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Abstract

Background: Strong epidemiological evidence shows positive associations between exposure to
per- and polyfluoroalkyl substances (PFAS) and adverse cardiometabolic outcomes (e.g., diabetes,
hypertension, and dyslipidemia). However, the underlying cardiometabolic-relevant biological
activities of PFAS in humans remain largely unclear.
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Aim: We evaluated the associations of PFAS exposure with high-throughput proteomics in
Hispanic youth.

Material and Methods: We included 312 overweight/obese adolescents from the Study of
Latino Adolescents at Risk (SOLAR) between 2001 and 2012, along with 137 young adults from
the Metabolic and Asthma Incidence Research (Meta-AlIR) between 2014 and 2018. Plasma PFAS
(i.e., PFOS, PFOA, PFHxS, PFHpS, PFNA) were quantified using liquid-chromatography high-
resolution mass spectrometry. Plasma proteins (/7= 334) were measured utilizing the proximity
extension assay using an Olink Explore Cardiometabolic Panel 1. We conducted linear regression
with covariate adjustment to identify PFAS-associated proteins. Ingenuity Pathway Analysis,
protein-protein interaction network analysis, and protein annotation were used to investigate
alterations in biological functions and protein clusters.

Results: Results after adjusting for multiple comparisons showed 13 significant PFAS-associated
proteins in SOLAR and six in Meta-AlIR, sharing similar functions in inflammation, immunity,
and oxidative stress. In SOLAR, PFNA demonstrated significant positive associations with the
largest number of proteins, including ACP5, CLEC1A, HMOX1, LRP11, MCAM, SPARCL1,
and SSC5D. After considering the mixture effect of PFAS, only SSC5D remained significant.

In Meta-AIR, PFAS mixtures showed positive associations with GDF15 and IL6. Exploratory
analysis showed similar findings. Specifically, pathway analysis in SOLAR showed PFOA.-

and PFNA-associated activation of immune-related pathways, and PFNA-associated activation
of inflammatory response. In Meta-AIR, PFHxS-associated activation of dendric cell maturation
was found. Moreover, PFAS was associated with common protein clusters of immunoregulatory
interactions and JAK-STAT signaling in both cohorts.

Conclusion: PFAS was associated with broad alterations of the proteomic profiles linked to pro-
inflammation and immunoregulation. The biological functions of these proteins provide insight
into potential molecular mechanisms of PFAS toxicity.

Keywords

Per- and polyfluoroalkyl substances (PFAS); Proteomics; Cardiometabolic; Inflammation;
Immune response

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of synthetic organic chemicals
that have raised significant concerns due to their remarkable resistance to biological

and environmental degradation, as well as their ability to bioaccumulate in the
environment (Cousins et al., 2019; Kissa, 2001). Over 97 % of the US population

have measurable perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS),
perfluorohexanesulfonic acid (PFHxS), and perfluorononanoic acid (PFNA) in blood
according to the National Health and Nutrition Examination Survey (NHANES) data
from 2005 to 2018 (Calafat et al., 2019; Lewis et al., 2015; Sun et al., 2024). The
detrimental effects of PFAS exposure on human health have been extensively documented
in numerous systematic reviews and meta-analyses, particularly on cardiometabolic health,
such as diabetes (Gui et al., 2023), hypertension (Pan et al., 2023), dyslipidemia (Liu

et al., 2023), and non-alcoholic fatty liver disease (Costello et al., 2022). According
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to a study conducted among 1.3 million adults with overweight or obesity in the

US in 2012-2013, over 80 % of the participants had at least one cardiometabolic

risk factor, including elevated blood pressure, elevated triglycerides, low high-density
lipoprotein cholesterol, and prediabetes (Karhunen et al., 2023). Therefore, understanding
the underlying cardiometabolic mechanisms relevant to PFAS is crucial for the development
of preventive strategies and targeted interventions against cardiometabolic outcomes.

