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Cerebral small vessel disease (CSVD) refers to a group of pathological syndromes that affect the brain’s microcirculation. These conditions involve damage to small arteries, arterioles, capillaries, venules, and small veins. Cerebrovascular risk factors, immunosenescence, and inflammatory responses contribute to the pathogenesis of cerebral small vessel disease. The global impact of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has drawn significant attention to chronic inflammation caused by infections. Research into the mechanisms by which infections induce CSVD has made continual advancements. It is imperative to reassess the importance of managing infections and the chronic inflammatory phase that follows, highlighting their critical role in the pathogenesis. Our focus encompasses SARS-CoV-2, Human Immunodeficiency Virus (HIV), Hepatitis C Virus (HCV), Zika Virus(ZIKV), Treponema pallidum, as well as the microbial communities within the gut and oral cavity. These pathogen infections and chronic inflammation can contribute to CSVD through mechanisms such as neuroinflammation, blood-brain barrier disruption, microthrombosis, and endothelial cell damage, thereby promoting the occurrence and progression of the disease. This highlights the need for detailed mechanistic research on CSVD associated with these pathogens. Furthermore, we hope that in the future, we will be able to devise targeted prevention and treatment strategies for CSVD based on the unique characteristics of the pathogenic mechanisms associated with various infections.
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1 Introduction

Cerebral small vessel disease (CSVD) is a collective term that encompasses a spectrum of disorders affecting the small blood vessels in the brain. It is a leading cause of pathological processes, including stroke, dementia, and aging, across the globe (1). Moreover, the primary clinical manifestations of CSVD extend to psychiatric disorders, personality changes, compromised balance, abnormal gait, and urinary incontinence, positioning it as one of the significant contributors to the immense health burden on the global population (2, 3). The imaging manifestations of CSVD include small subcortical infarcts, lacunes, white matter (WM) hyperintensities (WMHs), enlarged perivascular spaces, microhemorrhages, and brain atrophy (4). Age is the most significant risk factor for cerebral small vessel disease, with approximately 5% of individuals over the age of 50 being affected, and the prevalence approaches nearly 100% in those over 90 years old (5). Additional risks include male sex, smoking, hypertension, and diabetes (6, 7). The pathogenesis remains poorly understood, and no effective treatments exist. Incomplete mechanistic insights hinder prevention and treatment. Current therapeutic approaches focus on strict blood pressure control, antiplatelet therapy, statins, and thrombolytic treatment. There is an urgent need for further exploration of the pathogenesis to refine treatment strategies (5).

Previous studies have categorized cerebral small vessel disease as a subtype of ischemic stroke driven by pathological cascades triggered by microthrombi occluding small blood vessels. However, emerging evidence suggests inflammation and endothelial dysfunction may represent core mechanisms of CSVD pathogenesis. Neuroinflammation’s role in CSVD has become a research focus. Typically, neuroinflammation is characterized as a complex defensive response mounted by the central nervous system against microbial infections, traumatic brain injury, or the clearance of other toxic substances (8), the condition is categorized into infectious and non-infectious types, with infection serving as the primary instigator of inflammation. Chronic inflammatory states promote the adhesion of leukocytes to the vascular endothelium, thereby compromising endothelial function. Inflammatory cells converge around the blood vessels, causing degradation of the blood-brain barrier and widening of the perivascular space. The release of inflammatory mediators activates microglial cells, amplifying the inflammatory cascade, which can culminate in white matter lesions and potentially induce structural changes in the vasculature, such as arteriosclerosis and disrupted autoregulation (9). Microglia in the central nervous system share functional similarities with macrophages in other tissues. Under healthy conditions, microglia remain quiescent; during infection or inflammation, they become activated professional phagocytes. This activation resolves infections but may also disrupt tissue homeostasis (10). In infections, astrocytes aid pathogen clearance via antimicrobial responses, yet prolonged inflammation damages neural tissue (11).

Neuroinflammation precipitates not merely the activation of glial cells within the central nervous system, but also facilitates the secretion of pro-inflammatory cytokines and chemokines, ultimately precipitating the migration of peripheral immune cells. Moreover, this process may induce modifications in the integrity of the blood-brain barrier (BBB), resulting in enhanced permeability and its subsequent compromise (12). BBB breakdown drives cognitive impairment in CSVD. The BBB is primarily formed by capillary endothelial cells, which are tightly connected and restrict the entry of pathogens into the central nervous system (CNS). Astrocytes establish connections with the capillary endothelial cells through their perivascular endfeet and play a crucial role in maintaining the integrity of the BBB (13). Inflammation triggered by pathogens usually originates at the endothelial cells of the blood-brain barrier, which are equipped with molecular mechanisms for sensing bacterial and viral antigens (14). In response to microbial invasion, pattern recognition receptors (PRRs) activate innate immune cascades by initiating phagocytosis and pathogen clearance. Toll-like receptors (TLRs), expressed by glia and neurons, are critical PRR subtypes. During infection, pathogen- or endogenous-derived signals activate PRRs, triggering adaptive immunity, astrocyte activation, and chemokine release. Reactive astrocytes secrete VEGF, ROS, and glutamate, causing neurodegeneration, BBB hyperpermeability, and amplified local inflammation (11). BBB disruption during infection may be transient (15). Persistent inflammation, however, can cause chronic BBB degradation, leading to severe brain injury and CSVD symptoms (Figure 1).




Figure 1 | Potential role of infection-induced neuroinflammation in CSVD. Figure created with BioRender.com



Current investigative endeavors may predominantly concentrate on the correlation between non-infectious neuroinflammation and cerebral small vessel disease. Evidence suggests that the aging process within the central nervous system is linked to chronic sterile low-grade inflammation, which predisposes to the accelerated deterioration of CSVD. Consequently, the bulk of research is centered on anti-inflammatory therapeutic strategies aimed at forestalling the induction and exacerbation of CSVD by overly exuberant neuroinflammatory activity (16). Reports on scenarios involving pathogen invasion are relatively scarce; however, it has come to our attention that there are accounts suggesting a communication and coordination between the nervous system and the immune system during the processes of pathogen invasion, inflammatory states, and immune dysregulation (17). This manuscript chiefly summarizes the influence of inflammation induced by multiple pathogen infections on cerebral small vessel disease (Figure 2, Table 1). This study aims to advance the research on the pathogenic mechanisms of CSVD in the context of infection and to offer novel insights for the prevention and treatment of cerebral small vessel disease.




Figure 2 | Potential impact mechanisms of pathogen infection on CSVD. Figure created with BioRender.com.




Table 1 | Possible mechanisms of the effects of a variety of pathogens on CSVD.






