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Multifaceted role of nitric oxide in vascular dementia

Abstract  
Vascular dementia is a highly heterogeneous neurodegenerative disorder induced by a variety 
of factors. Currently, there are no definitive treatments for the cognitive dysfunction associated 
with vascular dementia. However, early detection and preventive measures have proven effective 
in reducing the risk of onset and improving patient prognosis. Nitric oxide plays an integral role 
in various physiological and pathological processes within the central nervous system. In recent 
years, nitric oxide has been implicated in the regulation of synaptic plasticity and has emerged 
as a crucial factor in the pathophysiology of vascular dementia. At different stages of vascular 
dementia, nitric oxide levels and bioavailability undergo dynamic alterations, with a marked 
reduction in the later stages, which significantly contributes to the cognitive deficits associated 
with the disease. This review provides a comprehensive review of the emerging role of nitric 
oxide in the physiological and pathological processes underlying vascular dementia, focusing on 
its effects on synaptic dysfunction, neuroinflammation, oxidative stress, and blood‒brain barrier 
integrity. Furthermore, we suggest that targeting the nitric oxide soluble guanylate cyclase-
cyclic guanosine monophosphate pathway through specific therapeutic strategies may offer a 
novel approach for treating vascular dementia, potentially improving both cognitive function and 
patient prognosis. The review contributes to a better understanding of the multifaceted role of 
nitric oxide in vascular dementia and to offering insights into future therapeutic interventions.
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Introduction
According to statistics from the World Health Organization for 2024, 
nearly 10 million individuals are diagnosed with dementia annually, 
with approximately 60% of these cases occurring in low- and middle-
income countries.1 The estimated global economic burden of 
dementia is approximately $818 billion per year, representing over 1% 
of the world’s gross domestic product.2 This total cost encompasses 
direct medical expenses, social care costs, and informal care 
expenses, which include the loss of income for caregivers.

Dementia is an umbrella term that encompasses various diseases. 
In addition to Alzheimer’s disease (AD), vascular dementia (VD) 
accounts for approximately 12% to 20% of dementia cases.3 In recent 
years, AD has garnered significant attention within the realm of 
international cerebrovascular disease research due to its complex 
pathogenesis and the ambiguity surrounding its pathogenic factors. 
Nevertheless, VD continues to be one of the leading causes of adult 
disability worldwide. The increasing prevalence of cerebrovascular 
diseases has led to a corresponding increase in the incidence of VD, 
which is closely linked to various cerebrovascular risk factors. Despite 
this escalating burden, therapeutic options that can significantly 
enhance cognitive function and improve long-term outcomes for 
patients with VD remain limited. This situation imposes considerable 
strain on medical and healthcare expenditures.

The pathophysiology and etiology of VD are closely linked to stroke.4 
The incidence of VD within 1 year post-stroke is approximately 
33%, and the cumulative incidence over 5 years remains significant 
at approximately 31%.5 However, the threshold of brain damage 
necessary to precipitate cognitive and behavioral impairments 

remains uncertain. This highlights the need for further research to 
elucidate the mechanisms underlying VD and its relationship with 
cerebrovascular events.

VD is a type of dementia primarily caused by cerebrovascular 
disease or impaired cerebral blood flow, and it is recognized as the 
most prevalent form of dementia following AD.6 Vascular cognitive 
impairment encompasses a spectrum that ranges from mild cognitive 
impairment to dementia, often coexisting with neurodegenerative 
disorders such as AD. The interplay between vascular cognitive 
impairment and AD can exacerbate cognitive decline, resulting in 
cumulative effects on cognitive aging.7

VD can be classified into four main types based on its pathological 
underpinnings: post-stroke dementia, subcortical ischemic VD, 
multiple infarction (cortical) dementia, and mixed dementia.8 Several 
risk factors have been identified that increase the likelihood of 
developing VD, including advanced age, smoking, a family history of 
dementia, a history of recurrent strokes, and hypertension.9

The prevention and management of VD are closely linked to the 
effective management of stroke.10 Moreover, the deterioration of 
VD is associated with decreased bioavailability of nitric oxide (NO) 
and endothelial dysfunction, both of which contribute to disease 
progression.11,12 Over time, patients with VD typically experience 
a gradual decline in their condition, which can lead to a significant 
reduction in quality of life or even death due to complications.

Given these considerations, in-depth research into the role of 
medical gases, particularly NO, in the prevention and treatment of 
VD may yield novel therapeutic strategies. As a medical gas, NO has 
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garnered considerable interest from both clinical and experimental 
researchers due to its physiological roles across multiple systems.

This article aims to summarize the current research trends 
surrounding NO and NO synthase (NOS), beginning with an 
exploration of the sources, biosynthetic pathways, and functional 
alterations of NO in pathological contexts. Recent advancements in 
understanding the role of NO in the pathogenesis of VD, including 
its contributions to maintaining endothelial homeostasis, regulating 
neuroinflammation, participating in oxygen metabolism, and 
modulating synaptic plasticity, are emphasized.

Search Strategy
A computer-based online search was performed on the PubMed 
database to retrieve articles published up to July 31, 2024. To 
maximize the specificity and sensitivity of the search, a combination 
of the following terms was used: vascular dementia, nitric oxide, 
neuroinflammation, oxidative stress, nitric oxide synthase, medical 
gas research, synaptic dysfunction, Alzheimer’s disease, blood‒brain 
barrier, and vascular cognitive impairment. Further screening was 
conducted through titles and abstracts, and only studies exploring 
the relationship between nitric oxide and the pathogenesis and 
prognosis of VD were included to investigate the effect of NO on 
VD treatment. There are no language or research type restrictions. 
Studies on the relationships between partial NO and stroke treatment 
and patient prognosis have also been included in the exploration. 
The focus is on articles published within the past 10 years.

