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Abstract 

Chronic obstructive pulmonary disease (COPD) ranks as the third leading cause of global mortality, 
affecting 210 million individuals worldwide. Notably, 60% of COPD patients experience comorbid 
neurocognitive disorders. Importantly, patients with neurocognitive dysfunction often exhibit poor 
adherence to therapeutic interventions and medications, exacerbating their COPD morbidity and 
increasing hospitalization rates and mortality risk. This review explores the potential lung-brain axis in 
COPD, emphasizing that oxidative stress and inflammatory responses in the lungs can spread to the 
systemic circulation, thereby regulating in the blood-brain barrier (BBB) permeability and contributing to 
brain dysfunction. In addition, the role of hormone-based hypothalamic-pituitary-adrenal (HPA) axis in 
COPD progression is discussed. These cascading events can lead to neuronal deficits, altered glial cell 
function, and subsequent cognitive dysfunction. Furthermore, we provide a comprehensive overview of 
potential medications for treating COPD and its associated cognitive deficits, with a specific focus on 
anti-inflammatory and antioxidant therapies. This compilation serves as a pivotal foundation for the 
prevention and management of cognitive dysfunction in COPD. 

Keywords: Lung-brain axis; Chronic obstructive pulmonary disease (COPD); Neurocognitive disorders; COPD-related 
neurocognitive disorders (COPD-NCDs); Inflammation; Oxidative stress. 

1. Introduction 
Chronic obstructive pulmonary disease (COPD) 

is a common respiratory disease characterized by 
emphysema, mucus hypersecretion, and persistent 
lung inflammation. Its inflammatory features include 
infiltration of airways and lung tissue by inflammatory cells 
such as neutrophils, macrophages and lymphocytes[1]. 
Clinically, COPD manifests as chronic airflow 
obstruction, accompanied by symptoms such 
as dyspnea, persistent cough, sputum and fatigue. It 
is a serious threat to human health and affects the 
quality of life of patients[2]. Among the various risk 
factors, smoking is one of the primary pathogenic 
contributors to COPD. Harmful particles in cigarette 

smoking (CS) damage the lung epithelium, resulting 
in increased mucin concentration and decreased IgA 
secretion[3]. This impairment allows bacteria to 
invade the airway epithelium, triggering the 
aggregation of macrophages, neutrophils, and 
lymphocytes[4]. These cells release pro-inflammatory 
mediators, which further recruit leukocytes, creating a 
vicious cycle of persistent lung inflammation[5]. 
Additionally, the excessive accumulation of lung 
macrophages and neutrophils results in elevated 
production of reactive oxygen/nitrogen species 
(ROS/RNS) and accelerates oxidative stress[6, 7]. 
CS-induced inflammation and oxidative stress in the 
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lungs can "spill-over" into the systemic circulation, 
contributing to the development of chronic comorbid 
conditions (also known as comorbidities)[8]. These 
comorbidities include cardiovascular disease, 
osteoporosis, metabolic syndrome, mental health 
disorders and cognitive impairment[9, 10].  

Recent clinical studies have shown that up to 60 
percent of COPD patients experience cognitive 
dysfunction, including impairments in working 
memory[11, 12], executive function[11], attention[13], 
and delayed recall[14]. Furthermore, the prevalence of 
anxiety and depression in COPD patients ranges from 
40 to 64% and 25 to 67%, respectively[15-17]. These 
findings suggest an intrinsic link between cognitive 
dysfunction and respiratory function. Studies indicate 
that the prevalence of cognitive decline and mood 
disorders in COPD patients is typically two to three 
times higher than in healthy individuals[18]. 
Importantly, neurocognitive dysfunction is associated 
with increased disease burden, healthcare utilization, 
and costs. Patients with neurocognitive dysfunction 
often exhibit poor adherence to therapeutic 
interventions and medications. This 
non-adherence exacerbates COPD morbidity, leading 
to higher hospitalization rates and mortality 
risk[19-21]. However, the pathophysiology linking 
COPD to neurocognitive disorders remains poorly 
understood, and the interaction between respiratory 
system and central nervous system (CNS) lacks a clear 
and systematic explanation. Consequently, there is 
currently no effective treatment for COPD-related 
neurocognitive disorders (COPD-NCDs)[22-24]. 

It is widely hypothesized that insufficient 
airflow in COPD lungs leads to the development of 
hypoxia[25], which may impair the function of 
enzymes responsible for the production of 
neurotransmitters such as dopamine and 
serotonin[26, 27]. However, COPD is a complex and 
highly heterogeneous disease that may affect CNS 
dysfunction through multiple mechanisms. For 
example, CS may alter brain structure and function by 
increasing the cumulative risk of cardiovascular 
disease[28]. In some cases, CNS dysfunction, such as 
mood disorders, may also be linked to the 
psychological burden of chronic illness[29].  

Recent research has highlighted the critical role 
of inflammation in the decline of respiratory system 
function in COPD. Spill-over of inflammatory factors 
from the lungs is thought to drive extrapulmonary 
complications in COPD patients. Compared to 
healthy individuals, COPD patients exhibit 
significantly elevated levels of inflammatory 
mediators such as c-reactive protein (CRP), 
interleukin (IL)-6, IL-8, fibrinogen, and tumor necrosis 
factor (TNF)-α in their serum[30, 31]. Traditionally, 

the brain has been viewed as an isolated system 
protected by the blood-brain barrier (BBB). However, 
emerging evidence has identified multiple pathways 
and factors that facilitate immune 
communication between the blood and the brain[32, 
33]. For instance, inflammatory cytokines such as IL-6, 
TNF-α, and IL-1β can breach the BBB, disrupting the 
CNS and triggering neuroinflammation. This 
neuroinflammation can structurally damage the 
neurons themselves and impair neuronal function, 
potentially leading to COPD-NCDs[34]. In addition, 
some studies point to a link between CS-induced 
neurocognitive disorders and microglia-mediated 
neuroinflammation[35]. Microglia, the resident 
immune cells of the brain, play a crucial role in 
regulating neurogenesis, synaptogenesis, and 
cognition. However, chronic activation of microglia 
promotes neuronal and axonal loss, ultimately 
leading to neurocognitive dysfunction[36, 37]. 
Moreover, activated microglia can produce ROS, 
leading to oxidative stress in COPD and persistent 
neurocognitive dysfunction[38]. Despite these 
insights, the mechanisms to reverse such 
neuroinflammation remain unclear. 

This article summarizes the brain dysfunction 
and neurodegenerative diseases closely related to 
COPD and explores the potential lung-brain axis from 
the perspectives of inflammation, oxidative stress, 
metabolism and hormone secretion. We highlight the 
underlying molecular biological mechanisms linking 
COPD to cognitive dysfunction, with a focus on 
inflammation and oxidative stress. Finally, we discuss 
current therapeutic approaches for COPD and/or 
cognitive dysfunction associated with other 
neurological disorders, aiming to identify potential 
adjunctive treatments. 

2. The association of COPD with brain 
disorders 

Cognitive impairment is one of the common 
complications of COPD. There is growing evidence 
that impaired lung health, including COPD, may be 
associated with an increased risk of dementia or 
worsening cognitive abilities[39, 40]. A meta-analysis 
of 428030 individuals from the United Kingdom, the 
United States, and China found that people with 
COPD had a significantly higher risk of developing 
dementia or cognitive impairment[41]. Similarly, 
another meta-analysis involving 39392 COPD patients 
worldwide confirmed that COPD is associated with 
an elevated risk of dementia[42].  

Theoretically, COPD may increase dementia risk 
through multiple pathways, including oxidative 
stress, tissue hypoxemia, inactivity, and systemic 
inflammation[43, 44]. Among these, oxidative stress 
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caused by systemic inflammation and hypoxia is 
considered a major contributor to dementia. 
Furthermore, hypoxemia in the context of obstructive 
sleep apnea has also been linked to an increased risk 
of dementia[45]. Taken together, chronic hypoxia, 
hypercapnia, and increased inflammatory cytokines 
in COPD patients can lead to brain damage, including 
neuronal dysfunction, structural changes and reduced 
white matter integrity, thereby exacerbating the 
development of degenerative brain disease.  

A population-based study with over 25 years of 
follow-up found that middle-aged individuals with 
COPD or asthma had nearly twice the risk of 
developing dementia in later life[41]. These suggest 
that COPD may serve as an independent predictor of 
dementia. Broadly speaking, dementia encompasses a 
range of brain disorders, including Parkinson's 
disease (PD), Alzheimer's disease (AD), vascular 
dementia, and mixed dementia, with PD and AD 
being the most common types. On one hand, serum 
levels of Aβ40, Aβ42 and total Aβ, key players in the 
progression of AD, are significantly increased in 
COPD patients. On the other hand, frontal lobe 
defects and behavioral disorders occur more 
frequently in patients with both AD and COPD than 
in those with AD alone[46]. These indicate that 
cognitively normal patients with COPD may develop 
pathological changes associated with AD, and COPD 
may contribute to AD-type pathogenesis[47, 48].  

PD is characterized by the persistent loss of 
striatal dopaminergic neurons in the substantia nigra 
compacta, leading to striatal dopamine deficiency. 
The presence of activated microglia or elevated levels 
of inflammatory cytokines in the substantia nigra, 
striatum, and serum may play a role in PD 
development[49-52]. As previously discussed, COPD 
is an inflammatory disease and it may contribute to 
PD by inducing neuroinflammation and subsequent 
dopaminergic neuronal death[53]. Thus, 
inflammation in patients with COPD may be closely 
related to the development of PD. 

Depression is another common comorbidity of 
COPD, with up to 55% of patients diagnosed with 
anxiety and/or depression[54, 55]. As the disease 
progresses, the mortality rate among COPD patients 
with depressive symptoms is significantly higher than 
among those without depression[56]. There is a 
bidirectional association between COPD and 
depression: COPD increases the risk of depression 
progression, while depression is associated with 
worse COPD outcomes[57]. Previous studies have 
suggested that many neurological issues in COPD 
patients, particularly mood disorders, may stem from 
the disease experience itself. For example, dyspnea (a 
core symptom of COPD) and the inability to perform 

daily activities may lead to depression and 
anxiety[54].  

However, recent studies have revealed that 
patients with depression exhibit significantly elevated 
levels of pro-inflammatory cytokines in their plasma 
and (or) serum. This has led to the "depression cytokine 
hypothesis", which posits that depressive symptoms may 
arise from direct inflammation-related pathways. Key 
cytokines implicated in depression include IL-1, IL-6, 
TNF-α and IFN-γ[58, 59]. Given that inflammation 
plays a well-established role in COPD pathogenesis, 
which is characterized by high levels of inflammatory 
mediators such as TNF-α, IFN-γ, IL-4, and IL-10[60]. 
Thus, it is plausible that serum biomarker levels may 
link COPD and depression. These cytokines could 
serve as risk factors for depressive mood in COPD 
patients, increasing the likelihood of depression[61]. 
Therefore, depression in COPD patients should not be 
viewed solely as a psychological distress but rather as 
a condition with potential inflammatory 
underpinnings. 

In summary, COPD is closely associated with 
various brain disorders (Table 1), suggesting a 
potential lung-brain connection. COPD comorbidities 
should be anticipated as a common clinical challenge. 
Consequently, treatment strategies for COPD should 
evolve from focusing solely on pulmonary function 
recovery to addressing its comorbidities simul- 
taneously[62]. 

3. The lung-brain axis: a link between 
COPD and neurological dysfunction and 
potential mechanism of COPD-NCDs 

The mechanisms underlying COPD-NCDs are 
multifaceted. One potential pathway involves CS, 
which may directly cause neurocognitive disorders by 
damaging the vascular wall and altering endothelial 
function[63]. Additionally, respiratory insufficiency 
in COPD is strongly associated with hypoxemia and 
hypercapnia, both of which are linked to pulmonary 
airway inflammation. This inflammation can lead to 
insufficient oxygen levels in the blood (hypoxemia) 
and ultimately result in hypoxia[64]. Key drivers of 
this hypoxia include progressive airflow limitation 
and ventilation/perfusion mismatch caused by 
emphysema[44]. Furthermore, the prolonged 
experience of illness can lead to emotional disorders 
in patients, such as anxiety and depression. 

Recent studies have also pointed out that a 
lung-brain axis may be established between lung and 
brain through blood circulation. Inflammatory factors, 
metabolites and hormones may affect brain structure 
and function through this lung-brain axis, thereby 
causing neurocognitive disorders[33, 65]. This axis is 
believed to operate bidirectionally, with neurological 
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dysfunction and lung-related infections influencing 
each other through a complex network of neuronal, 
inflammatory, immune, and neuroendocrine 
signaling pathways (Figure 1)[66]. 

