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Huazhong University of Science and Technology, Wuhan, Hubei, China, "Department of Oncology,
Xiangya Hospital, Central South University, Changsha, Hunan Province, China

Background: Air pollution poses a major threat to human health by causing
various illnesses, such as cardiovascular diseases. While plenty of research
indicates a correlation between air pollution and hypertension, a definitive
answer has yet to be found.

Methods: Our analyses were performed using the Genome-wide association
study (GWAS) of exposure to air pollutants from UKB (PM2.5, PM10, NO,, and
NOy; n=423,796 to 456,380), essential hypertension from FinnGen (42,857
cases and 162,837 controls) and from UKB (54,358 cases and 408,652 controls)
as a validated cohort. Univariable and multivariable Mendelian randomization
(MR) were conducted to investigate the causal relationship between air
pollutants and essential hypertension. Body mass index (BMI), alcohol intake
frequency, and the number of cigarettes previously smoked daily were included
in multivariable MRs (MVMRs) as potential mediators/confounders.

Results: Our findings suggested that higher levels of both PM2.5 (OR [95%Cl] per 1
SD increase in predicted exposure = 1.24 [1.02-1.53], p = 3.46E-02 from Finn; OR
[95%Cl] =1.04 [1.02-1.06], p = 7.58E-05 from UKB) and PM10 (OR [95%ClI] = 1.24
[1.02-1.53], p =3.46E-02 from Finn; OR [95%CI] =1.04 [1.02-1.06], p = 7.58E-
05 from UKB) were linked to an increased risk for essential hypertension. Even
though we used MVMR to adjust for the impacts of smoking and drinking on
the relationship between PM2.5 exposure and essential hypertension risks,
our findings suggested that although there was a direct positive connection
between them, it is not present after adjusting BMI (OR [95%CI] =1.05 [0.87—
1.27], p=6.17E-01). Based on the study, higher exposure to PM2.5 and PM10
increases the chances of developing essential hypertension, and this influence
could occur through mediation by BMI.

Conclusion: Exposure to both PM2.5 and PM10 is thought to have a causal
relationship with essential hypertension. Those impacted by substantial levels
of air pollution require more significant consideration for their cardiovascular
health.
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Introduction

As industrialization advances daily since its inception, air
pollution has become an alarming environmental issue that severely
endangers modern living standards and public health (1, 2).
Approximately 7 million fatalities can be attributed solely to air
pollution, according to estimates made by the Global Burden of
Disease Study (3). The major constituents of air pollution are
particles along with various types of gases (4), while the
classification for these tiny solid elements is determined by their
size <10 microns [PM10] and < 25 microns [PM2.5], (5). The most
significant sources of atmospheric pollution from gas components
include NOyx and NO,, which arise from burning fossil fuels at high
temperatures (6).

Essential hypertension, a predominant contributor to global
morbidity and mortality (7), has witnessed an incremental prevalence
in adults, surpassing 30 % post-2010 (8). Effective interventions are
urgently needed in low-income countries due to their anticipated
heavy burden of hypertension on healthcare systems (9), and essential
hypertension is responsible for more than 90% of all reported cases of
high blood pressure (10). Recognized established risk factors for
hypertension include a diet that is high in sodium but low in
potassium (11), lack of physical activity (12), and obesity (13).

The relationship between hypertension and air pollution has been
extensively researched over the past decade, with multiple cross-
sectional and cohort studies being conducted. Still, the final results are
not entirely consistent (14). Various studies have varied in assessing
the effects of different air pollutants on hypertension, and some have
even been widely divergent (15-17). This may be due to the limitations
of most epidemiological evidence, such as the inability to determine
the causal relationship between PM2.5 pollution and hypertension,
which may lead to confusion in causality; the data used in the studies
mostly comes from regions or communities, rather than individuals;
and potential confounding factors such as participants’ diet, physical
activity, and lifestyle cannot be excluded.