Advancements in Nitric Oxide
At the beginning of the 20th century, NO was predominantly viewed 
as an environmental pollutant and a chemical toxin. However, 
advancements in scientific research have fundamentally transformed 
our understanding of the role of NO in human physiology. In the 
1970s, Katsuki et al.13 made a groundbreaking discovery that 
nitroglycerin, upon entering the bloodstream, is converted into NO, 
a transient gas that induces vasodilation, thereby increasing blood 
flow and increasing the cardiac supply. In the 1980s, Furchgott and 
Zawadzki14 identified a class of molecules known as endothelium-
derived relaxation factors, which are responsible for inducing 
vasodilation in endothelial cells. These factors exist for extremely 

short durations, typically less than one second. These molecules 
were originally termed endothelium-derived relaxation factors. In 
1986, Ignarro et al.15 established that these vasodilators were, in fact, 
NO. They further demonstrated that endothelial tissues are capable 
of synthesizing NO to regulate blood pressure.

NO is a unique molecule that can dissolve in both water and 
lipids, allowing it to disperse freely across cell membranes.16 It is 
characterized by high reactivity and a short half-life, making it prone 
to deactivation in the presence of oxygen and superoxide ions. 
However, it remains relatively stable under conditions facilitated 
by superoxide dismutase and in acidic environments.17 In 1992, 
NO was recognized as the “Molecule of the Year,” highlighting its 
previously underestimated significance in human health.17-20 The 
pivotal nature of NO in cardiovascular health was further validated 
in 1998 when three prominent scientists were awarded the Nobel 
Prize in Physiology or Medicine for their discovery of NO as a key 
signaling molecule in the cardiovascular system, elucidating its role 
in maintaining vascular health and regulating blood pressure. This 
revelation not only revolutionized our understanding of NO but also 
revealed its diverse mechanisms in promoting health.

NO, also referred to as nitrogen oxide, is synthesized primarily in the 
body through both enzymatic and nonenzymatic pathways,21 with 
the enzymatic pathways being particularly pronounced in vascular 
endothelial cells and neurons.22 In a significant study conducted 
by Davidson et al.23 in 1998, the efficacy of inhaled NO in treating 
persistent pulmonary arterial hypertension in full-term neonates was 
confirmed. In 1999, inhalation therapy with NO was subsequently 
incorporated into international treatment guidelines for acute hypoxic 
respiratory failure in newborns. Further research in 2006 by Puikuan 
et al.24 demonstrated that nebulized nitroglycerin inhalation therapy 
could alleviate pulmonary arterial hypertension resulting from 
elevated pulmonary blood flow, thereby reinforcing the therapeutic 
potential of NO in managing pulmonary arterial hypertension. More 
recently, in 2017, researchers from the School of Basic Sciences at 
Shenzhen University and the University of Massachusetts School of 
Medicine elucidated the mechanism by which NO inhibits neutrophil 
inflammation in the lungs, thereby suppressing tuberculosis 
replication.25 This finding underscores the critical role of NO produced 
by inducible NOS (iNOS) in host defense mechanisms (Figure 1).

Figure 1 ｜ Historical milestones in 
the development of nitric oxide.
Created with BioRender.com. NO: 
Nitric oxide.
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These advancements not only increase our understanding of the 
physiological functions of NO but also offer new perspectives and 
strategies for its application in the treatment of VD and other related 
diseases.

Physiological Role of Nitric Oxide
NO is a pivotal bioactive molecule that plays a significant role in 
regulating various cellular functions and physiological processes, 
serving as a crucial mediator of intercellular communication.26 The 
mechanisms through which NO exerts its effects in both physiological 
and pathological contexts are multifaceted: (1) Vasodilation and 
blood pressure regulation: NO is instrumental in maintaining vascular 
tension and regulating blood flow and blood pressure through its 
vasodilatory effects, which are essential for cardiovascular health.27 
(2) Mitochondrial autophagy and cellular health: NO may facilitate 
the clearance of aged mitochondria, thereby promoting the health 
of intracellular mitochondria. This process is mediated through its 
influence on mitochondrial autophagy-related proteins, such as PINK1 
and Parkin.28-30 (3) Macrophage activation and antibacterial activity: 
Endotoxins stimulate macrophages to produce significant amounts 
of iNOS, which synthesizes NO from L-arginine. NO interacts with 
superoxide ions to form peroxynitrite (ONOO⁻), thereby enhancing 
the antibacterial activity of macrophages.31,32 (4) Platelet function 
and thrombosis: NO binds to and activates soluble guanylate cyclase 
in platelets, leading to the downregulation of the platelet membrane 
glycoproteins IIb/IIIa. This action reduces platelet adhesion to 
endothelial cells, decreases the risk of thrombosis, and modulates 
leukocyte adhesion and smooth muscle cell proliferation.33,34 (5) DNA 
stability and antioxidant effects: NO indirectly affects DNA stability 
and enhances cellular antioxidant, anti-inflammatory, and antiviral 
responses through the modulation of intracellular redox states and 
the regulation of various signaling pathways.35-37 (6) Neurotransmitter 