2 SARS-CoV-2 and CSVD

By the end of 2019, the appearance of a novel coronavirus named SARS-CoV-2 led to the outbreak of a rare form of viral pneumonia also termed COVID-19 (56). Coronaviruses belong to the family Coronaviridae within the order Nidovirales. Named for the crown-like spikes on their surface, coronaviruses measure 65–125 nanometers in diameter and possess a single-stranded RNA as their nucleic material (57). The virus exhibits a high degree of transmissibility, predominantly spreading through respiratory droplets and other modes, and has disseminated across the globe at an unprecedented rate (58). The initial symptoms observed in patients with COVID-19 encompass cough, mild fever, shortness of breath, nausea, and diarrhea, among others. Critically ill patients may experience severe complications such as pulmonary embolism, stroke, and myocardial infarction, which can involve multiple organ systems (59). In the realm of the nervous system, the most commonly encountered manifestations include alterations in taste and smell, headache, changes in level of consciousness, cognitive impairment, and neuropsychiatric symptoms. Less frequent presentations encompass transverse myelitis, seizure activity, rhabdomyolysis, cranial nerve palsies, and Guillain-Barré syndrome (60). Coronavirus genomic architecture enables novel mutations via cross-species recombination in diverse hosts, leading to sustained human health impacts, particularly severe neurological consequences that demand urgent attention (61). Elderly COVID-19 patients exhibit elevated risks of cerebrovascular complications and cognitive decline, potentially progressing to cerebral small vessel disease (CSVD). Despite unresolved etiology, systemic SARS-CoV-2 effects, inflammatory thrombosis, and elevated ROS levels collectively drive vascular dysfunction through synergistic pathogenic mechanisms. Moreover, the small vessel lesions in patients infected with COVID-19 are commonly observed in the subcortical white matter, corpus callosum, periventricular white matter, and subcortical regions. The pathological manifestations of this CSVD differ from those caused by other known etiologies, such as acute respiratory distress syndrome (ARDS) and hypertension, leading to a reasonable hypothesis that SARS-CoV-2 may induce CSVD through unique pathological mechanisms (62) (Figure 2). There is emerging evidence from certain research outcomes that may substantiate the phenomenon of SARS-CoV-2 gaining entry into the brain, including the virus’ potential to be internalized via endocytosis at neuronal terminals for retrograde transport, to cross the blood-brain barrier to infiltrate the brain, and to penetrate the brain through the infiltration of infected immune cells (63). These potential implications for cerebrovascular function warrant attention. Consequently, investigating the long-term neurological sequelae of COVID-19 and delineating the interplay between inflammation, endothelial injury, and cerebral small vessel disease is of paramount importance. As shown in Figure 3.




Figure 3 | Potential mechanisms of SARS-Cov-2 impact on CSVD. Figure created with BioRender.com.





2.1 COVID-19 may affect CSVD through angiotensin-converting enzyme 2 and spike protein

The spike glycoprotein S of SARS-CoV-2 exhibits the capability to interact with the angiotensin-converting enzyme 2 of the host, thereby mediating the amalgamation of the viral envelope with the cellular membrane of the target cell. This interaction ultimately leads to the discharge of viral RNA into the cytoplasm of the host cell, subsequently triggering a cascade of detrimental impacts on the human physiological system (64). Low levels of ACE2 expression have been detected within cerebral endothelial cells, the choroid plexus, and the ventral posterior nucleus of the thalamus (18, 19). Additionally, the presence of SARS-CoV-2 has been detected in cerebrospinal fluid via gene sequencing, indicating a potential for direct invasion and infection of the nervous system through the ACE2 receptor. Furthermore, it suggests that the virus may transform into a persistent infection within the nervous system, possibly mediated by the combined effects of immune mechanisms (20). The SARS-CoV-2 virus, by virtue of its spike protein binding to the ACE2 receptor on endothelial cells, can precipitate endothelial dysfunction, dysregulation of coagulation homeostasis, and the formation of microvascular immunothrombosis. This process may also be accompanied by complement activation, increased endothelial barrier permeability, and compromised vasodilatory capacity (21, 22). Given that ACE2 is expressed within the cerebral vasculature, the binding of the virus to this receptor may activate RhoA, a key molecule regulating the cytoskeleton and tight junctions of endothelial cells, potentially leading to the disruption of the blood-brain barrier (23). This constellation of phenomena may underpin the pathogenesis of COVID-19-induced cerebral small vessel disease.

Upon the binding of the coronavirus spike protein to ACE2, the protein is enzymatically dissected by proteases within the host cell into two distinct subunits, S1 and S2. The S1 subunit is posited as a pivotal causative agent in the induction of endothelial dysfunction, with the potential for the cleaved S1 segment to permeate the blood-brain barrier (24). In vitro experiments show that the spike protein disrupts blood-brain barrier integrity, triggering endothelial pro-inflammatory responses and upregulating matrix metalloproteinases. This disruption reduces junctional proteins and increases brain microvascular permeability. Intravenous S1 protein injection in mice causes S1 accumulation in brain endothelial cells, correlating with endothelial injury and elevated C5b-9 levels. (25). The spike protein has the capacity to be transported in the bloodstream, cross the blood-brain barrier, and ultimately enter endothelial cells via endocytosis. The spike protein can bind to a serine protease known as Furin and accumulate in the Golgi apparatus. Furin is implicated in the metabolism of the SARS-CoV-2 spike protein and is highly expressed in vascular endothelial cells, where it can regulate endothelial permeability. The intimate association and interaction between the spike protein and Furin may be related to the pathogenesis of microvascular diseases associated with COVID-19 (26). COVID-19-induced brain dysfunction correlates with TLR4 signaling in microglia driven by spike proteins. TLR4 activation elevates plasma NFL levels via spike proteins, driving delayed neuroinflammation and cognitive dysfunction. These findings mirror cerebral small vessel disease pathology and clinical features (27). Although it is currently not fully clear whether CSVD can be linked to the COVID-19 spike protein, Furin protease, and other factors, future research may focus on patients with prolonged COVID-19 infection who exhibit cognitive impairment or other neurological symptoms. Efforts should be made to investigate the potential connections through further basic experiments, clinical symptom assessments, and imaging studies.




2.2 SARS-CoV-2 influences CSVD by enhancing the secretion of inflammatory factors

Infection with SARS-CoV-2 can lead to the upregulation of certain pro-inflammatory cytokines and chemokines, potentially resulting in the onset of cytokine release syndrome (CRS). CRS is characterized by excessive activation of immune cells and elevated levels of circulating cytokines, representing a systemic inflammatory state that may exacerbate disease severity and pose a life-threatening risk (65). It has been reported that inflammatory biomarkers such as interleukin-6 (IL-6) and C-reactive protein (CRP) are closely associated with the severity of the novel coronavirus infection (66–70). These biomarkers are also intricately linked to the pathogenesis of cerebral small vessel disease, and in comparison to individual biomarkers, the combined assessment of multiple biomarkers associated with CSVD may offer a more comprehensive explanation of the underlying pathological processes (71, 72). SARS-CoV-2 infection may cause long COVID (LC), a prolonged condition marked by pathological persistence beyond 12 weeks post-acute infection. LC involves sustained dysfunction across respiratory, neurological, cardiovascular, metabolic, and psychosocial systems. Elevated IL-6, D-dimer, PAI-1, and sCD40L levels confirm chronic inflammation and active immunothrombosis in LC patients. These abnormalities drive endothelial dysfunction and coagulation dysregulation. (28, 73), the prolonged persistence of such aberrant states may predispose to the development of cerebral small vessel disease.

