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Causal association between
particulate matter 2.5 and
Alzheimer’s disease: a Mendelian
randomization study

Meijuan Dang, Ye Li, Lili Zhao, Tao Li, Ziwei Lu, Jialiang Lu,
Yuxuan Feng, Yang Yang, Fangcun Li, Fan Tang, Xiaoya Wang,
Yating Jian, Heying Wang, Lei Zhang, Hong Fan* and

Guilian Zhang*

Department of Neurology, The Second Affiliated Hospital of Xi'an Jiaotong University, Xi'an, China

Background: Although epidemiological evidence implies a link between
exposure to particulate matter (PM) and Alzheimer’s disease (AD), establishing
causality remains a complex endeavor. In the present study, we used Mendelian
randomization (MR) as a robust analytical approach to explore the potential
causal relationship between PM exposure and AD risk. We also explored the
potential associations between PM exposure and other neurodegenerative
diseases.

Methods: Drawing on extensive genome-wide association studies related to PM
exposure, weidentified theinstrumentalvariables linked toindividual susceptibility
to PM. Using summary statistics from five distinct neurodegenerative diseases,
we conducted two-sample MR analyses to gauge the causal impact of PM on
the risk of developing these diseases. Sensitivity analyses were undertaken to
evaluate the robustness of our findings. Additionally, we executed multivariable
MR (MVMR) to validate the significant causal associations identified in the two-
sample MR analyses, by adjusting for potential confounding risk factors.

Results: Our MR analysis identified a notable association between genetically
predicted PM2.5 (PM with a diameter of 2.5 pm or less) exposure and an elevated
risk of AD (odds ratio, 2.160; 95% confidence interval, 1.481 to 3.149; p <0.001).
A sensitivity analysis supported the robustness of the observed association, thus
alleviating concerns related to pleiotropy. No discernible causal relationship
was identified between PM and any other neurodegenerative diseases. MVMR
analyses—adjusting for smoking, alcohol use, education, stroke, hearing loss,
depression, and hypertension—confirmed a persistent causal relationship
between PM2.5 and AD. Sensitivity analyses, including MR-Egger and weighted
median analyses, also supported this causal association.

Conclusion: The present MR study provides evidence to support a plausible
causal connection between PM2.5 exposure and AD. The results emphasize the
importance of contemplating air quality interventions as a public health strategy
for reducing AD risk.

KEYWORDS

Alzheimer's disease, particulate matter, Mendelian randomization, neurodegenerative
diseases, air pollution
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1 Introduction

Alzheimer’s disease (AD) is among the most prevalent
neurodegenerative conditions; it manifests as memory loss,
progressive cognitive decline, and compromised daily functioning.
The World Alzheimer Report 2023 indicated that there were 55
million people with dementia worldwide in 2019, and the authors
projected that this number will escalate to 139 million by 2050 (1).
In an aging global population, it is imperative to investigate the
causative factors of neurodegenerative diseases such as AD for the
collective benefit of society. Characterized by its multifaceted nature,
a precise understanding of the specific pathogenesis of AD remains
lacking. Over the past decades, researchers have identified numerous
risk factors for AD, including lower educational attainment,
smoking, and hypertension (2). Intriguingly, emerging evidence
suggests a potential association between air pollution and AD
development (3).

Air pollution is a pervasive global threat to both human health
and the environment. Although our understanding of the health
implications of air pollution has progressed, the effects of this
pollution on the central nervous system remain only partially
elucidated. Notably, we have limited knowledge regarding the impact
of air pollution on neurodegenerative diseases (4). However,
epidemiological evidence suggests an increased prevalence and
incidence of AD with exposure to air pollution (5), and particularly to
particulate matter (PM), which can cause profound transcriptional
dysregulation and accelerate AD-related pathology (6). Among the
various sizes of PM, PM2.5 (PM with a diameter of 2.5 pm or less) has
attracted considerable attention because it can penetrate deep into the
respiratory system. Moreover, connections have been reported
between PM and neurodegenerative diseases other than AD, including
amyotrophic lateral sclerosis (ALS), dementia with Lewy bodies
(DLB), multiple sclerosis (MS), and Parkinson’s disease (PD) (7).
Nevertheless, it is difficult to establish a definitive causal link between
PM and neurodegenerative diseases because of the susceptibility of
such associations to confounding factors.

Given the inherent confounding that is present in observational
studies, we opted to take a Mendelian randomization (MR) approach to
investigate the relationship between PM and neurodegenerative
diseases. MR, a genetic epidemiology method, uses instrumental
variables (IVs) that represent one or more exposures (typically single
nucleotide polymorphisms [SNPs]) as unbiased proxies to assess the
causal association of these exposures with disease (8). The random
assignment and fixation of genetic variants at conception allow the MR
method to mitigate the impact of confounding factors. Additionally,
because genetic variants are predetermined before disease onset, bias
stemming from reverse causation—a challenge inherent in observational
studies—can be substantially reduced. MR is therefore regarded as an
acceptable approach for investigating causal relationships, and is the
second-most robust method after randomized controlled trials.

