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Abstract 
Recent studies suggest a link between air pollution and lung cancer, but causality remains uncertain due to confounding and 
reverse causation. Mendelian randomization (MR) reduces such bias and offers a new way to explore this relationship. MR 
is a method that uses genetic variants as instrumental variables to assess the causal relationship between an exposure 
and an outcome, effectively controlling for confounding and reverse causation. The inverse-variance weighted method is a 
commonly used approach in MR analysis, which estimates the overall causal effect by weighting the effect ratios of multiple 
single nucleotide polymorphisms, assuming all instruments are valid. Based on 2-sample MR, this study incorporated 5 air 
pollution indices and conducted MR analyses with lung cancer outcome data from 2 different sources. Subsequently, a meta-
analysis was performed on the primary inverse-variance weighted results, followed by multiple corrections of the thresholds 
after the meta-analysis to ensure accuracy. Finally, reverse causality was tested through MR analysis for air pollution indices 
significantly associated with lung cancer. And the selection criteria for instrumental variables were: P < 5 × 10⁻⁶, F > 10, 
minor allele frequency > 0.01, clump_kb = 10,000, and clump_r2 = 0.001. Five air pollution indices were analyzed using MR 
analysis and meta-analysis with lung cancer data from the FinnGen R12 and OpenGWAS databases. Multiple corrections 
were applied to the significance threshold results after the meta-analysis. The final results showed that only nitrogen dioxide 
(NO₂) exhibited a significant association, with an OR of 3.426 (95% CI: 1.897–6.186, P = 2.21 × 10⁻⁴). Additionally, the 
positive air pollution index NO₂ showed no evidence of reverse causality with lung cancer from either data source. This study 
demonstrates a significant causal association between NO₂ and lung cancer, indicating that NO₂ may be a potential risk 
factor for lung cancer.

Abbreviations: CI = confidence interval, eaf = effect allele frequency, GWAS = genome-wide association study, IVs = instrumental 
variables, IVW = inverse-variance weighted, Kb = kilobase pairs, LD = linkage disequilibrium, MAF = minor allele frequency,  
MR = Mendelian randomization, NO₂ = nitrogen dioxide, NSAIDs = nonsteroidal anti-inflammatory drugs, OR = odds ratio, SNPs =  
single nucleotide polymorphisms.
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1. Introduction
Lung cancer is one of the most common and deadliest malig-
nancies worldwide. In 2020, approximately 2.2 million new 
cases of lung cancer were reported globally, accounting for 
11.4% of all newly diagnosed cancers. The number of deaths 
reached around 1.8 million, representing 18% of cancer- 
related fatalities.[1,2] In China, lung cancer ranks first among 
malignant tumors, with over 800,000 new cases and around 
700,000 deaths annually. The risk of lung cancer is higher in 
men than in women, with an incidence rate of approximately 
50 per 100,000 in men and 20 per 100,000 in women. Smoking 
is the primary risk factor, linked to 80% to 90% of lung can-
cer cases. Other environmental factors, including secondhand 
smoke, air pollution (PM2.5), and occupational exposures 
(e.g., asbestos), also significantly increase the risk. The 5-year 
survival rate for early-stage lung cancer is about 60% to 80%, 
while for late-stage (stage IV) lung cancer, it drops to only 5% 
to 10%.[3–6]

In recent years, studies have shown that air pollution, espe-
cially fine particulate matter (PM2.5), is closely associated with 
lung cancer. Air pollutants may promote the onset and pro-
gression of lung cancer through mechanisms such as inducing 
DNA damage, triggering inflammatory responses, and altering 
gene expression. Additionally, there is an interaction between 
air pollution and genetic susceptibility, with individuals at high 
genetic risk facing significantly increased lung cancer risk when 
exposed to air pollution. These findings suggest that air pollu-
tion is a critical environmental factor influencing lung cancer 
incidence, emphasizing the need for public health strategies to 
reduce exposure and protect high-risk populations.[7–10]