Prior in vitro and in vivo animal research has helped elucidate the mechanisms of

PFAS toxicity on cardiometabolic health. One prominent mechanism involves peroxisome
proliferator-activated receptors (PPARS) (Evans et al., 2022). PPARs, as fatty acid sensors,
regulate the formation, utilization, and metabolism of lipids and glucose throughout

the body, thereby contributing to the pathophysiology of various cardiometabolic health
conditions, such as disrupted glucose and lipid homeostasis, metabolic disorder, and
inflammation (Attema et al., 2022; Kirk et al., 2021; Szilagyi et al., 2020; Wagner and
Wagner, 2020). Additionally, PFAS impact Ca2* signaling, nuclear factor kappa B (NF-
xB) modulation, oxidative stress, and cytokine levels (Ehrlich et al., 2023), where these
biological processes are emerging mechanisms in cardiometabolic health (Dubois-Deruy et
al., 2020; Fiordelisi et al., 2019; Ghigo et al., 2017; Karhunen et al., 2023). However, to
understand the potential cardiometabolic mechanistic changes observed in the human body
in relation to PFAS exposure, comprehensive epidemiological studies are needed to explore
the molecular signatures of PFAS in humans.

Omics technologies have emerged as a valuable tool in environmental epidemiology,
enabling the identification of cellular-level biological signatures of environmental exposure
and facilitating the development of plausible physiological mechanisms (Kyrtopoulos,
2013). Particularly, proteomic profiles provide crucial information about variations in the
relative abundance, induction, and repression of thousands of proteins (Guo et al., 2021).
Proteomic data serve to potentially unveil the biological functions, metabolic networks,
and functional protein interaction networks of cells and organisms at a systemic level

in response to an environmental exposure (Guo et al., 2021). Hence, functional proteins
altered by environmental stressors can be selected as novel biomarkers to assess the toxicity
of environmental stressors, the presence of specific compounds, and the progression of
pollutant accumulation.

Despite significant advancements, the use of high-throughput proteomics in environmental
epidemiology is still a developing field. To date, only a limited number of studies have
investigated the connection between PFAS exposure and proteomic biomarkers to elucidate
the molecular features of potential PFAS mechanistic toxicity, such as inflammation,

cellular metabolism, and endocrine disruption. Two recent proteomic studies on Swedish
middle-aged (Salihovic et al., 2020) and older-aged populations (Dunder et al., 2023)

have evaluated associations of PFAS with 86 inflammatory proteins and 249 proteins

linked to inflammation, metabolism, and cardiovascular disease using Olink high-throughput
technique, respectively. They found that PFAS exposure was linked to alterations of
proteomic profiles, such as reduced inflammation. However, these two proteomics studies
focus on the Swedish population with relatively older age groups, leaving a gap in research
on young populations from diverse ethnic backgrounds that are historically underrepresented
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in biomedical research. Furthermore, the scope of these studies is limited as they only
examined individual PFAS congeners, whereas humans are exposed to a mixture of
correlated PFAS compounds, potentially resulting in synergistic health effects.

In our study, we aim to investigate the associations of five individual PFAS congeners

and their mixtures with a high-throughput panel of cardiometabolic proteins using Olink.
Olink utilizes a novel proximity extension assay technology, which has been validated

for technical robustness, demonstrating good reproducibility and stability across multiple
studies (Carlyle et al., 2022; Haslam et al., 2022). Our study included baseline data from
(1) the Study of Latino Adolescents at Risk (SOLAR), comprising of Hispanic overweight
or obese children, as well as data from (2) the Metabolic and Asthma Incidence Research
(Meta-AlIR), comprising of young adults with a history of childhood overweight or obesity.
Childhood and adolescence are crucial developmental stages for cellular differentiation and
the formation of metabolic tissues (Casazza et al., 2008; Kelly et al., 2011). Obesity during
these periods contributes to an increased risk of cardiometabolic diseases and cause-specific
mortality in adulthood (Chung et al., 2018). Consequently, investigating PFAS exposure

in populations during these sensitive developmental phases, particularly those with a high
metabolic risk, is imperative.

By using two independent cohorts of adolescents and young adults with high body mass
index (BMI), we aim to identify PFAS-associated cardiometabolic relevant proteins and
alterations of novel biological processes, as well as evaluate the persistence of these
associations from adolescence to adulthood. Our findings have significance for early
detection of PFAS-associated cardiometabolic risk and targeted disease prevention and
intervention, as well as provide further molecular insights into the adverse effects of
PFAS on cardiometabolic outcomes. In addition, our emphasis on Hispanic populations
in the US, an understudied group in biomedical research, contributes to a better biological
understanding of PFAS in human health across ethnic backgrounds.

