1640 medium containing 10% (v:v) fetal bovine serum and 1% (v:v) penicillin-streptomycin solution. THP-1 cells were differentiated into macrophages by incubation with 0.5 μM 12-O-tetradecanoylphorbol 13-acetate/PMA (A606759, Sangon Biotech, China) for 12 hours. After washing with PBS, the THP-1 macrophages were primed with 100 ng/ml LPS and 20 ng/ml IFN-γ to polarize toward M1 macrophages and treated with or without R428 and Gas6 (HY-P77668, MCE, US) for 6 hours.





Hematoxylin and eosin and Masson’s trichrome staining

Individual tissue samples were fixed in 4% paraformaldehyde overnight. Then, the tissue samples were processed, paraffin-embedded, and sectioned manually, as described previously. The tissue sections (10 µm) were stained with HE (G1120, Solarbio, China) and Masson (G1340, Solarbio, China) according to the manufacturers’ instructions.





Immunofluorescence

The fixed vascular tissues were dissected and frozen in OCT compound. The crystal tissue sections (10 μm) were cultured with 0.3% Tween-100 for 30 min and blocked with 5% donkey serum for 1 h at room temperature. Similarly, the coating coverslips (WHB-12-CS, WHB Scientific, China) on which cells were plated were fixed and treated as described above. These samples were incubated overnight at 4°C with primary antibodies against Axl (13196, Proteintech), CD86 (14-0862-82, Invitrogen, USA), pSTAT1 (9167, Abcam) and F4/80 (71299, CST). After being washed with PBS, the slides were exposed to the indicated fluorophore-labeled secondary antibodies (ab150075, ab150165, Abcam, USA) at room temperature for 2 hours and nuclear-stained 4′,6-diamidino-2-phenylindole (DAPI) (C1002, Beyotime, China). The fluorescent signals were examined and photo imaged under a laser scanning confocal microscope (LSM800, Zeiss, Germany).





Quantitative real-time -PCR

Total RNA was extracted from individual cell samples and purified using an RNA extraction kit (AG21017, Accurate Biology, China) according to the manufacturers’ instructions. After RNA concentration quantitation through a spectrophotometer (ND-1000, Nanodrop Technologies, USA), RNA samples were individually reverse-transcribed into cDNA using PrimeScript™ RT Master Mix (RR036A, Takara, Japan). The relative levels of targeted gene mRNA transcripts to the control GAPDH were quantified by TB Green® Premix Ex Taq™ II (RR820, Takara, Japan) and specific primers in a Real-Time PCR System (SterpOne Plus, Thermo, USA). The PCRs were performed in duplicate, and the data were analyzed by the 2-ΔΔCt method. The primer sequences are listed below.

Axl (Forward: TGA GCC AAC CGT GGA AAG AG; Reverse: AGG CCA CCT TAT GCC GAT CTA)

Il-1β (Forward: CAC TAC AGG CTC CGA GAT GAA CAA C; Reverse: TGT CGT TGC TTG GTT CTC CTT GTA C)

Nos2 (Forward: AGC GAG GAG CAG GTG GAA; Reverse: GGA AAA GAC TGC ACC GAA GAT ATC)

Mmp9 (Forward: GTA CTC GAC CTG TAC CAG CG; Reverse: TCA GGG CGA GGA CCA TAG AG)

Gapdh (Forward: GGG GAG CGA GAT CCC TCC AAA ATC AAG TGG GG; Reverse: GGG TCA TGA GTC CTT CCA CGA TAC CAA AGT TG).





Western blot

The different groups of cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (P0013, Beyotime, China) with a dose of 100 µl RIPA per 1×106 cells. After being boiled with sample buffer at 99°C for 5-10 mins, the cell lysates were separated by SDS-PAGE and transferred to PVDF membranes. After being blocked with 5% nonfat milk dissolved in TBST, the membranes were incubated at 4°C overnight with primary antibodies against Axl (bs-5180R, Bioss, China), pAxl (bs-5181R, Bioss, China), STAT1 (14994S, CST, USA), pSTAT1 (7649S, CST, USA), HIF-1α (ab179483, Abcam, USA), IL-1β (CY5087, Abways, China), NOS2 (CY5993, Abways, China), MMP9 (CY5205, Abways, China) and β-actin (81115, Proteintech, China). The membranes were exposed to the indicated HRP-conjugated secondary antibodies at room temperature for 1 hour and visualized with ECL through an imaging system (Tanon, China).





Statistical analysis

Continuous variables were reported as the mean ± standard deviation and analyzed using GraphPad Software (v9.0.1). The continuous variants among multiple groups were compared by one-way ANOVA and post hoc test. The rates of aneurysm rupture in the different groups of mice are presented as frequencies or percentages and were analyzed with Fisher’s exact test. The pathological grade data were converted into rank data and tested with the Kruskal-Wallis method. The systolic blood pressure data were analyzed with two-way ANOVA. The survival analysis was performed with the log-rank test. A P value of < 0.05 was considered statistically significant.






Results




IA was induced in mice

To explore the effect of Axl on the pathogenic process of IA, we established a mouse model of IA (Figure 1A). Of the 60 mice, 15 died within 7 days after IA induction for unknown reasons after surgery and were excluded. Representative images of normal arteries, unruptured aneurysms, and ruptured aneurysms in the circle of Willis are shown in Figure 1B. To ascertain the pathological changes in IA, hematoxylin-eosin staining (HE) and Masson’s trichrome staining were performed. Compared to normal vessels, HE staining showed thickening of the vascular media and disordered and scattered smooth muscle cells in unruptured aneurysms and thinning of the vessel wall in ruptured aneurysms (Figure 1C). Masson’s trichrome staining revealed the disconnection of elastic fibers in the vessel of the aneurysm (Figure 1D).




Figure 1 | Intracranial aneurysm was established in mice. (A) Diagram of IA induction. (B) Representative images of normal artery, unruptured aneurysm, and ruptured aneurysm with subarachnoid hemorrhage. (C) Hematoxylin and eosin (H&E) staining showed scattered arranged cells in the mouse model of aneurysm. (D) Masson’s trichrome staining showed the destruction of vessel walls in the aneurysm. Scale bars=50 μm.







Upregulated Axl expression was associated with M1 macrophage infiltration in aneurysm lesions

Immunofluorescence revealed upregulated Axl expression in unruptured aneurysms compared with normal arteries (34.5% vs. 3.9%, P<0.0001) and ruptured aneurysms (53.0% vs. 34.5%, P<0.001; Figures 2A, B). Simultaneously, the results also revealed an increase in CD86+ (a marker of M1 macrophages) cells in unruptured aneurysms compared with normal arteries (48.0% vs. 11.1%, P<0.0001) and a further increase in ruptured aneurysms (78.8% vs. 48.0%, P<0.0001; Figures 2C, D). Double immunofluorescence of IA tissue sections showed that Axl and F4/80 were colocalized in IA tissues (Figure 2E). Costaining of Axl and SM22α is shown in Supplementary Figure S1.




Figure 2 | Increased expression of Axl and M1 macrophage infiltration in unruptured and ruptured aneurysm sections compared to normal cerebral artery. Representative immunofluorescence images of Axl (A) and CD86 (C) expression in normal arteries and unruptured and ruptured aneurysms. Quantitative analysis of Axl (B)- and CD86 (D)-positive cells. Scale bar = 20 μm (E), Axl (red) and F4/80 (green) coexpressed in aneurysm walls. ***P<0.001, ****P<0.0001.







Axl activation promoted M1-like macrophage polarization in vitro

To further explore the relationship between Axl expression and M1-like macrophage polarization, BMDMs and THP-1 cells were stimulated with or without LPS/IFN-γ (100/20 ng/ml) for 6 hours. LPS/IFN-γ stimulation induced Axl expression at the mRNA (P<0.05, Figure 3A) and protein levels (Figures 3B, C). Axl colocalized with F4/80 in LPS/IFN-γ-stimulated BMDMs (Figure 3D). LPS/IFN-γ-primed THP-1 macrophages exhibited increased Gas6 (P<0.01) and Axl (P<0.01) expression and pAxl expression (P<0.0001) (Supplementary Figure S2). BMDMs were treated with vehicle, R428 and rmGas6. Compared with the control treatment, R428 treatment inhibited Il-1β (P<0.01), Nos2 (P<0.001), and Mmp9 (P<0.01) mRNA expression in M1-like macrophages (Figures 3E–G). Conversely, rmGas6 treatment had the opposite effect on gene transcription in BMDMs (Il-1β, P<0.0001; Nos2, P<0.01; Mmp9, P<0.0001. Figures 3E–G). Consistent with the qRT-PCR results, Western blot analysis revealed that R428 treatment inhibited Axl phosphorylation and attenuated IL-1β, NOS2, and MMP9 expression. rmGas6 promoted Axl phosphorylation, and increased IL-1β, NOS2, and MMP9 in M1-like macrophages (Figures 3H–J).




Figure 3 | Upregulated Axl promoted M1 macrophage polarization in BMDMs. LPS+IFN-γ increased Axl expression in BMDMs, and inhibition of Axl phosphorylation decreased the levels of inflammatory mediators in LPS+IFN-γ-induced BMDMs. LPS+IFN-γ stimulated Axl transcripts (A) and protein in BMDMs (B, C). Representative immunofluorescent images of Axl (red) expression in control and LPS+IFN-γ-stimulated BMDMs labeled with F4/80 (green) (D). qRT-PCR analysis of IL-1β, Nos2, and MMP9 expression in LPS+IFN-γ-induced BMDMs treated as indicated (E–G). Western blot analysis of IL-1β, NOS2, and MMP-9 in LPS+IFN-γ-induced BMDMs treated as indicated (H–J). ns, not significant, *P<0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.



LPS/IFN-γ-primed THP-1 cells were treated with vehicle, R428 and rGas6. R428 treatment showed a lower level of pAxl (P<0.01), while the levels of Gas6 and Axl did not show a significant difference, and the secretion of IL-1β was attenuated (P<0.01). In contrast, Gas6 treatment in LPS/IFN-γ-primed THP-1 cells enhanced pAxl (P<0.01) and the secretion of IL-1β (P<0.05) without changing Axl. Gas6 plus R428 treatment inhibited pAxl (P<0.01) and IL-1β (P<0.01) secretion, as shown in Supplementary Figure S2.





STAT1 knockdown abolished the promoting effect of Axl on M1 polarization

We found that R428 treatment inhibited the phosphorylation of STAT1 and expression of HIF-1α, while the phosphorylation of STAT1 and level of HIF-1α were promoted by rmGas6 in M1-like macrophages (Figures 4A, B). To illuminate the role of STAT1 in Axl-mediated macrophage polarization, the STAT1 level was knocked down via STAT1-specific siRNA, and the efficiency of knockdown was confirmed at the mRNA (P<0.01) and protein levels (Figures 4C, D). Compared with the si-CTR group, STAT1 knockdown attenuated Il-1β (P<0.001), Nos2 (P<0.05), and Mmp9 (P<0.0001) in rmGas6-treated M1 macrophages (Figures 4E–G). Western blot analysis showed the same result, as well as HIF-1α decline (Figures 4H, I). These results revealed that the effect of Axl on M1-like macrophage polarization was abolished by STAT1 knockdown.




Figure 4 | Axl skewed macrophage polarization toward M1 via STAT1/HIF-1α activation. A. STAT1 phosphorylation and HIF-1α activation measured by western blot 6 h after incubation with R428 or rmGas6 (A, B). Verification of the efficiency of STAT1 knockdown at the mRNA (C) and protein levels (D). The effects of STAT1 knockdown on IL-1β, Nos2, and MMP9 secretion were measured by qRT-PCR (E—G) and western blotting in rmGas6-treated BMDMs (H, I). ns, not significant, *P<0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.







Activated Axl promotes intracranial aneurysm rupture in mice

IA mice were designed and treated with vehicle, R428, and rmGas6 in a flowchart (Figure 5A). Compared with vehicle treatment, R428 treatment inhibited the phosphorylation of STAT1 (39.0% vs. 30.8%, P<0.01. Figures 5B, C) and significantly decreased M1-like macrophage infiltration in aneurysm walls (44.7% vs. 24.7%, P<0.05. Figures 5D, E). However, rmGas6 treatment boosted the phosphorylation of STAT1 (51.6% vs. 39.0%, P<0.01. Figures 5B, C) and M1-like macrophage infiltration (44.7% vs. 73.0%, P<0.01. Figures 5D, E).




Figure 5 | Axl promoted intracranial aneurysm progression and rupture in mouse models. (A), Animal treatment protocol. (B, C), Representative immunofluorescent images and quantitative analysis of pSTAT1 (red)-positive cells in unruptured aneurysms treated as indicated. (D, E), Representative immunofluorescent images and quantitative analysis of CD86 (red)-positive cells in unruptured aneurysms treated as indicated. Scale bar=20 μm. (F), Grade of intracranial aneurysm progression. (G), Incidence of intracranial aneurysm rupture. (H), Systolic blood pressure between groups. (I), Symptom-free curve (log-rank analysis curve) (n=15). *P < 0.05, **P < 0.01, ***P< 0.001.



The analysis revealed different compositions of pathological grades among the three groups (R428 vs. vehicle, n=15, P<0.05; rmGas6 vs. vehicle, n=15, P<0.05. Figure 5F). Meanwhile, R428 treatment significantly decreased the rate of IA rupture compared with that of the vehicle group (13% vs. 40%, n=15, P<0.05), which was reversed by rmGas6 treatment (67% vs. 40%, n=15; P<0.05. Figure 5G). Systolic blood pressure among the groups did not show differences and increased slowly since the induction of the model (group factor, P=0.2743; time factor, P<0.0001; no interaction effect. Figure 5H). Similarly, the symptom-free survival of mice was significantly increased in the R428 treatment group (P<0.05, n=15) and decreased in the rmGas6 treatment group (P<0.05, n=15. Figure 5I).






Discussion

In this study, we found that Axl exacerbated the process of IA rupture by increasing M1 macrophage infiltration in aneurysm tissue and promoting proinflammatory responses in mice. Treatment with R428 to inhibit Axl phosphorylation significantly decreased the rate of IA rupture in mice. rmGas6 treatment promoted Axl phosphorylation and increased the rate of IA rupture. In addition, inhibition of Axl phosphorylation decreased STAT1 phosphorylation, attenuating M1 macrophage polarization in vivo. Mechanistically, Axl activation enhanced the STAT1/HIF-1α signaling pathway to promote macrophage polarization toward M1, which could be abolished by STAT1 knockdown. These findings potentially provide a new therapeutic target and may facilitate pharmacological treatment for IA.

Our results showed more CD86+ M1 macrophages in ruptured IAs than in unruptured IAs. Additionally, R428, an Axl-specific inhibitor, significantly decreased the infiltration of M1 macrophages into the artery wall and the occurrence of IA rupture. Our findings are consistent with other studies that suggest that macrophage polarization is associated with IA rupture. Macrophage infiltration is critical for aneurysm formation and rupture, and macrophage-mediated inflammation is a key biological pathway for IA rupture (22). Hasan et al. found an imbalance of M1/M2 macrophages and a trend toward M1 macrophages in ruptured IAs compared with unruptured IAs (10). There was a lower incidence of IA in a murine model due to macrophage depletion by clodronate liposomes and macrophage dysfunction by MCP-1 knockout (7). Macrophages infiltrate into intracranial arterial walls across endothelial cells and secrete proinflammatory cytokines and metalloproteinases (MMPs), such as MMP-2 and MMP-9, to disassemble the collagen matrix, which can lead to the destruction of the arterial wall and rupture (23).

We found that Axl expression was upregulated in unruptured IAs and further upregulated in ruptured IAs compared with normal arteries. These results indicated that Axl is involved in IA rupture. Meanwhile, the double immunofluorescence anti-Axl and anti-F4/80 antibodies, a macrophage-specific marker, in IA sections and Axl colocalized with F4/80+ cells in mouse IA sections showed the relationship between Axl expression and macrophage infiltration. We also found that smooth muscle cells in mouse aneurysms expressed AXL in contrast to those in normal vessels. Okada et al. (24) have shown that BMDMs are the major source of M1 macrophage infiltration into IA regions. These findings suggest that Axl may modulate M1 macrophage infiltration into the aneurysm wall of mice.

We found that LPS/IFN-γ promoted Axl expression and phosphorylation in BMDMs and THP-1 macrophages. Axl depends on Gas6 for its activation, and Gas6 requires Axl for its stable maintenance in vivo (17). Endogenous Gas6 levels may influence AXL receptor activation. rmGas6 is the specific ligand for Axl activation. We also found that R428 treatment had no effect on Gas6 expression in LPS/IFN-γ-primed THP-1 cells. R428 only or R428 plus recombinant Gas6 inhibited Axl activation. These results suggested that R428 inhibited Axl phosphorylation independently of added exogenous rGas6.