To date, no MR studies have comprehensively explored the causal
relationships between PM and neurodegenerative diseases. In the
present study, we therefore used a two-sample MR method to estimate
the causal effects of PM on neurodegenerative diseases (namely, AD,
ALS, DLB, PD, and MS). Moreover, we used multivariable MR analysis
(MVMR) to assess the causal effects while adjusting for potential
confounding factors. Our results may offer insights into the potential
role of PM in the prevention and treatment of neurodegenerative diseases.
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2 Materials and methods

2.1 Study design

The MR analysis in this study adhered to the following criteria
(Figure 1A): (1) the IVs exhibited a robust association with the exposures;
(2) the IVs were independent of potential confounders; and (3) the IVs
affected the outcome via the exposure of interest only, and not via any
other alternative pathways. Our findings are reported in accordance with
the Strengthening the Reporting of Observational Studies in
Epidemiology-MR guidelines (9). The two-sample MR analysis was
conducted to identify any potential causal associations between PM
(PM2.5, PM2.5-10 [PM with a diameter of 2.5-10 pm], and PM10 [PM
with a diameter of a diameter of 10 um or less]) and neurodegenerative
diseases (AD, ALS, DLB, PD, and MS). To ensure the robustness of our
conclusions, a MVMR was conducted to adjust for potential risk factors.
Because there was no direct interaction with human participants in this
research, informed consent was deemed unnecessary.

2.2 Genome-wide association study
(GWAS) summary data for PM

The data sources are detailed in Table 1. Genetic variants
associated with PM2.5, PM2.5-10, and PM10 were extracted from a
published GWAS that involved 423,796 individuals of European
descent from the UK Biobank (10). The present study built upon the
European Study of Cohorts for Air Pollution Effects, and used the
Land Use Regression model to estimate concentrations of PM
pollution at the residential addresses of participants.

2.3 GWAS summary data for
neurodegenerative diseases

For AD, summary-level data were obtained from a GWAS meta-
analysis conducted by the International Genomics of Alzheimer’s
Project, which encompassed 21,982 AD cases and 41,944 controls
(11). The ALS summary statistics were sourced from a recent GWAS
meta-analysis involving 138,086 participants (27,205 cases and
110,881 controls) (12). The dataset for DLB comprised 2,981 patients
diagnosed with DLB and 4,391 healthy controls, recruited by 44
institutions or consortia (13). The PD GWAS meta-analysis used
summary statistics from 33,674 European PD patients and 449,056
controls, and was conducted by the International PD Genomics
Consortium (14). The MS data were obtained from the International
MS Genetics Consortium, and included 47,429 MS cases and 68,374
controls (15).

2.4 GWAS summary data for confounders

We considered several factors as potential confounders of the
exposure—outcome relationship. Smoking and alcohol consumption
data were retrieved from the GWAS and Sequencing Consortium of
Alcohol and Nicotine Use (16). The summary statistics for years of
education involved 54,986 European individuals (17). For genetic
associations with stroke, publicly available summarized data from the
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FIGURE 1

(A) Three assumption of MR. (B) The conceptual schematic of the MR research design. [IVW, inverse variance weighted; MR-PRESSO, MR pleiotropy
residual sum and outlier; PM, particulate matter; SNP, single nucleotide polymorphism.

MEGASTROKE consortium were used, comprising 446,696
individuals of European ancestry (406,111 controls and 40,585 cases
of any stroke) (18). Summary statistics for hypertension were obtained
from a GWAS of 484,598 individuals of European descent (19). GWAS
depression data were obtained from a published GWAS of 13,559
patients with depression and 435,855 healthy controls of European
ancestry (20). Additionally, summary statistics for hearing loss were
retrieved from a GWAS of 14,654 cases and 474,839 controls of
European descent (20).

2.5 1V selection

To ensure the credibility and precision of our conclusions
regarding the causal relationship between PM and neurodegenerative
diseases, we used the following rigorous criteria to select valid I'Vs. (1)
The association between SNPs and phenotypes reached the locus-wide
significance threshold (p<5x107®) for the selection of potential IVs.
Unfortunately, only a limited number of SNPs met these criteria for
PM2.5, PM2.5-10, and confounders. To explore additional
relationships between PM and neurodegenerative diseases and to
achieve a more comprehensive analysis, a threshold of p<5x 107 was
applied to identify SNPs, except for PM10. (2) To ensure the
independence of each SNP, a clumping procedure was implemented;
only SNPs with the lowest p-values were retained. The linkage
disequilibrium threshold for clumping was set at r*<0.001, with a
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clumping window width of 10,000kb. (3) To assess the strength of IVs,
the F-statistic was calculated as follows: R*x (N —2) / (1 —R?), where
N is the sample size and R? is the proportion of the variance of the trait
that is accounted for by the SNP. The R* value was calculated using the
following formula: R>=(2x EAF x (1 —EAF) xBeta?) / [(2xEAF x
(1—EAF) xBeta?) + (2 x EAF x (1 —EAF) x N x SE?)]. The F-statistics
for all SNPs were greater than 10, indicating that the weak instrument
bias was negligible (21). (4) Palindromic SNPs were excluded from the
analysis to ensure that the effects of SNPs on exposures corresponded
to the same allele as the effects on outcomes. Specific SNP information,
along with matching R* and F-statistic values, is provided in
Supplementary Table S1. Furthermore, Supplementary Table S2
provide the SNP filtering process.

