ACS Partner Journal

ENVIRONMENT &

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

pubs.acs.org/EnvHealth

Association of Per- and Polyfluoroalkyl Substance Exposure with
Coronary Stenosis and Prognosis in Acute Coronary Syndrome

Haoran Li, ! Ming Yang,q[ Jiaxin Zhao,! Zhenzhen Tan, Longfei Li, Ziwen An, Yi Liu, Xuehui Liu,
Xiaoguang Zhang, Jingchao Lu, Ang Li,* and Huicai Guo™

Cite This: Environ. Health 2025, 3, 291-307 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

| Results |

PEOS
E, Nonfatal

ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) have been associated
with an increased risk of acute coronary syndromes (ACS), but the influence on
the degree of coronary stenosis and prognosis is unclear. This study enrolled 571
newly diagnosed ACS cases and investigated the association of 12 PFAS with ° e —
coronary stenosis severity and prognosis. Coronary stenosis was assessed via ¢ | g] 5 lm";sfb'g'\iws e ) = B
Gensini score (GS) and number of lesioned vessels (LVN). Prognosis was g Cuteome | E—TE—
estimated by tracking major adverse cardiovascular events (MACE). Statistical
analyses included ordered logistic regression, Cox regression, threshold effect
models, Bayesian kernel machine regression, and quantile g-computation models.
The adverse outcome pathway (AOP) framework was applied to reveal the
underlying mechanism. The results showed positive association between
perfluorooctanesulfonic acid (PFOS) and coronary stenosis, with an odds ratio
(95% confidence interval, CI) of 1.33 (1.06, 1.67) for GS and 1.36 (1.08, 1.71)
for LVN. PFOS significantly increased the incidence of poor prognosis, with hazard ratios (95% CI) of 1.96 (1.34, 2.89) for MACE.
Threshold effects were observed for PFAS on coronary stenosis and prognosis, with PFOS thresholds of 4.65 ng/mL for GS, 4.54
ng/mL for LVN, and $.14 ng/mL for MACE, and 5.03 ng/mL for nonfatal myocardial infarction. PFAS mixture exposure increased
the occurrence of MACE and nonfatal myocardial infarction. The AOP framework shows that PFAS may impact protein binding, the
cytoskeleton, multicellular biological processes, and heart function. In summary, our study revealed the adverse effects of PFAS on
the degree of coronary stenosis and prognosis in ACS and identified potentially relevant molecular loci.
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1. INTRODUCTION present, ACS is one of the leading causes of death from
cardiovascular disease.”'® Nonetheless, in recent years, the
influence of environmental factors on ACS has garnered
increasing attention, such as the PFAS mentioned above.'!
Previous studies have demonstrated the association between
PFAS and ACS risk. In a case-control study, we observed that
being exposed to PFOS and PFOA was associated with a
greater risk of ACS, with odds ratio (OR) (95% confidence
interval, CI) of 1.77 (1.15, 2.72) for PFOS and 1.51 (1.07,
2.15) for PFOA, respectively.'” Although the role of PFAS as a
risk factor for ACS is established, the role of PFAS congeners
and its mixtures in the degree of coronary stenosis and
prognosis of ACS remains undefined. Although the role of
PFAS as a risk factor for ACS is established, several critical

Per- and polyfluoroalkyl (PFAS) are widely prevalent in
various industrial and consumer categories, including nonstick
coatings, water-resistant textiles, and firefighting foams.
Humans are primarily exposed to PFAS through the
consumption of contaminated food and water, as well as
with products containing these chemicals. Human biomonitor-
ing has shown widespread exposure and accumulation of PFAS
in the human body, with perfluorooctanesulfonic acid (PFOS)
being one of the most abundant.” The global distribution and
chemical diversity of PFAS has raised concerns about their
potential health risks, including cardiovascular effects.” PFAS
exposure can cause adverse cardiovascular effects, including
atherosclerotic plaque formation, hypertension, and disorders
of lipid metabolism.*~”

Previous research on cardiovascular disease has identified Received: August 29, 2024
acute coronary syndrome (ACS) as one of the most prevalent Revised:  November 20, 2024
acute cardiovascular events. ACS encompasses a series of Accepted: November 22, 2024
cardiovascular conditions associated with a sudden reduction Published: December 3, 2024
in intracoronary blood flow, which ultimately leads to
myocardial ischemia and, in severe cases, infarction.® At
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questions remain unanswered, particularly regarding the
impact of PFAS on the severity and outcomes of ACS. This
prompted us to focus on the influence of PFAS exposure on
the degree of coronary stenosis and the prognosis of ACS
patients.

The degree of coronary stenosis is directly related to the
severity of ACS. Evidence shows that exposure to PFAS could
potentially promote coronary artery stenosis and atheroscler-
otic plaque formation by inducin§ an inflammatory response
and platelet accumulation."”'" Studies have shown a
connection between PFAS and diseases including diabetes,
hyperlipidemia, and hypertension, all of which might worsen
the coronary stenosis of ACS."> Given these connections, an
investigation into the impact of PFAS on coronary stenosis is
essential for understanding how environmental exposures may
influence the progression of ACS. Furthermore, after the initial
episode of ACS, the probability of major adverse cardiovas-
cular events (MACE) was elevated. MACE is a key indicator of
prognosis following ACS. It is a composite outcome of serious
cardiovascular events including cardiovascular death, recurrent
myocardial infarction, ischemic stroke, or unplanned repeat
revascularization procedures, leading to a deterioration in
prognosis. Several studies have indicated that PFAS may
disrupt coronary blood flow and oxygenation through
endothelial cell injury and vascular dysfunction, potentially
increasing the risk of MACE."®'” However, there is a lack of
studies investigating the impact of PFAS on prognosis, i.e., the
occurrence of MACE, in patients with ACS.

Humans are simultaneously exposed to complex mixtures of
PFAS in everyday life, yet most previous research has
predominantly utilized conventional single-chemical evalua-
tions. Advanced statistical methods such as Bayesian kernel
machine regression (BKMR) and quantile g-computation
(qgcomp) now allow assessment of complex interactions and
cumulative effects in PFAS mixtures.'”"” Although some
studies have shown a linear dose—response trend between
PFAS and health outcomes, emerging evidence shows a
nonlinear relationship marked by the presence of a threshold
level of exposure that triggers significantly intensified biological
changes.” The precise definition of thresholds is essential to
characterize risk, especially in susceptible populations, and to
provide guidance on health protection from PFAS. Current
threshold studies have examined the relationship between
PFAS and depression and metabolic syndrome, as well as its
impact on immunosuppression in specific populations.”' >
Given our previous findings on PFAS and ACS, investigating
potential thresholds for PFAS effects on coronary stenosis and
prognosis in ACS patients is important for precise prevention
and improved patient management.

To further elucidate the biological mechanisms of PFAS-
induced cardiovascular effects, the adverse outcome pathway
(AOP) framework provides a valuable tool. The AOP is an
innovative risk assessment tool to integrate and delineate
toxicological effects within biological tissues.”* It follows a
standardized structure comprising a molecular initiating event
(MIE), key events (KEs), and an adverse outcome (AQO), as
outlined by Ankley et al.** Toxicologists have employed the
AOP framework to evaluate the biological pathways through
which chlorinated organophosphorus flame retardants induce
lung function deterioration” and arsenic exposure contributes
to the onset of nonalcoholic fatty liver disease,” aiding in
threat and risk assessment. By employing the AOP framework
to PFAS exposure and ACS, we can systematically predict the
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occurrence and progression of ACS, better understand the
underlying molecular mechanisms, and establish a more robust
basis for risk assessment.

We have found an association between PFAS exposure and
the risk of ACS, but it is unclear whether PFAS exposure
further affects prognosis by influencing the degree of coronary
stenosis in patients with ACS. Therefore, in the present study,
we explore the potential relationship between PFAS and the
degree of coronary stenosis and prognosis in patients with
ACS. The study encompassed an evaluation of mixture effects,
threshold effects, and molecular mechanisms between PFAS
with degree of coronary stenosis and prognosis in ACS. The
AOP framework is used to investigate the underlying molecular
mechanisms. We hypothesized that PFAS would exhibit a
threshold effect on the degree of coronary stenosis at baseline
and adverse cardiovascular outcomes during follow-up.

2. METHOD
2.1. Study Participants

This study consecutively enrolled patients at the Second
Hospital of Hebei Medical University in Shijiazhuang, Hebei,
China, between January 2022 and August 2022. The inclusion
criteria for participants were as follows. 1) patients aged
between 18 and 80 years; 2) patients whose ACS has begun no
more than 24 h before admission; 3) patients devoid of any
prior ACS diagnosis;”’ 4) patients with no history of
occupational exposure. Occupational exposure is defined as
current or past employment in industries known for high PFAS
use or production, including fluorochemical manufacturing,
firefighting services using PFAS-containing foam, and facilities
producing or using PFAS based products.”® The exclusion
criteria comprised malignancy, heart valve disease, cardiomy-
opathy, history of coronary artery bypass surgery and
percutaneous coronary intervention, acute hepatic, renal failure
severe diseases like serious infectious. Acute coronary
syndromes are comprised of acute myocardial infarction
(ICD-10, code I121) and unstable angina (ICD-10, code
T20.0).>” Two professional cardiologists administered diag-
nostic examinations for ACS according to the European
Society of Cardiology (ESC) 2020 guidelines for ACS based
on the patient’s clinical symptoms, myocardial enzymes, and
electrocardiographic changes.*

Originally, 642 patients with newly diagnosed ACS were
enrolled. After excluding 14 patients with malignancy, 6
patients with heart valve disease, 15 patients with cardiomy-
opathy, 4 patients with acute liver and kidney impairment, 24
patients with renal insufficiency, and 8 patients with severe
disease, 571 participants were eventually included in this study.
The number of participants met the required sample size (Text
S1). After their discharge, ACS patients were longitudinally
followed for about one year. Specific follow-up and prognostic
outcomes are elucidated in Section “2.2.2.2. Evaluation of the
Prognosis of ACS”. All participants have provided written
consent to participate in the study. The study was approved by
the Ethics Committee of the Second Hospital of Hebei
Medical University (No., 2021-R510). All subjects signed an
informed consent form.

2.2. Data Collection
2.2.1. PFAS Measurement. Approximately 2 mL of blood
was drawn from each participant on a fasting basis prior to

coronary angiography and centrifuged at 3000 X g for 10 min
to extract the plasma, and subsequently frozen at —80 °C until
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analysis. The method of determining PFAS concentrations in
plasma was described in our previous work."” Specifically, 200
uL of plasma was mixed with 4 ng of mass-labeled standards of
perfluorooctanoic acid (PFOA). Afterward, an addition of 400
puL acetonitrile containing 1% formic acid was introduced,
followed by a vertexing period of 1 min and a 10 min
sonication step. The resultant supernatant was then passed
through a 0.22 um filter membrane, thereby preparing it for
subsequent analysis. A total of 12 PFAS were measured in this
study, including PFOA, PFOS, perfluorobutanoic acid (PFBA),
perfluoropentanoic acid (PFPeA), perfluorohexanoic acid
(PFHxA), perfluoroheptanoic acid (PFHpA), perfluoronona-
noic acid (PFNA), perfluorodecanoic acid (PFDA), perfluor-
oundecanoic acid (PFUnDA), perfluorododecanoic acid
(PFDoA), perfluorobutanesulfonic acid (PFBS), perfluorohex-
anesulfonic acid (PFHxS).

Before performing the analysis, the solvent and analysis
vessel were inspected and no measurable PFAS was detected.
For quality control purposes, quality control (QC) samples
were assessed. For every 20 samples, one QC sample was run,
and the results were deemed acceptable if the fluctuation in
this sample was less than 15%. The details of the instrumental
analysis and methodological validation are detailed in the
Supporting Information (Text S2, Table S1, Table S2).

2.2.2. Assessment of Outcomes. 2.2.2.1. Evaluation of
the Degree of Coronary Stenosis of ACS. Coronary
angiography provides accurate visualization of coronary artery
stenosis and atherosclerotic plaque burden. Coronary angio-
grams were obtained using an angiography system (Philips,
The Netherlands) and quantitative coronary angiographic
analysis of atherosclerotic plaques and luminal stenoses was
performed using a companion software system according to
standard operating procedures.’’ The coronary angiograms
were analyzed and evaluated by two experienced cardiologists.
We quantified the degree of coronary stenosis in ACS using
the Gensini score (GS) system and the number of lesioned
vessels (LVN).>>*” The GS is a widely used assessment index
that has been extensively validated in the Chinese popula-
tion.”* GS provides a comprehensive angiographic assessment
that considers not only the degree of coronary luminal stenosis,
but also the location of the lesion. The cumulative GS score,
weighted by stenosis severity and vessel segment coefficients,
provides a comprehensive picture of the overall status of
coronary artery disease. In addition, LVN, which is the number
of major coronary arteries with angiographic stenosis >50%, is
another widely used metric to assess the degree of coronary
stenosis. The LVN is simple and easy to use in clinical practice.
It provides a quick and effective measure of the extent of
disease and demonstrates the full complexity of ACS.

In the Gensini scoring system, a lesion is defined as
significant when it causes >1% reduction in luminal diameter.
The severity is scored as follows: 1%—25% obstruction receives
a score of 1, with the score doubling as the severity of
obstruction progresses through 25%—50%, 50%—75%, 75%—
90%, 90%—99%, and 100% diameter reduction, corresponding
to scores of 2, 4, 8, 16, and 32, respectively.3’5 These scores are
subsequently multiplied by the coefficients designated for each
coronary artery and its corresponding segments. The GS for
each participant is obtained by accumulating all the scores.
Based on the GS, we stratified the study participants into four
groups.36 Participants presenting no coronary artery stenosis
were classified as GS 0. Those with a GS greater than zero were
further divided into three groups (trichotomies): GS 1, with
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scores equal to or less than 17; GS 2, with scores between 18
and 40; and GS 3, comprising scores above 40. Treating GS as
a categorical variable, improves the applicability and
interpretability of the degree of coronary stenosis in ACS in
clinical and research settings, simplifies statistical analysis, and
provides a practical approach to assessing the degree of
coronary stenosis of ACS.>*

Coronary vessel stenosis is categorized as single, double, or
multiple based on significant narrowing in the main coronary
arteries: single vessel stenosis involves one artery, double vessel
stenosis involves two, and multiple vessel stenosis involves
more than two.”” The predominant coronary arteries comprise
the left main trunk, left anterior descending artery, left
circumflex artery, and right coronary artery.g’8 In accordance
with GS’s treatment, we also subsequently analyzed LVN as a
categorical variable. For this investigation, we categorized the
study participants into four groups, depending on the number
of major coronary arteries exhibiting stenosis.’”*’ These
groups comprised LVN 0, representing no coronary artery
stenosis; LVN 1, signifying single-vessel stenosis; LVN 2,
denoting double-vessel stenosis; and LVN 3, indicating
multivessel stenosis. GS and LVN are important indicators
for a comprehensive evaluation of the degree of coronary
stenosis in patients with ACS. Each possess distinct advantages
in assessing the degree of coronary stenosis, and the
combination of the two measures provides a complementary
quantitative assessment of the degree of coronary stenosis in
the ACS.

