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Myocardial infarction (MI), commonly referred to as a heart attack, ranks among the foremost causes
of death worldwide. The contribution of exposure to volatile organic compounds (VOCs) to Ml is

still not well established. This study aims to examine how urinary metabolites of 19 volatile organic
compounds (mVOCs) correlate with Ml risk in the ordinary population. The data were extracted from
the National Health and Nutrition Examination Survey spanning from 2011 to 2018, a nationally
representative program conducted by the Centers for Disease Control and Prevention (CDC) to collect
and assess the health and nutritional status of the non-institutionalized U.S. population through
interviews and physical examinations. The relationship between a single mVOC and MI was analyzed
by applying a logistic regression model. The nonlinear relationship between a single mVOC and MI
was investigated with the help of a restricted cubic spline regression model. The overall association
between mVOCs and M| was examined using a weighted quantile sum (WQS) regression model. The
analysis included 5,211 participants, among whom 209 experienced MI, with mVOC levels assessed.
A positive association between N-acetyl-S-(3-hydroxypropyl)-L-cysteine (3HPMA) [OR, 1.95; 95% ClI,
(1.06, 3.58)] and Ml incidence was observed after adjustment for potential confounders. Similarly,
N-acetyl-S-(2-cyanoethyl)-L-cysteine (CYMA) was also significantly associated with Ml incidence [OR,
1.8; 95%Cl, (1.14, 2.83)]. Each incremental unit increase in WQS was linked to a 20.4% rise in Ml risk
(95% Cl, 1.05, 1.38). Among them, N-acetyl-S-(3,4-dihydroxybutyl)-L-cysteine (DHBMA), N-acetyl-S-
(2-carboxyethyl)-L-cysteine (CEMA), CYMA, N-acetyl-S-(phenyl-2-hydroxyethyl)-L-cysteine (PHEMA),
3HPMA, and 3- and 4-methylhippuric acid (3,4MHA) were identified as key contributors, with DHBMA
showing the highest weight (0.27). mVOCs are metabolic derivatives of VOC exposure, with common
sources including industrial emissions, environmental pollution, and tobacco combustion. The
findings revealed a significant association between urinary mVOCs and M, implying exposure to these
compounds may be linked to an increased Ml risk.

Keywords Volatile organic compounds, Myocardial infarction, National Health and Nutrition Examination
Survey, Environmental exposure, Metabolomics

Volatile organic compounds (VOCs) are commonly found in both indoor air and outdoor air, arising from
sources such as vehicle exhaust, industrial emissions, and household items like cleaners, disinfectants, paints,
and tobacco. Smoking, whether using traditional or electronic cigarettes, results in significant exposure to VOCs,
which are emitted into the air along with aerosols. Consequently, smoking is a major source of VOC exposure!=.
The intrinsic properties of VOCs in toxicology can be directly manifested after inhalation and ingestion of
VOC:s in the body. Moreover, due to their high photochemical reactivity, VOCs can transform into secondary
pollutants in the environment. This process exacerbates environmental pollution and adds to the negative
impacts on health**. The U.S. Agency for Toxic Substances and Disease Registry (ATSDR) has designated several
VOCs as chemicals of significant public health concern on its Substance Priority List (SPL)°. Existing evidence
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suggests that exposure to certain VOCs is linked to specific pathological mechanisms, including the induction
of oxidative stress, pro-inflammatory responses, metabolic disorders, and genotoxicity. These mechanisms can
contribute to adverse effects on multiple systems in the body, including the circulatory, respiratory, digestive, and
neurological systems’ 1. Due to their widespread presence and potential health risks, certain VOCs represent a
serious public health concern.

Myocardial infarction (MI), commonly referred to as a heart attack, is caused by hypoxia in a certain part of
the heart due to interruption of blood flow, leading to damage or death of myocardial cells. Acute myocardial
infarction (AMI) ranks among the foremost causes of death worldwide. Despite advanced therapeutic strategies,
a large number of patients continue to experience complications and high in-hospital mortality!! due to the
fact that adult cardiomyocytes are terminally differentiated and are incapable of adequate regeneration and
proliferation!2. Between 2017 and 2020, the overall MI prevalence rate among adults aged 20 and older in the U.S.
was 3.9%, approximately affecting 10.8 million people. In 2020, the annual adjusted mortality of AMI was about
85.3 per 100,000 people!®. While percutaneous coronary intervention has enhanced early survival following
MI, mortality within 5 years post-MI remains elevated across all ages. Furthermore, post-MI heart failure is
increasingly significant in elevating the later incidence rate, mortality rate, and healthcare expenditures'*. Given
the high MI risk and the uncertainty of its prognosis, identifying and managing potential factors associated with
MI is an important part of a cardiovascular health strategy.