Methods

2.1. Study populations

2.1.1. Study of Latino Adolescents at Risk (SOLAR)—This study was conducted
using the baseline data from the SOLAR (5R01 DK 059211) cohort (Alderete et al., 2017).
A total of 328 overweight or obese children between 8 and 13 years old were recruited in
two waves between 2001 and 2012 (Goodrich et al., 2023). Participants underwent annual
clinical visits at the University of Southern California (USC) General Clinical Research
Center or Clinical Trials Unit. Inclusion criteria were direct family history of type 2
diabetes, Hispanic ethnicity, age- and sex-specific BMI percentile greater than 85 %, as
well as absence of type 1 or type 2 diabetes. Individuals on medications or with a medical
condition known to affect glucose or insulin metabolism or body composition were excluded
from the study. Current analyses included 312 children with complete measurements of
PFAS exposure and protein biomarkers. The USC Institutional Review Board granted ethics
approval for this study. Before participation, written informed assent/consent was obtained
from participants and their guardians.
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2.1.2. Metabolic and Asthma Incidence Research (Meta-AlR)—To evaluate
whether associations in adolescence persist into adulthood, we conducted analyses on 137
young adults aged 17-23 years old from the Meta-AlIR cohort, the baseline data of Southern
California Children’s Health Study (Kim et al., 2019). Inclusion criteria for Meta-AIR were
a history of overweight or obesity during high school based on age- and sex-specific BMI
percentile greater than the 85™ percentile. Individuals were excluded from the study if

they were on medications or had a medical condition including type 1 or type 2 diabetes
that known to affect glucose or insulin metabolism or body composition. Eligible subjects
were contacted and enrolled for a single clinical visit at the Diabetes and Obesity Research
or General Clinical Research Center or Clinical Trials Unit at USC between 2014 and
2018. The USC Institutional Review Board granted ethics approval for this study. Before
participation, written informed assent/consent was obtained from participants and their
guardians if participants were under 18.

Data measurement

2.2.1. Plasma PFAS—PFAS concentrations were measured in plasma samples in
batches of 70 study samples by liquid chromatography with high-resolution mass
spectrometry (LC-HRMS). Details of the measurement were described elsewhere (Goodrich
et al., 2022; Goodrich et al., 2023). PFAS were quantified by dividing the analyte peak

with its corresponding internal standard and comparing this ratio to a six-point calibration
curve generated utilizing charcoal-stripped plasma. Each batch of 70 samples conducted
replicate analyses of the National Institute of Standards and Technology (NIST) 1957 and
NIST 1958 standard reference material and included method and instrumental blanks. PFAS
had over 90 % of the analyte recovery with less than 15 % of the coefficient of variation.
Method accuracy was assessed by comparing with NIST standard reference materials and
participating in the Center de toxicologie du Québec’s Arctic Monitoring and Assessment
Program Ring Test for Persistent Organic Pollutants in Human Serum. Five PFAS congeners
commonly reported to have harmful effects in previous literature were included: PFOS,
PFOA, PFHS, perfluoroheptanesulfonic acid (PFHpS), and PFNA. The limits of detection
(LODs) were 0.43 ug/L for PFOS, 0.01 pg/L for PFHXS, 0.05 ug/L for PFHpS, 0.01 ug/L for
PFOA, and 0.01 pg/L for PFNA. All included subjects in the present study had plasma PFAS
concentrations that were detectable above the LOD at 100 % of analyzed samples.

2.2.2. Plasma proteomics—Utilizing the proximity extension assay and

a high throughput technique, 369 unique proteins in Olink Explore

384 Cardiometabolic Panel | (https://www.olink.com/content/uploads/2021/08/olink-
explore-384-cardiometabolic-protein-list-1.xIsx) were measured in plasma for all included
participants. The Olink Explore Cardiometabolic panel was selected for its broader range
of cardiometabolic-relevant proteins, facilitating the identification of new associations or a
broader exploration of potential biomarkers. Proteins with over 50 % of the observations
below LOD were removed (1= 28 for SOLAR; n= 23 for Meta-AlR), resulting in a

total of 341 proteins in SOLAR and 346 proteins in Meta-AlR. The overlapped proteins
between SOLAR and Meta-AlIR (n7= 334) were included in statistical analyses. Data values
for measurements below the LOD were reported for all samples by Olink. Thus, actual
data were used for those falling below LOD to increase the statistical power and achieve a
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more normal distribution of the data. Sample controls (pooled plasma samples) were used
to assess potential variation between runs and plates. For SOLAR, the average intra-assay
and inter-assay coefficient of variance was 12 % and 20 %, respectively. For Meta-AlR, the
average intra-assay and inter-assay coefficient of variance was 14 % and 15 %, respectively.
Data is presented as Normalized Protein eXpression values, which represent Olink’s relative
protein quantification units on the log?2 scale.