Upon binding with the ligand Gas6, Axl dimerizes and becomes phosphorylated, leading to the activation of downstream mitogen-activated protein kinase (MAPK) (25–27). Both LPS and IL-4 promote Axl expression, and the activation of Axl receptors occurs in BMDMs after stimulation with LPS to activate TLR receptors (17, 28). It would be interesting to investigate whether AXL activation occurs by cross-activation with other AXL receptor units or another heterodimeric receptor in further research. BMDMs were stimulated with LPS/IFN-γ to polarize toward M1 macrophages to mimic the inflammatory responses of IA. Axl expression was significantly increased by LPS/IFN-γ and colabeled with F4/80. Axl boosting in the intracranial aneurysmal inflammation-related microenvironment might be associated with M1 macrophage polarization.

We also found an explicit effect of Axl on macrophage polarization after LPS/IFN-γ stimulation. Both qRT-PCR and Western blotting showed that R428 inhibited Axl phosphorylation and attenuated IL-1β, NOS2, and MMP-9 in M1 macrophages. Conversely, the rmGas6 treatment had the opposite effect. These findings suggest that inhibition of Axl phosphorylation significantly attenuates M1 macrophage polarization and the production of IL-1β, NOS2 and MMP9. Our results are consistent with those of previous studies. The activation of Axl augments the expression and secretion of proinflammatory cytokines such as IL-1β, IL6, and TNFα in both macrophages and dendritic cells via the NLRP3 inflammasome and caspase-1, which can be enhanced by Gas6 and abolished by R428 (25, 28). Additionally, Axl augmented IL-1β and IL-6 production in LPS-primed Kupffer cells (26). IL-1β is important for the progression of intracranial aneurysms and acts as a representative cytokine secreted by M1 macrophages (27, 29). Macrophage-derived MMP-9 promotes intracranial aneurysm rupture (23). NOS2 is used to define classically activated M1 macrophages.

We found that R428 inhibited the levels of pSTAT1 and HIF-1α in M1 macrophages, while rmGas6 boosted them. STAT1 knockdown caused the downregulation of HIF-1α and inflammatory factors, including IL-1β, NOS2 and MMP9. STAT1 is one of the key regulators of inflammation and is important for macrophage polarization (30). HIF-1α positively regulates proinflammatory cytokines in response to LPS (31). These findings suggest that STAT1/HIF-1α might mediate the promotion of M1 macrophage polarization by Axl.

Axl signaling in macrophages exacerbated inflammation of the intracranial artery wall through STAT1/HIF-1α signaling. The effect of Axl was alleviated by STAT1 knockdown, emphasizing the key role of STAT1 in Axl signaling. Axl signaling promotes the phosphorylation and activation of STAT1, which is an important signaling molecule for the inflammatory response (12, 32). In addition, HIF-1α has been reported as the transcription factor of IL1β and is stimulated by STAT1 (33, 34). Furthermore, DeBerge et al. (28) found that the effect of Axl was HIF-1α dependent rather than NF-κB dependent. Both STAT1 and HIF-1α were linked to M1 macrophage activation within the M1/M2 macrophage polarization paradigm and served downstream of Axl signaling.

This study has some limitations. First, the animal model may not be sufficient to accurately depict the biological process of spontaneous IA rupture. Aneurysms were induced and did not spontaneously form in our models. Although the phenotype and presentation of aneurysm rupture mimic those of human intracranial aneurysms (35), it is difficult to definitively confirm the time course of Axl expression and M1 macrophage polarization during spontaneous IA rupture. Second, this study focused on STAT1/HIF-1α signaling but did not explore other signaling pathways. Axl-mediated efferocytosis and autophagy play a protective role in stimulating autophagy to reduce the release of inflammasomes in the innate immune system during self-limiting inflammation (36–38). Third, human intracranial aneurysm tissues are difficult to obtain because most aneurysms are treated with endovascular coiling. Although we found that R428 treatment inhibits AXL activation in LPS/IFN-γ-primed THP-1 cells, we did not verify this in human primary M1 macrophages in vitro which may provide additional translational information for our work. The comprehensive effect of Axl might be complex in intracranial aneurysms. Nevertheless, we clarified the mechanism by which Axl exacerbates macrophage polarization to the M1 phenotype via STAT1/HIF-1α signaling.





Conclusions

The activation of Axl played a detrimental role in the destruction of the arterial wall and the rupture of the IA and promoted M1 macrophage polarization and infiltration into the arterial wall by enhancing STAT1/HIF-1α signaling. These findings suggest that the inhibition of Axl might be a potential strategy for the prevention of IA rupture. Axl plays an essential role in IA rupture and might be a potential therapeutic target for IAs.
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Autofluorescence is frequently observed in animal tissues, interfering with an experimental analysis and leading to inaccurate results. Sudan black B (SBB) is a staining dye widely used in histological studies to eliminate autofluorescence. In this study, our objective was to characterize brain tissue autofluorescence present in three models of acute brain injury, including collagenase-induced intracerebral hemorrhage (ICH), traumatic brain injury (TBI), and middle cerebral artery occlusion, and to establish a simple method to block autofluorescence effectively. Using fluorescence microscopy, we examined autofluorescence in brain sections affected by ICH and TBI. In addition, we optimized a protocol to block autofluorescence with SBB pretreatment and evaluated the reduction in fluorescence intensity. Compared to untreated, pretreatment with SBB reduced brain tissue autofluorescence in the ICH model by 73.68% (FITC), 76.05% (Tx Red), and 71.88% (DAPI), respectively. In the TBI model, the ratio of pretreatment to untreated decreased by 56.85% (FITC), 44.28% (Tx Red), and 46.36% (DAPI), respectively. Furthermore, we tested the applicability of the protocol using immunofluorescence staining or Cyanine-5.5 labeling in the three models. SBB treatment is highly effective and can be applied to immunofluorescence and fluorescence label imaging techniques. SBB pretreatment effectively reduced background fluorescence but did not significantly reduce the specific fluorescence signal and greatly improved the signal-to-noise ratio of fluorescence imaging. In conclusion, the optimized SBB pretreatment protocol blocks brain section autofluorescence of the three acute brain injury models.




Keywords: autofluorescence, Sudan black B, intracerebral hemorrhage, traumatic brain injury, ICH, cerebral ischemia





Introduction

Fluorescence microscopy has been widely used in animal models and molecular/cellular biology experiments (1). However, significant autofluorescence is frequently observed in tissues, interfering with image analysis and leading to inaccurate results. Many substances cause autofluorescence, such as lipofuscin, porphyrins, collagen, vitamin, and lipoproteins (2). They can interfere with or mask specific fluorescent signals. Without good controls, nonspecific autofluorescence signals can generate a false-positive result and subsequent false conclusion (3) .

Sudan Black B (SBB) is a staining dye widely used in histological studies to eliminate autofluorescence, especially in the rat pancreas (4), mouse liver (5) and kidney (6), and the primate brain (7). However, SBB has not been tested in mouse brain tissue in the context of acute brain injury. Based on our experience, injured brain tissue often exhibits marked autofluorescence, which can obscure specific target signals, leading to false-positive results and incorrect interpretations.

Cyanine-5.5 (Cy5.5) is a standard fluorescent dye widely used to label and track proteins and monitor protein distribution dynamically (8, 9). However, it is unclear whether SBB can mitigate the autofluorescence of injured brain tissues and whether combining the two provides a precise cellular localization and distribution of proteins or Cy5.5-labeled drug-like compounds in the brain.

In this study, we characterized autofluorescence in brain sections of the three models of acute brain disease, including the collagenase-induced intracerebral hemorrhage (ICH) model, the traumatic brain injury model (TBI), and the middle cerebral artery occlusion (MCAO) model for focal cerebral ischemia. Furthermore, we tested the applicability of SBB in a fluorescence labeling protocol and an immunofluorescence staining protocol. Finally, we established a simple and effective protocol to block autofluorescence in the three models tested.





Materials and methods




Animals

Ten-week-old C57BL/6 male mice (weight, 24-28g) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd [SCXK (Beijing) 2016-0006]. Mice were housed in a pathogen-free environment with 12 h cycles that alternate dark and light, five per cage, a controlled temperature (25°C), and relative humidity (45-55%) with free access to standard food and water. The experimental protocol was approved by the Animal Ethics Committee of Zhengzhou University (ZZUIRB 2022-31) and was performed according to national guidelines. In addition, this study was carried out according to the ARRIVE and RIGOR guidelines for using experimental animals (10, 11). The mice were randomly divided into groups using random numbers generated by a random number website (http://www.randomization.com).





The ICH model

Our previous publications describe the detailed procedure for modeling ICH by striatal collagenase injection (12, 13). First, mice were anesthetized with isoflurane (4% induction and 2% maintenance). Then, we injected collagenase VII-S (C2399, 0.05U in 0.5 µL sterile saline, Sigma, St. Louis, MO) into the striatum, whose coordinates were 0.8 mm anterior, 2.1 mm lateral of the bregma, and 3.3 mm depth (14–16). After the operation, the mice were replaced in the rest cage until they woke up in a warm environment. At the same time, food was added inside the cage to prevent the mice from losing access to food from the cage rack above due to surgical injury.





The TBI model

As previously described, we used Feeney's method to establish the mouse weight-drop model of TBI in the right parietal cortex (17, 18). Mice were anesthetized with isoflurane. The scalp was opened 1 mm behind the window of the right parietal bone and 1 mm from the midline, and a 4 mm craniotomy was performed on the skull using a dental drill and trephine. A 20g steel rod was released from a height of 20 cm to induce craniocerebral injury (control depth of 1 mm), and the scalp was sutured.





The middle cerebral artery occlusion (MCAO) model

We used the MCAO model to induce focal cerebral ischemia (19–21). Briefly, mice were anesthetized with isoflurane. The common carotid artery was then cut and exposed along the midline of the neck. Next, a 6.0 monofilament nylon suture was used to pass through the left external carotid artery, which blocks the left middle cerebral artery, resulting in focal transient cerebral ischemia for 90 minutes.





Injection of IL-10 conjugated to Cy5.5

Briefly, 25 µg IL-10 (R&D Systems, 217-IL-005) and the fluorescent dye Cy5.5 (Med Chem Express, HY-D0924) were incubated overnight, and the unbound Cy5.5 was removed by centrifugation using a 3 KD ultrafiltration centrifuge. The labeled IL-10 was stored in the dark at -80°C upon use. Then, we injected IL-10 conjugated to Cy5.5 into the bleeding site 24 hours after ICH. The injection coordinate was 0.8 mm anterior, 2.1 mm lateral to the bregma, and 3.3 mm depth.





Tissue processing

Twenty-four hours after ICH or 72 hours after TBI, the animals were deeply anesthetized with isoflurane and transcardially perfused with preheated 37°C saline until the liver turned white. For the Cy5.5 fluorescent tag experiment, the brains were removed, placed in an embedding box, embedded with OCT, and quickly frozen at -80°C. The brains were then cut into 20 µm coronal sections on a cryostat. The frozen brain sections were fixed in acetone at -4°C for 15 min. The brain sections were dried naturally, then washed with PBS for 10 min. For immunofluorescence experiments, after 37°C saline infusion, paraformaldehyde infusion was used. The brain was taken out and soaked in paraformaldehyde for 12 h and then soaked in a 20% and a 30% sucrose solution, each for 24 h. After the OCT embedding, sections were performed.

For ischemic stroke, we sacrificed the mice 5 days after MCAO. Mice anesthetized with isoflurane were injected with saline and paraformaldehyde successively. Subsequently, the brain tissue was removed and fixed with paraformaldehyde for 24 h. Paraffin sections of brain tissues were obtained using the paraffin embedding method. Paraffin sections were immersed in sodium citrate antigen retrieval solution and heated in a microwave oven at high heat for 3 min and low heat for 8 min. Then, immunofluorescence staining was performed.





SBB treatment

To prepare the SBB solution, 300 mg of SBB (Sigma-Aldrich, 199664-25G) was left to stir overnight in 100 ml of 70% ethanol in the dark (7). The mixture was filtered using a 0.22 µm filter to remove the undissolved SBB. The solution was stored at 4°C and sealed in an airtight container in the dark until use. The SBB solution was diluted to 0.15% SBB working solution fresh before use. Stock solutions older than 3-4 weeks were discarded to avoid the accumulation of poly azo derivatives that form during prolonged storage (4). At the end of the immunofluorescence or Cy5.5 experiment, SBB treatment was performed. The 0.15% SBB solution was pipetted dropwise onto coronal brain sections to cover the section adequately, and the sections were incubated for 5 min in the dark. The sections were briefly rinsed with 70% ethanol for 30 seconds and then rinsed in PBS for 5 min. The sections were briefly rinsed with 70% ethanol for 30 s and then rinsed in PBS for 5 min. Brain slices were imaged under a fluorescence microscope. The brain slices from the vehicle group were treated with 70% ethanol for 5 min in the dark and then washed with PBS for 5 min.





Immunostaining

According to our established protocol (22–24), brain slices were blocked in 10% fetal bovine serum at room temperature for 2 hours and then incubated overnight at 4°C with primary antibodies, including rabbit anti-NeuN (neuronal marker; 1:200; Abcam, ab177487) and rabbit anti-Iba-1 (microglial marker; 1:300; Affinity, DF6442). Next, the brain slices were washed three times with PBS, and then the secondary antibody Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:300; Jackson, 156194) was incubated for 2 h at room temperature in the dark. Finally, the brain slices were washed three times with PBS.





Fluorescence imaging

Brain sections were examined before and after SBB treatment using a fluorescence microscope (Nikon DS-Ri2, Tokyo, Japan) equipped with fluorescein isothiocyanate filters (FITC, 465-495 nm, green), Texas red (Tx Red, 540-580 nm, red) and 4', 6-diamidino-2-phenylindole filters (DAPI, 361-389 nm, blue) filters. Using the NIS-Element BR imaging software, the images were collected and analyzed with a color camera (Nikon, Version 5.01, Tokyo, Japan). The exposure time of each group of images was the same (exposure time for immunofluorescence images: 40x field of vision: 800 ms, 100x field of vision: 600 ms, 200x field of vision: 600 ms; ICH model: FITC and Tx Red exposure time: 2 sec, DAPI exposure time: 100 ms; TBI model: FITC and Tx Red exposure time: 1 sec, DAPI exposure time: 100 ms).

Three or four brain sections per mouse were taken, and four visual fields located near or around the lesion were selected for each brain section. The brain sections were imaged in the untreated condition and again at the same site after SBB treatment. All images were processed with white balance using ImageJ software. The relative intensity of the signal was calculated using ImageJ to determine the average fluorescence intensity in an arbitrary unit compared to the control group.





Statistical analysis

We performed statistical analysis using GraphPad software (GraphPad Prism 8.4.3; GraphPad Software, Inc., La Jolla, CA). All data were normally distributed as evaluated by Shapiro-Wilk's test. All data are presented as means ± standard deviation (SD). We use the paired t-test to compare the differences between the samples before and after treatment. Furthermore, we used a two-way analysis of variance (ANOVA) test followed by Sidak post-hoc test to compare differences between multiple groups. A value of p<0.05 was considered statistically significant. The results of the normality test are provided in the Supplementary Materials.






Results




Autofluorescence occurs in brain tissues damaged by ICH

To investigate whether autofluorescence is present in the ICH-damaged striatum, we examined brain sections under a fluorescence microscope with FITC, Tx Red, and DAPI filters. We observed intense autofluorescence with the above three filters (Figure 1A). To characterize the overall distribution of autofluorescence in brain tissues of the ICH-affected striatum, we applied a method in which a horizontal axis (white line) was added to the bleeding site in the image (Figure 1B). The change in fluorescence intensity on this axis was quantitatively analyzed (Figure 1C). The fluorescence intensity was low in regions of the brain far from the bleeding site (a), increased strongly immediately around the bleeding site (b), was extremely low within the bleeding site (c), and increased immediately around the bleeding site again (d). In general, autofluorescence from ICH-damaged brain tissues is emitted primarily from tissues immediately around hemorrhagic foci. The intensity of autofluorescence is markedly higher than in the rest of the surrounding areas.




Figure 1 | Characteristics and distribution of autofluorescence in brain tissues damaged by intracerebral hemorrhage. Brain sections were observed under different filter systems at high magnifications. The brain tissues around the hematoma showed bright autofluorescence. (A) FITC, Tx red, and DAPI filter. (B) Autofluorescence distribution of intact brain sections of hemorrhage-affected striatum under a fluorescence microscope, targeting regions of the brain far from the bleeding foci (a), immediately around the bleeding foci (b, d), and within the bleeding foci (c). (C) Histogram of the mean fluorescence intensity profile along the selected axis region. The white arrow indicates the corresponding part of the axis in (B).







SBB blocks autofluorescence of brain tissues damaged by ICH

To determine whether SBB can block autofluorescence from brain tissues, we compared the intensity of autofluorescence from the same brain region (striatum) in the same brain sections before and after SBB treatment (Figure 2). We observed a robust nonspecific fluorescence signal in the untreated group (Figure 2A). After SBB treatment, the autofluorescence of damaged brain tissue was significantly removed in all three sets of filters (Figure 2B). SBB treatment eliminated tissue autofluorescence considerably by 73.68% (FITC), 76.05% (Tx Red), and 71.88% (DAPI) compared to the untreated level (Figure 2C).