Figure 2 ｜ Physiological role of nitric oxide.
① NO activates the sGC cGMP pathway to promote vascular smooth muscle cell relaxation. ② PINK1 accumulates on damaged mitochondrial membranes, 
and NO and peroxynitrite are formed by the binding of NO with superoxide ions produced by damaged mitochondria, regulating the activity of PINK1 and 
Parkin to promote autophagy in aging mitochondria and maintain cellular health. ③ Activation of macrophages by endotoxins leads to the production 
of inducible NOS, which interacts with arginine to produce NO. NO and peroxynitrite stimulate macrophages to further regulate immune responses and 
promote phagocytosis of endotoxins by macrophages. ④ NO has been demonstrated to bind and activate sGC in platelets, leading to a reduction in the 
expression levels of GP IIb/IIIa and a subsequent decrease in platelet adhesion to endothelial cells. ⑤ NO indirectly affects DNA stability and enhances cellular 
antioxidant, anti-inflammatory, and antiviral responses through the modulation of intracellular redox states and the regulation of various signaling pathways. 
⑥ NO released from the postsynaptic compartment enters presynaptic terminals through the synaptic cleft, which further promotes the release of glutamate 
and affects the long-term enhancement of synapses by releasing retrograde signals.⑦ NO relaxes airway smooth muscle, dilates airways, and contributes to 
bacterial clearance in airway defense. ⑧ NO regulates various secretory functions, including gastric acid and pepsinogen production, by acting on parietal 
cells, chief cells, mucous cells, and gastrointestinal epithelial cells. Created with BioRender.com. Ca2+: Calcium ion; cGMP: cyclic guanosine monophosphate; 
GP IIb/IIIa: platelet glycoprotein IIb/IIIa complex; GTP: guanosine triphosphate; iNOS: inducible nitric oxide synthase; LTP: long-term potentiation; NMDAR: 
N-methyl-D-aspartate receptor receptor; NO: nitric oxide; NOS: nitric oxide synthase; Parkin: E3 ubiquitin ligase; PINK1: PTEN-induced kinase 1; PP1: protein 
phosphatase 1; ROS: reactive oxygen species; sGC: soluble guanylate cyclase; Zn2+: zinc ion.

function and synaptic regulation: As a neurotransmitter synthesized 
in the central nervous system, NO plays a critical role in synaptic 
transmission. It is released from the postsynaptic compartment 
and diffuses into presynaptic terminals through the synaptic cleft, 
promoting the release of glutamate and influencing long-term 
potentiation at synapses. This process is involved in pain modulation, 
memory formation, and neuronal activity38-42 (Figure 2). (7) Regulation 
of the peripheral nervous system and respiratory system: In the 
peripheral nervous system, NO acts as a mediator of vasodilation. 
As a noncholinergic and nonadrenergic neurotransmitter, it relaxes 
airway smooth muscle, dilates airways, and contributes to bacterial 
clearance in airway defense. The measurement of NO in exhaled 
breath has advanced clinical applications, promoting noninvasive 
technologies for assessing airway inflammation.43 (8) Gastrointestinal 
function regulation: In the gastrointestinal tract, NO regulates 
various secretory functions, including gastric acid and pepsinogen 
production, by acting on parietal cells, chief cells, mucous cells, and 
gastrointestinal epithelial cells. This regulation is considered part of 
the nonadrenergic and noncholinergic effects on gastrointestinal 
function.33 These diverse roles of NO underscore its importance in 
maintaining physiological homeostasis and highlight its potential 
therapeutic applications across a range of diseases (Figure 2).

Source of Nitric Oxide
L-arginine and L-citrulline are two amino acids that play crucial roles 
in promoting the production of NO within the body.44 Specifically, the 
kidneys convert L-citrulline into L-arginine, which serves as a direct 
precursor for NO synthesis. In clinical practice, NO supplements, 
including L-arginine and L-citrulline, have been recommended 
to increase NO levels in patients with erectile dysfunction. These 
supplements positively influence vascular health and blood flow by 
promoting NO production.
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Clinical administration of these amino acids can be achieved through 
various methods, including oral ingestion, injection, inhalation, 
topical application, and sublingual administration. Exogenous 
inhalation of NO has been utilized clinically for more than two 
decades and has demonstrated significant therapeutic effects on 
conditions such as pulmonary hypertension and neonatal hypoxemic 
respiratory failure. The safety and efficacy of inhaled NO have been 
well established,45 and it is currently employed in the treatment 
of acute respiratory distress syndrome, severe pneumonia, high-
altitude pulmonary edema, acute pulmonary embolism, heart failure, 
and severe postoperative hypoxemia. However, its effectiveness in 
treating VD remains limited. Researchers have suggested that the 
intake of dietary nitrates and nitrites may hold therapeutic potential 
for various diseases, including stroke.46 These compounds can release 
NO within the body and are also associated with medications such 
as organic nitrates, nitrites, and nitroglycerin. Importantly, however, 
excessive consumption of nitrates and nitrites during endogenous 
nitrification may increase the risk of cancer,47 particularly in the 
context of VD treatment.

In the field of nanomedicine, researchers have developed iron 
sulfide nanoclusters capable of catalyzing the conversion of sodium 
nitrite to NO under moderate electric fields. These electrocatalytic 
nanoclusters, which function as drug carriers, not only increase the 
solubility and stability of pharmaceuticals but also improve their 
targeting capabilities.48 Recently, biomimetic nanomedicine delivery 
strategies utilizing cell membrane vesicles, live cells, and extracellular 
vesicles have garnered significant attention. For example, 
mesenchymal stem cells possess homing capabilities, enabling them 
to migrate to sites of injury or inflammation, where they can release 
therapeutic drugs or genes. They are utilized for the delivery of anti-
inflammatory agents or gene therapy vectors.49 It is anticipated that 
targeted nanomedicines related to NO will have broad application 
prospects in the treatment of VD.

In addit ion to advancements in NO supplementation and 
nanocatalysis, lifestyle factors such as diet and exercise as sources of 
NO production in the body should not be overlooked. Strategies such 
as smoking cessation, dietary salt reduction, dietary modification, 
and regular physical activity are essential for maintaining optimal 
cerebrovascular function.50 Although no specific “NO food” exists, 
certain foods are known to increase NO levels in the body. These 
foods typically contain nitrates, which are converted into nitrites 
and subsequently into NO. A randomized, double-blind, parallel-
group study involving 40 healthy adults demonstrated that daily 
consumption of 5.5 mmol of nitrate (equivalent to 450 mL of 
beetroot juice) resulted in increased cerebral blood flow, which 
may correlate with improvements in cognitive function.51 Notably, 
approximately 80% of dietary nitrate intake is derived from 
vegetables.

