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Cigarette smoke-induced lung-brain D
barrier dysfunction drives neurocognitive
impairment via inflammatory spill-over
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Abstract

Background Although the association between cigarette smoke (CS)-induced chronic obstructive pulmonary
disease (COPD) and neurocognitive disorders is recognized, the underlying mechanisms remain unclear. To date, no
studies have linked alterations in lung and brain barrier permeability to the “spill-over” of inflammatory factors in CS
induced COPD-related neurocognitive disorders (COPD-NCDs).

Methods Using GWAS data, a two-sample Mendelian randomization (MR) analysis was conducted to explore the
genetic associations between COPD and neurocognitive disorders (dementia, Alzheimer’s disease, etc.). A BALB/c
female mouse model with CS exposure (9 cigarettes/day x 24 weeks) was established. Cognitive functions were
evaluated using open field tests, novel object recognition tests, and Morris water maze tests. Histopathological
changes were observed by HE and Masson staining. Cellular and molecular profiles in brain tissues were analyzed by
single-cell RNA sequencing. Levels of inflammatory factors were detected by ELISA. Barrier permeability changes in
the lungs and brain were assessed by using Evans Blue staining. Tight junction proteins in lung and brain tissues were
measured by immunofluorescence and Western blotting.

Results MR analysis revealed causal associations between COPD and Alzheimer’s disease, dementia, depression,
anxiety, and Parkinson’s disease. CS-exposed mice exhibited COPD phenotypes (emphysema, reduced lung function)
and cognitive impairments (memory deficits, anxiety-like behaviors). Activation of microglia/astrocytes and decreased
neuronal/synaptic marker expression were observed in the hippocampus. Increased leakage of Evans blue staining

in the lungs and brain, along with downregulated expression of tight junction proteins (Occludin, Claudin1, ZO-1),
indicated increased blood-brain barrier (BBB) permeability. Elevated levels of inflammatory factors (IL-13, IL-6, TNF-a)
were detected in lung tissues, brain tissues and serum.

Conclusions CS exposure disrupts lung barrier function, leading to the “spill-over” of inflammatory factors to the
brain via the lung-brain axis. This increases BBB permeability, triggering neuroinflammation, impairing hippocampal
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neuronal and synaptic function, and ultimately causing neurocognitive disorders. This study elucidates a novel
mechanism of COPD-NCDs, which may provide new targets for the treatment of COPD-NCDs.

Keywords Cigarette smoke (CS), Chronic obstructive pulmonary disease (COPD), COPD-related neurocognitive
disorders (COPD-NCDs), Lung-brain axis, Blood-brain barrier (BBB)

Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a
progressive respiratory disorder primarily character-
ized by persistent airflow obstruction due to irreversible
alveolar dysfunction (emphysema) and/or small airway
fibrosis (chronic bronchitis), manifesting clinically as
chronic cough, dyspnea, and sputum production [1-3].
Tobacco smoking (cigarette smoke, CS) accounts for ~
80% of COPD cases in industrialized nations [4]. Toxic
substances produced by CS (such as reactive carbonyls,
heavy metals) can easily cross the biological barriers and
trigger multi-system inflammatory responses. For exam-
ple, in the central nervous system (CNS), COPD patients
show activation of microglia cells and mitochondrial
oxidative stress, thereby disrupting hippocampal neu-
rogenesis and synaptic plasticity [5, 6]. COPD-related
neurocognitive disorders (COPD-NCDs) constitute a
prevalent but understudied comorbidity, affecting 61% of
COPD patients [7] and is independently associated with
increased hospitalization rates and higher healthcare
costs [8]. Research indicates that middle-aged individu-
als with COPD face nearly double the risk of developing
dementia in later life compared to the general population
[9]. Smoking is recognized as a risk factor for dementia,
a condition primarily characterized by progressive cog-
nitive decline [10]. Animal studies further demonstrate
that CS exposure severely impairs learning and memory
in rodents [5, 11]. For instance, one study showed that
CS exposure alters microglial morphology and volume
in the mouse hippocampus, impairing working memory
maintenance [12]. These microglia exhibit a more active
morphology. Additionally, mice exposed to CS exhibit
changes in astrocyte density, along with reductions in
synaptophysin and dendritic spines within the hippo-
campus [13]. Although it is widely believed that chronic
COPD is caused by CS and is associated with neurocog-
nitive function [14], the underlying mechanism remains
unclear.

Existing studies have shown that damage to the airway
epithelial barrier is an important feature of COPD [15].
The inflammation induced by CS can disrupt the con-
nections between adjacent epithelial cells, increasing the
permeability of the epithelium, thereby leading to lung
injury caused by inhaled particles and infection [16]. At
the same time, the increase in epithelial permeability also
leads to the “spill-over” of inflammatory factors from the
lungs into the blood circulation, which may play a key
role in the pathogenesis of COPD and its complications

[17, 18]. For example, in in vivo models, CS can induce
the permeability of airway mucosa and instantly destroy
the epithelial barrier function in vitro models, thereby
disrupting the connections and expressions of occlud-
ing (OCLN) and zonula occludens (ZO)-1 [19]. Among
them, the triad of pro-inflammatory cytokines (TNEF-q,
IL-6, IL-1P) are most likely to cause barrier dysfunction
in COPD and jointly contribute to barrier dysfunction
through different mechanisms: (1) TNF-a promotes the
internalization of Src-dependent E-cadherin [20]; (2)
IL-1 triggers neuregulin (NRG)-1 shedding mediated by
a disintegrin and metalloproteinase (ADAM) 17, which
leads to the dissociation of intercellular [-catenin-E-
cadherin adhesion complexes and the reduction of bar-
rier function [21]; (3) IL-6 enhances the dissociation of
B-catenin driven by HER2, thereby destroying the integ-
rity of airway epithelium [22].

Meanwhile, there might exist a bidirectional communi-
cation network between the lungs and the brain, known
as the lung-brain axis. This axis covers various pathways
such as the humoral (cytokines, metabolites), neural
(vagal afferents), and cellular (monocyte trafficking) path-
ways [23]. As we have previously discussed, when chronic
CS stimulation leads to an increase in the permeability
of the airway epithelial barrier, pro-inflammatory factors
may “spill-over” into the bloodstream, leading to second-
ary diseases in the CNS [24]. The physical barrier that
separates the CNS from the bloodstream-the blood-brain
barrier (BBB) will be the first site where these inflamma-
tory factors are stimulated [25]. The BBB is highly sensi-
tive to inflammatory stimuli and peripheral inflammation
can disrupt the integrity of the BBB by down-regulating
tight junction proteins and up-regulating adhesion mol-
ecules [26]. Subsequently, the infiltration of inflamma-
tory factors promotes the activation of microglia, thereby
exacerbating neuroinflammation [27]. Neuroinflamma-
tion is the link between long-term neurological damage
and brain dysfunction, leading to various cognitive com-
plications and behavioral symptoms [28]. These studies
suggest that in patients with COPD-NCDs, the changes
in the permeability of the lung barrier and the BBB, the
overflow of inflammatory factors, and neuroinflamma-
tion are seemingly associated with cognitive dysfunction
in an inevitable manner.