2.2.2.2. Evaluation of the Prognosis of ACS. Twelve
months after discharge, ACS patients were followed up, mainly
through telephone interviews and review of medical records.
During the follow-up period, 154 cases were lost to follow-up
and 417 cases were eventually available for statistical analysis,
resulting in a follow-up rate of 73%. The median duration of
follow-up in this study was 16.4 months (interquartile range,
IQR 14.6—18.0 months). The incidence of MACE served as
the main end point in this study, in accordance with the ESC
guidelines for the management of acute coronary syndromes."’
MACE was defined as a composite of cardiovascular death,
nonfatal myocardial infarction, stroke, and coronary revascula-
rization (e.g,, percutaneous coronary intervention or coronary
artery bypass grafting).”” The secondary end points of this
study were nonfatal myocardial infarction and coronary
revascularization. Due to the low incidence rate, individual
events such as deaths were not analyzed separately.

2.2.3. Covariate Collection. Demographic and clinical
data on all participants were gathered by trained researchers.
We employed a standardized questionnaire to obtain
demographic and other information, including age (continu-
ous), sex (male, female), body mass index (BMI), smoking
(yes, no), drinking (yes, no), education level (illiterate, primary
to high school, university and above). In this study, the
smoking was identified as individuals who had smoked at least
100 cigarettes in their lives, and the nonsmoking was identified
as persons who had never smoked or smoked less than 100
cigarettes in their lives. The drinking was identified as having
consumed at least 12 alcoholic drinks in someone’s lifetime,
and the nondrinking was considered as having consumed less
than 12 alcoholic beverages. The BMI was computed by
dividing the body weight in kilograms by the square of the
height in meters (kg/m?).

https://doi.org/10.1021/envhealth.4c00166
Environ. Health 2025, 3, 291-307
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2.3. Statistical Analysis

2.3.1. Descriptive Statistics. Continuous variables were
represented as mean =+ standard deviation (SD) for normally
distributed data and median and IQR for non-normally
distributed data. Categorical data, on the other hand, were
presented as frequencies (percentages). One-way ANOVA was
used for continuous variables that followed a normal
distribution, Kruskal-Wallis H-test for those that did not,
and the chi-square test for categorical variables. These tests
aimed to discern disparities in demographic variables and
PFAS exposure levels across the group of GS and LVN. PFAS
with a detection rate >80% were incorporated into the
subsequent statistical study, including PFOA, PFOS, PFNA,
PFHxS, PFUnDA, and PFDA. For these six PFAS,
concentrations that were below the LOD were substituted
with LOD/ \/ 2. To decrease the skewness of the distribution,
the plasma PFAS concentrations underwent a natural Ln
transformation in subsequent analyses.

2.3.2. Single Pollutant Analysis. The ordered logistic
regression analysis was conducted to evaluate the association
between each PFAS and the degree of coronary stenosis of
ACS. The OR (95% CI) was computed in relation to the per
unit increase in Ln-transformed PFAS concentrations. A test of
parallel lines assumption in ordinal logistic regression
confirmed the appropriateness of this model (P > 0.05),
ensuring consistency of the relationships across the degree of
coronary stenosis in each category of ACS. In regression
models, PFAS was considered as continuous or categorical
variable, separately. When treated categorically, plasma PFAS
concentrations were divided into tertiles, with the first tertile
serving as the reference group. Moreover, a linear trend test
was conducted by incorporating the median of each PFAS
tertile as a continuous variable. Three distinct regression
models were developed, each employing a different strategy for
covariates adjustments: crude model, Model 1, and Model 2.
The crude model did not adjust for covariates. Model 1
adjusted for age, sex, and BMI. Model 2, perceived as the core
model in this analysis, adjusted for smoking, drinking, and
education level based on Model 1. Additionally, the stratified
analysis was performed, by sex (male, female) and age (<50, >
50). P-values were adjusted with the false discovery rate (FDR)
method for multiple comparisons.

Survival analyses were performed by applying Cox propor-
tional hazards models to assess the association between PFAS
exposure and the occurrence of MACE, myocardial infarction,
and coronary revascularization. Hazard ratios (HR) and 95%
CI were calculated. Consistent with the ordered logistic
regression analysis, we employed three different models and
considered PFAS as a continuous or categorical variable. The
lost data were uniformly treated as right-censored data.
Additionally, a linear trend was also assessed using the median
of each PFAS tertile as a continuous variable.

To evaluate the dose—response correlation between PFAS
concentrations and the degree of coronary stenosis and
prognosis in ACS, a restricted cubic spline regression was
implemented. To accurately capture the subtle nonlinear
relationship between PFAS and the degree of coronary
stenosis, GS and LVN were included in the model as
continuous variables. The regression model was furnished
with a three-knot restricted cubic spline, with knots positioned
at the 25th, 50th, and 75th percentiles.43 The 25th PFAS
concentration was established as the reference point within the
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model. The model adjusts for covariates consistent with the
core model.

2.3.3. Threshold Effect Analysis. In the present study, an
analysis was also performed to investigate potential threshold
effects. Typically, there are four models employed for
investigating threshold effects, including step, hinge, seg-
mented, and stegmented models.** Based on the preliminary
fitting of the RCS, the hinge and segmented models were more
consistent with our a priori knowledge and data distribution, so
we chose these two models to explore the threshold effect.
Both the hinge and segmented models are based on segmental
regression techniques. The hinge model, a type of segmented
linear regression, is designed to identify a threshold within the
data. Beyond this threshold, the relationship between the
dependent and independent variables changes significantly.
The segmented model extends the hinge model by allowing a
nonzero slope across the identified threshold, providing greater
flexibility to capture the nuances of data relationships. In the
framework of generalized linear regression, the mean functions
of these two threshold models can be written as follows:

hinge
Y=a+ aZ + pIX - 0],

segmented
Y=o+ aZ + p[X - 0], + yx

where Y is the outcome variable, X is the exposure variable, 6 is
the threshold parameter, Z is the additional predictor, and [X
— 0], denotes the hinge function, equal to X — 6 if X > € and 0
otherwise.

The hinge and segmented models can capture and delineate
complex nonlinear relationships in the data set more accurately
than previous methods of visual assessment. In addition, we
performed hypothesis tests on the slopes of these models. If
the slope before the turning point was not significantly
different from zero (confidence interval not encompassing
zero), we consider the use of the hinge model, otherwise, we
opted for the segmented model. There are two common
methods for determining the turning point: the exact and the
smooth method. The primary distinction between these
methodologies is in their treatment of the change point. The
exact method does not require a starting value at the change
point to find the global optimal solution, whereas the smooth
method allows for flexibility at the turning point. For this
study, the choice of the exact method was due to its ability to
provide a globally optimal solution.* In this analysis, the
degree of coronary stenosis and prognosis were included in the
model as categorical variables, with adjustments for covariates
consistent with the core model.

2.3.4. Mixture Analysis. Qgcomp and BKMR models
were adopted to explore the mixture effect of PFAS on the
degree of coronary stenosis and prognosis in ACS. The
qgcomp handles nonlinear and heterogeneous exposure-
outcome associations, assigning weights to each component
within the PFAS mixture to explicate their relative contribu-
tions to the degree of coronary stenosis and prognosis. It is
worth noting that, irrespective of their directionality, the sum
of the absolute values of these weights for both positive and
negative values is equal to 1, respectively.'” The results are
presented as OR (95% CI) for the effects on the degree of
coronary stenosis and prognosis when the concentration of all
compounds within the PFAS mixture increases by a quarter.

https://doi.org/10.1021/envhealth.4c00166
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The model adjusts for covariates consistent with the core
model.

Although the qgcomp is advantageous in estimating the joint
effect on outcomes when all exposures are increased by a
quantile concurrently, it falls short in directly depicting dose—
response relationships for such mixture effects. Therefore, the
BKMR model was adopted to further probe the connection
between PFAS mixture exposure and the degree of coronary
stenosis and prognosis in ACS. The BKMR model utilizes a
kernel function in Bayesian inference to elucidate the intricate
associations between exposure variables and health out-
comes.'® The derivation of the dose—response relationship
involves comparing all chemicals at a given percentile
(escalating from 2S5 to 75 by S) with all chemicals at the
S0th percentile, ascertained through 10,000 Markov Chain
Monte Carlo iterations. Moreover, the BKMR model is capable
of pinpointing vital PFAS congeners via an innovative
hierarchical variable selection process. The posterior inclusion
probability (PIP) of each PFAS, as estimated by the BRMR
model, signifies the relative importance of each PFAS to the
composite effect of the mixture. The PIP serves as an indicator
of the variable’s importance, with a maximum value of 1.0. The
PFAS congener with a PIP of 0.5 or above is deemed
predominant. In this model, the exposure variables were
treated as continuous variables, and covariate adjustments were
the same as in the core model.

2.3.5. Sensitivity Analysis. Sensitivity analyses were
performed to ascertain the robustness of the research findings.
ACS conspicuously afflicts an older demographic, whereas
individuals younger than 30 years commonly demonstrate a
significantly diminished propensity for such disorders.*’
Moreover, individuals with a BMI exceeding 30 kg/m2 are
categorized as obese, a demographic notoriously predisposed
to ACS."” We executed these analyses after the exclusion of
data about individuals under the age of 30 or those presenting
a BMI surpassing 30 kg/m? By eliminating this younger or
obese participants, we focused our research on older or
nonobese populations that are more susceptible to ACS.

2.4. Adverse Outcome Pathway Framework Construction

To further explain the underlying mechanism of the effects of
PFAS exposure on the degree of coronary stenosis and
prognosis in ACS, we conducted a conceptual framework for
toxicological research, the Adverse Outcome Pathway (AOP).
The AOP provides a consistent structure and terminology for
organizing our understanding of ecotoxicology across bio-
logical tissue levels, thus facilitating more effective application
and integration of diverse information and identification of
critical uncertainties and research needs.”® A series of events
constitute the AOP, starting with molecular initiating events
(MIEs) and connecting to key events (KEs) at multiple levels
(e.g, molecules, cells, tissues, and organs) and ending with
adverse outcomes (AO).48

2.4.1. Identification of the Potential MIEs. First, PFAS-
related genes (PFAS-set) were obtained in CTD using the full
names of the 12 PFAS measured in this study on December
2023. Second, ACS-related genes (ACS-set) were constructed
with the genes retrieved from Gene Cards (https://www.
genecards.org/) with the keyword “acute coronary syndrome”.
Then, to identify genes with high relevance to the outcome, we
used the GeneCards Inferred Functionality Score (GIFtS) and
relevance score (GIFtS > 20, relevance score 220).25 Finally,
the gene landscape, specifically the overlap of genes between
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the PFAS-set and the ACS-set, was examined in the Genotype-
Tissue Expression (GTEx) Portal (https: //gtexportal.org/
home/). Potential MIEs were identified by focusing on genes
exhibiting a high abundance in heart tissue compared to other
tissues; for instance, genes ranking in the top 10 for expression
across various tissues, with a particular emphasis on the heart.

2.4.2. Identification of the Potential KEs. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment were conducted using R package
“clusterProfiler” to elucidate phenotypes (MIEs) establishing
connections between PFAS and ACS. Following this, the R-
annotated phenotypes underwent further refinement, with a
focus on identifying those highly correlated with heart disease,
thus pinpointing potential KEs.

2.4.3. Construction of the AOP Framework. We
manually searched GO items of the potential KEs in the
AmiGO 2 database (http://amigo.geneontology.org/amigo) to
explore the ancestor chart, and ranked in subcellular, cellular,
and system levels."” Further, based on empirical and literature
evidence, the hierarchical and biological relationships of KEs
were identified, and an AOP framework was constructed.

3. RESULT

3.1. Population Characteristics

Table 1 delineates the baseline demographics of patients
afflicted by ACS. These participants, with an age distribution

Table 1. Baseline Demographic Characteristics and
Longitudinal Follow-Up of the ACS Study Cohort”

Variables Total (n = 571)

Age, years, mean + SD 55.9 + 10.6
Sex, n (%)

Male 363 (63.6)

Female 208 (36.4)
BMI, kg/m? mean + SD 263 + 3.2
Educational level, n (%)

Illiterate 144 (25.2)

Primary to high school 309 (54.1)

College and beyond 118 (20.7)
Smoking, n (%)

Yes 229 (40.1)

No 342 (59.9)
Drinking, n (%)

Yes 201 (35.2)

No 370 (64.8)
Prognosis follow-up, n (%)

MACE 66 (15.83)

Nonfatal myocardial infarction 20 (5.80)

Coronary revascularization 30 (7.19)

“Abbreviations: SD: standard deviation; BMI: body mass index;
MACE: major adverse cardiovascular event.

centered around 55.9 + 10.6 years, of whom 63.3% were male.
Description of the basic characteristics within the research
group, stratified by the GS and LVN, are elucidated in Table
S3 and Table S4. The disparities are discernible across
demographics within the group of GS and LVN, including age,
sex, and smoking. The follow-up results showed that the
incidence of MACE was 15.83%, including 5.80% for nonfatal
myocardial infarction and 7.19% for coronary revascularization,
as shown in Table 1.
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Table 2. Results of the Association between PFAS and GS“

Categorical PFAS levels

OR (95% CI) P-FDR Tl
Crude”
PFOA 0.89 (0.68, 1.16) 0.377 ref
PFOS 1.56 (1.25, 1.94) <0.001 ref
PFNA 1.10 (0.90, 1.35) 0.354 ref
PFHxS 1.16 (0.98, 1.36) 0.076 ref
PFUnDA 0.89 (0.79, 1.01) 0.082 ref
PFDA 0.95 (0.80, 1.13) 0.548 ref
Total PFAS 1.47 (1.09, 1.97) 0.011 ref
Model 1°
PFOA 0.91 (0.69, 1.19) 0.648 ref
PFOS 1.34 (1.07, 1.68) 0.016 ref
PFNA 1.07 (0.86, 1.33) 0.700 ref
PFHxS 1.02 (0.86, 1.21) 0.804 ref
PFUnDA 0.90 (0.79, 1.03) 0.167 ref
PFDA 0.98 (0.82, 1.17) 0.798 ref
Total PEAS 1.28 (0.94, 1.73) 0.149 ref
Model 2¢
PFOA 0.91 (0.69, 1.20) 0.594 ref
PFOS 1.33 (1.06, 1.67) 0.034 ref
PFNA 1.07 (0.86, 1.34) 0.613 ref
PFHxS 1.03 (0.87, 1.21) 0.763 ref
PFUnDA 0.90 (0.79, 1.03) 0.181 ref
PFDA 0.99 (0.83, 1.18) 0.891 ref
Total PFAS 1.28 (0.95, 1.74) 0.150 ref

T2 T3 Pyeng-FDR
0.94 (0.66, 1.35) 0.81 (0.56, 1.16) 0239
1.25 (0.87, 1.79) 1.98 (1.38, 2.85) <0.001
1.18 (0.82, 1.68) 1.19 (0.83, 1.70) 0.572
1.27 (0.88, 1.82) 1.46 (1.02, 2.09) 0.054
0.83 (0.58, 1.18) 0.93 (0.65, 1.34) 0.748
0.83 (0.8, 1.20) 1.03 (0.72, 1.47) 0.866
1.35 (0.94, 1.94) 1.54 (1.08, 2.21) 0.024
0.88 (0.61, 1.27) 0.81 (0.56, 1.17) 0.363
1.14 (0.79, 1.64) 1.61 (1.11, 2.34) 0.012
1.17 (0.81, 1.68) 1.06 (0.74, 1.53) 0.918
1.14 (0.79, 1.64) 1.11 (0.77, 1.62) 0.812
0.83 (0.58, 1.20) 0.97 (0.67, 1.40) 0.961
0.87 (0.60, 1.25) 1.02 (0.71, 1.47) 0.802
1.26 (0.87, 1.82) 1.31 (0.91, 1.89) 0.247
0.88 (0.61, 1.27) 0.80 (0.55, 1.15) 0315
1.10 (0.77, 1.59) 1.60 (1.10, 2.31) 0.004
1.17 (0.81, 1.68) 1.05 (0.73, 1.52) 0.905
1.18 (0.81, 1.70) 1.09 (0.75, 1.59) 0.887
0.82 (0.57, 1.18) 0.96 (0.67, 1.40) 0.991
0.86 (0.59, 1.24) 1.02 (0.71, 1.48) 0.847
1.25 (0.87, 1.81) 1.30 (0.90, 1.88) 0.254

“Notes: Bold denotes statistically significant associations. Abbreviations: GS: gensini score; P-FDR: false discovery rate adjusted P value; Py q: P
for trend; P.,q-FDR: false discovery rate adjusted P for trend; ref: reference; T1: the first tertile; T2: the second tertile; T3: the third tertile.
bCrude, unadjusted for covariates. “Model 1, adjusted for age, sex, and BML “Model 2, adjusted for smoking, drinking, and educational level based

on Model 1.