2.6 Statistical analysis

All statistical analyses were conducted using R version 4.3.0 (R
Foundation for Statistical Computing, Austria) with the
“TwoSampleMR,” “MendelianRandomization,” and “MR PRESSO” R
packages. Bonferroni correction was used to identify false-positive
results caused by multiple testing. A stringent multiple test significance
threshold was established at 0.0003 (0.05 / 15). Significance values
falling within 0.0003 and 0.05 were deemed suggestively significant.
This approach ensured a rigorous control for Type I errors and
enhanced the reliability of the observed statistical associations.
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TABLE 1 Characteristics of summary genome-wide association studies.

10.3389/fpubh.2024.1343915

Trait Year PMID Sample size Number of SNPs Population GWAS ID
PM
PM2.5 2018 22963366 423,796 9,851,867 European ukb-b-10817
PM2.5-10 2018 22963366 423,796 9,851,867 European ukb-b-12963
PM10 2018 22963366 423,796 9,851,867 European ukb-b-589
Neurodegenerative disease
AD 2019 30820047 63,926 10,528,610 European ieu-b-2
ALS 2021 34873335 138,086 10,427,126 European ebi-a-GCST90027164
DLB 2021 33589841 6,618 7,593,175 European ebi-a-GCST90001390
PD 2019 31701892 482,730 17,891,936 European ieu-b-7
MS 2019 31604244 115,803 6,304,359 European ieu-b-18
Confounder
Smoking 2019 30643251 341,427 11,894,779 European ieu-b-24
Alcoholic drinks 2019 30643251 335,394 11,887,865 European ieu-b-73
Years of schooling 2022 35534559 54,986 7,210,035 European ieu-b-4835
Stroke 2018 29531354 446,696 8,211,693 European ebi-a-GCST006906
Essential
hypertension 2021 33959723 484,598 9,587,836 European ebi-a-GCST90038608
Depression 2021 34594039 449,414 24,184,163 European ebi-a-GCST90018833
Hearing loss 2021 34594039 489,493 24,181,241 European ebi-a-GCST90018857

SNPs, single nucleotide polymorphisms; GWAS, Genome-Wide Association Study; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; DLB, dementia with Lewy bodies; PD,

Parkinson’s disease; MS, multiple sclerosis.

2.7 Two-sample MR

A two-sample MR was used to detect potential causal associations
between PM (PM2.5, PM2.5-10, and PM10) and neurodegenerative
diseases (AD, ALS, DLB, PD, and MS). The inverse-variance weighting
(IVW) method with different effect models served as the primary
analysis method. A flowchart illustrating the methodology of this MR
study is provided in Figure 1B.

To evaluate the robustness of the results, the following
sensitivity analyses were performed: weighted median, simple
mode, weighted mode, MR-Egger regression, and MR pleiotropy
residual sum and outlier (MR-PRESSO) methods. It is noteworthy
that these diverse methods yield valid results under distinct
conditions. Specifically, the weighted median method provides a
robust causal effect estimate even if up to 50% of the weights in the
analysis originate from invalid IVs. The MR-Egger method is adept
at detecting and correcting bias arising from directional pleiotropy,
whereas the MR-PRESSO method can identify potential outlier IVs
with horizontal pleiotropy. In cases where an outlier SNP was
identified (p<0.05) using MR-PRESSO, causal effects were
recalculated by excluding the outliers. Additionally, funnel plots
were generated to visually inspect the presence of pleiotropy, and
Cochran’s Q test was used to evaluate heterogeneity among selected
IVs. To explore the impact of individual SNPs on total estimates, a
leave-one-out analysis was conducted by alternatively excluding
each SNP. Furthermore, we used the MR Steiger test to ascertain
the direction of causality; a “TRUE” result suggested causality in
the expected direction.
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2.8 MVMR analysis

To further ensure a comprehensive and reliable conclusion,
we conducted an MVMR analysis to validate the causal relationships
between PM2.5 exposure and AD that were identified in the
two-sample MR study. In this analysis, we adjusted for the following
potential risk factors: smoking, alcohol use, education, stroke, hearing
loss, depression, and hypertension. Multivariable IVW, MR-Egger, and
weighted median models were constructed in the MVMR. To establish
causal relationships, statistical significance was determined as p <0.05.

3 Results
3.1 Two-sample MR analysis

Supplementary Table S3 shows the results of the two-sample MR
analysis to explore the causal effects of PM (PM2.5, PM2.5-10, and
PM10) on neurodegenerative diseases (AD, ALS, DLB, PD, and MS).
In the MR analysis based on the IVW method, a higher PM2.5 was
related to an elevated risk of AD (odds ratio, 2.160; 95% confidence
interval, 1.481 to 3.149; p<0.001) (Figure 3A). The MR-PRESSO
analysis reinforced the risk effect of PM2.5 on AD (odds ratio, 1.819;
95% confidence interval, 1.287 to 2.570; p=0.001), thus corroborating
the stability of the IVW results. In addition, consistency in
directionality estimates was observed across the weighted median,
simple mode, weighted mode, and MR-Egger regression methods
(Figure 2). Figure 3B shows scatter plots of these analyses. The MR
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Steiger test further confirmed the direction of the causal relationship
between PM2.5 and AD (p<0.001; Supplementary Table S4).
Additionally, PM10 exhibited a suggestive causal association with AD,
whereas PM2.5-10 had no significant association with AD. All
methods failed to detect any causal relationship between the three
types of PM and ALS, DLB, MS, or PD.