Mendelian randomization (MR) studies have played a cru-
cial role in exploring the causal relationships of lung cancer risk 
factors. By using genetic variations as instrumental variables 
(IVs), MR studies effectively eliminate confounding factors and 
reverse causality, revealing causal links between various factors 
and lung cancer.[11–13]

The advantage of combining MR with meta-analysis lies in 
its ability to integrate findings from multiple studies, reduce 
bias, explore heterogeneity, and significantly enhance the gen-
eralizability and reliability of research conclusions. By incorpo-
rating data from different studies, this approach enables a more 
comprehensive analysis of the relationship between exposure 
and outcomes, improves statistical power, and allows for more 
precise evaluation of causal relationships with small effect sizes. 
This method provides more robust and credible conclusions, 

deepens the understanding of complex research questions, and 
offers stronger evidence to support decision-making in public 
health and clinical practice.

However, there has been no comprehensive research on MR 
combined with meta-analysis to investigate the causal relation-
ship between air pollution indices and lung cancer. This study 
employs MR combined with meta-analysis to explore the causal 
relationships between specific air pollution indices and lung 
cancer, providing more precise theoretical support for clinical 
practice and research.

2. Methods and materials

2.1. Study design

In the research process, exposure and outcome data were first 
collected and preprocessed. Subsequently, the preprocessed 
exposure data, consisting of 5 air pollution indicators, were 
analyzed through Mendelian randomization (MR) with lung 
cancer data from 2 additional databases. Meta-analysis was 
then conducted on the inverse-variance weighted (IVW) results 
from the 2 MR analyses, followed by multiple corrections to the 
meta-analysis results to ensure data accuracy.

Finally, reverse MR analysis was performed on the positive 
air pollution indicators that showed significant causal associa-
tions with lung cancer, enabling a more precise understanding 
of the causal relationship between the 2.[14,15] In addition, a flow 
chart was drawn (Fig. 1).

2.2. Exposure data: genome-wide association studies for 5 
air pollution indices data sources

The 5 air pollution indices in this study were sourced from 
the publicly available open Genome-wide association studies 
(GWAS) database, and all the data originated from the UK 
Biobank. Additionally, these air pollution indices were studied 
exclusively in European populations (Table 1).

The air pollution data download link is:

ukb-b-12417: https://gwas.mrcieu.ac.uk/files/ukb-b-589/ukb-b-
589.vcf.gz

ukb-b-2618: https://gwas.mrcieu.ac.uk/files/ukb-b-2618/ukb-b-
2618.vcf.gz

ukb-b-10817: https://gwas.mrcieu.ac.uk/files/ukb-b-10817/
ukb-b-10817.vcf.gz

Figure 1.  The process flowchart of the research methodology.

https://gwas.mrcieu.ac.uk/files/ukb-b-589/ukb-b-589.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-589/ukb-b-589.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-2618/ukb-b-2618.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-2618/ukb-b-2618.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-10817/ukb-b-10817.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-10817/ukb-b-10817.vcf.gz
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ukb-b-12963: https://gwas.mrcieu.ac.uk/files/ukb-b-12963/
ukb-b-12963.vcf.gz

ukb-b-589: https://gwas.mrcieu.ac.uk/files/ukb-b-589/ukb-b-
589.vcf.gz

According to recent research, we set the single nucleotide 
polymorphism (SNP) selection criteria for the 5 types of air 
pollution data to P < 5 × 10−6, F > 10, minor allele frequency 
(MAF) > 0.01, clump_kb = 10,000, and clump_r2 = 0.001. After 
applying these criteria, 379 SNPs met the standards.[16–18]

2.3. Genome-wide association study data sources for lung 
cancer

The study accounted for the diversity of data sources. To avoid 
overlap between air pollution and lung cancer data, lung cancer 
outcome data were obtained from 2 different databases. The 
first set of lung cancer data was sourced from the latest Finngen 
R12 database, comprising 9639 cases and 378,749 controls, 
with 21,325,248 SNPs analyzed.[19] The download link is: gs://
finngen-public-data-r12/summary_stats/release/finngen_R12_
C3_BRONCHUS_LUNG_EXALLC.gz. The second set of lung 
cancer data was obtained from the OpenGWAS database, orig-
inating from the TRICL consortium, with a GWAS identifier of 
ieu-a-987. The download link is: https://gwas.mrcieu.ac.uk/files/
ieu-a-987/ieu-a-987.vcf.gz. This dataset included 29,863 cases 
and 55,586 controls, with 10,439,018 SNPs analyzed. Both 
datasets pertain to European populations.