It has been demonstrated that urinary metabolites of volatile organic compounds (mVOCs) were effective
biomarkers for evaluating VOC exposure. Metabolites generally have a longer physiological half-life compared
to the parent compounds, with most showing specificity!'>. Therefore, mVOCs can offer valuable guidance for
diagnosis, management and monitoring of numerous diseases in clinical practice. The National Health and
Nutrition Examination Survey (NHANES) was instituted to investigate the health and nutritional statuses of
adults and children across the U.S., and formerly employed urinary metabolites as measurable biomarkers to
assess various exposures to VOCs. Due to the uncertainty surrounding the relationship between VOCs exposure
and MI, the aim of this study was to investigate the potential association between mVOCs and MI in the U.S.
general adult population. Through the evaluation of mVOC levels, the potential risk of VOCs exposure as a
contributing factor for MI has been uncovered. This discovery provided clues to help identify those at high MI
risk as well as to manage cardiovascular health.

Materials and methods

Study population

The data used in the current study were from NHANES, encompassing demographic characteristics, laboratory
biomarkers, physical examination results, and questionnaire responses. NHANES, conducted by the National
Center for Health Statistics (NCHS), is a national program instituted to investigate the health and nutritional
statuses of adults and children across the U.S.. Four NHANES periods, 2011-2012, 2013-2014, 2015-2016,
and 2017-2018, were collected and combined for this study. From the initial sample of 39,156 participants,
the study excluded those under 20 years old, those lacking urinary VOCs and creatinine data (n =29,987), and
those lacking MI outcomes (n = 3,280). This left 5,889 participants. 5,211 participants with complete data were
included in further analysis. (Fig. 1).

Measurement of mVOCs

Urine samples were collected from each participant during their visit to the Mobile Examination Center
(MEC), following standardized NHANES protocols. As NHANES is a cross-sectional study, each participant
provided only a single urine sample, which was stored at —30°C before transportation to laboratories for
further analysis. After preparation, storage, and shipment, urinary mVOCs were analyzed at the Division
of Laboratory Sciences of the National Center for Environmental Health, located at the Centers for Disease
Control and Prevention in Atlanta, GA. Urinary mVOC levels were quantified using UPLC-ESI-MS/MS. A
total of 19 mVOCs were assessed in this study, including: N-acetyl-S-(2-hydroxypropyl)-L-cysteine (2HPMA),
2-methylhippuric acid (2MHA), 3- and 4-methylhippuric acid (3,4AMHA), N-acetyl-S-(3-hydroxypropyl)-L-
cysteine (3HPMA), N-acetyl-S-(2-carbamoylethyl)-L-cysteine (AAMA), N-acetyl-S-(N-methylcarbamoyl)-L-
cysteine (AMCC), 2-aminothiazoline-4-carboxylic acid (ATCA), N-acetyl-S-(n-propyl)-L-cysteine (BPMA),
N-acetyl-S-(2-carboxyethyl)-L-cysteine (CEMA), N-acetyl-S-(2-cyanoethyl)-L-cysteine (CYMA), N-acetyl-S-
(3,4-dihydroxybutyl)-L-cysteine (DHBMA), N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-cysteine (GAMA),
N-acetyl-S-(2-hydroxyethyl)-L-cysteine (HEMA), N-acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine
(HMPMA), mandelic acid (MA), N-acetyl-S-(4-hydroxy-2-butenyl)-L-cysteine (MHBMA3), phenylglyoxylic
acid (PGA), N-acetyl-S-(phenyl-2-hydroxyethyl)-L-cysteine (PHEMA), and N-acetyl-S-(benzyl)-L-cysteine
(SBMA). A detailed summary of the 19 urinary mVOGC:s, their potential parent VOCs, and associated exposure
environments is provided in Extended Data Table 1.Further experimental details can be accessed from the
NHANES website (https://www.cdc.gov/nchs/nhanes/index.htm).

Assessment of Ml outcomes

MI outcomes are recorded in the medical conditions section of the questionnaire, which collects self-reported
data through a single personal interview covering a broad range of health conditions for both children and
adults, including whether they have ever been informed of a heart attack (also known as MI). Each participant
underwent only one interview, which was conducted by trained interviewers at their homes using a computer-
assisted personal interview (CAPI) system.
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Participants of NHANES from 2011-2018 (n=39156)

Participants with age <20, missing urinary

creatinine or VOCs (n=29987),
Participants with missing MI data
A (n=3280)

Enrolled (n=5889)

Participants with missing Education data
(n=4),
Participants with missing Marital data

Y (n=3)

Enrolled (n=5882)

Participants with missing PIR data
(n=604),

Participants with missing BMI data
4 (n=60)

Enrolled (n=5218)

Participants with missing Hypertension data
(n=5),
Participants with missing Diabetes data

Y (n=1)

Enrolled (n=5212)

Participants with missing Smoking data
(n=1)

Y

Enrolled (n=5211)

Fig. 1. Flow chart of study participants. Abbreviations: NHANES, National Health and Nutrition Examination
Survey; VOCs, volatile organic compounds; MI, myocardial infarction; PIR, income to poverty ratio; BMI,
body mass index.