3.2. Distribution of PFAS Exposure Levels

Table S5 explicates the exposure levels of plasma PFAS in the
study population. Six PFAS were detected at over 80%, with
median concentrations ranging from 0.39 to 5.56 ng/mL.
Among these, PFOS presents the highest median concen-
tration, followed closely by PFOA. The PFAS exposure levels,
stratified by the degree of coronary stenosis of ACS, are
provided in Table S6 and Table S7, with PFOS revealing
significant variations across the GS and LVN.

3.3. Singular Pollutant Analysis

Table 2 presents the results of the association between PFAS
exposure and GS. When PFAS was considered as a continuous
variable, PFOS demonstrated a significant positive correlation
with GS in the three models with OR (95% CI) of 1.56 (1.25,
1.94), 1.34 (1.07, 1.68) and 1.33 (1.06, 1.67), respectively. In
the PFAS tertiles model, PFOS was significantly associated
with GS in the highest tertiles relative to the lowest tertiles.

Table 3 shows the results of the association between PFAS
exposure and LVN. When PFAS was used as a continuous
variable, PFOS was significantly positively associated with the
number of lesioned vessels in the three models, with OR (95%
CI) of 1.57 (1.26, 1.95), 1.35 (1.07, 1.70) and, 1.36 (1.08,
1.71), respectively. Similarly, in the PFAS tertiles model, a
significant association was observed between the highest PFOS
tertile and LVN, relative to the lowest tertile.

Table 4, Table S, and Table S8 show the results of the
survival analyses. The results indicated that PFOS and total
PFAS were significantly and positively associated with the
occurrence of MACE and nonfatal myocardial infarction in all
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three models. After adjustment for all covariates, the HR (95%
CI) for PFOS and total PFAS with MACE were 1.96 (1.34,
2.89) and 2.46 (1.51, 4.01), respectively. The HR (95% CI) for
PFOS and total PFAS nonfatal myocardial infarction was 3.86
(2.00, 7.46) and 4.56 (1.99, 10.4S), respectively. In the PFAS
tertile model, PFOS and total PFAS in the highest tertile were
significantly associated with MEAC and nonfatal myocardial
infarction compared with the lowest tertile. However, there
was no significant association between PFAS and the
occurrence of coronary revascularization in the survival
analysis.

The results of stratified analyses are shown in Table S9 and
Table S10. Sex-stratified analysis reveals that, among males,
PFOS levels do not exhibit a significant relationship with GS
after adjusting for P-values, nonetheless a significant positive
correlation is observed with LVN. However, this association is
absent in the female. The age-stratified analysis demonstrates a
significant positive association between PFOS and GS and
LVN in individuals younger than 50 years of age. In contrast,
for those aged 50 and older, no significant association between
PFOS and GS is identified after P-value adjustment.

Figure S1 illuminates the dose—response correlation of
PFAS and the degree of coronary stenosis and prognosis. The
results reveal nonlinear correlation between several PFAS
components and the degree of coronary stenosis and
prognosis. Specifically, PFOS, PENA, PFUnDA, PFDA, and
total PFAS showed nonlinear associations with GS (Figure
S1A). PFOS and PFUnDA exhibited nonlinear relationships
with LVN (Figure S1B). Additionally, six PFAS demonstrated
nonlinear associations with MACE and coronary revasculariza-
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Table 3. Results of the Association between PFAS and LVN“

Categorical PFAS levels

OR (95% CI) P-FDR
Crude”
PFOA 0.82 (0.63, 1.07) 0.138
PFOS 1.57 (1.26, 1.95) <0.001
PENA 1.13 (0.92, 1.38) 0.244
PFHxS 1.21 (1.03, 1.43) 0.021
PFUnDA 0.88 (0.78, 1.00) 0.052
PFDA 0.89 (0.75, 1.06) 0.198
Total PFAS 1.40 (1.04, 1.88) 0.027
Model 1°
PFOA 0.84 (0.64, 1.10) 0.297
PFOS 1.35 (1.07, 1.70) 0.016
PFNA 1.11 (0.9, 1.37) 0.455
PFHxS 1.05 (0.89, 1.25) 0.632
PFUnDA 0.90 (0.79, 1.03) 0.166
PFDA 0.93 (0.77, 1.11) 0.551
Total PEAS 1.23 (0.90, 1.66) 0.251
Model 2¢
PFOA 0.84 (0.64, 1.10) 0.351
PFOS 1.36 (1.08, 1.71) 0.023
PFNA 1.11 (0.9, 1.38) 0.516
PFHxS 1.05 (0.89, 1.25) 0.698
PFUnDA 0.90 (0.79, 1.03) 0.269
PFDA 0.94 (0.78, 1.12) 0.672
Total PFAS 1.23 (091, 1.67) 0.423

T1

ref
ref
ref
ref
ref
ref

ref

ref
ref
ref
ref
ref
ref

ref

ref
ref
ref
ref
ref
ref

ref

T2 T3 P,..ns-FDR

1.03 (0.72, 1.49) 0.76 (0.53, 1.09) 0.096
1.14 (0.79, 1.63) 1.85 (1.29, 2.67) 0.001
1.35 (0.94, 1.94) 1.22 (0.85, 1.75) 0.751
1.21 (0.85, 1.74) 1.59 (1.10, 2.28) 0.018
0.79 (0.5S, 1.13) 0.86 (0.60, 1.24) 0.44

0.78 (0.54, 1.12) 0.89 (0.62, 1.28) 0.564
1.17 (0.81, 1.68) 1.54 (1.07, 2.21) 0.022
0.98 (0.68, 1.42) 0.77 (0.53, 1.12) 0.157
1.05 (0.73, 1.51) 1.52 (1.04, 2.21) 0.045
1.33 (0.92, 1.93) 1.10 (0.76, 1.60) 0.887
1.08 (0.75, 1.56) 1.17 (0.80, 1.70) 0.727
0.80 (0.5S, 1.15) 0.93 (0.64, 1.35) 0.656
0.81 (0.56, 1.17) 0.89 (0.62, 1.29) 0.664
1.07 (0.74, 1.54) 1.31 (0.90, 1.91) 0273
0.99 (0.68, 1.43) 0.77 (0.53, 1.11) 0214
1.04 (0.72, 1.49) 1.53 (1.05, 2.22) 0.075
1.33 (0.92, 1.93) 1.12 (0.77, 1.62) 0.805
1.09 (0.75, 1.58) 1.17 (0.80, 1.70) 0.749
0.80 (0.55, 1.16) 0.92 (0.63, 1.34) 0.743
0.82 (0.57, 1.19) 0.91 (0.63, 1.33) 0.851
1.06 (0.73, 1.54) 1.31 (0.90, 1.91) 0.362

“Notes: Bold denotes statistically significant associations. Abbreviations: LVN: the number of lesioned vessels; P-FDR: false discovery rate adjusted
P value; P, g: P for trend; P.,4-FDR: false discovery rate adjusted P for trend; ref: reference; T1: the first tertile; T2: the second tertile; T3: the
third tertile. *Crude, unadjusted for covariates. “Model 1, adjusted for age, sex, and BML “Model 2, adjusted for smoking, drinking, and educational

level based on Model 1.

tion (Figure S1C and Figure S1D), with total PFAS and PFOS
showing nonlinear associations with nonfatal myocardial
infarction (Figure S1E). The observed nonlinear dose—
response curves indicate that the effects of PFAS on
cardiovascular outcomes vary across different exposure levels.
The distinct inflection points in many of these curves suggest
the existence of critical exposure thresholds, which form the
foundation for conducting threshold analyses.

Table 6 shows the results concerning threshold effects,
unveiling notable threshold associations between PFAS and
the degree of coronary stenosis and prognosis. In the hinge
model, thresholds were identified for PFOS and total PFAS in
association with GS and nonfatal myocardial infarction.
Thresholds were also observed for PFOS in relation to LVN
and for six PFAS and total PFAS in connection with MACE.
Furthermore, thresholds for PFOA and total PFAS in relation
to coronary revascularization were also identified. In the
segmented model, thresholds were determined for PFOA,
PFNA, PFUnDA, and PFDA with GS and PFNA and PFHxS
with coronary revascularization.

3.4. Mixture Analysis

Figure 1 depicts the relationship between PFAS mixture and
degree of coronary stenosis and prognosis in the gqcomp
model. The results indicated that the odds of MACE and
nonfatal myocardial infarction increased significantly with each
order of magnitude rise in PFAS mixture content, with OR
(95% CI) of 1.55 (1.08, 2.23) and 2.16 (1.07, 4.35),
respectively. Furthermore, the gqcomp model showed that
PFOS exhibits the most significant positive impact on the
degree of coronary stenosis and prognosis, aligning with the
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findings of the logistic regression model. However, the PFAS
mixture does not show any significant effect on GS, LVN, and
coronary revascularization (Table S11), with the OR (95% CI)
0.99 (0.88, 1.13), —0.99 (0.94, 1.05), and 1.09 (0.66, 1.82) for
each quartile increase in the mixtures on the overall effect,
respectively.

Figure 2 illustrates the relationship between the PFAS
mixture and the degree of coronary stenosis and prognosis in
the BKMR model. The results showed a significant positive
association between PFAS mixtures and nonfatal myocardial
infarction. Furthermore, there was a rising trend in the effective
value of the PFAS mixture for GS, LVN, MACE, and coronary
revascularization over the SOth percentile. The results
regarding the selection of PIP variables for each PFAS in the
PFAS mixture in the BKMR model are shown in Table S12.
The PIP for PFOS was highest for LVN, MACE, and nonfatal
myocardial infarction, with PIPs of 0.887, 0.999, and 1.000,
respectively.

3.5. Sensitivity Analysis

The results of the sensitivity analysis are presented in Table
S13. When participants younger than 30 years of age and those
with a BMI greater than 30 kg/m? were excluded, respectively,
the association between PFAS and degree of coronary stenosis
remained consistent with the primary analysis. These results
revealed the robustness of the relationship between PFAS and
the degree of coronary stenosis.

3.6. Construction and Assessment of the AOP Framework
We obtained a total of 9870 genes related to 12 PFAS from the
CTD. As for the genes that contributed to ACS, 6939 genes
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Table 4. Results of the Association between PFAS and the Occurrence of MACE”

Categorical PFAS levels

HR (95% CI) P-FDR T1
Crude”
PFOA 1.26 (0.81, 1.95) 0.530 ref
PFOS 2.05 (1.41, 2.99) 0.001 ref
PENA 1.11 (0.77, 1.59) 0.810 ref
PFHxS 1.26 (0.94, 1.69) 0.277 ref
PFUnDA 1.01 (0.82, 1.25) 0.919 ref
PFDA 1.03 (0.76, 1.39) 0.919 ref
Total PFAS 2.55 (1.58, 4.11) 0.001 ref
Model 1°
PFOA 1.35 (0.87, 2.10) 0.372 ref
PFOS 1.96 (1.34, 2.87) 0.002 ref
PFNA 1.13 (0.79, 1.62) 0.620 ref
PFHxS 1.21 (0.90, 1.63) 0.372 ref
PFUnDA 1.06 (0.85, 1.32) 0.620 ref
PFDA 1.09 (0.81, 1.46) 0.620 ref
Total PEAS 2.50 (1.54, 4.04) 0.001 ref
Model 2¢
PFOA 1.30 (0.83, 2.04) 0.444 ref
PFOS 1.96 (1.34, 2.89) 0.002 ref
PFNA 1.09 (0.76, 1.58) 0.749 ref
PFHxS 1.19 (0.88, 1.61) 0.444 ref
PFUnDA 1.04 (0.84, 1.30) 0.749 ref
PFDA 1.05 (0.78, 1.41) 0.749 ref
Total PFAS 2.46 (1.51, 4.01) 0.002 ref

T2 T3 Pyena-FDR
0.56 (0.28, 1.11) 1.25 (0.72, 2.17) 0.600
0.40 (0.17, 0.98) 2.61 (1.48, 4.60) 0.001
0.46 (0.23, 0.92) 1.11 (0.65, 1.92) 0.674
0.95 (0.49, 1.84) 1.69 (0.94, 3.05) 0.172
0.43 (0.21, 0.87) 1.18 (0.69, 2.03) 0.972
0.63 (0.32, 1.23) 1.34 (0.76, 2.33) 0.620
0.49 (0.21, 1.15) 2.76 (1.55, 4.93) <0.001
0.57 (0.29, 1.13) 1.38 (0.79, 2.40) 0.356
0.40 (0.17, 0.97) 2.54 (1.42, 4.55) 0.003
0.48 (0.24, 0.95) 1.16 (0.67, 2.00) 0.591
0.96 (0.49, 1.86) 1.58 (0.86, 2.88) 0.306
0.46 (0.22, 0.94) 1.41 (0.81, 2.46) 0.599
0.69 (0.35, 1.37) 1.49 (0.84, 2.62) 0.356
0.50 (0.21, 1.17) 2.81 (1.56, 5.06) <0.001
0.55 (0.28, 1.09) 1.33 (0.76, 2.33) 0.452
0.41 (0.17, 1.00) 2.53 (1.41, 4.56) 0.003
0.45 (0.22, 0.90) 1.09 (0.62, 1.89) 0.687
0.89 (0.46, 1.75) 1.55 (0.84, 2.85) 0.336
0.45 (0.22, 0.92) 1.36 (0.78, 2.38) 0.687
0.65 (0.33, 1.29) 1.37 (0.77, 2.44) 0.531
0.50 (0.21, 1.18) 2.78 (1.53, 5.05) 0.001

“Notes: Bold denotes statistically significant associations. Abbreviations: MACE: major adverse cardiovascular event; HR: hazard ratios; P-FDR:
false discovery rate adjusted P value; Py, 4: P for trend; P.,4-FDR: false discovery rate adjusted P for trend; ref: reference; T1: the first tertile; T2:
the second tertile; T3: the third tertile. *Crude, unadjusted for covariates. “Model 1, adjusted for age, sex, and BML “Model 2, adjusted for

smoking, drinking, and educational level based on Model 1.

were obtained from the Gene Cards database, and 5679 genes
had a high relevance with the outcome (GIFtS > 20 and
relevance score >20). Then, we identified 3186 genes
connecting PFAS with ACS. Compared with other tissues,
top 10 genes (MT-CO1, MYH7, MYH6, DES, ACTC1, MB,
TPM1, TNNT2, TTN, HSPB7) had a high abundance in the
heart tissue. Thus, these genes were included as potential
MIEs. Then, we obtained 145 phenotypes (including 139 GO
enrichment and 6 KEGG enrichment) from the enrichment
analysis of potential KEs. The phenotype ranked top 10 from
GO enrichment and 6 KEGG enrichment) were defined as
potential KEs. Notably, these phenotypes were closely related
to myocardial contraction, which was reported to play a vital
role in ACS. Subcellular KEs included myofibril, sarcomere,
contractile fiber, and actomyosin structure organization.
Cellular KEs included muscle organ development, cardiac
muscle tissue morphogenesis, cardiac muscle tissue develop-
ment, and the system KE was heart morphogenesis, heart
contraction, and heart process. Furthermore, nine KEGG
pathways (cGMP-PKG signaling pathway, adrenergic signaling
in cardiomyocytes, etc.) were included (Figure 3).