The criteria for data selection were as follows: preference was 
given to datasets with larger sample sizes, broader representa-
tion of data source organizations, and consistency between the 
study population and the exposure data.

2.4. Criteria for selection of instrumental variables

In Mendelian randomization (MR) studies, selecting effective 
IVs is crucial. First, this study adopted a selection threshold 
of P-value less than 5 × 10−6 to ensure that only SNPs strongly 
associated with various air pollutants were retained. For all 
air pollution data, the number of associated SNPs exceeded 3, 
ensuring the representativeness and relevance of the data.

Next, to further filter strong IVs, the study calculated the 
F-statistic value for each SNP using the formula F = (beta/se).[2] 
Only SNPs with an F-value >10 were retained, a step that helps 
eliminate weak IVs and enhances the reliability of the study 
results (Table S1, Supplemental Digital Content, https://links.
lww.com/MD/P36). And a total of 2095 SNPs with F > 10 
were identified, all showing a strong association with the air 
pollution index. Additionally, the MAF was calculated using 
the effect allele frequency (eaf). If eaf was <0.5, MAF was set 
to eaf; otherwise, it was set to 1-eaf. Only SNPs with an MAF 
>0.01 were retained to exclude rare variants that might affect 
the study results.

Finally, the filtered data were formatted for MR analysis and 
subjected to linkage disequilibrium (LD) clumping to avoid the 
impact of LD on result accuracy. The specific criteria for this 
step were a distance threshold set at 10, 000 kilobase pairs (kb) 

and an LD threshold set at 0.001. These steps ensured the inde-
pendence of the IVs and the precision of the results.[20–22]

3. Statistical analysis

3.1. Causal validation of the 5 types of air pollution to lung 
cancer

All data analyses in this study were conducted using R version 
4.4.2 (https://www.r-project.org/). First, SNP data from lung 
cancer outcome data were matched with the 5 air pollution 
exposure indices. Palindromic SNPs in the data were processed 
based on the criterion action = 2. Additionally, only data where 
mr_keep = true were retained.

Before applying the MR-PRESSO method, horizontal pleiot-
ropy was tested on the processed data. If an SNP had a P-value 
<.05, it was considered horizontally pleiotropic and identified 
as an outlier, which was then removed using the MR-PRESSO 
method to ensure data accuracy. The MR-PRESSO parameters 
were set to NbDistribution = 3000 and SignifThreshold = 0.05. 
SNPs with P-values >.05 were deemed free of outliers.[23–25]

After refining the data, a heterogeneity test was performed 
prior to Mendelian randomization (MR) analysis. Although data 
heterogeneity has a minimal impact on results, SNPs showing 
significant heterogeneity (Q_pval < 0.05) were analyzed using 
the IVW random-effects model, while those without significant 
heterogeneity were analyzed using the IVW fixed-effects model. 
Regardless of heterogeneity, all data were further analyzed using 
the MR-Egger and weighted median methods, and odds ratios 
were calculated.

To enhance the reliability of the results, meta-analysis was 
performed on the MR analysis results for air pollution and 
both sets of lung cancer data. The significance P-values from 
the meta-analysis were adjusted using Bonferroni correction to 
reduce the likelihood of Type I errors. When conducting multi-
ple hypothesis tests, the risk of false positives increases, neces-
sitating appropriate multiple testing correction. The Bonferroni 
correction is a widely used and straightforward method that 
adjusts the significance threshold by dividing the desired alpha 
level by the total number of tests. This approach effectively con-
trols the family-wise error rate and ensures the overall validity 
of statistical results. It is commonly applied in large-scale studies 
such as GWAS and MR analyses, where numerous comparisons 
are performed simultaneously. Ultimately, only 1 air pollution 
indicator showed a significant association after MR analysis 
and multiple corrections.[14]

3.2. Reverse causality validation between the strongly 
significant causally associated air pollution index and lung 
cancer

In this process, the strongly significant causally associated air 
pollution data were used as the outcome data, while lung can-
cer was treated as exposure. The same instrumental variable 
selection and data analysis methods as those used in the for-
ward analysis were applied. The primary aim of this step was 

Table 1

Air pollution data.