Critically, while CS is known to disrupt both lung
and BBB barriers, the causal relationship between lung-
derived inflammatory “spill-over” and hippocampal
dysfunction remains unestablished. We propose that
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CS disrupts lung-brain barriers, enabling inflammatory
“spill-over” to drive hippocampal dysfunction. Herein,
we integrate two-sample Mendelian randomization (MR)
with longitudinal murine models and single-cell RNA
sequencing (scRNA-seq) to: (1) Establish causal links
between COPD duration and cognitive decline; (2) Delin-
eate lung-brain axis pathophysiology; (3) Identify BBB-
specific therapeutic targets.

Materials and methods

Two-sample MR

We conducted two-sample MR analyses in compliance
with STROBE-MR guidelines [29], employing five com-
plementary methods: MR Egger (MR), weighted median
estimator (WME), inverse variance weighted (IVW),
simple mode (SM), and weighted mode (WMO). All
two-sample MR results and integrated data are shown in
Table S1-1 and Table S1-2.

Animals

Female BALB/c mice (age: 6 weeks; weight: 18-22 g)
were obtained from Changchun Yisi Laboratory Animal
Technology Co. Ltd (License No. SCXK 2020-0002) and
maintained under specific pathogen free (SPF) condi-
tions with ad libitum access to food and water. All proto-
cols involving animal experiments in this research were
approved by the Ethics Committee for Animal Experi-
ments of the College of Basic Medical Sciences of Jilin
University (Approval No.2025-361), and were performed
in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

CS exposure

Mice were acclimatized for 1 week before the start of
the experiment and randomly assigned to different
experimental groups (n=30/group). Body weights were
recorded every week. Mice received twice daily expo-
sures to either CS generated from commercial filtered
cigarettes (tar: 10 mg/cigarette; nicotine: 0.9 mg/ciga-
rette; CO: 11 mg/cigarette) or filtered air (control). CS
exposed mice were exposed to 9 whole cigarettes/day, 5
days per week, for 24 weeks. After 22 weeks of CS expo-
sure (2 weeks prior to culling), the mice were subjected
to neurocognitive testing and pulmonary function test-
ing. Blood samples were collected from the retro-orbital
plexus, and the animals were then necropsied, and lung
and brain tissue were collected for further study.

Measurement of lung function

Invasive lung function test

According to the methods from previous studies, lung
function indicators were measured in six mice per group
[30]. Briefly, invasive lung function tests were conducted
using the Buxco pulmonary function testing system (ST.
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PAUL, MN, USA). Each mouse was deeply anesthe-
tized, secured in position, and an endotracheal tube was
inserted for mechanical ventilation. After respiration sta-
bilized, the spirometer automatically recorded the lung
function parameters.

Non-invasive lung function test

The airway function parameters of conscious and sponta-
neous breathing mice (n=6/group) were measured with
the help of a mouse whole-body plethysmograph (WBP,
#WBP-4 M). Further analysis of respiratory parameters
includes inspiratory time (Ti), expiratory time (Te), peak
inspiratory flow (PIF), peak expiratory flow (PEF), expira-
tory flow at 50% tidal volume (EF50), and minute ventila-
tion (MV).

Behavioral tests

A cohort of eight mice per group underwent the open
field (OF) test, the novel object recognition (NOR) test,
and the Morris water maze (MWM) test sequentially.
Before testing, the mice were acclimatized to the testing
room environment. Each behavioral test was conducted
over several consecutive days using the same group of
mice.

OF test

The OF test was conducted in a rectangular box (60 cm
x 60 cm x 60 cm). Mice were quickly placed in the center
area of the experimental box, and the tracking software
was turned on to automatically record the mice’s behav-
ior inside the box for 10 min. The box was wiped between
each set of tests to remove any residual odor from the
mice. The following data were collected using the track-
ing software: time to center movement, distance to center
movement, total distance traveled.

NOR test

Mice were acclimated for 5 min in an open-field arena
(60 cm x 60 cm x 60 cm). For training, two identi-
cal cylindrical objects (diameter: 5 c¢cm; height: 5 cm)
were placed in diagonally opposite corners, allowing 10
min of free exploration. After 24 h, one of the cylinders
is replaced with a cone (length, width and height: 5 cm
each). During the testing stage, the mice were allowed to
explore freely for 10 min and were permitted to interact
with and recognize the new object. The time when ani-
mals made physical contact with and sniffed objects was
regarded as exploration time. The retention time of new
objects and the discrimination index during the test stage
were recorded.

MWM test
The MWM test was conducted in an independent lab-
oratory to ensure a quiet environment and to avoid
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interference with the experimental subjects. A platform
with a diameter of 12 cm was placed two centimeters
below the water surface, at the center of the third quad-
rant (in situ). The water pool was divided into four quad-
rants, each with walls labeled with different symbols
(triangles, circles, pentagrams, and squares) to provide
additional spatial cues to the maze. The water tempera-
ture was maintained at 23 C + 1 ‘C, and all water maze
experiments were conducted at the same time point each
day. Mice were conditioned in the water maze chamber
for 2 h before the experiment. Each mouse undergoes
5 days of training, with two tests conducted each day,
with an interval of 4 h between each test. Mice were
gently placed in a certain quadrant of the pool without
human interference, facing away from the pool wall. Dur-
ing training process, if the mouse found the platform for
more than 60 s, it would be guided to the platform and
stayed there for 10 s. The mouse was then moved to the
platform, and the platform was removed from the pool.
After 24 h of training, the platform was removed and the
60 s exploration test began. Mice were placed in the pool,
facing the area opposite the target quadrant. The time
spent in the target quadrant and the time taken to reach
the platform position were recorded as indicators of spa-
tial memory.

Histological examination

Remove the lungs and brain (n=4/group) and fix them
in 4% paraformaldehyde. Tissue sections were prepared
after paraffin embedding. Lung sections were stained
with hematoxylin/eosin (HE) (Beyotime, Cat#C0105S)
and Masson (Servicebio, Cat#G1006). Brain slices were
stained with HE.

Enzyme-linked immunosorbent assay (ELISA)

Tissues were homogenized in ice-cold PBS (1:10 w/v)
using a mechanical homogenizer, followed by centrifuga-
tion at 3,000 x g for 5 min at 4 °C. The resulting super-
natant was aliquoted for subsequent assays. The levels
of IL-1B, IL-6, TNF-a and CCL3 in the supernatant and
mice serum (n = 6/group) were measured using an ELISA
kit (ColorfulGene Biotech, China) according to the man-
ufacturer’s protocol.

Table 1 List of antibodies for immunofluorescent chemical

staining

Antibody Species Manufacturers Concentration
GFAP Mouse Sigma 1:300

IBA1 Chicken Synaptic Systems 1:500

Neun Rat Abcam 1:200
Synaptophsin Rabbit Abcam 1:200
Occludin Rabbit Proteintech Group 1:200

Claudin Rabbit Proteintech Group 1:200

Z01 Mouse Proteintech Group 1:200
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Immunofluorescence (IF)

Sections were blocked with 10% normal goat serum
for 20 min at room temperature, followed by overnight
incubation at 4 °C with the following primary antibodies
(Table 1):

The next day, after being placed at room temperature
for 30 min, the slices were combined with the fluorescent
Goat anti-rabbit IgG H&L (1:500, invitrogen) secondary
antibody for 2 h. The cell nucleus was re-stained with
DAPI or Hoechst. Images were obtained by fluorescence
microscopy (Olympus BX53, Japan) and the image data
were processed by the Image] software package.