Figure 2 | Sudan black B (SBB) blocks autofluorescence of brain tissues damaged by intracerebral hemorrhage. (A) Untreated brain sections of the striatum after intracerebral hemorrhage. (B) The same brain sections were treated with 0.15% SBB and images were acquired showing the same area around the hematoma (A) before and (B) after SBB treatment. The images were visualized with three different microscopic filter sets. (C) The mean fluorescence intensity under the FITC, Tx Red, or DAPI filter in the same brain sections before and after SBB treatment. The percentage of mean fluorescence of the brain sections relative to the untreated brain sections is quantified in (C) Untreated vs. SBB treated: FITC, **p=0.0023; Tx Red, ****p<0.0001; DAPI, **p=0.0037; FInteraction=0.6899, FTime=2.081, FColumn Factor=51.23; two-way ANOVA; n=6 mice/group.







Comparison of IL-10 and NeuN fluorescence signal in brain tissues damaged by ICH before and after SBB treatment

IL-10 labeled with Cy5.5 was injected into the striatum. Background autofluorescence and specific fluorophore labeling of Cy5.5 were mixed and almost indistinguishable. However, after SBB treatment, the fluorescence signal of Cy5.5 improved markedly (Figure 3A), with tissue autofluorescence reduced significantly by 50.64% compared to the untreated level (Figure 3B).




Figure 3 | Comparison of the IL-10 and NeuN fluorescence signal of brain tissues damaged by intracerebral hemorrhage before and after Sudan black B (SBB) treatment. (A) Striatal injection of Cy5.5-labeled IL-10 was used to evaluate the fluorescence of intracerebral hemorrhage-damaged brain tissues in the same brain sections, before and after SBB treatment, under a fluorescence microscope with the Tx Red filter. The white circles indicate representative regions of the significant difference in fluorescence signal before and after SBB treatment. (B) SBB treatment eliminated tissue autofluorescence by 50.64% of the untreated level (**p=0.0029; t=5.416; paired t-test; n=6 mice/group). (C) Anti-NeuN antibody labeled with Alexa Fluor 488 was used to assess the intensity of immunofluorescence of brain tissues in brain sections affected by ICH before and after SBB treatment under a fluorescence microscope using the FITC filter system. The white circles indicate representative regions of the significant difference in fluorescence signal before and after SBB treatment. (D) SBB treatment eliminated tissue autofluorescence by 60.52% of the untreated level (**p=0.0072; t=4.369; paired t-test; n=6 mice/group). (E) Compared to the untreated group, SBB treatment significantly improved the signal-to-noise ratio of fluorescence imaging (***p=0.0007; t=7.411; paired t-test; n=6 mice/group).



NeuN is a specific marker for neurons. To evaluate the effect of SBB on ICH-damaged brain tissues, we used the Alexa Fluor 488 labeled anti-NeuN antibody for immunofluorescence staining with or without SBB treatment. SBB reduced the background signal and highlighted the specific fluorescence signal (Figure 3C). The reduction in background autofluorescence was significant (60.52% compared to the control group (Figure 3D)). We also analyzed the signal-to-noise ratio before and after SBB treatment, which significantly improved after SBB treatment compared to the control group (Figure 3E).





SBB blocks autofluorescence of brain tissues damaged by TBI

We examined brain sections under a fluorescence microscope to determine whether SBB can also block the autofluorescence of brain tissues damaged by TBI. We detected a large amount of autofluorescence in the brain tissues surrounding the lesion in untreated sections (Figure 4A). However, after SBB treatment, the autofluorescence of the three channels of the evaluated damaged brain tissues decreased (Figure 4B) by 56.85% for FITC, 44.28% for Tx Red, and 46.36% for DAPI, respectively, compared to the untreated group (Figure 4C).




Figure 4 | Sudan black B (SBB) blocks the autofluorescence of brain tissues damaged by traumatic brain injury. (A) Autofluorescence of brain tissues damaged by traumatic brain injury. (B) The same brain section was treated with 0.15% SBB. FITC, Tx Red, and DAPI filters were used to collect images from the same brain area in sections before and after SBB treatment. (C) Quantified mean fluorescence intensity of brain sections treated before and after SBB. The percentage represents the decrease in the mean fluorescence intensity after SBB treatment. Untreated vs. SBB-treated: FITC, *p=0.0227; Tx Red: *p=0.0316; DAPI: p=0.4786; FInteraction=0.7227, FRow Factor=6.746, FColumn Factor=15.92; two-way ANOVA; n=6 mice/group.







Comparison of Iba-1 immunofluorescence of brain tissues damaged by TBI before and after SBB treatment

Next, we sought to evaluate the efficacy of SBB to enhance the detection of Iba-1 immunofluorescence in brain tissue damaged by TBI. Iba-1 is a specific marker of microglia in the brain and is known to increase in the area surrounding the injury after TBI (17). However, autofluorescence around the TBI lesion interferes with the imaging effect. Treatment with SBB significantly reduced autofluorescence of damaged brain tissue (by 51.10%), and the specific fluorescence was more prominent compared to untreated tissues (Figures 5A, B).




Figure 5 | Comparison of Iba-1 immunofluorescence in brain tissues damaged by traumatic brain injury (TBI) before and after Sudan black B (SBB) or ethanol treatment. (A) Anti-Iba-1 antibody labeled with Alexa Fluor 488 was used to assess immunofluorescence in brain tissues damaged by TBI in the same brain sections before and after SBB treatment under a fluorescence microscope using the FITC filter. The white circles indicate the representative regions of the significant difference in fluorescence signal before and after SBB treatment. (B) Background autofluorescence intensity in SBB-treated brain sections decreased by 51.10% compared to before SBB treatment (**p=0.0054; t=4.679; paired t-test; n=6 mice/group). (C) Anti-Iba-1 antibody labeled with Alexa Fluor 488 was used to assess the immunofluorescence of brain tissues damaged by TBI in the same brain sections before and after ethanol treatment. (D) The background autofluorescence intensity in ethanol-treated brain sections decreased by 8.18% compared to before treatment (p=0.1734; t=1.587; paired t-test; n=6 mice/group).



Studies have shown that ethanol can effectively reduce autofluorescence in spinal cord tissue but not in kidney tissue (16, 17). Since the SBB was dissolved in 70% alcohol, we tested whether 70% alcohol itself would reduce background autofluorescence in the TBI model (Figure 5C). The background autofluorescence did not decrease significantly after alcohol treatment. Alcohol treatment reduced background fluorescence by 8.18% compared with before treatment (Figure 5D). This indicates that SBB treatment was the main reason for effectively shielding autofluorescence.





Comparison of immunofluorescence of brain tissues damaged by cerebral ischemia before and after SBB treatment

To verify the effect of SBB on paraffin-embedded brain sections, we used brain tissues damaged by cerebral ischemia for immunofluorescence staining. Compared to the untreated control group, SBB treatment significantly reduced the background fluorescence of damaged brain tissues in paraffin-embedded sections and highlighted the specific immunofluorescence signal (Figure 6A). Furthermore, quantitative analysis revealed that SBB treatment reduced background fluorescence by 64.18% compared to before treatment (Figure 6B).




Figure 6 | Sudan black B (SBB) blocks autofluorescence of brain tissues damaged by cerebral ischemia in a middle cerebral artery occlusion model. (A) Anti-NeuN antibody labeled with Alexa Fluor 488 was used to assess the immunofluorescence of brain tissues damaged by cerebral ischemia in the same brain sections before and after SBB treatment under a fluorescence microscope using the FITC filter. The white circles indicate representative regions of the significant difference in fluorescence signal before and after SBB treatment. (B) SBB treatment eliminated tissue autofluorescence by 64.18% compared to before treatment (*p=0.0253; t=3.154; paired t-test; n=6 mice/group).








Discussion

In this study, we found broad and strong autofluorescence in brain tissues damaged by ICH or TBI with FITC, Tx Red, and DAPI filters. Strong autofluorescence is present immediately around the hemorrhagic or traumatic brain injury site. SBB treatment can effectively reduce background autofluorescence. Furthermore, SBB treatment showed excellent applicability in the fluorescence labeling protocols and immunofluorescence staining with frozen brain sections affected by ICH or TBI. In addition, it offered an efficient blocking effect of autofluorescence of brain tissues damaged by cerebral ischemia in paraffin-embedded brain sections.

The cause of autofluorescence in brain sections is unknown. Unlike other brain disease models, ICH caused by vessel rupture results in massive erythrocyte leakage, releasing fluorescence. In particular, erythrocyte degradation products generate a large amount of protoporphyrin (5), which may be the main reason for autofluorescence immediately around hemorrhagic or traumatic foci. Furthermore, studies have shown that lipofuscin and tissue necrosis produce a large amount of autofluorescence in neural tissues, interfering with fluorescence imaging (25, 26). In a TBI model, damaged brain tissues by external forces cause many necrotic cells in the cerebral cortex, which is suggested to be the leading cause of autofluorescence (27). Therefore, depending on their location and intensity, erythrocytes, necrotic tissue, and lipofuscin are the primary sources of autofluorescence from damaged brain tissues.

Various protocols subtract autofluorescence, including SBB, ammonia-ethanol, sodium borohydride, CuSO4, trypan blue, photobleaching, etc. These methods mainly include the following strategies to control autofluorescence: (1) Physical masking of the luminescent group of autofluorescence, (2) dissolving and extracting the substance that can produce autofluorescence, and (3) changing the chemical structure of autofluorescence (27). Ammonia-ethanol can extract and dissolve lipids, eliminating lipid-induced autofluorescence (6). Sodium borohydride reduces autofluorescence by destroying fluorophore molecules through oxidation/reduction reactions (28). Cu2+ in CuSO4 can remove electrons from autofluorescence compounds and generate a nonfluorescent complex (29). Trypan blue can be uniformly distributed in the cytoplasm and nucleus by permeabilization, and its nonspecific binding fluorescence molecules reduce autofluorescence. The photobleaching method changes the structure of the fluorophore to lose its fluoresce property (3). Trypan blue and CuSO4 can reduce autofluorescence, but the appropriate concentration must be determined. Otherwise, the specific fluorescence will be quenched (4, 30). Ultraviolet photobleaching has different effects on the reduction of autofluorescence in various tissues. For example, there was almost no effect on pancreatic tissue but a significant impact on the placenta (3) .

Altering the chemical structure of autofluorescence can reduce autofluorescence. However, it also reduces the intensity of the specific fluorescence and changes the tissue morphology and antigen characteristics. Therefore, it requires carefully considering or exploring the optimal conditions (3, 31).

Earlier studies showed that SBB at a concentration of 0.1% in 70% ethanol treatment was the most effective way to reduce autofluorescence in human brain sections by comparing six autofluorescence removal protocols (32). SBB is a fat-soluble dye that effectively blocks autofluorescence caused by lipofuscin (25), erythrocyte porphyrins (6), and myeloid granules (4). SBB can block the autofluorescence of tissues without interfering with a particular fluorescence at concentrations of 0.1%-0.5% (3, 6, 7, 29). However, higher concentrations of SBB will mask autofluorescence and specific fluorescence signals, making it unable to obtain adequate information, resulting in poor image quality (33). In this study, we demonstrate that 0.15% SBB can effectively reduce autofluorescence while maintaining the specific fluorescence.

To further illustrate the effect of SBB, we analyzed the signal-to-noise ratio of immunofluorescence staining before and after SBB treatment. The signal-to-noise ratio of NeuN staining was effectively increased in the ICH model. SBB treatment provides a reasonable balance between the reduction of total and autofluorescence in tissues and the effective preservation of specific fluorescence signals, resulting in better differentiation of specific and nonspecific fluorescence (33).

The mechanism of action of SBB needs to be clarified. The primary mode of action of the SBB is likely the physical masking of autofluorescence. Studies have shown that SBB has poor solubility in aqueous solution and can cover the hydrophobic region of samples by physical adsorption to give full play to its light absorption capability. The advantage of SBB treatment is that the dye blocks emission peaks of damaged tissue components that generate prominent high autofluorescence (34). Another feature is that the SBB dye can reduce overall autofluorescence so that brain tissue has a homogeneous background and highlights specific fluorescence (4).

Furthermore, unlike other methods, SBB obscures the autofluorescence structure rather than the physical-chemical combination. It can effectively reduce the autofluorescence signal without interfering with specific fluorescence signals (5). However, SBB also has certain limitations. First, although SBB can significantly improve the signal-to-noise ratio of fluorescence imaging, the physical shielding effect of SBB reduces the total fluorescence signal to some extent. Second, SBB treatment adds a treatment step that requires a particular incubation time to reduce tissue autofluorescence.

Another important aspect is the usability of the autofluorescence removal method in different fixation or embedding procedures. For example, ammonia-ethanol can effectively remove the autofluorescence of kidney tissue in frozen sections. However, it does not work in paraffin sections, which is related to the characteristic of ammonia-ethanol in the removal of autofluorescence and the paraffin embedding process (6). Therefore, we use the paraffin embedding method to evaluate the efficacy of SBB in brain tissues damaged by cerebral ischemia. We found that SBB could still remove autofluorescence from paraffin-embedded brain tissues.

Notably, few commercially available quenched autofluorescence-related products, such as True View (Vectorlabs, SP-8500-15), exist. However, TrueView is ineffective against lipofuscin autofluorescence, one of the primary sources of autofluorescence in the brain. As SBB can effectively remove lipofuscin autofluorescence, combining SBB and TrueView may be a promising method for removing additional autofluorescence.

In line with our findings that the application of SBB reduces autofluorescence and improves specific fluorescent signals in brain sections, a recent study uncovered the distribution of angiotensin-converting enzyme 2 in nociceptors in the dorsal root ganglion using SBB to optimize the immunofluorescence protocol (35). Based on our experience and the results of this study, the autofluorescence of multiple wavelengths is generated by the tissues around the lesion after acute brain injury. However, the autofluorescence emission spectra and specific fluorescence signals overlap and interfere with the detection and localization of the specific signals, leading to false-positive results and incorrect interpretations. We showed that SBB could highlight the characteristic fluorescence signal of Cy5.5 by quenching autofluorescence. Therefore, SBB treatment is a highly effective and applicable method for removing autofluorescence, especially in fluorescence imaging experiments of the central nervous system to explore the cellular location of specific proteins.





Conclusion

In conclusion, we established a feasible and convenient method to optimize the fluorescence imaging protocol using brain sections from mice with acute brain injury. Furthermore, treatment with SBB can effectively quench autofluorescence in brain tissues damaged by acute brain injury. Therefore, it can be used when optimizing the immunofluorescence or fluorescence labeling imaging protocol.
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The nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin domain containing 3 (NLRP3) inflammasome-mediated immuno-inflammatory response plays a critical role in exacerbating early brain injury (EBI) after subarachnoid hemorrhage (SAH). Salvianolic acid B (SalB) has previously been shown to suppress neuroinflammatory responses in many disorders. Meanwhile, a previous study has demonstrated that SalB mitigated oxidative damage and neuronal degeneration in a prechiasmatic injection model of SAH. However, the therapeutic potential of SalB on immuno-inflammatory responses after SAH remains unclear. In the present study, we explored the therapeutic effects of SalB on neuroinflammatory responses in an endovascular perforation SAH model. We observed that SalB ameliorated SAH-induced functional deficits. Additionally, SalB significantly mitigated microglial activation, pro-inflammatory cytokines release, and neuronal injury. Mechanistically, SalB inhibited NLRP3 inflammasome activation and increased sirtuin 1 (SIRT1) expression after SAH. Administration of EX527, an inhibitor of SIRT1, abrogated the anti-inflammatory effects of SalB against SAH and further induced NLRP3 inflammasome activation. In contrast, MCC950, a potent and selective NLRP3 inflammasome inhibitor, reversed the detrimental effects of SIRT1 inhibition by EX527 on EBI. These results indicated that SalB effectively repressed neuroinflammatory responses and neuronal damage after SAH. The action of SalB appeared to be mediated by blocking NLRP3 inflammasome and promoting SIRT1 signaling.
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Introduction

Subarachnoid hemorrhage (SAH) causes devastating neurological damage, which seriously affects patients’ quality of life. Survivors still face a series of symptoms, including consciousness disturbance, physical impairment, mood disorders, and sleep disturbances (1). However, current treatments for SAH show low therapeutic efficacy. Evidence from experimental and clinical studies indicates that suppressing immuno-inflammatory responses could ameliorate neuronal injury and improve functional recovery after SAH (2–4). Thus, it is urgently needed to identify new treatment that targets immuno-inflammatory responses and SAH-related comorbidities.

It is becoming clear that dysregulation of inflammatory responses contributes greatly to the pathophysiological progress of early brain injury (EBI) after SAH (5, 6). Microglial over-activation has been implicated as a primary factor in inflammation-mediated brain damage (7, 8). After hemorrhage, proinflammatory microglia are rapidly activated and produce a variety of proinflammatory cytokines, which contribute to tissue injury and neurogenesis impairment. Therefore, repressing destructive inflammatory response might be a promising therapeutic approach for the treatment of SAH.

