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ABSTRACT
We aimed to identify the relationship between variations in metabolic genes 
and human urinary changes in mercapturic acids (MAs), including CEMA, 
HMPMA, SPMA, HPMA and HEMA, before and after air pollution exposure. 
Genotype detection for 47 relevant single nucleotide polymorphisms (SNPs) 
collected by literature research was performed. Five MAs expression levels in 
the urinary samples of 50 young healthy individuals with short-term exposure 
to clean, polluted and purified air at five time points were detected by 
targeted online solid-phase extraction liquid chromatography tandem mass 
spectrometry (SPE-LC-MS/MS), followed with associations of SNPs with MAs 
changes. Difference in MAs between polluted and clean/purified air was 
significantly associated with 21 SNPs mapped into 9 genes. Five SNPs in 
GSTP1 showed the most prominent association with the changes in SPMA 
expression, indicating that those SNPs in GSTP1 and SPMA might serve as 
biomarkers for susceptibility and the prognosis of lung cancer.
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Introduction

Air pollution has been recognized as one of the major health threats worldwide and especially in 
China, which has air pollution at a much higher level than in developed countries (Guan et al. 
2016). Fine particulate matter (PM2.5) plays an important role in air pollution and refers to 
particulate matter with a diameter of less than 2.5 μm (Lin et al. 2016), and PM2.5 can be suspended 
in the air for a long time and thus indicates the degree of air pollution. Numerous epidemiological 
and toxicological studies have confirmed that exposure to polluted outdoor air is closely associated 
with an increased risk of cardiovascular (Ma et al. 2017; Laeremans et al. 2018; Mannucci et al. 
2019), respiratory (Guan et al. 2016; Xing et al. 2016; Li et al. 2017; Horne et al. 2018), neurode-
generative (Babadjouni et al. 2017; Cacciottolo et al. 2017) and kidney diseases (Bowe et al. 2018) 
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and various cancers (Guo et al. 2016; Gharibvand et al. 2017). The International Agency for 
Research on Cancer (IARC) has officially designated outdoor air pollution and particulate matter 
as human carcinogens (Wei et al. 2017). There is a causal relationship between PM2.5 and the 
incidence of lung cancer, asthma, allergic rhinitis and other allergic diseases, especially the dete-
rioration of lung cancer (Takizawa 2011). Moreover, PM2.5 was proven to induce microenviron-
mental and epigenetic alterations in lung cancer, involving the activation of tumor‑associated 
signaling pathways mediated by DNA methylation, microRNA dysregulation, and elevated cytokine 
and inflammatory cell levels (Li et al. 2017, 2018). Since single nucleotide polymorphisms (SNPs) in 
metabolic genes, such as rs1001179, rs1007991, rs1048943 and rs1050450 (Raaschou-Nielsen et al. 
2007; Liu et al. 2016; Baszuk et al. 2021), were reported to be associated with lung cancer, people 
carrying the SNPs of metabolite genes might be more prone to be affected by PM2.5, which further 
leads to metabolic changes and high risks in developing lung cancer.

Exposure to polluted air or toxic compounds can be assessed through biological monitoring by 
using suitable specimens to observe changes in metabolites of interest, including invasive blood 
samples or noninvasive urinary samples. Metabolites could reflect functional changes induced by 
external exposure as the end points of many proteins in vivo. Mercapturic acids (N-acetyl- 
L-cysteine S-conjugates, MAs) are urinary metabolites of environmental and occupational toxicants 
(Frigerio et al. 2019), which are derived from the catabolism of some GSH S-conjugates composed 
of five MAs. Previous studies have proven that these five metabolites serve as important index 
factors after exposure to volatile toxicants and carcinogens (Chen et al. 2020). Specifically, N-acetyl- 
S-(2-cyanoethyl)-L-cysteine (2-cyanoethylmercapturic acid, CEMA) is one of the major urinary 
metabolites derived from acrylonitrile exposure (Bowe et al. 2018). N-acetyl-S-(3-hydroxypropyl)- 
L-cysteine (3-hydroxypropylmercapturic acid, HPMA) (Lindon et al. 2010) molecules, apart from 
2-carboxyethylmercapturic acid, have been identified as a main urinary metabolite of acrolein 
(Chen et al. 2019). N-acetyl-S-(phenyl)-L-cysteine (S-phenylmercapturic acid, SPMA) is a specific 
urinary metabolite of benzene and has been commonly recommended as a urinary biomarker for 
benzene exposure (Schwedler et al. 2021). The levels of these urinary biomarkers are considered 
carcinogenic to humans. N-acetyl-S-(2-hydroxyethyl)-L-cysteine (2-hydroxyethylmethacrylate, 
HEMA) is a common urinary metabolite of many structurally different xenobiotic chemicals 
(Vermeulen et al. 1989). 3-Hydroxy-1-methylpropylmercapturic acid (HMPMA) is a urinary 
metabolite of crotonaldehyde (Carmella et al. 2013).