4. DISCUSSION

In this study, we explored the association between PFAS
exposure and the degree of coronary stenosis and prognosis in
ACS. The degree of coronary stenosis in ACS was assessed by
GS and LVN, and the prognosis of ACS was evaluated by the
incidence of MACE, including nonfatal myocardial infarction
and coronary revascularization. The results showed a
significant impact of PFOS and total PFAS on the degree of
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coronary stenosis and prognosis. Specifically, PFOS was
significantly and positively associated with GS and LVN, and
PFOS and total PFAS showed a significant positive correlation
with MACE and nonfatal myocardial infarction. We also
identified thresholds for correlations between PFOS, total
PFAS, and other PFAS congeners and degree of coronary
stenosis and prognosis, including GS, LVN, MACE, nonfatal
myocardial infarction, and coronary revascularization. These
thresholds contribute to understanding the critical levels of
PFAS exposure that may exacerbate cardiovascular risks.
Moreover, we observed a significant positive effect of PFAS
mixtures on the occurrence of MACE and nonfatal myocardial
infarction. The AOP framework showed that PFAS could affect
protein binding and cytoskeletal, induce multicellular organ-
ismal processes, and impair heart function. Our study
underlines the influence of PFAS, especially PFOS, on the
degree of coronary stenosis and prognosis. These findings
improve the understanding of the impact of PFAS on ACS and
highlight the need for targeted strategies to reduce the risks
associated with PFAS exposure.

In this study, we found that PFOS had a significant effect on
the degree of coronary stenosis and prognosis. In the single
contaminant analysis, PFOS was significantly and positively
associated with the degree of coronary stenosis and prognostic
indicators. The OR (95% CI) was 1.33 (1.10, 1.61) for GS and
1.43 (1.16, 1.76) for LVN, and the HR (95% CI) was 1.96
(1.34, 2.89) for MACE and 3.86 (2.00, 7.46) for nonfatal
myocardial infarction. The mixture analysis model also
identifies PFOS as a major contaminant. According to the
qgcomp model, PFOS accounted for the greatest weight of
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Table S. Results of the Association between PFAS and the Occurrence of Nonfatal Myocardial Infarction®

Categorical PFAS levels

HR (95% CI) P-FDR Tl
Crude”
PFOA 1.25 (0.58, 2.73) 0.569 ref
PFOS 5.05 (2.61, 9.78) 0.000 ref
PFNA 1.58 (0.83, 3.03) 0.192 ref
PFHxS 1.79 (1.06, 3.02) 0.070 ref
PFUnDA 1.40 (0.88, 2.22) 0.192 ref
PFDA 1.71 (0.91, 3.20) 0.162 ref
Total PFAS 5.12 (2.29, 11.47) 0.000 ref
Model 1°
PFOA 1.53 (0.69, 3.41) 0.295 ref
PFOS 4.13 (2.11, 8.10) 0.000 ref
PFNA 1.70 (0.89, 3.25) 0.124 ref
PFHxS 1.59 (0.92, 2.73) 0.124 ref
PFUnDA 1.55 (0.98, 2.45) 0.111 ref
PFDA 1.78 (1.02, 3.11) 0.096 ref
Total PFAS 4.96 (2.12, 11.57) 0.001 ref
Model 2¢
PFOA 1.48 (0.65, 3.37) 0.350 ref
PFOS 3.86 (2.00, 7.46) 0.000 ref
PFNA 1.73 (0.90, 3.31) 0.138 ref
PFHxS 1.52 (0.88, 2.60) 0.152 ref
PFUnDA 1.51 (0.95, 2.41) 0.138 ref
PFDA 1.74 (1.00, 3.01) 0.116 ref
Total PFAS 4.56 (1.99, 10.45) 0.001 ref

T2 T3 Pyens FDR
0.51 (0.15, 1.69) 1.05 (0.39, 2.81) 0.883
0.66 (0.11, 3.98) 5.40 (1.56, 18.67) 0.009
0.41 (0.11, 1.59) 1.47 (0.56, 3.85) 0433
1.26 (0.34, 4.70) 2.79 (0.89, 8.79) 0.146
0.64 (0.18, 2.27) 1.76 (0.64, 4.85) 0433
0.66 (0.18, 2.32) 1.73 (0.63, 4.76) 0.433
0.66 (0.11, 3.94) 5.43 (1.57, 18.75) 0.009
0.53 (0.16, 1.76) 1.31 (0.48, 3.54) 0.597
0.64 (0.11, 3.80) 4.57 (1.31, 15.91) 0.021
0.43 (0.11, 1.65) 1.69 (0.63, 4.53) 0.270
1.20 (0.32, 4.47) 2.17 (0.68, 6.94) 0.226
0.76 (0.21, 2.74) 2.66 (0.92, 7.66) 0226
0.83 (0.23, 3.01) 2.24 (0.80, 6.31) 0.226
0.63 (0.11, 3.80) 5.20 (1.50, 18.03) 0.012
0.49 (0.15, 1.65) 1.29 (0.47, 3.53) 0.624
0.66 (0.11, 3.98) 4.70 (1.35, 16.40) 0.019
0.38 (0.10, 1.49) 1.73 (0.63, 4.75) 0.256
1.12 (0.30, 4.22) 229 (0.71, 7.33) 0.248
0.71 (0.20, 2.58) 2.60 (0.90, 7.50) 0.248
0.77 (0.21, 2.89) 2.14 (0.74, 6.14) 0.248
0.67 (0.11, 4.00) 5.20 (1.49, 18.14) 0.014

“Notes: Bold denotes statistically significant associations. Abbreviations: HR: hazard ratios; P-FDR: false discovery rate adjusted P value; Py q: P
for trend; P.,q-FDR: false discovery rate adjusted P for trend; ref: reference; T1: the first tertile; T2: the second tertile; T3: the third tertile.
bCrude, unadjusted for covariates. “Model 1, adjusted for age, sex, and BML “Model 2, adjusted for smoking, drinking, and educational level based

on Model 1.

Table 6. Threshold Effect of PFAS and Degree of Coronary
Stenosis and Prognosis®

Threshold (ng/mL)

Nonfatal
myocardial Coronary
PFAS GS LVN MACE infraction revascularization

PFOA 7.68 - 4.88 - 9.18
PFOS 4.65 4.54 S5.14 5.03 -
PFNA 1.07 - 0.84 - 0.77
PFHxS - - 1.08 - 091
PFUnDA 0.38 - 0.65 - -
PFDA 0.84 - 0.67 - -

Total 19.95 - 14.59 12.00 16.48

PFAS

“Notes: Thresholds identified using the hinge model: PFOS and total
PFAS with GS and nonfatal myocardial infarction; PFOS thresholds
observed in relation to LVN; Thresholds for six PFAS and total PFAS
in connection with MACE; Thresholds for PFOA and total PFAS
related to coronary revascularization. Thresholds determined using
the segmented model: For PFOA, PFNA, PFUnDA, and PFDA in
relation to the GS; For PFNA and PFHxS in relation to coronary
revascularization. The model was adjusted for age, sex, BMI, smoking,
drinking, and educational level. Abbreviations: GS: gensini score;
LVN: the number of lesioned vessels; MACE: major adverse
cardiovascular event; -: no data available.

0.64—0.98. Based on the BKMR model, the PIP of PFOS was
the highest in all indicators except GS, which was ranked
second. The pronounced effects of PFOS may be attributed to
its extensive historical use, resulting in higher cumulative
exposure, as well as its long half-life and high protein-binding
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affinity, which contribute to its persistence in the body.’”*'

Moreover, the powerful effects of PFOS on lipid metabolism
and inflammatory processes, crucial in the pathogenesis of
coronary artery disease, may explain its stronger association
with cardiovascular outcomes.”” The discrepancy between
PFOS and PFOA effects, particularly when compared to our
previous case control study, may be explained by the lower
PFOA concentrations observed in the current study population
(median 4.69 ng/mL), which fell below the identified
threshold levels for various outcome measures. This suggests
that PFOA exposure in our current study may not have
reached the critical levels necessary to significantly impact
coronary stenosis and prognosis. Despite these differences,
both studies consistently highlight the potential role of PFOS
as a key PFAS compound associated with adverse cardiovas-
cular outcomes.

Our findings are consistent with several existing epidemio-
logical studies regarding the risk of atherosclerosis and
coronary artery calcification. In a cohort study involving 664
adolescents and young adults, PFOS exhibited a significant and
positive correlation with carotid intima-media thickness, a
marker of subclinical atherosclerosis. This correlation remained
significant after adjusting for confounding factors, including
traditional cardiovascular risk factors. In addition, a strong
correlation between PFOS exposure and the lipid-transporting
and -metabolizing lipoprotein E genotype alleles E2 and E3/E3
was observed, with OR (95% CI) of 2.93 (1.16, 7.42) and 1.84
(1.21, 2.81), respectively. These alleles are important genetic
markers related to hyperlipidemia, coronary heart disease, and
ischemic stroke.”” Besides, coronary artery calcification is an
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Figure 1. Association between PFAS mixture and degree of coronary stenosis and prognosis in the ggcomp model. Notes: (A) GS, (B) LVN, (C)
MACE, (D) nonfatal myocardial infarction, (E) coronary revascularization. Negative weights in the model suggest reduced odds of adverse degree
of coronary stenosis and prognosis, while positive weights indicate increased odds of degree of coronary stenosis and prognosis. The model was
adjusted for sex, age, BMI, smoking, drinking, and educational level. Abbreviations: GS: gensini score; LVN: the number of lesioned vessels;
MACE: major adverse cardiovascular event.

and poor prognosis.”* Another study found an association
between PFAS and calcification. Researchers evaluated data
collected from 666 adults with prediabetes who participated in

indicator of the progression of cardiovascular disease, the
extent of which is associated with an increased risk of
cardiovascular events, more severe coronary artery stenosis,
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Figure 2. Association between PFAS mixture and degree of coronary stenosis and prognosis in the BKMR model. Notes: (A) GS, (B) LVN, (C)
MACE, (D) nonfatal myocardial infarction, (E) coronary revascularization. The figure illustrates the estimated difference in the degree of coronary
stenosis and prognosis and 95% credible intervals, comparing all PFAS concentrations at various percentiles (incrementally increasing from the
25th to the 75th percentile by S) against the baseline S0th percentile. The model was adjusted for sex, age, BMI, smoking, drinking, and educational
level. Abbreviations: GS: gensini score; LVN: the number of lesioned vessels; MACE: major adverse cardiovascular event.
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Figure 3. AOP framework from PFAS to ACS. Abbreviations: AOP: adverse outcome pathway; PFAS: Per- and polyfluoroalkyl; ACS: acute
coronary syndrome; MIE: molecular initiating event; KE: key event; AO: adverse outcome.

the Diabetes Prevention Program trial. The results indicated a and the risk of coronary artery calcification with OR (95% CI)
significant positive association between plasma PFOS levels of 1.67 (1.10, 2.54) after adjusting for confounding factors,
301 https://doi.org/10.1021/envhealth.4c00166

Environ. Health 2025, 3, 291-307


https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?fig=fig3&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

including sex, age, BMI, race/ethnicity, smoking, education,
and diabetes prevention interventions.’

However, it is pertinent to highlight that a limited number of
studies have yielded inconclusive evidence regarding the
association between PFAS and cardiovascular health. For
instance, a study conducted by the Prospective Investigation of
the Vasculature in Uppsala Seniors (PIVUS) involving 1016
individuals aged 70 in Uppsala revealed no significant
correlation between PFAS exposure and intima-media thick-
ness, an established indicator of carotid atherosclerosis, and the
development of carotid plaque.’® While acknowledging the
rigors of previous research, our study design differs in
important ways that may account for the differences in
observed outcomes. Recognition of these differences is critical
in interpreting the results of the current study. First, the
prevalence of adverse cardiovascular events is not fully
reflected by the indicator of carotid atherosclerosis alone.
The occurrence of cardiovascular events is also related to the
body’s coagulation status and whether the plaque is dislodged.
In contrast, our study directly employs the end point event
ACS as the outcome indicator, Therefore, there is a possibility
of discrepancy in the conclusions compared to studies only
examining carotid atherosclerosis. Second, the two studies had
different age distributions of the population, and age is a factor
associated with cardiovascular disease, so the effect of older age
on cardiovascular events may have masked the effect of PFAS.
Consequently, the generalizability of the findings to these
additional aspects of cardiovascular health should be
interpreted cautiously. In addition, a nested case-control
study revealed no discernible association between PFAS
exposure and myocardial infarction. The study incorporated
1528 subjects drawn from two distinct Swedish population
cohorts in 2003—2009 and 1997—1999.%” Notably, the results
observed in the Swedish cohort may not be applicable
universally to populations with different demographic charac-
teristics, such as the Chinese population.