Upon reviewing the literature, we postulate that tumor necrosis factor (TNF) and its receptors, CD40L/CD40, along with the cell surface receptor sTREM-2, are implicated in COVID-19-induced CSVD. Firstly, CD40, a member of the TNF receptor superfamily (TNFRSF), and CD40L, a member of the TNF superfamily (TNFSF), both participate in a multitude of immunological reactions within the body. CD40 is predominantly constitutively expressed in B cells and myeloid cells, whereas CD40L is primarily derived from T cells and activated platelets (74). Soluble CD40L within platelets mediates thrombogenesis and inflammatory responses, and its levels are closely associated with an increased risk of inflammation and cardiovascular diseases related to viral infections (29). Platelet-derived sCD40L promotes CD40-positive cell activation and thrombogenesis by stabilizing integrin αIIbβ3 in COVID-19. Compared to healthy controls, COVID-19 patients show elevated sCD40L levels, which decline over time as a potential biomarker for inflammatory monitoring (75, 76). CD40 also plays a pivotal role within the central nervous system, where it is expressed in astrocytes, microglia, and vascular endothelial cells. CD40 on microglia can interact with CD40L on infiltrating T lymphocytes or other cells within the CNS, triggering intracellular signaling events and culminating in the production of a plethora of cytokines and neurotoxins (77). The level of circulating sCD40L reflects the activation status of the CD40-CD40L complex. Platelet-expressed CD40L serves as a pivotal inflammatory mediator, triggering the activation of astrocytes and microglia, a process that is intricately linked to the activation of mitogen-activated protein kinases (MAPKs), degradation of IκB-α, and the NFκB-mediated inflammatory signaling cascade. The resultant indices of glial activation may ultimately precipitate platelet aggregation, neuroinflammatory responses, and neuronal damage (78). Elevated levels of soluble CD40L are observed in the plasma of patients with inflammatory demyelinating diseases, and sCD40L has also been implicated in the disruption of the blood-brain barrier (79–81). Moreover, existing evidence suggests that the concentration of sCD40L is independently associated with an increased risk of radiological progression in cerebral small vessel disease (82). The aforementioned mechanisms of abnormal platelet deposition, neuroinflammation, and disruption of the blood-brain barrier may be one of the reasons by which SARS-CoV-2 affects CSVD through the CD40 and CD40L.

sTREM-2, a cell surface receptor and a member of the Triggering Receptors Expressed on Myeloid cells (TREM) family, is associated with the induction of type 2 immune responses following viral infections. There is evidence to suggest that the plasma concentration of sTREM-2 may be a potential independent predictor of severe disease in COVID-19 patients, which could play a crucial role in distinguishing the severity of the disease (83). TREM-2, a receptor with the capacity to discern pathogen-associated molecular patterns, has been found to engage with the M protein of SARS-CoV-2 via its extracellular immunoglobulin (Ig) domain. This interaction triggers a signaling cascade, culminating in the activation of T cells and the subsequent augmentation of pro-inflammatory cytokine production by T helper 1 (TH1) cells, including interferon-β and tumor necrosis factor. The resultant cytokine release intensifies the inflammatory response and contributes to tissue injury (30). Within the brain, the immune receptor TREM2 can be expressed in microglia. TREM2 regulates microglial proliferation and survival by activating the Wnt/β-catenin signaling pathway. Additionally, TREM2 can also activate the Akt/β-catenin pathway to promote microglial proliferation and survival following injury (84). The levels of sTREM2 in peripheral blood and cerebrospinal fluid (CSF) are closely correlated (85), an elevation in the levels of soluble TREM2 within the cerebrospinal fluid has been observed to positively correlate with the progression of CSVD, particularly in conjunction with the imaging biomarker of cerebral microbleeds. Plasma levels of soluble TREM2 have been implicated as a predictive biomarker for white matter injury associated with small vessel pathologies. The therapeutic targeting of sTREM2, particularly in the CSF, may hold significant clinical implications for the management of CSVD (86). It is, however, imperative that the relationship between cerebral small vessel disease and the aforementioned biomarkers be substantiated through more comprehensive research, especially in the context of prolonged COVID-19 infection, the concurrent validation of the effectiveness of intervention strategies and the determination of the optimal timing for such interventions are also critical issues that require resolution.




2.3 The oxidative stress elicited by COVID-19 infection may serve as a contributing factor to the development or progression of CSVD

In patients with COVID-19, in addition to the observed impacts of the aforementioned inflammatory responses, there is also an enhancement of oxidative stress. Long COVID patients exhibit elevated oxidative damage driven by reactive oxygen species (ROS), while oxidative stress pathways drive endothelial dysfunction and amplify inflammatory responses. (31, 87). NADPH oxidase enzymes, denoted as NOX, are the producers of reactive oxygen species, it has been documented that knocking down Nox1, a member of the NADPH oxidase family known for generating reactive oxygen species, in rats can reduce ROS production and subsequently improve cognitive impairment. Moreover, Nox2, another member of this family, has been implicated in the induction of blood-brain barrier disruption and vasomotor dysfunction under ischemic conditions (88–90). In the context of focal cerebral ischemia, mice with a deficiency in Nox4, yet another isoform of the NADPH oxidase family, exhibit reduced brain injury, underscoring the pivotal role of NOX4-derived oxidative stress in the pathophysiology of acute ischemic stroke (91). Oxidative stress has been implicated in the etiology of cerebral small vessel disease, encompassing both non-amyloidogenic and amyloidogenic subtypes, and is posited to contribute to vascular damage and cognitive dysfunction (92). Consequently, oxidative stress may also be considered a contributing factor to COVID-19-induced CSVD.




2.4 SARS-CoV-2 may exert its impact on CSVD by cleaving the nuclear factor (NF)-κB essential modulator (NEMO) through the action of its 3C-like protease

The NF-κB essential modulator is a human immunological signaling protein that, under physiological conditions, activates NF-κB within the canonical NF-κB response signaling pathway, which is a pivotal immune response against viral infections. NEMO can be cleaved by the non-structural protein 3C-like protease encoded by SARS-CoV-2, leading to the inhibition of host immune responses and contributing to the severe consequences of COVID-19 infection. The cleavage of NEMO by 3CLpro results in the disruption of the NF-κB pathway, a hallmark of chronic inflammatory diseases, suggesting that COVID-19 infection may have long-lasting effects on the human body (32, 93). Jan Wenzel and colleagues, through a series of rigorous experiments, ultimately found that the toxic effects of 3CLpro are mediated by its protease activity and the cleavage of NEMO, with capillaries being particularly vulnerable to the impact of NEMO deficiency. Furthermore, the authors observed that the absence of RIPK3 or the inhibition of RIPK1 can prevent NEMO ablation, thereby contributing to the amelioration of microvascular pathology (33). A study focusing on the genetic disorder incontinentia pigmenti (IP), which shares features with CSVD, similarly implicates NEMO as a critical component of the NF-κB signaling pathway. When NEMO is mutated and rendered inactive, IP can be induced. NEMO is indispensable for angiogenesis; mice subjected to continuous NEMO ablation to disrupt angiogenesis exhibit severe functional deficits. Compared to endothelial cells with NEMO deficiency, those with normal NEMO function exhibit higher proliferation rates. In this CSVD model, NEMO-associated angiogenesis can counteract functional deficits and improve the condition (94). The mechanisms by which COVID-19 infection leads to cerebral microvascular pathology may be related to CSVD, and therefore, reducing NEMO inactivation may confer benefits to COVID-19-infected patients by mitigating neurological complications.




2.5 SARS-CoV-2 exerts its influence on CSVD by compromising neurovascular coupling

The intricate developmental, structural, and functional interplay between brain cells and the microvascular system, as well as their coordinated response to injury, is realized through the neurovascular unit (NVU) (95). The induction and maintenance of the blood-brain barrier are also closely intertwined with the NVU, with astrocytes and pericytes being key constituents that significantly impact the BBB’s normal function (96). Among the various aspects of the NVU, neurovascular coupling has been a subject of extensive research. NVC refers to the coupling between neuronal activity and the vascular system, which is orchestrated by a series of highly coordinated multicellular interactions. NVC plays a crucial role in regulating cerebral blood flow (CBF) and neuronal activity, and it also influences cognitive dysfunction (97). There is a highly consistent association between CSVD and impaired NVC, particularly in relation to white matter hyperintensities, where endothelial dysfunction plays a central role in CSVD. NVC holds promise as a clinical method for assessing disease progression and treatment response in CSVD (98). Existing evidence suggests that SARS-CoV-2 infection can induce NVC damage, leading to persistent cognitive impairment in patients. The post-infection increase in reactive oxygen species generation mediated by AT1R and AngII-induced ROS production in brain microvascular endothelium activates transcription factors (e.g., nuclear factor κB), thereby increasing the synthesis of pro-inflammatory mediators and adhesion molecules. This interplay between oxidative stress and inflammation disrupts NVC and leads to endothelial dysfunction (34). SARS-CoV-2 may potentially cause endothelial dysfunction and long-term cognitive dysfunction by disrupting NVC. Given that cognitive impairment is a prominent symptom in CSVD, it is plausible that COVID-19 may contribute to the development and progression of cerebral small vessel disease by damaging NVC.