GWAS ID Trait Sample size SNPs Consortium Population

ukb-b-12417 Nitrogen oxides 456,380 9,851,867 MRC-IEU European
ukb-b-2618 Nitrogen dioxide 456,180 9,851,867 MRC-IEU European
ukb-b-10817 PM2.5 µm 423,796 9,851,867 MRC-IEU European
ukb-b-12963 PM2.5 to 10 µm 423,796 9,851,867 MRC-IEU European
ukb-b-589 PM10 µm 455,314 9,851,867 MRC-IEU European

GWAS = genome-wide association study, SNPs = single nucleotide polymorphisms.

https://gwas.mrcieu.ac.uk/files/ukb-b-12963/ukb-b-12963.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-12963/ukb-b-12963.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-589/ukb-b-589.vcf.gz
https://gwas.mrcieu.ac.uk/files/ukb-b-589/ukb-b-589.vcf.gz
https://gwas.mrcieu.ac.uk/files/ieu-a-987/ieu-a-987.vcf.gz
https://gwas.mrcieu.ac.uk/files/ieu-a-987/ieu-a-987.vcf.gz
https://links.lww.com/MD/P36
https://links.lww.com/MD/P36
https://www.r-project.org/
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to validate the directionality of the causal relationship between 
the 2. Therefore, the same thresholds and criteria were used to 
select valid IVs, and similar data processing and analysis were 
performed to determine the directionality of the relationship.

3.3. Sensitivity analysis

Horizontal pleiotropy means that different treatments or 
interventions may have different effects on different people 
or situations, and these effects may be mistakenly attributed 
to differences between the experimental and control groups 
rather than the actual treatment effect. To minimize the impact 
of horizontal pleiotropy on the experimental results, we per-
formed a horizontal pleiotropy test on the GWAS data and 
removed outliers using MR-PRESSO for SNPs with significant 
horizontal pleiotropy (P-val < .05) (Table S2, Supplemental 
Digital Content, https://links.lww.com/MD/P36). The spe-
cific exclusion criteria were NbDistribution = 3000 and 
SignifThreshold = 0.05.[26,27]

Heterogeneity refers to the diversity or variability among 
research subjects, observations, or experimental conditions. 
In statistics and research methodology, heterogeneity typically 
refers to differences among samples or individuals, which may 
arise from individual characteristics, environmental conditions, 
or other factors. Heterogeneity is very common in research and 
can manifest in many ways, including physiological and psycho-
logical differences between individuals, variations in socioeco-
nomic status, and environmental influences. This diversity and 
variability make research findings more generalizable and rep-
resentative, but they also increase the complexity and difficulty 
of interpretation.

During the analysis process, we also conducted heterogene-
ity tests on the data. For SNPs with significant heterogeneity 
(Q_pval < .05), we used the IVW random-effects model for MR 
analysis. Otherwise, we used the fixed-effects model to ensure the 

accuracy and reliability of the results (Table S3, Supplemental 
Digital Content, https://links.lww.com/MD/P36).[28,29]

4. Results

4.1. Causal validation of the 5 types of air pollution to lung 
cancer

The 5 air pollution indices were analyzed through MR analysis 
with 2 sets of lung cancer data. Meta-analysis was conducted 
on the IVW results from the MR analyses, and multiple cor-
rections were applied to the thresholds after the meta-analysis. 
Ultimately, only nitrogen dioxide (NO₂) showed a significant 
association with lung cancer.