For example, one study demonstrated that 
anesthesia/surgery increased the levels of Tau 
phosphorylated at threonine 217 in the blood by 
promoting its production and release. This 
phosphorylated Tau binds to B cells, which may then 
enter the brain and increase neuronal excitability, 

leading to postoperative delirium-like behaviors in 
aged mice[67]. In another study, Annexin A5 was 
shown to reduce infarct areas and improve general 
neurologic function following cerebral ischemia. 
Increased levels of Annexin A5, potentially derived 
from lung tissue, were found to permeate the BBB and 
provide neuroprotection[68]. These findings suggest 
that such biomarkers or factors could serve as 
mediators or therapeutic targets to improve lung and 
brain health in the future. 

 

Table 1. The association of COPD with brain disorders. 

Risk factors  Mental and neurological complication Pathological Features  References 
Smoking  
Hypertension 
Hypoxaemia 

Dementia A reduction in volume and density of frontal grey matter [17][42][43] 

Smoking 
Age 

Dementia 
AD 

Abnormal static and dynamic local neural activity in the 
parahippocampal/hippocampal cortex 

[41] 

Smoking AD 
Depression 

Frontal deficits [45][46] 

Smoking 
Hypoxia 

AD 
Dementia 

Serum Amyloid-Beta Levels are Increased [47][48] 

Smoking 
Inflammation 
Age 
Hypoxia 

PD Microglia activation 
Elevated levels of inflammatory cytokines 

[44][49][50][51][52] 

Smoking 
Age 

Depression 
Anxiety disorder  

Activation of NLRP3 inflammasome and NF-κB pathways in 
the hippocampus 

[54][55] 

Smoking 
Hypogonadism 
Age 

Depression Low testosterone levels [55][56] 

Smoking Depression Elevated levels of inflammatory cytokines [57][58][59] 
 

 
Figure 1. The lung-brain axis: possible links between COPD and neurological dysfunction. The lung-brain axis is believed to operate bidirectionally and this intricate 
interplay is facilitated by a complex network involving neuronal, inflammatory, immune, and neuroendocrine signaling pathways (HPA axis). (Created with Biorender.com). 
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3.1 Lung-brain axis associated with Metabolic 
changes 

It is well documented that bacteria in the 
gastrointestinal (GI) tract can activate neural 
pathways and CNS signaling systems, thereby 
influencing brain function and increasing the risk of 
diseases such as anxiety and depression. This 
interaction between microbial metabolites and brain is 
known as the gut-brain axis. For example, 
indole-3-propionic acid, a metabolite produced by gut 
bacteria, has been shown to promote sensory axon 
regeneration and functional recovery through an 
immune-mediated mechanism[69]. The respiratory 
tract is one of the primary entry points for 
microorganisms into the human body[70], making it a 
key role in shaping the composition of the microbiota. 
Respiratory diseases can alter the local microbial 
composition of the lungs, and an imbalance in the 
lung microbiome is associated with inflammation, 
immune response, and clinical deterioration. In 
COPD, the diversity of the lung microbiome is 
influenced by factors such as treatment type, disease 
severity and inflammation. For example, Actinomyces, 
Actinobacillus, Megasphaera, Selenomonas and 
Corynebacterium are significantly more abundant in 
COPD patients compared to healthy individuals[71]. 
Another study found that Pseudomonas plays a role 
during COPD exacerbations, while Streptococcus and 
Rothia may help prevent exacerbations[72].  

An increasing amount of experimental and 
epidemiological evidence has emphasized the 
important communication between the microbiota of 
the lungs and the intestines, known as the "gut-lung 
axis"[73]. The gut microbiota can resist viral 
respiratory infections and act as key regulators of 
respiratory capacity, highlighting the bidirectional 
nature of this axis[74]. Disruption of this axis, such as 
through exposure of the lungs to zinc oxide 
nanoparticles (ZnONPs), can cause dysbiosis and 
subsequently lead to harmful effects on the nervous 
system[75]. Furthermore, recent studies have shown a 
tight link between the lung microbiome and the brain 
immune reactivity: local lung microbes continuously 
send signals to microglia, which in turn regulate 
immune responses. In a rat model, dysregulation of 
the lung microbiome significantly increases 
susceptibility to multiple sclerosis, an autoimmune 
disease of the CNS[65]. Additionally, microbiome 
assays in a lipopolysaccharide (LPS)-induced mouse 
model of experimental severe pneumonia have 
revealed similarities between the bacterial species in 
the brain and those in the lungs, suggesting that 
bacteria in the brain may originate from the lungs 
during pneumonia[76]. This raises the possibility that 

the link between lung microbiota and the immune 
response in the brain could be exploited to treat 
COPD-NCDs. For example, treatment could involve 
the topical application of probiotics or targeted 
antibiotics.  

Increasing evidence suggests that such an axis 
may also exist between the lung and brain, 
influencing brain function through metabolic 
regulation[77]. For instance, peripheral delivery of 
mesenchymal stem cells can activate vagal sensory 
neurons innervating the lungs, induce the release of 
5-hydroxytryptamine in the dorsal raphe nucleus, and 
further alleviate depression- and anxiety-like 
behaviors[78]. Studies using localized proton 
magnetic resonance spectroscopy have revealed 
significant alterations in brain metabolism in 
symptomatic COPD patients, including reduced 
choline levels, which are associated with memory 
dysfunction. These findings provide a neurochemical 
basis for brain dysfunction in COPD patients[79]. 
Clinical studies have also shown that a reduction in 
the diversity of bacterial microbial communities in the 
lungs leads to increased alveolar catecholamine 
concentrations[80]. While high levels of 
catecholamines can have neurotoxic effects, their 
metabolites circulate throughout the body and are 
linked to neurological diseases such as PD and 
depression. In addition, impaired lung function may 
be associated with decreased glucose metabolism in 
different brain regions. For example, COPD-induced 
lung dysfunction causes cerebral hypoperfusion, 
which further reduces brain glucose uptake. 
Decreased cerebral glucose metabolism is closely 
associated with cognitive impairment[81]. Therefore, 
further exploration of these mechanisms in animal 
models could provide new insights and therapeutic 
targets for COPD-NCDs. 

Recent studies have proposed the "triple-hit" 
hypothesis, which suggests that lung injury triggers a 
cascade of events, including immune disorders, 
inflammatory responses, and microbiota changes. 
These events activate the "lung-gut axis", leading to 
the "triple-hit" that contributes to the development or 
worsening of cognitive deficits[82]. Gut microbiota 
therapy has shown promise in altering the 
inflammatory processes along the "gut-lung-brain 
axis", alleviating lung injury, and therapeutically 
regulating brain function and behavior. These 
findings offer new insights for treating cognitive 
deficits associated with lung injury caused by gut 
dysbiosis. 

3.2 The axis associated with inflammation- 
oxidative stress between lung and brain  

Peripheral inflammation, such as GI 
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inflammation, rheumatoid arthritis, and COPD, can 
lead to neuroinflammation through various 
mechanisms. Among the brain regions most affected 
by peripheral inflammation are the hippocampus, 
cortex, amygdala and hypothalamus[83]. Potential 
mechanisms include destruction of the BBB, activation 
of glial cells associated with systemic immune 
activation, and effects on the autonomic nervous 
system through the organ-brain axis [84-89]. 
Neuroinflammation can cause neuronal tissue 
damage and significantly impact neuropsychiatric 
symptoms, including spatial memory impairment, 
cognitive dysfunction, anxiety and depression. 

COPD is characterized by chronic inflammation 
in the lungs, airways and bronchoalveolar lavage 
fluid. In the context of neuroinflammation, 
immune-related factors and BBB disruption are 
widely recognized as fundamental causes[84, 90]. 
When exposed to harmful stimuli such as CS, 
macrophages and neutrophils release inflammatory 
mediators including TNFα[91], IL-1β[92], MCP-1[93], 
and CCL3[94]. These mediators activate nuclear 
factor-κB (NF-κB), prolonging the inflammatory 
response and promoting the release of protease (Table 
2)[95]. Inflammatory factors can also disrupt tight 
junctions (TJs) in brain endothelial cells, increasing 
BBB permeability[96].  

Additionally, these inflammatory cells are a 
significant source of ROS, contributing to oxidative 
stress in the lungs. When exposed to CS, immune cells 
are activated to produce ROS and RNS through 
mitochondrial dysfunction[97]. Levels of ROS and 
RNS are elevated in COPD patients compared to 
healthy individuals[6, 98, 99], while antioxidants such 
as glutathione peroxidase, catalase, and superoxide 
dismutase are reduced[100]. Oxidative stress occurs 
when the production of reactive substances and free 
radicals overwhelms the body’s antioxidant defenses. 
This stress promotes apoptosis in the lung tissue, 
alveolar epithelial damage, mucus hypersecretion, 
oxidative inactivation of surfactants and 
antiproteases, further exacerbating COPD symptoms. 
Neurons, which rely heavily on mitochondrial 
respiration for energy, are particularly vulnerable to 
oxidative stress. High levels of ROS in neurons lead to 
the production of toxic peroxidized lipids, 
perpetuating oxidative damage and contributing 
to neurocognitive disorders in COPD[36, 101]. During 
COPD exacerbations, almost all markers of oxidative 
stress, including malondialdehyde, superoxide (O2-) 
and hydrogen peroxide (H2O2), are further 
elevated[102]. Moreover, oxidative stress can activate 
resident lung cells, such as alveolar macrophages and 
epithelial cells, resulting in the production of 
chemotactic molecules. These molecules recruit 

additional inflammatory cells, including 
lymphocytes, monocytes, and neutrophils, into the 
lungs. Thus, oxidative stress and inflammatory 
responses mutually reinforce each other, creating a 
vicious cycle that perpetuates lung and brain damage. 

From a deeper perspective, inflammation- 
oxidative stress is involved in neuronal development, 
functional polarization, connectivity and plasticity by 
regulating multiple signaling pathways, including 
Nrf2, PI3K/AKT, JNK, Hedgehog, etc[103] (Figure 2). 
For example, nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidases (NOX)-produced ROS 
can regulate not only the stemness of neural progenitor cells 
through PI3K/AKT signaling pathway but also axon path 
finding via the Hedgehog pathway[104]. By promoting 
oxidative stress, NOX4 induces the production of the 
lipid peroxidation end-products, such as 
4-hydroxynonenal (4-HNE) and malondialdehyde, 
and ultimately mediating ferroptosis-dependent 
cytotoxicity of astrocytes in AD[105]. Furthermore, 
4-HNE has been shown to play a role in 
synaptogenesis during CNS development and 
neuronal function in the mature brain[106]. 4-HNE 
can bind to macromolecules altering their structure 
and function, including modification of ATP synthase 
or SOD2, which triggers excessive ROS generation 
and mitochondrial dysfunction, thereby promoting 
neurodegeneration[107]. The production of 4-HNE 
after CNS trauma may promote ROS generation, 
leading to sustained JNK activation[108]. Thus, 
increased inflammation-oxidative stress and 
down-regulated antioxidants may be key drivers of 
neurocognitive deficits, including those associated 
with COPD.  

3.3 The hypothalamic–pituitary–adrenal 
(HPA) axis activation 

The HPA axis is a neuro-endocrine "hub" that 
coordinates physiological responses to external 
stimuli. HPA axis dysfunction is associated with a 
number of mental health conditions, particularly 
anxiety and depressive disorders[109, 110]. Neurons 
in the CNS are capable of releasing neuroendocrine 
factors such as corticotropin-releasing hormone 
(CRH) and glucocorticoid (GC) in response to stress 
or circadian rhythm stimuli[111]. GC, a key 
component of the HPA axis, not only regulates blood 
glucose but also exerts immunosuppressive effects. 
These effects are mainly mediated through the 
tethering of the GC receptor to transcription factors 
(e.g., NF-κB and AP-1), which reduces the expression 
of pro-inflammatory genes[112]. Interestingly, GC 
exhibit a dual role in immune regulation: they have 
‘permissive’ (that is, immunostimulatory) effects at 
low concentrations and suppressive effects at high 
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concentrations[113, 114]. 
We discussed earlier that inflammation in the 

lungs can trigger a systemic inflammatory response in 
the brain, leading to brain damage. In turn, 
immunosuppression resulting from CNS 
injury increases the risk of systemic infections, such as 

pneumonia and urinary tract infections[115]. 
Interestingly, children with asthma often develop 
adrenal insufficiency[116], suggesting a potential link 
between lung inflammation and HPA axis 
dysfunction. 

 

Table 2. Neuropathological changes caused by the lung-brain axis associated with inflammatory-oxidative stress. 

