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Abstract

Background
In observational studies, the 25-hydroxyvitamin D (25(OH)D) level in body has been found to be closely
related to Particulate matter air pollution (PM). In this study, we employed the two-sample Mendelian
randomization method (MR) to investigate and discuss the potential causal relationship and mode of
in�uence.

Methods
PM data (PM10, PM2.5−10, PM2.5, PM2.5 absorbance) came from the UKBiobank database and 25(OH)D
data came from the EBI database. The analysis was conducted utilizing three prominent methods
(Inverse-variance weighted (IVW), MR-Egger, weighted median, weighted mode, and simple mode). The
primary emphasis was placed on IVW (random effects), accompanied by heterogeneity and horizontal
pleiotropy tests. Furthermore, sensitivity analysis was undertaken.

Results
The Mendelian randomization analysis revealed a signi�cant association between exposure to PM10 and
a decrease in levels of 25(OH)D (OR: 0.878, 95%CI: 0.789–0.977). However, no signi�cant relationship
was observed between PM2.5 exposure and 25(OH)D (OR: 0.858, 95%CI: 0.728–1.012). Further analysis
indicated that the main contributor to the decline in 25(OH)D levels is linked to PM2.5−10 exposure (OR:
0.840, 95%CI: 0.751–0.940) and PM2.5 absorbance (OR: 0.875, 95%CI: 0.824–0.929). No heterogeneity
and horizontal pleiotropy existed.

Conclusions
The MR results suggest that PM exposure lowers VD levels by reducing UV rays, and no signi�cant PM2.5
impact on VD within the human body has been found. Considering the important mediator of VD in
osteoporosis, we recommend that people in highly polluted areas supplement appropriate amounts of
VD.

Introduction
Vitamin D (VD) is an essential fat-soluble steroid that plays a critical role in maintaining the balance of
calcium and phosphate levels within the human body [1]. VD has two primary sources: vitamin D2
(ergocalciferol) obtained from dietary intake, and vitamin D3 (cholecalciferol) synthesized in the skin
upon exposure to ultraviolet radiation which is the primary source of VD in the body [2]. After entering the
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bloodstream, VD is transported to the liver where it is converted to 25-hydroxyvitamin D (25(OH)D), the
main blood marker for assessing VD levels in the body [3]. VD plays a crucial role in maintaining skeletal
health by promoting calcium absorption in the intestines and regulating bone mineralization, thereby
preventing bone-related conditions such as rickets and osteomalacia [4]. In addition to its classical role in
bone metabolism, extensive research suggests that VD exerts pleiotropic effects in various aspects,
including the immune, cardiovascular, and endocrine systems [5–7].

Particulate matter (PM) is a complex mixture of tiny solid and liquid particles suspended in the air,
considered one of the major air pollutants [8]. It is categorized into �ne particles (PM2.5, diameter ≤ 
2.5µm) and coarse particles (PM10, diameter ≤ 10µm). The sources of PM including both human
activities (industrial production, transportation, residential heating) and natural processes (dust storms,
forest �res, volcanic eruptions) [9]. Therefore, the composition of PM varies in space and time,
comprising various chemical components like organic compounds, metals, sulfates, nitrates, and
carbonaceous particles [10]. PM poses a global threat to the environment and public health: PM2.5 can
deeply penetrate the respiratory system and enter the bloodstream, causing severe health risks; PM2.5−10

primarily affect the upper respiratory tract and have milder health impacts [11, 12].

VD de�ciency continues to pose a signi�cant global health challenge, particularly in populations residing
at higher latitudes with limited access to sunlight and individuals with certain medical conditions [13, 14].
Additionally, emerging observational research has associated reduced vitamin D levels with PM pollution
in speci�c regions [15–17]. Nevertheless, the complexity of these studies underscores the importance of
addressing confounding factors to ensure the accuracy and validity of the �ndings. Therefore, the causal
relationship between PM and VD is unclear and we need stronger evidence to support it.