2.6 SARS-CoV-2 impacts CSVD by means of circulating microparticles

Microparticles, cell-derived vesicles measuring between 0.1 and 1 μm in diameter, have garnered increasing recognition in the scientific community. These MPs originate from the plasma membranes of endothelial cells, platelets, leukocytes, and erythrocytes, with their formation being modulated by intracellular calcium signaling pathways, αIIβ3 integrin, and the turnover of the cytoskeleton (99). MPs are facilely transported within the vascular system, capable of conveying pro-inflammatory signals to adjacent or target cells, thereby functioning as robust carriers of biomolecular information and as pivotal mediators of intercellular communication (100, 101). Extensive research has demonstrated that elevated levels of MPs can be observed in patients suffering from acute coronary syndrome, stroke, diabetes, pulmonary and systemic hypertension, as well as hypertriglyceridemia (102), with diabetes and hyperlipidemia being potential risk factors for cerebral small vessel disease. In patients with CSVD, it has been noted that individuals with white matter hyperintensities (WMH) exhibit a marked increase in platelet-derived MPs (PDMPs), leukocyte-derived MPs (LMPs), and total MP count. Elevated MP levels in symptomatic patients may signify underlying microvascular occlusion, suggesting that circulating MPs could serve as a novel surrogate marker for white matter integrity in CVSD (103). COVID-19 infection promotes microvesicle (MP) formation, which enhances coagulation, thrombosis, and inflammation through multiple mechanisms. These MPs may drive CSVD progression with prolonged effects persisting post-pandemic, leading to occult CSVD. During the cytokine release syndrome (CRS) phase of SARS-CoV-2 infection, membrane remodeling exposes procoagulant phosphatidylserine (PS), while TNF-α may also induce ACE2-bearing microvesicle release from microvascular endothelial cells. MPs shed through these pathways may cause capillary endothelial dysfunction and microcirculatory disruption, with ACE2-carrying MPs potentially forming lung-to-brain emboli that deposit in cerebral tissues. Furthermore, MPs elevate pro-inflammatory cytokine levels (IL-1, IL-6, IL-8, and TNF-α). (Che Mohd 103–105). A potential vicious cycle between these processes provides a plausible hypothesis for SARS-CoV-2-induced CSVD.





3 The Human Immunodeficiency Virus

Human Immunodeficiency Virus type 1 (HIV-1) is an enveloped retrovirus characterized by a conical core encapsulating the viral genome, which acquires a lipid membrane through its aggregation at the plasma membrane of the infected cell (106). The structural polyprotein Gag, primarily responsible for viral assembly, is composed of four structural domains (matrix (MA), capsid (CA), nucleocapsid (NC), and p6), as well as two short spacer peptides, SP1 and SP2 (107). The replication process of HIV-1 is highly complex, encompassing early stages such as viral binding to cell surface receptors, entry into the cell, reverse transcription of viral RNA to DNA, nuclear import, and integration of viral DNA. The late phase of replication involves the translation of viral RNA to produce Gag polyprotein precursors, GagPol polyprotein precursors, envelope glycoproteins (Env glycoproteins), and regulatory and accessory viral proteins, culminating in the complete process from gene expression to the release and maturation of new viral particles (108). HIV targets cells expressing the CD4 receptor and the chemokine receptors CCR5 and CXCR4, thereby leading to systemic T cell destruction and immunodeficiency through the aforementioned cellular invasion process. Additionally, HIV infection via monocytes can inflict damage on the gut, lungs, and brain, contributing to chronic cardiovascular, hepatic, pulmonary, and central nervous system diseases through its effects on immunity and the endothelium (109). The HIV pandemic persists as a predominant global public health issue, distinguished by its genetic diversity. The distribution of HIV-1 subtypes and recombinants is dynamically evolving across various countries and regions (110). Despite the widespread adoption of antiretroviral therapy, which has partially reduced the risk of mortality and new infections, ongoing vigilance is required to address the adverse impacts of HIV and to refine its prevention and control strategies.



3.1 HIV-associated neurocognitive disorders and CSVD

HIV-associated neurocognitive disorders are particularly pronounced among HIV-related comorbidities, adversely affecting patients’ quality of life. Cerebral small vessel disease is a significant cause of cognitive impairment, leading us to speculate that CSVD may be an important factor contributing to HAND. HIV infection is associated with increased white matter hyperintensity burden, as HIV-positive individuals exhibit higher WMH levels than controls (111). Among HIV-positive patients with microalbuminuria, those who received combined antiretroviral therapy (cART) demonstrate impaired information processing speed, which may correlate with cerebrovascular small vessel disease. Microalbuminuria, as a rapid and inexpensive screening method, may become a model for assessing cognitive function in resource-limited countries (112). The emergence of these CSVD-related clinical symptoms and imaging changes in HIV patients highlights the importance of exploring the mechanisms by which HIV infection causes CSVD.




3.2 The potential mechanisms of combined antiretroviral therapy leading to CSVD

Despite the continuous advancement of combined antiretroviral therapy, a significant proportion of chronically HIV-infected individuals—ranging from 18% to 50%—still develop HIV-associated neurocognitive disorders (113). Among middle-aged individuals, even with sustained immunovirological control, the prevalence of asymptomatic cerebral small vessel disease in infected individuals is found to be twice that of their uninfected counterparts (114). Certain components of highly active antiretroviral therapy (HAART) based on protease inhibitors (PIs) may exert toxic effects on the cerebral microvascular endothelial and smooth muscle cells, leading to vascular wall degeneration. Additionally, these medications may indirectly increase the risk of CSVD and exacerbate cognitive impairment by inducing metabolic abnormalities such as dyslipidemia and insulin resistance (36). However, it remains unclear whether HIV and its associated treatments invariably induce neurocognitive dysfunction. Some studies have found no adverse effects of antiretroviral therapy class exposure on CSVD in treated middle-aged HIV-infected individuals, suggesting that HIV infection and CSVD may be independent processes that cumulatively contribute to cognitive impairment (115, 116).




3.3 HIV is likely to affect CSVD through the mechanism involving neopterin

Neopterin, a pyrazine-pyrimidine compound produced by cells of the monocyte-macrophage lineage and astrocytes, functions in response to interferon-γ stimulation and may serve as a biomarker for HIV-associated central nervous system damage (37, 117). Neopterin is closely associated with monocytes, the activation of which has been linked to cognitive decline in HIV+ individuals (118), and it is plausible that these monocytes may migrate into the brain and exert influence. Furthermore, neopterin can activate nuclear factor-κB, enhancing the expression of adhesion molecules (119). Endothelial activation drives blood-brain barrier (BBB) disruption and neuroinflammation, contributing to small vessel damage in CSVD. Neopterin levels are elevated in CSVD patients compared to non-CSVD individuals (120), suggesting its potential as a biomarker for HIV-associated CSVD.