The effects of nitrate on human health are multifaceted and 
influenced by its source, intake level, and individual health status. 
Moderate nitrate intake, particularly from vegetable consumption, 
is associated with positive health outcomes, whereas excessive 
intake, especially from processed meats, may increase health risks.52 
Thus, it is advisable to adopt a balanced diet and pay attention to 
the quality of drinking water. Research indicates that low doses 
of alcohol can activate endothelial NOS (eNOS) and upregulate its 
expression, thereby promoting the release of NO from endothelial 
cells.53 Conversely, long-term consumption of high concentrations 
of alcohol may impair endothelial function, leading to a reduction in 
eNOS expression.

In addition to vegetables and alcohol, fruits and chocolate also serve 
as significant dietary sources of nitrates, contributing to increased 

NO levels in the body. Studies have shown that the consumption of 
nitrates, whether in the form of sodium salts or as part of vegetables, 
can reduce oxygen consumption and enhance athletic performance. 
These findings show the potential benefits of nitrates in maintaining 
health and promoting physical fitness.54

Both acute and chronic physical exercise are associated with 
increased nitrite concentrations in the body,55 which parallels 
the concentrations achieved through dietary nitrate intake.56 
Furthermore, research suggests that exercise can increase antioxidant 
activity, which helps mitigate the degradation of NO caused by free 
radicals. Based on these findings, a reasonable intake of dietary 
nitrates combined with regular physical exercise significantly 
improves the bioavailability of NO and may have beneficial effects on 
cognitive function.

The arginine NO pathway serves as the primary route for the 
biosynthesis of NO in the body. In this pathway, NOS catalyzes 
the oxidation of guanidine nitrogen in L-arginine, resulting in the 
production of NO and L-citrulline.57 The NOS system has garnered 
significant attention from researchers due to its role in regulating 
cerebral blood flow and neuronal activity. There are three subtypes 
of NOS: neuronal NOS (nNOS), eNOS, and iNOS, which are expressed 
in response to injury.

NO has both neurotoxic and neuroprotective effects, with these 
outcomes dependent on the specific NOS subtype produced by cells 
and the timing of its expression.57 NO derived from iNOS and nNOS 
may contribute to neurotoxicity, as it can directly damage protein 
structures, impair mitochondrial function, and act as a free radical 
that induces apoptosis. Conversely, NO produced by eNOS primarily 
exerts a neuroprotective effect in the context of VD through its 
vasodilatory properties.58

Following acute and chronic brain injuries, NO generated by the 
NOS system plays a critical role in maintaining systemic circulation 
and cerebral blood flow. It achieves this by promoting vasodilation 
and inhibiting platelet aggregation and leukocyte adhesion, thereby 
mitigating the progression of vascular cognitive impairment. The 
neuroprotective effects of eNOS-derived NO are largely mediated 
through the regulation of the vascular bed and peripheral nerve 
tissue.59

Extensive research has focused on the role of NO in subarachnoid 
hemorrhage, a form of acute hemorrhagic brain injury. Long-
term VD following subarachnoid hemorrhage is characterized by 
delayed ischemic neurological deficits and cerebral vasospasm. 
These phenomena are associated with complex pathophysiological 
processes, and some studies indicate that dysfunction of NOS 
near the cerebral vascular bed contributes to cerebral vasospasm, 
delayed ischemic neurological deficits, and the clearance of 
deoxyhemoglobin.60-62 This relationship suggests that the NO 
concentration is linked to cerebral vasospasm, with some analyses 
suggesting that NO activation may improve the vascular diameter, 
thereby exerting a neuroprotective effect.63-65 However, there is a 
lack of definitive scientific evidence to support a positive correlation 
between changes in NO concentration and vascular protection.

NO plays a pivotal role in both physiological and pathological 
changes, particularly in relation to VD and other cognitive 
dysfunction disorders. Research has demonstrated that the 
expression of nNOS in neuronal cells is crucial for regulating 
neuronal plasticity, memory formation, and neurotransmitter 
release.66 The NO produced by nNOS is essential for modulating 
synaptic plasticity and has a neuroprotective effect on vascular 
cognitive disorders, such as VD.67 In contrast, iNOS is primarily 
expressed  by astrocytes and microglia in the central nervous 
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system, and its expression is regulated at both the transcriptional 
and translational levels.68 These findings underscore the complex 
and dualistic roles of NO in the brain, highlighting its potential as 
both a therapeutic target and a biomarker in the context of VD and 
related cognitive impairments. Experimental evidence indicates that 
cells expressing iNOS accumulate around areas of brain damage, 
suggesting an inflammatory link between glial cell-derived NO and 
neuronal injury.69 Studies have shown that the overexpression or 
dysregulation of iNOS is associated with the onset and progression 
of various diseases, including sepsis, cancer, and neurodegenerative 
disorders.70 Following inflammatory injury or ischemic events, the 
expression of iNOS in microglia is activated, positioning iNOS as an 
immunogenic form of NOS.71,72

The inhibition of iNOS has been shown to enhance synaptic plasticity 
and ameliorate memory deficits induced by traumatic stress.73 Recent 
research has demonstrated that the iNOS inhibitor aminoguanidine 
significantly alleviates endothelial dysfunction and cognitive 
impairment in rat models of VD.74 Consequently, iNOS inhibitors 
are being explored as potential therapeutics for neural targeting, 
with the prospect of playing a critical role in the treatment of brain 
injuries.