Animal Model Inflammatory Factors in the Lungs Inflammatory Factors in the Brain Neuropathological changes Pathways References 
Male BALB/c mice 
smoked for 24 weeks 

TNF-α, IL-6, IL-1β, Cybb, NOX2, 
Mmp12 

/ Increased astrocyte density / [125] 

Male BALB/c mice 
smoked for 24 weeks 

TNF, Ccl2, Cxcl1, Nox1/2 Itgam Decreased number of 
microglia, shortened 
protrusion length, and altered 
astrocyte density 

ZO-1 occludin, 
albumin, IgG 

[134] 

Male C57BL/6J mice 
smoked for 16 weeks 

MCP-1, IL-1β, IL-6, TNF-α, IL-18 IL-1β, IL-6, TNF-α, IL-18  / NLRP3, NF-κb, 
GR, Capase-1 

[55] 

Male C57BL/6J mice 
O3 for 13 weeks 

/ Nlrp3, IL-1β Microglia decreased ChAT, Slc18a3, 
AChE 

[48] 

Male BALB/c mice 
smoked for 8 weeks 

TNF-α Cxcl1/2, Ccl2 Mmp12, Mmp9 
Gpx1, Nox1/2/4 

TNF-α, Cxcl1, IL1β, Csf1, Mmp9, 
NOX1, GPx1, iNOS  

The number of microglia in 
CA1 region did not change 
significantly, and the area of 
microglia increased 

/ [36] 

C20BL mouse 
anesthesia model 

IL-1β, IL-6, TNF-α IL-1β, IL-6, TNF-α Increased numbers of 
microglia and astrocytes 

TLR4 [90] 

 

 
Figure 2. Possible signaling pathways in inflammatory-oxidative stress mediated neural regeneration. CNS injury induces cytokines to interact with ROS and 
activation of NMDAR leads to calcium efflux, thereby further contributing to intracellular ROS accumulation through the action of NOX. Intracellular ROS inactivates PTEN and 
leads to the accumulation of PIP3, which directs Akt to the plasma membrane and promotes Akt activation and neurogenesis. In addition, Akt activates p21, thereby disrupting 
the interaction between Nrf2 and its inhibitor Keap1 and promoting Nrf2 stabilization for detoxification and neuroprotection against excessive ROS action. RTK are up-regulated 
in response to CNS injury and activate ERK1/2 signaling pathway upon binding to BDNF. All of the above events promote neurogenesis, neuroprotection and synaptic maturation. 
Finally, ROS induces JNK p38 MAPK, whose synergistic action is essential for debris removal and axonal regeneration. However, high levels of oxidative stress can trigger 
peroxidation and the formation of 4-HNE lipids, which may adversely affect nerve regeneration. (BDNF – brain-derived neurotrophic factor; ERK1/2 – extracellular 
signal-regulated protein kinase; 4-HNE – 4-hydroxy-2-nonenal; JNK – c-jun N-terminal kinase; MAPK – mitogen-activated protein kinases; NMDAR – N-methyl-d-aspartate 
receptor; NOX – NADPH oxidase; Nrf2 – nuclear factor erythroid 2 like 2; PI3K – phosphatidylinositol 3-kinase; PIP2 – phosphatidylinositol (4,5)-bisphosphate; PIP3 – 
phosphatidylinositol 3,4,5-trisphosphate; PTEN – phosphatase and tensin homolog; RTK – receptor tyrosine kinase) (Created with Biorender.com). 
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There is increasing evidence that the CNS and 
lungs interact bidirectionally through the HPA axis, 
which regulates the neuroinflammatory state in a 
dynamic manner[117, 118]. Multiple hormones within 
this axis, including CRH, adrenocorticotropic 
hormone (ACTH), GC, and mineral corticoid, play 
important roles in the central inflammatory response 
by binding to their corresponding receptors.  

First, brain injury may activate the HPA axis and 
induce GC secretion[119]. GC is essential for normal 
lung development, regulating key events such as 
morphological changes, lung maturation, and 
surfactant synthesis in type II epithelial cells[120]. 
Second, CRH can increase bacterial adhesion and 
expression of inflammation regulatory genes in 
streptococcus pneumoniae, highlighting its role in 
bacteria-related inflammatory responses[121]. 
Additionally, studies on CRH-Angiotensin- 
converting enzyme 2 (ACE2) KI (ACE2 KI mice are 
genetically engineered to overexpress ACE2 under 
the ROSA26 promoter, with Cre-LoxP-mediated 
restriction to CRH-synthesizing cells) and wild type 
(WT) mice have shown that overexpression of ACE2 
in CRH cells (derived from CRH-ACE2KI mice) 
inhibits HPA axis activity by decreasing CRH 
synthesis, resulting in reduced anxiety-like 
behavior[122]. CRH receptors (CRH-R1 and CRH-R2) 
are also present in the lungs, and CRH-R antagonists 
show promise as interventions for eczema, asthma, 
and urticaria.  

Due to their anti-inflammatory and 
immunosuppressive properties, corticosteroids are a 
clinical option for COPD patients. However, 
controlled dosing is essential to minimize the risk of 
HPA axis suppression[123]. Studies have shown that 
basal serum corticosterone levels are significantly 
reduced in COPD[124], possibly due to stress-induced 
dysregulation of the HPA axis or excessive negative 
feedback of the HPA axis. Robitussin 
co-administration counteracts the stimulatory effect of 
COPD on basal circulating corticosterone levels, 
suggesting that suppression of inflammation and 
oxidative stress may help prevent excessive activation 
of the HPA axis. Increased lung inflammation and 
pulmonary dysfunction in COPD are strongly 
associated with social-cognitive memory deficits and 
neophobia in new environments[125]. Therefore, 
further studies on the HPA axis are needed to 
elucidate the mechanisms underlying COPD-NCDs. 

4. Brain damage caused by COPD due to 
the presence of the lung-brain axis 

The connection between smoking and 
neurological complications has been demonstrated in 
diseases such as stroke, AD, and multiple 

sclerosis[126-128]. However, the precise mechanisms 
underpinning COPD-related cognitive impairment 
remain largely undefined. Studies have shown that 
elevated markers of lung inflammation and oxidative 
stress in COPD may extend beyond the lungs, 
triggering inflammation and causing damage to the 
brain. This process is reflected in altered BBB 
permeability, brain atrophy, activation of brain 
immune cells, and neuronal damage or loss, 
ultimately leading to cognitive deficits (Figure 3). 
Therefore, our focus is on exploring the potential 
mechanisms by which inflammation and oxidative 
stress contribute to COPD-NCDs. 

4.1 Altered glial cell function 
Astrocytes and other glial cells such as microglia, 

create and maintain a highly controlled 
microenvironment essential for efficient neuronal 
function within the CNS[129]. Glial cells were initially 
thought to merely provide nutritional support to 
neurons. However, it is now clear that tightly 
intertwined neuronal-glial networks are crucial for 
optimal CNS function[130-132]. Emerging evidence 
from preclinical and clinical studies highlights the 
role of astrocytes and microglia in neurocognitive 
functions. For example, Zhou and colleagues 
proposed that astrocytes play a key role in 
maintaining the excitation-inhibition balance and the 
neurotrophic status of local networks responsible for 
anxiety-like behavior. This may modulate synaptic 
activity, thereby influencing cognition[133].  

However, CS exposure can inhibit hippocampal 
astrocyte density, reduce the expression of 
synaptosomes and shorten dendritic spines[134]. 
Nicotine, a component of CS, can disrupt 
astrocyte-neuron interactions through direct or 
indirect mechanisms. Directly, nicotine binds to 
nicotinic acetylcholine receptors on astrocytes[135]. 
Indirectly, nicotine may alter astrocyte function by 
increasing local dopamine concentrations. For 
instance, dopamine can trigger CCCTC-binding 
factor-dependent morphological and genomic 
remodeling of astrocytes[136]. 

In the brain, microglia are the primary immune 
cells, accounting for about 75%-80% of all brain 
immune cells[137]. They play a dual role 
in neurodegenerative diseases. On the one hand, 
activated microglia help clear neuronal debris 
through phagocytosis, on the other hand, they 
contribute to disease progression by releasing 
molecules that induce a neuroinflammatory 
state[138-140]. M1-activated microglia produce 
pro-inflammatory mediators[141], increase 
indoleamine 2, 3-dioxygenase (IDO) activity, and shift 
tryptophan metabolism toward the kynurenine 
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pathway, leading to neuronal death[142]. In addition, 
microglia secrete IL-1α, TNF-α and complement 1q 
(C1q), which can induce astrocytes to produce 
neurotoxic factors, reduce phagocytic activity and 
decrease the expression of neurotrophic factors[143].  

More importantly, CS exposure significantly 
affects hippocampal microglia volume, impairing 
working memory maintenance. These microglia 
exhibit a more activated morphology[134]. Chronic 
activation of microglia leads to loss of neurons and 
axons, resulting in neurocognitive deficits. It has been 
demonstrated that CS exposure increases the density 
of astrocytes and microglia in the suprachiasmatic 
nucleus (SCN) region of the hypothalamus, 
potentially impairing social recognition memory and 
increasing fear of new environments. Treatment with 
the antioxidant apocynin restores morphology of 
microglia but does not affect astrocyte levels[125]. 

4.2 BBB permeability changes 
The BBB is composed of capillary wall 

endothelial cells, pericytes, and astrocytes[144]. It 
plays a crucial role in regulating the transport of 
molecules into and out of the brain, protecting it from 
harmful substances and pathogens under healthy 
conditions[145]. Microglia are strongly associated 

with BBB permeability and play a dual role in 
maintaining BBB integrity during inflammation. 
Initially, microglia protect BBB integrity by interacting 
with cerebral blood vessels. However, further 
prolonged inflammation shifts microglia to a more 
active phenotype, which can phagocytize astrocyte 
end-feet and impair BBB permeability[146].  

During neuroinflammation, activated microglia 
produce IL-1β, which induces astrocytes to release 
vascular endothelial growth factor-A (VEGF-A). 
VEGF-A, in turn, downregulates TJ proteins such as 
claudin-5 (Cldn5) and occluding (Ocln) in endothelial 
cells via endothelial nitric oxide synthase 
(eNOS)-dependent mechanisms. This disrupts the TJs 
and increases BBB permeability[143]. These findings 
were further supported by a CS and LPS-induced 
murine model of COPD, which showed reduced 
expression of Cldn5 and Ocln in the cerebral 
microvasculature. Additionally, toxic components of 
CS can enter the bloodstream and compromise BBB 
integrity[147]. Both CS and e-cigarettes have been 
shown to reduce key TJ proteins including Ocln[148] 
and ZO-1[149], strongly suggesting that smoking is 
associated with loss of BBB integrity.  

 

 
Figure 3. COPD-NCDs may cause altered glial cell function, BBB permeability, and neuronal dysfunction. Bidirectional communication between astrocytes and 
microglia regulates their responses during CNS inflammation. Upon activation, microglia and astrocytes release neurotoxic NO, glutamate, or downregulate extracellular 
neurotransmitter uptake, respectively, ultimately leading to neuronal and oligodendrocyte death. Microglia and astrocytes also control oligodendrocyte recruitment by secreting 
a variety of cytokines. Activated microglia can be polarized into M1/M2 phenotypes under different conditions. Protrusions of M1-type microglia become larger in diameter and 
present an amoebic state, which have neuroinflammatory effects, while M2-type microglia have significantly more branching and longitudinally extended protrusions, executing an 
anti-inflammatory effect and having a neuroprotective function. Interactions of activated microglia with astrocytes and endothelial cells increase BBB permeability, whereas 
bidirectional communication between astrocytes and peripheral immune cells enhances CNS inflammation and leads to disease progression (Created with Biorender.com). 
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In the course of COPD disease, pro- 
inflammatory cytokines, ROS, CRP may disrupt the 
regulation of TJs in brain endothelial cells, increasing 
BBB permeability, damaging brain cells, and 
promoting atherosclerosis in both the anterior and 
internal cerebral arteries[96, 150, 151]. These findings 
suggest that neuroinflammation in brain regions 
associated with cognitive function can activate 
microglia, injure astrocytes, and affect the expression 
of key TJ proteins, ultimately increasing BBB 
permeability.  

The BBB has mechanisms to prevent leakage 
when exposed to inflammatory stimuli[152]. 
However, increased permeability allows toxic 
circulating molecules, such as inflammatory 
cytokines, ions, and immune cells, to enter the brain 
microenvironment, further compromising BBB 
integrity[84]. Collectively, these studies emphasize 
that COPD causes pulmonary/peripheral 
inflammation to “spill-over” into the CNS, increasing 
BBB permeability. However, the underlying 
mechanisms of COPD-NCDs need to be explored in 
greater depth. 

4.3 Neuronal dysfunction 
Due to the existence of the forementioned 

lung-brain axis, COPD patients experience brain 
damage caused by inflammation and oxidative stress. 
On the one hand, neurons, as post-mitotic cells, are 
exposed to ROS for longer periods than other dividing 
cells in the brain. This makes adult neurogenesis 
highly dependent on tightly regulated redox signaling 
pathways. CS, the most important predisposing factor 
of COPD, can disrupt the oxidative balance, altering 
oxidative homeostasis in the brain and periphery, and 
significantly reduce the number of DCX-positive 
immature neurons[153]. Neuronal cells contain the 
antioxidant glutathione (GSH), which regulates 
excessive ROS[154, 155]. The loss of GSH can cause 
oxidative damage, leading to dendritic damage, 
neuronal death and cognitive impairments[156]. 
Further studies have confirmed that neuronal GSH 
depletion is linked to the downregulation of 
excitatory amino acid transporter 3 (EAAT3), 
resulting from lipid peroxidation-induced neuronal 
membrane dysfunction[157]. In BALB/c mice, CS 
exposure generates ROS-induced oxidative stress and 
significantly reduces antioxidant defense in the brain 
by depleting GSH, GPX and superoxide dismutase. 
On the other hand, CS-induced neuroinflammation is 
markedly increased, affecting the expression of 
synaptophysin, reducing mature dendritic spines, and 
compromising synaptic integrity[134, 158]. The 
formation of functional synapses between neurons is 
essential for establishing neural circuits that support 

learning and memory[159]. There is no doubt that 
synaptic and dendritic spine damage caused by 
COPD neuroinflammation significantly impairs 
neurocognitive function and memory.  