Assessment of covariates

Demographic variables, such as age, gender, race, and education, were obtained through household interviews,
which were conducted only once for each participant. The income poverty ratio (PIR) was employed to assess
the ratio of family income to the poverty threshold. Information regarding hypertension, diabetes history, and
smoking status was gathered via health questionnaires. Body mass index (BMI), calculated as weight divided by
the square of height (kg/m?), was also documented.

Statistical analysis
For continuous variables that exhibited a normal distribution, the data were reported as mean (standard
deviation); for skewed continuous variables, the data were reported as median (25%, 75%); for categorical
variables, the data were reported as number (%). Continuous variables, assuming independence, normal
distribution, and homogeneity of variance, were analyzed using independent samples t-tests. Skewed continuous
variables underwent rank-sum tests, while chi-square tests were employed to compare categorical variables and
assess differences in demographic and health characteristics between participants with and without ML

The association between mVOCs and MI was assessed using a multivariate logistic regression model. There
were no adjustments in Model 1. Adjustments for gender, age and race were made in Model 2. Model 3 expanded
upon these adjustments to additionally include education, marital status, PIR, BMI, hypertension, diabetes, and
smoking status. Restricted cubic spline (RCS) regression was applied to explore potential nonlinear relationships
between mVOCs and MI. Weighted Quantile Sum (WQS) regression model was utilized to evaluate the overall
association between mVOCs and MI. All mVOCs were categorized into deciles, after which the dataset was
randomly partitioned into a training dataset (40%) and a validation dataset (60%). The training dataset was
subjected to 1000 bootstrap iterations and the weights derived from the WQS index were employed to identify
the key mVOC:s associated with MI. Creatinine-adjusted mVOC values were used to ensure comparability across
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Characteristic Overall (n=5211) | Non - MI (n =5002) | MI (n = 209) P value
Gender <0.001 *
Male 2,591(49.7%) 2,448(48.9%) 143(68.4%)
Female 2,620(50.3%) 2,554(51.1%) 66(31.6%)
Age 47(33,60) 46(32,59) 67(57,73) <0.001 *
Race 0.046 *
Mexican American 629(12.1%) 613(12.3%) 16(7.7%)
Other hispanic 537(10.3%) 513(10.3%) 24(11.5%)
Non-hispanic white 1,940(37.2%) 1,828(36.5%) 112(53.6%)
Non-hispanic black 1,211(23.2%) 1,169(23.4%) 42(20.1%)
Other race - Including multi-racial 894(17.2%) 879(17.6%) 15(7.2%)
Education 0.009 *
Less than 9th grade 450(8.6%) 420(8.4%) 30(14.4%)
9-11 th grade 624(12.0%) 594(11.9%) 30(14.4%)
High school graduate/GED or equivalent and above | 4,137(79.4%) 3,988(79.7%) 149(71.3%)
Marital <0.001 *
Never married 1,016(19.5%) 1,001(20.0%) 15(7.2%)
Living with partner 465(8.9%) 452(9.0%) 13(6.2%)
Married 2,648(50.8%) 2,539(50.8%) 109(52.2%)
Married but separated from spouse 1,082(20.8%) 1,010(20.2%) 72(34.4%)
PIR 0.029 *
<1.39 1,803(34.6%) 1,709(34.2%) 94(45.0%)
1.39~=3.49 1,810(34.7%) 1,732(34.6%) 78(37.3%)
>3.49 1,598(30.7%) 1,561(31.2%) 37(17.7%)
BMI 0.2
18.5 kg/m? < BMI < 25.0 kg/m? 1,443(27.7%) 1,394(27.9%) 49(23.4%)
BMI < 18.5 kg/m? 75(1.4%) 73(1.5%) 2(1.0%)
25.0 kg/m? < BMI < 30.0 kg/m* 1,672(32.1%) 1,607(32.1%) 65(31.1%)
BMI > 30.0 kg/m? 2,021(38.8%) 1,928(38.5%) 93(44.5%)
Creatinine 99(55,158) 100(55,158) 93(57,157) 0.7
2MHA -0.51(-0.84,-0.14) | —0.51(-0.84,—0.14) —0.44(-0.85,-0.04) | >0.9
3,4MHA 0.23(-0.05,0.68) 0.23(-0.05,0.68) 0.35(-0.02,0.82) 0.14
AAMA ~0.29(~0.48,-0.04) | —0.29(~0.48,-0.04) | —0.17(~0.45,0.06) | 0.034 *
AMCC 0.21(-0.03,0.46) 0.21(-0.03,0.46) 0.24(0.02,0.60) 0.07
ATCA 0.07(-0.23,0.34) 0.07(-0.23,0.34) —0.03(-0.31,0.29) 0.1
SBMA ~1.19(~1.40,-0.95) | -1.19(~1.40,-0.94) | —1.20(~1.40,~1.01) | 0.6
BPMA -1.35(-1.74,-0.95) | —1.35(-1.74,—-0.94) -1.47(-1.79,-1.09) | 0.057
CEMA —0.02(-0.22,0.21) -0.02(-0.22,0.20) 0.16(—0.11,0.34) <0.001*
CYMA ~1.80(=2.02,-1.13) | —1.80(~2.02,-1.16) | ~1.67(~1.94,0.04) | 0.019*
DHBMA 0.50(0.39,0.62) 0.50(0.39,0.62) 0.59(0.48,0.71) <0.001 *
GAMA -0.96(-1.15,-0.76) | —0.96(-1.15,-0.76) —0.90(-1.10,-0.73) | 0.13
HEMA ~1.98(-2.24,-1.72) | -1.99(~2.24,-1.72) | -1.96(~2.21,-1.65) | 0.2
2HPMA -0.52(-0.73,-0.25) | —0.53(-0.73,-0.26) —0.39(-0.63,-0.13) | 0.002 *
3HPMA 0.35(0.16,0.65) 0.35(0.15,0.64) 0.46(0.29,0.83) <0.001*
MA 0.13(-0.01,0.29) | 0.13(~0.01,0.29) 0.16(0.01,0.40) 0.12
MHBMA3 —1.34(~1.54,-1.04) | —1.34(~1.54,-1.05) | —1.24(~1.41,-0.65) | 0.001 *
PHEMA -2.06(-2.27,-1.82) | -2.06(-2.27,—-1.82) —-2.00(-2.20,-1.69) | 0.01*
PGA 0.33(0.20,0.47) 0.33(0.20,0.47) 0.37(0.25,0.58) 0.05*
HMPMA 0.33(0.18,0.59) 0.32(0.18,0.58) 0.47(0.29,0.87) <0.001 *
Hypertension 1,889(36.3%) 1,737(34.7%) 152(72.7%) <0.001 *
Continued
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Characteristic Overall (n=5211) | Non - MI (n =5002) | MI (n = 209) P value
Diabetes 706(13.5%) 620(12.4%) 86(41.1%) <0.001 *
Smoking <0.001 %
Never smoker 2,959(56.8%) 2,895(57.9%) 64(30.6%)
Former smoker 1,252(24.0%) 1,167(23.3%) 85(40.7%)
Current smoker 1000(19.2%) 940(18.8%) 60(28.7%)