Therefore, it would be beneficial for public health researchers to determine if there were intrinsic 
PM2.5 relationships or greater lung cancer susceptibilities with genetic variations and metabolite 
changes in humans. The aim of this study was to observe urinary MA changes in 50 healthy young 
adults with short-term exposure to outdoor air pollution over a time course of polluted and purified 
air recycling using targeted online solid-phase extraction liquid chromatography tandem mass 
spectrometry (SPE-LC–MS/MS) analysis. Simultaneously, 47 SNPs in metabolic genes were selected 
for genotyping assays, according to previous reports where those SNPs were shown to be associated 
with lung cancer. Next, we conducted a correlation analysis between metabolite changes and SNPs 
of those subjects to (Nicholson and Lindon 2008) discover potential biomarkers for the early 
monitoring of air pollution as risk factors for lung cancer.

Materials and methods

Chemicals and reagents

The standards of N-acetyl-S-(2-cyanoethyl)-L-cysteine (2-cyanoethylmercapturic acid, 
CEMA), 3-hydroxy-1-methylpropylmercapturic acid (HMPMA), N-acetyl-S-(phenyl)- 
L-cysteine (S-phenylmercapturic acid, SPMA), N-acetyl-S-(3-hydroxypropyl)-L-cysteine 
(3-hydroxypropylmercapturic acid, HPMA) and N-acetyl-S-(2-hydroxyethyl)-L-cysteine 
(2-hydroxyethylmethacrylate, HEMA) were purchased from Toronto Research Chemicals 
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Inc. (Toronto, Canada) with >98% purity. Formic acid (48–52%) was obtained from Acros 
Organics Inc. (New Jersey, USA). HPLC-grade methanol and acetonitrile were obtained 
from TEDIA Company Inc. (Ohio, USA).

Study design and subjects

The study design is shown in detail in Figure 1. All healthy subjects were recruited from 
Guang’anmen Hospital, Chinese Academy of Chinese Medical Sciences (Beijing, China). Our 
study has been approved by the Ethics Committee of Guang’anmen Hospital. Age, height and 
body weight were obtained from all the subjects. Subjects with one of the following conditions were 
excluded: (i) subjects who had a smoking history, any pre-existing physical diseases, psychiatric 
comorbidities or other mental disorders; (ii) pregnant or lactating subjects; and (iii) subjects who 
suffered from air pollution in the last 4 weeks. This cohort study was approved by the Ethics 
Committee of Guang’anmen Hospital. All recruited subjects provided written informed consent. 
The information on the content of daily PM2.5 in 2015 was obtained from the Beijing 
Meteorological Bureau, which determined the date of sample collection.

Sample collection

Urine and peripheral blood samples from 50 fasting healthy subjects at the clean time point (Point C) 
were collected at 8:00 am with PM2.5 ranging from 0 to 30 μg/m3. Urinary samples at the first polluted 
time point (Point Po1) were collected at 8:00 am with air pollution exposure when the PM2.5 was 
greater than 150 μg/m3. Next, urinary samples at the first purified time point (Point Pu1) were 
obtained after the subjects wore positive pressure protective masks (named PPM masks, provided 
by Hongxinghaoyang Technology Co., Beijing, China) for 4 h at 12:00 am. Subsequently, urinary 
samples at the second polluted time point (Point Po2) were received after re-exposure to polluted 
outdoor air for 3 h at 15:00 pm. Finally, urinary samples at the second purified time point (Point Pu2) 
were gathered after repurification by PPM masks for another 4 h at 19:00 pm. All participants wore or 
took off their PPM masks according to the sample collection procedure and consumed the same 