ScRNA-seq

Mice were anesthetized by intraperitoneal injection of 1%
sodium pentobarbital, and sterile PBS was infused from
the left ventricle to remove circulating blood cells from
the tissues. Single-cell RNA sequences were obtained
from whole brains of NC versus COPD-NCDs mice
(n=3/group). Tissues were digested with enzymes and
processed into single-cell suspensions. Cells that met
quality control were strictly followed by 10-fold Genom-
ics SOPs for library construction and quality control. We
removed dead cells and adjusted the cells to the desired
concentration and detected approximately 7000 cells on
the machine. On-machine sequencing was performed
using the Illumina NovaSeq 6000 PE150 sequencing
strategy. Bioinformatics analysis was performed using the
BMKCloud (www.biocloud.net).

Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from lung and brain tissues
(n=6/group) using TRIzol reagent (Tiangen Biotech,
Cat#DP424). Complementary DNA was synthesized
using a cDNA reverse transcription kit (Applied Biologi-
cal Materials, Cat#G592) according to the manufacturer’s
instructions. RT-qPCR was performed using FastStart
Universal SYBR Green Master premix (Sigma-Aldrich,
Cat#04913914001) and Fast qPCR System (Applied
Biosystems, USA). Gene expression was quantified via
the 2-AACt method. The primers used in this study are
listed in Table S2.

Western blotting

Total protein was extracted from lung and brain tissue
(n=6/group) using RIPA lysis buffer containing protease
inhibitors and deacetylase inhibitors. Protein-containing
lysates were mixed with SDS-PAGE sample buffer, 37
‘C for 30 min, separated by SDS-PAGE, and transferred
to PVDF membranes. After sealing with protein free
rapid sealing solution (Servicebio, Cat#G2052-500 ml),
the membrane was incubated with primary antibody at
4 C overnight with gentle shaking. Primary antibodies
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used were: Anti-Occludin (1:10000, Proteintech Group),
Anti-ZO-1 (1:20000, Proteintech Group), Anti-Clau-
din1(1:1500, Affinity Biosciences) and Anti-B-Actin
(Proteintech Group, Cat#20536-1-AP). After incubation,
HRP-coupled goat-anti-rabbit IgG (1:5000, Immunoway)
was added and incubated for 1 h at room temperature.
Protein bands were detected using enhanced chemilu-
minescence (ECL) substrate and quantified with Image]
software.

Evaluation of Evans blue (EB) leakage

The barrier permeability of the lungs and brain (n=6/
group) was measured using EB. In brief, after pentobar-
bital sodium anesthesia, each group of mice was injected
with 2% EB (5 ml/kg) via the tail vein. Two hours later,
the mice were perfused with PBS through the left ventri-
cle. The lung and brain tissues were excised and homog-
enized in dimethyl sulfoxide. The mixture was incubated
at 50 C for 2 h. Then, the homogenate was centrifuged at
12000 g for 30 min and the absorbance was measured at
620 nm on a Microplate Reader (Biotek Epoch, USA).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism software (version 8.0) and R (version 4.3.2). Con-
tinuous data are expressed as means + standard deviation
(SD), with individual sample sizes (n values) specified in
corresponding figure legends. For comparisons between
two groups, we employed unpaired two-tailed Student’s
T-tests after confirming normality (Shapiro-Wilk test)
and homogeneity of variance (F-test). Multiple group
comparisons were performed using one-way ANOVA
followed by Tukey’s post hoc test for normally distributed
data. A p-value of <0.05 was considered statistically sig-
nificant in all statistical methods. The standard symbols
were presented as *P<0.05, *P<0.01, **P<0.001, and
###+D < 0.0001.

Results

Clinical correlations between COPD patients and
neurocognitive disorders

Using two-sample MR analysis with genetic indica-
tors from the IEU GWAS database, we investigated the
association between COPD (categorized by disease
stages: early, hospitalized, and late-phase) and neuro-
cognitive disorders (including dementia, Alzheimer’s
disease, Parkinson’s disease, anxiety and depression).
All analyses accounted for multiplicity (Table S1-4)
and heterogeneity (Table S1-5), with GWAS summary
statistics detailed in Table S1-3. Notably, early-stage
COPD (COPD_EARLY) showed significant associations
with: Alzheimer’s disease (ORpyy = 1.000255, 95%CI
= [1.000025, 1.000486], P=0.030; ORy, = 1.000414,
95%CI = [1.000076, 1.000752], P=0.016;), Dementia
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(ORygp = 1.0939, 95%CI = [1.0144, 1.1797], P=0.0197),
and Depression (ORpy, = 1.00195, 95%CI = [1.00082,
1.00307], P=0.00068; OR, = 1.00275 95%CIl =
[1.00062, 1.00488], P=0.0159; ORy = 1.00223, 95%CI
= [1.00059, 1.00387], P=0.0077; ORWMO =1.00243,
95%CI = [1.00012, 1.00474], P=0.047). Late-stage
COPD (Finn-b-COPD_LATER) demonstrated stronger
effects on Anxiety (ORyy = 1.57, 95%CI = [1.17, 2.12],
P=0.0026; ORy;z = 1.99, 95%CI = [1.13, 3.51], P=0.032;
ORyypg = 1.61, 95%CI = [1.07, 2.43], P=0.024; ORyp 0 =
2.00, 95%ClI = [1.22, 3.27], P=0.014). Hospitalized COPD
patients showed elevated Parkinson’s disease risk (ORyy
= 1.60, 95%CI = [1.16, 2.20], P=0.004).

The dose-response pattern suggests progressively
stronger associations with neurocognitive disorders as
COPD duration increases, though the absolute effect
sizes for early-stage associations were modest (Fig. 1A).
Sensitivity analyses using MR-Egger and IVW (Fig. 1B-
@G) showed consistent directions of effects. In conclusion,
large-scale GWAS data demonstrated that COPD is a sig-
nificant risk factor for neurocognitive dysfunction. In the
clinical setting, there is a great need to focus on whether
cognitive function is impaired in patients with COPD,
especially in advanced stages, in order to determine the
right clinical intervention strategies.