Table 1. Characteristics of the study population. Notes: Data are presented as median (25%, 75%) or n (%).
Abbreviations: MI, Myocardial Infarction; BMI, Body Mass Index; PIR, Income to Poverty Ratio; 2HPMA,
N-acetyl-S-(2-hydroxypropyl)-L-cysteine; 2MHA, 2-methylhippuric acid; 3,AMHA, 3-and 4-methylhippuric
acid; 3HPMA, N-acetyl-S-(3-hydroxypropyl)-L-cysteine; AAMA, N-acetyl-S-(2-carbamoylethyl)-L-cysteine;
AMCC, N-acetyl-S-(N-methylcarbamoyl)-L-cysteine; ATCA, 2-aminothiazoline-4-carboxylic acid; BPMA,
N-acetyl-S-(n-propyl)-L-cysteine; CEMA, N-acetyl-S-(2-carboxyethyl)-L-cysteine; CYMA, N-acetyl-S-
(2-cyanoethyl)-L-cysteine; DHBMA, N-acetyl-S-(3,4-dihydroxybutyl)-L-cysteine; GAMA, N-acetyl-S-
(2-carbamoyl-2-hydroxyethyl)-L-cysteine; HEMA, N-acetyl-S-(2-hydroxyethyl)-L-cysteine; HMPMA,
N-acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine; MA, Mandelic Acid; MHBMA3, N-acetyl-S-(4-hydroxy-
2-butenyl)-L-cysteine; PGA, phenylglyoxylic acid; PHEMA, N-acetyl-S-(phenyl-2-hydroxyethyl)-L-cysteine;
SBMA, N-acetyl-S-(benzyl)-L-cysteine. *P < 0.05.

participants in statistical analyses. Data analysis and graphical visualization were performed using R version
4.3.0. A statistical significance threshold of a two-sided p-value below 0.05 was established.