Specifically, the MR analysis of nitrogen dioxide with lung can-
cer data from the Finngen R12 database yielded an IVW result 
with an OR of 5.660 (95% CI: 2.065–15.513, P = 7.522 × 10⁻⁴). 
The direction of the β values was consistent across the IVW, 
MR-Egger, and weighted median methods, indicating that NO₂ 
is a risk factor for lung cancer. Additionally, an MR scatter plot 
was created for this result (Fig. 2).

Similarly, the MR analysis with lung cancer data from the 
OpenGWAS database produced an OR of 2.635 (95% CI: 
1.271–5.463, P = 9.218 × 10−³). The direction of the β values 
was also consistent across all 3 methods, further confirming 
NO₂ as a risk factor for lung cancer. A scatter plot was also gen-
erated for this analysis (Fig. 3) (Table S4, Supplemental Digital 
Content, https://links.lww.com/MD/P36).

Based on the 2 MR analyses of air pollution and lung cancer, 
we conducted a meta-analysis of the most significant result, the 
IVW result, from the MR analysis (Table S5, Supplemental Digital 
Content, https://links.lww.com/MD/P36). We then performed 
multiple corrections on the significant P-value from the meta- 
analysis using the Bonferroni method. The specific result was 
an OR value of 3.426 (95% CI: 1.897–6.186, P = 2.21 × 10−4) 

Figure 2.  Combined MR plots of nitrogen dioxide on lung cancer (FinnGen). MR = Mendelian randomization.

https://links.lww.com/MD/P36
https://links.lww.com/MD/P36
https://links.lww.com/MD/P36
https://links.lww.com/MD/P36
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(Table S6, Supplemental Digital Content, https://links.lww.com/
MD/P36). Additionally, we created a forest plot for this meta- 
analysis result (Fig. 4). The evidence indicates that Nitrogen  
dioxide shows a significant association with lung cancer after 
combining MR analysis, meta-analysis, and multiple corrections.

The OR differences between the 2 databases may stem 
from population heterogeneity, sample size, and differences in 
exposure measurement methods. FinnGen R12 is based on the 
Finnish population, whose genetic background or environmen-
tal exposures (such as regional high pollution levels or smoking 
rates) may enhance the effect of NO₂, leading to a higher OR 
value (5.66). In contrast, OpenGWAS includes a broader popula-
tion, and exposure assessments may be based on global models. 
Individual exposure classification errors could dilute the effect, 
resulting in a lower OR value (2.64). Additionally, the smaller 
sample size in FinnGen may lead to the “winner’s curse” (overes-
timating the effect), while the larger sample size in OpenGWAS 
provides more stable but conservative estimates. Differences 
in the definition of lung cancer subtypes or diagnostic criteria 

(e.g., whether histological types are distinguished) between the 
2 studies may also affect the results. Although the OR values 
differ, both methods show consistent β value directions, and 
statistical significance (FinnGen P = 7.5 × 10−⁴ vs OpenGWAS’s 
P = 9.2 × 10−³) supports a causal association between NO₂ 
and lung cancer. This difference highlights the importance of 
population specificity and exposure measurement accuracy 
in MR studies, but the consistency of the conclusions across 
datasets provides evidence for the carcinogenic role of NO₂. 
Future research should combine refined exposure assessments, 
multi-population validation, and mechanistic studies to further 
elucidate the biological basis of the effect differences.

4.2. Reverse causality validation between the strongly 
significant causally associated air pollution index and lung 
cancer

In the reverse MR validation process, no significant associ-
ation was found between nitrogen dioxide (NO₂) and lung 

Figure 3.  Combined MR plots of nitrogen dioxide on lung cancer (openGWAS). GWAS = genome-wide association study, MR = Mendelian randomization.

Figure 4.  Forest plot of nitrogen dioxide after meta-analysis.

https://links.lww.com/MD/P36
https://links.lww.com/MD/P36
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cancer. Specifically, when lung cancer data from the Finngen 
R12 database were used as the exposure, the OR was 1.000 
(95% CI: 0.992–1.008, P = .969). Similarly, when lung cancer 
data from the OpenGWAS database were used as the exposure, 
the OR was 1.004 (95% CI: 0.995–1.012, P = .372). In sum-
mary, these results indicate that nitrogen dioxide showed no 
evidence of reverse causality with lung cancer in either data-
set (Table S7, Supplemental Digital Content, https://links.lww.
com/MD/P36).