CS exposure induces a COPD phenotype in mice
To establish a COPD mouse model, BALB/c female mice
were exposed to CS (9 whole cigarettes/day, 5 days per
week) for 24 weeks (Fig. 2A). Compared to the normal
control (NC) group, CS-exposed mice exhibited reduced
body weight gain (Fig. 2B), with significantly lower final
weight at week 24 (21.61 +£2.91, P< 0.001) (Fig. 2C).
Figure 2D and F show the invasive pulmonary function
indicators of mice, including FEV0.1 (forced expiratory
volume in 100ms)/FVC (forced vital capacity), RI (airway
resistance) and Cydn (dynamic compliance). Compared
with the NC group, the pulmonary function of mice
in the COPD-NCDs deteriorated: decreased FEVO0.1/
FVC (0.53+0.11, P<0.0001), increased RI (6.44+1.99,
P<0.05), and reduced Cydn (0.007 +£0.002, P< 0.05). We
also performed noninvasive lung function tests in mice,
and the six indices of Ti, Te, PIF, PEF, MV, and EF50 also
illustrated the reduced lung function in the COPD-NCDs
group of mice compared to the NC group (all P<0.05,
Fig. 2G and L). ELISA results showed that the levels
of inflammatory factors IL-1p (61.89+5.52, P<0.01),
IL-6 (81.69+7.43, P<0.001) and TNF-a (249.96 +14.6,
P<0.001) were significantly elevated in lung tissues
(Fig. 2M and O). Pulmonary emphysema formation
(Fig. 2P) and airway surrounding collagen deposition
(Fig. 2QQ) were also observed in the lungs of the COPD
mouse model. These data confirm successful induction of
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Fig. 1 Two-sample MR analysis of COPD and neurocognitive disorders. A Results of the causal relationship between COPD (early, hospital, and later)
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between COPD and neurocognitive disorders using different MR methods
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Fig. 2 Chronic CS exposure worsened lung function. A Molding process for COPD-NCDs mouse models. B 24-Week mouse body weights. C A compari-
son of weights in the 24th week; (n=8) in each group. Invasive lung function testing was carried out with FEV0.1/ FVC (forced expiratory volume in 100
ms/ forced vital capacity), Rl (airway resistance) and Cydn (dynamic compliance) shown in D-F, respectively (n=6/group). G-L Noninvasive pulmonary
function tests were performed, Ti, Te, PIF, PEF, MV, and EF50 (n=6/group). M-O Levels of inflammatory factors IL-13 (M), IL-6 (N), and TNF-a (O) in lung tissue
homogenate, measured by ELISA (n=6 mice/group). P HE staining of pulmonary tissue of mice (n=4/group) (scale bar =100 pm). Q MASSON staining of
pulmonary tissue of mice (n=4/group) (scale bar =100 um). Statistical significance was determined by Student’s t-test. *P<0.05, **P <0.01, ***P <0.001

and ****P <0.0001 compared with the NC group

COPD-like phenotypes in mice, mimicking human dis-
ease progression.

CS exposure induces working memory deficits and
hippocampal neuroinflammation

To investigate whether chronic CS-induced COPD and
cognitive dysfunction are related, we subjected mice
to behavioral tests after 22-week CS exposure. In the
OF test, the COPD-NCDs mice exhibited anxiety-like
behaviors (more huddled in the corner and immobile),
with reduced total activity path (COPD-NCDs group:
839.86 £262.12 vs. NC group: 2239.99 +732.43, P< 0.001),
central zone entries (COPD-NCDs group: 135.3 +40.6 vs.
NC group: 340.11+72.39, P<0.0001), and central activ-
ity time (COPD-NCDs group: 16.21 +6.06 vs. NC group:
46.89 £6.95, P<0.0001) (Fig. 3A, D and G). In the NOR
test, COPD-NCDs mice showed lower preference index
for novel objects (COPD-NCDs group: 0.27 +0.08 vs. NC
group: 0.54+0.11, P<0.0001), indicating impaired cogni-
tive ability and short-term memory (Fig. 3B and C). The

MWM was used to assess the effects of CS exposure on
cognitive function in mice. The representative tracking
results of the MWM tests in each group involved in the
probe trial are shown in Fig. 3H. After 24 weeks of CS
exposure, the mice with COPD-NCDs showed a signifi-
cant prolongation of the latency of their escape response
after 5 days of training (Fig. 3I). On the test day, the fre-
quency (1.38+0.92, P<0.01) and duration (25.25+9.03,
P<0.0001) of the COPD-NCDs mice crossing the target
area platform were both lower (Fig. 3] and K).
Inflammatory factors IL-1p (65.25+10.87, P<0.01),
IL-6 (101.78 £19.72, P<0.05) and TNF-a (209.6 + 64.27,
P<0.01) were significantly elevated in Hippocampal tis-
sue (Fig. 3L and N). HE staining was then used to observe
histopathologic changes in the hippocampus. As shown
in Fig. 30, the hippocampal tissue of NC mice has a lay-
ered structure with clear cell boundaries, regular and
intact neuronal morphology, and clearly visible neu-
ral fiber structures. However, in the mice with COPD-
NCDs, it was observed that some hippocampal neurons
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Fig. 3 CS exposure induces neurocognitive disorders in mice. A Schematic illustration of the OF test (n==8/group). B Schematic illustration of the NOR
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were partially absent and disorganized neuropil in CA1  CS-induced neuroinflammation activates hippocampal

and CA3. These data demonstrate that CS-induced microglia and astrocytes and triggers neuronal and

COPD leads to hippocampal-dependent memory defi-  synaptic dysfunction in mice

cits, possibly mediated by neuroinflammation. Neuroglial cell activation is often associated with neu-
roinflammation in neurocognitive disorders. We thus
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evaluated the activation of glial cells in CS exposed mice.
We used immunofluorescence to detect the expression
of IBA1 protein (Fig. 4A, C and E) and GFAP protein
(Fig. 4G, I and K) in the hippocampus of mice. Quantita-
tive analysis revealed that the density of Ibal* and GFAP*
in CA1 (COPD-NCDs group: 13.94+3.19 vs. NC group:
5.89+1.59, P<0.01; COPD-NCDs group: 15.65 +3.44 vs.
NC group: 9.43+1, P<0.05), CA3 (COPD-NCDs group:
16.34+£0.79 vs. NC group: 6.37 +1.57, P<0.0001; COPD-
NCDs group: 30.29+4.01 vs. NC group: 9.91+3.98,
P<0.001), and DG (COPD-NCDs group: 24.57 +1.09 vs.
NC group: 7.37+£0.66, P<0.0001; COPD-NCDs group:
13.41+1.83 vs. NC group: 8.8+2.37, P<0.05) was signifi-
cantly higher than that of the normal control group, indi-
cating that CS-induced neuroinflammation can activate
microglia and astrocytes in the hippocampus.

We further evaluated the conditions of hippocampal
neurogenesis and synaptogenesis after glial cell activa-
tion. Compared to the NC group, the mature neuro-
nal markers NeuN and synaptophysin in CA1 (6.48+1,
P<0.0001; 6+0.75, P<0.01), CA3 (10.42+0.61, P<0.01;
11.2+1.23, P<0.01) and DG (12.31+1.15, P<0.001;
8.37+1.13, P<0.0001) regions in the COPD-NCDs group
were significantly decreased (Fig. 5A and I), indicating
neurotoxicity and synaptotoxicity. These findings dem-
onstrate that CS exposure triggers hippocampal gliosis
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and subsequent neuronal dysfunction, potentially driving
cognitive deficits.