Given the significant role of iNOS in nerve injury and related 
pathologies, the development of iNOS inhibitors represents a 
promising avenue for future research aimed at addressing cognitive 
dysfunction. These findings underscore the potential of targeting 
the iNOS pathway as a therapeutic strategy for improving cognitive 
outcomes in various neurological conditions.75

Modulatory Roles of Nitric Oxide in Vascular 
Dementia
Improving vascular tension and endothelial homeostasis
Vascular tension, defined as the resistance of the vascular wall 
to blood flow, is primarily regulated by the contraction state of 
vascular smooth muscle cells.76 Abnormal regulation of vascular 
tension due to cerebrovascular disease can adversely affect cerebral 
blood flow and exacerbate cognitive dysfunction.77 Therefore, 
precise regulation of vascular tension is essential for maintaining 
healthy cerebral blood flow and for delaying cognitive decline in 
patients with VD.78

NO is predominantly produced by eNOS in vascular endothelial 
cells. NO activates soluble guanylate cyclase, leading to an 
increase in intracellular cyclic guanosine monophosphate (cGMP) 
levels.79 This cascade results in the relaxation of vascular smooth 
muscle cells and subsequent vasodilation, thereby maintaining 
endothelial homeostasis. The blood‒brain barrier (BBB) consists of 
continuous endothelial cells lining the microvessels of the brain.80 
Disruption of the BBB facilitates the progression of cognitive 
impairment following brain injury,81 with endothelial dysfunction 
being a critical mechanism underlying VD. Damaged endothelial 
cells can reduce blood flow and increase the permeability of the 
cerebral vascular barrier.82 Recent studies have shown that the 
nNOS inhibitor 2-aminopyridine can inhibit NO production and 
enhance cell membrane permeability, thereby facilitating the 
passage of certain substances across the BBB.83 In the context of 
VD, NO deficiency may lead to reduced synthesis of brain-derived 
neurotrophic factor, which inhibits the protective functions of 
astrocytes,84 ultimately resulting in BBB damage and the release 
of cytotoxic substances in the brain. This creates a vicious cycle 
that exacerbates the cognitive impairments associated with 
VD. Both the precursor and mature forms of brain-derived 
neurotrophic factors are critical in the pathophysiological 
mechanisms of cognitive impairment, as they play vital roles in 

maintaining neuronal survival, promoting plasticity, and regulating 
neurotransmitter systems.85 A review of recent research highlights 
that under physiological conditions, endogenous NO primarily 
regulates microvascular permeability,86 with various vasoactive 
neurotransmitters acting through this pathway. Conversely, 
under pathological conditions, elevated NO concentrations may 
compromise the barrier function of vascular endothelial cells, 
increase permeability, and contribute to secondary brain edema87 

(Figure 3). The immune inflammatory response following brain 
injury may increase the production of matrix metalloproteinases 
and myeloperoxidase, which are significant contributors to BBB 
disruption.88 Future research should focus on elucidating the 
threshold at which increased BBB permeability occurs due to 
changes in NO concentration, as well as investigating the causal 
relationships between NO and BBB-related factors, such as matrix 
metalloproteinases.

Figure 3 ｜ Effects of different concentrations of NO on the endothelial 
function of cerebral blood vessels.
In the context of VD, NO deficiency may lead to reduced synthesis of 
brain-derived neurotrophic factor, which inhibits the protective functions 
of astrocytes, ultimately resulting in BBB damage and the release of 
cytotoxic substances in the brain. Under pathological conditions, elevated 
NO concentrations may compromise the barrier function of vascular 
endothelial cells, increase permeability, and contribute to secondary 
brain edema. Created with Figdraw. BBB: Blood‒brain barrier; BDNF: brain-
derived neurotrophic factor; NO: nitric oxide; VD: vascular dementia.

Alleviating neuroinflammation
Inflammation plays a pivotal role in cerebrovascular diseases, 
particularly following cerebral ischemia.89,90 The inflammatory 
response is a significant contributor to secondary damage to the 
brain as well as other organs and is integral to the pathogenesis of 
various neurological injuries.88,91,92 VD is frequently associated with 
pronounced neuroinflammation, which is a key factor in cognitive 
impairment.93 Patients with VD often exhibit cerebrovascular lesions 
or impaired cerebral blood flow. Prolonged chronic hypoperfusion 
can induce ischemia and hypoxia, leading to excessive activation of 
neuroinflammation, thereby triggering or exacerbating cognitive 
decline.

 NO

Insufficient quantity

Reduce the synthesis of BDNF

Inhibit the protective function of astrocytes

Induce disruption of the BBB integrity

Secondary cerebral edema

Elevate permeability of 
the BBB

Pathological increase



Medical Gas Research｜Vol 15｜No. 4｜December 2025｜  501

Medical Gas Research
www.medgasres.comReview

Neuroinflammation involves the activation of immune responses by 
microglia and astrocytes in the central nervous system.94,95 Microglia 
play crucial roles in detecting environmental changes, responding 
to harmful stimuli, and clearing debris and apoptotic neurons.10 In 
the context of VD, the activation status of astrocytes and microglia 
serves as an important indicator of neurodegeneration.96 Moderate 
concentrations of NO can inhibit the activity of astrocytes and 
microglia, thereby reducing neuroinflammation and neuronal 
damage associated with VD.97 However, persistent inflammation can 
lead to the activation of microglia, resulting in the production of NO, 
which inhibits the proliferation of neural stem cells. This inhibitory 
effect may occur through the nitration of epidermal growth factor 
receptors, which blocks normal signal transduction mediated by 
the extracellular signal-regulated kinase/mitogen-activated protein 
kinase pathway, ultimately hindering neural stem cell proliferation.98 
Maksoud et al.99 demonstrated that the slow-release NO donor NOC-
18 can inhibit microglial proliferation by activating protein kinase G. 
In a persistent state of neuroinflammation, inflammatory cytokines 
such as tumor necrosis factor-α and -β can activate iNOS via the 
Toll-like receptor 4/nuclear factor kappa B pathway, leading to the 
production of excess NO. This NO can react with reactive oxygen 
species (ROS) to form peroxynitrite (ONOO−), a potent oxidant 
and nitrating agent that mediates oxidative and nitrative stress. 
Pathologically elevated concentrations of NO can result in a cascade 
of pathological damage through oxidative/nitrative/nitrosative stress 
and the NO/cGMP signaling pathway.100