5. Discussion
The study explored the causal relationship between 5 air pol-
lution indices and lung cancer using bidirectional MR com-
bined with meta-analysis and multiple corrections. The results 
revealed that only nitrogen dioxide (NO₂) showed a strong 
significant causal association with lung cancer, and no reverse 
causal relationship was found between them.

As a major air pollutant, NO₂ is closely associated with the 
incidence and mortality of various cancers. Epidemiological 
studies suggest that long-term exposure to NO₂ significantly 
increases the risk of cancers such as breast, ovarian, uterine, 
lung, bladder, and colorectal cancer. NO₂ promotes tumor ini-
tiation and progression through mechanisms such as inducing 
oxidative stress and chronic inflammation, causing DNA dam-
age, and interfering with hormone levels. However, the causal 
relationship between NO₂ and cancer has not been fully clari-
fied. This study, from a genetic perspective, confirmed a signifi-
cant association between NO₂ and lung cancer, identifying NO₂ 
as a potential risk factor for lung cancer while confirming the 
absence of reverse causality.[30–32]

Nitrogen dioxide is a common air pollutant with the chemi-
cal formula NO₂ and a molecular weight of 46.0055 g/mol. At 
room temperature, it appears as a reddish-brown gas with a 
pungent odor and dissolves readily in water to form nitric acid 
and nitrous acid. Its sources include natural phenomena such 
as volcanic activity, forest fires, and bacterial action, as well as 
human activities such as fossil fuel combustion, vehicle emis-
sions, power plant operations, and industrial discharges. Long-
term exposure to NO₂ can lead to respiratory diseases (e.g., 
asthma, bronchitis, chronic obstructive pulmonary disease), car-
diovascular diseases (e.g., heart attacks and strokes), increased 
cancer risk, and suppressed immune function. Environmentally, 
NO₂ contributes to acid rain, causing soil and water acidifica-
tion and harming ecosystems. It also reacts with other pollutants 
under sunlight to form ozone, a key component of photochem-
ical smog. Controlling NO₂ emissions is therefore crucial for 
improving air quality, protecting human health, and preserving 
ecosystems.[32–34]

In recent years, research into the relationship between NO₂ 
and lung cancer has advanced significantly. Epidemiological 
studies have shown a strong correlation between long-term 
exposure to NO₂ and increased lung cancer risk, particularly 
lung adenocarcinoma. NO₂, as a critical air pollutant, promotes 
lung cancer initiation and progression through mechanisms 
such as oxidative stress, chronic inflammation, DNA integrity 
disruption, and interference with cellular signaling pathways. 
These mechanisms exacerbate carcinogenesis through direct 
lung tissue damage and indirect genetic mutations. Additionally, 
long-term NO₂ exposure may act synergistically with smok-
ing, occupational exposure, and other environmental pollut-
ants, further elevating lung cancer incidence. Recent Mendelian 
randomization (MR) studies, using genetic IVs, have prelimi-
narily validated the causal relationship between NO₂ exposure 
and lung cancer, suggesting NO₂ as a significant environmen-
tal risk factor, especially among populations with long-term 
exposure.[35–37]

Nitrogen dioxide contributes to lung cancer development 
through multiple mechanisms. First, NO₂ exposure induces oxi-
dative stress, leading to increased reactive oxygen species levels, 