Figure 1. Workflow of the research. a total of 50 healthy subjects were recruited according to the enrollment criteria. Peripheral 
blood and urinary samples of all participants were collected at five different time points, including Point C, Po1, Pu1, Po2 and Pu2. 
Then, SNP genotyping detection of genomic DNA from peripheral blood at Point C was conducted by an SNP panel, and the 
expression levels of five mercapturic acids in urinary samples at five points were detected by SPE-LC-MS/MS. Finally, association 
analysis between SNPs and changes in five mercapturic acids was carried out to discover potential biomarkers for the early 
monitoring of air pollution as risk factors for lung cancer. Point C: the clean time point; Point Po1: the first polluted time point; 
Point Pu1: the first purified time point; Point Po2: the second polluted time point; Point Pu2: the second purified time point.
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amount of nutrients (Pediasure, 200 g = 900 kJ each time) and distilled water (1500 ml each time) two 
times throughout the day (from 8:00 am to 19:00 pm). The PPM masks that the participants used were 
positive pressure respirators, which could quickly reduce PM2.5 to less than 10 μg/m3 and maintain it 
at 0 μg/m3 in a stable environment, as reported by our previous study.

Genotyping assay

To date, many metabolism-related SNPs have been reported to be related to air pollution and to be 
significantly associated with the occurrence of lung cancer. A total of 47 SNPs corresponding to 20 
metabolic genes were selected through a literature search to detect genotypes in the participants in 
the present study. General information about these SNPs is given in Supplementary Table S1–1. 
Genomic DNA from peripheral blood at Point C of 50 healthy subjects was isolated by a TIANamp 
Blood DNA Midi Kit (Tiangen, Beijing, China). An SNP panel for genotyping by the MassARRAY 
genotyping platform (Sequenome) based on distinguishing allele-specific primer extension pro-
ducts by mass spectrometry (MALDI-TOF) was selected for SNP genotyping detection. After the 
iPLEX reactions in a 5 μl final PCR volume of 384-well plates, including the initial denaturation, 
annealing, extension and final extension steps, the products were desalted and dispensed following 
the manufacturer’s protocol. Finally, the array was introduced into a MassARRAY Compact 96 
mass spectrometer. Spectra were acquired using SpectroAcquire software for data analysis with 
MassARRAY Typer software, version 4.0.5. PCR primers for each SNP investigated were designed 
using MassARRAY design software, version 3.1 (Sequenom Inc., San Diego, CA), as shown in 
Supplementary Table S2. The optimal amplicon size was set to 80–120 bp for the target sequences.

Targeted on-line SPE-LC–MS/MS analysis

The urinary samples of 50 healthy subjects at different points were quickly transferred to sterile tubes 
and centrifuged at 1500 g for 10 min at room temperature. The supernatants were prepared to detect 
five MAs (CEMA, HEMA, SPMA, HPMA and HMPMA) using an online solid-phase extraction 
(SPE)-LC–MS/MS system including an online SPE column and an ultra-performance liquid chro-
matography/electrospray ionization (ESI)-based mass spectrometer. The online SPE column was 
a Cartridge C18 MGII (S3) (4.0 × 10 mm) washed with a gradient mobile phase containing 0.1% 
formic acid and 0.1% formic acid-acetonitrile. Analyte separation was performed using an Ultimate 
3000 system (Thermo Fisher Scientific, USA) consisting of an RS Autosampler, a TCC-3000SD 
Column Oven and an RSLCnano system according to the following conditions: Shiseido ADME 
column (2.1 mm × 150 mm, 3 μm); flow rate: 0.3 ml/min; column temperature: 30°C mobile phase A: 
0.1% formic acid; mobile phase B: 0.1% formic acid–acetonitrile; gradient elution. The LC system was 
coupled to an electrospray ionization (ESI)-based mass spectrometer (Thermo Fisher Scientific, USA) 
equipped with a Turbo V™ ion spray source operating in negative ion mode under the following 
conditions: electrospray voltage, 4000 V; capillary temperature, 375°C capillary voltage, 11 V; sheath 
gas (N2) pressure, 34 arb; auxiliary gas (N2) pressure, 17 arb; and purge gas (N2) pressure, 0 arb. 
Selective reaction monitoring (SRM) was used for data acquisition.