3.2 Pleiotropy testing

To explore the potential impact of IVs on neurodegenerative
diseases through alternative pathways, we conducted MR-Egger
regression and MR-PRESSO global tests to assess the presence of
pleiotropy. The MR-Egger regression tests revealed no evidence of
directional pleiotropy for PM concerning neurodegenerative diseases,
except for ALS. When investigating the causal relationship between
PM2.5 and AD, the MR-PRESSO global test did not reveal any
significant outliers. These findings suggest that the causal association
between PM2.5 and AD is unaffected by pleiotropy. The detailed
results are presented in Supplementary Tables S5, S6.

3.3 Heterogeneity testing

Supplementary Table S7 shows the results of Cochran’s Q tests for
MR-Egger and IVW, which were performed to assess the heterogeneity
of associations between exposures (PM2.5, PM2.5-10, PM10) and

10.3389/fpubh.2024.1343915

MR-Egger or IVW was used, there was no significant heterogeneity in
the relationship between PM and AD, PD, or DLB. However, there was
significant heterogeneity in the associations between PM2.5 and ALS and
MS. In addition, clear heterogeneity was identified in genetic variants
related to PM10 and MS. When we eliminate the outliers identified by
MR-PRESSO test, the heterogeneity disappears. In fact, the presence of
heterogeneity does not impact the non-significant association between
PM2.5 and ALS or MS, nor between PM10 and MS. To further confirm
the causal relationship between PM2.5 and AD, we constructed funnel
plots; these showed no heterogeneous SNPs in our MR study (Figure 3C).
Moreover, leave-one-out analysis revealed that the relationship between
PM2.5 and AD was not influenced by a single SNP (Figure 3D).

3.4 MVMR analysis

To further confirm the causal effect of PM2.5 on AD, we performed
an MVMR analysis to adjust for smoking, alcohol use, education, stroke,
hearing loss, depression, and hypertension. The results of this analysis
revealed a causal relationship between PM2.5 on AD. This robust finding
was further supported by sensitivity analyses, including MR-Egger and
weighted median methods (as detailed in Figure 4).

4 Discussion

In the present study, we aimed to investigate the causal relationship

outcomes (AD, ALS, DLB, PD, and MS). Regardless of whether = between PM (PM2.5, PM25-10, and PMI10) and five
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FIGURE 2
Forest plot for the effect of PM on AD. Cl, confidence interval; MR-PRESSO, MR pleiotropy residual sum and outlier; OR, odds ratio.
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MR Test
Inverse variance weighted / Weighted median
/ MR Egger Weighted mode

Simple mode

SNP effect on Alzheimer's disease

005 010
SNP effect on PM2.5

1512203592
159260734
1572642437
15117878224
1578539764
1578230389
1572700006

151318845
1577205736
1517183854

156749467

16134106

15718059

14854523
151372504
1517103928
12141531
1511855821
152202156
16432776
1572655898
1562119705
1512812511
177255816
156960011

151217106
135703574
15116925111
156547952

178546077
1516957755
1556068671
1512133063

151182891
1510961167
1517657881

15487230

Al
0.00 0.25 0.50 0.75 1.00 125
MR leave-one-out sensitivity analysis for
'PM2.5'on ‘Alzheimer's disease’

neurodegenerative diseases (AD, ALS, DLB, PD, and MS) within the
European population. We took a two-sample MR and MVMR
approach using publicly available summary statistics. Our analyses
revealed a significant and consistent association between higher levels
of PM2.5 and increased AD incidence. Importantly, this association
remained robust even after adjustments for potential confounders
such as smoking, alcohol use, education, stroke, hearing loss,
depression, and hypertension. By contrast, PM had no significant
associations with ALS, DLB, MS, or PD. Together, these findings
contribute to improving our understanding of the complex interplay
between different types of PM and neurodegenerative diseases. They
also offer valuable insights for the development of targeted preventive
strategies and therapeutic interventions specifically tailored for AD.
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Air pollution is a major global health concern, and
industrialization has contributed substantially to increased
atmospheric PM levels, which are associated with adverse health
effects. The World Health Organization declared the harmful health
effects of PM in 2005 (22). PM is therefore a substantial public health
concern, and more research is needed to reduce pollution levels and
safeguard human health. Understanding the potential relationship
between environmental factors and neurodegenerative diseases has
become a focal point of recent research (7). A prevailing trend in the
literature indicates a relatively strong association between PM
exposure—notably, PM2.5—and AD pathology across diverse cohorts
(23, 24). For example, a longitudinal cohort study encompassing 3.4
million cases of AD and related dementias identified a significant
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Inverse variance weighted 62 0.006 — 1.754 (1.176 t0 2.617)
MR-Egger 62 0.005 E'——' 1.775 (1.188 to 2.653)
Weighted median 62 0.022 —— 1.966 (1.101 to 3.512)
Hearing loss E
Inverse variance weighted 135 <0.001 E — 2.179 (1.490 to 3.188)
MR-Egger 135 <0.001 | — 2.151 (1.471 to 3.146)
Weighted median 135 0.002 E —————— 2524 (1.416 to 4.501)
Depression E
Inverse variance weighted 77 <0.001 , — 2.173 (1.483 to 3.184)
MR-Egger 77 <0.001 E == 2.164 (1.477 to 3.171)
Weighted median 77 0.002 | ———————— 2479 (1.388 to 4.429)
DA A
FIGURE 4
MVMR for the effect of PM2.5 on AD. Cl, confidence interval; OR, odds ratio.