Salvianolic acid B (SalB), a polyphenolic compound isolated from Salvia miltiorrhiza, was developed as a potential treatment for cardiovascular and cerebral vascular diseases (9, 10). Increasing evidence has shown that SalB exhibits a broad range of pharmacological potentials, such as antioxidative, anti-inflammatory, anti-depression, and neuroprotective effects (11, 12). In central nervous system (CNS) diseases, SalB has been shown to protect against ischemic stroke, traumatic brain injury, vascular dementia, and spinal cord injury (13–15). A previous study also reported that SalB mitigated SAH-triggered oxidative damage by modulating sirtuin 1 (SIRT1) pathway (9). However, the therapeutic potential of SalB on immuno-inflammatory responses after SAH remains unclear. Accumulated evidence shows that SalB has a potent anti-inflammatory activity and is able to inhibit microglial activation in different CNS disorders (16, 17). Additionally, SalB has been reported to suppress nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin domain containing 3 (NLRP3) inflammasome signaling, which plays a crucial role in microglia-mediated inflammatory responses after SAH (18, 19). Once activated, NLRP3 recruits the adapter apoptosis-related speck-like protein (ASC) and activates pro-caspase-1 (20). Caspase-1 cleaves the pro-inflammatory cytokines pro-interleukin (IL)-1β and IL-18 to execute the innate immune response and cell death (21, 22). Notably, inhibition of NLRP3 inflammasome activation could mitigate neuroinflammation and neurological impairment in animal models of SAH (23, 24). Thus, we hypothesized that SalB would ameliorate inflammatory brain injury and improve functional recovery after SAH. Mechanistically, we further confirmed whether the neuroprotective effects of SalB occur via inhibiting NLRP3 inflammasome and promoting SIRT1 pathway.





Materials and methods




Animals and SAH model

One hundred thirty-five adult male C57BL/6J mice (weighing 20-25 g) were employed in this study. All experimental procedures were approved by the Animal Ethics Review Committee of Yijishan Hospital. Establishing the SAH model induced by the endovascular perforation technique (25). In brief, after anesthetization with sodium pentobarbital (40 mg/kg), a sharpened 6-0 filament was advanced into the internal carotid artery and then progressed forward to puncture the junction of the right middle and anterior cerebral arteries. Sham-operated mice underwent the same procedure without perforating the cerebral artery.





Experimental groups

A schematic of experimental protocols is given in Supplementary Figure 1. In the first set of experiments, mice were randomly divided into the sham (n = 6), SAH (n = 8, 2 mice died), SAH + 10 mg/kg SalB (n = 8, 2 mice died), SAH + 20 mg/kg SalB (n = 8, 2 mice died), and SAH + 40 mg/kg SalB (n = 7, 1 mice died) groups. The short-term and long-term functional behavior were evaluated.

The experimental design for the second experiment was to explore the potential role of SalB on neuroinflammation and its mechanisms after SAH. Mice were randomly divided into the sham (n = 12), SAH (n = 16, 4 mice died), and SAH + 20 mg/kg SalB (n = 15, 3 mice died) groups. Assessment methods included immunostaining, western blot, and enzyme-linked immunosorbent assay (ELISA).

In experiment 3, to validate the effects of SalB on NLRP3 inflammasome and SIRT1 signaling, mice were randomly divided into the SAH (n = 16, 4 mice died), SAH + 20 mg/kg SalB (n = 14, 2 mice died), SAH + 20 mg/kg SalB + EX527 (n = 16, 4 mice died), and SAH + 20 mg/kg SalB + EX527 + MCC950 (n = 15, 3 mice died) groups. Assessment methods included behavior tests, immunostaining, western blot, and ELISA.





Behavioral analysis

A modified Garcia score was used to assess neurological deficits after SAH. The modified Garcia score is an 18-point scoring system, in which higher scores indicated better function (26). Beam balance test was performed to evaluate motor deficits. In brief, mice were placed on a beam (1-m length and 6-mm width) and their walking distance within 1 min was recorded. The cognitive impairment was assessed by Y-Maze test. Mice were placed on the center of the maze and allowed to move freely the apparatus for 5 min. The ratio of actual alternations to possible alternations was recorded as the spontaneous alternation performance.





Pharmacological treatments

SalB (purity > 97%, Sigma-Aldrich) was dissolved in physiologic saline. Mice were administered SalB (10 mg/kg, 20 mg/kg, or 40 mg/kg, i.p.) starting 1 h after SAH and again every 24 h for 3 days. The SIRT1 inhibitor EX527 (10 mg/kg, Sigma-Aldrich) was prepared in 1% dimethyl sulfoxide (DMSO, Sigma-Aldrich) and administered intraperitoneally beginning 2 h before SAH operation. MCC950 (10 mg/kg, MedChem) was prepared in physiologic saline and administered intraperitoneally for 3 days before SAH construction. The doses of SalB, EX527, and MCC950 were chosen according to previous studies (9, 24, 27).





ELISA

The levels of IL-1β, IL-6, and IL-18 in brain tissue were measured by using ELISA kits (EK201B2 for IL-1β, EK206HS for IL-6, EK218 for IL-18, Multi Sciences). In brief, diluted samples and cytokine standards were added to the coated 96-well plates. The optical density of each well was recorded. The concentrations of IL-1β, IL-6, and IL-18 were calculated according the standard curves, respectively.





Western blotting

Brain tissues were lysed using RIPA supplemented with protease inhibitor (P2850, Sigma-Aldrich). A BCA Kit (P0012, Beyotime) was employed for protein quantification. Equal amounts of protein were loaded on SDS‐PAGE gels. After electrophoresis, they were transferred to polyvinylidene difluoride membranes. The membranes were blocked with 1% bovine serum albumin (BSA, ST2254, Beyotime) and then incubated with primary antibodies overnight at 4°C. The primary antibodies used for western blotting were shown as follows: anti-NLRP3 (ab263899, Abcam), anti-ASC (sc-22514, Santa Cruz), anti-caspase-1 (SC-56036, Santa Cruz), anti-c-caspase-1 (SC-398715, Santa Cruz), and anti-SIRT1(ab110304, Abcam). After being washed, they were incubated with corresponding secondary antibodies for 1 h. Protein signals were quantified using the Image J.





Immunofluorescence staining

Mice were perfused with 4% paraformaldehyde (PFA, P0099, Beyotime). Their brains were fixed with 4% PFA for 48 h and then dehydrated into 30% sucrose. Brain sections (35 μm) were obtained by using a Leica CM1950 cryostat. Sections were incubated with primary antibodies overnight at 4°C. After washing, tissue samples were incubated for 2 h with corresponding secondary antibodies. And then, they were mounted with an antifade mounting medium with 4′,6-diamidino-2-phenylindole (DAPI, C1006, Beyotime). The primary antibodies used for immunofluorescence were shown as follows: anti-IL-1β (ab254360, Abcam), anti-CD68 (MCA1957GA, Bio-Rad), and anti-Iba1 (ab178847, Abcam). Pictures were acquired with a fluorescence microscope.





TUNEL staining

The cell apoptosis was evaluated by using TUNEL in situ cell death detection kit (C1090, Beyotime). In brief, the sections were permeabilized with 0.5% Triton X-100 (9002-93-1, Thermo Scientific) and then blocked with 10% BSA. Then the tissue sections were incubated with the primary antibody against NeuN (MAB377, Millipore), and then incubated with TUNEL reaction mixture. After washing, they were mounted with an antifade mounting medium with DAPI. Pictures were acquired with a fluorescence microscope.





Statistical analysis

GraphPad Prism 8.0 software was used for the statistical analysis. All data were expressed as the mean and standard deviation (SD). Comparison of means among multiple groups was performed using one-way or two-way ANOVA with Bonferroni post hoc test. A value of P < 0.05 was considered statistically significant.






Results




SalB improved short-term and long-term functional performance

We first evaluated the effects of SalB on the short-term and long-term behavior function. It showed that administration of SalB at doses of 20 mg/kg and 40 mg/kg significantly mitigated neurological deficits score (Figure 1A) and improved motor performance (Figure 1B) at post-operative day (POD) 1, POD 3, and POD 7 when compared with the SAH group, whereas 10 mg/kg SalB did not improve behavior function (Figures 1A, B). Cognitive impairment after SAH is common and disabling. We further evaluated spatial working memory following SAH by using Y-Maze test. It showed that the SAH group exhibited more severe memory deficits in the spontaneous alternation task compared to the sham group, whereas SalB treatment at doses of 20 mg/kg and 40 mg/kg reduced the worse outcomes in the Y-maze task (Figure 1C). No significant differences between 20 mg/kg and 40 mg/kg SalB treatment on functional performance were detected. Thus, we used 20 mg/kg SalB for the remaining experiments.




Figure 1 | SalB improved short-term and long-term functional performance after SAH. (A) Neurological deficits test was performed on POD 1, 3, 7, and 14 (n = 6 mice/group). (B) Beam balance test was conducted on POD 1, 3, 7, and 14 (n = 6 mice/group). (C) SalB improved spatial working memory after SAH by the spontaneous alternation task in the Y-maze (n = 6 mice/group). Data are expressed as mean ± SD. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







SalB reduced inflammatory response and microglial activation

Dysregulation of inflammatory responses contributes greatly to the pathophysiological progress of EBI after SAH. Microglial over-activation has been implicated as a primary factor in neuroinflammation (6). We then explored the effects of SalB on inflammatory responses and microglial activation. As shown in Figure 2, SAH insults induced a significant increase in pro-inflammatory cytokines release, including IL-1β (Figure 2A), IL-6 (Figure 2B), and IL-18 (Figure 2C) when compared with the sham group, whereas SalB markedly decreased these pro-inflammatory cytokines (Figures 2A–C). IL-1β immunofluorescence staining (Figure 2D) further confirmed that IL-1β expression in brain cortex was increased at 24 h after SAH, which could be significantly reduced after treatment with SalB (Figure 2E). Additionally, Iba1 and CD68 immunofluorescence staining (Figure 2F) further showed that SalB administration markedly suppressed microglial activation as evidenced by the decreased microglia cell body area (Figure 2G) and expression of CD68 (Figure 2H).




Figure 2 | SalB reduced inflammatory response and microglial activation. Quantitative analysis of the levels of IL-1β (A), IL-6 (B), and IL-18 (C) by ELISA kits (n = 6 mice/group). (D) Representative immunofluorescent staining of IL-1β in brain cortex at 24 h after SAH. (E) Quantitative analysis of the number of IL-1β+ cells (n = 6 mice/group). (F) Representative immunofluorescent staining of Iba1 with CD68 in ipsilateral cortex. Quantitative analysis of the microglia cell body area ratio (G) and CD68 intensity (H) (n = 6 mice/group). Data are expressed as mean ± SD, scale bar = 50 μm. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







SalB inhibited NLRP3 inflammasome signaling and increased SIRT1 expression

Increasing evidence has implicated NLRP3 inflammasome as a main contributing factor in microglia-mediated inflammatory processes after SAH. Meanwhile, SIRT1 could inhibit NLRP3 inflammasome signaling (23, 24). We then evaluated whether SalB could regulate NLRP3 inflammasome and SIRT1 signaling to inhibit neuroinflammation. The NLRP3 inflammasome has three main components: the sensor protein NLRP3, the enzyme caspase 1, and the adaptor protein ASC. As shown in Figure 3A, western blotting results showed that the protein levels of NLRP3 (Figure 3B), ASC (Figure 3C), and cleaved-caspase1 (Figure 3D) were significantly increased after SAH when compared with the sham group, whereas SalB significantly reduced these proteins. No significant difference was detected in the expression of caspase1 among all experimental groups (Figure 3E). Additionally, the expression of SIRT1 was markedly increased after SAH, which was further enhanced by SalB administration (Figure 3F).




Figure 3 | SalB inhibited NLRP3 inflammasome activation and promoted SIRT1 expression. (A) The protein expressions of NLRP3, ASC, caspase-1, c-caspase-1, and SIRT1 in ipsilateral cortex were detected by Western blot. Quantitative analysis of the levels of NLRP3 (B), ASC (C), c-caspase-1 (D), caspase-1 (E), and SIRT1 (F) in experimental groups (n = 6 mice/group). Data are expressed as mean ± SD. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







SalB mitigated neuronal apoptosis after SAH

Evidence has indicated that neuronal death is closely associated with poor neurological deficits after SAH. We then examined the effects of SalB on neuronal apoptosis. As shown in Figure 4A, the number of TUNEL+NeuN+ cells was significantly increased after SAH when compared with the sham group. In contrast, mice treated with SalB had remarkably lower apoptotic neurons than those in the SAH group (Figure 4B).




Figure 4 | SalB mitigated neuronal apoptosis after SAH. (A) Representative images of TUNEL with NeuN (scale bar = 50 μm). (B) Quantitative analysis of the TUNEL+NeuN+ proportion in experimental groups (n = 6 mice/group). Data are expressed as mean ± SD. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







Effects of EX527 and MCC950 on NLRP3 inflammasome and SIRT1 signaling

To validate the effect of SalB on NLRP3 inflammasome and SIRT1 signaling, EX527 and MCC950 were employed in this experiment. Consistent with a previous study (24), as shown in Figure 5A, our data showed that EX527 significantly reduced the increased SIRT1 expression induced by SalB (Figure 5B). Additionally, EX527 further induced NLRP3 inflammasome activation, as evidenced by the increased expression of NLRP3 (Figure 5C), ASC (Figure 5D), and cleaved-caspase1 (Figure 5E). No significant difference was detected in the expression of caspase1 among all experimental groups (Figure 5F). In contrast, the activated NLRP3 inflammasome signaling by EX527 could be suppressed by MCC950, as evidenced by the decreased expression of NLRP3 (Figure 5C), ASC (Figure 5D), and cleaved-caspase1 (Figure 5E). However, MCC950 did not affect SIRT1 expression after SAH (Figure 5B).




Figure 5 | Effects of EX527 and MCC950 on NLRP3 inflammasome and SIRT1 signaling. (A) The protein expressions of SIRT1, NLRP3, ASC, caspase-1, and c-caspase-1 in ipsilateral cortex were detected by Western blot. Quantitative analysis of the levels of SIRT1 (B), NLRP3 (C), ASC (D), c-caspase-1(E), and caspase-1 (F) in experimental groups (n = 6 mice/group). Data are expressed as mean ± SD. #P < 0.05 vs SAH group, @P < 0.05 vs SAH + SalB group, &P < 0.05 vs SAH + SalB + EX527 group.







Effects of EX527 and MCC950 on inflammatory response and microglial activation

Based on the findings above, we suspected that EX527 might further aggravate neuroinflammation. We then assessed the effects of EX527 and MCC950 on inflammatory response and microglial activation after SAH. As shown in Figure 6, EX527 treatment significantly reversed the anti-inflammatory effects of SalB against SAH, as evidenced by the increased levels of pro-inflammatory cytokines IL-1β (Figure 6A), IL-6 (Figure 6B), and IL-18 (Figure 6C). In addition, immunofluorescence staining (Figure 6D) showed that EX527 further increased the number of Iba1+ cells (Figure 6E), the immunoactivity of CD68 (Figure 6F), and microglia cell body area (Figure 6G). In contrast, all these changes induced by EX527 were reversed after treatment with MCC950 (Figures 6A–G). These suggested that inhibition SIRT1 by EX527 could aggravate neuroinflammation, and that suppression of NLRP3 by MCC950 might reduce neuroinflammation after SAH.




Figure 6 | Effects of EX527 and MCC950 on inflammatory response and microglial activation. Quantitative analysis of the levels of IL-1β (A), IL-6 (B), and IL-18 (C) by ELISA kits (n = 6 mice/group). (D) Representative immunofluorescent staining of Iba1 with CD68 in ipsilateral cortex. Quantitative analysis of the number of Iba1+ cells (E), CD68 intensity (F), and microglia cell body area ratio (G) (n = 6 mice/group). Data are expressed as mean ± SD, scale bar = 50 μm. #P < 0.05 vs SAH group, @P < 0.05 vs SAH + SalB group, &P < 0.05 vs SAH + SalB + EX527 group.







Effects of EX527 and MCC950 on neuronal death and neurological behavior

In this experiment, we then explored the effects of EX527 and MCC950 on neuronal death and neurological behavior. As shown in Figure 7A, TUNEL staining indicated that EX527 treatment aggravated neuronal apoptotic index when compared with the SAH + SalB group (Figure 7B). In addition, EX527 treatment further exacerbated neurological deficits score (Figure 7C), and motor function (Figure 7D). In contrast, when compared with the SAH + SalB + EX527 group, MCC950 significantly improved neurological function and reduced neuronal death (Figures 7A–D). Based on the above results, these findings indicated that SalB could inhibit microglia-mediated inflammatory responses and prevent neuronal death after SAH through modulating NLRP3 inflammasome and SIRT1 signaling.




Figure 7 | Effects of EX527 and MCC950 on neuronal death and neurological behavior. (A) Representative images of TUNEL with NeuN (scale bar = 50 μm). (B) Quantitative analysis of the TUNEL+NeuN+ proportion in experimental groups (n = 6 mice/group). (C) Neurological deficits test was performed on day 1 after SAH (n = 6 mice/group). (D) Beam balance test was conducted on day 1 after SAH (n = 6 mice/group). Data are expressed as mean ± SD. #P < 0.05 vs SAH group, @P < 0.05 vs SAH + SalB group, &P < 0.05 vs SAH + SalB + EX527 group.