Ethical approval and informed consent

The NHANES program was approved by the NCHS Institutional Review Board, and all participants provided
written informed consent. Further details about NHANES are available on the official website (https://www.c
dc.gov/nchs/nhanes/index.htm). All methods were performed in accordance with the relevant guidelines and
regulations.

Results

Baseline characteristics

The median age of the 5,211 participants was 47(33, 60) years old, with 2,591 (49.7%) being male. Table 1 presents
the demographic characteristics of the study population according to MI prevalence. Compared to those without
M]I, participants with MI were more likely to be older, non-Hispanic white, have lower education levels, and
exhibit higher rates of hypertension, diabetes, and cigarette smoking. The BMI distribution between the two
groups did not show a statistically significant difference. Additionally, the average concentrations of AAMA,
CEMA, CYMA, DHBMA, 2HPMA, 3HPMA, MHBMA3, PHEMA, PGA, and HMPMA were significantly
higher in participants with MI compared to those without MI (p <0.05).

Association between single VOC and MlI

Table 2 presents the findings from multivariate logistic regression, examining the association between mVOCs
and ML In Model 1, a univariate logistic regression between mVOCs and MI revealed significant positive
correlations (p <0.05) for concentrations of AAMA, AMCC, CEMA, CYMA, DHBMA, 2HPMA, 3HPMA,
MHBMA3, PHEMA, PGA, and HMPMA with MI prevalence. In Model 2, gender, age, and race were included
as additional covariates beyond those in Model 1. Model 3 further incorporated education, marital status, PIR,
BMI, hypertension, diabetes, and smoking status as additional covariates on top of those in Model 2. After
adjustments in Models 2 and 3, higher concentrations of 3HPMA [OR, 1.95; 95% CI, (1.06, 3.58)] and CYMA
[OR, 1.80; 95% CI, (1.14, 2.83)] remained significantly associated with MI prevalence.

Figure 2 illustrates the results from a univariate analysis using RCS, depicting the association between
mVOCs and MI. The findings indicated a notable correlation between multiple mVOCs and MI. Specifically,
3,AMHA, AMCC, CEMA, DHBMA, 3HPMA, MA, MHBMA3, PGA, and PHEMA demonstrated a significant
linear association with MI prevalence, with higher concentrations being observed among participants with
MI. HMPMA and 2HPMA showed a significant non-linear relationship with MI risk. Higher concentrations
of HMPMA were associated with increased MI prevalence, whereas for 2HPMA, the association initially
increased and then plateaued. Higher CYMA concentrations were associated with a non-monotonic trend in MI
prevalence, showing an initial decrease followed by an increase. Conversely, ATCA concentrations exhibited a
negative association with MI prevalence, which then plateaued at higher levels.

Association between mixed mVOCs and Ml

The correlation between the 19 mVOCs and MI is shown in Fig. 3. The Spearman correlation coefficients ranged
from -0.03 to 0.84, suggesting intercorrelations among the mVOCs. The overall association between mVOCs
and MI was assessed using a Weighted Quantile Sum (WQS) regression model, adjusted for age, gender, race,
education, marital status, PIR, BMI, hypertension, diabetes, and smoking. The results revealed that for each
one-unit increase in WQS, MI prevalence was associated with a 20.4% increase (95% CI: 1.05, 1.38).DHBMA,
CEMA, CYMA, PHEMA, 3HPMA, and 3,4MHA were identified as key compounds among the assessed mVOCs
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Model 1 Model 2 Model 3
Variable |OR |95%CI |Pvalue |OR |95%CI |Pvalue |OR |95%CI |P value
2MHA 0.99 | 0.63,1.57 | >0.9 1.09 | 0.68,1.76 | 0.7 0.76 | 0.47,1.22 | 0.2

3,4AMHA 1.54 | 0.99,2.40 | 0.055 1.59 | 0.98,2.59 | 0.059 1.09 | 0.60,1.97 | 0.8
AAMA 1.99 | 1.06, 3.74 | 0.033 3.37 1 1.63,7.00 | 0.002* |2.22 |0.92,535 |0.075
AMCC 2.22 | 1.24,3.99 | 0.008* |2.15 | 1.05,4.37 | 0.036* |0.99 | 0.46,2.13 | >0.9

ATCA 0.73 | 0.45,1.17 | 0.2 1.06 | 0.62,1.83 | 0.8 0.93 | 0.55,1.58 | 0.8
SBMA 0.9 10.54,1.53 | 0.7 0.71 | 0.40,1.26 | 0.2 0.7 ]0.40,1.25 | 0.2
BPMA 0.74 | 0.54,1.01 | 0.059 0.84 | 0.61,1.17 | 0.3 0.91 | 0.65,1.25 | 0.5