Time series analysis

Through targeted online SPE-LC–MS/MS analysis, the expression levels of five MAs (CEMA, 
HMPMA, SPMA, HPMA and HEMA) in 50 biological replicate urinary samples were obtained at 
5 different time points of Point C, Po1, Pu1, Po2 and Pu2. Next, we performed time-series analysis 
to understand their dynamic patterns and functional relationships. Therefore, the mean expression 
values of each mercapturic acid at each time point could be calculated, followed by Z-score 
normalization. Finally, trends in the changes of those five metabolites in a time course could be 
visualized by using the R package to plot normalized Z-scores.
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Correlation analysis

After the datasets were obtained from online SPE-LC–MS/MS and genotyping assays, an integrative 
analysis was conducted to identify SNPs that were likely to affect the expression of MAs leading to 
the etiology of lung cancer through air pollution. First, the fold change (FC) value of either Po1/C or 
Pu1/Po1 for each mercapturic acid was calculated with their logarithmic values. Second, the 
correlation analysis of the FC values with each genotyping data for a total of 47 SNPs of 50 healthy 
subjects was performed by using the R program to acquire the Pearson correlation coefficient 
(represented by r) and a significant P value.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis

After obtaining gene datasets that had a significant correlation with mercapturic acid changes, plus 
a total of 47 SNPs corresponding to 20 metabolic genes for genotyping, pathway enrichment 
analysis was carried out using the KEGG database to draw pathway maps for the two gene datasets.

Statistical analysis

Assessment of physiological factors, including age, sex and body mass index (BMI), for the partici-
pants was performed using Student’s t-test and presented as the mean ± SEM. Correlation analysis of 
SNP genotyping and changes in MAs was conducted using the R package to obtain Pearson’s 
correlation coefficient and the P value. A P value ≤.05 was considered to be a significant difference.

Results

Clinical characteristics of healthy subjects

Based on the inclusion and exclusion criteria, a total of 50 young healthy subjects were recruited for 
the study. As shown in Table 1, all the participants were in the range of 22–28 years old, and the 
distribution of males and females was relatively balanced. The peripheral blood and urinary samples 
of all participants were successfully collected at Point C, Po1, Pu1, Po2 and Pu2 according to the 
sample collection procedure. The flowchart of the procedure in this study is shown in Figure 1. 
Specifically, after short-term exposure to outdoor polluted or purified air carrying positive pressure 
protective masks, peripheral blood and urinary samples were collected at five different time points 
from all healthy participants who were instructed according to the sample collection procedure 
throughout the testing day Table 2.

Genotyping of the 47 SNPs in 50 healthy subjects

Through a literature search, a total of 47 SNPs corresponding to 20 metabolic genes were selected 
for genotyping detection. Genotyping of 47 SNPs in 50 subjects were summarized in Table 2and 
Supplementary Table S3. As a result of KEGG pathway analysis, those 20 mapped genes were 

Table 1. General characteristics of 50 healthy participants.

Characteristics

Value and percentage

Female Male

Percentage of gender 48% (24) 52% (26)
Age at tested (years) 24.88 ± 0.83 24.77 ± 1.34
Height (cm) 161.71 ± 5.08 177.69 ± 4.82
Body Weight at tested (kg) 53.13 ± 5.84 71.92 ± 9.76
BMI at tested (kg/m2) 20.27 ± 1.63 22.73 ± 2.30
Smoking history (None) 24 26

BMI = Body mass index.
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Table 2. Genotype of 47 pollution-relevant SNPs selected on the basis of their biological literature search.

SNP_ID Gene

Homozygous 
genotype with 
wild-type allele

Heterozygous 
geneotype

Homozygous 
genotype with 
variant allele Total 

number Gene Describegenotype Count genotype Count genotype Count

rs1001179 CAT C 47 CT 3 0 50 catalase
rs1007991 SOD3 C 14 CG 30 G 6 50 superoxide dismutase 3, 

extracellular
rs1048943 CYP1A1 C 2 T 33 TC 15 50 cytochrome P450, family 1, 

subfamily A, polypeptide 1
rs1050450 GPX1 G 43 GA 7 0 50 glutathione peroxidase 1
rs10516526 GSTCD A 50 0 0 50 glutathione S-transferase, 

C-terminal domain containing
rs10517 NQO1 A 8 AG 31 G 11 50 NAD(P)H dehydrogenase, 

quinone 1
rs1051740 EPHX1 C 4 CT 31 T 15 50 epoxide hydrolase 1, microsomal 

(xenobiotic)
rs1056836 CYP1B1 G 32 GC 18 0 50 cytochrome P450, family 1, 

subfamily B, polypeptide 1
rs10759931 N/A A 14 G 8 GA 28 50 NA
rs10759932 TLR4 C 5 T 23 TC 22 50 toll-like receptor 4
rs1138272 GSTP1 C 49 TC 1 0 50 glutathione S-transferase pi 1
rs1695 GSTP1 A 32 AG 14 G 4 50 glutathione S-transferase pi 1
rs1799895 SOD3 C 48 CG 2 0 50 superoxide dismutase 3, 