association between annual PM2.5 exposure and increased hazard
ratios for first hospital admission for AD and related dementias
(hazard ratio, 1.13; 95% confidence interval, 1.12 to 1.14) (25).
Moreover, to evaluate the reliability of the association between
prolonged PM2.5 exposure and diverse health outcomes, a
comprehensive meta-analysis of 24 studies was conducted; the authors
concluded that PM2.5 can increase the risk of stroke, lung cancer, and
AD (26). PM2.5 exposure may also contribute to the accumulation of
amyloid plaques in the brain and increase the risk of AD development
(24). However, existing studies are marked by heterogeneity (such as
divergent PM compositions, dosage levels, geographical regions of
exposure, and durations) that introduce complexities into
epidemiological studies. Considering the multifaceted nature of PM
exposure parameters, a nuanced approach is needed for a
comprehensive understanding of the health implications of PM.
When evaluating the health risks associated with exposure to
environmental pollutants, delving into genetic variations can offer a
more profound understanding of individual environmental health
risks. For example, a genetics-centered study unveiled that women
carrying the GPX4-rs376102 AC/CC genotype are particularly

Frontiers in Public Health

07

vulnerable to the impacts of air pollutants (27). As a result, genetic
data can be harnessed to explore the causal link between PM and
diseases. MR has emerged as an invaluable tool for exploring causal
relationships between environmental exposures and complex diseases
such as neurodegenerative disorders. By using genetic variants as IVs,
MR mitigates issues arising from reverse causation and confounding
biases, which commonly affect traditional epidemiological studies. In
the present study, we used genetic variants associated with PM
exposure as IVs to evaluate the potential causal impact of PM on
neurodegenerative disease risk. The estimated causal effect,
determined using the IVW method, suggests that higher PM2.5
exposure leads to an increased likelihood of developing AD. To ensure
the robustness of our findings, we performed a comprehensive set of
sensitivity analyses that considered potential pleiotropy and other
biases that might influence the results. The consistent outcomes
observed across these sensitivity analyses further enhance the validity
and credibility of our observed association. Moreover, even after
adjusting for potential confounding factors, the estimated causal effect
remained significant. This finding underscores the likely direct and
independent role of PM2.5 in the etiology of AD. However, a recent
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MR study found a non-significant association between PM2.5 and AD
(28), differing from our results. The potential reason for the disparity
could lie in the thresholds employed for selecting SNPs. They used
p <5x107%, picking 8 SNPs, while we used p <5x107°, selecting 47
SNPs. Notably, p <5x107° offers higher statistical power than
P <5x107%(99.9% vs. 38.9%) (Supplementary Table S8).! Therefore,
we believe that the threshold of 5x 107° is suitable in our context.

Several potential pathways through which PM impacts the brain
have been identified. Animal model studies have extensively explored
the relationship between PM exposure and AD pathology. Exposure
to PM elicits widespread transcriptional alterations in the brains of
transgenic AD mice, thus expediting the progression of AD-associated
pathology, including increased amyloid-p,, expression and tau
phosphorylation (6). PM2.5 can also activate the nucleotide-binding
domain and leucine-rich repeat protein 3 inflammasome, thus
triggering the release of apoptosis-associated speck-like protein
containing a caspase recruitment domain, which may accelerate
amyloid-f aggregation (29). In addition, PM2.5 can traverse the
blood-air barrier and subsequently increase dementia risk via
detrimental neuroinflammation in the form of astrogliosis, microglial
activation, and subsequent neuronal pathology (30). Similarly, long-
term PM2.5 exposure in animal models intensifies neuroinflammation,
characterized by reactive oxygen species production and
pro-inflammatory cytokine release, resulting in neuronal damage (31).
Evidence from clinical studies indicate that PM2.5 is associated with
AD biomarkers, such as decreased brain-derived neurotrophic factor
and elevated tau, in cerebrospinal fluid (32, 33). Moreover, recent
studies have highlighted the impact of PM on gut microbiome
homeostasis, which may give rise to neuroinflammation and
neurodegenerative conditions (34). Another study has reported that
PM exposure triggers systemic inflammation, neuroinflammation,
and an increased metal load, thus collectively impairing glymphatic
clearance efficiency. This compromised clearance mechanism may
then accelerate AD progression (35). In summary, PM2.5 exposure
likely exacerbates the aggregation and deposition of AD-related
pathological hallmarks in the brain via mechanisms related to
microglia/astrocy‘(e activation, oxidative stress, immune activation,
and neuroinflammation. Our MR results represent an important
contribution to the expanding body of evidence linking PM2.5
exposure to AD. These findings underscore the importance of
addressing air pollution as part of public health and AD
prevention strategies.