3.4 CD163 may serve as an explanatory factor for the impact of HIV on CSVD

The scavenger receptor CD163, expressed by monocytes and macrophages, upon shedding, transforms into its soluble form, sCD163 (121). sCD163 serves as a biomarker of HIV activity, linking viral replication to monocyte and macrophage activation. (38). CD163 may also play a role in the pathomechanisms of cerebral small vessel disease. Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a subtype of CSVD, has been investigated through comparative analysis of the inflammatory and immune responses in CADASIL patients versus controls, revealing a pronounced accumulation of microglia/macrophages around microvessels.CD163-positive cells were associated with a specific perivascular inflammatory cell response (122). In early hypertension, detailed analysis of cellular subpopulations identified a subpopulation of microglia expressing CD163, with altered microglial function implicated in blood-brain barrier leakage and responsiveness to vascular dysfunction, factors that may collectively contribute to the progression of CSVD (123).




3.5 HIV might influence CSVD through the mediation of high-mobility group box 1

High-mobility group box-1 protein, a nuclear factor and secreted protein, is implicated in the maintenance of the nucleosome structure as well as in DNA replication, transcription, and recombination (124, 125). HMGB1 can be actively secreted during stress and passively released by damaged or necrotic cells, engaging in the production of pro-inflammatory cytokines (126). High HMGB1 levels in plasma correlate with viral loads in HIV-1 infection, suggesting that HMGB1-containing immune complexes may participate in the pathogenesis of HIV-1 (39). Concurrently, HMGB1 emerges as a risk factor for cognitive impairment in patients with CSVD, as increased levels of HMGB1 promote the activation of microglia, leading to a sustained inflammatory response that disrupts the neurovascular unit and the blood-brain barrier, resulting in neurodegenerative necrosis and ultimately cognitive impairment and cerebral microbleeds (127). This may account for the cognitive decline observed in HIV patients and those afflicted with CSVD.





4 Hepatitis C virus

The Hepatitis C virus, a member of the Hepacivirus genus within the Flaviviridae family, is characterized as a small, enveloped, single-stranded RNA virus (128). The HCV genome comprises a positive-sense single-stranded RNA of approximately 9.6 kilobases, housing an open reading frame that encodes a polyprotein precursor consisting of about 3000 amino acid residues, flanked by 5’ and 3’ non-translated regions (NTRs) (129). The polyprotein encoded by the viral genome is proteolytically cleaved by both cellular and virus-encoded proteases to generate at least ten distinct mature viral proteins, including structural and non-structural proteins that are critical for the normal functioning of HCV (128). The HCV virion is encapsulated within an icosahedral capsid, and the virus lifecycle is initiated subsequent to attachment to specific receptors (130). The viral RNA, upon its entry into the cytoplasm, undergoes translation through an internal ribosome entry site (IRES) located within the untranslated regions. This process of RNA translation occurs on the rough endoplasmic reticulum (ER), subsequent to which the nascent viral particles undergo processing and are then expelled into the extracellular milieu via exocytosis (131), thereby initiating the adverse effects on the human body. HCV is primarily transmitted through parenteral routes, with the illicit use of injectable drugs and high-risk sexual practices significantly facilitating viral dissemination. HCV exhibits a prolonged incubation period, with acute infection typically being asymptomatic; chronic HCV infection can progress from chronic hepatitis to more severe conditions such as liver cirrhosis and hepatocellular carcinoma (132).



4.1 HCV and cerebral small vessel disease

Hepatitis C virus infection can manifest a variety of extrahepatic manifestations, which diminish the quality of life of patients and augment their economic and health burdens (133–135). HCV infection may precipitate acute and subacute involvement of white matter, elicit inflammatory diseases of the central nervous system, and present with cognitive impairment, alterations in consciousness, as well as sensory and motor dysfunction (136). By virtue of viral localization within the lesions of HCV seropositive patients’ plaques, it has been observed that HCV infection factors might penetrate target cells through LDL receptors or scavenger receptor B1, thereby enhancing lipoprotein oxidation. The local effects of this process are believed to play a role in the pathogenesis of carotid atherosclerosis (137), potentially influencing cerebrovascular function as a consequence. Chronic hepatitis C virus infection correlates with cerebrovascular lesion development, supported by evidence that elevated serum HCV RNA levels associate with increased cerebrovascular mortality risk (138). However, the literature on the relationship between HCV and cerebral small vessel disease is limited, prompting us to investigate this association. Both HCV and HIV infections can present with mild neurocognitive impairment, exhibiting similar patterns of injury. While these diseases may share a common pathogenic mechanism, co-infected HIV and HCV patients exhibit poorer cognitive function than those with HIV alone. (139). As a common comorbidity of HIV, HCV infection not only results in more severe cognitive impairment but also manifests with higher HIV RNA levels and increased levels of MCP-1, an inflammatory chemokine, in cerebrospinal fluid (140). In light of the presence of cognitive impairment and inflammation, we postulate that HCV may induce the occurrence and progression of CSVD through a unique mechanism.




4.2 Possible mechanisms by which HCV affects CSVD

Cultured HCV infects brain microvascular endothelial cells (BMECs), which express HCV entry-required factors and mediate viral entry and replication. This infection increases endothelial permeability, induces apoptosis in BMECs, and damages the blood-brain barrier. (40, 41). These phenomena are linked to cerebral small vessel disease. A tissue-based study of brain small artery disease identifies HCV as an independent CSVD risk factor. HCV-induced small artery injury may arise from lipid/glucose metabolic disorders, elevated inflammatory burden, and endothelial dysfunction. (141). Moreover, HCV may increase the levels of CXCL10 released by HBMECs through the phosphorylation of NF-κB. The receptor for CXCL10 is CXCR3, which ultimately leads to the recruitment of CXCR3-positive leukocytes to the damaged central nervous system, thereby affecting it. Consequently, inhibiting lymphocyte migration might mitigate the harm caused by neuroinflammatory diseases, potentially intervening in the development of CSVD (42).





5 Zika virus

Zika virus is a single-stranded positive-sense RNA virus that belongs to the genus Flavivirus within the family Flaviviridae, characterized by enveloped icosahedral virions measuring 40 to 50 nanometers in diameter (142). The viral genome is flanked by non-coding regions, with an open reading frame (ORF) that encodes three structural proteins essential for the assembly of viral particles, as well as seven non-structural proteins that facilitate genome replication and packaging (143). Surface receptors on host cells, such as the AXL family of receptor tyrosine kinases and C-type lectins, are likely involved in the interaction with viral surface glycoproteins, initiating viral RNA replication and translation, and completing the assembly of viral particles in the endoplasmic reticulum (ER), ultimately leading to the release of virions from the host cell (144). Zika virus is primarily transmitted by mosquitoes or ticks, and can also be spread through urine, blood transfusions, mother-to-child transmission, as well as sexually. The infection caused by ZIKV has spread globally, hence it is imperative to recognize the potential threat posed by ZIKV to global public health (145). Upon the onset of the febrile phase in the course of ZIKV infection, viral RNA is detectable in serum specimens through reverse transcription polymerase chain reaction (RT-PCR) within the early post-infection period. ELISA tests for ZIKV-specific IgM and IgG have also contributed to the diagnostic process of the disease (146). Infected individuals may present with symptoms such as fever, rash, arthralgia and myalgia, conjunctivitis, and headache. Zika virus infection has also been associated with severe illnesses, including meningitis, encephalitis, and thrombocytopenia (147). Notably, there has been an increased incidence of Guillain-Barré syndrome (GBS) in adults associated with ZIKV infection, indicating a close correlation between ZIKV and central nervous system diseases (148, 149).



5.1 Zika virus and CSVD

Following the acute phase of ZIKV infection, the virus can persist, indicating that it may have established an equilibrium for cell survival and viral replication within cellular reservoirs, while also exhibiting the capacity to evade both innate and adaptive immune responses. Human brain microvascular endothelial cells (hBMECs) act as reservoirs for ZIKV, enabling basolateral release into neurons and causing chronic neurological damage. Prolonged persistence in hBMECs promotes cerebrovascular small vessel disease (150).