The introduction of genetic polymorphisms opens a new frontier
in investigating air pollution’s impact on health. Genetic variations
among individuals can significantly modulate the body’s response to
pollutants, potentially influencing the onset and progression of
conditions like hypertension. This variability underscores the need for
a more nuanced understanding of the interplay between genetic
factors and environmental exposures (18).

This study carves a novel path by leveraging Mendelian
randomization (MR)—a technique that circumvents traditional
observational study pitfalls using genetic polymorphisms as
instrumental variables to infer causality. MR parallels randomized
controlled trials in design, nullifying biases from reverse causality
since genotypes are not modifiable by disease states (19). In principle,
the MR analyses rely on three basic assumptions: First, the genetic
variants should present a robust association with the exposure.
Second, the genetic association between the exposure and outcome
should be independent of confounders. Third, the genetic variants
affect the outcome exclusively via the exposures (20, 21). To deepen
our analysis, we employ multivariable Mendelian randomization
(MVMR) (22), a method not yet widely applied in this context, to
examine the direct effect of air pollution on hypertension after
adjusting for common risk factors, including obesity, smoking, and
alcohol consumption.
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FIGURE 1
Overview of the Mendelian randomization study of the causal
relationship between air pollution and hypertension.

In this study, we performed two-sample MR analyses to investigate
the causal relationship between four air pollutants (PM2.5, PM10,
NOx, NO,) and essential hypertension. Although one-sample MR is
likely to be biased by the overlapping population between the datasets
of exposures and outcomes, recent researches suggest that this
potential overlap may not bias the results as previously thought (20,
23). Thus, we performed one-sample MRs to replicate the analysis for
two-sample MRs to confirm the validation. To take some confounders
and mediators into consideration, we conducted MVMR analyses to
explore the more direct causality.

Methods
Study design and GWAS summary data

The flow chart of the study design is shown in Figure 1. All
summarized Genome-wide association study (GWAS) summary data
for each respective phenotype were obtained from the publicly
available datasets (MRC IEU OpenGWAS) (24)." The corresponding
GWAS ID and basic information about the included GWAS are shown
in Supplementary Table 1. The procedure for extracting IVs from

1 https://gwas.mrcieu.ac.uk/
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summarized GWAS was followed by the “TwoSampleMR” R package?
through GWAS ID (24). No restriction of gender, age, income, or
education level was set for these GWAS.

The summarized GWAS data of participants living in different air
pollution areas were derived from UK Biobank (25-27). The extent of
residential air pollution was estimated in different sites in Great
London by a land use regression for the annual average 2010. The
mean PM10 was 16.24 + 1.90micro-g/m3, ranging from 11.78 to 31.39
micro-g/m3. The mean PM2.5 was 9.99 + 1.06 micro-g/m3, ranging
from 8.17 to 21.31 micro-g/m3. The summary-level GWAS of PM10
and PM2.5 included 423,796 individuals and 9,851,867 single-
nucleotide polymorphisms (SNPs). The mean NO2 was 26.71 +7.58
micro-g/m3, ranging from 12.93 to 108.49 micro-g/m3. The mean
NOx was 44.11+15.53 micro-g/m3, ranging from 19.74 to 265.94
micro-g/m3. The summary-level GWAS of NO2 and NOx both
included 456,380 individuals and a total of 9,851,867 SNPs.

The GWAS data for the potential confounders or mediators,
including body mass index (BMI), alcohol intake frequency, and the
number of cigarettes previously smoked daily, were also obtained from
the UK biobank (24, 25, 28), which included 336,109 participants with
10,894,596 SNPs, 336,965 participants with 10,894,596 SNPs and
78,291 participants with 10,894,596 SNPs, respectively.