extracellular
rs1800440 CYP1B1 T 50 0 0 50 cytochrome P450, family 1, 

subfamily B, polypeptide 1
rs1800566 NQO1 A 6 G 19 GA 25 50 NAD(P)H dehydrogenase, 

quinone 1
rs1800629 TNF G 45 GA 5 0 50 tumor necrosis factor
rs1871042 GSTP1 C 34 CT 13 T 3 50 glutathione S-transferase pi 1
rs1898830 TLR2 A 18 G 9 GA 23 50 toll-like receptor 2
rs1927911 TLR4 A 7 AG 29 G 14 50 toll-like receptor 4
rs2234922 EPHX1 A 40 G 1 GA 9 50 epoxide hydrolase 1, microsomal 

(xenobiotic)
rs2266637 GSTT1 C 36 T 2 Deletion 12 50 glutathione S-transferase theta 1
rs2333227 MPO TC 50 0 0 50 myeloperoxidase
rs2395185 N/A G 25 GT 22 T 3 50 NA
rs2536512 SOD3 A 6 G 15 GA 29 50 superoxide dismutase 3, 

extracellular
rs2695231 SOD3 T 3 TC 47 0 50 superoxide dismutase 3, 

extracellular
rs2736100 TERT A 17 C 15 CA 18 50 telomerase reverse transcriptase
rs2737190 N/A A 14 G 7 GA 29 50 NA
rs2855262 SOD3 C 5 T 13 TC 32 50 superoxide dismutase 3, 

extracellular
rs2917666 N/A G 1 CG 13 C 36 50 NA
rs4488809 TP63 C 14 T 13 TC 23 50 tumor protein p63
rs4600802 TP63 C 8 T 21 TC 21 50 tumor protein p63
rs4646424 N/A A 50 0 0 50 NA
rs4673 CYBA A 0 AG 5 G 45 50 cytochrome b-245, alpha 

polypeptide
rs4696480 TLR2 A 18 T 9 TA 23 50 toll-like receptor 2
rs4880 SOD2 A 40 AG 8 G 2 50 superoxide dismutase 2, 

mitochondrial
rs4891 GSTP1 C 4 T 32 TC 14 50 glutathione S-transferase pi 1
rs596603 N/A G 24 GT 18 T 8 50 NA
rs699473 SOD3 C 14 T 2 TC 34 50 superoxide dismutase 3, 

extracellular
rs7086803 VTI1A A 2 AG 16 G 32 50 vesicle transport through 

interaction with t-SNAREs 1A
rs749174 GSTP1 A 3 AG 13 G 34 50 glutathione S-transferase pi 1
rs762803 GSTP1 A 3 C 34 CA 13 50 glutathione S-transferase pi 1
rs769214 CAT A 3 G 32 GA 15 50 catalase

(Continued)
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mainly involved in metabolic and cancer-related pathways, including the metabolism of xenobiotics 
by cytochrome P450, tryptophan metabolism, glutathione metabolism, chemical carcinogenesis, 
proteoglycans in cancer and the Toll-like receptor signaling pathway and related diseases caused by 
pathogens, bacteria and viruses (Supplementary Table S1–2).

Dynamic changes in the expression levels of five MAs over a time course

The mean values of the expression levels of five MAs (CEMA, HMPMA, SPMA, HPMA and 
HEMA) in urinary samples of 50 subjects at five time points were obtained by targeted online SPE- 
LC–MS/MS after Z-score normalization. The expression levels of these five MAs showed a sharp 
increase in the urinary samples of participants when the participants were exposed to a polluted air 
environment (Point Po1) compared to a clean airborne ambient environment (Point C), indicating 
significant changes in metabolic levels of humans affected by polluted air. After the participants 
wore PPM-masks for 4 h (Point Pu1), the expression levels of MAs dropped and had a similar level 
to that of Point C. With additional 3 hours of continuous re-exposure to outdoor polluted air (Point 
Po2), the content of all the MAs in urine changed very little except for SPMA (as shown in Figure 2), 
whereas SPMA levels reached up to that at Point Po1. Finally, the expression levels of all five MAs at 
Point Pu2 were even lower than those at Point C with air repurification when the participants wore 

Table 2. (Continued).