5.2 Possible mechanisms of CSVD induced by Zika virus

ZIKV infection of endothelial cells, pericytes, and astrocytes in the blood-brain barrier may contribute to CSVD pathogenesis by disrupting BBB integrity. Additionally, ZIKV is capable of upregulating the levels of inflammatory cytokines (IL-6 and IL-8), chemokines (CCL5 and CXCL10), and cell adhesion molecules (CAMs), ultimately resulting in immune cell infiltration and neuroinflammation within the central nervous system (151). ZIKV can also infect monocytes in the circulation, enhancing their adhesive and migratory capabilities, and thereby facilitating their recruitment to the CNS (43). Furthermore, the non-structural protein NS1 of ZIKV influences the adherens junction proteins crucial to the endothelial barrier of human brain microvascular endothelial cells through the hsa-miR-29b-3p/DNMT3b/MMP-9 pathway, thereby compromising the barrier function of human cerebral vascular endothelial cells (44). These alterations may also be manifest in the pathological changes of CSVD, including the disruption of the BBB, the upregulation of inflammatory mediators, and the infiltration of inflammatory cells.




5.3 The Zika virus could potentially influence CSVD via sodium-dependent lysophosphatidylcholine symporter 1

The sodium-dependent lysophosphatidylcholine symporter, known as Mfsd2a, serves as a membrane transport protein and is primarily expressed in the endothelial cells of the blood-brain barrier (152). In experimental research, Jia Zhou and colleagues demonstrated that ZIKV glycoprotein E interacts with Mfsd2a to promote its ubiquitination, causing BBB disruption and establishing a mechanistic link between Mfsd2a and ZIKV-induced neurovascular abnormalities (45). Current reports suggest a decline in cognitive function during the acute phase of ZIKV infection (153, 154). Despite the lack of long-term, large-scale follow-up studies on cognitive outcomes post-infection and direct evidence linking ZIKV to cerebrovascular small vessel disease, the prolonged replication of ZIKV could potentially impair BBB integrity through the ubiquitination of Mfsd2a, resulting in cognitive decline and the induction of CSVD.





6 Syphilis

Syphilis is an infection caused by Treponema pallidum subspecies pallidum, which can be transmitted through sexual contact or during pregnancy to the fetus, leading to congenital syphilis (155). The complete genome sequence of Treponema pallidum (TPA) reveals a circular chromosome comprising approximately 1,138,006 base pairs. The low protein content in the outer membrane of TPA may be a key factor in its immune evasion strategy (156). TPA is an obligate human pathogen. The clinical course of human infection with TPA is divided into early syphilis, which includes primary, secondary, and early latent syphilis, and late syphilis, encompassing late latent syphilis and tertiary syphilis (157). Primary syphilis is characterized by the appearance of chancres at the site of infection, secondary syphilis may present with skin and mucosal lesions, rashes, and lymphadenopathy; latent syphilis is not transmissible sexually, and tertiary syphilis includes gummatous syphilis, late cardiovascular syphilis, and late neurosyphilis (158).



6.1 Syphilis and CSVD

Patients with early neurosyphilis may exhibit symptoms such as altered mental status, cranial nerve involvement, motor and sensory deficits, meningitis, or stroke. The clinical manifestations of late neurosyphilis may include progressive cognitive dysfunction, sensory deficits, gait abnormalities, and severe radicular pain (159). In addition to these symptoms, syphilis infection may also increase the risk of ischemic stroke in patients, although the exact mechanism remains elusive. Vascular inflammation leading to stenosis or occlusion of blood vessels is a convincing explanation; a retrospective study revealed that among patients with ischemic stroke, those with positive syphilis serology frequently had intracranial arterial stenosis. Poorly controlled syphilis infection may be closely associated with intracranial arterial stenosis (160), suggesting that syphilis infection may have potential mechanisms that affect the intracranial vasculature. A study conducted a follow-up on neurosyphilis patients diagnosed with acute ischemic stroke and ultimately found that, compared to patients without syphilis infection, those with neurosyphilis exhibited a closer relationship with the imaging manifestations of cerebral small vessel disease and lower cognitive function scores (161). Therefore, syphilis infection may be associated with CSVD through a variety of mechanisms.




6.2 The possible mechanisms through which syphilis induces CSVD

Firstly, cerebrospinal fluid analysis in syphilis patients may reveal lymphocytosis or elevated protein concentrations, suggesting the presence of neurological infiltration (162). Secondly, lipoprotein Tp0751, as one of the complex pathogenic proteins of Treponema pallidum, may affect cerebral vascular endothelial cells through the MAPK pathway and the NF-κB pathway, and Tp0751 can stimulate the production of IL-6 in cerebral vascular endothelial cells, thereby disrupting the tight junction proteins in the blood-brain barrier (46). The aforementioned disruption of the blood-brain barrier, neurological infiltration, and upregulation of inflammatory factors may also link syphilis to CSVD. Neurofilament light subunit (NF-L) and phosphorylated neurofilament heavy subunit (pNF-H) serve as biomarkers for assessing the extent of neuronal damage in neurodegenerative diseases. In patients with symptomatic neurosyphilis, elevated concentrations of NF-L and pNF-H in cerebrospinal fluid have been observed, and their levels significantly decreased following treatment (47). Elevated blood NfL levels correlate with CSVD severity and serve as a marker for disease burden. (163). Moreover, axonal pNfH is typically concentrated around small penetrating arteries, which corresponds to the location of CSVD arterial lesions, potentially representing the result of subcortical white matter axonal damage due to CSVD arterial pathology (164). Consequently, NF-L and pNF-H hold promise as biomarkers for assessing the burden of CSVD in patients with syphilis.





7 Gut microbiota

The gut, as the largest digestive organ in the human body, possesses a complex and diverse microbial community due to its unique structure that interfaces with the external environment (165). This community comprises bacteria, fungi, protozoa, archaea, and viruses, with an estimated 100 trillion bacteria populating the intestinal tract, including over 1500 species across approximately 50 genera. Bacteria dominate the gut microbiota, with more than 90% belonging to the phyla Bacteroidetes and Firmicutes (166). The gut microbiota exhibits individual variations influenced by geography, environment, diet, age, genetics, disease, and lifestyle (167). The intestinal microbiome confers a range of beneficial functions to the human body, playing a crucial role in shaping the gut immune system, enhancing the metabolic capabilities of the intestine, providing essential nutrients to the host, and inhibiting the colonization of exogenous pathogens (168). An imbalance in the gut microbiota composition can trigger modifications in physiological processes through multiple pathways. It may contribute to the onset of various diseases, with the gut microbiome playing a pivotal role in the progression of these illnesses (169). Beyond the digestive system, such dysbiosis may also impact the central nervous system, leading researchers to conceptualize the microbiota-gut-brain axis—a communicative bridge comprising the central nervous system, enteric nervous system (ENS), hypothalamic-pituitary-adrenal axis, gut, and microbiota (170). The interaction between the gut microbiota and the central nervous system occurs via several pathways, including the gut microbiota and their metabolites, the intestinal immune system, the ENS, and the neuroendocrine system (171). For instance, the gut microbiota can communicate directly with the central nervous system via the vagus nerve, regulate the expression of tight junction proteins to indirectly modulate the transport of certain molecules across the blood-brain barrier, and compounds such as gallic acid, trimethylamine-N-oxide (TMAO), and other microbial metabolites have been demonstrated to traverse the BBB, substantiating the intimate connection between the gut microbiota and the central nervous system (172).