which damage DNA, proteins, and lipids, activating tumor- 
promoting signaling pathways. Second, NO₂ induces chronic 
inflammation in the lungs, elevating pro-inflammatory factors 
such as IL-6 and TNF-α, which create conditions conducive to 
cancer cell proliferation and invasion while suppressing antitu-
mor immune responses, fostering a tumor-promoting microen-
vironment. Additionally, NO₂ may directly or indirectly cause 
DNA damage, genetic mutations, and chromosomal instability, 
activating oncogenes such as KRAS and EGFR or inactivating 
tumor suppressor genes such as TP53.[38,39] NO₂ also disrupts 
mitochondrial function, impairing the balance between apop-
tosis and proliferation, enhancing cancer cell survival, and pro-
moting abnormal cell accumulation. Epigenetic mechanisms are 
also affected, with NO₂ regulating DNA methylation, histone 
modification, and noncoding RNA, altering gene expression 
patterns and driving tumorigenesis. Moreover, NO₂ interacts 
with other air pollutants like PM2.5 and ozone, exacerbating 
oxidative stress and inflammation, thereby synergistically pro-
moting lung cancer development. These mechanisms provide 
significant biological evidence for NO₂‘s role in lung cancer 
pathogenesis.[40–43]

Based on these findings, various strategies could mitigate 
NO₂’s impact on lung cancer patients. First, antioxidants such as 
vitamins C and E can neutralize NO₂-induced oxidative stress, 
reducing cellular damage. Second, anti-inflammatory drugs, 
such as nonsteroidal anti-inflammatory drugs (NSAIDs), can 
alleviate chronic inflammation and improve patient outcomes. 
Immunotherapies, including immune checkpoint inhibitors like 
PD-1/PD-L1 inhibitors, may restore the immune system’s ability 
to attack cancer cells, while gene repair drugs like PARP inhib-
itors can block DNA repair pathways in cancer cells, reducing 
NO₂-induced genetic damage. Additionally, non-intubated tho-
racoscopic surgery, a minimally invasive procedure, can directly 
remove lesions or collect samples without general anesthesia, 
significantly reducing postoperative complications and acceler-
ating recovery, offering essential support for personalized treat-
ment. Environmentally, reducing industrial and transportation 
emissions and increasing green spaces to lower atmospheric 
NO₂ concentrations can effectively mitigate its negative effects 
on patients. These combined measures work synergistically to 
improve treatment outcomes and quality of life for lung cancer 
patients.

This study holds significant public health and medical impli-
cations. It highlights the critical role of reducing NO₂ concen-
trations in lung cancer prevention, advocating for stricter air 
quality management policies to minimize health risks from 
air pollution. Furthermore, exploring the causal association 
between NO₂ and lung cancer enhances the health risk assess-
ment system for air pollution, aiding in identifying high-risk 
populations and implementing targeted preventive measures. 
Revealing the relationship between air pollution and lung can-
cer also provides a solid foundation for future research on the 
impact of air pollution on other cancer types, enabling a more 
comprehensive understanding of its health effects. Overall, 
studying the link between NO₂ and lung cancer not only sup-
ports the implementation of stricter air quality standards but 
also offers new insights into early prevention and intervention 
strategies for high-risk populations. Reducing NO₂ levels in the 
air could significantly improve public health, decrease lung can-
cer incidence, and foster healthier living environments.

Building on multiple observational studies, this study geneti-
cally validated the causal association between air pollution and 
lung cancer, achieving a fully randomized genetic-controlled 
trial. This approach effectively mitigates the confounding fac-
tors common in observational studies, providing a more pre-
cise understanding of the relationship between air pollution and 
lung cancer risk. By combining Mendelian randomization (MR) 
analysis and meta-analysis, the study results demonstrate higher 
reliability and scientific validity. However, certain limitations 
exist. Due to data constraints, the study primarily focused on 
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European populations, and its findings may not be fully applica-
ble to diverse global populations. Future research should expand 
to include other ethnic groups and regions to further validate 
and complement these findings. Despite these limitations, this 
study provides critical evidence for public health policymaking 
and a deeper understanding of the risk of air pollution in lung 
cancer. These findings not only support the implementation of 
stricter air quality standards but also offer novel approaches 
to early prevention and intervention for high-risk populations. 
Lowering atmospheric NO₂ concentrations could significantly 
enhance public health, reduce lung cancer incidence, and pro-
mote healthier living environments.

6. Conclusions
This study demonstrates a significant causal association between 
nitrogen dioxide (NO₂) and lung cancer, indicating that NO₂ 
may be a potential risk factor for lung cancer.
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