ScRNA-seq reveals brain cell-type-specific alterations in
COPD-NCDs

To delineate the brain microenvironment in COPD-
NCDs, we performed 10x Genomics scRNA-seq
sequencing on whole-brain cells from NC and COPD-
NCDs mice (n=3/group). First, cell clustering analysis
was conducted based on the similarities among cells.
The group of cells with the highest similarity was iden-
tified as a clustering unit. These clustering units were
then converted into biologically meaningful cell types
through cell annotation (Fig. 6C). Based on the cluster-
ing results of multiple samples, unsupervised clustering
identified 19 transcriptionally distinct groups (t-SNE
visualization, Fig. 6A). The clustering heatmap can com-
prehensively reflect the expression levels of character-
istic genes of each cluster, which is an important basis
for identifying marker genes. The top 10 differentially
expressed genes from each cluster were selected to draw
the clustering heatmap for visualization (Fig. 6B), these
cluster-specific DEG (|log2FC| >0.25, P<0.05) heatmaps
revealed conserved gene signatures (e.g., PlpI in oligo-
dendrocytes). Cells were clustered based on gene expres-
sion, and annotated into 8 major types using canonical
markers (e.g., P2ry12 for microglia, Ptprd for neurons),
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Fig. 4 Activation of microglia and astrocytes in COPD-NCDs. A-F IF staining and quantitative analysis of IBA1 in mouse hippocampal CA1, CA3 and DG
regions (n=4/group) (scale bar =100 um). G-L IF staining and quantitative analysis of GFAP in mouse hippocampal CA1, CA3 and DG regions (n=4/
group) (scale bar =100 um). Statistical significance was determined by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001compared with

the NC group
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**P<0.01, **P<0.001 and ****P<0.0001 compared with the NC group

including astrocytes, endothelial cells, ependymal, fibro-
blasts, microglia, neurons, OPCs and oligodendrocytes
(Fig. 6D).

In NC and COPD-NCDs groups, the proportions of
different cell types were shown in Fig. 6E. Endothelial
cells and astrocytes are the main cell types of the BBB
in the brain. Reduced proportions of endothelial cells
and astrocytes, paralleled by downregulation of BBB-
related genes (Cldn5, Ocln), indicating that the perme-
ability of the BBB in the brains of COPD-NCDs mice may
have changed. Bubble plots can reflect the characteristic
expression of differential genes in different cells, indicat-
ing that the differential genes can serve as an important
basis for the maker genes in that cell. Therefore, we spe-
cifically selected each top2 maker gene to draw bubble
plots for the visualization of characteristic gene expres-
sion abundance (e.g., Sparcll and Aldoc in astrocytes,
Fig. 6F). This data provides the first evidence that COPD
alters brain cellular composition, potentially through
BBB dysfunction.

BBB dysfunction and synaptic impairment in COPD-NCDs

ScRNA-seq identified 143 up-regulated and 148 down-
regulated DEGs in endothelial cells (the volcano plot,
|log2FC| >0.25, P < 0.05; Fig. 7A). Gene Ontology (GO)
analysis reveals significant alterations in pathways such as
cell junction organization (P = 0.0000000074), cell migra-
tion (P = 0.000000098), cell motility (P = 0.0000004),
structural molecule activity (P = 0.0000000059) and cell
adhesion molecule binding (P = 0.00000091) (Fig. 7B).
Kyoto Encyclopedia of Genes and Genomes (KEGG)
shows that it is closely related to neurodegenerative dis-
eases, such as Huntington disease (P = 0.013). In addi-
tion, it is closely related to synaptic dysfunction including
Serotonergic synapse (P = 0.014), Glutamatergic synapse
(P = 0.026), Dopaminergic synapse (P = 0.039) and Cho-
linergic synapse (P = 0.028). Besides, the enriched Gap
junction (P = 0.0000011), Cell adhesion molecules (P
= 0.00012) and Leukocyte trans endothelial migration
(P = 0.037) suggest BBB disruption. PI3K-Akt signal-
ing pathway, MAPK signaling pathway, have also been
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Fig.6 The transcriptional profile of COPD-NCDs in the brain. A t-Distributed Stochastic Neighbor Embedding (t-SNE) showing brain cell clustering. B Heat
maps of the top 10 gene expressions in different clusters. C Cell types enriched in different clusters. and (D) The clusters were organized into eight meta-
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types. F The gene dot plots of the top 2 in different cell subsets. Data are shown as means+SD (n=3/group)

significantly enriched (Fig. 7C). Studies have shown that
activation of the PI3K-Akt or inhibition of P38-MAPK
signaling pathway can attenuate neuroinflammation and
blood-brain barrier disruption, thereby preventing/atten-
uating neurodegenerative diseases [31, 32]. This suggests
that these two signaling pathways may be closely related
to BBB and neuroinflammation in COPD-NCDs.
Similarly, in astrocytes, the volcano plot showed
119 up-regulated genes and 145 down-regulated
genes (Fig. 7D). GO enrichment analysis indicated
that it is closely related to nervous system develop-
ment (P=0.000000000000000069), synapse formation
(glutamatergic synapse, (P=0.0000021)), cell junction
(P=0.0000000078) and cell adhesion molecule bind-
ing (P=0.000027) (Fig. 7E). KEGG enrichment analysis
revealed a close relationship with neurocognitive disor-
ders, such as Parkinson disease (P=0.033), Long-term
depression (P=0.014), Huntington diseases (P=0.041)
and Alzheimer diseases (P=0.028). Additionally, it is also

closely related to pathways associated with synaptic dys-
function, such as Glutamatergic synapse (P=0.00034)
and GABAergic synapse (P=0.012) (Fig. 7F). The gene
vitrification map showed that the top 10 differentially
expressed genes between endothelial cells (Ly6cl, Fltl,
Itm2a, Slcola4, Bsg, Cxcll12, Pglyrpl, Ctla2a, Slc2al,
Cldn5) and astrocytes (Sparcll, Aldoc, Plpp3, Mt3,
Atpla2, Slcla2, Gpr3711, Glu, Gpc5, Ptprzl) are ranked
(Fig. 7G and H). Among them, Ly6cl, Fltl, Slcola4,
Cxcl12, Slc2al, Cldn5 and Glu, which were differen-
tially expressed genes, were closely associated with BBB
permeability. All these data indicate that dysfunction
of endothelial cells and astrocytes in the brain may lead
to changes in the permeability of the BBB in the brain,
thereby triggering COPD-NCDs. These findings suggest
that COPD-NCDs disrupt BBB integrity via endothelial-
astrocyte dysfunction, exacerbating synaptic impairment.