Recent findings suggest that the NO/cGMP signaling pathway may 
underlie the increased expression of glial fibrillary acidic protein 
in human glioblastoma U-373MG cells, suggesting a potential 
new target for therapeutic interventions in neurological diseases. 
However, in the absence of cGMP-protein kinase G signaling, NO may 
accelerate the progression of the microglial cell cycle.101 These results 
highlight the complexity of the mechanisms by which NO regulates 
neuroinflammation, making it challenging to differentiate between 
the physiological neuroprotective effects of moderate NO and the 
pathological damage caused by excessive NO production during 
neuroinflammatory processes.

In VD, although iNOS activity is elevated, the overall expression of NO 
significantly decreases. Under the influence of various inflammatory 
factors and ROS, NO expression increases in astrocytes and microglia. 
Exogenous NO can inhibit the activation of astrocytes and microglia, 
thereby suppressing neuroinflammation through the soluble 
guanylate cyclase-cGMP-protein kinase G pathway.102 Consequently, 
downregulating NO production by inhibiting iNOS in microglia may 
represent an effective strategy for mitigating neuroinflammation.

Inhibiting oxidative stress
Oxidative stress is a fundamental pathophysiological process in 
brain injury diseases and significantly influences the alleviation or 
progression of cognitive impairment.103 This condition triggers the 
production and accumulation of ROS and reactive nitrogen species, 
leading to a cascade of oxidative reactions, including the generation 
of hydrogen peroxide (H2O2), lipid peroxidation, and damage to DNA 
and RNA, as well as mitochondrial dysfunction. These processes 
further exacerbate neuronal and glial cell damage. Consequently, 
antioxidant stress strategies, such as VD, are vital for preventing 
and treating cognitive impairments and for promoting neurological 
recovery.

The extent of oxidative stress is a determinant of the course and 
prognosis of cognitive impairments, including VD. Mitochondrial 
dysfunction related to oxidative stress represents a core 
pathophysiological mechanism underlying cognitive decline and 
dementia in patients with VD.104 In low-oxygen environments, the 

regional accumulation of NO within cells is critical for glycolysis,105 
as NO helps maintain normal ATP levels by inhibiting mitochondrial 
respiration and enhancing glycolytic activity.106

Conversely, under high-oxygen conditions, hydroxyl radicals can 
react with DNA components, resulting in DNA damage that may 
lead to strand breakage or cross-linking. Such DNA damage activates 
downstream pathways, including those mediated by 3-phosphate 
inositol kinase-related kinase, which facilitate the recognition of DNA 
damage and promote the nuclear translocation of apoptosis-inducing 
factors, ultimately leading to the degradation of DNA repair enzymes. 
Mitochondria are significant sources of ROS; however, their capacity 
for DNA repair is limited, and they lack histone protection, rendering 
mitochondrial DNA particularly vulnerable to ROS-induced damage. 
Additionally, ROS can inflict damage on endothelial cells and impair 
NO production, contributing to the neurotoxic effects associated with 
pathologically high concentrations of NO107 (Figure 4).

Figure 4 ｜ The modulatory effects of NO on metabolic processes under 
varying oxygen concentrations.
In low-oxygen environments, the regional accumulation of NO within cells 
is critical for glycolysis, as NO helps maintain normal ATP levels by inhibiting 
mitochondrial respiration and enhancing glycolytic activity. Under conditions 
of elevated oxygen concentrations, hydroxyl radicals can interact with DNA 
constituents, leading to DNA damage and the generation of significant 
amounts of ROS within mitochondria. However, the capacity for DNA repair 
is limited, and the absence of histone protection renders mitochondrial DNA 
particularly vulnerable to ROS-induced damage. Furthermore, ROS can inflict 
DNA damage in endothelial cells, subsequently diminishing NO production. 
Created with Figdraw. ATP: Adenosine triphosphate; NO: nitric oxide; ROS: 
reactive oxygen species; TCA cycle: tricarboxylic acid cycle.

Throughout the course of elevated ROS concentrations, the interplay 
between NO levels and the inhibition of NO-mediated cellular 
protection by oxidative stress remains complex and uncertain, 
potentially accelerating the deterioration of neurological function. 
Therefore, precise regulation of NO concentrations and oxidative 
stress levels is crucial for maintaining neurological function and 
effectively treating cognitive impairments.