SNP_ID Gene

Homozygous 
genotype with 
wild-type allele

Heterozygous 
geneotype

Homozygous 
genotype with 
variant allele Total 

number Gene Describegenotype Count genotype Count genotype Count

rs8192287 SOD3 G 44 GT 6 0 50 superoxide dismutase 3, 
extracellular

rs8192288 SOD3 G 43 GT 7 0 50 superoxide dismutase 3, 
extracellular

rs8192291 SOD3 C 37 T 8 TC 5 50 superoxide dismutase 3, 
extracellular

rs9387478 DCBLD1 A 15 C 14 CA 21 50 discoidin, CUB and LCCL domain 
containing 1

rs9932581 CYBA C 11 T 14 TC 25 50 cytochrome b-245, alpha 
polypeptide

Figure 2. Expression levels of five mercapturic acids in urinary samples at five different time points. Expression abundance 
represented the value after taking the average expression of mercapturic acids in 50 samples and normalizing by Z-score. CEMA: 
N-acetyl-S-(2-cyanoethyl)-cysteine; HMPMA: 3-hydroxy-1-methylpropylmercapturic acid; SPMA: N-acetyl-S-phenyl-L-cysteine; 
HPMA: N-acetyl-S-(3-hydroxypropyl)-l-cysteine; HEMA: N-acetyl-S-(2-hydroxyethyl)-L-cysteine.
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PPM masks for the last 4 h at the end of the study (Figure 2, Supplementary Table S4). This suggests 
that the change intendency of those four metabolites (CEMA, HMPMA, HPMA and HEMA) 
showed a trend of up-low-up-plateau. However, the expression levels of SPMA in urine showed 
the most sensitive changes during those five time points. SPMA could be an early responsive 
indicator in the human body to airborne PM pollution with real-time alteration accompanied by 
a changing trend in the constituents of the outdoor environment. Consequently, our findings 
demonstrated that the intensity of changes in the five metabolites might reflect different healthy 
states under different conditions of clean (Point C, Pu1 and Pu2) and polluted air (Point Po1 and 
Po2) ambient exposure.

Correlation analysis between the changes of MAs and SNPs

The ratios of log2 (Po1/C) and log2 (Pu1/Po1) for CEMA, HMPMA, SPMA, HPMA and HEMA 
had significant relationships with 21 SNPs that were mapped into 9 genes, including GSTP1, 
GSTT1, SOD3, TP63, CYBA, CAT, EPHX1, TLR2 and TLR4 (Table 3and Supplementary Table 
S5). There were significant relationships between log2 (Pu1/Po1) values of SPMA and rs1695, 
rs1871042, rs4891, rs749174 and rs762803 in the GSTP1 gene, indicating that subjects with these 

Table 3. A total of 21 SNPs mapped to 9 genes had significant relationships with changes in expression levels of five mercapturic 
acids (P < .05).

Metabolites SNP
Gene 

Symbol Chr Position
Variety of 

metabolite change R value Pvalue Gene Description

CEMA rs10759931 N/A 9 117701869 log2(Po1/C) .288 .043
rs2695231 SOD3 4 24796559 log2(Po1/C) .366 .009 superoxide dismutase 3, 

extracellular
rs2395185 N/A 6 32465390 log2(Pu1/Po1) .296 .037
rs2266637 GSTT1 22 24376845 log2(Pu1/Po1) −.310 .029 glutathione S-transferase 

theta 1
rs4488809 TP63 3 189638472 log2(Pu1/Po1) .507 .000 tumor protein p63
rs4600802 TP63 3 189665641 log2(Pu1/Po1) −.459 .001 tumor protein p63

HMPMA rs1898830 TLR2 4 153687301 log2(Po1/C) −.288 .043 toll-like receptor 2
SPMA rs10759931 N/A 9 117701869 log2(Pu1/Po1) .426 .002

rs2737190 N/A 9 117701903 log2(Pu1/Po1) .368 .008
rs596603 N/A 11 67592132 log2(Pu1/Po1) −.295 .037
rs4673 CYBA 16 88646828 log2(Po1/C) −.291 .040 cytochrome b-245, alpha 

polypeptide
rs769214 CAT 11 34438170 log2(Po1/C) .325 .021 catalase
rs10759932 TLR4 9 117702866 log2(Pu1/Po1) −.424 .002 toll-like receptor 4
rs1927911 TLR4 9 117707776 log2(Pu1/Po1) .368 .008 toll-like receptor 4
rs1695 GSTP1 11 67585218 log2(Pu1/Po1) −.323 .022 glutathione S-transferase pi 1
rs1871042 GSTP1 11 67586373 log2(Pu1/Po1) −.376 .007 glutathione S-transferase pi 1
rs4891 GSTP1 11 67,586,499 log2(Pu1/Po1) −.323 .022 glutathione S-transferase pi 1
rs749174 GSTP1 11 67585782 log2(Pu1/Po1) .376 .007 glutathione S-transferase pi 1
rs762803 GSTP1 11 67584785 log2(Pu1/Po1) −.376 .007 glutathione S-transferase pi 1