For the outcome, the summarized GWAS of essential
hypertension in the FinnGen study (release 5) was selected to avoid
sample overlapping, generated from longitudinal phenotype and
digital health records produced by national health registries (29).
This GWAS included 42,857 patients with essential (primary)
hypertension, diagnosed according to the International
Classification of Diseases (ICD) diagnosis codes (version 10), and
162,837 controls with 16,380,466 SNPs. For the GWAS used for
validation, the GWAS of essential hypertension in the UK Biobank
(UKB), a prospective cohort recruited from the UK general
population between 2006 and 2010, was selected. This GWAS
included 54,358 patients with self-reported physician-diagnosed
essential (primary) hypertension (PheCode 401.1) and 408,652
controls with 9,851,867 SNPs (24, 25). The large sample size of UKB
could further validate the results and enhance the statistical power.
As the outcome variable was binary (whether they have
hypertension), the effect size of each SNP in the summarized GWAS
was represented as beta [log (OR)].

Selection for instrumental variables

To maintain sufficient instrumental variables (IVs) in MR, we set
the value of p threshold for genome-wide correlations as 5e-6 to select
solid instrumental variables (IVs) (30). Then, linkage disequilibrium
analysis (r?<0.001, distance <10 MB) based on the 1,000 Genomes
Project of the European samples was performed to select independent
IVs. IVs strongly associated with the outcome were excluded to meet
the MR assumption. F statistics, as an indicator of weak IVs, were
calculated by (R2/K)/[(1-R2)(N-K-1)] for each IVs, where K is the
number of SNP, N is the sample size, R2 is the variance explained by
SNPs calculated by 2*EAF*(1-EAF)*(Beta/SE)* (31). IVs with F<10

2 https://github.com/MRCIEU/TwoSampleMR
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were excluded to maintain the robustness. Harmonization of IVs was
performed by the function of “harmonise_data” in “TwoSampleMR” R
package to ensure that the association estimates of genetic variants
aligned with the effect of the same allele between exposure and outcome
GWAS (24).

Univariable Mendelian randomization

We used three methods (random-effects inverse variance
weighting (IVW), weighted median, and MR egger) for TSMR
analysis, with IVW as the primary approach and the other two as
supplements. IVW provided a weighted regression of IVs outcome
effects on exposure effects under the assumption of constrained
intercept to zero, which owned the optimal statistical power. However,
if horizontal pleiotropy existed in IVs, causal pathways other than
exposure would interfere with the outcome. Thus, we supplemented
the other two methods, which were relatively robust to horizontal
pleiotropy, although the statistical power was partially sacrificed (32).
The approach of weighted median selected median MR estimates for
causal estimation (33). For MR Egger regression, the intercept was
allowed to be estimated freely as a measure of average pleiotropy (34).

To estimate the robustness of the results, we performed analyses
for horizontal pleiotropy, including leave-one-out tests and MR egger
intercept test of deviation from null (35). The tests differed in their
underlying presumptions but fundamentally gaged the degree to
which the impact of one or more instrument SNP is overblown in
magnitude, operating through the hypothesized pathway and other
unaccounted-for-for causal pathways.

Multivariable Mendelian randomization

Multivariable Mendelian randomization (MVMR) allowed for
estimating the effects of multiple exposures on an outcome, which
depended on the covariance between the effect of the IV on each
included exposure (36, 37). In this study, we performed MVMR to
investigate the potential mediating role of common risk factors (BMI,
alcohol intake frequency, and the number of cigarettes previously
smoked daily) in the pathway from air pollution to hypertension. As
the number of variables included in MVMR increases, the power of
the MVMR would decrease (37). Thus, our MVMR model only
included one type of air pollution and one additional risk factor for
each analysis. The extraction of IVs, clump process, and harmonization
followed the same procedure as univariable MR, as described before.
Vs significantly associated with the outcome were excluded.

The MVMR estimates the direct causal effect of the exposure on
the outcome adjusting for the mediator, while the univariable MR
estimates the total causal effect. The difference between the total causal
effect of air pollution on hypertension (from univariable MR) and the
direct causal effect (from MVMR) would indicate a mediating role of
the common factor. The indirect effect was not calculated because the
linear relation between the exposure and outcome, which is required
for the estimation of indirect effect, was not secured due to the binary
variable of the outcome (38, 39).