Yu et al. Journal of Neuroinflammation (2026) 23:10

Page 12 of 20

A B i c
«down normal sup anatomical structure ﬂeve\upmenl Serotonergic synapse{ @
celljunction organization Relaxin signali e
. . cwza system development elaxin signaling pathway-e
150 : : g coll junction assembly gnaling p: Y Count
response to abiotic stimulus PI3K-Akt signaling pathway{ @ .4
developmental process
cell migration MAPK signaling pathway ) ® 6
localization of cell o
anca2 cell motility L y ®:s
o . membrane raft ] i i
2 100 membrane microdomain | N Huntington disease; @ ® 1
g membrane region Group Glutamatergic synapse{ ® . 12
a2 plasma membrane region { mer o
2 ‘whole membrane 1 IR o| Hcc Gap junction
=) cell junction | 8| mwr 3 .
o extracellular organelle GABAergic synapse- Enrich Factor
7 extracellular exosome L
actin filament bundle ErbB signaling pathway{e 7
lasma membrane bounded cell projection . s .
i oo Epstein-Barr virus infection{ @ 6
structural molecule activity o 5
cell adhesion molecule binding Dopaminergic synapse+{®
structural consttuent of cytosks o 4
protein bi Cholinergic synapse{ ® 3
cytoskeletal protein bil X
Cell adhesion molecules{ [ ] 2
T Apoptosis{®
log2(Fold Change) cytochrome-c oxidase activity { I 2 3 45 6
00 25 50 7.5 -log10(pvaule)
-log10(PValue)
D E nervous system development [FEE F
evelopment i i
multlcellularlorgamsm devalopment | Synaptic vesicle cycle
anatomical structure development { IR i ignali 4
«down normal cup eurogeness Phospholipase D signaling pathway® Count
. . pmental process Parkinson disease{ @
central nervous. system development .3
cell differentiation MAPK signaling pathway [ ]
roo? regulation of nervous sysiem development | N . ® 6
Avce cellular developmental process{lllll | | Long-term depression- P
e [ i i J
75 coll nano ] Group Huntington disease {@ o
neuron to neuron synapse {ll mBP Glutamatergic synapse-
e postsynapse { mcc e
g presynapse {8l u MF Gap junction L] N
3 glutamatergic synapse {8l B Enrich Factor
> plasma membrane region {Bll GABAergic synapse- L]
a postsynaptic density {lll N . 5
2 asymmetric synapse {Ill Dopaminergic synapse1@
>
o — Cocaine addiction{ 4
T monovalent inorganic cation transmembrane transporter activity {Hl
35" ycllc -nucleotide phosphodiesterase activity {lll cGMP-PKG signaling pathway Qe
cyclic-nucleotide phosphodiesterase a N N . 3
Hob-bs. inorganic molecular entity transmembrane transporter ac Calcium signaling pathway @
. ion transmembrane transporter ac . B
Il adhesion molecule bis Amyotrophic lateral sclerosis{ [ ) 2
um ion transmembrane transporter act i .
............................ morgamc cation transmembrane transporter acf Alzheimer disease{ @
transporter activi
transmembrane transporter activi 1.5 2.0 2.5 3.0 3.5

3 0.5
log2(Fold Change)

G H

Lyéc1 Fit1 Itm2a Slcola4

? 7 9 7 ?

Cxcl12 Pglyrp1 Ctla2a Slc2a1 Cldn5

2 @ : 2 ?

0 51015
-log10(PValue)

-log10(pvaule)

Sparcl1 Aldoc Plpp3 Mt3 Atptla2

Sic1a2 Gpr37i1 Glu Gpc5

%

L

Fig. 7 Separate analysis of endothelial cells and astrocytes in COPD-NCDs. A A volcanic map of differentially expressed genes in endothelial cells. B
Enrichment analysis of GO in endothelial cells. C Analysis of the KEGG pathway in endothelial cells. D A volcanic map of differentially expressed genes in
astrocytes. E Enrichment analysis of GO in astrocytes. F Analysis of the KEGG pathway in astrocytes. G t-SNE plot of the top ten differentially expressed
genes in endothelial cells. H t-SNE plot of the top ten differentially expressed genes in astrocytes. Data are shown as means+SD (n=3/group)

Inflammatory factors are associated with increased lung
and brain permeability via translocation from the lung to
the brain during COPD

Next, we attempt to determine the specific mechanism
of NCDs caused by COPD. We first examined the lev-
els of inflammatory factors such as IL-1p, IL-6, TNF-a
and the chemokine CCL3 in the serum. Significantly
increased expression was found in the COPD-NCDs
group compared to the NC group (Fig. 8A and D):
serum IL-1p (COPD-NCDs group: 71.23+4.58 vs. NC
group: 60.51+7.9, P<0.05), IL-6 (COPD-NCDs group:
108.64+11.87 vs. NC group: 81.37+4.06, P<0.001),
TNF-a (COPD-NCDs group: 453.93+32.71 vs. NC
group: 400.39 +28.84, P<0.05), and CCL3 (COPD-NCDs

group: 126.6+4.61 vs. NC group: 111.44+4.53, P<0.001).
Subsequently, our research investigated the tight junc-
tion proteins in the lungs and brains to elucidate the
potential mechanism of transport inflammatory fac-
tors from the lungs to the brain. Our results showed
that the mRNA levels and protein expression levels of
Occludin, Claudin-1, and ZO-1 in the lung and brain of
COPD-NCDs mice were significantly lower than those
of normal mice: reduced Occludin (mRNA: lung, 2.54-
fold, P<0.0001, brain, 1.57-fold, P<0.001; protein: lung
2.32-fold, P<0.0001, brain, 1.72-fold, P<0.0001), Clau-
dinl (mRNA: lung, 2.85-fold, P<0.0001, brain, 2.89-
fold, P<0.0001; protein: lung 1.42-fold, P<0.01, brain,
3.41-fold, P<0.0001), and ZO1 (mRNA: lung, 2.72-fold,
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Fig. 8 Inflammatory factors cause changes in BBB permeability from the lungs to the brain. A-D Cytokine levels including IL-10 (

A), IL-6 (B), TNF-a (C) and

CCL3 (D) of serum (n=6). E-J Relative mRNA expression levels of Occludin, Claudin-1 and ZO1 in lung and brain tissues (n=6/group). K-P Representative
Western-blot images of Occludin, Claudin1, and ZO1 proteins in lung and brain tissues with 3-Actin as the internal reference (n=6/group). Statistical
significance was determined by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <0.0001 compared with the NC group

P<0.0001, brain, 1.73-fold, P<0.001; protein: lung 1.31-
fold, P<0.01, brain, 1.89-fold, P<0.0001) (Fig. 8E and P)
in the lung and brain.

Further detection by IF also revealed that Occludin
(lung: COPD-NCDs group: 9.97+0.57 vs. NC group:
16.87+0.72, P<0.001; brain: COPD-NCDs group:
1.83+0.47 vs. NC group: 4.08+0.68, P<0.01), Clau-
dinl (lung: COPD-NCDs group: 10.28+0.35 vs. NC
group: 1824+0.87, P<0.001; brain: COPD-NCDs

group: 1.83+0.23 vs. NC group: 3+0.62, P<0.05) and
Z01 (lung: COPD-NCDs group: 12.3+1.32 vs. NC
group: 21.58+0.4, P<0.001; brain: COPD-NCDs group:
1.83+0.1 vs. NC group: 3.62+0.24, P<0.001) were sig-
nificantly lower in COPD-NCDs compared with the NC
group (Fig. 9D and L). Increased EB permeability in lung
(3.26-fold, P<0.0001) and brain (1.7-fold, P<0.001), con-
firming barrier disruption (Fig. 9A and C). This strongly
suggests that the barriers between the lungs and brain,
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Fig. 9 The barrier functions of the lungs and the brain are impaired. A The images represent the EB injected lung and brain after COPD-NCDs. B, C
Quantitative analysis results of EB leakage from the lung and brain (n=6/group). D, G, J Occludin, Claudin1 and ZO1 IF staining in mouse lung and brain.
E, F Quantification of Occludin in mouse lung and brain (n=3/group). H, I Quantification of Claudin1 in mouse lung and brain (n=3/group). K, L Quan-
tification of ZO1 in mouse lung and brain (n=3/group). Statistical significance was determined by Student’s t-test. *P<0.05, **F<0.01, ***P<0.001 and

***%P < 0,0001 compared with the NC group

including the air-blood barrier and the BBB, were dam-
aged in COPD-NCDs mice. These results support a
mechanism whereby pulmonary inflammation com-
promises lung-brain barriers, enabling cytokine trans-
location to drive neuropathology, thereby influencing
COPD-NCDs.