CEMA 3.61 | 1.99,6.53 | <0.001* | 2.88 | 1.46,5.67 | 0.003* | 1.72 | 0.74,4.04 | 0.2
CYMA 1.39 | 1.10,1.76 | 0.007* | 1.76 | 1.39,2.24 | <0.001 * | 1.8 | 1.14,2.83 | 0.012*
DHBMA 16.3 | 4.95,53.6 | <0.001* | 6.83 | 1.64,28.5 | 0.009* |3.24 |0.73,14.4 | 0.12
GAMA 1.58 | 0.81,3.05 | 0.2 2.87 | 1.38,5.94 | 0.005* |1.71 | 0.61,4.80 | 0.3
HEMA 1.53 | 0.93,2.52 | 0.093 2.85 | 1.66,4.90 | <0.001* |2.09 | 1.06,4.11 | 0.034*
2HPMA 1.62 | 1.15,2.29 | 0.007* | 1.76 | 1.15,2.67 | 0.01* 1.51 | 0.89,2.57 | 0.13
3HPMA 2.29 | 1.49,3.52 | <0.001* | 2.87 | 1.85,4.46 | <0.001* | 1.95 | 1.06,3.58 | 0.032*
MA 2.05 | 0.99,4.26 | 0.055 2.64 | 1.23,5.67 | 0.014* | 1.31 | 0.52,3.30 | 0.6
MHBMAS3 |2.07 | 1.39,3.10 | <0.001* | 2.6 |1.64,4.12 | <0.001* | 1.69 | 0.80,3.58 | 0.2
PHEMA 2.25 | 1.31,3.88 | 0.004* |2.32 |1.27,4.24 | 0.007* |1.87 | 1.00,3.50 | 0.05
PGA 3.01 | 1.40,6.48 | 0.006* |2.61 | 1.05,6.51 | 0.04* 1.23 10.47,3.20 | 0.7
HMPMA |2.52 | 1.59,4.00 | <0.001* |2.81 | 1.72,4.58 | <0.001* | 1.61 | 0.74,3.53 | 0.2

Table 2. Logistic regression associations of mVOC with MI in adults. Notes: Model 1 was a univariate
logistic regression model; Model 2 was adjusted for age, race, gender;Model 3 was adjusted for age, race,
gender, education, ratio of family income to poverty, marital, BMI, hypertension, diabetes, smoking.* P <
0.05. Abbreviations:OR, Odds Ratio; 95% CI, 95% Confidence Interval; VOC, Volatile Organic Compounds;
MI, Myocardial Infarction; 2HPMA, N-acetyl-S-(2-hydroxypropyl)-L-cysteine; 2MHA, 2-methylhippuric
acid; 3,4MHA, 3- and 4-methylhippuric acid; 3HPMA, N-acetyl-S-(3-hydroxypropyl)-L-cysteine; AAMA,
N-acetyl-S-(2-carbamoylethyl)-L-cysteine; AMCC, N-acetyl-S-(N-methylcarbamoyl)-L-cysteine; ATCA,
2-aminothiazoline-4-carboxylic acid; BPMA, N-acetyl-S-(n-propyl)-L-cysteine; CEMA, N-acetyl-S-
(2-carboxyethyl)-L-cysteine; CYMA, N-acetyl-S-(2-cyanoethyl)-L-cysteine; DHBMA, N-acetyl-S-(3,
4-dihydroxybutyl)-L-cysteine; GAMA, N-acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-cysteine; HEMA,
N-acetyl-S-(2-hydroxyethyl)-L-cysteine; HMPMA, N-acetyl-S-(3-hydroxypropyl-1-methyl)-L-cysteine; MA,
mandelic acid; MHBMA 3, N-acetyl-S-(4-hydroxy-2-butenyl)-L-cysteine; PGA, phenylglyoxylic acid; PHEMA,
N-acetyl-S-(phenyl-2-hydroxyethyl)-L-cysteine; SBMA, N-acetyl-S-(benzyl)-L-cysteine.

(Fig. 4). DHBMA had the highest relative weight in the combined association, with a weight of 0.27. The
weights of CEMA and CYMA were 0.16 and 0.14, respectively, also contributing substantially to the combined
association. The weights of PHEMA, 3HPMA, and 3,4AMHA were 0.12, 0.08, and 0.05, respectively.

Discussion

This study analyzed data from 5,211 U.S. adults between 2011 and 2018, indicating a significant positive
association between mVOCs and MI. After comprehensive adjustment for confounders—including gender,
age, race, education, marital status, PIR, BMI, hypertension, diabetes, and smoking status—levels of 3HPMA
and CYMA remained statistically associated with MI prevalence. Additionally, CEMA and DHBMA showed
significant associations with increased MI occurrence across multiple analyses. WQS analysis further
demonstrated a significant overall association between mVOCs and MI prevalence. Based on these findings,
VOC exposure may be a potential environmental concern in MI health management.