Discussion

In this study, we performed an endovascular perforation SAH model to illuminate the potential anti-inflammatory functions of SalB on EBI after SAH and explored its molecular mechanisms. We found that SalB ameliorated SAH-induced functional behavior and cognitive deficits. Mechanistically, SalB mitigated microglial activation, pro-inflammatory cytokines release, and neuronal injury. Furthermore, SalB inhibited NLRP3 inflammasome activation and promoted SIRT1 expression after SAH. Administration of EX527 abrogated the anti-inflammatory effects of SalB against SAH and further induced NLRP3 inflammasome activation. In contrast, MCC950, a potent and selective NLRP3 inflammasome inhibitor, abolished the detrimental effects of SIRT1 inhibition by EX527 on EBI. These results indicated that SalB effectively repressed neuroinflammatory responses and neuronal damage after SAH by targeting NLRP3 inflammasome and SIRT1 signaling (Supplementary Figure 2).

Microglia-mediated neuroinflammation is involved in the pathology of EBI after SAH (2, 7). As the innate immune cells in CNS, microglia are early responder after SAH, which produce pro-inflammatory cytokines and cause damage to neuronal function and behavior function. Increasing evidence from both animal models and clinical studies has implicated the NLRP3 inflammasome as a main contributing factor in microglia-mediated inflammatory processes after SAH (23, 24, 28). The NLRP3 inflammasome is a cytosolic multi-protein complex that has three main components: the sensor protein NLRP3, the enzyme caspase 1, and the adaptor protein ASC. Upon stimulation, the NLRP3 inflammasome is assembled to trigger caspase-1 activation and subsequent pro-inflammatory cytokines release. Pharmacological inhibition of NLRP3 inflammasome is a promising therapeutic strategy for the treatment of SAH. SalB acts at multiple targets and has been shown to exert neuroprotective effects. In addition to its anti-oxidant property, SalB exhibits a potent anti-inflammatory activity and could inhibit microglial activation in a variety of CNS disorders (17, 29). Notably, studies have reported that SalB could repress NLRP3 inflammasome signaling (18, 19). Although SalB was reported to exhibit anti-inflammatory effects in many CNS disorders, it is unclear whether it targets microglia and NLRP3 inflammasome-mediated signaling after SAH.

Considering that microglia-mediated inflammatory response contributes greatly to EBI after SAH and the important role of NLRP3 inflammasome signaling in this response, we speculated that SalB might have a regulatory effect on microglial activation after SAH by inhibiting NLRP3 inflammasome. In agreement with previous reports (16, 17), SalB significantly inhibited microglial activation and decreased pro-inflammatory cytokines release after SAH. Concomitant with the decreased neuroinflammation, SalB improved behavior function and ameliorated cognitive impairment after SAH. These actions can be explained by the SalB-induced inhibition of NLRP3 inflammasome. However, how SalB regulates NLRP3 inflammasome activation after SAH remains unclear.

By searching the references, SalB is potent SIRT1 activator (30, 31). Meanwhile, a previous study reported that SalB could significantly mitigate SAH-induced oxidative damage by enhancing SIRT1 activation (9). Interestingly, we previously demonstrated that SIRT1 could inhibit NLRP3 inflammasome signaling to ameliorate EBI after SAH (32). As an important endogenous protective factor, SIRT1 could modulate a broad range of biological functions, including inflammation and oxidative stress (33, 34). Thus, we hypothesized that SalB might promote SIRT1 to inhibit NLRP3 inflammasome activation after SAH. Consistent with the previous study, we found that SalB increased SIRT1 expression, whereas EX527 suppressed SIRT1 activation and further induced NLRP3 inflammasome. Consistently, EX527 abated the anti-inflammatory effects of SalB against SAH. MCC950, a selective NLRP3 inflammasome inhibitor, has previously been shown to suppress NLRP3 inflammasome formation and neuroinflammation (35). Additionally, in animal models of traumatic brain injury and stroke, MCC950 could mitigate microglial activation, neurological deficits, brain edema, and neural death. These suggested that specific NLRP3 inflammasome inhibition using MCC950 might be an effective strategy for acute brain injuries. Therefore, we further employed MCC950 to validate the relationship between SIRT1 and NLRP3 inflammasome. In line with previous studies (36, 37), MCC950 treatment also repressed the activation of NLRP3 inflammasome and abated the detrimental effects of EX527 on EBI after SAH. In view of these results and the notion that microglia are the primary source of NLRP3 inflammasome, we postulated that SalB provided anti-inflammatory effects after SAH by inhibiting NLRP3 inflammasome and promoting SIRT1 pathway.

We noted that some scholars have reported that SalB exerts cerebroprotection effects after SAH by inhibiting oxidative damage (9). Different with this study, we performed an endovascular puncture SAH model and mainly studied the anti-inflammatory effects of SalB on microglia and NLRP3 inflammasome signaling. Although microglial response has detrimental effects in the early period after SAH, microglia also contribute to phagocytosis of cell debris and neural repair (38, 39). A previous study in major depressive disorder model suggested that SalB could promote microglial M2-polarization and rescue neurogenesis (17). However, whether SalB promoted M2 microglial polarization after SAH remains unclear. Additionally, it should be noted that many pharmacologic agents could target NLRP3 inflammasome and ameliorate EBI after SAH. However, few of them can be translated into clinical practice. The possible explanation might be lacking enough toxicological studies. Although no side-effects of SalB were reported, the toxicological studies of SalB and its optimal and safe dose still need to be investigated. Finally, we cannot exclude the possibility that other molecular targets might involve in the anti-inflammatory effects of SalB after SAH.





Conclusions

In summary, we discovered that SalB inhibited microglia-mediated inflammatory responses and prevented neuronal damage after SAH through modulating NLRP3 inflammasome and SIRT1 signaling.
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Supplementary Figure 1 | Schematic illustration of experiment design. In the first set of experiments, the effects of SalB on short-term and long-term functional behavior after SAH were evaluated. In the second experiment, the potential role of SalB on neuroinflammation and its mechanisms were evaluated. In the third experiment, the effects of SalB on NLRP3 inflammasome and SIRT1 signaling were validated by using EX527 and MCC950.

Supplementary Figure 2 | As innate immune cells in the CNS, microglia have been implicated as a primary factor in inflammation-mediated brain damage. After SAH, NLRP3 inflammasome activation plays a crucial role in microglia-mediated inflammatory responses. The NLRP3 inflammasome is assembled to trigger caspase-1 activation and subsequent pro-inflammatory cytokines release. Inhibition of NLRP3 inflammasome activation by MCC950 could mitigate microglia activation and neuroinflammation after SAH. In addition, SIRT1 activation could inhibit NLRP3 inflammasome to reduce brain damage after SAH. SalB treatment promotes SIRT1 activation and inhibits NLRP3 inflammasome, thereby ameliorating neuronal damage after SAH. In contrast, SIRT1 inhibition by EX527 reverses the protective effects of SalB against SAH.
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Ye Species = Treat Effects on inflamma Reference
2004 Human 17B-estradiol Increased IL-6, IL-8, MCP-1, and osteoprotegerin levels as well as promoted stimulative capacity and migratory (112)
activity.
2005 Mouse 17B-estradiol Increased MHCII, IL-6, IL-10, CD40, and CD54 levels; viability; and stimulative capacity. (113)
2006 Mouse 17pB-estradiol Increased MHCI, IL-6, IL-10, CD40, and CD54 levels; viability; and stimulative capacity. (114)
2006 Mouse 17B-estradiol Upregulated PD-1 expression and Treg activity and inhibited T lymphocyte proliferation. (118)
+LPS
2008 | Mouse 17B-estradiol | Increased MHCIIL, CD83, CD40, TNF, IL-6, and IL-12p40 expression; promoted antigen-presenting capacity; and (115)
+LPS inhibited cell apoptosis.
2011 Mouse 17B-estradiol | Promoted Th2 response and increased CD80, CD86, PD-L1/2, B7-H3/4, IL-10, and TGF- expression. (119)
2016 Rat 17pB-estradiol Promoted the stimulatory action of both TLRs for IL-23 production in OX62+ DCs as well as augmented their (116)
stimulatory effects on IL-6 and IL-1p production.
2018 | Mouse 17B-estradiol | Enhanced CD86 expression in CD103* DCs and upregulated IL-5 production in CD4" T cells. (117)
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1999 Human 17B-estradiol Increased nNOS and decreased CD18 expression. (102)

1999 Human Physiological Promoted MPO activity (103)
estrogen

2004 Human 17B-estradiol Promoted MPO activity, elastase levels, superoxide levels, and LDL oxidation. (100)
+ fMLP

2004 Rat 17B-estradiol Decreased chemotaxis and levels of IL-1, IL-6, and CINC-20. in neutrophils. (106)

2006 Rat 17pB-estradiol Promoted MPO activity and CINC-1, CINC-3, and ICAM-1 expression. (101)

2006 Pig 17B-estradiol 17B-estradiol binding to ERot blocked IFN-y-induced Statl phosphorylation, inhibited CD40 and CD40L (105)
+ IFNy protein expression, and prevented neutrophil adhesion onto ECs.

2011 Human 17B-estradiol Increased nNOS annexin Al expression and inhibited neutrophil adhesion onto ECs. (107)

MPO, Myeloperoxidase; CINC, Cytokine-induced neutrophil chemoattractant; EC, Endothelial cell; nNOS, Nerve nitric oxide synthetase; IFN-y, Interferon gamma.
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Ye

2004

2005

2006

2007

2008

2010

2011

2022

MHC, Major histocompatibility complex; cAMP, Cyclic adenosine monophosphate; TLR, Toll-like receptors; NADPH, Nicotinamide adenine dinucleotide phosphate oxidase.

Species

Mouse

Mouse

Mouse

Mouse,

Rat

Mouse

Human

Mouse

Mouse

Treat

17B-estradiol +
IFNY

17B-estradiol +
LPS

S

B-estradiol

7B-estradiol

17B-estradiol +
H,0,

17B-estradiol +
LPS

Physiological
estrogen

17B-estradiol

Effects on inflamma

Attenuated H3 and H4 histone acetylation and cAMP response element binding protein to inhibit class IT
MHC expression.

Inhibited inflammatory gene expression by controlling NF-kB intracellular localization.

Elevated MyD88 and Src expression.

Mediated salutary effects on macrophage cytokine production via the normalization of MAPK signaling
pathway.

Inhibited cytokine production mediated via TNF-0,, IL-1f, MIP-2, and MCP-1.
Repressed NF-kB activation through the induction of kappaB-Ras2.
Increased the expression of TLR2/3/4, Myd88, CCL2, CX3CR1, CXCLI, CXCL12, CCR1, CCR2, CXCR4,

and NAPDH oxidase.

Suppressed neutrophil- and macrophage-mediated production of IL-1B.

Reference

(90)

(89)

(94)

93)

1)

92)

(86)

(95)
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1998 Rabbit 17B-estradiol + Basal and hypercholesterolemia-induced increases in MCP-1 protein are decreased by physiological (80)
hypercholesteremia concentrations of estradiol.

1999 Human 17B-estradiol A physiological dose of estrogen acutely stimulated NO release from monocytes by activating an (76)

estrogen surface receptor.

1999 Rabbit 17B-estradiol Inhibited monocyte adhesion by inhibiting VCAM-1 expression. (81)

2002 Human 17B-estradiol Increased NGF and vascular endothelial growth factor levels in THP1 cells (75)

2003 Human 17B-estradiol Increased NGF levels in THP1 cells (76)

2003 Rat 17B-estradiol + Physiological concentrations of estradiol modulated basal and hypercholesterolemia-induced (82)
hypercholesteremia increases in chemokine receptor CXCR2.

2004 Human 17B-estradiol | Decreased levels of TNFar, IL-1B, and IL-6 via the modulation of CD16 expression. (78)

2007 Human 17pB-estradiol + LPS ‘ Decreased CXCL8 expression and inhibited LPS-activated monocytes. (79)

2020 Rat 17pB-estradiol Alleviated cerebral ischemia-reperfusion injury and selectively suppressed the activation of the (74)

neuroinflammatory cascade.

MCP-1, Monocyte chemoattratctant protein-1; NO, Nitric oxide; VCAM-1, Vascular cell adhesion molecule 1; NGF, Nerve growth factor; CXCL, C-X-C motif chemokine ligand.
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2000 Rat, 17B-estradiol + Estrogen receptor-dependent activation of MAP kinase-mediated anti-inflammatory pathways in microglial (68)
mouse LPS cells.
2001 Rat, 17B-estradiol + Pre-treatment of microglial cells with physiological concentrations of 17B-estradiol suppressed TAT- (69)
mouse LPS mediated microglial activation by interfering with TAT-induced MAPK activation.
2001 Rat 17pB-estradiol + Inhibited the expression of iNOS, PGE2, and MMP-9. (62)
LPS
2004 Rat 17B-estradiol + Estrogen replacement stimulated early post-ischemic expression of bcl-2 and bfl-1 and reduced stroke- (70)

hypercholesteremia  related damages.

2005 Rat 17B-estradiol + Estrogen inhibits microglial activation and thus exerts neuroprotective effects through both ERo. and ERB (67)
LPS activation.

2005 Mouse 17pB-estradiol + Estrogen can significantly decrease adaptive immunity in microglial cells, highlighting its multi-faceted (71)
LPS regulatory effects ranging from microglial activation to antigen presentation and T-cell interaction.

2006 Mouse 17pB-estradiol + Inhibited the expression of CCL2, MIP-2, and TNF-c.. (63)
LPS

2011 Mouse, 5-androsten-3B, Suppressed inflammatory responses and the microglial expression of IL-1B, IL-6, IL-23, and iNOS. (61)

human 17B-diol + LPS
2016 Mouse 17B-estradiol Reduced the level of proinflammatory cytokines, including IL-1B and TNF-t. (64)
2018 Mouse 17B-estradiol Significantly inhibited both microglial and astrocyte activation and attenuated the activity of inflammatory (66)
mediators.
2021 Mouse 17B-estradiol Inhibited the protein level of TLR4 and NF-kB, reduced the expression of IL-1B, IL-6, and TNF-0, and (65)

decreased the number of complement C3d/GFAP-positive cells and the protein level of complement C3d.

LPS, Lipopolysaccharid; MAPK, Mitogen-activated protein kinase; TAT, Transactivator of transcription; iNOS, Inducible nitric oxide synthase; PGE2, Prostaglandin E2; MMP-9, Matrix
metalloproteinase-9; BCL-2, B-cell lymphoma-2; ER, Estrogen receptor; CCL2, Chemokine ligand 2; MIP-2, Macrophage inflammatory protein 2; TNE-c, Tumor necrosis factor alpha; IL-1B,
Interleukin 1 beta; NF-xB, Nuclear transcription factor kappa B.
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Model Number Model Conten

Model 1(bes) ALCAM + VCAM-1 + ApoE4 + Education + Age + MMSE
Model 2 ALCAM + VCAM-1 + ApoE4 + Age + MMSE

Model 3 ALCAM + ApoE4 + Age + MMSE

Model 4 VCAM-1 + ApoE4 + Age + MMSE

Model 5(basic) ApoE4 + Education + Age + MMSE

Model 6 ALCAM + VCAM-1

Model 7 ALCAM

Model 8 VCAM-1

*The “*” represents a significant correlation (“***”; p-value<0.001, “**” p-value<0.01

IC(95%Cl)

0.891(0.841-0.941)
0.882(0.829-0.934)
0.875(0.821-0.929)
0.842(0.782-0.902)
0.827(0.764-0.891)
0.832(0.769-0.895)
0.816(0.748-0.884)

0.719(0.638-0.801)

-value>0.05).