On the other hand, nitrosative stress is closely linked to oxidative 
stress and involves the interplay between the formation and 
clearance pathways of ROS and reactive nitrogen species.108 ROS, 
including superoxide anion (O2

−), H2O2, and hydroxyl radicals, interact 
at elevated ROS levels to generate a series of potent oxidative free 
radicals and nitro compounds, such as ONOO− and peroxynitrous 
acid (HOONO).109 These compounds can lead to the formation of 
3-nitrotyrosine from various biomolecules, including lipids, DNA, 
RNA, and proteins, resulting in cellular damage or apoptosis—
a phenomenon commonly referred to as nitrosative stress.110 The 
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mechanisms of cell death associated with nitrosative stress include 
the nitration of target protein tyrosines, mitochondrial dysfunction, 
and disruption of cell membranes. In the context of ischemic brain 
injury, blood flow obstruction leads to a rapid decrease in the NO 
concentration. As the condition stabilizes and VD develops following 
brain injury, blood flow gradually recovers, resulting in an increase 
in NO production, which is primarily mediated by nNOS. Research 
utilizing nNOS gene knockout mice and specific nNOS inhibitors 
has supported the notion111 that NO synthesized through nNOS is 
significantly associated with glutamate-induced calcium overload in 
ischemic neurons.112 Within 1 hour after reperfusion, NO levels return 
to physiological concentrations. However, defects in the nNOS gene 
or inhibition of nNOS can reduce the area of the ischemic penumbra 
and the extent of neuronal necrosis. Moreover, inhibiting nNOS has 
been shown to decrease the production of oxygen free radicals and 
nitrosative stress,113 mitigate excitotoxicity, and downregulate the 
expression of caspase-3 in ischemic stroke.114

These findings underscore the complex role of nNOS and its derived 
NO in the pathophysiology of ischemic brain injury and highlight 
the potential therapeutic implications of targeting nNOS to alleviate 
nitrosative stress and its associated cellular damage.

Regulating synaptic plasticity
Neural cells establish functional neural circuits through specialized 
communication structures known as synapses, which are essential 
for the transmission and storage of information.115,116 Synapses can 
undergo specific structural and functional changes in response 
to continuous neuronal activity, a phenomenon referred to as 
synaptic plasticity.117,118 This process is critical for the development 
of the nervous system as well as for learning and memory. Synaptic 
dysfunction is recognized as one of the primary factors contributing 
to cognitive decline.

NO is a key player in neuronal communication and significantly 
influences synaptic plasticity, thereby playing an important role 
in the pathogenesis of VD. The mechanisms and effects of NO 
are multifaceted, and NO is essential for enhancing learning and 
memory functions in the context of VD. As a neurotransmitter, 
NO modulates long-term potentiation of synaptic transmission, 
a fundamental process underlying learning and memory.119 The 
production and regulation of NO are closely linked to the release 
of neurotransmitters associated with cognitive functions, such as 
acetylcholine.120

Research indicates that NO participates in synaptic plasticity 
and memory formation through the NO-cGMP-cyclic adenosine 
monophosphate response element-binding signaling pathway.121 
Additionally, NO plays a role in regulating cerebral blood flow, which 
is crucial for delivering oxygen and nutrients to the brain, thereby 
influencing cognitive function.75 In terms of neural development, 
NO is involved in regulating developmental processes and gene 
expression, which are vital for the formation and consolidation of 
learning and memory.122 A study suggested a potential interaction 
between NO and nicotinic acetylcholine receptors during learning 
and memory processes in rats. For example, the administration 
of the NO precursor L-arginine or the α7 nicotinic acetylcholine 
receptor agonist choline chloride into the lateral ventricle has 
been shown to enhance learning and memory behaviors in these 
animals.123 Furthermore, NO influences learning and memory 
by interacting with N-methyl-D-aspartate glutamate receptors124 

(Figure 5). When N-methyl-D-aspartate receptors are overactivated, 
they stimulate the production of NO, which can then undergo 
S-nitrosylation reactions and attach to various proteins. This process 
may result in premature death of neuronal cells, a hallmark of 
neurodegenerative diseases.

Figure 5 ｜ Role of NO in the modulation of synaptic plasticity in the context 
of VD.
Created with Figdraw. cAMP: Cyclic adenosine monophosphate; cGMP: cyclic 
guanosine monophosphate; CREB: cAMP response element-binding protein; 
LTP: long-term potentiation; NMDA: N-methyl-D-aspartate; NO: nitric oxide; 
VD: vascular dementia.

Excessive NO can have neurotoxic effects, directly damaging protein 
structures, impairing mitochondrial function, and inducing apoptosis 
as a free radical.125-127 As neurodegenerative diseases progress, NO 
deficiency often occurs in critical brain regions, such as the substantia 
nigra pars compacta, hippocampus, and striatum. Conversely, 
moderate levels of NO have been shown to exert beneficial 
therapeutic effects on synaptic plasticity in VD.

In summary, NO plays a dual role in cognitive impairment related 
to VD, where both deficiency and excess NO can lead to synaptic 
dysfunction and neuronal damage.128 Given its regulatory role in 
synaptic plasticity, NO represents a potential target for therapeutic 
interventions aimed at treating VD.129

Research Advances in the Application of Nitric 
Oxide Synthase Inhibitors for Vascular Dementia
The experimental application of NOS inhibitors in the management of 
VD represents a burgeoning area of research. Regulating NOS activity 
has emerged as a promising therapeutic strategy for addressing 
the pathophysiological mechanisms underlying VD. NOS inhibitors 
can be categorized into nonselective and selective agents: for 
example, L-NAME (Nω-nitro-L-arginine methyl ester) and L-NNA (Nω-
nitro-L-arginine) are known to inhibit all isoforms of NOS, whereas 
7-nitroindole predominantly targets nNOS, and L-NIO (Nω-nitroso-L-
arginine) primarily inhibits iNOS.
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Numerous studies employing animal models of VD have been 
conducted to assess the therapeutic efficacy of NOS inhibitors.130,131 
The evidence from these investigations indicates that NOS inhibitors 
may enhance cognitive function in such models. For example, 
animals administered L-NAME demonstrated improved spatial 
memory performance, as evidenced by enhanced outcomes in the 
Morris water maze test. The neuroprotective effects of NOS inhibitors 
are hypothesized to stem from their ability to mitigate the excessive 
production of NO during the progression of VD, thereby alleviating 
oxidative stress and neuroinflammation.132

Selective NOS inhibitors may further contribute to the amelioration 
of cognitive deficits by modulating cerebral blood flow, which in 
turn improves the delivery of oxygen and nutrients to brain tissue.133 

Conversely, the use of nonselective NOS inhibitors may be associated 
with adverse effects, including hypertension and disturbances in 
cardiovascular function.134 Consequently, selective NOS inhibitors are 
posited to possess greater therapeutic potential.