CYMA

Multivariate logistic regression analysis demonstrated a significant association between CYMA and MI
prevalence, which was also significant in both RCS and WQS analyses. CYMA is a primary urinary metabolite
of acrylonitrile'®, a high-production industrial chemical widely used in textiles, plastics, and medical pipelines'”.
Occupational exposure to acrylonitrile primarily occurs via inhalation and skin contact'®, while the general
population may be exposed through residual commercial materials, fires, vehicle exhaust, and tobacco smoke.
Among these sources, tobacco smoke is a major contributor, with approximately 1-2 mg of acrylonitrile per 100
cigarettes'®. Acrylonitrile is classified as a genotoxic and carcinogenic compound, largely due to its metabolite,
cyanoethylene oxide (CEO)'. Experimental studies suggest that acrylonitrile and CEO may interfere with
cellular signaling by interacting with key proteins?®. CEO has also been implicated in DNA alkylation, mutations,
oxidative stress-induced DNA damage, immune dysregulation, and inflammation?!. Animal studies indicate
that acrylonitrile exposure can elevate oxidative stress?>-24, which has been associated with cardiovascular
disease (CVD) in certain experimental models®®. While acrylonitrile is considered the primary precursor of
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CYMA, the potential contribution of other VOCs remains unclear. Further research is warranted to evaluate the
specificity of CYMA as a biomarker, identify alternative VOC sources, and refine exposure assessment strategies
for improved air quality management.

3HPMA

In multivariate logistic regression, 3HPMA was significantly associated with MI prevalence and was also
statistically significant in RCS analysis. It also showed a notable association in WQS analysis (weight: 0.08). As
the primary urinary metabolite of acrolein, 3HPMA serves as an indicator of exposure to this highly electrophilic
a,p-unsaturated carbonyl VOC. Acrolein is widely detected in industrial emissions, vehicle exhaust, building
materials, tobacco smoke, overheated cooking oils, biocides, biomass burning, incense, and wildfires, with
inhalation being the predominant exposure route for the general population®*-2%.Due to its strong pulmonary
toxicity, acrolein is classified as a hazardous air pollutant and has been epidemiologically linked to increased
respiratory disease prevalence?*. The U.S. Environmental Protection Agency (EPA) has identified it as an
important environmental factor associated with non-cancerous respiratory conditions**-32.Beyond exogenous
exposure, acrolein can be endogenously generated through lipid peroxidation and polyamine oxidation?. It
is primarily metabolized via conjugation with glutathione (GSH) in the liver, followed by N-acetylation in the
kidneys to form S-(3-oxopropyl)-N-acetylcysteine, which is further metabolized into 3HPMA. Additionally,
acrolein undergoes oxidative metabolism, producing the minor metabolite CEMA-36,

Acrolein has been reported to interact with proteins, lipids, and DNA, contributing to oxidative damage,
cell death, and mitochondrial dysfunction®”-*>. Additionally, it may interfere with the antioxidant system by
binding to sulthydryl groups*"*2. Acrolein exposure has also been associated with alterations in cellular signaling
pathways, where the PI3 K/AKT pathway may promote cell survival in acrolein-induced cytotoxicity, while
the MAPK-ERK pathway is thought to facilitate cell death*®*”. Moreover, acrolein exposure has been linked to
endothelial dysfunction*®.Studies further suggest that acrolein may influence blood pressure regulation***’, and

epidemiological evidence indicates potential associations with systemic inflammation and dyslipidemia®"

CEMA

CEMA had a high weight of 0.16 in WQS and showed a statistically significant association with MI in RCS. It
primarily originates from both vinyl chloride and acrolein metabolism, where cytochrome P450 2E1 (CYP2E1)
oxidizes vinyl chloride into a reactive epoxide, which can bind to DNA and proteins or be further metabolized
into CEMA®> Additionally, acrolein metabolism may contribute to urinary CEMA formation through oxidative
pathways>*-3¢.Vinyl chloride, widely used in polyvinyl chloride production, is an environmental contaminant
found in groundwater, air, and indoor environments®>~>%> Due to its prevalence and potential health risks, it ranks
high on the ATSDR hazardous substances list®. Biologically, vinyl chloride is mutagenic, linked to chromosomal
aberrations, and classified by the IARC as a risk factor for hepatic angiosarcoma and hepatocellular carcinoma®.
It has also been associated with insulin resistance (IR) in both occupational and experimental settings®®.
IR contributes to carotid atherosclerosis, endothelial dysfunction, and inflammation, all of which are linked
to CVD risk®-%4.The association between CEMA and MI may reflect contributions from mutagenicity, IR,
oxidative stress, and atherosclerosis-related pathways. Further research is needed to delineate these mechanisms
and clarify the relative contributions of vinyl chloride and acrolein metabolism to urinary CEMA levels.