Mendelian randomization (MR) is a method that utilizes single nucleotide polymorphisms (SNPs) as
instrumental variables (IVs) to infer causal relationships between exposure and outcome, minimizing
biases caused by confounding and reverse causality [18]. In this study, we employed a two-sample MR
design to investigate the potential relationship between PM exposure and 25(OH)D levels. Meanwhile,
based on MR results and related literature, we discussed the ways in which PM affects 25(OH)D if the
results support observational studies.

Methods
Study design

This study utilized a two-sample Mendelian randomization to investigate the causal relationship between
PM and 25(OH)D. PM was the exposure factor, and the outcome variable was the level of 25(OH)D. The
complete process is shown in Fig. 1.

Data source
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The PM data used in this study was obtained from the UK Biobank database in 2018, comprising a
sizable sample of 423,796 individuals and a total of 9,851,867 SNPs [19]. The 25(OH)D data, crucial for
our analysis, was sourced from a publication by Revez JA in 2020, involving 496,946 samples and a total
of 6,896,093 SNPs [20].

Instrumental variable

IVs must satisfy the three crucial assumptions of MR: 1) the relevance assumption: strong correlation
between SNP and exposure factor; 2) the independence assumption: SNP is unrelated to confounding
factors; 3) the exclusion restriction assumption: SNP affects the outcome solely through the exposure
factor.

To ful�ll the assumption of relevance, we curated SNPs highly correlated with PM (including PM10,
PM2.5−10, PM2.5, and PM2.5 absorbance) from the GWAS dataset. To obtain enough SNPs to ensure the

robustness of the analysis, we set the signi�cance threshold at P < 5*10− 6 [21, 22]. Additionally, we
identi�ed independent SNPs through linkage disequilibrium pruning (R2 < 0.001, kb > 10,000) [23].
Following that, we extracted SNPs and their corresponding statistical data for 25(OH)D from the GWAS
dataset, SNPs with minor allele frequency (MAF) < 0.01 were excluded [24]. To ensure data coherence
between PM and 25(OH)D, we eliminated all palindromic SNPs. To satisfy the independence assumption,
we rigorously examined the characteristics of each SNP using the PhenoScanner database
(www.phenoscanner.medschl.cam.ac.uk/) to eliminate any potential confounding factors [25].
Subsequently, we performed F-statistic (F = [(N - k − 1)/k]× [R2/ (1 - R2)]) for each SNP to assess their
instrumental variable strength [26]. SNPs which F < 10 indicate insu�cient instrumental variable strength,
which may introduce bias into the results. Therefore, we will exclude such SNPs from our analysis.

MR analysis strategy

In this section, we employed three different analysis methods, namely inverse variance weighted (IVW),
MR-Egger, and weighted median (weighted mode and simple mode as supplementary analysis), to
estimate the potential causal relationship between PM and 25(OH)D. The IVW method employed a meta-
analysis approach, assuming that all SNPs are valid instrumental variables and that there is no evidence
of directional pleiotropy [24]. It is considered the most powerful and precise estimation method and
served as the primary analysis approach in this study [27]. The other four analysis methods were used as
supplementary approaches.

Additionally, we conducted heterogeneity, pleiotropy, and sensitivity analyses to ensure the robustness of
our results. We assessed heterogeneity quantitatively using Q-values and I2 statistics for SNPs (p < 0.05
indicates signi�cant heterogeneity) [23]. Furthermore, the leave-one-out analysis was conducted to gauge
the in�uence of individual SNPs on the overall estimate. MR-Egger intercept was used to evaluate
pleiotropy, and MR-presso analysis was employed to identify and adjust for any pleiotropic outlier SNPs

http://www.phenoscanner.medschl.cam.ac.uk/
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[24]. These comprehensive analyses helped address potential sources of bias and provided a more
comprehensive evaluation of the causal relationship between PM and 25(OH)D.