Discussion
COPD is a multi-system disorder that extends beyond
pulmonary pathologies, and its impact on cognitive
function is increasingly recognized [33-35]. This study
adopts the MR analysis methodology referenced from
our prior research. The MR Egger, WME, IVW, and
Weighted mode approaches complement each other in
addressing potential violations of MR core assumptions
[36]. Specifically: IVW: As the foundational method uti-
lizing all instrumental variable information, it offers the
highest efficiency and serves as the primary benchmark
for verification [37]. MR Egger: This method does not
assume the“no horizontal pleiotropy”condition and can
test for pleiotropic effects via its intercept term, thereby
helping to mitigate bias [38]. WME: It provides reliable
estimates when over 50% of instrumental variables are
valid, offering supplementary validation when results
from IVW and MR Egger diverge [39]. The limitations
include: While MR can effectively reduce confounding
bias, its validity relies on high-quality instrumental vari-
ables (which are vulnerable to horizontal pleiotropy and
weak instrument bias). Additionally, its statistical power
is often lower than that of conventional observational
studies, necessitating further validation. In summary,
MR analysis provides preliminary evidence on exposure-
outcome relationships while reducing confounding. For
the first time, through a two-sample MR analysis, we
demonstrated a significant causal relationship between
COPD and neurocognitive disorders, and this relation-
ship follows a duration-dependent pattern. The longer
the duration of COPD in patients, the higher the risk of
neurocognitive impairment. However, studies exploring
specific mechanisms underlying the association between
COPD and NCDs are still relatively limited. This study
elucidates a novel mechanism for cognitive dysfunction
related to COPD, which may contribute to the devel-
opment and optimization of therapeutic strategies for
COPD-associated comorbidities.

Currently, common approaches to modeling COPD in
mice include chronic CS exposure, CS combined with
LPS, LPS combined with PPE, and intraperitoneal CS

extract [7, 40, 41]. However, no animal model can repli-
cate all the features of human COPD. Because CS expo-
sure is an independent risk factor for COPD, chronic
exposure to CS better reflects the pathogenesis of the
disease in humans and is the most widely accepted mod-
eling approach among researchers [24, 42]. The model is
also commonly used in studies of COPD comorbidities
such as cognitive dysfunction and sarcopenia [12, 43]. In
our study, we chose the well-known long-term CS expo-
sure of 24 weeks to build an animal model and assess
both lung and cognitive function. Indicators of success-
ful construction of a mouse model of COPD include lung
histology showing emphysema, increased airway fibrosis
and mucus secretion, reduced lung function, and ele-
vated levels of inflammation in the lung tissue [13, 44].
24 weeks of prolonged CS exposure is more consistent
with the characteristics observed in patients with COPD.
We demonstrated the validity and stability of this mouse
model of COPD at the level of lung pathology.

Multiple studies have shown that COPD patients have
deficits in attention, memory, learning ability and motor
function [45-48]. At the neurological level, the COPD-
NCDs mice in this research exhibited the following: (1)
hippocampal-dependent memory deficits (NOR, MWM
test); (2) anxiety-like phenotypes (OF test); (3) neuroin-
flammation (ELISA: IL-1fB, IL-6 and TNF-«; IF: GEFP,
IBA1). Our results are consistent with previous reports,
that is the cognitive ability, short-term memory, and anx-
iety-like behaviors of COPD-NCDs mice are impaired
[49]. In addition, COPD-NCDs mice had increased
expression of inflammatory factors in the brain in addi-
tion to elevated lung IL-1pB, IL-6, and TNF-a. COPD-
NCDs mice had partial loss of hippocampal neurons and
partial damage to nerve fibers. It has been suggested that
the ability of CS exposure to increase lung inflammation
and cause spatial and working memory deficits is due to
activation of hippocampal microglia and activation of
astrocyte density as well as reduction of synaptophysin
in the hippocampus [12, 24]. Therefore, IF staining was
used to comprehensively detect the expressions of IBA1,
GFAP, Neun and synaptophysin related markers in the
CA1l, CA3 and DG regions of the mouse hippocampus.
We found that microglia and astrocytes in COPD-NCDs
mice were activated and neuronal and synaptophysin
expression was decreased, indicating that chronic CS
stimulation may induce hippocampal neuroinflamma-
tion, thereby causing neurocognitive impairment.
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Previous studies have elucidated multiple pathways
through which CS influences neurocognitive function.
For instance, CS exposure has been shown to disrupt
energy metabolism via the PPAR signaling pathway,
exacerbating pathological changes and cognitive impair-
ments in mice [50]. Beyond metabolic alterations, CS
also perturbs critical neuronal signaling. Calcium, mainly
in the form of calcium ions (Ca**), exists in neurons and
plays an indispensable role in inducing and maintaining
activity-dependent synaptic plasticity, which is the most
closely related neurophysiological process to learning and
memory [51]. This suggests that CS may impair cogni-
tive ability by disrupting neuronal Ca** homeostasis [52].
Furthermore, a separate mechanistic study demonstrated
that overexpressing sestrin2 attenuated hippocampal
damage and neurocognitive disorders by rectifying CS-
induced ferroptosis and synaptic protein alterations [7].
The timing of exposure is also critical, perinatal CS expo-
sure (from pregnancy to 21 days postnatal) can induce
aberrant hippocampal metabolism in adulthood, poten-
tially constraining neurodevelopment and compromising
learning and memory [53]. Compounding these effects,
when CS exposure is combined with LPS, it synergisti-
cally triggers neuroinflammation in cognition-related
brain regions and compromises BBB integrity [54].
Finally, 24-week CS exposure COPD model established
by Dobric A et al. directly links these mechanisms to
the disease context, confirming that neuropathological
changes in the hippocampus underpin neurocognitive
impairments in COPD [13]. Collectively, this evidence
prompts a central question: what is the primary trigger-
ing mechanism of neuroinflammation in COPD-NCDs?

In COPD-NCDs patients, CS exposure causes pulmo-
nary inflammation [55] which subsequently leads to the
impairment of the pulmonary gas-blood barrier function
[56], and airway wall remodeling is a significant feature
of COPD [57]. Our pathological examination of the lung
tissue of COPD mice also indicated that the structure of
the gas-blood barrier had undergone significant changes.
Thus, the inflammatory factors may further overflow into
the bloodstream due to the destruction of the gas-blood
barrier. Recent studies have shown that a fluid circula-
tion axis may be established between the lungs and the
brain [58, 59]. Inflammatory factors, metabolites and
hormones can affect the structure and function of the
brain through this fluid-based lung-brain axis. In particu-
lar, the “spill-over” of inflammation from the lungs into
the bloodstream may damage brain neurons and lead to
cognitive dysfunction. To explore whether this mecha-
nism is involved in COPD-NCDs, we detected the levels
of inflammatory factors IL-1B, IL-6 and TNF-a in the
lung tissue, serum and brains of COPD-NCDs mice, and
found that these indicators were significantly elevated in
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all three tissues of the COPD-NCDs group. This indicates
the connectivity among the three.