DHBMA

DHBMA had the highest weight in WQS analysis and was significantly associated with MI in RCS analysis.
Urinary DHBMA is a biomarker of 1,3-butadiene (BD) exposure®. BD, a synthetic gas, is primarily used in
rubber manufacturing and rapidly evaporates in air®®. Major sources include vehicle exhaust, industrial activities,
forest fires, rubber and plastic combustion, drinking water contamination, and tobacco smoke®’. Indoor BD
levels vary based on smoking, traffic infiltration, vehicle emissions, and cooking®®. BD exposure mainly occurs
through inhalation. Once absorbed, BD undergoes CYP2EI-catalyzed oxidation to form 1,2-epoxy-3-butene,
which reacts with GSH to produce mercapturic acids. If hydrolyzed before conjugation, it forms DHBMA, the
predominant urinary BD biomarker, accounting for over 97%%"%. BD exposure has been linked to hematologic
and lymphatic malignancies”!, oxidative stress’?, and genotoxicity. It can induce DNA adducts, double-strand
breaks, and chromatin modifications’>’%.One study associated environmental BD exposure with blood pressure
changes in pregnant women’>, while another found a significant link between BD exposure, endothelial
dysfunction, and increased diastolic blood pressure’®. Future research should further investigate the biological
mechanisms linking BD exposure to cardiovascular health and assess the potential of DHBMA as a specific
biomarker for BD-related effects.

The WQS analysis showed that the risk of MI increased by approximately 20.4% (95% CI: 1.05,1.38) for each
unitincrease in WQS. In recent years, accumulating evidence suggested that environmental chemical carcinogens
may contribute to atherosclerosis development by causing DNA damage in circulating and blood vessel wall
cells. Moreover, these chemicals can induce mitochondrial DNA damage, which serves as an endogenous source
of oxidative stress. This endogenous oxidative stress was considered the primary mechanism of mutation-related
atherosclerosis, resulting in the development and instability of plaques’’. Therefore, exposure to VOCs may be a
risk factor for M1, especially promoting atherosclerosis and MI by inducing oxidative stress and DNA damage.
Future research should further clarify the correspondence between mVOCs and their precursor VOCs and
investigate the specific mechanisms by which certain VOCs affect the cardiovascular system. This will facilitate
more precise identification of emission sources and the optimization of air quality management strategies.

There are several strengths in our study. According to available information, this is the first study examining
the correlation between 19 urinary mVOCs and MI using a nationally representative sample of U.S. adults.
In addition, the four positives, CYMA, 3HPMA, CEMA, and DHBMA, showed positive results related to MI
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«Fig. 2. Restricted cubic spline regression analysis of urinary metabolites of volatile organic compounds and
myocardial infarction. Note: The solid red line represents the estimated association between urinary metabolite
levels and the odds of myocardial infarction (MI), based on restricted cubic spline regression analysis. The
shaded red area indicates the 95% confidence interval (CI). The blue histogram shows the distribution
of urinary metabolite concentrations. The dashed black line at zero represents the reference point for no
association. P-values for the overall association and nonlinearity are provided for each metabolite.
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Fig. 3. Spearman correlation coefficients of 19 volatile organic compound metabolite concentrations.

in multiple modeling analyses. Furthermore, we explored the interaction between mVOCs. However, there
are several limitations in this study. Firstly, since this study was designed as an observational study, causal
relationships cannot be inferred from these data. Secondly, despite adjusting for covariates in regression
models, potential unmeasured confounding effects may have influenced the results. Factors such as genetic
predisposition, medication dosage and type, adequacy of CVD medications, and adherence to treatment were
not fully accounted for. Thirdly, the exact pathogenic mechanisms of VOCs and their metabolites in animals or
humans regarding MI have not been studied. Finally, since the study participants were adults from the U.S,, it is
essential to ascertain the transferability of the results to other populations.

Conclusion

This study identified a significant association between urinary mVOCs and MI incidence, suggesting that
VOC exposure may be related to MI risk. However, further research is required to elucidate the underlying
mechanisms and validate these findings.
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Fig. 4. Mixed effects of urinary metabolites of volatile organic compounds on myocardial infarction assessed
by weighted quantile sum regression. Note: The bar plot displays the weights of individual mVOCs in the WQS
index, indicating their relative contribution to the overall association with MI. The dashed horizontal line
represents the cutoff above which the weights are considered relatively influential within the WQS model.
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