All the statistical analyses were conducted in R software (40) by
R package “TwoSampleMR” (24) and visualized by R package
“ggplot2” (41).

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1247149
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://github.com/MRCIEU/TwoSampleMR

Xia et al.

Results
Genetic instruments
After a series of filter processes, we extracted 64, 34, 96, and 83 IV's

PM10, NO2, and NOx,
(Supplementary Tables 2-5). All the F statistics of the IVs were above

proxing PM2.5, respectively

10, suggesting the absence of weak instrument bias.

Univariable MR analysis and sensitivity
analyses

We conducted univariable MR analyses for PM2.5, PM10, NO,,
and NOx on essential hypertension separately by inverse variance
weighted, MR Egger, and Weighted median to investigate the
causal effects of air pollution on essential hypertension
(Supplementary Table 6). Results (Table 1; Figure 2) by IVW showed
that there was a positive correlation between the increase of PM2.5
and the occurrence of essential hypertension (OR [95%CI] per 1
SD increase in predicted exposure=1.24 [1.02-1.53], p =3.46E-02
from Finn; OR [95%CI] =1.04 [1.02-1.06], p=7.58E-05 from
UKB). The effect of PM10 on essential hypertension was also
significant (OR [95%CI] =1.45, [1.02-2.07], p=3.92E-02 from
Finn; OR [95%CI] =1.03 [1.01-1.06], p=1.70E-02 from UKB).
However, the effects between NO, (OR [95%CI] =1.03 [0.86-1.24],
p=7.70E-01 from Finn; OR [95%CI]=1.01 [0.99-1.03],
p=5.30E-01 from UKB), NOy (OR [95%CI]=0.94 [0.79-1.13],
p=5.30E-01 OR [95%CI]=1.02 [1.00-1.03],
p=1.17E-01 from UKB) and essential hypertension were weak

from Finn,

or nonexistent.

We also performed extensive sensitivity analyses to validate
the causal association between air pollutants and the occurrence
of essential hypertension (Table 2). The Cochran’s Q test in the
IVW and MR Egger suggested no significant heterogeneity among
these air pollution IVs in the Finn group. However, there was
substantial evidence of heterogeneity in most IVs in the UKB
group, which may be caused by a population overlap between
hypertension and air pollution in the UKB. The primary method
we used, random-effect IVW, could be fitted to the presence of
heterogeneity. No apparent horizontal pleiotropy was observed
using MR-Egger, as the intercept did not significantly deviate from
zero, which suggested balanced pleiotropy in the univariable
MR analysis.

10.3389/fpubh.2024.1247149

MVMR analyses

When considering their connection to developing essential
hypertension, it is crucial to understand how various factors can
influence the link between exposure to pollutant particles in the
atmosphere, like PM2.5 and PM10. Leveraging MVMR Analysis while
incorporating confounders or mediators such as BMI, smoking, and
alcohol will help us better understand these complex relations. Our
results indicated that there was still a positive relationship between
PM2.5 exposure and essential hypertension after adjusting for alcohol
and smoking but no direct effect after adjusting for BMI (OR
[95%CI] =1.05 [0.87-1.27], p=6.17E-01; Supplementary Table 7). And
for PM10, no significant direct effects were detected after adjusting for
alcohol, BMI, and smoking (Table 3; Figure 3; Supplementary Table 7).

Discussion

Our research showed a causal relationship between increased
exposure to both PM 2.5 and PM10 levels and an increase in the
incidence of essential hypertension. It remained uncertain whether
there was a link between essential hypertension risk and exposure to
NO, or NOx. Moreover, the increased risk of essential hypertension
by PM2.5 was mediated by BMI. At the same time, BMI had the more
significant mediating effect in contrast to smoking and alcohol
regarding the effects of PM 10 on essential hypertension.