To the best of our knowledge, the present study represents the
first comprehensive MR-based exploration of the potential causal
impacts of PM on neurodegenerative diseases. However, our study
has some limitations. First, horizontal pleiotropy remains a
significant challenge in MR analysis, and poses a potential source of
bias. Despite our implementation of multiple measures to mitigate
horizontal pleiotropy, we cannot completely disregard the impact of
horizontal pleiotropy. This is attributed to the ambiguous biological
functions of numerous genetic variations, which may lead to false
positive outcomes. Second, our analysis primarily relied on data
from individuals of European ancestry. Although we made this
choice to mitigate bias caused by population stratification, it may

1 https://sb452.shinyapps.io/power/
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restrict the generalizability of our findings to other ethnic groups.
As the intake of air pollutants changes over time in tandem with
shifts in people’s lifestyles and regional environmental protection
measures, large-scale observational studies in real-world were
needed to enhance the causal relationship between air pollution and
AD in the future. Third, the assumption of a linear relationship in
the MR analysis was based on summary-level data; this assumption
limited our ability to explore the potential nonlinear roles of PM in
neurodegenerative diseases. Moreover, although the MVMR
approach considers potential confounders, the complex and
multifaceted nature of AD pathogenesis poses challenges in
capturing the entire causal pathway; this may lead to residual
confounding or incomplete assessments.

5 Conclusion

The findings of the present study underscore the significant
association between PM2.5 exposure and heightened AD risk. By
contrast, PM did not increase the risk of ALS, DLB, MS, or PD. Our
results highlight the critical importance of interventions to improve
air quality as a pivotal public health strategy aimed at reducing
AD risk.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

MD: Conceptualization, Supervision, Writing - original draft,
Writing - review & editing. YL: Writing - original draft. LiZ: Writing -
original draft. TL: Writing — original draft. ZL: Writing - original
draft. JL: Writing - original draft. YF: Writing — original draft. YY:
Writing - original draft. FL: Writing — original draft. FT: Writing -
original draft. XW: Writing - original draft. YJ: Writing - original
draft. HW: Writing - original draft. LeZ: Writing - original draft. HF:
Writing - review & editing. GZ: Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the National Natural Science Foundation, China
(81971116), and the Shaanxi Provincial Key Research and
Development Project, China (2019ZDLSF01-04).

Acknowledgments
We thank Bronwen Gardner, PhD, from Liwen Bianji (Edanz)

(www.liwenbianji.cn/), for editing the English text of a draft of
this manuscript.

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1343915
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://sb452.shinyapps.io/power/
http://www.liwenbianji.cn/

Dang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. World Alzheimer Report. Reducing Dementia Risk: Never too early, never too late;
(2023).

2. 2023 Alzheimer's disease facts and figures. Alzheimers Dement. (2023) 19:1598-695.
doi: 10.1002/alz.13016

3. Murata H, Barnhill LM, Bronstein JM. Air pollution and the risk of Parkinson's
disease: a review. Mov Disord. (2022) 37:894-904. doi: 10.1002/mds.28922

4. Khreis H, Bredell C, Wai Fung K, Hong L, Szybka M, Phillips V, et al. Impact of
long-term air pollution exposure on incidence of neurodegenerative diseases: a protocol
for a systematic review and exposure-response meta-analysis. Environ Int. (2022)
170:107596. doi: 10.1016/j.envint.2022.107596

5. Parra KL, Alexander GE, Raichlen DA, Klimentidis YC, Furlong MA. Exposure to
air pollution and risk of incident dementia in the UK Biobank. Environ Res. (2022)
209:112895. doi: 10.1016/j.envres.2022.112895

6. Israel LL, Braubach O, Shatalova ES, Chepurna O, Sharma S, Klymyshyn D, et al.
Exposure to environmental airborne particulate matter caused wide-ranged
transcriptional changes and accelerated Alzheimer's-related pathology: a mouse study.
Neurobiol Dis. (2023) 187:106307. doi: 10.1016/j.nbd.2023.106307

7. Lee J, Weerasinghe-Mudiyanselage PDE, Kim B, Kang S, Kim JS, Moon C. Particulate
matter exposure and neurodegenerative diseases: a comprehensive update on toxicity and
mechanisms. Ecotoxicol Environ Saf. (2023) 266:115565. doi: 10.1016/j.ecoenv.2023.115565

8. Sekula P, Del Greco MF, Pattaro C, Kottgen A. Mendelian randomization as an
approach to assess causality using observational data. ] Am Soc Nephrol. (2016)
27:3253-65. doi: 10.1681/ASN.2016010098

9. Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky ], Davies NM, Swanson
SA, et al. Strengthening the reporting of observational studies in epidemiology using
Mendelian randomization: the STROBE-MR statement. JAMA. (2021) 326:1614-21. doi:
10.1001/jama.2021.18236