In our study, we identified significant threshold effects of
PFAS on the degree of coronary stenosis and prognosis,
suggesting a critical level of exposure above which the risk of
degree of coronary stenosis and prognosis increases markedly.
Notably, we observed distinct thresholds for individual PFAS
compounds, including PFOA and PFOS, as well as for total
PFAS exposure. These thresholds varied across different
outcome measures, such as the GS, LVN, and MACE. The
observed thresholds ranged from approximately 4 to 10 ng/mL
for individual PFAS compounds and from 12 to 20 ng/mL for
total PFAS. This variability in threshold levels likely reflects the
distinct biological properties and mechanisms by which these
compounds interact with the cardiovascular system.’**” PFAS
compounds differ in their carbon chain length, chemical
structure, and bioaccumulation potential, which may influence
their toxicological profiles and the onset of adverse health
effects.”” For instance, long-chain PFAS (e.g, PFOS, PFOA)
are known to persist longer in human tissues, potentially
leading to higher body burdens over time. In contrast, shorter
chain PFAS may be more readily excreted but could still exert
significant health impacts at certain exposure levels. These
findings are consistent with the study by Yi et al, which used
NHANES data (2005—2018) and found a nonlinear increase
in the risk of depression when total PFAS exceeded a threshold
of 39.66 ng/mL.”* Moreover, the study by Cui et al. identified
PFAS thresholds associated with reduced lymph node counts
in patients with colorectal cancer, including PFOA, PFOS,
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PFNA, and 6:2 CI-PFESA, which ranged from 0.07 to 2.23 ng/
mL.*" The different threshold levels suggest that different
concentrations of PFAS trigger different biological pathways,
with higher thresholds for the degree of coronary stenosis and
prognosis compared to immune responses in cancer.

In addition, the findings from this investigation can be
compared to the Human Biomonitoring (HBM) values
established by the Human Biomonitoring Commission of the
German Environment Agency.””®> The HBM values are
derived from a comprehensive analysis of various health effects
associated with PFAS exposure and are below which no
adverse health effects are anticipated. For PFOA and PFOS in
serum or plasma, the HBM-I values are set at 2 ng/mL and §
ng/mL, respectively. The HBM-II values are 5 ng/mL and 10
ng/mL for women of childbearing age and 10 ng/mL and 20
ng/mL for all other populations. In general, the HBM-I
represents a precautionary threshold below which even
sensitive groups are protected, while the HBM-II is intended
to protect most of the general population. The threshold levels
for PFOA and PFOS identified in our study are close to the
HBM range, with the PFOS threshold below the HBM-I value.
This indicates that our study is comparable to the HBM
evaluation, as it provides precise threshold values for PFAS
exposure in relation to a specific health outcome—increased
degree of coronary stenosis and poor prognosis. They may be
more sensitive to PFOS-induced myocardial injury in patients
with ACS. Previous studies may have focused only on doses
that cause adverse reactions in healthy people and failed to
consider the vulnerable population. Therefore, a lower dose
may be more appropriate for the vulnerable population.
Furthermore, this study identified a threshold effect for total
PFAS. Although the HBM does not explicitly specify limits for
total PFAS, this study provides population evidence to support
limiting total PFAS in population exposures. It is important to
note that our calculation of total PFAS is based on six specific
congeners, which may not fully represent the entire spectrum
of PFAS exposure. This observation offers fresh insights into
the relationship between PFAS exposure and cardiovascular
health, and further investigation into the biological basis of this
threshold effect is necessary.

Furthermore, in the present study, we explored the effect of
PFAS mixtures on the degree of coronary stenosis and
prognosis. The consistent findings of both the qgcomp and
BKMR models indicate that higher levels of PFAS mixtures are
correlated with an increased incidence of MACE and nonfatal
myocardial infarction. The absence of significant associations
between PFAS mixtures and other degree of coronary stenosis
and prognosis indicators could be attributed to two primary
factors. First, the susceptibility to PFAS exposure may vary
across different degrees of coronary stenosis and prognosis
indicators. Specific outcomes such as MACE and myocardial
infarction may be more sensitive to PFAS,*"*° whereas GS and
LVN, which were indicators of the degree of coronary stenosis,
might be less affected due to their complex pathophysiological
basis. Factors including genetic predispositions and existing
health conditions, coupled with interactions between PFAS,
lipid metabolism, and inflammatory pathways, contribute to
this variability.°~" Second, the complexity of PFAS mixtures
and the diverse effects of their various components may
differentially influence the degree of coronary stenosis and
prognosis. This complexity can lead to a range of interactions
within the mixture, potentially resulting in additive, synergistic,
or antagonistic effects on health outcomes. The qgcomp model
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revealed both positive and negative influences of PFAS
mixtures on the degree of coronary stenosis and prognosis
(Figure 1). Additionally, the interactions of these mixtures with
the cardiovascular system, influenced by molecular mecha-
nisms, bioaccumulation, and the persistence of PFAS, may lead
to different effects.

These findings imply that the association between PFAS
exposure and cardiovascular disease progression may be
subject to the influence of additional potential factors. Thus,
it is imperative to probe the underlying mechanisms of PFAS
to elucidate the connections between PFAS exposure and the
degree of coronary stenosis and prognosis in ACS. Based on
the data collected from the CTD, GeneCards, and GTEx, we
identified the 10 most frequently occurring genes as MIEs.
Through GO annotation, we found that MIEs first participate
in protein binding and cytoskeletal motor activity, further
affecting muscle organ development and heart process, heart
development, and finally inducing the occurrence of ACS.
Consistent with our results, the authors found that PFAS may
affect mitochondrial dynamics and morphology by affecting
protein binding, further leading to mitochondrial dysfunc-
tion.”" For example, ablation of the fusion proteins mitofusins
1 and 2 in the hearts of adult mice resulted in severe dilated
cardiomyopathy.”> Experimental evidence also has shown that
PFOS can affect the heart process, as PFOS treatment only
affects the early stages of cardiac differentiation, promoting cell
differentiation into WT1+ epicardial cells.”” Parallel evidence
shows this effect may further result in heart and pericardium,
heart bleeding, and pericardium edema, further aggravating the
condition of ACS patients.74_76 Through KEGG, we found
that PFAS may induce ACS through the cGMP-PKG signaling
pathway, which is involved in mediating contraction of vascular
smooth muscle, antiatherosclerosis processes, etc. Previous
studies have shown that PFAS exposure can promote the
development of atherosclerosis, ultimately leading to poor ACS
patient prognosis. PFAS exposure has been shown to increase
atherosclerosis in hyperlipidemia mice and ApoE knockout
mice.”” Specifically, PFAS exposure regulates the expression of
key genes involved in cholesterol efflux, lipoprotein synthesis,
and lipid transport,”® further activate nuclear transcription
factors and peroxisome-activated receptors,79 which is intrinsi-
cally related to the degree of coronary stenosis and poor
prognosis of ACS.*" Additionally,PFAS induces endothelial
dysfunction, exacerbates arterial stiffness, stimulates endothe-
lial cell proliferation, increases pro—inﬂammatorgr cytokine
levels and biomarkers of oxidative damage,l 8182 and
aggravates the degree of coronary stenosis and poor prognosis
by promoting the risk of atherosclerosis progression.

In this study, we scrutinized the correlation between PFAS
exposure and the degree of coronary stenosis and prognosis in
patients with ACS. First, this is the first study of PFAS and
ACS disease the degree of coronary stenosis and prognosis in
ACS. We have refined PFAS exposure and the degree of
coronary stenosis, prognosis, and molecular biological
mechanism considerations, providing population-based re-
search evidence and mechanistic hypotheses for understanding
contaminant pathogenesis. Second, the BKMR and qgcomp
models were employed to evaluate the effect of the PFAS
mixture on the degree of coronary stenosis and prognosis.
Third, the threshold effects evaluated in this study provide
insight into the significantly increased risk of adverse degree of
coronary stenosis and prognosis at specific levels of PFAS
exposure, enhancing our understanding of exposure-risk
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relationships. Nevertheless, our study bears some limitations.
First, this study primarily determined PFAS exposure based on
single plasma concentrations. While this approach is widely
used in epidemiological studies, it may not adequately reflect
long-term exposure patterns. Second, the degree of coronary
stenosis of ACS was quantified using GS system and LVN.
Although these are recognized and widely used measures, they
possess inherent limitations such as the lack of a
comprehensive risk profile, and both indicators only focus on
anatomical and morphological factors. Moreover, our results
are contingent on the specific demographic characteristics and
exposures of the population we studied. Therefore, caution is
advised when extrapolating our findings to populations with
different demographic traits or exposures. From a public health
perspective, our findings suggest that PFAS exposure may be
associated with adverse cardiovascular outcomes. While our
study alone cannot establish causality, it underscores the
necessity for continued research and vigilant monitoring of
PFAS exposure in cardiovascular health contexts. In clinical
practice, these results highlight the importance of considering
environmental factors alongside traditional risk factors in the
assessment and management of ACS.

5. CONCLUSION

In this study, we explored the potential correlation between
PFAS exposure and the degree of coronary stenosis and
prognosis in ACS. We discovered that exposure to PFOS
notably heightened the degree of coronary stenosis and poor
prognosis of ACS. Importantly, we detected a significant
threshold effect between PFAS and the degree of coronary
stenosis and prognosis in ACS, implying that the risks increase
substantially beyond a certain exposure level. We also observed
significant positive correlations between PFAS mixtures and
the incidence of MACE and nonfatal myocardial infarction.
Furthermore, we revealed that the mechanism by which PFAS
leads to ACS may be related to affecting protein binding and
the cytoskeleton, as well as inducing multicellular biological
processes. Hence, more experimental research is warranted to
elucidate the role of PFAS exposure in ACS and the potential
mechanisms.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/envhealth.4c00166.

Sample size calculation details, methodological valida-
tion for PFAS detection, quality control data, demo-
graphic characteristics by groups, detailed PFAS
concentration distributions, additional association anal-
yses including stratified analyses, dose—response curves,
mixture effect analyses, and sensitivity analyses (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Huicai Guo — Department of Toxicology, School of Public
Health, Hebei Medical University, Shijiazhuang 050017,
China; Hebei Key Laboratory of Environment and Human
Health, Hebei Province, Shijiazhuang 050017, China; The
Key Laboratory of Neural and Vascular Biology, Ministry of
Education, Shijiazhuang 050017, China; ® orcid.org/0000-
0001-6055-760X; Email: huicaigno@hebmu.edu.cn

https://doi.org/10.1021/envhealth.4c00166
Environ. Health 2025, 3, 291-307


https://pubs.acs.org/doi/10.1021/envhealth.4c00166?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/envhealth.4c00166/suppl_file/eh4c00166_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huicai+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6055-760X
https://orcid.org/0000-0001-6055-760X
mailto:huicaiguo@hebmu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Ang Li — Department of Epidemiology and Biostatistics,
Institute of Basic Medical Sciences Chinese Academy of
Medical Sciences, School of Basic Medicine Peking Union
Medical College, Beijing 100005, China; Center of
Environmental and Health Sciences, Chinese Academy of
Medical Sciences, Peking Union Medical College, Beijing
100008, China; ® orcid.org/0000-0002-4439-7834;
Email: pumcleon@ibms.pumc.edu.cn

Authors

Haoran Li — Department of Toxicology, School of Public
Health, Hebei Medical University, Shijiazhuang 050017,
China; Department of Pharmacy, The Second Hospital of
Hebei Medical University, Shijiazhuang 050000, China

Ming Yang — Department of Epidemiology and Biostatistics,
Institute of Basic Medical Sciences Chinese Academy of
Medical Sciences, School of Basic Medicine Peking Union
Medical College, Beijing 100005, China; Center of
Environmental and Health Sciences, Chinese Academy of
Medical Sciences, Peking Union Medical College, Beijing
100005, China

Jiaxin Zhao — Department of Epidemiology and Biostatistics,
Institute of Basic Medical Sciences Chinese Academy of
Medical Sciences, School of Basic Medicine Peking Union
Medical College, Beijing 100005, China; Center of
Environmental and Health Sciences, Chinese Academy of
Medical Sciences, Peking Union Medical College, Beijing
100005, China

Zhenzhen Tan — Department of Toxicology, School of Public
Health, Hebei Medical University, Shijiazhuang 050017,
China

Longfei Li — Department of Toxicology, School of Public
Health, Hebei Medical University, Shijiazhuang 050017,
China

Ziwen An — Department of Toxicology, School of Public
Health, Hebei Medical University, Shijiazhuang 050017,
China

Yi Liu — Department of Toxicology, School of Public Health,
Hebei Medical University, Shijiazhuang 050017, China

Xuehui Liu — Hebei Key Laboratory of Environment and
Human Health, Hebei Province, Shijiazhuang 050017,
China

Xiaoguang Zhang — Core Facilities and Centers of Hebei
Medical University, Shijiazhuang 050017, China

Jingchao Lu — Department of Cardiology, The Second
Hospital of Hebei Medical University, Shijiazhuang 050000,
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/envhealth.4c00166

Author Contributions

THaoran Li, Ming Yang, and Jiaxin Zhao are co-first authors
who contributed equally to this paper. Haoran Li: Inves-
tigation, Data curation, Methodology, Data-analysis and
interpretation, Writing-original draft. Ming Yang: Method-
ology, Data-analysis and interpretation, Writing-original draft,
Writing-review and editing. Jiaxin Zhao: Methodology,
Investigation, Data-analysis and interpretation, Writing-original
draft, Writing-review and editing. Zhenzhen Tan: Data
curation, Investigation. Longfei Li: Data curation, Investiga-
tion. Ziwen An: Data curation, Investigation. Yi Liu:
Resources, Supervision. Xuehui Liu: Supervision, Method-

304

ology. Xiaoguang Zhang: Data curation. Jingchao Lu:
Resources, Conceptualization, Writing-review and editing.
Ang Li: Conceptualization, Methodology, Data-analysis and
interpretation, Writing-review and editing, Supervision, Fund-
ing acquisition, Project administration. Huicai Guo: Con-
ceptualization, Funding acquisition, Project administration,
Supervision, Resources

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to express their deep gratitude to all
the patients with acute coronary syndrome who contributed to
this study. We also acknowledge the invaluable contribution of
the research team responsible for the diligent collation and
organization of the study data. This study was funded by the
Programs of the National Natural Science Foundation of
China (21976050), the Science and Technology Program of
Hebei Province (21377779D), the China Postdoctoral Science
Foundation (2023M730317; 2023T160066), the Fundamental
Research Funds for the Central Universities (3332023042),
the Open Project of Hebei Key Laboratory of Environment
and Human Health (202301).

B REFERENCES

(1) Gluge, J; Scheringer, M.; Cousins, I. T.; DeWitt, J. C,;
Goldenman, G.; Herzke, D.; Lohmann, R.; Ng, C. A,; Trier, X.; Wang,
Z. An overview of the uses of per- and polyfluoroalkyl substances
(PFAS). Environ. Sci. Process Impacts 2020, 22 (12), 2345—2373.

(2) Goudarzi, H.; Araki, A.; Itoh, S.; Sasaki, S.; Miyashita, C.; Mitsui,
T.; Nakazawa, H.; Nonomura, K,; Kishi, R. The Association of
Prenatal Exposure to Perfluorinated Chemicals with Glucocorticoid
and Androgenic Hormones in Cord Blood Samples: The Hokkaido
Study. Environ. Health Perspect 2017, 125 (1), 111—118.