7.1 Gut microbiota and CSVD

It is currently established that dysbiosis of the gut microbiota can elevate the risk of cerebrovascular diseases through diverse mechanisms (173). These include immune activation, lipid dysregulation, and platelet hyperactivity (mediated by TMAO, PAGln, and PAGly), which not only trigger atherosclerosis but also exacerbate cerebrovascular disease. (174). Furthermore, there is a correlation between the intricate composition of the gut microbiota and the observed decline in cognitive abilities among middle-aged and elderly individuals. Consequently, investigating the interplay between the gut microbiota and cerebral small vessel disease assumes significant clinical relevance.




7.2 Potential mechanisms by which the gut microbiota induces CSVD

In an animal study, it was observed that the gut microbiota might contribute to the transformation of inflammation from a localized intestinal condition to a systemic inflammatory response through the actions of bacterial toxins and the translocation of bacteria themselves, leading to invasion of the brain and disruption of the blood-brain barrier. The loss of BBB integrity is frequently detected in the early stages of cerebral small vessel disease (175). A study linking gut microbiota to CSVD patients reveals a significant correlation between Barnesiella intestinihominis and CSVD biomarkers. Differences in bacterial gene abundance associate with molecules including AMP/GMP-activated kinases, xanthine, tyrosine, phenylpyruvate, and dicarboxylic acid-hydroxybutyrates—compounds implicated in neurodegenerative diseases. Notably, AMP-activated kinases and hydroxybutyrates demonstrate neuroinflammatory suppressive effects, suggesting that gut microbiota-CSVD associations may be regulated via neuroinflammatory pathways (48). Parasutterella, a pivotal genus within the human gut microbiota, has been demonstrated to exhibit a significant correlation with cognitive assessments such as the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) in patients with cerebral small vessel disease. Additionally, the relative abundance of Parasutterella is associated with the amplitude of low-frequency fluctuation (ALFF) within the bilateral middle frontal gyrus, these findings suggest a potential contribution of Parasutterella to the etiology of cognitive dysfunction in CSVD. Moreover, the relative abundance of Parasutterella is positively associated with plasma levels of S100β, a peripheral marker of blood-brain barrier functionality, suggesting that Parasutterella may contribute to the degradation of BBB integrity in the context of CSVD. The study also reports a positive correlation between the levels of the gut bacterium Collinsella in CSVD patients and white matter hyperintensity scores, with an increase in Collinsella being linked to inflammatory activity and tumor necrosis factor-alpha (TNF-α) levels, which may participate in neuroinflammatory responses and reflect the severity of CSVD (49).



7.2.1 Gut microbiota and arteriosclerotic cerebral small vessel disease

Disruption of the gut microbiota is now widely acknowledged to be significantly associated with neuroinflammation and cognitive dysfunction (176). A study on arteriosclerotic cerebral small vessel disease (aCSVD) revealed that alterations in the gut microbiota can influence inflammatory responses. The aCSVD-associated gut microbiota, through RORγt signaling, activates neutrophils leading to upregulated IL-17A expression. During gut microbiota dysbiosis, the pro-inflammatory characteristics of neutrophils are enhanced, with increased expression of IL-17A, compromising the blood-brain barrier and facilitating further neutrophil infiltration into the brain. The pathological mechanism involves the gut microbiota-immune system-brain axis, which may play a crucial role in the progression of aCSVD (50).




7.2.2 Gut microbiota and cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a form of cerebral small vessel disease, although the presence of a genetic mutation is a prerequisite, the impact of environmental factors on its pathogenesis cannot be overlooked. CADASIL patients exhibit reduced levels of probiotics Eubacterium eligens and Roseburia faecis, which modulate local/systemic inflammation to influence disease progression. Gamma-aminobutyric acid (GABA), a critical inhibitory neurotransmitter essential for neural function maintenance and neuronal excitability suppression, is accompanied by elevated abundance of GABA-consuming bacteria (Megasphaera elsdenii, Eubacterium siraeum), which disrupt GABA-mediated inhibition and drive neurotransmitter imbalance. Moreover, the gut microbiota’s Candida albicans can activate the non-canonical caspase-8-dependent inflammasome in macrophages, thereby upregulating IL-1βand promoting neuroinflammation. These mechanisms may all be involved in the onset and development of CADASIL (51).






8 Oral microbiota

In the distinctive oral environment of the human body, over 700 species of microorganisms, including a wide array of bacteria, viruses, archaea, fungi, and protozoans, have established colonization. The oral microbiota acts as a mirror, reflecting the physiological status of the human body, and possesses unique value in predicting disease risk and therapeutic efficacy, particularly in instances of oral microbiota dysbiosis (177, 178). Various oral microorganisms are potential triggers of dental caries and periodontitis, and their prevalence is substantially regulated by host factors such as diet and inflammation (179). Oral bacteria can translocate to distal sites and may also induce bacteremia and systemic dissemination of oral bacteria through the disruption of the periodontal epithelial barrier, thereby facilitating the pathogenesis of diseases (180, 181). Although this type of bacteremia is typically transient, the pro-inflammatory and immunomodulatory effects exerted by the disseminated oral bacteria upon reaching distal organs, such as the brain, bone marrow, cardiovascular tissues, and liver, can be significant (182). Current research indicates a close association between certain oral microorganisms and the pathogenesis of multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease (PD) (183–185). Investigations into Parkinson’s disease have revealed that the Kgp II genotype of Porphyromonas gingivalis is correlated with the cognitive impairment observed in affected patients (186). Periodontal bacteria-induced pro-inflammatory cytokines may enter brain tissue via systemic circulation or peripheral nerves (e.g., trigeminal/glossopharyngeal), thus triggering CNS disorders (178).



8.1 Oral bacteria and CSVD

There is a close association between oral bacteria and periodontal disease, with current knowledge suggesting that periodontal disease may induce cerebral small vessel disease, and lacunar infarction may be related to periodontal disease. Moreover, the progression of periodontal disease often portends an increase in the number of lacunar infarctions (187). Despite adjusting for risk factors of lacunar stroke, chronic periodontitis remains independently associated with the presence of lacunar infarcts (188). Chronic periodontal disease is considered to potentially induce a chronic systemic inflammatory response and endothelial dysfunction (189). Chronic periodontitis leads to the production of a significant amount of circulating pro-inflammatory mediators (IL-1β, IL-6, TNFα), C-reactive protein (CRP), etc. (190–192). It is known that inflammatory factors such as IL-6, TNFα, and CRP are associated with an increased risk of cognitive decline in patients with cerebral small vessel disease (193). The amassing of a substantial quantity of inflammatory mediators could potentially offer a mechanistic nexus between periodontitis and cerebral small vessel disease, this prompted us to explore additional clues.




8.2 Possible mechanisms of Porphyromonas gingivalis inducing CSVD

Porphyromonas gingivalis, a member of the oral microbiota, directly infects human endothelial cells, activates p38 MAPK phosphorylation and NF-κB nuclear translocation, and enhances endothelial adhesion molecule expression, thereby inducing endothelial damage and inflammatory responses. (52). Furthermore, the bacterial-induced autoimmune response may also result in endothelial injury, as the interaction between oral bacterial antigens and endogenous molecular structures may elicit an autoimmune response; the immunological cross-reaction of antibodies and T cells between endogenous heat shock proteins and the molecular chaperone factor GroEL of Porphyromonas gingivalis may lead to endothelial dysfunction, ultimately triggering cerebral small vessel disease (53). In addition to endothelial damage, the abnormal aggregation of platelets is also of note, as the cysteine protease produced by Porphyromonas gingivalis can activate protease-activated receptors (PAR)-1 and -4 expressed on the platelet surface, ultimately causing abnormal platelet aggregation (54), which may affect the small vessels of the brain. Moreover, Porphyromonas gingivalis is present in atherosclerotic plaques, and systemic exposure to this bacterium may increase the risk of ischemic stroke (194). Intracranial atherosclerosis is also crucial for patients with CSVD (195).