The effectiveness and safety profile of NOS inhibitors are contingent 
upon factors such as dosage and administration route. Therefore, it 
is imperative for experimental research to optimize these parameters 
to achieve maximal therapeutic outcomes. While short-term studies 
have highlighted the potential benefits of NOS inhibitors, further 
investigations are warranted to explore the selective inhibition, 
dosage optimization, and long-term safety of extended treatment 
regimens.

Limitations
First, due to time, resource, and knowledge limitations, investigators 
may not be able to cover all relevant literature, which may result in 
some important studies or ideas being missed in the review. Second, 
only PubMed articles were searched, and no other biomedical 
databases were included. Third, the effect of NO on related pathways 
in terms of molecular structure was not discussed.

Conclusion
NO, as a gaseous signaling molecule, plays a crucial role in the 
onset and progression of cognitive impairment diseases, including 
VD. Currently, numerous treatment strategies targeting the NOS/

NO pathway in VD are under investigation, showing promise for 
therapeutic applications. Research on NO has emerged as a potential 
game changer in the field of VD, with a particular focus on NO-
related targeted nanomedicines, which are gaining attention for their 
specificity and effectiveness.

One effective strategy for protecting neurotransmitter transmission 
between synapses involves the selective inhibition of iNOS to reduce 
NO accumulation in damaged brain areas. Therefore, distinguishing 
the roles of the three subtypes of NOS isoenzymes and adopting 
a combination therapy approach appears to be a more favorable 
treatment option. Future research should concentrate on developing 
satisfactory and rational combination therapies, thoroughly 
elucidating the relationship and mechanisms of action between 
endogenous NO and VD in both physiological and pathological states. 
Such insights may provide new avenues for the development of 
effective treatment modalities for VD.

The exploration of the correlation between medical gases and 
diseases aims to enhance clinical practice. This review details the 
interaction between NO and VD, acknowledging that while its 
potential mechanisms have not been fully elucidated, further clinical 
trials are necessary to validate its efficacy. We recommend that 
future clinical trials expand their sample sizes and include follow-
up assessments regarding the speed and severity of cognitive 
impairment progression. Additionally, variables such as NO-related 
targeted nanomedicines and selective iNOS inhibitors should be 
incorporated to develop more accurate drug delivery systems. This 
approach aims to improve treatment efficacy while minimizing side 
effects and achieving precise control over the release of NO-related 
targeted nanomedicines (Table 1).135-141

Enhancing the therapeutic efficacy of NO in the treatment of 
diseases associated with cognitive dysfunction, such as VD, also holds 
the potential to advance precision medicine in other fields, including 
the treatment of airway inflammation in the respiratory system, 
intestinal mucosal protection in the digestive system, and targeted 
interventions for osteoarthritis in the musculoskeletal system. By 
precisely regulating the bioavailability and timing of NO, more 
personalized and efficient treatment strategies can be developed for 
these diverse conditions.

Table 1 ｜ Common nitric oxide synthase inhibitors 

Inhibitor Function introduction Reference

1400W It is a slow binding, highly selective iNOS inhibitor with a Kd value not exceeding 7 nM. Research has shown that 1400W 
can reduce the generation of NO, thereby alleviating oxidative stress and neuronal apoptosis, and improving spatial 
memory impairment in rats caused by acute hypoxia reoxygenation.

135

2-Iminobiotin It is a reversible NO synthase inhibitor that has effects on mouse iNOS and rat nNOS, with Ki values of 21.8 and 37.5 μM, 
respectively. 2-iminobiotin and low temperature environment can protect human nerve cells from hypoxia induced cell 
damage.

136

7-NI It is a reversible competitive inhibitor of NOS that efficiently and selectively inhibits nNOS and iNOS. Research has shown 
that 7-NI can affect cognitive function in rats, including passive avoidance and elevated maze memory performance.

137

SMT It is an efficient, selective, and competitive inhibitor of iNOS. The inhibitory effect of SMT on iNOS in vitro is 10 to 30 times 
stronger than that of NG-methyl-L-arginine or other known NOS inhibitors, and its effect on iNOS activity can be reversed 
by excessive L-arginine.

138

Madecassic acid Madecasic acid is the first natural triterpene isolated from Centella asiatica, which has a variety of anti-inflammatory and 
anti-diabetes effects, blocking the activation of NF-κB in macrophages and leading to inhibition of iNOS, COX-2, TNF alpha, 
IL-1beta and IL-6.

139

 L-NAME L-NAME is a non-selective inhibitor of nitric oxide synthase that inhibits nNOS, The Ki values of eNOS and iNOS are 15, 39 
nM and 4.4 μM.

140

DPI DPI is an inhibitor of NADPH oxidase and an effective and irreversible inhibitor of iNOS/eNOS. DPI also acts as an activator 
of TRPA1 and selectively inhibits intracellular reactive oxygen species.

141

7-NI: 7-Nitroindazole; COX-2: cyclooxygenase-2; DPI: diphenyleneiodonium chloride; eNOS: endothelial NOS; IL: interleukin; iNOS: inducible NOS; 
NADPH: nicotinamide adenine dinucleotide phosphate; NF-κB: nuclear factor kappa B; nNOS: neuronal NOS; NO: nitric oxide; NOS: NO synthase; SMT: 
S-methylisothiourea sulfate; TNF: tumor necrosis factor; TRPA1: transient receptor potential ankyrin 1.
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