10. Eeftens M, Beelen R, de Hoogh K, Bellander T, Cesaroni G, Cirach M, et al.
Development of land use regression models for PM(2.5), PM(2.5) absorbance, PM(10)
and PM(coarse) in 20 European study areas; results of the ESCAPE project. Environ Sci
Technol. (2012) 46:11195-205. doi: 10.1021/es301948k

11. Kunkle BW, Grenier-Boley B, Sims R, Bis JC, Damotte V, Naj AC, et al. Genetic meta-
analysis of diagnosed Alzheimer's disease identifies new risk loci and implicates Ap, tau,
immunity and lipid processing. Nat Genet. (2019) 51:414-30. doi: 10.1038/s41588-019-0358-2

12. van Rheenen W, van der Spek RAA, Bakker MK, van Vugt J, Hop PJ, Zwamborn
RAJ, et al. Common and rare variant association analyses in amyotrophic lateral sclerosis
identify 15 risk loci with distinct genetic architectures and neuron-specific biology. Nat
Genet. (2021) 53:1636-48. doi: 10.1038/s41588-021-00973-1

13. Chia R, Sabir MS, Bandres-Ciga S, Saez-Atienzar S, Reynolds RH, Gustavsson E,
et al. Genome sequencing analysis identifies new loci associated with Lewy body
dementia and provides insights into its genetic architecture. Nat Genet. (2021)
53:294-303. doi: 10.1038/541588-021-00785-3

14. Nalls MA, Blauwendraat C, Vallerga CL, Heilbron K, Bandres-Ciga S, Chang D,
et al. Identification of novel risk loci, causal insights, and heritable risk for Parkinson’s
disease: a meta-analysis of genome-wide association studies. Lancet Neurol. (2019)
18:1091-102. doi: 10.1016/S1474-4422(19)30320-5

15. International Multiple Sclerosis Genetics Consortium. Multiple sclerosis genomic
map implicates peripheral immune cells and microglia in susceptibility. Science. (2019)
365:eaav7188. doi: 10.1126/science.aav7188

16. Liu M, Jiang Y, Wedow R, Li Y, Brazel DM, Chen F, et al. Association studies of up
to 1.2 million individuals yield new insights into the genetic etiology of tobacco and
alcohol use. Nat Genet. (2019) 51:237-44. doi: 10.1038/s41588-018-0307-5

17. Howe LJ, Nivard MG, Morris TT, Hansen AF, Rasheed H, Cho Y, et al. Within-
sibship genome-wide association analyses decrease bias in estimates of direct genetic
effects. Nat Genet. (2022) 54:581-92. doi: 10.1038/s41588-022-01062-7

18. Malik R, Chauhan G, Traylor M, Sargurupremraj M, Okada Y, Mishra A, et al.
Multiancestry genome-wide association study of 520,000 subjects identifies 32 loci

Frontiers in Public Health

10.3389/fpubh.2024.1343915

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1343915/
full#supplementary-material

associated with stroke and stroke subtypes. Nat Genet. (2018) 50:524-37. doi: 10.1038/
541588-018-0058-3

19. Donertag HM, Fabian DK, Valenzuela MF, Partridge L, Thornton JM. Common
genetic associations between age-related diseases. Nat Aging. (2021) 1:400-12. doi:
10.1038/s43587-021-00051-5

20. Sakaue S, Kanai M, Tanigawa Y, Karjalainen J, Kurki M, Koshiba S, et al. A cross-
population atlas of genetic associations for 220 human phenotypes. Nat Genet. (2021)
53:1415-24. doi: 10.1038/s41588-021-00931-x

21. Burgess S, Thompson SG. Avoiding bias from weak instruments in Mendelian
randomization studies. Int ] Epidemiol. (2011) 40:755-64. doi: 10.1093/ije/dyr036

22. Goshua A, Akdis CA, Nadeau KC. World Health Organization global air quality
guideline recommendations: executive summary. Allergy. (2022) 77:1955-60. doi:
10.1111/all.15224

23.Zhu Z, Yang Z, Yu L, Xu L, Wu Y, Zhang X, et al. Residential greenness, air
pollution and incident neurodegenerative disease: a cohort study in China. Sci Total
Environ. (2023) 878:163173. doi: 10.1016/j.scitotenv.2023.163173

24. Ma YH, Chen HS, Liu C, Feng QS, Feng L, Zhang YR, et al. Association of long-
term exposure to ambient air pollution with cognitive decline and Alzheimer's disease-
related amyloidosis. Biol Psychiatry. (2023) 93:780-9. doi: 10.1016/j.biopsych.2022.05.017

25. Shi L, Wu X, Danesh Yazdi M, Braun D, Abu Awad Y, Wei Y, et al. Long-term
effects of PM(2-5) on neurological disorders in the American Medicare population: a
longitudinal cohort study. Lancet Planet Health. (2020) 4:e557-65. doi: 10.1016/
§2542-5196(20)30227-8

26. Zang ST, Wu QJ, Li XY, Gao C, Liu YS, Jiang YT, et al. Long-term PM(2.5)
exposure and various health outcomes: an umbrella review of systematic reviews and
meta-analyses of observational studies. Sci Total Environ. (2022) 812:152381. doi:
10.1016/j.scitotenv.2021.152381