HPMA rs10759931 N/A 9 117701869 log2(Po1/C) .291 .041
rs2737190 N/A 9 117701903 log2(Po1/C) .338 .016
rs1927911 TLR4 9 117707776 log2(Po1/C) .338 .016 toll-like receptor 4
rs2695231 SOD3 4 24796559 log2(Po1/C) .299 .035 superoxide dismutase 3, 

extracellular
rs8192287 SOD3 4 24794946 log2(Po1/C) .285 .045 superoxide dismutase 3, 

extracellular
rs699473 SOD3 4 24795181 log2(Pu1/Po1) −.286 .044 superoxide dismutase 3, 

extracellular
HEMA rs2737190 N/A 9 117,701,903 log2(Pu1/Po1) .289 .042

rs2234922 EPHX1 1 225838705 log2(Po1/C) .336 .017 epoxide hydrolase 1, 
microsomal (xenobiotic)

rs10759932 TLR4 9 117702866 log2(Pu1/Po1) −.295 .037 toll-like receptor 4
rs1927911 TLR4 9 117707776 log2(Pu1/Po1) .289 .042 toll-like receptor 4
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SNPs were more sensitive to alterations in urinary SPMA levels accompanied by a shift in 
airborne PM levels from polluted air to purified air by PPM masks. Furthermore, significant 
associations of rs1927911 and rs10759932 in the TLR4 gene with either log2 (Po1/C) or log2 (Pu1/ 
Po1) of SPMA, HPMA or HEMA were also observed. In addition, rs2695231, rs8192287 and 
rs699473 in the SOD3 gene were significantly correlated with log2 (Po1/C) and log2 (Pu1/Po1) of 
HPMA, respectively.

In summary, the correlation was highly significant between SNPs in the GSTP1, SOD3 and TLR4 
genes and fold changes of Po1/C and Pu1/Po1 for SPMA, HPMA and HEMA (Table 3and 
Supplementary Table S5). Interestingly, the five SNPs in GSTP1 showed the most prominent 
associations with changes in SPMA expression. Moreover, the 21 SNPs corresponding to 9 genes 
were mainly involved in leishmaniasis, the metabolism of xenobiotics by cytochrome P450, 
chemical carcinogenesis and the phagosome and malaria pathways and with P values no more 
than 0.05 in the KEGG pathway analysis (Figure 3). The above results indicate that the combination 
of these SNPs with metabolic changes in SPMA, HPMA and HEMA would be a potential index for 
assessing the possibility of lung cancer occurrence.

Discussion

Lung cancer is a common malignant cancer, accounting for 27% of the global malignant cancers. Its 
incidence and mortality rate ranks first among all cancers (Siegel et al. 2017, 2018). Although 
smoking is the leading risk factor for lung cancer, increasing attention has been focused on the 
correlation between environmental pollution, genetic variation, or their interactions and lung 
cancer occurrence (Parkin et al. 2005; Carmella et al. 2009). In the present study, we found that 
a total of 21 SNPs corresponding to 9 genes were significantly related to changes in the five MAs in 
urine, implying the importance of the genes that function in metabolic pathways involved in SPMA, 
HPMA and HEMA.

Glutathione S transferase Pi 1 (GSTP1), a widely studied member of the glutathione S transferase 
(GST) family, has many physiological functions, including metabolism, detoxification and elimina-
tion of a variety of carcinogenic compounds and the protection of cells against DNA damage or 
cancer (Cui et al. 2020). Previous studies have shown that people who smoke tobacco and carry the 
GSTP1-rs1695 polymorphism are susceptible to lung cancer (Kudhair et al. 2020). Polymorphisms, 
such as rs1695 and rs1871042, could increase the incidence of asthma by five fold (Joubert et al. 
2011). The polymorphisms of rs1695, rs4891, rs749174 and rs762803 showed a significant associa-
tion with lung cancer susceptibility in smokers (Gu et al. 2014). Prior research suggests that GSTP1 
polymorphism may be associated with the detoxification of polycyclic aromatic hydrocarbons and 
lung cancer susceptibility (Li et al. 2015). Therefore, GSTP1 polymorphisms may be considered 
a potential biomarker for cancer risk and a prognostic marker for cancer patients (Wang et al. 