(3) Sunderland, E. M.; Hu, X. C.; Dassuncao, C.; Tokranov, A. K,;
Wagner, C. C; Allen, J. G. A review of the pathways of human
exposure to poly- and perfluoroalkyl substances (PFASs) and present
understanding of health effects. J. Expo Sci. Environ. Epidemiol 2019,
29 (2), 131—-147.

(4) Hammarstrand, S.; Jakobsson, K.; Andersson, E.; Xu, Y. Y.; Li,
Y.; Olovsson, M.; Andersson, E. M. Perfluoroalkyl substances (PFAS)
in drinking water and risk for polycystic ovarian syndrome, uterine
leiomyoma, and endometriosis: A Swedish cohort study. Environ. Int.
2021, 157, No. 106819.

(5) Han, W. C; Gao, Y; Yao, Q.; Yuan, T.; Wang, Y. W.; Zhao, S.
S; Shi, R; Bonefeld-Jorgensen, E. C.; Shen, X. M, Tian, Y.
Perfluoroalkyl and polyfluoroalkyl substances in matched parental and
cord serum in Shandong, China. Environ. Int. 2018, 116, 206—213.

(6) Kvalem, H. E.; Nygaard, U. C.; Carlsen, K. C. L.; Carlsen, K. H.;
Haug, L. S.; Granum, B. Perfluoroalkyl substances, airways infections,
allergy and asthma related health outcomes - implications of gender,
exposure period and study design. Environ. Int. 2020, 134,
No. 105259.

(7) Li, Y. Q; Ly, X. Y;; Yu, N. Y,; Li, A. J; Zhuang, T. F.; Du, L. T;;
Tang, S.; Shi, W.; Yu, H. X,; Song, M. Y.; Wei, S. Exposure to legacy
and novel perfluoroalkyl substance disturbs the metabolic homeostasis
in pregnant women and fetuses: A metabolome-wide association
study. Environ. Int. 2021, 156, No. 106627.

(8) Bergmark, B. A.; Mathenge, N.; Merlini, P. A.; Lawrence-Wright,
M. B; Giugliano, R. P. Acute coronary syndromes. Lancet 2022, 399
(10332), 1347—1358.

(9) Sanchis-Gomar, F.; Perez-Quilis, C.; Leischik, R,; Lucia, A.
Epidemiology of coronary heart disease and acute coronary syndrome.
Ann. Transl Med. 2016, 4 (13), 256.

(10) Townsend, N.; Kazakiewicz, D.; Lucy Wright, F.; Timmis, A.;
Huculeci, R.; Torbica, A.; Gale, C. P.; Achenbach, S.; Weidinger, F.;

https://doi.org/10.1021/envhealth.4c00166
Environ. Health 2025, 3, 291-307


https://orcid.org/0000-0002-4439-7834
mailto:pumcleon@ibms.pumc.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoran+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaxin+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenzhen+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Longfei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziwen+An"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuehui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoguang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingchao+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00166?ref=pdf
https://doi.org/10.1039/D0EM00291G
https://doi.org/10.1039/D0EM00291G
https://doi.org/10.1289/EHP142
https://doi.org/10.1289/EHP142
https://doi.org/10.1289/EHP142
https://doi.org/10.1289/EHP142
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1016/j.envint.2021.106819
https://doi.org/10.1016/j.envint.2021.106819
https://doi.org/10.1016/j.envint.2021.106819
https://doi.org/10.1016/j.envint.2018.04.025
https://doi.org/10.1016/j.envint.2018.04.025
https://doi.org/10.1016/j.envint.2019.105259
https://doi.org/10.1016/j.envint.2019.105259
https://doi.org/10.1016/j.envint.2019.105259
https://doi.org/10.1016/j.envint.2021.106627
https://doi.org/10.1016/j.envint.2021.106627
https://doi.org/10.1016/j.envint.2021.106627
https://doi.org/10.1016/j.envint.2021.106627
https://doi.org/10.1016/S0140-6736(21)02391-6
https://doi.org/10.21037/atm.2016.06.33
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Vardas, P. Epidemiology of cardiovascular disease in Europe. Nat. Rev.
Cardiol 2022, 19 (2), 133—143.

(11) Boudoulas, K. D.; Triposciadis, F.; Geleris, P.; Boudoulas, H.
Coronary Atherosclerosis: Pathophysiologic Basis for Diagnosis and
Management. Prog. Cardiovasc Dis 2016, S8 (6), 676—92.

(12) Li, H; Chen, J.; Jingchao, L.; Yang, J.; Tan, Z.; Li, L.; Xiao, F.;
An, Z; Ma, C,; Liu, Y,; Wang, L.; Zhang, X,; Guo, H. Association of
exposure to perfluoroalkyl substances and risk of the acute coronary
syndrome: A case-control study in Shijiazhuang Hebei Province.
Chemosphere 2023, 313, No. 137464.

(13) Salihovic, S.; Lind, L.; Larsson, A; Lind, P. M. Plasma
perfluoroalkyls are associated with decreased levels of proteomic
inflammatory markers in a cross-sectional study of an elderly
population. Environ. Int. 2020, 145, No. 106099.

(14) Lin, C. Y, Wang, C.; Sung, F. C,; Su, T. C. Association between
serum per- and polyfluoroalkyl substances and thrombograms in
young and middle-aged Taiwanese populations. Ecotoxicol Environ. Saf
2022, 236, No. 113457.

(15) Levine, G. N,; Bates, E. R;; Bitt], J. A; Brindis, R. G.; Fihn, S.
D.; Fleisher, L. A.; Granger, C. B.; Lange, R. A.;; Mack, M. J.; Mauri,
L.; Mehran, R.; Mukherjee, D.; Newby, L. K;; O’Gara, P. T.; Sabatine,
M. S.; Smith, P. K; Smith, S. C,, Jr.; Halperin, J. L.; Levine, G. N.; Al-
Khatib, S. M.; Birtcher, K. K; Bozkurt, B.; Brindis, R. G.; Cigarroa, J.
E.; Curtis, L. H.; Fleisher, L. A,; Gentile, F.; Gidding, S.; Hlatky, M.
A,; Tkonomidis, J. S.; Joglar, J. A,; Pressler, S. J.; Wijeysundera, D. N.
2016 ACC/AHA guideline focused update on duration of dual
antiplatelet therapy in patients with coronary artery disease: A report
of the American College of Cardiology/American Heart Association
Task Force on Clinical Practice Guidelines. J. Thorac Cardiovasc Surg
2016, 152 (5), 1243—1275.

(16) Wittkopp, S.; Wu, F.; Windheim, J.; Robinson, M.; Kannan, K;
Katz, S. D.; Chen, Y.,; Newman, J. D. Vascular endothelium as a target
for perfluroalkyl substances (PFAs). Environ. Res. 2022, 212 (Pt B),
No. 113339.

(17) Cardenas, A.; Hivert, M. F.; Gold, D. R.; Hauser, R.; Kleinman,
K. P.; Lin, P. D.; Fleisch, A. F.; Calafat, A. M.; Ye, X.; Webster, T. F.;
Horton, E. S.; Oken, E. Associations of Perfluoroalkyl and
Polyfluoroalkyl Substances With Incident Diabetes and Microvascular
Disease. Diabetes Care 2019, 42 (9), 1824—1832.

(18) Zhao, M.; Ge, X;; Xu, J.; Li, A; Mei, Y.; Yin, G.; W, J.; Liu, X;
Wei, L.; Xu, Q. Association between urine metals and liver function
biomarkers in Northeast China: A cross-sectional study. Ecotoxicol
Environ. Saf 2022, 231, No. 113163.

(19) Luo, K; Huang, W.; Zhang, Q.; Liu, X.; Nian, M.; Wei, M,;
Wang, Y.; Chen, D; Chen, X; Zhang, J; Shanghai Birth, C.
Environmental exposure to legacy poly/perfluoroalkyl substances,
emerging alternatives and isomers and semen quality in men: A
mixture analysis. Sci. Total Environ. 2022, 833, No. 155158.

(20) Zhang, Y. T.; Zeeshan, M.; Sy, F.; Qian, Z. M.; Dee Geiger, S.;
Edward McMillin, S.; Wang, Z. B.; Dong, P. X,; Ou, Y. Q; Xiong, S.
M,; Shen, X. B.; Zhou, P. E; Yang, B. Y,; Chy, C,; Li, Q. Q;; Zeng, X.
W.; Feng, W. R; Zhou, Y. Z.; Dong, G. H. Associations between both
legacy and alternative per- and polyfluoroalkyl substances and
glucose-homeostasis: The Isomers of C8 health project in China.
Environ. Int. 2022, 158, No. 106913.

(21) Ye, W. L.; Chen, Z. X; Xie, Y. Q; Kong, M. L; Li, Q. Q; Yu,
S.;; Chu, C.; Dong, G. H.; Zeng, X. W. Associations between serum
isomers of perfluoroalkyl acids and metabolic syndrome in adults:
Isomers of C8 Health Project in China. Environ. Res. 2021, 196,
No. 110430.

(22) Yi, W,; Xuan, L.; Zakaly, H. M. H.; Markovic, V.; Miszczyk, J.;
Guan, H,; Zhou, P. K; Huang, R. Association between per- and
polyfluoroalkyl substances (PFAS) and depression in U.S. adults: A
cross-sectional study of NHANES from 2005 to 2018. Environ. Res.
2023, 238 (Pt 2), No. 117188.

(23) Sonne, C.; Desforges, J. P.; Gustavson, K.; Bossi, R.; Bonefeld-
Jorgensen, E. C; Long, M,; Riget, F. F,; Dietz, R. Assessment of
exposure to perfluorinated industrial substances and risk of immune

305

suppression in Greenland and its global context: a mixed-methods
study. Lancet Planet Health 2023, 7 (7), e570—eS79.

(24) Ankley, G. T.; Bennett, R. S.; Erickson, R. J; Hoff, D. J;
Hornung, M. W.; Johnson, R. D.; Mount, D. R.; Nichols, J. W,;
Russom, C. L.; Schmieder, P. K; Serrrano, J. A; Tietge, J. E;
Villeneuve, D. L. Adverse outcome pathways: a conceptual framework
to support ecotoxicology research and risk assessment. Environ.
Toxicol. Chem. 2010, 29 (3), 730—41.

(25) Zhu, H.; Zhang, H.; Ly, K; Yang, S.; Tang, X.; Zhou, M.; Sun,
G.; Zhang, Z.; Chu, H. Chlorinated Organophosphate Flame
Retardants Impair the Lung Function via the IL-6/JAK/STAT
Signaling Pathway. Environ. Sci. Technol. 2022, 56 (24), 17858—
17869.

(26) Fan, B; Cheng, C,; Yang, Y.; Wang, P.; Xia, H.; Wu, M,; Li, H,;
Manzoor Syed, B.; Liu, Q. Construction of an adverse outcome
pathway framework based on integrated data to evaluate arsenic-
induced non-alcoholic fatty liver disease. Environ. Int. 2024, 183,
No. 108381.

(27) Yang, M,; Su, W,; Li, H; Li, L.; An, Z.; Xiao, F.; Liu, Y.; Zhang,
X,; Liu, X;; Guo, H,; Li, A. Association of per- and polyfluoroalkyl
substances with hepatic steatosis and metabolic dysfunction-
associated fatty liver disease among patients with acute coronary
syndrome. Ecotoxicol Environ. Saf 2023, 264, No. 115473.

(28) Tanner, E. M.; Bloom, M. S.; Wu, Q.; Kannan, K.; Yucel, R. M.;
Shrestha, S.; Fitzgerald, E. F. Occupational exposure to perfluoroalkyl
substances and serum levels of perfluorooctanesulfonic acid (PFOS)
and perfluorooctanoic acid (PFOA) in an aging population from
upstate New York: a retrospective cohort study. Int. Arch Occup
Environ. Health 2018, 91 (2), 145—154.

(29) International Statistical Classification of Diseases and Related
Health Problems, ICD-10 Volume 2. https://icd.who.int/browse10/
2019/en (accessed 2024—01-25).

(30) Collet, J. P.; Thiele, H,; Barbato, E.; Barthelemy, O,
Bauersachs, J.; Bhatt, D. L.; Dendale, P.; Dorobantu, M.;
Edvardsen, T.; Folliguet, T.; Gale, C. P.; Gilard, M,; Jobs, A.; Juni,
P.; Lambrinou, E.; Lewis, B. S.; Mehilli, J.; Meliga, E.; Merkely, B.;
Mueller, C.; Roffi, M.; Rutten, F. H,; Sibbing, D.; Siontis, G. C. M,;
Group, E. S. C. S. D,; et al. 2020 ESC Guidelines for the management
of acute coronary syndromes in patients presenting without persistent
ST-segment elevation. Eur. Heart ]. 2021, 42 (14), 1289—1367.

(31) Mezquita, A. J. V.; Biavati F; Falk, V.; Alkadhi, H.;
Hajhosseiny, R.; Maurovich-Horvat, P.; Manka, R.; Kozerke, S,;
Stuber, M.; Derlin, T.; Channon, K. M,; Isgum, I; Coenen, A;
Foellmer, B.; Dey, D.; Volleberg, R.; Meinel, F. G.; Dweck, M. R;;
Piek, J. J; van de Hoef, T.; Landmesser, U; Guagliumi, G.;
Giannopoulos, A. A.; Botnar, R. M.; Khamis, R.; Williams, M. C,;
Newby, D. E.; Dewey, M. Clinical quantitative coronary artery
stenosis and coronary atherosclerosis imaging: a Consensus Statement
from the Quantitative Cardiovascular Imaging Study Group. Nat. Rev.
Cardiol 2023, 20 (10), 696—714.

(32) Sugiyama, T.; Yamamoto, E.; Bryniarski, K; Xing, L.; Lee, H;
Isobe, M.; Libby, P.; Jang, I. K. Nonculprit Plaque Characteristics in
Patients With Acute Coronary Syndrome Caused by Plaque Erosion
vs Plaque Rupture: A 3-Vessel Optical Coherence Tomography
Study. JAMA Cardiol 2018, 3 (3), 207—214.

(33) Yu, K; Yang, B; Jiang, H; Li, J.; Yan, K; Liu, X;; Zhou, L,;
Yang, H,; Li, X.; Min, X,; Zhang, C.; Luo, X.; Mei, W.; Sun, S.; Zhang,
L.; Cheng, X.; He, M.; Zhang, X; Pan, A.; Hu, F. B.; Wu, T. A multi-
stage association study of plasma cytokines identifies osteopontin as a
biomarker for acute coronary syndrome risk and severity. Sci. Rep
2019, 9 (1), 5121.

(34) Gao, S.; Deng, Y.; Wu, J.; Zhang, L.; Deng, F.; Zhou, J.; Yuan,
Z.; Wang, L. Eosinophils count in peripheral circulation is associated
with coronary artery disease. Atherosclerosis 2019, 286, 128—134.

(35) Rampidis, G. P.; Benetos, G.; Benz, D. C.; Giannopoulos, A. A.;
Buechel, R. R. A guide for Gensini Score calculation. Atherosclerosis
2019, 287, 181—183.