To further explore the specific association mecha-
nisms between COPD and NCDs, we performed 10-fold
Genomics scRNA-seq on the whole brain cells of nor-
mal and COPD-NCDs mice. These cells were clustered
according to gene expression, and these clusters were fur-
ther organized into eight “meta-clusters” including astro-
cytes, endothelial cells, ependymal, fibroblasts, microglia,
neurons, OPCs and oligodendrocytes. The proportions of
endothelial cells and astrocytes were reduced in COPD-
NCDs. Therefore, through further GO and KEGG anal-
yses, we found that endothelial cells and astrocytes in
COPD-NCDs were closely associated with disruption of
endothelial cell tight junctions, synaptic dysfunction, and
neurocognitive dysfunction disorders. This indicates that
the permeability of the BBB may change in COPD-NCDs.

Homeostasis of the CNS is maintained by the BBB. The
BBB is composed of capillary wall endothelial cells, peri-
cytes, and astrocytes [60]. It is the interface between the
CNS and the peripheral circulation, and plays a crucial
role in regulating the transport of molecules into and
out of the brain [61]. In this study, the mRNA levels and
protein expression levels of Occludin, Claudinl and ZO1
in the lungs and brains of COPD-NCDs mice were sig-
nificantly lower than those of normal mice. EB staining
shows increased lung and brain permeability in COPD-
NCDs. Further IF detection also showed that the levels
of CD31, Occludin, Claudinl and ZO1 were significantly
lower in COPD-NCDs compared to the NC group. This
strongly indicates that the barrier function between the
lungs and the brain of COPD-NCDs mice is impaired,
inflammatory factors are more likely to transfer from
the lungs to the brain, and the permeability of the blood-
brain barrier is affected, thereby affecting the condition
of COPD-NCDs.

Based on the above results, from a mechanistic per-
spective, we proposed that the disruption of the homeo-
stasis of the CNS in COPD-NCDs mice consists of
three-stage cascades: (1) Lung barrier disruption, leading
to systemic inflammation; (2) BBB dysfunction, leading
to neuroinflammation; (3) Neuronal and synaptic dys-
function, leading to cognitive dysfunction.

Direct visualization and dynamic monitoring of BBB
integrity in COPD-NCDs represent a critical next step
in validating the inflammation“spill-over’hypothesis.
For instance, in vivo imaging techniques like MRI and
PET enable non-invasive, real-time observation of BBB
disruption and its correlation with neuroinflammation
and behavioral outcomes [62]. MRI, strong in struc-
tural imaging, can also assess the severity of BBB leak-
age through specialized sequences (e.g., DCE-MRI) [63],
potentially aiding in determining COPD-NCDs severity
and progression. PET, centered on functional imaging,
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can quantify BBB permeability to investigate alterations
in molecular transport, thereby elucidating the effects of
inflammatory mediators and metabolites on the barrier
[64]. Clinically, integrated devices like“PET/MRI hybrid
systems”are often employed to simultaneously capture
structural details and molecular functional informa-
tion, further enhancing diagnostic and research preci-
sion. Future in vivo imaging research may address several
critical questions in COPD-NCDs: (1) Temporal progres-
sion: At which stage of CS exposure does BBB disruption
occur? How does this correlate with elevated systemic
inflammatory cytokine levels? (2) Spatial specificity: Is
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BBB disruption region-specific? We hypothesize a close
association with the hippocampus, critical for learn-
ing and memory, while the prefrontal cortex may be
particularly vulnerable. (3) Therapeutic monitoring: In
vivo imaging can assess treatment efficacy following the
administration of BBB-protective agents.

However, our research also has certain limitations.
Firstly, in view of the experimental conditions, we are
unable to apply magnetic resonance imaging (MRI) to
observe the alterations in the permeability of the BBB
more intuitively. Secondly, we cannot prove the direct
correlation between the “spill- over” of inflammatory
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Fig. 10 Proposed mechanism of cigarette smoke-induced neurocognitive impairment via lung-brain barrier disruption. CS-induced lung barrier dys-
function permits inflammatory factor spill-over (IL-13/IL-6/TNF-a) into circulation, compromising the BBB and triggering hippocampal neuroinflamma-
tion. There are three Key pathways involved in: (1) Structural disruption: Tight junction loss in lung and brain endothelial cells; (2) Functional spill-over:
Inflammatory factors bypass compromised barriers; (3) Neuroglial activation: Microglia/astrocyte responses exacerbate neuronal damage
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factors from the lungs to the brain, but can only indi-
rectly prove that the neurocognitive impairment related
to COPD is affected by the disruption of the barrier
between the lungs and the brain, which leads to the
“invasion” of inflammatory factors into the brain through
the lung-brain axis. Although we observed concomitant
lung-brain barrier disruption, direct causality requires
future studies using conditional knockout models (e.g.,
endothelial-specific Claudin5 deletion). This mecha-
nism deserves further exploration in the future, both as
an innovative supplement to the mechanism of COPD-
NCDs and as a new theoretical basis for the systemic
symptoms of COPD.

Our research proposes a cascade model progressing
from disruption of the air-blood barrier to BBB dysfunc-
tion and ultimately to cognitive impairment. Building
upon this, future studies should further elucidate the
intricate interactions along this axis. For instance, BBB
integrity depends not only on endothelial tight junctions
but also on the supportive role of the pericytes. Key areas
for future research may include: (1) Establishing the time-
line and causality of BBB disruption. (2) Decoding inter-
cellular communication within the neurovascular units
(involving endothelial cells, pericytes, astrocytes, and
microglia), such as by mapping cell-type-specific gene
expression profiles and interaction networks within these
units in the context of COPD. Additionally, current ther-
apeutic approaches for COPD-NCDs primarily explore
anti-inflammatory and anti-oxidative stress mechanisms,
such as corticosteroids and roflumilast. Therefore, the
mechanism involving disruption of the air-blood barrier
and BBB and the leakage of inflammatory mediators may
offer new approaches and targets for improving the treat-
ment of COPD-NCDs.

In conclusion, our study demonstrated a significant
causal relationship between COPD and neurocognitive
disorders. The longer the duration of COPD, the higher
the risk of neurocognitive impairment. CS exposure
induces a disruption of the lung barrier function, which
in turn leads to the “spill-over” of inflammatory factors
to the brain through the lung-brain axis, increasing the
BBB permeability in the brain, thereby triggering neuro-
inflammation, damaging neuronal and synaptic function
in the hippocampus and ultimately leading to neuro-
cognitive impairment (Fig. 10). This study provides new
insights into the possible mechanisms of COPD-NCDs,
and may provide new ideas for potential treatments of
COPD-NCDs.
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