8.3 The potential mechanism by which CNM-positive Streptococcus mutans induces CSVD

CNM is a collagen-binding protein located on the cell surface of Streptococcus mutans. The presence of CNM-positive S. mutans in the oral cavity is strongly linked to severe dental caries. Infection of carious teeth with S. mutans raises the risk of bacteremia and cerebral dissemination. Additionally, S. mutans adheres to tooth surfaces, and even routine activities like brushing or flossing may trigger bacteremia. Once in the bloodstream, CNM-positive S. mutans induces blood-brain barrier inflammation by binding to cerebral vascular basal membranes (BM), causing cerebrovascular damage (55). A population-based study revealed that individuals infected with collagen-binding protein-positive Streptococcus mutans exhibited a higher incidence of cerebral microbleeds, suggesting that CNM-positive Streptococcus mutans may elevate the risk of cerebral microbleeds and, consequently, demonstrate an association with cerebral small vessel disease (196). Following oral infection with Streptococcus mutans, the bacteria bind to exposed collagen layers due to the expressed collagen-binding protein and anionic cell surface conditions, activating matrix metalloproteinase (MMP-9) and inhibiting platelet aggregation at injured blood vessels induced by collagen, potentially leading to persistent bleeding, which may be a contributing factor to cerebral microbleeds in CSVD (197). Another study evaluated nine periodontal pathogens and identified Campylobacter rectus as being associated with cerebral microbleeds (198). In conclusion, certain oral microorganisms may be implicated in systemic inflammatory responses, disruption of vascular endothelial function, and platelet abnormalities, inducing the occurrence and progression of CSVD through a variety of mechanisms.





9 Treatment of cerebral small vessel disease caused by pathogen infection

Despite the limited clinical evidence for the treatment of cerebrovascular small vessel disease caused by pathogen infection, it is of paramount importance and should not be overlooked. The treatment of this condition necessitates targeted interventions based on its multifaceted pathophysiological mechanisms, as the slowly evolving nature of the disease often requires long-term and sustained therapeutic measures. Beyond the conventional treatments for large artery diseases and cardioembolism, such as antiplatelet therapy, blood pressure control, lipid-lowering agents, and anticoagulation, the treatment strategies for pathogen-induced CSVD can also revolve around several core principles. The treatment of infectious CSVD requires an individualized approach tailored to the specific circumstances of each patient. Firstly, identifying the specific pathogen is fundamental to formulating an effective treatment strategy. Secondly, evaluating the severity of neuroinflammation and the integrity of the blood-brain barrier are crucial for selecting appropriate treatment modalities. Furthermore, monitoring treatment responses, adverse effects, and timely adjustments to the treatment plan are essential.

Low levels of vitamin D are associated with inflammatory responses mediated by NF-kB signaling, potentially contributing to the pathogenesis of CSVD (199). Vitamin D modulates inflammatory mediators and immune function, protects against neuronal apoptosis, and is closely linked to the gut microbiome, thereby serving as a regulator of neuroinflammation. The application of nanotechnology enables vitamin D to maximize its potential in ameliorating neuroinflammation and protecting neurons (200). Type I interferon (IFN-I) molecules produced by cells in the CNS can prevent viral infections, and early supplementation of IFN-I may be beneficial. It can also modulate neuroinflammation and potentially serve as a new therapy for cognitive decline and long-haul COVID. However, it is important to note that IFN-I may be a double-edged sword, requiring careful timing of administration and further experiments to assess its safety and efficacy (201). As anti-inflammatory and antibacterial immunomodulators, itaconate and mesaconate can ameliorate brain inflammation induced by lipopolysaccharide (LPS), a common antigen on the surface of Gram-negative bacteria, by downregulating key pro-inflammatory cytokines and reversing synaptic plasticity impairment, representing a highly promising therapeutic strategy (202). Similarly, for LPS-induced neuroinflammation, the A1 adenosine receptor (A1AR) agonist N6-2-chloro-6-fluorobenzylamino)-2-pyrimidinyl)ethylamino) ethyladenosine (CHA) induces hypothermia by activating thermoregulatory circuits, thereby preventing blood-brain barrier disruption and mitigating the adverse effects of this neuroinflammation. his also suggests that hypothermia may have therapeutic potential for CNS infectious diseases (203). Delta-9-tetrahydrocannabinol can also reduce neuroinflammation and oxidative stress, and improve dysregulation of the microbiome-gut-brain axis (MGBA), potentially offering a novel therapeutic paradigm, particularly for HIV patients (204). For individuals infected with Zika virus, 1-methyl-D-tryptophan (1-MT) inhibitors may exert neuroprotective effects by blocking the Indoleamine-2,3-dioxygenase (IDO-1) enzyme, although they cannot completely prevent inflammation, they can reduce brain damage and cell death. Future studies could investigate whether 1-MT inhibitors can be combined with antiviral drugs for the treatment of ZIKV infection (205). In a rat model of Porphyromonas gingivalis infection, researchers observed that treatment with alantolactone suppressed neuroinflammation, ameliorated oxidative stress, and mitigated cognitive impairment. These findings suggest that alantolactone may represent a novel therapeutic strategy (206). Under conditions of blood-brain barrier (BBB) compromise, antioxidants and VEGF antibodies have been shown in experiments to enhance BBB function, while regulators of cGMP (such as dipyridamole) and cAMP (such as cilostazol and pentoxifylline) can improve BBB integrity. However, research on the efficacy of these interventions during active pathogen infection remains limited (207).

Although these treatment strategies are theoretically feasible, their clinical application still faces many challenges, including the lack of direct clinical evidence, large individual differences, and difficulties in evaluating treatment effects. Therefore, future research is needed to further clarify the specific association between pathogen infection and cerebral small vessel disease, understand its pathological mechanism, develop more effective diagnostic and treatment strategies, and conduct more clinical trials to verify the efficacy and safety of these treatment strategies. With the deeper understanding of infectious CSVD and the progress of treatment technology, we have reason to believe that the treatment of cerebral small vessel disease induced by pathogen infection will be more accurate and effective, which will bring better prognosis and quality of life for patients.




10 Conclusion

As global life expectancy continues to rise, the prevalence of cerebral small vessel disease in an aging population is pronounced, increasing the risk of dementia, stroke, or mortality, and imposing a significant societal burden. The urgency for further research into CSVD is evident; however, it would be remiss to consider CSVD merely as a miniature version of ischemic stroke. Its pathophysiology encompasses multitude mechanisms, including immunosenescence and genetics. Although the exact pathogenesis of CSVD remains unclear, inflammation has emerged as a focal point of research, with persistent inflammatory responses thought to potentially facilitate the onset and progression of CSVD. Infections, as a pivotal trigger of inflammation, are closely intertwined with human daily life. The chronic inflammatory response following infection, often subtle or asymptomatic, is easily overlooked, leading to an underestimation of its long-term impact on the human body. Consequently, investigating the role of infections in CSVD holds considerable potential and clinical significance. We have summarized the latest findings on infection-induced CSVD and proposed various potential pathological mechanisms by which different pathogens may lead to CSVD, with the aim of providing a basis for future disease prevention and treatment. The complex interplay between infection-induced inflammation and CSVD is not yet fully understood, necessitating further exploration to facilitate the development of effective therapeutic interventions for CSVD.
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