AIC
146.9
147.3
149.4
166.8
173
166.6
170.8

203.8

0.006 **

0.027 *

0.043 *

0.388

0.913

0.789

0.027 *
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Characteristics

nonAD

MCI (n=44) NC (n=28) nonAD (n=90)

Age (years)
Mean (SD) 72.0 (9.01) 66.6 (8.93) 70.1 (9.60) 60.7 (11.0) 72.0 (9.01) <0.001
Median [Min,Max] 73.0 [48.0, 87.0] 66.0 [51.0, 85.0] 69.0 [52.0, 85.0] 58.0 [48.0, 85.0] 73.0 [48.0, 87.0]

Gender
Male 21 (29.6%) 16 (36.4%) 2 (11.1%) 7 (25.0%) 25 (27.8%) 0.94
Female 50 (70.4%) 28 (63.6%) 16 (88.9%) 21 (75.0%) 65 (72.2%)

Education (years)
Mean (SD) 6.75 (4.47) 9.64 (3.36) 8.28 (5.09) 11.4 (3.92) 6.75 (4.47) <0.001
Median [Min,Max] 6.00 [0, 16.0 9.00 [0, 16.0] 9.00 [0, 16.0] 12.0 [6.00, 21.0 6.00 [0, 16.0

MMSE
Mean (SD) 13.5 (8.46) 24.7 (6.28) 15.2 (7.65) 26.9 (6.36) 13.5 (8.46) <0.001
Median [Min, Max] 13.0 [0, 29.0 27.0 (4.00, 30.0] 14.0 [1.00, 29.0] 28.5 [2.00, 30.0 13.0 [0, 29.0

MOCA
Mean (SD) 9.73 (7.00) 21.0 (2.94) 12.3 (6.30) 24.0 (4.98) 9.73 (7.00) <0.001
Median [Min, Max] 8.00 [0, 24.0 21.0 [8.00, 26.0] 11.5 [1.00, 23.0] 25.0 [3.00, 30.0 8.00 [0, 24.0

ApoE4
ApoE4 carrier 35 (49.3%) 10 (22.7%) 6 (33.3%) 3 (10.7%) 35 (49.3%) <0.001
ApoE4 non-carrier 36 (50.7%) 34 (77.3%) 12 (66.7%) 25 (89.3%) 36 (50.7%)

‘The patients with AD were the oldest (72.0 + 9.01 years) and least educated (6.75 + 4.47 years). They also had the lowest score in MMSE (13.5 + 8.46) and MoCA (9.73 + 7.0) but with the
highest ApoE4 carrier ratio (47.9%).
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Subjects

Results

(H = higher; L =
lower)

Scheperjans et al.
(36)

Heintz-Buschart
et al. (14)

Qian et al. (41)

72 PD cases and 72 controls

76 PD cases and 78 controls

45 patients and their healthy
spouses

Enterobacteriaceae (H)
Prevotellaceae (L)

Anaerotruncus spp.(H)
Clostridium X1V, (H)
Akkermansia (H)
Lachnospiraceae (L)

Butyricicoccus (H)
Clostridium XIVy, (H)

Keshavarzian et al.
(37)

Pietrucci et al. (42)

38 PD cases and 34 controls

80 PD cases and 72 controls

Faecalibacterium (H)
Blautia (L)
Coprococcus (L)
Roseburia (L)

Lactic acid bacteria (H)
Enterobacteriaceae (H)
Enterococcus (H)
Lachnospiraceae (L)

Aho et al. (43)

Lin et al. (44)

Cirstea et al. (45)

Vascellari (46)

Barichella (47)

Hill-Burns et al. (15)

64 PD cases and 64 controls

80 PD cases and 77 controls

197 PD cases and 103
controls

64 PD cases and 51 controls

193 PD cases and 113
controls

197 PD cases and 130
controls

PD, Parkinson’s disease; SCFAs, short-chain fatty acids.

Bifidobacteriaceae (H)
Rikenellaceae (H)
Lachnospiraceae (L)
Puniceicoccaceae (L)
Roseburia (L)

Verrucomicrobia (H)
Mucispirillum (H)
Parabacteroides (H)
Porphyromonas (H)
Lactic acid bacteria (H)
Prevotellaceae (L)

Christensenellaceae (H)
Bifidobacteriaceae (H)
Collinsella (H)
Bilophila (H)
Akkermansia (H)
Lachnospiraceae (L)
Roseburia (L)
Faecalibacterium (L)

Akkermansia (H)
Escherichia (H)
Bilophila (H)
Streptococcus (H)
Bacteroidetes (L)
Blautia (L)
Lachnospiraceae (L)
Butyricicoccus (L)
Roseburia (L)

Christensenellaceae (H)
Lactic acid bacteria (H)
Bilophila (H)
Parabacteroides (H)
Lachnospiraceae (L)
Roseburia (L)

Lactic acid bacteria (L)
SCFAs (L)
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Compound | Autophagy =~ Molecular | References | Intervention/ | ClinicalTrials.gov Disease Study
mechanism Treatment identifier results
Minocycline Inhibition Anti-autophagy and | Wu et al,, 2016 Minocycline NCT00630396 Stroke, acute Has results
anti-apoptosis
pathways
NCT01805895 ICH Has results
Lovastatin Inhibition Inhibited Deng X. et al., Lovastatin NCT00243880 Stroke No results
AMPK/mTOR 2022 available
signaling pathway
Hirudin Activation Upregulation of Huetal, 2011 | Hirudin plus aspirin NCT02181361 Cardioembolic No results
LC3-Ito LC3-1I stroke available
conversion and
cathepsin D levels
Acupuncture Activation mTOR pathway Liu et al., 2022 Acupuncture NCT01037894 Hemorrhagic No results
stroke available
NCT02612441/ Ischemic stroke No results
NCT02210988/ available
NCT02472613/etc.
NCT02690493 Cerebrovascular No results
stroke available
NCT04283591 Post-stroke No results
depression available
Anxiety disorders
Luteolin Activation Activation of the Tan et al., 2019 - = - -
p62/Keapl/Nrf2
Pathway
Hepcidin Inhibition Inhibited Yang G. et al., - - - -
LC3-II/LC3-1 2021; Zhang et al.,
conversion ratio 2021
reduce brain iron
Hesperadin Inhibition Inhibiting the Wu et al., 2020b - — - —
MST4/AKT
signaling pathway
Electroacupuncture Activation Regulating the Guan et al,, 2021 = - - -
at GV20-GB7 balance between
mitophagy and
apoptosis of p53
pathways

GV20, Baihui; GB7, Qubin; Keapl, Kelch-like ECH-associated protein 1; MST4, ste20-like kinase 4.
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Effects of

Targets

Mechanism/Related

Effects

Treatment

References

autophagy pathway
Anti-inflammatory FUNDC1 FUNDCI1 pathway/NLRP3 Promotes mitophagy attenuates = Zheng et al,, 2021d
inflammasome NLRP3-mediated inflammation.
a7nAChR AMPK-mTOR-p70S6K- Reduced inflammatory factors, promoted the PNU-282987 Hijioka et al., 2012;
associated polarization of macrophage/microglia, Suetal,, 2022
autophagy repaired BBB injury.
mTOR mTOR pathway Improves M1/M2 switch and attenuated PCA Xi et al,, 2021
neuroinflammation.
Pro-inflammatory NLRP3 AMPK/Beclin-1 pathway Significantly reducing edema formation and MCC950 Zhang et al., 2022b
improved cognitive dysfunction.
IL-17A ATG5/ATG7 Contribute to the expressions of TNF-a, IL-17A-neutralizing Yuetal, 2016;
IL-1B, IL-6, MyD88, TRIF, NF-kB. antibody Shietal., 2018
1L-33 LC3-1I/Beclin-1 Negatively regulating inflammation and sST2 Gao et al., 2017
autophagy activation and reducing brain
injury and neurological dysfunction induced.
H2S/Cystathionine P2X7R/NLRP3 Inducing endogenous H2S production, NaHS Zhao et al., 2017; Shan
B-synthase inflammasome inhibiting of P2X7 receptor and attenuating etal., 2019
NLRP3 inflammasome mediated
neuroinflammation
MicroRNA- Akt/mTOR signal pathway Negatively regulating the targeting of - Hu et al,, 2019
23b/IPMK mediated autophagy and inhibiting
neuroinflammation.
miRNA-144 mTOR pathway Attenuates autophagy-mediated microglial = Yuetal, 2017
inflammation
HMGB1 HMGBI1/TLR4/MyD88 axis Contributes to microglial activation and - Leietal, 2022;
inflammatory injury. Suetal., 2022
NLRP6 ASC and caspase-1 Contributing to inflammation and SBI - Wang P. F. et al,, 2017;

following ICH by activating autophagy

Xiao H. et al., 2020

IPMK,; inositol polyphosphate polykinase; P2x 7R, P2x7 receptor; PCA, protocatechuic acid; «7nAChR, alpha-7 nicotinic acetylcholine receptor.
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Types of cell | Feature Inducers Mechanism/Related Outcome in ICH

death pathway

Autophagy As a recycling process, lysosomal Oxidative stress, mTOR signaling cascade NF-kB Neuroprotective/nerve cell
mediated catabolism mechanism. inflammation, and mediated signal pathway. apoptosis

accumulation of free iron The PI3K/Akt pathway; Mitophagy
thrombin pathway.

Apoptosis DNA fragmentation and Caspase 3,6,7,8,9 Death receptor-mediated; apoptosis Phagocytosis
apoptotic body Inflammatory factors pathway.

Mitochondrial apoptosis pathway.
Caspase-independent pathways.
other signaling pathways.

Ferroptosis The iron-dependent Iron-dependent Intracellular iron overload. Lipid ROS oxidative lipid
accumulation of toxic lipid accumulation of lipid Inhibiting the cystine/glutamate damage/neuronal cell death
reactive oxygen species peroxidation antiporter

Iron, extracellular glutamine P53 signaling pathway

Necroptosis Cellular swelling, plasma Releasing harmful TNF-o/RIPK1/RIPK3/MLKL Neurological injury
membrane rupture, and substances, such as IL-1R1/RIPK1/RIPK3;
subsequent loss of intracellular proteolytic oxidizing agents, CHIP/RIPK1/RIPK3;
contents and lysis. cytokines, and hemin toxicity

Pyroptosis Highly inflammatory form of Caspase-1, gasdermin D Classical pathway NLRP3/caspase-1 Amplifying inflammatory
regulated cell death NLRP1/3 inflammasome NLRP1/caspase-1 and responses, inflammatory
Exclusively mediated by cleaved NLRC4/caspase-1 pathway; necrosis
caspase-1 (CCR5/PKA/CREB)/NLRP1 Pathway

NK1R/PKC3 signaling pathways.
JNK/caspase-1/IL-1£3

TRAF6, tumor necrosis factor receptor-associated factor 6; Nrf2, nuclear factor erythroid-2-related factor 2; DRDI1, dopamine receptor D1; CCR5, C-C chemokine receptor 5;

cAMP-dependent PKA, cyclic adenosine monophosphate-dependent protein kinase A; CREB, cAMP response element binding; NLRPI, nucleotide-binding domain leucine-rich

repeat pyrin domain containing 1; RIPK1, receptor-interacting serine/threonine-protein kinase 1; RIPK3, receptor-interacting serine/threonine-protein kinase 3; MLKL, mixed lineage

kinase domain-like.
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References

Process Major cargo Related Type of Regulatory
protein stroke drugs/Targets
Mitophagy Damaged or PINK1/Parkin ICH Scalp acupuncture Enhancing mitophagy and Li et al,, 2021b; Liu
superfluous pathway reducing apoptosis. P.etal, 2021
mitochondria
Ischemic stroke Methylene Promoting mitophagy to Li Q. etal, 2014; Di
blue/Rapamycin/DHA protects neurons et al., 2015; Sun
etal, 2022
FUNDCI1 pathway ICH - Inhibition of Zheng et al.,, 2021b
NLRP3-mediated
inflammation
Ischemic stroke tPA/Electroacupuncture Promoting mitophagy to Cai et al., 2021; Tian
pretreatment protects neurons etal, 2022
Nrf2/OPTN ICH - Inhibition of Cheng et al,, 2021
NLRP3-mediated
inflammation
P53 pathway ICH Electroacupuncture at | Upregulated mitophagy and Guan et al,, 2021
GV20-GB7 inhibited apoptotic cell death.
BNIP3/LC3 Ischemic stroke - Activates excessive Shi et al., 2014
mitophagy
SIRT3/AMPK Ischemic stroke Stilbene glycoside Promotes mitochondrial Lietal,2021e
autophagy and inhibits
apoptosis.
AMPK-dependent SAH Metformin Promoting mitophagy to Zhang et al., 2022¢
signaling protect neurons
Keapl/Nrf2/PHB2 SAH Mitoquinone Inhibited oxidative Zhang et al., 2019
pathway stress-related neuronal death
VDACs/ LC3 SAH VDACs Protects neurons LiJ.etal, 2014
NLRP3 SAH Melatonin Inhibition of Cao et al., 2017
inflammasome NLRP3-mediated
inflammation
Ferritinophagy Ferritin USP14/NCOA4 Ischemic stroke - Induce ferroptosis and Lietal.,2021a
aggravated brain damage
NCOA4/cGAS- Ischemic stroke - Aggravates early cerebral LiB.etal., 2022
STING ischemia-reperfusion injury
pathway
ATG5 SAH - Induce neuronal ferroptosis Liang et al., 2022
Beclin1/LC3-II/LC3- SAH Baicalin Suppressed Zheng et al,, 2021a
I autophagy-dependent
ferroptosis
ER-phagy Damaged or PERK/IRE1 Ischemic stroke Melatonin Attenuate acute neuronal Fengetal., 2017
superfluous signaling injury
endoplasmic
reticulum
PERK signaling/ ER Ischemic stroke PTP1B inhibitor Inhibit ER stress-dependent Zhu et al., 2021
stress-autophagy axis autophagy to neuronal
damage and neurologic
deficits
ROS/Nrf2/ HO-1 SAH Hydrogen-rich saline Attenuate neural autophagy Jiang et al., 2021
signaling pathway and ER stress.

SAH, subarachnoid hemorrhage; tPA, tissue-type plasminogen activator; VDACs, voltage-dependent anion channels; NCOA4, nuclear receptor coactivator 4; USP14, ubiquitin-
specific peptidase 14; HO-1, heme oxygenase-1; DHA, docosahexaenoic acid; PTP1B, protein tyrosine phosphatase 1B; PERK, R-like endoplasmic reticulum kinase; IREIL,

inositol-requiring enzyme-1.
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-Parkinson’s disease

-emotional disturbance
-neuroinflammation

-dementia

Pathologicalmechanisms Reference

-oxidative stress (46-53)
‘block gamma aminobutyric acid and glycine receptor-associated ion

channels

-enhance the pro-apoptotic effects of H,O, and altering mitochondrial

calcium homeostasis in glial cells

-elevated levels of free radicals and uric acid (54-58)
-increase calcium entry into the brain (56-64)
‘neurotoxicity (65, 66)
-pro-aging

-expression of organic anion transporter 3 (OAT3) efflux transporter (67-70)

-oxidative stress
-protein kinase inhibition

-activating the glutamate N-methyl-d-aspartate (NMDA) receptors (71-74)
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Radiotracer

''C-PBR28

''C-PBR28

''C-PBR28

''C-PBR28

''C-PBR28

''C-DPA-
713; ''C-
PK11195
'*F-DPA-
714
'*F-DPA-
714

ne.
DAA1106
ne.
DAA1106

'SE-FEPPA
'SE-FEPPA
5.

FEMPA
'SE-GE-180

Included individuals

19 AD patients, 10
MCI patients, and 13
normal individuals
25 AD patients, 11
MCI patients, and 21
normal individuals
14 AD patients and 8
normal individuals

13 MCI patients and 9
normal individuals

16 AD patients, 16
MCI patients, and 19
normal individuals

17 AD patients and 22
normal individuals

64 AD patients and 32
normal individuals

52 AD patients and 17
normal individuals

10 AD patients and 10
normal individuals

10 AD patients, 7 MCI
patients, and 10
normal individuals

21 AD patients and 21
normal individuals

11 MCI patients and
14 normal individuals

10 AD patients and 7
normal individuals

6 AD patients and 7
normal individuals

Conclusion

Areas of prefrontal, inferior parietal, temporal, precuneus, posterior cingulate, occipital, hippocampus, and
entorhinal cortex presented higher ''C-PBR28 binding in AD patients compared to controls, while no such
difference was observed in MCI patients.

Areas of temporal and parietal brain presented higher !C-PBR28 uptake in AD patients compared to
controls, while no such difference was observed in MCI patients.

Areas of inferior parietal lobule, occipital cortex, precuneus, entorhinal cortex, hippocampus, inferior, and
middle temporal cortex presented higher ''C-PBR28 binding in AD patients compared to controls. Annual
increase in radiotracer binding was also observed in AD patients.

Higher radiotracer uptake in the temporal lobe, post-cingulate cortex, thalamus, medial temporal lobe,
hippocampus, amygdala, and cerebellum can be observed in MCI patients than controls.

Positive correlations were found between 'C-PBR28 and amyloid retention on '*F-flutemetamol and tau
aggregation measured by'*F-AV-1451.

''C-DPA-713 presented higher accuracy in TSPO binding than "'C-PK11195 in AD patients, and

demonstrated an inverse relationship with cognition.

Areas of precuneus, parietal, temporal cortex, and medium and posterior cingulate presented higher '*F-
DPA-714 uptake in AD patients compared to controls.

Areas of temporal and parietal brain presented higher tracer retention in AD patients relative to controls.
Annual increases of 13.2% were observed for AD patients.

Areas of cerebellum, prefrontal cortex, parietal cortex, temporal cortex, occipital cortex, anterior cingulate
cortex, and striatum presented higher ''C-DAA1106 binding in AD patients compared to controls.

Areas of striatum, lateral temporal, parietal, and anterior cingulate cortex presented increased ''C-DAA1106
binding in AD patients compared to controls.

Areas of temporal, frontal, parietal, and occipital cortical regions, and the hippocampus presented increased
'SE_FEPPA retention in AD patients compared to controls.

A positive correlation between '*F-FEPPA binding and ''C-PiB can be observed in aMCI in the
hippocampus.

Areas of medial temporal, lateral temporal, and posterior cingulate cortex, putamen, caudate, thalamus, and
cerebellums presented increased '*F-FEMPA uptake in AD patients compared to controls.