27.Zhao N, Wu W, Feng Y, Yang F, Han T, Guo M, et al. Polymorphisms in oxidative
stress, metabolic detoxification, and immune function genes, maternal exposure to
ambient air pollution, and risk of preterm birth in Taiyuan, China. Environ Res. (2021)
194:110659. doi: 10.1016/j.envres.2020.110659

28.Ning P, Guo X, Qu Q, Li R. Exploring the association between air pollution and
Parkinson's disease or Alzheimer's disease: a Mendelian randomization study. Environ
Sci Pollut Res Int. (2023) 30:123939-47. doi: 10.1007/s11356-023-31047-w

29. Zheng RX, Zhang ], Han XQ, Wu YY, Yan J, Song PP, et al. Particulate matter
aggravates Alzheimer's disease by activating the NLRP3 inflammasome to release ASC
specks. Environ Sci-Nano. (2021) 8:2177-90. doi: 10.1039/D1EN00361E

30.Kang YJ, Tan HY, Lee CY, Cho H. An air particulate pollutant induces
neuroinflammation and neurodegeneration in human brain models. Adv Sci (Weinh).
(2021) 8:2101251. doi: 10.1002/advs.202101251

31. Thiankhaw K, Chattipakorn N, Chattipakorn SC. PM2.5 exposure in association
with AD-related neuropathology and cognitive outcomes. Environ Pollut. (2022)
292:118320. doi: 10.1016/j.envpol.2021.118320

32. Calderén-Garciduenas L, Avila-Ramirez J, Calderdn-Garciduenas A, Gonzalez-
Heredia T, Acufia-Ayala H, Chao CK, et al. Cerebrospinal fluid biomarkers in highly
exposed PM2.5 urbanites: the risk of Alzheimer's and Parkinson's diseases in Young
Mexico City residents. ] Alzheimers Dis. (2016) 54:597-613. doi: 10.3233/JAD-160472

33. Calderén-Garciduenas L, Mukherjee PS, Waniek K, Holzer M, Chao CK,
Thompson C, et al. Non-phosphorylated tau in cerebrospinal fluid is a marker of
Alzheimer's disease continuum in Young urbanites exposed to air pollution. ] Alzheimers
Dis. (2018) 66:1437-51. doi: 10.3233/JAD-180853

34.Panda SR, Chaudhari VB, Ahmed S, Kwatra M, Jala A, Ponneganti S, et al.
Ambient particulate matter (PM(2.5)) exposure contributes to neurodegeneration
through the microbiome-gut-brain axis: therapeutic role of melatonin. Environ Toxicol
Pharmacol. (2023) 101:104183. doi: 10.1016/j.etap.2023.104183

35. Hussain R, Graham U, Elder A, Nedergaard M. Air pollution, glymphatic impairment,
and Alzheimer's disease. Trends Neurosci. (2023) 46:901-11. doi: 10.1016/j.tins.2023.08.010

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1343915
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1343915/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1343915/full#supplementary-material
https://doi.org/10.1002/alz.13016
https://doi.org/10.1002/mds.28922
https://doi.org/10.1016/j.envint.2022.107596
https://doi.org/10.1016/j.envres.2022.112895
https://doi.org/10.1016/j.nbd.2023.106307
https://doi.org/10.1016/j.ecoenv.2023.115565
https://doi.org/10.1681/ASN.2016010098
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1021/es301948k
https://doi.org/10.1038/s41588-019-0358-2
https://doi.org/10.1038/s41588-021-00973-1
https://doi.org/10.1038/s41588-021-00785-3
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1126/science.aav7188
https://doi.org/10.1038/s41588-018-0307-5
https://doi.org/10.1038/s41588-022-01062-7
https://doi.org/10.1038/s41588-018-0058-3
https://doi.org/10.1038/s41588-018-0058-3
https://doi.org/10.1038/s43587-021-00051-5
https://doi.org/10.1038/s41588-021-00931-x
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1111/all.15224
https://doi.org/10.1016/j.scitotenv.2023.163173
https://doi.org/10.1016/j.biopsych.2022.05.017
https://doi.org/10.1016/S2542-5196(20)30227-8
https://doi.org/10.1016/S2542-5196(20)30227-8
https://doi.org/10.1016/j.scitotenv.2021.152381
https://doi.org/10.1016/j.envres.2020.110659
https://doi.org/10.1007/s11356-023-31047-w
https://doi.org/10.1039/D1EN00361E
https://doi.org/10.1002/advs.202101251
https://doi.org/10.1016/j.envpol.2021.118320
https://doi.org/10.3233/JAD-160472
https://doi.org/10.3233/JAD-180853
https://doi.org/10.1016/j.etap.2023.104183
https://doi.org/10.1016/j.tins.2023.08.010

	Causal association between particulate matter 2.5 and Alzheimer’s disease: a Mendelian randomization study
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Genome-wide association study (GWAS) summary data for PM
	2.3 GWAS summary data for neurodegenerative diseases
	2.4 GWAS summary data for confounders
	2.5 IV selection
	2.6 Statistical analysis
	2.7 Two-sample MR
	2.8 MVMR analysis

	3 Results
	3.1 Two-sample MR analysis
	3.2 Pleiotropy testing
	3.3 Heterogeneity testing
	3.4 MVMR analysis

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions

	References