5. Potential treatments for COPD-NCDs 
At present, there is a lack of effective 

comprehensive treatments for cognitive impairment 
in COPD individuals. Identifying medications that 
can not only alleviate COPD symptoms but also 
mitigate and reverse cognitive dysfunction in COPD 
patients is crucial for disease management. As 
previously discussed, inflammation and oxidative 
stress are likely key contributors to cognitive 
dysfunction in COPD patients[160-162]. Therefore, 
anti-inflammatory and anti-oxidative stress therapies 
targeting COPD and/or cognitive dysfunction 
associated with other neurological conditions may 
serve as complementary treatments (Table 3)[163]. 

5.1 Anti-inflammatory treatment of COPD- 
NCDs 

The increased prevalence of cognitive 
impairment in COPD is associated with the stability of 
COPD symptoms, the duration of pathology, and the 
severity of respiratory symptoms[163]. In general, 
persistent systemic inflammation in the lungs and 
localized neuroinflammation in the brain, are 
significant triggers of depression and cognitive 
deficits[164]. Elevated inflammatory markers in the 
lungs of patients with COPD can lead to inflammation 
and damage in the brain, resulting in cognitive 
deficits[64]. Consequently, anti-inflammatory 
treatments for COPD patients may not only alleviate 
the respiratory symptoms but also have therapeutic 
effects on cognitive dysfunction. However, 
anti-inflammatory drugs may alter the natural course 
of COPD progression and potentially negatively 
impact the nervous system.  

For instance, corticosteroids are commonly used 
to reduce lung inflammation and improve airway 
obstruction in COPD[165]. However, airway 
inflammation in COPD is relatively resistant to 
corticosteroid therapy and overcoming corticosteroid 
resistance remains a challenge. Importantly, GCs (a 
class of corticosteroids) have been shown to 
negatively affect cognition, with subjects experiencing 
impaired memory after taking GCs. Resistance to the 
anti-inflammatory effects of steroids is a major barrier 
to effective COPD treatment. Therefore, developing 
broad-spectrum anti-inflammatory therapies as 
alternatives to corticosteroids is a promising strategy. 
New anti-inflammatory agents are needed to address 
cognitive impairment in COPD[166, 167]. 
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Table 3. Anti-inflammatory and antioxidant stress therapy for COPD-NCDs. 

Treatment Function Mechanisms Merit and Demerit References 
GCs (a class of 
corticosteroids) 

Reduce lung inflammation; 
Improve airway obstruction 

Mediating side effects; 
Mediating anti-inflammatory effects 

Impaired memory capacity [165] 

Roflumilast (PDE 
inhibitors) 

Reduce airway inflammation and 
bronchoconstriction; 
Reduce neuroinflammation and 
cognitive impairment 

Decreased BBB permeability, levels of 
pro-inflammatory cytokines IL-1β, IL-6 and 
TNF-α, and neuronal apoptosis 

GI adverse effects (nausea, vomiting, 
and GI reactions) and weight loss are 
common 

[168][169][1
70] 

Formoterol Increase dendritic complexity 
and synaptic activity; 
Enhance cognitive function; 
Anti-inflammatory 
Dilatation of bronchial tubes 

Regulation of Fgf2 gene expression The ability to cross the BBB and 
improve cognitive function; 
Bronchodilator effect is dose-dependent 

[174] 

Sodium-glucose 
cotransporter protein 
2 inhibitor (SGLT2i) 

Reduce ROS; 
Reduce BBB leakage; 
Reduce microglia burden and 
acetylcholinesterase levels; 
Reduce carbon dioxide load 

Acting on SGLT2 receptor 
 

Reduction in cardiovascular risk 
factors; 
Augmentation of ketogenesis; 
Symptoms accompanying osmotic 
diuresis, pancreatitis and temporary 
hypoglycemic episodes 

[175] 

Celecoxib (COX-2 
inhibitors) 

Anti-inflammatory; 
Prevention of behavioral 
dysfunction 

Inhibiting the expression of iNOS and COX-2 
by inactivated of NF-κB 

Prevention of early sAβ-induced 
neurotoxicity 

[176] 

Aspirin Delay cognitive decline It affects the inflammatory response by 
up-regulating PPARγ and down-regulating 
cyclooxygenase-1 and cyclooxygenase-2 
 

Reduce hospitalization mortalityand 
shorten hospitalization time; 
Reduce the dependence on invasive 
mechanical ventilation 
 

[177] 

N-3 polyunsaturated 
fatty acids (N-3 
PUFAs) 

Anti-inflammatory 
 

Binding to membrane phospholipids of 
inflammation-associated cells; 
Reduce neuroinflammation; 
Down-regulating PPAR and NFkB signaling 
pathway 

/ [178] 

Ebselen Antioxidant stress; 
Block CS-induced impairment of 
working and spatial memory 

Regulating synaptophysin expression without 
altering microglia activation 

Attenuation of pulmonary 
inflammation; 
Decreasing in neutrophilic infiltration; 
Maintenance of synaptophysin density 

[187][188][1
89][35] 

N-acetyl-L-cysteine 
(NAC) 

Antioxidant Stress; 
Alleviate depression 

Blocking increased AChE activity and 
decreasing pTrkB and MnSOD levels 

Improvement of cognitive function [190] 

Apocynin Attenuate the deterioration of 
vascular endothelial function; 
Reduce vascular oxidative stress 
and injury; 
Reduce airway fibrosis and 
inflammation 

Inhibition of NF-κB signaling pathway / [193] 

BET/BRD inhibitors  Anti-inflammatory; 
Antioxidant Stress 

Decreasing the expression of 
pro-inflammatory regulators Il-1b, Il-6, Tnfa, 
Ccl2, Nos2 and Ptgs2; 
Decreasing tau phosphorylation at the Ser396 
site 
Increasing expression of Nrf2 

Reducing cognitive dysfunction [194][195] 

Vitamin C Antioxidant Stress Activation of the Nrf2-ARE pathway to 
increase SOD-1 and GSTO1/2 expression 

/ [196][197][1
98][199] 

 
 
Beyond corticosteroids, other anti-inflammatory 

agents have been studied in human and animal 
models. Roflumilast, for instance, not only reduces 
airway inflammation and bronchoconstriction in 
patients with COPD[168], but also shows potential as 
a memory enhancer at low doses[169]. It may exert 
neuroprotective effects in early brain injury after 
subarachnoid hemorrhage through anti-inflammatory 
mechanisms[170]. It can also reduce neuroin- 
flammation and cognitive deficits in sporadic 
AD[171]. However, roflumilast has a narrow 
therapeutic window and can cause GI and CNS side 
effects, limiting its widespread use. Roflumilast is the 

first anti-inflammatory drug approved for COPD 
treatment[172]. Despite its side effects, such as nausea 
and vomiting in 5% of patients at the approved dose 
of 500 μg, low doses (100-250 μg) have shown 
cognitive-enhancing effects in healthy adults, older 
adults, individuals with mild cognitive impairment, 
and patients with schizophrenia[173]. Clinical trials 
are currently investigating its potential benefits for 
early AD, post-stroke cognitive impairment and 
fragile X syndrome. Overall, roflumilast demonstrates 
promising effects on cognitive performance.  

Another potential treatment is formoterol, a 
long-acting β2 adrenergic receptor agonist used to 
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relieve respiratory symptoms in asthma and COPD. 
Formoterol has been shown to improve cognitive 
function by enhancing synaptic density in the 
hippocampus and increasing the neuronal complexity 
of newly formed dentate granule neurons in 
mice[174]. Therefore, both roflumilast and formoterol 
may be promising candidates for treating 
COPD-NCDs. Additionally, other anti-inflammatory 
agents, such as sodium-glucose cotransporter 2 
inhibitors (SGLT2i)[175], celecoxib[176], aspirin[177], 
and N-3 polyunsaturated fatty acids[178], may also 
play prominent roles. For instance, SGLT2i has 
demonstrated pleiotropic benefits for cognitive 
disorders, epilepsy, movement disorders, and 
stroke[175]. Their anti-inflammatory and anti- 
apoptotic effects can reduce BBB leakage, attenuate 
microglia activation, and promote myelin remodeling, 
thereby combating neuroinflammation in various 
diseases[179]. Therefore, anti-inflammatory drugs 
with neuroprotective properties may have profound 
effects on COPD-NCDs. 

5.2 Antioxidants for COPD-NCDs 
Oxidative stress, resulting from an imbalance 

between oxidants and antioxidants, plays a crucial 
role in the pathogenesis of COPD[180]. Studies have 
shown that mediators of oxidative stress may lead to a 
sustained systemic inflammatory response, resulting 
in brain damage and eventually contributing to 
COPD-NCDs[181, 182]. Consequently, antioxidant 
therapy not only attenuates oxidative stress in the 
lungs but also ameliorates COPD-NCDs.  

Ebselen, for instance, has demonstrated 
protective effects in conditions characterized by 
oxidative stress, such as diabetes-related 
atherosclerosis, ischemia/reperfusion injury, and 
pulmonary inflammation[183-186]. It significantly 
reduces CS-induced lung inflammation and vascular 
oxidative stress, while restoring vascular endothelial 
function[187]. In addition, Ebselen has been used in 
acute ischemic stroke[188, 189] and has been shown to 
completely block CS-induced impairment of working 
memory and spatial memory by restoring 
synaptophysin expression[36].  

Another antioxidant, N-acetyl-L-cysteine (NAC), 
has been shown to reduce oxidative load in the 
airways of patients with stable COPD[190]. NAC also 
reverses depression, anhedonia, and anxiety-like 
behaviors in a neonatal clomipramine model of 
depression[190] by restoring AChE activity and 
rescuing the loss of synaptic plasticity. Furthermore, 
NAC prevents STZ-induced cognitive 
dysfunction[191, 192]. Other antioxidants, such as 
Apocynin[193], the BET/BRD inhibitor JQ1[194, 195], 
and Vitamin C[196-199], have also been reported to 

exert antioxidant effects through different 
mechanisms, and require further investigation. 

To date, most treatments for COPD are in 
preclinical or early clinical development, while 
studies for COPD-NCDs have been limited to animal 
models. Therefore, the outcomes of future clinical 
trials targeting COPD-NCDs are highly anticipated. 
Beyond pharmacological approaches, stem cell-based 
regenerative therapies may indirectly modulate 
inflammation in COPD and COPD-NCDs without 
requiring precise endotype precision. Moving 
forward, clinical studies are needed to improve the 
treatment of this challenging condition.  

6. Conclusions  
COPD-NCDs represent an emerging area of 

research. Despite their high prevalence, 
neurocognitive comorbidities are often 
under-diagnosed and inadequately treated, leading to 
poor patient outcomes. This is primarily due to the 
lack of a systematic understanding of the pathogenic 
mechanisms, disease progression, and effective 
treatments for COPD-NCDs. From the perspective of 
the lung-brain axis, we have summarized the factors 
and mechanisms underlying the interaction between 
the lungs and brain in the pathogenesis of 
COPD-NCDs. A comprehensive understanding of 
neurological dysfunction caused by COPD through 
the lung-brain axis may provide powerful clues or 
evidence for the precise diagnosis, personalized 
treatment, and prognosis of COPD-NCDs. Ultimately, 
aiding in the clinical implementation of tailored 
treatment plans. Improving inflammation, oxidative 
stress, and metabolic dysregulation will be 
essential for treating COPD-NCDs, while 
neuroprotective therapies may serve as effective 
adjuncts. 

In conclusion, COPD can induce BBB 
permeability changes, neuronal dysfunction, 
neuroglial alterations, and subsequent neurocognitive 
impairment through mechanisms involving oxidative 
stress, inflammatory factor spill-over, metabolic shifts, 
and pathways within the lung-brain axis, such as the 
HPA axis. Neuroprotective anti-inflammatory drugs 
and antioxidants have shown promise as therapeutic 
targets for alleviating neurocognitive disorders 
associated with COPD. 

Acknowledgments 
We thank the team members for their valuable 

and constructive comments. Also, we thank all those 
involved in writing and revising this manuscript. The 
figures are created with BioRender.com. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

3473 

Funding 
This study was supported by the Medical Basic 

Research Innovation Center of Airway Disease in 
North China, Key Laboratory of Pathobiology, 
Ministry of Education and Department of Education 
of Jilin Province (JJKH20211158KJ), the Graduate 
Innovation Fund of Jilin University (Grant No. 
2024CX129).  