All statistical analyzes and visualization of results were performed using R statistical software (version
4.1.0, R Foundation for Statistical Computing, Vienna, Austria; https://www.R-project.org); using the
“TwoSampleMR” and “LDlinkR” software packages. The statistical results were estimated using β-values
and their 95% con�dence intervals (CI) to assess the degree of causality. P < 0.05 is considered
statistically signi�cant.

Results
Criteria-compliant SNPs

After excluding SNPs in linkage disequilibrium (LD) or with minor allele frequency (MAF) < 0.01 and
removing palindrome structures and SNPs associated with confounding factors, we retained 18 SNPs
(PM10), 42 SNPs (PM2.5), 16 SNPs (PM2.5−10), and 44 SNPs (PM2.5 absorbance) as valid instrumental
variables. (Supplementary material 1) Subsequently, we calculated the strength of these instrumental
variables using the formula, and no weak instruments (F < 10) were found.

MR analysis results

As shown in Fig. 2 and Fig. 3. Utilizing the IVW method, our analysis revealed a noteworthy connection
between exposure to PM10 and PM2.5−10 environments and a reduction in intracellular 25(OH)D levels.
Nevertheless, the statistical disparities were absent when examining the impact of PM2.5 exposure.
Remarkably, our supplementary investigations highlighted a correlation between the decline in
intracellular 25(OH)D concentrations and the concurrent elevation in PM2.5 absorbance levels.

Validation analysis

To ensure the robustness and reliability of our �ndings, we undertook rigorous analyses to assess the
stability of the obtained results. We conducted MR-Egger test on the selected SNP, which yielded no
signi�cant indications of potential horizontal pleiotropy (P > 0.05); furthermore, the adjusted Q and I2

statistic underscored the absence of heterogeneity (P > 0.05). A funnel plot of the relationship between
the causal effect of PM2.5 on GDM was shown in Fig. 4.

Additionally, we executed a leave-one-out sensitivity analysis to ascertain the potential impact of each
individual SNP on the overarching causal association (Fig. 5). This scrutiny revealed that systematically
excluding individual SNPs and subsequently reiterating the MR analysis did not yield any pronounced
deviations from the observed causal relationship.

Discussion
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In this study, we employed a robust two-sample MR approach to elucidate the intricate relationship
between exposure to PM and human 25(OH)D concentrations. Our �ndings underscore a discernible
association where in elevated concentrations of PM2.5−10, as well as heightened PM2.5 absorbance,
correlate with a concomitant reduction in circulating 25(OH)D levels. It is noteworthy that no statistically
signi�cant impact was observed pertaining to PM2.5 exposure. These outcomes contribute to our
comprehension of the complex interplay between PM and VD metabolism within the human biological
milieu.

Observational and cohort studies have indeed demonstrated a decline in 25(OH)D within the human body
because of exposure to PM [17, 28, 29]. However, a persistent debate surrounds the speci�c constituents
and pathways responsible for this effect. While some studies argue that both PM2.5 and PM2.5−10 exert
an impact on 25(OH)D [28, 30], others contend that the in�uence is limited to PM2.5−10 alone [31]. In the
above literature, there is ongoing dispute regarding the precise mechanisms through which PM disrupts
25(OH)D, encompassing both internal metabolic processes and its potential to alter atmospheric UV
radiation intensity.

Following metabolism in the liver, 25(OH)D becomes activated VD (25(OH)2D) in the kidneys [1]. Some
research suggests that speci�c immune cells (macrophages and T cells) possess the capability to
synthesize 25(OH)2D under in�ammatory conditions, thus orchestrating localized immune modulation
[32]. Owing to minute particle size, PM2.5 could through the human body via the respiratory system
triggers a systemic in�ammatory response [8]. Meanwhile, cohort studies also indicated that PM2.5 may
exert detrimental effects on kidney, potentially leading to disruptions in VD metabolism [33]. Hence, we
postulated that PM2.5 could impact 25(OH)D. But our MR analysis didn't reveal a link between them.