Figure 3. The top-ranked (P ≤.05) KEGG pathways for 9 genes corresponding to 21 SNPs had significant relationships with 
changes in the expression levels of five mercapturic acids. *P <.05, ** P <.01.
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2015). SPMA is a specific urinary metabolite of benzene, which has been commonly recommended 
as a urinary biomarker for carcinogenic benzene exposure (Schwedler et al. 2021). Our work hence 
revealed that the GSTP1 polymorphism represented a significant association with the log2 (Pu1/ 
Po1) of SPMA in urine, indicating that subjects with these SNPs might be prone to be affected in 
a timely manner by changes in urinary SPMA expression attributed to carcinogenic benzene in 
airborne ambient conditions. Therefore, the combination of these SNPs and SPMA might be 
considered a more precise biomarker for the susceptibility and prognosis of lung cancer.

Toll-like receptor 4 (TLR4) was the first discovered human homolog of the Dorsophila Toll 
protein, which is responsible for selective recognition of the endotoxin LPS (Shetab Boushehri and 
Lamprecht 2018). The TLR4 signaling pathway is involved in cancer progression and inflammatory 
response. Previous studies have emphasized that active TLR4 can increase IL-8, IL-6 and nitric 
oxide production and the expression of VEGF and TGF-β1. The release of various inflammatory 
mediators, cytokines and chemokines by active TLR4 could contribute to cancer progression (Chen 
et al. 2018). We found that SNPs in TLR4 were closely related to Po1/C- or Pu1/Po1-fold changes in 
urinary SPMA, HPMA or HEMA. These findings further confirmed that TLR4 polymorphisms had 
impacts on the changes in the level of MAs in urine after exposure to polluted air, which were 
considered carcinogenic biomarkers in humans.

Superoxide dismutase 3 (SOD3) is able to eliminate reactive oxygen species (ROS) that are 
produced to characterize oxidative stress by metabolism in the human body and to resist the 
damage of superoxide ions in both the internal and external environments (Gaurav et al. 2017; Sun 
et al. 2019). ROS are well known to contribute to chronic airway inflammation, bronchial asthma, 
chronic obstructive pulmonary disease (COPD), bronchiectasis, interstitial lung disease and other 
lung diseases. As mentioned above, rs2695231, rs8192287 and rs699473 in SOD3 were obviously 
associated with log2 (Po1/C) or log2 (Pu1/Po1) of HPMA in urine as a main urinary metabolite of 
acrolein. Our findings also demonstrated that these SNPs in the SOD3 gene would greatly affect 
HPMA levels after polluted air exposure, considered carcinogenic biomarkers in humans.

Taken together, our study highlighted the important correlations between metabolic gene 
polymorphisms and the expression changes of MAs in urine after short-term exposure to polluted 
air or purified air. The combination of the SNPs in GSTP1, TLR4 and SOD3 with SPMA, HPMA 
and HEMA might be utilized to generate a prediction model for the human health effect of air 
pollution and might be considered more precise biomarkers for the early screening of lung cancer 
susceptibility. Inevitably, our work clearly has some limitations. (1) This study focused only on 47 
SNPs corresponding to 20 metabolic genes and five MAs in urine as metabolic biomarkers obtained 
only by a recent literature search, which is not enough to cover all environmentally relevant genes 
and metabolites. Therefore, more genetic variations of metabolic genes and more metabolites in 
urine should be detected on genomic and metabolomic scales, and further research is needed to 
illustrate the relationships between them. (2) The sample size of healthy young adults was small in 
our study due to the budget, but a larger number of samples, including human subjects aged 18–65  
years, might be more beneficial for designing a validation study in the future.

Conclusions

This study indicated that subjects with these SNPs in GSTP1 were more likely to be altered in 
urinary SPMA levels, which was accompanied by a shift in airborne PM levels from ambient 
pollution to purification. This suggests that those SNPs might be predictive biomarkers for air 
pollution and risk factors in the occurrence of lung cancer and that SPMA could be an early 
responsive indicator to monitor the effect of airborne pollution on human health. The combination 
of those SNPs in GSTP1 and SPMA expression might be further considered as a more precise 
biomarker for susceptibility and prognosis of lung cancer.
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