Availability of data and materials 
Data sharing does not apply to this article as no 

datasets were generated or analyzed during the 
current study. 

Author Contributions 
F.W. and X.M. conceived and designed the 

study. X.Y., H.X., and Y.L. wrote the paper. Z.D. and 
X.M. reviewed and edited the manuscript. All authors 
read and approved the manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Wu X, Jia B, Luo X, Wang J, Li M. Glucocorticoid Alleviates Mechanical 

Stress-Induced Airway Inflammation and Remodeling in COPD via Transient 
Receptor Potential Canonical 1 Channel. International journal of chronic 
obstructive pulmonary disease. 2023; 18: 1837-1851. 

2. Cheng M, Yan X, Wu Y, Zeng Z, Zhang Y, Wen F, et al. Qingke Pingchuan 
granules alleviate airway inflammation in COPD exacerbation by inhibiting 
neutrophil extracellular traps in mice. Phytomedicine : international journal of 
phytotherapy and phytopharmacology. 2025; 136: 156283. 

3. Vlahos R, Bozinovski S. Recent advances in pre-clinical mouse models of 
COPD. Clinical science (London, England : 1979). 2014; 126: 253-65. 

4. Barnes PJ, Shapiro SD, Pauwels RA. Chronic obstructive pulmonary disease: 
molecular and cellular mechanisms. The European respiratory journal. 2003; 
22: 672-88. 

5. Bozinovski S, Seow HJ, Chan SP, Anthony D, McQualter J, Hansen M, et al. 
Innate cellular sources of interleukin-17A regulate macrophage accumulation 
in cigarette- smoke-induced lung inflammation in mice. Clinical science 
(London, England : 1979). 2015; 129: 785-96. 

6. Bernardo I, Bozinovski S, Vlahos R. Targeting oxidant-dependent mechanisms 
for the treatment of COPD and its comorbidities. Pharmacology & 
therapeutics. 2015; 155: 60-79. 

7. Liu L, Wen T, Xiao Y, Chen H, Yang S, Shen X. Sea buckthorn extract mitigates 
chronic obstructive pulmonary disease by suppression of ferroptosis via 
scavenging ROS and blocking p53/MAPK pathways. Journal of 
ethnopharmacology. 2025; 336: 118726. 

8. Alateeq R, Akhtar A, De Luca SN, Chan SMH, Vlahos R. Apocynin Prevents 
Cigarette Smoke-Induced Anxiety-Like Behavior and Preserves Microglial 
Profiles in Male Mice. Antioxidants (Basel, Switzerland). 2024; 13: 855. 

9. Xiang Y, Luo X. Extrapulmonary Comorbidities Associated with Chronic 
Obstructive Pulmonary Disease: A Review. International journal of chronic 
obstructive pulmonary disease. 2024; 19: 567-578. 

10. Cronin E, Cushen B. Diagnosis and management of comorbid disease in 
COPD. Breathe (Sheffield, England). 2025; 21: 240099. 

11. Lv Z, Hu P, Jiang Y, Yang W, Wang R, Wang K, et al. Changes in Spatial 
Working Memory in Stable Chronic Obstructive Pulmonary Disease: A 
Retrospective Study. BioMed research international. 2020; 2020: 7363712. 

12. Nadar MS, Hasan AM, Alsaleh M. The negative impact of chronic tobacco 
smoking on adult neuropsychological function: a cross-sectional study. BMC 
public health. 2021; 21: 1278. 

13. Ding K, Song F, Sun W, Sun M, Xia R. Impact of exercise training on cognitive 
function in patients with COPD: a systematic review and meta-analysis of 
randomised controlled trials. European respiratory review : an official journal 
of the European Respiratory Society. 2025; 34: 240170. 

14. Brunette AM, Warner K, Holm KE, Meschede K, Wamboldt FS, Kozora E, et al. 
Daily Activities: The Impact of COPD and Cognitive Dysfunction. Archives of 

clinical neuropsychology : the official journal of the National Academy of 
Neuropsychologists. 2021; 36: acaa090 767 779-767. 

15. Vikjord SAA, Brumpton BM, Mai XM, Vanfleteren L, Langhammer A. The 
association of anxiety and depression with mortality in a COPD cohort. The 
HUNT study, Norway. Respiratory medicine. 2020; 171: 106089. 

16. Heslop-Marshall K, Baker C, Carrick-Sen D, Newton J, Echevarria C, Stenton 
C, et al. Randomised controlled trial of cognitive behavioural therapy in 
COPD. ERJ open research. 2018; 4: 00094-2018. 

17. Dodd JW. Lung disease as a determinant of cognitive decline and dementia. 
Alzheimer's research & therapy. 2015; 7: 32. 

18. Pelgrim CE, Peterson JD, Gosker HR, Schols A, van Helvoort A, Garssen J, et 
al. Psychological co-morbidities in COPD: Targeting systemic inflammation, a 
benefit for both? European journal of pharmacology. 2019; 842: 99-110. 

19. Yazar EE, Aydin S, Gunluoglu G, Kamat S, Gungen AC, Yildiz P. Clinical 
effects of cognitive impairment in patients with chronic obstructive 
pulmonary disease. Chronic respiratory disease. 2018; 15: 306-314. 

20. Yohannes AM, M NE, Holbrook JT, Sugar EA, Henderson R, Baker AM, et al. 
Association of mild cognitive impairment and characteristic of COPD and 
overall health status in a cohort study. Expert review of respiratory medicine. 
2021; 15: 153-159. 

21. France G, Orme MW, Greening NJ, Steiner MC, Chaplin EJ, Clinch L, et al. 
Cognitive function following pulmonary rehabilitation and post-discharge 
recovery from exacerbation in people with COPD. Respiratory medicine. 2021; 
176: 106249. 

22. Tashkin DP. Smoking Cessation in Chronic Obstructive Pulmonary Disease. 
Seminars in respiratory and critical care medicine. 2015; 36: 491-507. 

23. Sabia S, Elbaz A, Dugravot A, Head J, Shipley M, Hagger-Johnson G, et al. 
Impact of smoking on cognitive decline in early old age: the Whitehall II 
cohort study. Archives of general psychiatry. 2012; 69: 627-35. 

24. Almeida OP, Garrido GJ, Alfonso H, Hulse G, Lautenschlager NT, Hankey GJ, 
et al. 24-month effect of smoking cessation on cognitive function and brain 
structure in later life. NeuroImage. 2011; 55: 1480-9. 

25. Jiang J, Zheng Z, Chen S, Liu J, Jia J, Huang Y, et al. Hypoxia inducible factor 
(HIF) 3α prevents COPD by inhibiting alveolar epithelial cell ferroptosis via 
the HIF-3α-GPx4 axis. Theranostics. 2024; 14: 5512-5527. 

26. Kumar GK. Hypoxia. 3. Hypoxia and neurotransmitter synthesis. American 
journal of physiology Cell physiology. 2011; 300: C743-51. 

27. Gonçalves S, Nunes-Costa D, Cardoso SM, Empadinhas N, Marugg JD. 
Enzyme Promiscuity in Serotonin Biosynthesis, From Bacteria to Plants and 
Humans. Frontiers in microbiology. 2022; 13: 873555. 

28. Ewees MG, El-Mahdy MA, Hannawi Y, Zweier JL. Tobacco cigarette smoking 
induces cerebrovascular dysfunction followed by oxidative neuronal injury 
with the onset of cognitive impairment. Journal of cerebral blood flow and 
metabolism : official journal of the International Society of Cerebral Blood 
Flow and Metabolism. 2025; 45: 48-65. 

29. Askari MS, Andrade LH, Filho AC, Silveira CM, Siu E, Wang YP, et al. Dual 
burden of chronic physical diseases and anxiety/mood disorders among São 
Paulo Megacity Mental Health Survey Sample, Brazil. Journal of affective 
disorders. 2017; 220: 1-7. 

30. Su B, Liu T, Fan H, Chen F, Ding H, Wu Z, et al. Inflammatory Markers and 
the Risk of Chronic Obstructive Pulmonary Disease: A Systematic Review and 
Meta-Analysis. PloS one. 2016; 11: e0150586. 

31. Gan WQ, Man SF, Senthilselvan A, Sin DD. Association between chronic 
obstructive pulmonary disease and systemic inflammation: a systematic 
review and a meta-analysis. Thorax. 2004; 59: 574-80. 

32. Bieri G, Schroer AB, Villeda SA. Blood-to-brain communication in aging and 
rejuvenation. Nature neuroscience. 2023; 26: 379-393. 

33. He J, Zhang Y, Guo Y, Guo J, Chen X, Xu S, et al. Blood-derived factors to brain 
communication in brain diseases. Science bulletin. 2024; 69: 3618-3632. 

34. Allison DJ, Ditor DS. The common inflammatory etiology of depression and 
cognitive impairment: a therapeutic target. Journal of neuroinflammation. 
2014; 11: 151. 

35. De Luca SN, Soch A, Sominsky L, Nguyen TX, Bosakhar A, Spencer SJ. Glial 
remodeling enhances short-term memory performance in Wistar rats. Journal 
of neuroinflammation. 2020; 17: 52. 

36. De Luca SN, Brassington K, Chan SMH, Dobric A, Mou K, Seow HJ, et al. 
Ebselen prevents cigarette smoke-induced cognitive dysfunction in mice by 
preserving hippocampal synaptophysin expression. Journal of 
neuroinflammation. 2022; 19: 72. 

37. Lehnardt S, Massillon L, Follett P, Jensen FE, Ratan R, Rosenberg PA, et al. 
Activation of innate immunity in the CNS triggers neurodegeneration through 
a Toll-like receptor 4-dependent pathway. Proceedings of the National 
Academy of Sciences of the United States of America. 2003; 100: 8514-9. 

38. Lull ME, Block ML. Microglial activation and chronic neurodegeneration. 
Neurotherapeutics : the journal of the American Society for Experimental 
NeuroTherapeutics. 2010; 7: 354-65. 

39. Stenmanns C, Netzer N, Münks-Lederer C, Schlesinger A, Stieglitz S, 
Frohnhofen H. Diagnosis of chronic obstructive pulmonary disease (COPD) in 
older patients : Consensus statement of the Working Group on Pneumology in 
Older Patients. Zeitschrift fur Gerontologie und Geriatrie. 2025; 58: 91-96. 

40. Zhang Z, Yang P, Xiao G, Li B, He M, Yang Y, et al. Prevalence and Risk 
Factors of Cognitive Impairment in COPD: A Systematic Review and 
Meta-Analysis. Public health nursing (Boston, Mass). 2025. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

3474 

41. Wang J, Li X, Lei S, Zhang D, Zhang S, Zhang H, et al. Risk of dementia or 
cognitive impairment in COPD patients: A meta-analysis of cohort studies. 
Frontiers in aging neuroscience. 2022; 14: 962562. 

42. Wang Y, Li X, Wei B, Tung TH, Tao P, Chien CW. Association between 
Chronic Obstructive Pulmonary Disease and Dementia: Systematic Review 
and Meta-Analysis of Cohort Studies. Dementia and geriatric cognitive 
disorders extra. 2019; 9: 250-259. 

43. Dodd JW, Getov SV, Jones PW. Cognitive function in COPD. The European 
respiratory journal. 2010; 35: 913-22. 

44. Kent BD, Mitchell PD, McNicholas WT. Hypoxemia in patients with COPD: 
cause, effects, and disease progression. International journal of chronic 
obstructive pulmonary disease. 2011; 6: 199-208. 

45. Yaffe K, Laffan AM, Harrison SL, Redline S, Spira AP, Ensrud KE, et al. 
Sleep-disordered breathing, hypoxia, and risk of mild cognitive impairment 
and dementia in older women. Jama. 2011; 306: 613-9. 

46. Tondo G, De Marchi F, Terazzi E, Prandi P, Sacchetti M, Comi C, et al. Chronic 
obstructive pulmonary disease may complicate Alzheimer's disease: a 
comorbidity problem. Neurological sciences : official journal of the Italian 
Neurological Society and of the Italian Society of Clinical Neurophysiology. 
2018; 39: 1585-1589. 

47. Bu XL, Cao GQ, Shen LL, Xiang Y, Jiao SS, Liu YH, et al. Serum Amyloid-Beta 
Levels are Increased in Patients with Chronic Obstructive Pulmonary Disease. 
Neurotoxicity research. 2015; 28: 346-51. 

48. Greve HJ, Dunbar AL, Lombo CG, Ahmed C, Thang M, Messenger EJ, et al. 
The bidirectional lung brain-axis of amyloid-β pathology: ozone dysregulates 
the peri-plaque microenvironment. Brain : a journal of neurology. 2023; 146: 
991-1005. 