In contrast to PM2.5, PM10 lacks the ability to permeate the human body. However, its physical properties
grant it the capacity to re�ect UV in the atmosphere [34]. Consequently, PM10 emerges as a prospective
in�uencer of 25(OH)D. Building upon this premise, our MR analysis elucidated a correlation between
PM10 exposure and a decline in 25(OH)D. While PM2.5 is encompassed within PM10, we refrained from
multivariate MR analysis due to potential bias arising from data transformations. Instead, we opted for
direct collection and analysis of PM2.5−10 data, consistently revealing a�rmative results. To further
substantiate PM's in�uence on 25(OH)D via UV, we incorporated PM2.5 absorbance data for
supplementary analysis, corroborating a corresponding decline in 25(OH)D with heightened PM2.5

absorbance.

Osteoporosis is a bone metabolic disorder characterized by a decrease in bone density, and particularly
prevalent among postmenopausal women [35]. VD pathways is one of the most important pathways for
osteoporosis, it plays a crucial role in bone metabolism by mediating calcium absorption and is one of
the fundamental medications for preventing and treating osteoporosis [36]. Fragility fractures are the
most severe complications of osteoporosis, and cohort studies in Taiwan have indicated that prolonged
exposure to PM can elevate the risk of fractures [37, 38]. Therefore, we recommend that postmenopausal
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women and osteoporosis patients residing in PM polluted areas should pay attention to their VD levels,
ensure adequate VD supplementation, and reduce the risk of osteoporotic fractures.

This study has certain limitations. Firstly, it exclusively included individuals of European ancestry, thus
the �ndings may not be generalizable to different ethnicities, nations, or regions due to potential genetic
variations. Secondly, variations in PM2.5 composition across different regions could introduce potential
bias [10]. Finally, our study focused on observational data, which may entail inherent limitations in
establishing causation. Further research involving diverse populations and controlled experiments is
essential to validate these �ndings and provide a more comprehensive understanding of the relationship
between PM exposure and 25(OH)D levels.

Conclusion
In summary, this study supports that PM's impact on VD is mediated through UV, but we have not yet
found evidence of PM2.5 's direct effect on VD within the human body, however, we cannot entirely rule
out the potential impact of PM2.5. Meanwhile, we recommend that postmenopausal women in areas with
high air pollution should consider timely VD supplementation to prevent osteoporosis.
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Figures

Figure 1

Flowchart of MR randomization analysis
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Figure 2

Flowchart of MR randomization analysis. OR: odds ratio; CI, con�dence interval.
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Figure 3

A scatter plot is employed to visually represent the causal relationship between PM and 25(OH)D. A:
PM2.5; B: PM10; C: PM2.5-10; D: PM2.5 absorbance. As evidenced by the scatter plots of various methods
including the inverse-variance weighted (IVW) method, MR–Egger regression method, weighted median,
weighted mode, and simple mode, the slope of the linear regression line signi�es the strength of the
causal connection.
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Figure 4

A funnel plot illustrating the relationship between PM's causal effect on 25(OH)D. A: PM2.5; B: PM10; C:
PM2.5 absorbance; D: PM2.5-10. These plots display the connection between PM's causal impact on GDM,
estimated using individual SNPs as separate instruments, and the reciprocal of the standard error of the
causal estimate. Each black point signi�es a valid instrumental SNP. The vertical line represents the
estimated causal effect resulting from all instrumental SNPs using the two different methods.
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Figure 5

A forest plot depicting the 'leave-one-out' sensitivity analysis method to illustrate the impact of individual
SNPs on the outcomes. A: PM2.5; B: PM10; C: PM2.5 absorbance; D: PM2.5-10. The red data point represents
the IVW estimates obtained using all SNPs.
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