Cerebellum is a suitable pseudo-reference region for PET imaging of AD by '*F-GE-180. No significant
increases in '*E-GE-180 binding in the frontoparietal VOIs of patients with AD when compared to the
healthy controls.

Year

2013

2015

2016

2018

2018

2017

2016

2018

2008

2012

2015

2017

2015

2021

Author

Kreisl (55)

Lyoo (56)

Kreisl (57)

Fan (58)

Dani (59)

Yokoura

@1

Hamelin
(60)

Hamelin
(61)

Yasuno (62)

Yasuno (63)

Suridjan
(64)
Knezevic
(65)
Varrone

(36)

Vettermann
(66)
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Radiotracer

''C-PK11195

"C-PK11195

''C-PK11195

''C-PK11195

''C-PK11195

"'C-PK11195

''C-PK11195

"C-PK11195

'C-PK11195

''C-PK11195

'C-PK11195

''C-PK11195

''C-PK11195

Included
individuals

8 AD patients
and 15 normal
individuals

13 AD patients
and 10 normal
individuals

6 AD patients, 6
MCI patients,
and 5 normal
individuals

14 MCI patients
and 10 normal
individuals

11 AD patients
and 10 normal
individuals

19 AD patients,
10 MCI patients,
and 21 normal
individuals

8 AD patients
and 14 normal
individuals

10 AD patients,
10 MCI patients,
and 16 normal
individuals

8 AD patients
and 8 normal
individuals

8 AD patients, 8
MCI patients,
and 14 normal
individuals

42 MCI patients
and 10 normal
individuals

16 AD and MCI
patients, and 13
normal
individuals

6 AD patients, 20
MCI patients,
and 20 normal
individuals

Conclusion

Elevated levels of radiotracer level were observed in brain areas in AD patients. Uptake in the left inferior
temporal lobe differentiated AD patients with a sensitivity of 75%.

Areas in frontal temporal, parietal, and occipital association cortex showed increased radiotracer uptake in
AD patients than controls.

No statistic difference in TSPO binding was observed when comparing the AD with controls in any brain
region.

Frontal cortical regions presented higher TSPO binding in MCI patients compared to controls.

Higher ''C-PK11195 retention was observed in medial frontal, parietal, and left temporal cortical areas in AD
patients compared to controls. Additionally, uptake in the left anterior cingulate, left precuneus, left
hippocampus, and left medial frontal cortex presented negative relationship with cognitive performance.

The bilateral occipital cortex is the only brain region assessed with a statistical difference between AD patients
and controls, while no such differences were found when comparing MCI patients to controls.

Increased microglial tracer uptake in frontal, parietal, occipital, temporal cortical areas, and striatum and
hippocampus was observed in AD patients compared to controls.

Cortical retention of ''C-PK11195 in the occipital lobe, temporal lobe, hippocampus, parahippocampus,
temporal, and precentral and postcentral gyrus was higher in AD patients compared to controls. Additionally,
temporal, frontal, orbital, straight, parietal gyrus, insula, putamen, and occipital lobe presented higher ''C-
PK11195 retention in MCI compared to controls.

"'C-PK11195 uptake in the areas of medial temporal regions and the hippocampus in AD was negatively
related to hippocampal volume.

MCI patients showed reductions in ''C-PK11195 uptake in the region of temporal, occipital, parietal,
cingulate cortex, and the hippocampus after 14 months, while AD patients showed an increase in microglial
activation than controls.

In amyloid positive MCI subjects, TSPO binding was elevated in frontal, parietal, and lateral temporal regions
compared to controls. Moreover, positive correlation was observed between the results of ''C-PK11195 and
''C-PiB in frontal, temporal, and parietal brain areas.

Areas within the occipital, parietal, temporal cortex, and medial temporal regions showed increased
radiotracer uptake in the AD and MCI combined group compared to controls.

In the areas of frontal, posterior cingulate, parahippocampal, lateral and posterior temporal cortex, precuneus,
and hippocampus, increased TSPO binding was observed in MCI patients compared to controls.

Year
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2008
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2009

2011

2013

2015

2015

2016

2017

2017

2018

2018

Author

Cagnin (38)

Edison (39)

Wileey (40)

Okello (41)
Yokokura
(42)
Schuitmaker
(43)

Fan (44)

Fan (45)

Femminella
(46)

Fan (47)

Parbo (48)

Passamonti
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8. VL — HYL — TH — CAl — DG
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DG
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12. VL — cpd — TH — CAl — DG
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1. VL — I — (IL IIL, IV)

2.VL — 1 — (V, VIa, VIb)

3.VL — I — RSP

4. VL — fxs — PIR

5. VL — CTXsp — I — (IL, IIL, IV)
6. VL — CTXsp — I — (V, VIa, VIb)
7.VL — CTXsp — I — RSP

8. VL — PIR — I — (IL, 111, IV)
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10. VL — PIR — I — RSP

11. VL — fxs — I —(IL, IIL, IV)
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14. VL — (V, VIa, VIb)

15. VL — PIR — (V, VIa, VIb)

16. VL —CTXsp

Description

Direct from the lateral ventricle to the hippocampus.

Dispersed signals from the lateral ventricle are integrated by the hypothalamus and sent to the
hippocampus.

Direct from the lateral ventricle to the ipsilateral cortex.





OPS/images/fimmu.2023.1123652/im9.jpg
Zscore, "





OPS/images/fimmu.2023.1123652/im8.jpg





OPS/images/fimmu.2023.1123652/im7.jpg
Zscore, "





OPS/images/fimmu.2023.1123652/im6.jpg
=t
Similarity e o,





OPS/images/fimmu.2023.1123652/im5.jpg
(ZT,™)





OPS/images/fimmu.2023.1123652/im4.jpg
(Zscore,™)





OPS/images/fimmu.2023.1123652/im3.jpg





OPS/images/fimmu.2023.1123652/im27.jpg
Cell Ty} 1. (v ViavIs)





OPS/images/back-cover.jpg
Frontiers in
Immunology

Explores novel approaches and diagnoses to treat
immune disorders.

The official journal of the International Union of
Immunological Societies (IUIS) and the most cited
inits field, leading the way for research across.
basic, translational and clinical immunology.

Discover the latest
Research Topics

Immunology






OPS/images/fimmu.2022.1037330/table1.jpg
Study

Arnold, M. et al. PloS
One, vol. 11,2 (2016)
(4)

Bonkhoff, AK. et al. J.
Am Heart Assoc., vol
11,6 (2022) (5)
Rofes, L. et al.
Neurogastroenterol.
Motil (2018) (6).

Li, J. et al. Medicine,
vol. 96, 25 (2017) (7)

Fu, J. et al. Medicine,
vol. 98, 28 (2019) (8)

Du, W. et al. Stroke
Vasc Neurol. vol. 5, 2
(2020) (9)

Roth, WH. et al. Stroke
(2020) (10)

Xia, GH. et al. Front.
Neurol, vol 10, 937
(2019) (11)

Li, N. et al. BMC
Microbiology (2019)
(12)

Tan, C. et al. JPEN. vol.
45,3 (2021) (13)

Haak, BW. et al.
Transl. Stroke Res. 12,
581-592 (2021) (14)

Xu, K. et al. Gut (2021)
(15)

Study design

Evaluation of acute ischemic stroke patients in a tertiary stroke center
(Patients=570). Hospital admission evaluation and outcome after three
months were analyzed.

Retrospective analysis of German registry data from ischemic stroke
patients obtained in 2016 and 2017 (N=152710).

Prospective longitudinal analysis of patients after hospital admission for
up to 12 months (Patients=395).

Meta-analysis of clinical studies reporting on stroke patients
(Patients=1385).

Retrospective analysis of patients with acute cerebral infarction in 2015
and 2016 (Patients= 1662).

Retrospective analysis of patients with ischemic stroke and GIT
bleeding in China National Stroke Registry from symptom onset to 12
months (Patients=12415).

An exploratory analysis evaluating the relationship between GIT
problems and ischemic stroke (Patients=1.725.246).

Fecal microbiota of 104 ischemic stroke patients was characterized
using 165 rRNA sequencing and compared with microbiota of healthy
subjects (Patients=104, healthy controls=90).

Fecal microbiota changes in ischemic stroke patients and healthy
controls were analyzed using 16S rRNA sequencing (N=30 per group).

Fecal microbiota analysis using 16S rRNA sequencing. Fecal SCFAs
levels were measured by gas chromatography for up to 3 months
(Patients=140, healthy controls=92).

Fecal microbiota changes were analyzed after one day of hospital
admission using 165 rRNA amplicon sequencing (Patients=349 and
healthy controls=51).

Fecal microbiota analysis of stroke patients using 16s rRNA amplicon
sequencing (Patients=152 and healthy controls=28).

Outcomes

Dysphagia was diagnosed in 20.7% of patients and persisted in 50.9%
at hospital discharge.

Patients with dysphagia suffered more frequently from pneumonia,
had longer hospital stays, worse prognoses and higher mortality.

Dysphagia was observed in 22% of stroke patients.

Oropharyngeal dysphagia was observed in 45% of patients and was
an independent risk factor for poor functional outcomes and
mortality.

Constipation incidence was 48%. The frequency was higher in
hemorrhagic stroke. Patients in the rehabilitation phase experienced
bowel disturbances more frequently than in the acute phase.

GIT bleeding incidence after stroke was 8.4%.
One-year mortality was higher in patients with GIT bleeding.

GIT bleeding was an independent risk factor for stroke recurrence
within 3, 6 and 12 months.

GIT disorders were associated with an increased risk of future
ischemic stroke.

Stroke causes dysbiosis with 18 bacterial genera being significantly
different in comparison to healthy subjects. The degree of dysbiosis
was associated with increased inflammation and deteriorated stroke
outcomes.

Gut microbiota dysbiosis was observed in stroke patients and their
microbiota was enriched with SCFA-producing bacterial genera
compared to healthy subjects.

Dysbiosis was observed in stroke patients. A lack of SCFA-producing
bacteria and reduced SCFAs levels were found in patients compared
to controls. Changes were associated with poor stroke outcomes.
Gut microbiota was severely altered after ischemic and hemorrhagic
stroke compared to healthy controls. Enrichment of TMAO-
producing and loss of butyrate-producing bacteria after stroke.
Stroke-induced dysbiosis with the expansion of Enterobacteriaceae
and was an independent risk factor for a worse outcome.
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S100A12, FLJ12120, GRINA, MAP3K7CL, NARF, CX3CR1, GYGI, CKAP4, ARGI, IL10RB-AS1, GPR84, HGF, RP11-295G20.2, ILIR2, CLEC5A, CA4, ROPNIL, HP,
SLC26A8, CTSW, RPS4Y1, RNF182, HIST1H4H, GRB10, SORT1, DYSF, PFKFB3, MMP8, FAM20A, S100A9, ANKRD22, UPP1, CYP1B1, OLAH, STOM,
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Variable

NLR

PLR

DFR

Age, year

History of hypertension
Admission SBP, mmHg
Admission GCS score
Baseline ICH volume, mL

Basal ganglia hemorrhage

Odds Ratio

1076
0.996
1.000
0.998
0.617
1.009
0.782
1.035
0.584

95% Confidence Interval [25%, 75%]

1.003, 1.154
0.992, 0.999
0.999, 1.000
0.964, 1.013
0.333, 1.146]
0.998, 1.020
0.726, 0.841
1.020, 1.049
0.319, 1.070

p-Value

0.041
0.023
0.859
0.337
0.126
0.106
<0.001
<0.001
0.082

ICH, intracerebral hemorrhage; SBP, systolic blood pressure; GCS, Glasgow Coma Scale; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; DFR, D-dimer-to-

fibrinogen ratio The bold values indicated was considered statistically significant.
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Demographic Poor outcome (n = 175,53.2%) Good outcome (n =, 154,46.8%) t/x*/z p Value
Demographic
Age, year, Mean(SD) 63.38 +13.38 58.24 + 11.06 3.762 0.024
Sex, male, n(%) 113 (64.6%) 97 (63%) 0.089 0.765
Clinical characteristics
Alcohol consumption, n (%) 11 (6.3%) 16 (10.4%) 1.831 0.176
Smoking, n (%) 19 (12.0%) 1(12.3%) 0.009 0.925
Diabetes mellitus, n (%) 27 (10.4%) 16 (15.4%) 1.831 0.176
History of hypertension, n(%) 110 (62.9%) 104 (67.5%) 0.788 0375
Admission SBP, mmHg, Mean(SD) 173.64 £ 27.01 164.35 + 25.85 3.175 0.213
Admission DBP, mmHg, Mean(SD) 97.34 + 17.84 95.87 + 15.04 0.806 0.489
Admission GCS score, median (IQR) 6[4-11] 13[8-15] 58.186 <0.001
Platelets,10°/L, Mean(SD) 216.32 £ 86.90 209.68 + 58.45 0.802 0.024
Leukocytes, 10°/L, Mean(SD) 1135 £ 5.20 9.40 + 3.42 3.954 <0.001
Neutrophils, 10°/L, Mean(SD) 9.33 £5.10 7.57 £3.39 3.611 <0.001
Lymphocyte, 10°/L, Mean(SD) 149 + 1.18 1.34 +0.86 1.346 0.003
D-Dimer, ng/mL, Mean(SD) 1096.93 + 2238.20 391.92 +930.81 3.641 <0.001
Fibrinogen, g/L, Mean(SD) 3.07 £ 1.43 2.71 £ 0.61 2918 0.027
NLR, Mean(SD) 10.26 + 9.47 8.12 +8.28 2.165 0.012
PLR, Mean(SD) 212.83 +146.39 204.75 + 14351 0.504 0.115
DFR, Mean(SD) 160.55 + 404.56 426.36 + 979.18 3.141 <0.001
Imaging features
Baseline ICH volume, mL, median (IQR) 30.57 [11.44-62.31] 10.59 [3.92-23.50] 7.544 <0.001
IVH presence, n (%) 123 (70.3%) 60 (39%) 32.563 <0.001
SAH presence, n (%) 56 (32%) 13 (8.4%) 27.430 <0.001
ICH Locations
Basal ganglia hemorrhage, n (%) 39 (22.3%) 71 (46.1%) 20.88 <0.001
Thalamic hemorrhage, n (%) 29 (16.6%) 28 (18.2%) 0.148 0.700
Lobar hemorrhage, n (%) 9 (5.1%) 11 (7.1%) 0.574 0.449
Infratentorial hemorrhage, n (%) 13 (8.4%) 22 (12.6%) 1.470 0.225

ICH, intracerebral hemorrhage; CT, computed tomography; GCS, Glasgow Coma Scale; IVH, intraventricular hemorrhage; SAH, subarachnoid hemorrhage; IQR, interquartile range; SD,
standard deviation; mRS, modified Rankin scale; SBP, systolic blood pressure; DBP, diastolic blood pressure; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; DFR,
D-dimer-to-fibrinogen ratio The bold values indicated was considered statistically significant.
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Patients met inclusion
criteria
(n= 847)

Excluded(n=519)

2810ther types of ICH;
236Secondary ICH;

57Severe underlying disease such as severe cardiac,
hepatic, and renal impairment;
179Patients who refused or were lost to follow-up and those

with incomplete data;

94Lost to fllow-up.

Enrolled
(n=329)

Collect the basic information and the prognosis, and
calculate NLR,PLR,DFR.

Groupl Group?2
183 patients 146 patients

with without
pneumonia pneumonia
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Demographic

Demographic
Age, year, Mean(SD)
Sex, male, n(%)

Clinical characteristics
Alcohol consumption, n (%)
Smoking, n (%)
Diabetes mellitus, n (%)
History of hypertension, n(%)
Admission SBP, mmHg, Mean(SD)
Admission DBP, mmHg, Mean(SD)
Admission GCS score, median (IQR)
Platelets,10%/I, Mean(SD)
Leukocytes, 10°/L, Mean(SD)
Neutrophils, 10°/L, Mean(SD)
Lymphocyte, 10°/L, Mean(SD)
D-Dimer, ng/mL, Mean(SD)
Fibrinogen, g/L, Mean(SD)
NLR, Mean(SD)
PLR, Mean(SD)
DFR, Mean(SD)

Imaging features
Baseline ICH volume, mL, median (IQR)
IVH presence, n (%)
SAH presence, n (%)

ICH Locations
Basal ganglia hemorrhage, n (%)
Thalamic hemorrhage, n (%)
Lobar hemorrhage, n (%)
Infratentorial hemorrhage, n (%)

Outcome
In-hospital mortality, n (%)
90-day mortality, n (%)
90-day poor outcome, n (%)

90-day mRS score, median (IQR)

Pneumonia (n = 183 55.6%)

60.54 + 13.49
121 (66.1%)

13 (7.1%)
22 (12.0%)
21 (11.5%)
110 (60.1%)
172.56 + 28.36
96.66 + 16.88
6 [4-10]
216.10 + 86.33
11.68 + 5.12
9.66 + 5.04
1.50 + 1.29
1017.36 + 2238.75
3.00 + 142
10.91 + 943
218.53 + 147.53
401.86 + 980.25

32,69 [12.26-63.31]
132 (72.1%)
53 (29.0%)

44 (24.0%)
28 (15.3%)
8 (4.4%)
20 (10.9%)

16 (8.7%)
73 (39.9%)
134 (73.2%)

5 [3-6]

Non-pneumonia (n = 146, 44.4%)

61.52 + 11.40
9 (61.0%)

4 (9.6%)
8 (12.3%)

2 (15.1%)
104 (71.2%)
164.18 + 24.27
96.64 + 16.26
14 [10.75-15]
209.60 + 57.56
8.87 £ 3.09
7.06 + 3.06
1.32 £ 0.61
453.03 + 858.56
278 £ 0.63
7.19 +7.94
197.16 + 141.10
176.68 + 358.74

1021 [4.17-20.21]
51 (34.9%)
6 (11.0%)

66 (45.2%)
29 (19.9%)
12 (8.2%)
5 (10.3%)

2 (1.4%)

14 (9.6%)
41 (28.1%)

2[1-4]

t/xlz

-0.696
0.937

0415
0.007
0.923
4.420
2.498
0.012
101.432
0.782
5.846
5.481
1.596
2.881
1.790
3.80
1.331
2.638

62.832
45.527
15.880

16.341
1.180
2.106
0.037

8.537
38.335
66.466
74.325

p Value

0.023
0.333

0.666
0.933
0.337
0.036
0.015
0.255
<0.001
0.025
<0.001
<0.001
<0.001
<0.001
0.085
<0.001
0.008
<0.001

<0.001
<0.001
<0.001

<0.001
0.277
0.147
0.848

0.003
<0.001
<0.001
<0.001

ICH, intracerebral hemorrhage; CT, computed tomography; GCS, Glasgow Coma Scale; IVH, intraventricular hemorrhage; SAH, subarachnoid hemorrhage; INR, interquartile range; SD,

standard deviation; mRS, modified Rankin scale; SBP, systolic blood pressure;
D-dimer-to-fibrinogen ratio The bold values indicated was considered stati:

cally significant.