49. Liu B, Gao HM, Hong JS. Parkinson's disease and exposure to infectious 
agents and pesticides and the occurrence of brain injuries: role of 
neuroinflammation. Environmental health perspectives. 2003; 111: 1065-73. 

50. McGeer PL, McGeer EG. Inflammation and neurodegeneration in Parkinson's 
disease. Parkinsonism & related disorders. 2004; 10 Suppl 1: S3-7. 

51. McGeer PL, Yasojima K, McGeer EG. Inflammation in Parkinson's disease. 
Advances in neurology. 2001; 86: 83-9. 

52. Chen H, O'Reilly EJ, Schwarzschild MA, Ascherio A. Peripheral inflammatory 
biomarkers and risk of Parkinson's disease. American journal of 
epidemiology. 2008; 167: 90-5. 

53. Farid HA, Sayed RH, El-Shamarka ME, Abdel-Salam OME, El Sayed NS. 
PI3K/AKT signaling activation by roflumilast ameliorates rotenone-induced 
Parkinson's disease in rats. Inflammopharmacology. 2024; 32: 1421-1437. 

54. Laurin C, Moullec G, Bacon SL, Lavoie KL. Impact of anxiety and depression 
on chronic obstructive pulmonary disease exacerbation risk. American journal 
of respiratory and critical care medicine. 2012; 185: 918-23. 

55. Deng X, Fu J, Song Y, Xu B, Ji Z, Guo Q, et al. Glucocorticoid receptor 
dysfunction orchestrates inflammasome effects on chronic obstructive 
pulmonary disease-induced depression: A potential mechanism underlying 
the cross talk between lung and brain. Brain, behavior, and immunity. 2019; 
79: 195-206. 

56. Halabi S, Collins EG, Thorevska N, Tobin MJ, Laghi F. Relationship between 
depressive symptoms and hypogonadism in men with COPD. Copd. 2011; 8: 
346-53. 

57. Atlantis E, Fahey P, Cochrane B, Smith S. Bidirectional associations between 
clinically relevant depression or anxiety and COPD: a systematic review and 
meta-analysis. Chest. 2013; 144: 766-777. 

58. Harsanyi S, Kupcova I, Danisovic L, Klein M. Selected Biomarkers of 
Depression: What Are the Effects of Cytokines and Inflammation? 
International journal of molecular sciences. 2022; 24: 578. 

59. Małujło-Balcerska E, Sipowicz K, Pietras T. Comparing chronic obstructive 
pulmonary disease and depressive disorder in terms of inflammation-related 
biomarkers. Archives of medical science : AMS. 2023; 19: 814-819. 

60. Guerra MB, Santana KG, Momolli M, Labat R, Chavantes MC, Zammuner SR, 
et al. Effect of photobiomodulation in an experimental in vitro model of 
asthma-Copd overlap. Journal of biophotonics. 2024; 17: e202400124. 

61. Małujło-Balcerska E, Pietras T, Śmigielski W. Serum levels of biomarkers that 
may link chronic obstructive pulmonary disease and depressive disorder. 
Pharmacological reports : PR. 2023; 75: 1619-1626. 

62. Borghi-Silva A, Camargo PF, Caruso FCR, da Luz Goulart C, Trimer R, Darlan 
Santos-Araújo A, et al. Current perspectives on the rehabilitation of COPD 
patients with comorbidities. Expert review of respiratory medicine. 2025; 19: 
11-28. 

63. Myronenko O, Foris V, Crnkovic S, Olschewski A, Rocha S, Nicolls MR, et al. 
Endotyping COPD: hypoxia-inducible factor-2 as a molecular "switch" 
between the vascular and airway phenotypes? European respiratory review : 
an official journal of the European Respiratory Society. 2023; 32: 220173. 

64. Zailani H, Satyanarayanan SK, Liao WC, Hsu YT, Huang SY, Gałecki P, et al. 
Roles of Omega-3 Polyunsaturated Fatty Acids in Managing Cognitive 
Impairment in Chronic Obstructive Pulmonary Disease: A Review. Nutrients. 
2023; 15: 4363. 

65. Hosang L, Canals RC, van der Flier FJ, Hollensteiner J, Daniel R, Flügel A, et 
al. The lung microbiome regulates brain autoimmunity. Nature. 2022; 603: 
138-144. 

66. Stevens RD, Puybasset L. The brain-lung-brain axis. Intensive care medicine. 
2011; 37: 1054-6. 

67. Lu J, Liang F, Bai P, Liu C, Xu M, Sun Z, et al. Blood tau-PT217 contributes to 
the anesthesia/surgery-induced delirium-like behavior in aged mice. 

Alzheimer's & dementia : the journal of the Alzheimer's Association. 2023; 19: 
4110-4126. 

68. Hu J, Guo J, Wu C, He X, Jing J, Tao M. Annexin A5 derived from lung 
alleviates brain damage after ischemic stroke. Brain research. 2025; 1846: 
149303. 

69. Serger E, Luengo-Gutierrez L, Chadwick JS, Kong G, Zhou L, Crawford G, et 
al. The gut metabolite indole-3 propionate promotes nerve regeneration and 
repair. Nature. 2022; 607: 585-592. 

70. Russo C, Colaianni V, Ielo G, Valle MS, Spicuzza L, Malaguarnera L. Impact of 
Lung Microbiota on COPD. Biomedicines. 2022; 10: 1337. 

71. Agarwal DM, Dhotre DP, Kumbhare SV, Gaike AH, Brashier BB, Shouche YS, 
et al. Disruptions in oral and nasal microbiota in biomass and tobacco smoke 
associated chronic obstructive pulmonary disease. Archives of microbiology. 
2021; 203: 2087-2099. 

72. Ren L, Zhang R, Rao J, Xiao Y, Zhang Z, Yang B, et al. Transcriptionally Active 
Lung Microbiome and Its Association with Bacterial Biomass and Host 
Inflammatory Status. mSystems. 2018; 3: e00199-18. 

73. Dang AT, Marsland BJ. Microbes, metabolites, and the gut-lung axis. Mucosal 
immunology. 2019; 12: 843-850. 

74. Niu Q, Lu Y, Ren M, Zhu J, Zhao Y, Zhang R, et al. Alterations of lung and gut 
microbiota in sodium butyrate alleviating heat stress-induced lung injury of 
broilers. Poultry science. 2025; 104: 104796. 

75. Zhang L, Zhang Y, Jiang X, Mao L, Xia Y, Fan Y, et al. Disruption of the 
lung-gut-brain axis is responsible for cortex damage induced by pulmonary 
exposure to zinc oxide nanoparticles. Toxicology. 2023; 485: 153390. 

76. Ma Q, Yao C, Wu Y, Wang H, Fan Q, Yang Q, et al. Neurological disorders 
after severe pneumonia are associated with translocation of endogenous 
bacteria from the lung to the brain. Science advances. 2023; 9: eadi0699. 

77. Bajinka O, Simbilyabo L, Tan Y, Jabang J, Saleem SA. Lung-brain axis. Critical 
reviews in microbiology. 2022; 48: 257-269. 

78. Huang J, Huang W, Yi J, Deng Y, Li R, Chen J, et al. Mesenchymal stromal cells 
alleviate depressive and anxiety-like behaviors via a lung vagal-to-brain axis 
in male mice. Nature communications. 2023; 14: 7406. 

79. Shim TS, Lee JH, Kim SY, Lim TH, Kim SJ, Kim DS, et al. Cerebral metabolic 
abnormalities in COPD patients detected by localized proton magnetic 
resonance spectroscopy. Chest. 2001; 120: 1506-13. 

80. Dickson RP, Erb-Downward JR, Prescott HC, Martinez FJ, Curtis JL, Lama VN, 
et al. Intraalveolar Catecholamines and the Human Lung Microbiome. 
American journal of respiratory and critical care medicine. 2015; 192: 257-9. 

81. Son SH, Ahn JH, Shin KC, Kim HW, Kong E. Brain FDG PET for visualizing 
the relation between impaired lung function and cognitive decline in lung 
cancer: a preliminary study. Nuclear medicine communications. 2023; 44: 
488-494. 

82. Cheng Y, Hu G, Deng L, Zan Y, Chen X. Therapeutic role of gut microbiota in 
lung injury-related cognitive impairment. Frontiers in nutrition. 2024; 11: 
1521214. 

83. Reichmann F, Hassan AM, Farzi A, Jain P, Schuligoi R, Holzer P. Dextran 
sulfate sodium-induced colitis alters stress-associated behaviour and 
neuropeptide gene expression in the amygdala-hippocampus network of 
mice. Scientific reports. 2015; 5: 9970. 

84. Sun Y, Koyama Y, Shimada S. Inflammation From Peripheral Organs to the 
Brain: How Does Systemic Inflammation Cause Neuroinflammation? 
Frontiers in aging neuroscience. 2022; 14: 903455. 

85. Riazi K, Galic MA, Kentner AC, Reid AY, Sharkey KA, Pittman QJ. 
Microglia-dependent alteration of glutamatergic synaptic transmission and 
plasticity in the hippocampus during peripheral inflammation. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 2015; 35: 
4942-52. 

86. Zonis S, Pechnick RN, Ljubimov VA, Mahgerefteh M, Wawrowsky K, 
Michelsen KS, et al. Chronic intestinal inflammation alters hippocampal 
neurogenesis. Journal of neuroinflammation. 2015; 12: 65. 

87. Do J, Woo J. From Gut to Brain: Alteration in Inflammation Markers in the 
Brain of Dextran Sodium Sulfate-induced Colitis Model Mice. Clinical 
psychopharmacology and neuroscience : the official scientific journal of the 
Korean College of Neuropsychopharmacology. 2018; 16: 422-433. 

88. Han Y, Zhao T, Cheng X, Zhao M, Gong SH, Zhao YQ, et al. Cortical 
Inflammation is Increased in a DSS-Induced Colitis Mouse Model. 
Neuroscience bulletin. 2018; 34: 1058-1066. 

89. Peppas S, Pansieri C, Piovani D, Danese S, Peyrin-Biroulet L, Tsantes AG, et al. 
The Brain-Gut Axis: Psychological Functioning and Inflammatory Bowel 
Diseases. Journal of clinical medicine. 2021; 10: 377. 

90. Chen T, Chen C, Zhang Z, Zou Y, Peng M, Wang Y. Toll-like receptor 4 
knockout ameliorates neuroinflammation due to lung-brain interaction in 
mechanically ventilated mice. Brain, behavior, and immunity. 2016; 56: 42-55. 

91. Xue Q, Xie Y, He Y, Yu Y, Fang G, Yu W, et al. Lung microbiome and cytokine 
profiles in different disease states of COPD: a cohort study. Scientific reports. 
2023; 13: 5715. 

92. Southworth T, Jevnikar Z, McCrae C, Singh D. A sputum 6-gene signature 
predicts airway inflammation endotypes and exacerbation frequency in 
chronic obstructive pulmonary disease. Biomarkers in medicine. 2022; 16: 
277-289. 

93. Wang Y, Zheng Y, Zhai YL, Liu FQ, Ding N. Comparative analysis of MCP-1 
and TF in elderly patients with acute exacerbations of COPD and its clinical 
significance. European review for medical and pharmacological sciences. 2015; 
19: 215-9. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

3475 

94. Heo Y, Kim J, Hong SH, Kim WJ. Single cell transcriptomics in blood of 
patients with chronic obstructive pulmonary disease. BMC pulmonary 
medicine. 2025; 25: 19. 

95. Baranasic J, Niazi Y, Chattopadhyay S, Rumora L, Ćorak L, Dugac AV, et al. 
Germline variants of the genes involved in NF-kB activation are associated 
with the risk of COPD and lung cancer development. Acta pharmaceutica 
(Zagreb, Croatia). 2023; 73: 243-256. 

96. Han Y, Ding L, Cheng X, Zhao M, Zhao T, Guo L, et al. Hypoxia Augments 
Cerebral Inflammation in a Dextran Sulfate Sodium-Induced Colitis Mouse 
Model. Frontiers in cellular neuroscience. 2020; 14: 611764. 

97. Kume H, Yamada R, Sato Y, Togawa R. Airway Smooth Muscle Regulated by 
Oxidative Stress in COPD. Antioxidants (Basel, Switzerland). 2023; 12: 142. 

98. Drost EM, Skwarski KM, Sauleda J, Soler N, Roca J, Agusti A, et al. Oxidative 
stress and airway inflammation in severe exacerbations of COPD. Thorax. 
2005; 60: 293-300. 

99. Rahman I, Adcock IM. Oxidative stress and redox regulation of lung 
inflammation in COPD. The European respiratory journal. 2006; 28: 219-42. 

100. Białas AJ, Sitarek P, Miłkowska-Dymanowska J, Piotrowski WJ, Górski P. The 
Role of Mitochondria and Oxidative/Antioxidative Imbalance in 
Pathobiology of Chronic Obstructive Pulmonary Disease. Oxidative medicine 
and cellular longevity. 2016; 2016: 7808576. 