Studies have consistently shown a positive relationship between
short-term exposure to air pollution and the incidence of essential
hypertension (42, 43). It was discovered through a systematic
evaluation and meta-analysis report released in 2021 that there is a
likelihood for individuals residing in areas where air pollution levels
containing PM2.5 and PMI10 for extended periods to develop
hypertension, while this effect was not significant for NO, and NOx
(15). We found similar conclusions based on our research. Moreover,
we applied MVMR to correct the impacts of air pollution on
hypertension by adjusting for BMI, smoking, and alcohol. BMI has the
potential to mediate the relationship between hypertension and
exposure to particles such as PM2.5 or PM10. Smoking and alcohol
might have a mediating or synergistic effect on the relationship
between PMI10 and hypertension. These results suggested the
complexity of the effects of air pollution and other confounding
factors on hypertension.

The impact of air pollution on the risk of hypertension is a
complex issue that is affected by various factors. Many previous

TABLE 1 MR results for causal effects of air pollution on essential hypertension by IVW.

Exposure Outcome Source nSNP (0]} LCI UCl pval

Finn 59 1.24 1.02 1.53 3.46E-02
PM2.5

UKB 61 1.04 1.02 1.06 7.58E-05

Finn 33 1.45 1.02 2.07 3.92E-02
PM10

UKB 33 1.03 1.01 1.06 1.70E-02

Essential hypertension

Finn 90 1.03 0.86 1.24 7.70E-01
NO,

UKB 88 1.01 0.99 1.03 1.88E-01

Finn 80 0.94 0.79 113 5.30E-01
NOx

UKB 78 1.02 1.00 1.03 1.17E-01
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FIGURE 2
Forest plot of the association between air pollutants and hypertension using Univariable Mendelian randomization. OR means odds ratio. TRUE
represents the causal association between the air pollutant and hypertension. FALSE represents no significant causal association between the air
pollutant and hypertension.

TABLE 2 Sensitivity analyses.

Exposure Outcome  Source Pleiotropy Heterogeneity
Egger_ SE pval (@] Q_df Q_pval
intercept
MR Egger 66.64 57 1.79E-01
PM2.5 1.80E-03 3.21E-03 5.77E-01
Inverse variance weighted 67.01 58 1.95E-01
MR Egger 3543 31 2.67E-01
PM10 7.80E-03 6.51E-03 2.40E-01
Inverse variance weighted 37.08 32 2.46E-01
Finn
MR Egger 101.49 88 1.54E-01
NO, 1.35E-03 2.77E-03 6.28E-01
Inverse variance weighted 101.77 89 1.68E-01
MR Egger 68.71 78 7.65E-01
NOx -1.67E-03 2.75E-03 5.46E-01
Essential Inverse variance weighted 69.08 79 7.80E-01
hypertension MR Egger 78.30 59 4.72E-02
PM2.5 4.23E-04 3.79E-04 2.68E-01
Inverse variance weighted 79.96 60 4.35E-02
MR Egger 39.41 31 1.43E-01
PM10 9.30E-04 4.70E-04 5.66E-02
Inverse variance weighted 44.40 32 7.13E-02
UKB
MR Egger 121.60 86 6.96E-03
NO, 4.18E-04 3.27E-04 2.05E-01
Inverse variance weighted 123.90 87 5.75E-03
MR Egger 132.11 76 7.09E-05
NOx 5.20E-04 4.09E-04 2.08E-01
Inverse variance weighted 13491 77 5.03E-05

studies have shown that BMI, smoking, and alcohol were significant
risk factors for developing hypertension (28, 44). These common
factors might play crucial mediating roles in air pollution and
hypertension. For example, people exposed to heavy air pollution are
associated with a higher risk of obesity (45). Obesity is also widely
recognized as a long-established risk factor for hypertension (46),
suggesting that it may likely be a significant mediating factor between
air pollution and the increased risk of hypertension. Besides, obesity
could also amplify the negative cardiovascular effects of PM2.5
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pollution, especially concerning blood pressure and hypertension
rates (47). People with obesity have increased susceptibility to the
cardiovascular damage effects of air pollutants (48). For other factors,
the association between smoking behavior and hypertension differed
based on different levels of air pollution (49). In areas with high
PM2.5, smoking was associated with a higher risk of hypertension.
While in areas with low PM2.5, this was not observed, indicating that
smoking might also act synergistically with air pollutants on
hypertension (49).
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TABLE 3 MVMR results for causal effects of air pollution on essential hypertension after adjusting for alcohol, BMI and smoking.