DBP, diastolic blood pressure; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; DER,
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PSD, n =49 Non-PSD, n =54 P value

Age (years) 60 (54-69) 57 (52-66) 0.052
Gender: female 20 (40.80) 11 (20.37) 0.024
BMI (kg/mz) 23.66 (22.06-25.29) 23.63 (22.04-24.93) 0.947
Years of education 9 (6-12) 12 (9-16) 0.044
Pulmonary infection 16 (32.65) 14 (25.93) 0.453
Antibiotic 9 (18.37) 10 (18.52) 0.984
Statin 42 (85.71) 46 (85.19) 0.939
Antiplatelet 39 (79.59) 46 (85.19) 0.455
Vascular risk factors

Hypertension 40 (81.65) 46 (85.19) 0.628

Diabetes mellitus 16 (32.65) 16 (29.63) 0.741

Heart disease 5(10.20) 4 (7.41) 0.733

Hyperlipidemia 24 (48.98) 25 (46.30) 0.785

Smoking 21 (42.86) 30 (55.56) 0.198

Drinking 23 (46.94) 29 (53.70) 0.490

Previous stroke 6 (12.25) 5(9.26) 0.624
Stroke type: ischemic stroke 39 (79.59) 46 (85.19) 0.455

Large-artery atherosclerosis 23 (58.98) 36 (78.26) 0.145

Cardioembolism 3(7.69) 1(2.17)

Small-vessel occlusion 2 (5.13) 3(6.52)

Other determined etiology 1(256) 2(4.35)

Undetermined etiology 10 (25.64) 4 (8.70)
Stroke hemisphere 0.141

Left 13 (26.53) 23 (42.59)

Right 34 (69.39) 27 (50.00)

Bilateral 2 (4.08) 4 (741)
Stroke location 0.193

Anterior 35 (71.43) 29 (53.70)

Posterior 11 (22.45) 19 (35.19)

Both 3(6.12) 6 (11.11)
NIHSS score 5(1.5-8.5) 2 (1-45) 0.046
MMSE score 24 (22-27) 27 (23-29) 0.027
Onset to chest CT scan (days) 4 (1-9) 5(2-7) 0.705
Onset to blood sample collection (days) 2 (1-5) 2 (0.75-5) 0.930
Leukocyte count (10/L) 7.10 (6.00-8.30) 7.65 (6.18-9.00) 0.176
Neutrophil count (10°/L) 5.00 (3.80-6.10) 4.90 (3.68-6.83) 0.726
Monocyte count (10°/L) 0.50 (0.35-0.60) 0.50 (0.48-0.70) 0.007
Lymphocyte count (10°/L) 1.30 (1.10-1.60) 1.50 (1.20-2.00) 0.052
Platelet count (10°/L) 197.00 (156.50-239.00) 217.00 (176.75-253.25) 0.193
Platelet/lymphocyte 142.67 (113.90-203.48) 140.53 (102.27-192.71) 0.422
Neutrophil/lymphocyte 3.54 (2.45-5.43) 3.33 (2.18-5.19) 0.472
Monocyte/lymphocyte 0.33 (0.22-0.48) 0.33 (0.26-0.48) 0.492

A (HU) 47.68 (43.99-54.53) 49.05 (47.15-55.79) 0.060

SV (cm®) 150.40 (117.45-192.10) 130.85 (91.59-173.35) 0.153

Values are n (%) or median (interquartile range). PSD, post-stroke depression; BMI, body mass index; NIHSS, National Institutes of Health and Stroke Scale; MMSE, Mini-Mental State
Examination; CT, computed tomography; SA, splenic attenuation; SV, splenic volume; HU, Hounsfield unit.
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Variables

Gender

Male

Female
Years of education
NIHSS score
MMSE score
Monocyte count (10°/L)
CRP rs2794520

c/C

C/IT

T/T
CRP rs1205

c/C

CIT

T/T

PSD, post-stroke depression; OR, odds ratio; CI, confidence interval; NIHSS, National Institutes of Health and Stroke Scale; MMSE, Mini-Mental State Examination;

CRP, C-reactive protein.

Unadjusted

OR (95%CI)

Ref
2.696 (1.125-6.458)
0.905 (0.814-1.007)
1.117 (1.006-1.241)
0.944 (0.866-1.030)
0.039 (0.004-0.417)

Ref
3.229 (1.090-9.570)
2.000 (0.594-6.730)

Ref
3.229 (1.090-9.570)
2.000 (0.594-6.730)

P value

0.026
0.067
0.039
0.195
0.007

0.034
0.263

0.034
0.263

Adjusted

OR (95%CI)

Ref
1.980 (0.645-6.081)
0.980 (0.845-1.137)
1.122 (0.998-1.262)
0.998 (0.891-1.118)
0.057 (0.005-0.686)

Ref
3.364 (1.039-10.898)
2.161 (0.579-8.061)

Ref
3.364 (1.039-10.898)
2.161 (0.579-8.061)

P value

0.233
0.790
0.055
0.972
0.024

0.043
0.251

0.043
0.251
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SNP genotype

Rs2794520
CIC, SA
sV
CIT, SA
N
T/T, SA
N

Rs1205
CIC, SA
NY%
CIT, SA
Y%
TIT, SA
sV

PSD

51.82 (44.78-58.20)
147.65 (129.35-192.53)
48.19 + 5.69
136,60 (109.40-180.40)
50.04 £ 5.11
188.21 + 25.64

51.82 (44.78-58.20)
147.65 (129.35-192.53)
48.19 £ 5.69
136.60 (109.40-180.40)
50.04 +5.11
188.21 + 25.64

Non-PSD

48.63 (47.10-58.60)
124.30 (93.46-187.60)
51.64 + 6.34
130.85 (87.86-199.70)
50.07 + 5.10
131.69 + 11.55

48.63 (47.10-58.60)
124.30 (93.46-187.60)
51.64 + 6.34
130.85 (87.86-199.70)
50.07 + 5.10
131.69 + 11.55

z/t
z = -0.467
z =-1.090
t=2122
z =-0.025
t=0015
t=-2.010
z =-0.467
z = -1.090
t=2122
z =-0.025
t=0015
t=-2.010

P value

0.640
0.276
0.039
0.980
0.988
0.062

0.640
0.276
0.039
0.980
0.988
0.062

Values are means + standard deviation or median (interquartile range). SA, splenic attenuation; SV, splenic volume; CRP, C-reactive protein; SNP, single nucleotide polymorphism; PSD,

post-stroke depression.
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Therapeutic
agents

Targets

Methylene blue

Polydatin

‘Wogonoside

Echinoside

NLRP3
inflammasome

Glycyrrhizin

inhibition

Paeonol

Ulinastatin

MCC950

34-
methylenedioxy-
B-nitrostyrene

OLT1177

Adalimumab,
infliximab,
Cytokine etanercept

inhibition

Curcumin

VX-740

Caspase-1
inhibition
VX-765

Outcome

Partially inhibit
neuronal apoptosis
and improve motor

function.

Relieve microglial
inflammation.

Alleviate
neuroinflammation.

Reduce neuron loss
and improve spinal
cord structure.

Functional
improvement.

Promote the recovery
of motor function and
spinal cord structure,
reduce spinal cord
edema.

Relieve spinal cord
edema, ameliorate
neurological function
and architecture.

Alleviate
neuroinflammation.

Alleviate
neuroinflammation.

Inhibit
neuroinflammation
and improve function

Anti-inflammatory
and anti-bacterial
effects and promotes
recovery after SCI

neuronal regeneration

Inhibit inflammatory
response.

Inhibit inflammatory
response.

Mechanism

Inhibit the protein levels of IL-1p, IL-18
and NLRP3 inflammasome associated
with down-regulation of intracellular

reactive oxygen species, decreased
leukocyte infiltration.

Inhibit iNOS and NLRP3 inflammasome.

Alleviate NF-xB and NLRP3
overexpression and increase the activation
of IkB.

Reduce ROS level, improve the
mitochondrial membrane potential, block
activation of NF-kB, and inhibit the
NLRP3 inflammasome signaling pathway.

Inhibit NLRP3 inflammasome and
promote microglial M2 polarization.

Reduce the levels of ASC, NLRP3, N-
GSDMD, repress the contents of IL-1B,
IL-18, TNF-o. and malondialdehyde, and
elevate GSH level.

Inhibit NLRP3 inflammasome.

Inhibit NLRP3 inflammasome.

Inhibit NLRP3 inflammasome.

Inhibit NLRP3 inflammasome, reduce IL-
1B and IL-18 release.

Inhibit the TNF signaling pathways
inhibiting the expression of NF-KkB and

TGE-B-SOX9

Inhibit caspases-1

Inhibit caspases-1

Does and/or
time points of
treatm

2 mg or 4 mg/kg
body weight, 15
minutes before
SCI and 3 hours
after SCI

20 or 40 mg/kg

body weight, 30

minutes after the
SCI

12, 25 or 50 mg/
kg for 10 days

20 mg/kg daily
until sacrifice

10 g glycyrrhizin
given immediately
after SCI and
every 12 h for 3
days

60 mg/kg daily
until sacrifice

50,000 U/kg daily

100 mg/kg,
immediately after
SCI and continued
once daily for 7
days

Experimental
animal

Sprague-
Dawleyrat

Sprague-Dawley
rat

Sprague-
Dawleyrat

Sprague-
Dawleyrat

Sprague-
Dawleyrat

Sprague Dawley
rat

Sprague-Dawley
rat

C57BL/6 mice

Reference

(111)

(112)

(113)

(114)

(115)

(116)

117)

(118, 119)

(120)

(121)

(122)

(123)

(124, 125)

(124-126)
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Clinical trials

Action

Drug name Study phase target Potential mechanism of action Tumor Types EEE T

——— i Inhibit Suppression of microglial activation-mediated radiation HeG %)
microglia resistance

Pexidartinib Inhibit

(]f"‘LX;3 9‘;‘)' I and 1/IIb C‘;F‘_ l‘R Elimination of GAMs 1GBM, pGBM (128)

Emactuzumab 1 Inhibit Suppression of GAMs polmzam?n and inhibition of glioma GBM (129)
CSF-1R progression

L12 I N/A Immune checkpoint blockade with controlled IL-12 gene GBM (130)

therapy

CpG-ODN 1 N/A M1 polarization of GAMs (no effect on survival of patients) De novo GBM-A (131)

Plerixafor i Inhibit SDF-1 | Suppression of GAM infiltration by inhibition of chemotaxis HGG (132, 133)
Inhibit : i e : g

WP1066 ! STAT3 Promotion of M1 polarization of GAMs by blocking STAT3 GBM, glioma (134)

Preclinical trials

Action 5 : . Tumor Types,
Drug name Drug type Potential mechanism of action ypes/ Reference
target Models
Reduction of microglial activati diated MMP-9 and
Minocycline antibiotic Microglia ction;of:microglia afﬂ‘; zxon s L Gliomalin vivo (64)
Amphotericin B antibiotic Microglia Promotion of the activation of M1 GAMs Glioma/in vitro (123)
Pexidartinib Inhibit GBM
Antibod, Inhibition of GAM recrui 135, 136
(PLX3397) tibody CSE-IR nhibition of GAM recruitment linvivoandinvitro | )
AFS98 and . Inhibit Upregulation of M2 GAMs markers (Use in combination o
F-IR inhi BM 137
BLZ945 GSE-IR imlitbitor CSF-1R with other drugs) GBM/initro a3
IL-12 Cytokine N/A GAMs induced apoptosis of GBM cells via TRAIL-DR4/5 GBM/in vitro (138)
Stimulus and
Lps or IEN-y fmuus an N/A GAMs induced apoptosis of GBM cells GBMin vivo (139, 140)
Cytokine
M1 polarization of GAMs and Type 1 inflammat
CpG-ODN oligodeoxynucleotides N/A poanzanon ortes Tan  Sypetammatony GBMin vivo (141)
reaction
Tahiiie H3K27M-mutant
WP1066 STATS3 inhibitor s’%A‘T’s Inhibition of STAT3 enriched K27M-mutant cells DMG (142)
lin vivo
Enh: t of antitumor i icity by inhibition of
NAcp@CD47 nanocapsule Inhibit CD47 | e neement obantitumor immunogenicity by inhibition o PGBM/in vivo (143)

CD47/SIRPa

HGG, high grade glioma; CSE-1R, colony stimulating factor 1 receptor; GAMs, glioma-associated macrophage and microglia; rGBM, recurrent GBM; pGBM, primary GBM; IL-12, interleukin-
12; SDE-1, stroma-derived factor-1; STAT3, signal transducer and activator of transcription 3; MMP-9, matrix metalloprotein-9; TLR2, Toll-like receptors-2; DMG, diffuse midline glioma;
TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; DR4/5, death receptor 4/5; SIRPa, signal regulatory protein-alpha.

NA means "Not applicable”.
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Biomarkers

Molecular type

Macrophages/
Microglia

BENEY

IBA1

F4/80
CD68

TMEM119

CD11b*/CD45""

CD11b*/CD45"#"

Rhox5, E2f6, Hoxc6, Ppargclb,
etc.

Slco4al, Slc30a5, and Mcoln3

CD40, CD74, CD86 and MHC
11

iNOS/NO
CD14, CD163, CD204/206

ARG1

Cytoskeleton binding
protein

Surface glycoprotein
Glycoprotein

Transmembrane protein

Transmembrane protein

Transmembrane protein

Transcription factors

Membrane proteins

Glycoprotein

Metabolic enzyme
Glycoprotein

Membrane proteins

NA

NA

NA

NA

NA

NA

NA

NA

M1

M1

M2

M2

Macrophages and Microglia

Macrophages and Microglia
Macrophages and Microglia

Microglia

Microglia

BMDM

Microglia

Microglia

NA

NA
NA

NA

Higher identification value for microglia in CNS

Mouse-specific; Multiple macrophage lineage cells
NA
Reliable CNS-resident microglia marker

Not specific because of the influence of inflammation in
glioma

Not specific because of the influence of inflammation in
glioma

Transcriptome study on the mouse microglia
Transcriptome study on the mouse microglia
CD80"E"/CD86"E" is specific for M1

NA
The specificity of some markers is not clear

NA

IBAL, ionized calcium-binding adapter molecule 1; TMEM119, transmembrane protein 119; BMDM, bone marrow derived macrophage; MHC 11, histocompatibility complex 1I; ARG,

Argininase 1.
NA means "Not applicable”.
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Variable

NLR

DFR

Admission GCS score
Age, year

Baseline ICH volume, mL
SAH presence

IVH presence

Basal ganglia hemorrhage

NLR*DFR

Odds Ratio

1.079
1.003
1.096
0.967
0.983
0.566
0.781
1.366
1.000

95% Confidence Interval [25%, 75%]

1.021, 1.140
1.001, 1.005
0.989, 1.214
0.944, 0.990
0.969, 0.996
0.245, 1.308
0.375, 1.627
0.737, 2.532
0.999, 1.000

p-Value

0.007
0.016
0.081
0.006
0.011
0.183
0.509
0.321
0.008

[CH, intracerebral hemorrhage; NLR, neutrophil-to-lymphocyte ratio; DFR, D-dimer-to-fibrinogen ratio; GCS, Glasgow Coma Scale; IVH, intraventricular hemorrhage; SAH,

subarachnoid hemorrhage The bold values indicated was considered statistically significant.