101. Sakai Y, Hattori J, Morikawa Y, Matsumura T, Jimbo S, Suenami K, et al. 
α-Pyrrolidinooctanophenone facilitates activation of human microglial cells 
via ROS/STAT3-dependent pathway. Forensic toxicology. 2025; 43: 142-154. 

102. Antus B, Harnasi G, Drozdovszky O, Barta I. Monitoring oxidative stress 
during chronic obstructive pulmonary disease exacerbations using 
malondialdehyde. Respirology (Carlton, Vic). 2014; 19: 74-9. 

103. Jaganjac M, Milkovic L, Zarkovic N, Zarkovic K. Oxidative stress and 
regeneration. Free radical biology & medicine. 2022; 181: 154-165. 

104. Le Belle JE, Orozco NM, Paucar AA, Saxe JP, Mottahedeh J, Pyle AD, et al. 
Proliferative neural stem cells have high endogenous ROS levels that regulate 
self-renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell stem 
cell. 2011; 8: 59-71. 

105. Park MW, Cha HW, Kim J, Kim JH, Yang H, Yoon S, et al. NOX4 promotes 
ferroptosis of astrocytes by oxidative stress-induced lipid peroxidation via the 
impairment of mitochondrial metabolism in Alzheimer's diseases. Redox 
biology. 2021; 41: 101947. 

106. Albadri S, Naso F, Thauvin M, Gauron C, Parolin C, Duroure K, et al. Redox 
Signaling via Lipid Peroxidation Regulates Retinal Progenitor Cell 
Differentiation. Developmental cell. 2019; 50: 73-89.e6. 

107. Jaganjac M, Milkovic L, Gegotek A, Cindric M, Zarkovic K, Skrzydlewska E, et 
al. The relevance of pathophysiological alterations in redox signaling of 
4-hydroxynonenal for pharmacological therapies of major stress-associated 
diseases. Free radical biology & medicine. 2020; 157: 128-153. 

108. Kamata H, Honda S, Maeda S, Chang L, Hirata H, Karin M. Reactive oxygen 
species promote TNFalpha-induced death and sustained JNK activation by 
inhibiting MAP kinase phosphatases. Cell. 2005; 120: 649-61. 

109. Ren P, Wang JY, Chen HL, Wang Y, Cui LY, Duan JY, et al. Activation of σ-1 
receptor mitigates estrogen withdrawal-induced anxiety/depressive-like 
behavior in mice via restoration of GABA/glutamate signaling and 
neuroplasticity in the hippocampus. Journal of pharmacological sciences. 
2024; 154: 236-245. 

110. Khan Z, Messiri NE, Iqbal E, Hassan H, Tanweer MS, Sadia SR, et al. On the 
role of epigenetic modifications of HPA axis in posttraumatic stress disorder 
and resilience. Journal of neurophysiology. 2025; 133: 742-759. 

111. Herman JP, McKlveen JM, Solomon MB, Carvalho-Netto E, Myers B. Neural 
regulation of the stress response: glucocorticoid feedback mechanisms. 
Brazilian journal of medical and biological research = Revista brasileira de 
pesquisas medicas e biologicas. 2012; 45: 292-8. 

112. Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. Nature 
reviews Immunology. 2017; 17: 233-247. 

113. Garvy BA, Telford WG, King LE, Fraker PJ. Glucocorticoids and 
irradiation-induced apoptosis in normal murine bone marrow B-lineage 
lymphocytes as determined by flow cytometry. Immunology. 1993; 79: 270-7. 

114. Chen AL, Sun X, Wang W, Liu JF, Zeng X, Qiu JF, et al. Activation of the 
hypothalamic-pituitary-adrenal (HPA) axis contributes to the 
immunosuppression of mice infected with Angiostrongylus cantonensis. 
Journal of neuroinflammation. 2016; 13: 266. 

115. Kamel H, Iadecola C. Brain-immune interactions and ischemic stroke: clinical 
implications. Archives of neurology. 2012; 69: 576-81. 

116. Caulfield JI, Schopf KJ, Cavigelli SA. Peri-adolescent asthma: Acute impacts 
on innate immune response, corticosterone, and microglia in mice. Journal of 
neuroimmunology. 2020; 350: 577450. 

117. Zhou L, Wang T, Yu Y, Li M, Sun X, Song W, et al. The etiology of 
poststroke-depression: a hypothesis involving HPA axis. Biomedicine & 
pharmacotherapy = Biomedecine & pharmacotherapie. 2022; 151: 113146. 

118. Rentschler KM, Kodavanti UP. Mechanistic insights regarding 
neuropsychiatric and neuropathologic impacts of air pollution. Critical 
reviews in toxicology. 2024; 54: 953-980. 

119. Lotsios NS, Vrettou CS, Poupouzas G, Chalioti A, Keskinidou C, Pratikaki M, 
et al. Glucocorticoid receptor response and glucocorticoid-induced leucine 
zipper expression in neutrophils of critically ill patients with traumatic and 
non-traumatic brain injury. Frontiers in endocrinology. 2024; 15: 1414785. 

120. Provost PR, Boucher E, Tremblay Y. Glucocorticoid metabolism in the 
developing lung: adrenal-like synthesis pathway. The Journal of steroid 
biochemistry and molecular biology. 2013; 138: 72-80. 

121. Ndjom CG, Jones HP. CRH promotes S. pneumoniae growth in vitro and 
increases lung carriage in mice. Frontiers in microbiology. 2015; 6: 279. 

122. Oliveira AC, Karas MM, Alves M, He J, de Kloet AD, Krause EG, et al. ACE2 
overexpression in corticotropin-releasing-hormone cells offers protection 
against pulmonary hypertension. Frontiers in neuroscience. 2023; 17: 1223733. 

123. Williams DM. Clinical Pharmacology of Corticosteroids. Respiratory care. 
2018; 63: 655-670. 

124. Du YJ, Yang CJ, Li B, Wu X, Lv YB, Jin HL, et al. Association of 
pro-inflammatory cytokines, cortisol and depression in patients with chronic 
obstructive pulmonary disease. Psychoneuroendocrinology. 2014; 46: 141-52. 

125. De Luca SN, Chan SMH, Dobric A, Wang H, Seow HJ, Brassington K, et al. 
Cigarette smoke-induced pulmonary impairment is associated with social 
recognition memory impairments and alterations in microglial profiles within 
the suprachiasmatic nucleus of the hypothalamus. Brain, behavior, and 
immunity. 2023; 109: 292-307. 

126. Simon KC, van der Mei IA, Munger KL, Ponsonby A, Dickinson J, Dwyer T, et 
al. Combined effects of smoking, anti-EBNA antibodies, and HLA-DRB1*1501 
on multiple sclerosis risk. Neurology. 2010; 74: 1365-71. 

127. Liu J, Xiao Y, Zheng X, Cheng Y, Zhang S, Ma Y, et al. The impact of maternal 
smoking during pregnancy and the age of smoking initiation on incident 
dementia: A prospective cohort study. Alzheimer's & dementia : the journal of 
the Alzheimer's Association. 2024; 20: 4066-4079. 

128. Dai Z, Xie B, Jiang C, Peng Y, Lin J, Chen Q, et al. Aerosolized nicotine-free 
e-liquid base constituents exacerbates mitochondrial dysfunction and 
endothelial glycocalyx shedding via the AKT/GSK3β-mPTP pathway in lung 
injury models. Respiratory research. 2025; 26: 82. 

129. Valenza M, Facchinetti R, Torazza C, Ciarla C, Bronzuoli MR, Balbi M, et al. 
Molecular signatures of astrocytes and microglia maladaptive responses to 
acute stress are rescued by a single administration of ketamine in a rodent 
model of PTSD. Translational psychiatry. 2024; 14: 209. 

130. Chung WS, Allen NJ, Eroglu C. Astrocytes Control Synapse Formation, 
Function, and Elimination. Cold Spring Harbor perspectives in biology. 2015; 
7: a020370. 

131. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R, 
Ulland TK, et al. A Unique Microglia Type Associated with Restricting 
Development of Alzheimer's Disease. Cell. 2017; 169: 1276-1290.e17. 

132. Wheeler MA, Clark IC, Tjon EC, Li Z, Zandee SEJ, Couturier CP, et al. 
MAFG-driven astrocytes promote CNS inflammation. Nature. 2020; 578: 
593-599. 

133. Zhou X, Xiao Q, Xie L, Yang F, Wang L, Tu J. Astrocyte, a Promising Target for 
Mood Disorder Interventions. Frontiers in molecular neuroscience. 2019; 12: 
136. 

134. Dobric A, De Luca SN, Seow HJ, Wang H, Brassington K, Chan SMH, et al. 
Cigarette Smoke Exposure Induces Neurocognitive Impairments and 
Neuropathological Changes in the Hippocampus. Frontiers in molecular 
neuroscience. 2022; 15: 893083. 

135. Gotti C, Clementi F. Neuronal nicotinic receptors: from structure to pathology. 
Progress in neurobiology. 2004; 74: 363-96. 

136. Galloway A, Adeluyi A, O'Donovan B, Fisher ML, Rao CN, Critchfield P, et al. 
Dopamine Triggers CTCF-Dependent Morphological and Genomic 
Remodeling of Astrocytes. The Journal of neuroscience : the official journal of 
the Society for Neuroscience. 2018; 38: 4846-4858. 

137. Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et al. 
High-Dimensional Single-Cell Mapping of Central Nervous System Immune 
Cells Reveals Distinct Myeloid Subsets in Health, Aging, and Disease. 
Immunity. 2018; 48: 380-395.e6. 

138. Dudvarski Stankovic N, Teodorczyk M, Ploen R, Zipp F, Schmidt MHH. 
Microglia-blood vessel interactions: a double-edged sword in brain 
pathologies. Acta neuropathologica. 2016; 131: 347-63. 

139. Wyss-Coray T, Mucke L. Inflammation in neurodegenerative disease--a 
double-edged sword. Neuron. 2002; 35: 419-32. 

140. Neumann H, Kotter MR, Franklin RJ. Debris clearance by microglia: an 
essential link between degeneration and regeneration. Brain : a journal of 
neurology. 2009; 132: 288-95. 

141. Zheng Y, Ren Z, Liu Y, Yan J, Chen C, He Y, et al. T cell interactions with 
microglia in immune-inflammatory processes of ischemic stroke. Neural 
regeneration research. 2025; 20: 1277-1292. 

142. Douet V, Tanizaki N, Franke A, Li X, Chang L. Polymorphism of Kynurenine 
Pathway-Related Genes, Kynurenic Acid, and Psychopathological Symptoms 
in HIV. Journal of neuroimmune pharmacology : the official journal of the 
Society on NeuroImmune Pharmacology. 2016; 11: 549-61. 

143. Linnerbauer M, Wheeler MA, Quintana FJ. Astrocyte Crosstalk in CNS 
Inflammation. Neuron. 2020; 108: 608-622. 

144. Baltira C, Aronica E, Elmquist WF, Langer O, Löscher W, Sarkaria JN, et al. 
The impact of ATP-binding cassette transporters in the diseased brain: Context 
matters. Cell reports Medicine. 2024; 5: 101609. 

145. Lau K, Kotzur R, Richter F. Blood-brain barrier alterations and their impact on 
Parkinson's disease pathogenesis and therapy. Translational 
neurodegeneration. 2024; 13: 37. 

146. Tao W, Zhang G, Liu C, Jin L, Li X, Yang S. Low-dose LPS alleviates early 
brain injury after SAH by modulating microglial M1/M2 polarization via 
USP19/FOXO1/IL-10/IL-10R1 signaling. Redox biology. 2023; 66: 102863. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

3476 

147. Pelgrim CE, Wang L, Peralta Marzal LN, Korver S, van Ark I, Leusink-Muis T, 
et al. Increased exploration and hyperlocomotion in a cigarette smoke and 
LPS-induced murine model of COPD: linking pulmonary and systemic 
inflammation with the brain. American journal of physiology Lung cellular 
and molecular physiology. 2022; 323: L251-L265. 

148. Heldt NA, Seliga A, Winfield M, Gajghate S, Reichenbach N, Yu X, et al. 
Electronic cigarette exposure disrupts blood-brain barrier integrity and 
promotes neuroinflammation. Brain, behavior, and immunity. 2020; 88: 
363-380. 

149. Kaisar MA, Villalba H, Prasad S, Liles T, Sifat AE, Sajja RK, et al. Offsetting the 
impact of smoking and e-cigarette vaping on the cerebrovascular system and 
stroke injury: Is Metformin a viable countermeasure? Redox biology. 2017; 13: 
353-362. 

150. Geltser BI, Kurpatov IG, Kotelnikov VN, Zayats YV. Chronic obstructive 
pulmonary disease and cerebrovascular diseases: functional and clinical 
aspect of comorbidity. Terapevticheskii arkhiv. 2018; 90: 81-88. 

151. Banks WA. Blood-brain barrier transport of cytokines: a mechanism for 
neuropathology. Current pharmaceutical design. 2005; 11: 973-84. 