(36) Cheng, X; Shi, L.; Nie, S.; Wang, F; Li, X.; Xu, C.; Wang, P,;
Yang, B; Li, Q; Pan, Z; Li, Y,; Xia, H.; Zheng, C.; Ke, Y,; Wy, Y,;

https://doi.org/10.1021/envhealth.4c00166
Environ. Health 2025, 3, 291-307


https://doi.org/10.1038/s41569-021-00607-3
https://doi.org/10.1016/j.pcad.2016.04.003
https://doi.org/10.1016/j.pcad.2016.04.003
https://doi.org/10.1016/j.chemosphere.2022.137464
https://doi.org/10.1016/j.chemosphere.2022.137464
https://doi.org/10.1016/j.chemosphere.2022.137464
https://doi.org/10.1016/j.envint.2020.106099
https://doi.org/10.1016/j.envint.2020.106099
https://doi.org/10.1016/j.envint.2020.106099
https://doi.org/10.1016/j.envint.2020.106099
https://doi.org/10.1016/j.ecoenv.2022.113457
https://doi.org/10.1016/j.ecoenv.2022.113457
https://doi.org/10.1016/j.ecoenv.2022.113457
https://doi.org/10.1016/j.jtcvs.2016.07.044
https://doi.org/10.1016/j.jtcvs.2016.07.044
https://doi.org/10.1016/j.jtcvs.2016.07.044
https://doi.org/10.1016/j.jtcvs.2016.07.044
https://doi.org/10.1016/j.envres.2022.113339
https://doi.org/10.1016/j.envres.2022.113339
https://doi.org/10.2337/dc18-2254
https://doi.org/10.2337/dc18-2254
https://doi.org/10.2337/dc18-2254
https://doi.org/10.1016/j.ecoenv.2022.113163
https://doi.org/10.1016/j.ecoenv.2022.113163
https://doi.org/10.1016/j.scitotenv.2022.155158
https://doi.org/10.1016/j.scitotenv.2022.155158
https://doi.org/10.1016/j.scitotenv.2022.155158
https://doi.org/10.1016/j.envint.2021.106913
https://doi.org/10.1016/j.envint.2021.106913
https://doi.org/10.1016/j.envint.2021.106913
https://doi.org/10.1016/j.envres.2020.110430
https://doi.org/10.1016/j.envres.2020.110430
https://doi.org/10.1016/j.envres.2020.110430
https://doi.org/10.1016/j.envres.2023.117188
https://doi.org/10.1016/j.envres.2023.117188
https://doi.org/10.1016/j.envres.2023.117188
https://doi.org/10.1016/S2542-5196(23)00106-7
https://doi.org/10.1016/S2542-5196(23)00106-7
https://doi.org/10.1016/S2542-5196(23)00106-7
https://doi.org/10.1016/S2542-5196(23)00106-7
https://doi.org/10.1002/etc.34
https://doi.org/10.1002/etc.34
https://doi.org/10.1021/acs.est.2c05357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c05357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c05357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2023.108381
https://doi.org/10.1016/j.envint.2023.108381
https://doi.org/10.1016/j.envint.2023.108381
https://doi.org/10.1016/j.ecoenv.2023.115473
https://doi.org/10.1016/j.ecoenv.2023.115473
https://doi.org/10.1016/j.ecoenv.2023.115473
https://doi.org/10.1016/j.ecoenv.2023.115473
https://doi.org/10.1007/s00420-017-1267-2
https://doi.org/10.1007/s00420-017-1267-2
https://doi.org/10.1007/s00420-017-1267-2
https://doi.org/10.1007/s00420-017-1267-2
https://icd.who.int/browse10/2019/en
https://icd.who.int/browse10/2019/en
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1038/s41569-023-00880-4
https://doi.org/10.1038/s41569-023-00880-4
https://doi.org/10.1038/s41569-023-00880-4
https://doi.org/10.1001/jamacardio.2017.5234
https://doi.org/10.1001/jamacardio.2017.5234
https://doi.org/10.1001/jamacardio.2017.5234
https://doi.org/10.1001/jamacardio.2017.5234
https://doi.org/10.1038/s41598-019-41577-4
https://doi.org/10.1038/s41598-019-41577-4
https://doi.org/10.1038/s41598-019-41577-4
https://doi.org/10.1016/j.atherosclerosis.2019.05.027
https://doi.org/10.1016/j.atherosclerosis.2019.05.027
https://doi.org/10.1016/j.atherosclerosis.2019.05.012
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Tang, T.; Yan, X,; Yang, Y,; Xia, N.; Yao, R.; Wang, B.; Ma, X,; Zeng,
Q.; Ty, X;; Liao, Y.; Wang, Q. K. The same chromosome 9p21.3 locus
is associated with type 2 diabetes and coronary artery disease in a
Chinese Han population. Diabetes 2011, 60 (2), 680—4.

(37) Tonino, P. A;; De Bruyne, B.; Pijls, N. H.; Siebert, U.; Ikeno, F.;
van’ t Veer, M.; Klauss, V.; Manoharan, G.; Engstrom, T.; Oldroyd, K.
G.; Ver Lee, P. N.; MacCarthy, P. A.; Fearon, W. F.; Investigators, F.
S. Fractional flow reserve versus angiography for guiding percutaneous
coronary intervention. N Engl J. Med. 2009, 360 (3), 213—24.

(38) Writing Committee, M.; Lawton, J. S.; Tamis-Holland, J. E.;
Bangalore, S.; Bates, E. R;; Beckie, T. M.; Bischoff, J. M,; Bittl, J. A;
Cohen, M. G.; DiMaio, J. M,; Don, C. W,; Fremes, S. E.; Gaudino, M.
F,; Goldberger, Z. D.; Grant, M. C; Jaswal, J. B,; Kurlansky, P. A,;
Mehran, R;; Metkus, T. S,, Jr.; Nnacheta, L. C.; Rao, S. V,; Sellke, F.
W.; Sharma, G.; Yong, C. M.; Zwischenberger, B. A. 2021 ACC/
AHA/SCAI Guideline for Coronary Artery Revascularization: A
Report of the American College of Cardiology/American Heart
Association Joint Committee on Clinical Practice Guidelines. J. Am.
Coll Cardiol 2022, 79 (2), e21—el29.

(39) Sy, J; Li, Z; Huang, M.; Wang, Y.; Yang, T.; Ma, M,; Ni, T,;
Pan, G.; Lai, Z,; Li, C,; Li, L.; Yu, C. Triglyceride glucose index for the
detection of the severity of coronary artery disease in different glucose
metabolic states in patients with coronary heart disease: a RCSCD-
TCM study in China. Cardiovasc Diabetol 2022, 21 (1), 96.

(40) Ly, L; Wang, Y. N,; Li, M. C,; Wang, H. B; Pu, L. ].; Niu, W.
Q;; Meng, H; Yang, E. L.; Zhang, R. Y,; Zhang, Q.; Zhao, Q.; Chen,
Q.J.; De Caterina, R.; Shen, W. F. Reduced serum levels of vasostatin-
2, an anti-inflammatory peptide derived from chromogranin A, are
associated with the presence and severity of coronary artery disease.
Eur. Heart J. 2012, 33 (18), 2297—306.

(41) Byrne, R. A; Rossello, X;; Coughlan, J. J.; Barbato, E.; Berry,
C.; Chieffo, A,; Claeys, M. J; Dan, G. A,; Dweck, M. R; Galbraith,
M,; Gilard, M.; Hinterbuchner, L.; Jankowska, E. A.; Juni, P.; Kimura,
T.; Kunadian, V.; Leosdottir, M.; Lorusso, R.; Pedretti, R. F. E,;
Rigopoulos, A. G.; Rubini Gimenez, M.; Thiele, H.; Vranckx, P.;
Wassmann, S.; Wenger, N. K,; Ibanez, B.; Group, E. S. C. S. D,; et al.
2023 ESC Guidelines for the management of acute coronary
syndromes. Eur. Heart J. 2023, 44 (38), 3720—3826.

(42) Mehran, R; Baber, U; Steg, P. G.; Ariti, C.; Weisz, G;
Witzenbichler, B.; Henry, T. D.; Kini, A. S.; Stuckey, T.; Cohen, D. J;
Berger, P. B.; Iakovou, I; Dangas, G.; Waksman, R.; Antoniucci, D.;
Sartori, S.; Krucoff, M. W.; Hermiller, J. B.; Shawl, F.; Gibson, C. M,;
Chieffo, A.;; Alu, M.; Moliterno, D. J.; Colombo, A.; Pocock, S.
Cessation of dual antiplatelet treatment and cardiac events after
percutaneous coronary intervention (PARIS): 2 year results from a
prospective observational study. Lancet 2013, 382 (9906), 1714—22.

(43) Yang, W.J.; Wu, H. B,; Zhang, C.; Zhong, Q.; Hu, M. J.; He, J.
L; Li, G. A;; Zhu, Z.Y.,; Zhu, J. L,; Zhao, H. H.; Zhang, H. S.; Huang,
F. Exposure to 2,4-dichlorophenol, 2,4,6-trichlorophenol, pentachlor-
ophenol and risk of thyroid cancer: a case-control study in China.
Environ. Sci. Pollut Res. Int. 2021, 28 (43), 61329—61343.

(44) Fong, Y.; Huang, Y.; Gilbert, P. B,; Permar, S. R. chngpt:
threshold regression model estimation and inference. BMC Bio-
informatics 2017, 18 (1), 454.

(45) Fong, Y. Tutorials for the R Package chngpt. https://CRAN.R-
project.org/package=chngpt (accessed 2024—02—11).

(46) Chhabra, S. T.; Kaur, T.; Masson, S.; Soni, R. K; Bansal, N;
Takkar, B.; Tandon, R.; Goyal, A; Singh, B.; Aslam, N.; Mohan, B.;
Wander, G. S. Early onset ACS: An age based clinico-epidemiologic
and angiographic comparison. Atherosclerosis 2018, 279, 45—51.

(47) January, C. T.; Wann, L. S.; Calkins, H; Chen, L. Y.; Cigarroa,
J. E; Cleveland, J. C,, Jr.; Ellinor, P. T.; Ezekowitz, M. D.; Field, M.
E.; Furie, K. L.; Heidenreich, P. A;; Murray, K. T.; Shea, J. B.; Tracy,
C. M,; Yancy, C. W. 2019 AHA/ACC/HRS Focused Update of the
2014 AHA/ACC/HRS Guideline for the Management of Patients
With Atrial Fibrillation: A Report of the American College of
Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines and the Heart Rhythm Society in Collaboration

306

With the Society of Thoracic Surgeons. Circulation 2019, 140 (2),
el25—elS1.

(48) Ankley, G. T.; Bennett, R. S.; Erickson, R. J; Hoff, D. J;
Hornung, M. W,; Johnson, R. D.; Mount, D. R;; Nichols, J. W,;
Russom, C. L.; Schmieder, P. K; Serrrano, J. A; Tietge, J. E;
Villeneuve, D. L. Adverse Outcome Pathways: A Conceptual
Framework To Support Ecotoxicology Research and Risk Assessment.
Environ. Toxicol. Chem. 2010, 29 (3), 730—741.

(49) Davis, A. P.; Wiegers, T. C.; Wiegers, J.; Johnson, R. J.; Sciaky,
D.; Grondin, C. J.; Mattingly, C. J. Chemical-Induced Phenotypes at
CTD Help Inform the Predisease State and Construct Adverse
Outcome Pathways. Toxicol. Sci. 2018, 165 (1), 145—156.

(50) van Beijsterveldt, I; van Zelst, B. D.; de Fluiter, K. S.; van den
Berg, S. A. A; van der Steen, M.; Hokken-Koelega, A. C. S. Poly- and
perfluoroalkyl substances (PFAS) exposure through infant feeding in
early life. Environ. Int. 2022, 164, No. 107274.

(51) Xing, Y.; Zhou, Y.; Zhang, X,; Lin, X.; Li, J.; Liu, P.; Lee, H. K;
Huang, Z. The sources and bioaccumulation of per- and
polyfluoroalkyl substances in animal-derived foods and the potential
risk of dietary intake. Sci. Total Environ. 2023, 905, No. 167313.

(52) Dunder, L.; Salihovic, S.; Lind, P. M.; Elmstahl, S.; Lind, L.
Plasma levels of per- and polyfluoroalkyl substances (PFAS) are
associated with altered levels of proteins previously linked to
inflammation, metabolism and cardiovascular disease. Environ. Int.
2023, 177, No. 107979.

(53) Lin, C. Y,; Lin, L. Y,; Wen, T. W,; Lien, G. W.; Chien, K. L,;
Hsu, S. H,; Liao, C. C,; Sung, F. C.; Chen, P. C.; Su, T. C. Association
between levels of serum perfluorooctane sulfate and carotid artery
intima-media thickness in adolescents and young adults. Int. J. Cardiol
2013, 168 (4), 3309—16.

(54) Ambale-Venkatesh, B.; Yang, X. Y; Wu, C. O; Liu, K;
Hundley, W. G.; McClelland, R.; Gomes, A. S.; Folsom, A. R.; Shea,
S.; Guallar, E.; Bluemke, D. A.; Lima, J. A. C. Cardiovascular Event
Prediction by Machine Learning The Multi-Ethnic Study of
Atherosclerosis. Circ. Res. 2017, 121 (9), 1092—1101.

(55) Osorio-Yanez, C.; Sanchez-Guerra, M.; Cardenas, A.; Lin, P.
D.; Hauser, R.; Gold, D. R.; Kleinman, K. P.; Hivert, M. F.; Fleisch, A.
F.,; Calafat, A. M.; Webster, T. E.; Horton, E. S.; Oken, E. Per- and
polyfluoroalkyl substances and calcifications of the coronary and
aortic arteries in adults with prediabetes: Results from the diabetes
prevention program outcomes study. Environ. Int. 2021, 151,
No. 106446.

(56) Lind, P. M,; Salihovic, S.; van Bavel, B.; Lind, L. Circulating
levels of perfluoroalkyl substances (PFASs) and carotid artery
atherosclerosis. Environ. Res. 2017, 152, 157—164.

(57) Schillemans, T.; Donat-Vargas, C.; Lindh, C. H.; de Faire, U.;
Wolk, A,; Leander, K; Akesson, A. Per- and Polyfluoroalkyl
Substances and Risk of Myocardial Infarction and Stroke: A Nested
Case-Control Study in Sweden. Environ. Health Perspect 2022, 130
(3), 37007.

(58) McAdam, J.; Bell, E. M. Determinants of maternal and neonatal
PFAS concentrations: a review. Environ. Health 2023, 22 (1), 41.

(59) Richardson, S. D.; Kimura, S. Y. Water Analysis: Emerging
Contaminants and Current Issues. Anal. Chem. 2020, 92 (1), 473—
S0S.

(60) Wen, Z. J.; Wei, Y. J.; Zhang, Y. F.; Zhang, Y. F. A review of
cardiovascular effects and underlying mechanisms of legacy and
emerging per- and polyfluoroalkyl substances (PFAS). Arch. Toxicol.
2023, 97 (5), 1195—1245.