Exposure Outcome Adjustment nSNP OR LCI UCl pval
PM2.5 None 59 1.24 1.02 1.53 3.46E-02
PM2.5 Alcohol 52 1.28 1.01 1.62 3.73E-02
PM2.5 BMI 40 1.05 0.87 1.27 6.17E-01
PM2.5 Smoking 58 1.25 1.02 1.54 2.99E-02
Essential hypertension
PM10 None 53 1.45 1.02 2.07 3.92E-02
PM10 Alcohol 33 1.40 0.99 1.99 5.71E-02
PM10 BMI 26 0.96 0.75 1.24 7.70E-01
PM10 Smoking 33 1.41 0.99 2.01 5.94E-02
D e e— i j _—r
! 3 3 3 Sigificance
i * i i ® FALSE
1 1 1 . A TREE
! ! : : Adjust
i | | i ® None
i # ® Alcohol
i *: @ BMI
PM10 i i | E @® Smoking
— % E
0.8 12 1.6 2.0
OR
FIGURE 3
Forest plot of the association between air pollutants and hypertension using multivariable Mendelian randomization after adjusting alcohol, BMI, and
smoking. OR means odds ratio. TRUE represents the causal association between the air pollutant and hypertension. FALSE represents no significant
causal association between the air pollutant and hypertension.

The possible mechanisms by which air pollution increases the risk
of hypertension have been widely studied (50). As the most critical air
pollutant, PM has a complex mechanism related to hypertension. The
most important are oxidative stress and inflammatory reactions,
which are closely related and mutually induced (51). The former will
promote vascular dysfunction, damage endothelial homeostasis,
increase vascular permeability, and raise blood pressure (52). PM
exposure has been found to result in an elevation of inflammatory
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cytokines and ROS levels (53), along with cellular infiltration that
results in either local or systemic inflammation mediated via air-blood
barrier breakdown at alveolar level (54). Additionally, hormones like
cortisol, adrenaline, and noradrenaline get raised through PM,
increasing the likelihood of developing hypertension (55-57).
However, the mechanism by which PM2.5 and PM10 increase the risk
of hypertension is currently unclear, and further research is needed to
clarify it.
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Our findings provided novel research insights and experimental
evidence for understanding the adverse effects of air pollution on
human well-being. They demonstrated the relationship between
several air pollutants and primary hypertension while minimizing
confounding factors and reverse causality. This could guide the
screening of susceptible populations and the prevention of
hypertension. Individuals with hypertension usually have a
significantly higher risk of developing potentially life-threatening
conditions such as heart disease and stroke (58). Consequently,
we believe that our study can suggest the effect of air pollution on
cardiovascular diseases to a certain degree. Additionally, conducting
MVMR studies incorporating other confounding factors such as
BMI, smoking, and alcohol can help inform targeted prevention
strategies for cardiovascular disease in air-polluted populations.

There are some strengths to our research. Firstly, we used
Mendelian randomization to establish an association between air
pollution and hypertension. Secondly, we replicated the MR analysis
to increase the validation. The sample size was large enough (Finn:
42,857 cases and 162,837 controls; UKB: 54,358 cases and 408,652
controls), making the estimated results as close to the actual values as
possible (59).

However, some things could be improved in our study. First, we only
included European ancestry, limiting the expansion of our conclusion to
other races. Second, the potential bias of sample overlapping in our
validated MR exists. Third, more mediators and mechanisms in which
air pollutants cause hypertension must be revealed in the future. Last,
genetic variants and health outcomes within UKB were associated with
birth location, which could not be accounted for routine adjustments
(60). This geographic structure of populations might produce biased
associations for the genetic instruments.

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.
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