152. Zhao Y, Gan L, Ren L, Lin Y, Ma C, Lin X. Factors influencing the blood-brain 
barrier permeability. Brain research. 2022; 1788: 147937. 

153. Csabai D, Csekő K, Szaiff L, Varga Z, Miseta A, Helyes Z, et al. Low intensity, 
long term exposure to tobacco smoke inhibits hippocampal neurogenesis in 
adult mice. Behavioural brain research. 2016; 302: 44-52. 

154. Levy OA, Malagelada C, Greene LA. Cell death pathways in Parkinson's 
disease: proximal triggers, distal effectors, and final steps. Apoptosis : an 
international journal on programmed cell death. 2009; 14: 478-500. 

155. Barja G. Free radicals and aging. Trends in neurosciences. 2004; 27: 595-600. 
156. Liu H, Wang H, Shenvi S, Hagen TM, Liu RM. Glutathione metabolism during 

aging and in Alzheimer disease. Annals of the New York Academy of 
Sciences. 2004; 1019: 346-9. 

157. Xie J, Lv H, Liu X, Xia Z, Li J, Hong E, et al. Nox4-and Tf/TfR-mediated 
peroxidation and iron overload exacerbate neuronal ferroptosis after 
intracerebral hemorrhage: Involvement of EAAT3 dysfunction. Free radical 
biology & medicine. 2023; 199: 67-80. 

158. Wang M, Pan W, Xu Y, Zhang J, Wan J, Jiang H. Microglia-Mediated 
Neuroinflammation: A Potential Target for the Treatment of Cardiovascular 
Diseases. Journal of inflammation research. 2022; 15: 3083-3094. 

159. Bliss TV, Collingridge GL, Morris RG. Synaptic plasticity in health and 
disease: introduction and overview. Philosophical transactions of the Royal 
Society of London Series B, Biological sciences. 2014; 369: 20130129. 

160. Austin V, Crack PJ, Bozinovski S, Miller AA, Vlahos R. COPD and stroke: are 
systemic inflammation and oxidative stress the missing links? Clinical science 
(London, England : 1979). 2016; 130: 1039-50. 

161. Raby KL, Michaeloudes C, Tonkin J, Chung KF, Bhavsar PK. Mechanisms of 
airway epithelial injury and abnormal repair in asthma and COPD. Frontiers 
in immunology. 2023; 14: 1201658. 

162. Lv R, Zhao Y, Wang X, He Y, Dong N, Min X, et al. GLP-1 analogue liraglutide 
attenuates CIH-induced cognitive deficits by inhibiting oxidative stress, 
neuroinflammation, and apoptosis via the Nrf2/HO-1 and MAPK/NF-κB 
signaling pathways. International immunopharmacology. 2024; 142: 113222. 

163. Dobric A, De Luca SN, Spencer SJ, Bozinovski S, Saling MM, McDonald CF, et 
al. Novel pharmacological strategies to treat cognitive dysfunction in chronic 
obstructive pulmonary disease. Pharmacology & therapeutics. 2022; 233: 
108017. 

164. Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. From 
inflammation to sickness and depression: when the immune system 
subjugates the brain. Nature reviews Neuroscience. 2008; 9: 46-56. 

165. Matera MG, Cazzola M, Page C. Prospects for COPD treatment. Current 
opinion in pharmacology. 2021; 56: 74-84. 

166. Barnes PJ. Corticosteroid resistance in patients with asthma and chronic 
obstructive pulmonary disease. The Journal of allergy and clinical 
immunology. 2013; 131: 636-45. 

167. Cazzola M, Hanania NA, Page CP, Matera MG. Novel Anti-Inflammatory 
Approaches to COPD. International journal of chronic obstructive pulmonary 
disease. 2023; 18: 1333-1352. 

168. Singh D, Lea S, Mathioudakis AG. Inhaled Phosphodiesterase Inhibitors for 
the Treatment of Chronic Obstructive Pulmonary Disease. Drugs. 2021; 81: 
1821-1830. 

169. Van Duinen MA, Sambeth A, Heckman PRA, Smit S, Tsai M, Lahu G, et al. 
Acute administration of roflumilast enhances immediate recall of verbal word 
memory in healthy young adults. Neuropharmacology. 2018; 131: 31-38. 

170. Wu Q, Qi L, Li H, Mao L, Yang M, Xie R, et al. Roflumilast Reduces Cerebral 
Inflammation in a Rat Model of Experimental Subarachnoid Hemorrhage. 
Inflammation. 2017; 40: 1245-1253. 

171. Possemis N, Verhey F, Prickaerts J, Blokland A, Ramakers I. A proof of 
concept phase II study with the PDE-4 inhibitor roflumilast in patients with 
mild cognitive impairment or mild Alzheimer's disease dementia (ROMEMA): 
study protocol of a double-blind, randomized, placebo-controlled, 
between-subjects trial. Trials. 2024; 25: 162. 

172. Fan T, Wang W, Wang Y, Zeng M, Liu Y, Zhu S, et al. PDE4 inhibitors: 
potential protective effects in inflammation and vascular diseases. Frontiers in 
pharmacology. 2024; 15: 1407871. 

173. Prickaerts J, Kerckhoffs J, Possemis N, van Overveld W, Verbeek F, Grooters T, 
et al. Roflumilast and cognition enhancement: A translational perspective. 

Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie. 2024; 
181: 117707. 

174. Dang V, Medina B, Das D, Moghadam S, Martin KJ, Lin B, et al. Formoterol, a 
long-acting β2 adrenergic agonist, improves cognitive function and promotes 
dendritic complexity in a mouse model of Down syndrome. Biological 
psychiatry. 2014; 75: 179-88. 

175. Tharmaraja T, Ho JSY, Sia CH, Lim NA, Chong YF, Lim AYL, et al. 
Sodium-glucose cotransporter 2 inhibitors and neurological disorders: a 
scoping review. Therapeutic advances in chronic disease. 2022; 13: 
20406223221086996. 

176. Mhillaj E, Morgese MG, Tucci P, Furiano A, Luongo L, Bove M, et al. Celecoxib 
Prevents Cognitive Impairment and Neuroinflammation in Soluble Amyloid 
β-treated Rats. Neuroscience. 2018; 372: 58-73. 

177. Weng J, Zhao G, Weng L, Guan J. Aspirin using was associated with slower 
cognitive decline in patients with Alzheimer's disease. PloS one. 2021; 16: 
e0252969. 

178. Li K, Huang T, Zheng J, Wu K, Li D. Effect of marine-derived n-3 
polyunsaturated fatty acids on C-reactive protein, interleukin 6 and tumor 
necrosis factor α: a meta-analysis. PloS one. 2014; 9: e88103. 

179. Hayden MR, Grant DG, Aroor AR, DeMarco VG. Empagliflozin Ameliorates 
Type 2 Diabetes-Induced Ultrastructural Remodeling of the Neurovascular 
Unit and Neuroglia in the Female db/db Mouse. Brain sciences. 2019; 9: 57. 

180. Chen J, Cheng Y, Cui H, Li S, Duan L, Jiao Z. N‑acetyl‑L‑cysteine protects rat 
lungs and RLE‑6TN cells from cigarette smoke‑induced oxidative stress. 
Molecular medicine reports. 2025; 31: 97. 

181. Brassington K, Selemidis S, Bozinovski S, Vlahos R. New frontiers in the 
treatment of comorbid cardiovascular disease in chronic obstructive 
pulmonary disease. Clinical science (London, England : 1979). 2019; 133: 
885-904. 

182. De Luca SN, Vlahos R. Targeting accelerated pulmonary ageing to treat 
chronic obstructive pulmonary disease-induced neuropathological 
comorbidities. British journal of pharmacology. 2024; 181: 3-20. 

183. Duong C, Seow HJ, Bozinovski S, Crack PJ, Anderson GP, Vlahos R. 
Glutathione peroxidase-1 protects against cigarette smoke-induced lung 
inflammation in mice. American journal of physiology Lung cellular and 
molecular physiology. 2010; 299: L425-33. 

184. Chew P, Yuen DY, Koh P, Stefanovic N, Febbraio MA, Kola I, et al. 
Site-specific antiatherogenic effect of the antioxidant ebselen in the diabetic 
apolipoprotein E-deficient mouse. Arteriosclerosis, thrombosis, and vascular 
biology. 2009; 29: 823-30. 

185. Wong CH, Bozinovski S, Hertzog PJ, Hickey MJ, Crack PJ. Absence of 
glutathione peroxidase-1 exacerbates cerebral ischemia-reperfusion injury by 
reducing post-ischemic microvascular perfusion. Journal of neurochemistry. 
2008; 107: 241-52. 

186. Wu Y, Shi H, Xu Y, Shu G, Xiao Y, Hong G, et al. Targeted Restoration of GPX3 
Attenuates Renal Ischemia/Reperfusion Injury by Balancing Selenoprotein 
Expression and Inhibiting ROS-mediated Mitochondrial Apoptosis. 
Transplantation. 2024; 108: 2351-2365. 

187. Brassington K, Chan SMH, Seow HJ, Dobric A, Bozinovski S, Selemidis S, et al. 
Ebselen reduces cigarette smoke-induced endothelial dysfunction in mice. 
British journal of pharmacology. 2021; 178: 1805-1818. 

188. Oostwoud LC, Gunasinghe P, Seow HJ, Ye JM, Selemidis S, Bozinovski S, et al. 
Apocynin and ebselen reduce influenza A virus-induced lung inflammation in 
cigarette smoke-exposed mice. Scientific reports. 2016; 6: 20983. 

189. Yamaguchi T, Sano K, Takakura K, Saito I, Shinohara Y, Asano T, et al. Ebselen 
in acute ischemic stroke: a placebo-controlled, double-blind clinical trial. 
Ebselen Study Group. Stroke. 1998; 29: 12-7. 

190. Chakraborty S, Tripathi SJ, Srikumar BN, Raju TR, Shankaranarayana Rao BS. 
N-acetyl cysteine ameliorates depression-induced cognitive deficits by 
restoring the volumes of hippocampal subfields and associated neurochemical 
changes. Neurochemistry international. 2020; 132: 104605. 

191. da Costa M, Bernardi J, Costa L, Fiuza T, Brandão R, Ribeiro MF, et al. 
N-acetylcysteine treatment attenuates the cognitive impairment and synaptic 
plasticity loss induced by streptozotocin. Chemico-biological interactions. 
2017; 272: 37-46. 

192. Skvarc DR, Dean OM, Byrne LK, Gray L, Lane S, Lewis M, et al. The effect of 
N-acetylcysteine (NAC) on human cognition - A systematic review. 
Neuroscience and biobehavioral reviews. 2017; 78: 44-56. 

193. Chan SMH, Brassington K, Almerdasi SA, Dobric A, De Luca SN, 
Coward-Smith M, et al. Inhibition of oxidative stress by apocynin attenuated 
chronic obstructive pulmonary disease progression and vascular injury by 
cigarette smoke exposure. British journal of pharmacology. 2023; 180: 
2018-2034. 

194. Liang E, Ma M, Wang L, Liu X, Xu J, Zhang M, et al. The BET/BRD inhibitor 
JQ1 attenuates diabetes-induced cognitive impairment in rats by targeting 
Nox4-Nrf2 redox imbalance. Biochemical and biophysical research 
communications. 2018; 495: 204-211. 

195. Magistri M, Velmeshev D, Makhmutova M, Patel P, Sartor GC, Volmar CH, et 
al. The BET-Bromodomain Inhibitor JQ1 Reduces Inflammation and Tau 
Phosphorylation at Ser396 in the Brain of the 3xTg Model of Alzheimer's 
Disease. Current Alzheimer research. 2016; 13: 985-95. 

196. Lei T, Lu T, Yu H, Su X, Zhang C, Zhu L, et al. Efficacy of Vitamin C 
Supplementation on Chronic Obstructive Pulmonary Disease (COPD): A 
Systematic Review and Meta-Analysis. International journal of chronic 
obstructive pulmonary disease. 2022; 17: 2201-2216. 



Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

3477 

197. McCleery J, Abraham RP, Denton DA, Rutjes AW, Chong LY, Al-Assaf AS, et 
al. Vitamin and mineral supplementation for preventing dementia or delaying 
cognitive decline in people with mild cognitive impairment. The Cochrane 
database of systematic reviews. 2018; 11: Cd011905. 

198. Zhang XY, Xu ZP, Wang W, Cao JB, Fu Q, Zhao WX, et al. Vitamin C alleviates 
LPS-induced cognitive impairment in mice by suppressing 
neuroinflammation and oxidative stress. International immunopharmacology. 
2018; 65: 438-447. 

199. Lee JM, Lee JH, Song MK, Kim YJ. NXP032 Ameliorates Aging-Induced 
Oxidative Stress and Cognitive Impairment in Mice through Activation of 
Nrf2 Signaling. Antioxidants (Basel, Switzerland). 2022; 11: 130. 

 