(61) Cui, J.; Shi, J.; Gao, X;; He, L.; Huang, H.; Zhao, G.; Wu, G;
Yu, T.; An, Q.; Mai, L.; Chen, G. Associations of exposure to per- and
polyfluoroalkyl substances mixture with the numbers of lymph nodes
in colorectal cancer patients. Environ. Res. 2024, 240 (Pt 1),
No. 117529.

(62) Schumann, M.; Lilienthal, H.; Holzer, J. Human biomonitoring
(HBM)-1I values for perfluorooctanoic acid (PFOA) and perfluor-
ooctane sulfonic acid (PFOS) - Description, derivation and
discussion. Regul. Toxicol. Pharmacol. 2021, 121, No. 104868.

https://doi.org/10.1021/envhealth.4c00166
Environ. Health 2025, 3, 291-307


https://doi.org/10.2337/db10-0185
https://doi.org/10.2337/db10-0185
https://doi.org/10.2337/db10-0185
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1056/NEJMoa0807611
https://doi.org/10.1016/j.jacc.2021.09.006
https://doi.org/10.1016/j.jacc.2021.09.006
https://doi.org/10.1016/j.jacc.2021.09.006
https://doi.org/10.1016/j.jacc.2021.09.006
https://doi.org/10.1186/s12933-022-01523-7
https://doi.org/10.1186/s12933-022-01523-7
https://doi.org/10.1186/s12933-022-01523-7
https://doi.org/10.1186/s12933-022-01523-7
https://doi.org/10.1093/eurheartj/ehs122
https://doi.org/10.1093/eurheartj/ehs122
https://doi.org/10.1093/eurheartj/ehs122
https://doi.org/10.1093/eurheartj/ehad191
https://doi.org/10.1093/eurheartj/ehad191
https://doi.org/10.1016/S0140-6736(13)61720-1
https://doi.org/10.1016/S0140-6736(13)61720-1
https://doi.org/10.1016/S0140-6736(13)61720-1
https://doi.org/10.1007/s11356-021-14898-z
https://doi.org/10.1007/s11356-021-14898-z
https://doi.org/10.1186/s12859-017-1863-x
https://doi.org/10.1186/s12859-017-1863-x
https://CRAN.R-project.org/package=chngpt
https://CRAN.R-project.org/package=chngpt
https://doi.org/10.1016/j.atherosclerosis.2018.10.017
https://doi.org/10.1016/j.atherosclerosis.2018.10.017
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1161/CIR.0000000000000665
https://doi.org/10.1002/etc.34
https://doi.org/10.1002/etc.34
https://doi.org/10.1093/toxsci/kfy131
https://doi.org/10.1093/toxsci/kfy131
https://doi.org/10.1093/toxsci/kfy131
https://doi.org/10.1016/j.envint.2022.107274
https://doi.org/10.1016/j.envint.2022.107274
https://doi.org/10.1016/j.envint.2022.107274
https://doi.org/10.1016/j.scitotenv.2023.167313
https://doi.org/10.1016/j.scitotenv.2023.167313
https://doi.org/10.1016/j.scitotenv.2023.167313
https://doi.org/10.1016/j.envint.2023.107979
https://doi.org/10.1016/j.envint.2023.107979
https://doi.org/10.1016/j.envint.2023.107979
https://doi.org/10.1016/j.ijcard.2013.04.042
https://doi.org/10.1016/j.ijcard.2013.04.042
https://doi.org/10.1016/j.ijcard.2013.04.042
https://doi.org/10.1161/CIRCRESAHA.117.311312
https://doi.org/10.1161/CIRCRESAHA.117.311312
https://doi.org/10.1161/CIRCRESAHA.117.311312
https://doi.org/10.1016/j.envint.2021.106446
https://doi.org/10.1016/j.envint.2021.106446
https://doi.org/10.1016/j.envint.2021.106446
https://doi.org/10.1016/j.envint.2021.106446
https://doi.org/10.1016/j.envres.2016.10.002
https://doi.org/10.1016/j.envres.2016.10.002
https://doi.org/10.1016/j.envres.2016.10.002
https://doi.org/10.1289/EHP9791
https://doi.org/10.1289/EHP9791
https://doi.org/10.1289/EHP9791
https://doi.org/10.1186/s12940-023-00992-x
https://doi.org/10.1186/s12940-023-00992-x
https://doi.org/10.1021/acs.analchem.9b05269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00204-023-03477-5
https://doi.org/10.1007/s00204-023-03477-5
https://doi.org/10.1007/s00204-023-03477-5
https://doi.org/10.1016/j.envres.2023.117529
https://doi.org/10.1016/j.envres.2023.117529
https://doi.org/10.1016/j.envres.2023.117529
https://doi.org/10.1016/j.yrtph.2021.104868
https://doi.org/10.1016/j.yrtph.2021.104868
https://doi.org/10.1016/j.yrtph.2021.104868
https://doi.org/10.1016/j.yrtph.2021.104868
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

(63) Holzer, J.; Lilienthal, H.; Schumann, M. Human Biomonitoring
(HBM)-I values for perfluorooctanoic acid (PFOA) and perfluor-
ooctane sulfonic acid (PFOS) - Description, derivation and
discussion. Regul. Toxicol. Pharmacol. 2021, 121, No. 104862.

(64) Feng, X,; Long, G.; Zeng, G.; Zhang, Q.; Song, B.; Wu, K. H.
Association of increased risk of cardiovascular diseases with higher
levels of perfluoroalkylated substances in the serum of adults. Environ.
Sci. Pollut Res. Int. 2022, 29 (59), 89081—89092.

(65) Dunder, L.; Salihovic, S.; Varotsis, G.; Lind, P. M.; Elmstahl, S.;
Lind, L. Plasma levels of per- and polyfluoroalkyl substances (PFAS)
and cardiovascular disease - Results from two independent
population-based cohorts and a meta-analysis. Environ. Int. 2023,
181, No. 108250.

(66) Zhang, L.; Louie, A.; Rigutto, G.; Guo, H.; Zhao, Y.; Ahn, S,;
Dahlberg, S.; Sholinbeck, M.; Smith, M. T. A systematic evidence map
of chronic inflammation and immunosuppression related to per- and
polyfluoroalkyl substance (PFAS) exposure. Environ. Res. 2023, 220,
No. 115188.

(67) Wang, L. Q; Liu, T,; Yang, S,; Sun, L,; Zhao, Z. Y,; Li, L. Y,;
She, Y. C; Zheng, Y. Y,; Ye, X. Y,; Bao, Q; Dong, G. H; Li, C. W,;
Cui, J. Perfluoroalkyl substance pollutants activate the innate immune
system through the AIM2 inflammasome. Nat. Commun. 2021, 12
(1), 2915.

(68) Valvi, D.; Christiani, D. C.; Coull, B.; Hojlund, K.; Nielsen, F.;
Audouze, K.; Su, L; Weihe, P.; Grandjean, P. Gene-environment
interactions in the associations of PFAS exposure with insulin
sensitivity and beta-cell function in a Faroese cohort followed from
birth to adulthood. Environ. Res. 2023, 226, No. 115600.

(69) Kang, H.; Ding, N.; Karvonen-Gutierrez, C. A.; Mukherjee, B.;
Calafat, A. M,; Park, S. K. Per- and Polyfluoroalkyl Substances
(PFAS) and Lipid Trajectories in Women 45—56 Years of Age: The
Study of Women’s Health Across the Nation. Environ. Health Perspect
2023, 131 (8), 87004.

(70) India-Aldana, S.; Yao, M.; Midya, V.; Colicino, E.; Chatzi, L.;
Chuy, J; Gennings, C.; Jones, D. P,; Loos, R. J. F,; Setiawan, V. W,;
Smith, M. R;; Walker, R. W,; Barupal, D.; Walker, D. L; Valvi, D.
PFAS Exposures and the Human Metabolome: A Systematic Review
of Epidemiological Studies. Curr. Pollut Rep 2023, 9 (3), S10—568.

(71) Ong, S. B; Hall, A. R; Hausenloy, D. J. Mitochondrial
Dynamics in Cardiovascular Health and Disease. Antioxid Redox Sign
2013, 19 (4), 400—414.

(72) Chen, Y.; Liu, Y. Q; Dorn, G. W. Mitochondrial Fusion is
Essential for Organelle Function and Cardiac Homeostasis. Circ. Res.
2011, 109 (12), 1327—U36.

(73) Yang, R. J; Liu, S. Y.; Liang, X. X,; Yin, N. Y; Ruan, T.; Jiang,
L. S.; Faiola, F. F-53B and PFOS treatments skew human embryonic
stem cell cardiac differentiation towards epicardial cells by partly
disrupting the WNT signaling pathway. Environ. Pollut. 2020, 261,
No. 114153.

(74) Yang, Z. Y.; Fu, L; Cao, M. X;; Li, F,; Li, J. G.; Chen, Z. Y,;
Guo, A; Zhong, H. F.; Li, W. B,; Liang, Y.; Luo, Q. PFAS-induced
lipidomic dysregulations and their associations with developmental
toxicity in zebrafish embryos. Sci. Total Environ. 2023, 861,
No. 160691.

(75) Shi, X. J.; Du, Y. B,; Lam, P. K. S.; Wy, R. S. S.; Zhou, B. S.
Developmental toxicity and alteration of gene expression in zebrafish
embryos exposed to PFOS. Toxicol. Appl. Pharmacol. 2008, 230 (1),
23-32.

(76) Shi, G. H;; Cui, Q. Q; Pan, Y. T.; Sheng, N.; Sun, S.J,; Guo, Y.;
Daij, J. Y. 6:2 Chlorinated polyfluorinated ether sulfonate, a PFOS
alternative, induces embryotoxicity and disrupts cardiac development
in zebrafish embryos. Aquatic Toxicology 2017, 185, 67—75.

(77) Wang, D.; Tan, Z.; Yang, J; Li, L,; Li, H.;; Zhang, H; Liu, H,;
Liu, Y.; Wang, L.; Li, Q;; Guo, H. Perfluorooctane sulfonate promotes
atherosclerosis by modulating M1 polarization of macrophages
through the NF-kappaB pathway. Ecotoxicol Environ. Saf 2023, 249,
No. 114384.

(78) Fang, C; Wy, X,; Huang, Q,; Liao, Y,; Liu, L.; Qiu, L.; Shen,
H.; Dong, S. PFOS elicits transcriptional responses of the ER, AHR

307

and PPAR pathways in Oryzias melastigma in a stage-specific manner.
Aquat Toxicol 2012, 106—107, 9—19.

(79) Shi, G.; Cui, Q; Wang, J.; Guo, H.; Pan, Y.; Sheng, N.; Guo, Y,;
Dai, J. Chronic exposure to 6:2 chlorinated polyfluorinated ether
sulfonate acid (F-53B) induced hepatotoxic effects in adult zebrafish
and disrupted the PPAR signaling pathway in their offspring. Environ.
Pollut. 2019, 249, $50—559.

(80) Libby, P.; Pasterkamp, G.; Crea, F.; Jang, L. K. Reassessing the
Mechanisms of Acute Coronary Syndromes The “Vulnerable Plaque”
and Superficial Erosion. Circ. Res. 2019, 124 (1), 150—160.

(81) Omoike, O. E.; Pack, R. P.; Mamudu, H. M.; Liu, Y.; Strasser,
S.; Zheng, S. M.; Okoro, J.; Wang, L. Association between per and
polyfluoroalkyl substances and markers of inflammation and oxidative
stress. Environ. Res. 2021, 196, No. 110361.

(82) Barton, K. E.; Zell-Baran, L. M.; DeWitt, J. C.; Brindley, S.;
McDonough, C. A.; Higgins, C. P.; Adgate, ]. L.; Starling, A. P. Cross-
sectional associations between serum PFASs and inflammatory
biomarkers in a population exposed to AFFF-contaminated drinking
water. Int. J. Hyg Envir Heal 2022, 240, No. 11390S.

https://doi.org/10.1021/envhealth.4c00166
Environ. Health 2025, 3, 291-307


https://doi.org/10.1016/j.yrtph.2021.104862
https://doi.org/10.1016/j.yrtph.2021.104862
https://doi.org/10.1016/j.yrtph.2021.104862
https://doi.org/10.1016/j.yrtph.2021.104862
https://doi.org/10.1007/s11356-022-22021-z
https://doi.org/10.1007/s11356-022-22021-z
https://doi.org/10.1016/j.envint.2023.108250
https://doi.org/10.1016/j.envint.2023.108250
https://doi.org/10.1016/j.envint.2023.108250
https://doi.org/10.1016/j.envres.2022.115188
https://doi.org/10.1016/j.envres.2022.115188
https://doi.org/10.1016/j.envres.2022.115188
https://doi.org/10.1038/s41467-021-23201-0
https://doi.org/10.1038/s41467-021-23201-0
https://doi.org/10.1016/j.envres.2023.115600
https://doi.org/10.1016/j.envres.2023.115600
https://doi.org/10.1016/j.envres.2023.115600
https://doi.org/10.1016/j.envres.2023.115600
https://doi.org/10.1289/EHP12351
https://doi.org/10.1289/EHP12351
https://doi.org/10.1289/EHP12351
https://doi.org/10.1007/s40726-023-00269-4
https://doi.org/10.1007/s40726-023-00269-4
https://doi.org/10.1089/ars.2012.4777
https://doi.org/10.1089/ars.2012.4777
https://doi.org/10.1161/CIRCRESAHA.111.258723
https://doi.org/10.1161/CIRCRESAHA.111.258723
https://doi.org/10.1016/j.envpol.2020.114153
https://doi.org/10.1016/j.envpol.2020.114153
https://doi.org/10.1016/j.envpol.2020.114153
https://doi.org/10.1016/j.scitotenv.2022.160691
https://doi.org/10.1016/j.scitotenv.2022.160691
https://doi.org/10.1016/j.scitotenv.2022.160691
https://doi.org/10.1016/j.taap.2008.01.043
https://doi.org/10.1016/j.taap.2008.01.043
https://doi.org/10.1016/j.aquatox.2017.02.002
https://doi.org/10.1016/j.aquatox.2017.02.002
https://doi.org/10.1016/j.aquatox.2017.02.002
https://doi.org/10.1016/j.ecoenv.2022.114384
https://doi.org/10.1016/j.ecoenv.2022.114384
https://doi.org/10.1016/j.ecoenv.2022.114384
https://doi.org/10.1016/j.aquatox.2011.10.009
https://doi.org/10.1016/j.aquatox.2011.10.009
https://doi.org/10.1016/j.envpol.2019.03.032
https://doi.org/10.1016/j.envpol.2019.03.032
https://doi.org/10.1016/j.envpol.2019.03.032
https://doi.org/10.1161/CIRCRESAHA.118.311098
https://doi.org/10.1161/CIRCRESAHA.118.311098
https://doi.org/10.1161/CIRCRESAHA.118.311098
https://doi.org/10.1016/j.envres.2020.110361
https://doi.org/10.1016/j.envres.2020.110361
https://doi.org/10.1016/j.envres.2020.110361
https://doi.org/10.1016/j.ijheh.2021.113905
https://doi.org/10.1016/j.ijheh.2021.113905
https://doi.org/10.1016/j.ijheh.2021.113905
https://doi.org/10.1016/j.ijheh.2021.113905
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