2.2.3. Covariates—Questionnaires were used to collect health history, familial health
history, and sociodemographic characteristics from the participants and their guardians. In
the SOLAR cohort, socioeconomic status (SES) was assessed using a modified version of
the Hollingshead Four-Factor Index (Alderete et al., 2017; Hollingshead, 2011). This index
incorporates education, occupation, and marital status of each parent/guardian to provide

a single measure for children’s social status, with a higher index indicating a higher SES
status. The SES index was classified according to the quantiles. There were 35 missing

data for SES and thus these children’s SES was coded as ‘Missing’. As assessed using
chi-square tests and independent £tests by previous studies (Goodrich et al., 2021; Goodrich
et al., 2023), these children with missing SES data did not have different metabolic or
physical attributes including sex, age, or BMI, compared to those with complete SES

data. The SES index was analyzed as a categorical variable in the covariate adjustment.
Children underwent a physical examination performed by a physician to determine Tanner
stage (Marshall and Tanner, 1969,1970). Tanner stage is a scale of development based on
secondary sex characteristics, where stage 1 is pre-puberty, stages 2—4 are puberty, and stage
5 is post-puberty. In SOLAR, covariates including age, sex, SES, and study waves were
adjusted in Model 1. Tanner stage was further included in Model 2 to improve precision as
puberty is an important predictor of cardiometabolic risk in children and adolescents (Low
et al., 2022; Moran et al., 1999; Tobisch et al., 2015). In the Meta-AIR cohort, SES was
assessed using parental education (Kim et al., 2019). In Meta-AlIR, covariates including

age, sex, ethnicity (Hispanic/non-Hispanic), and parental education were included in models.
Covariates for SOLAR and Meta-AlIR were selected based on information obtained from the
existing literature and using directed acyclic graphs (DAGs; Figure S1).

2.3. Data analyses

2.3.1. Descriptive statistical analysis—PFAS plasma concentrations were natural
logarithm-transformed to limit the influence of extreme values. To examine differences in
PFAS levels and study characteristics across two cohorts, we conducted independent #tests
on PFAS and continuous covariates, and chi-square tests on the categorical covariates.
Spearman correlation analyses were conducted to evaluate the correlation among PFAS
levels and among protein concentrations within each cohort. All statistical analyses were
performed using R software version 4.1.0.

2.3.2. Protein association study—To examine associations of individual PFAS and
PFAS mixtures with each protein, a protein association study was conducted using linear
regression through the “epiomics”R package. This package is specifically designed for
analyzing omics data in observational studies. For individual PFAS, the “owas” function was
used to examine the associations between individual PFAS and each protein, adjusting for
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covariates. Furthermore, we applied the “owas ggcomp” function, using the default setting
of a linear effect across quantiles of the mixture, to analyze the associations between tertiles
of PFAS mixtures and each protein using quantile g-computation (QGComp; Keil et al.,
2020). QGComp is a novel analytical approach used in environmental mixture analysis to
estimate the impact of simultaneously increasing all exposures by one quantile. This method
allows for the estimation of both the exposure mixture effect and individual contributions to
that mixture, without the need for assuming directional homogeneity, linearity, and additivity
like weighted quantile sum (WQS) regression (Keil et al., 2020).

Multiple comparisons were adjusted by using a principal component analysis (PCA)-based
method to calculate the effective number of tests (Mefr) (Wen and Lu, 2011). In brief, PCA
was performed on all exposures and all outcomes independently in each cohort to calculate
the eigenvalues. The effective number of tests was determined by summing all eigenvalues
greater than one for the exposures and for the outcomes using the Kaiser-Guttman rule
(Goretzko and Blhner, 2022). The new a level for significance was adjusted by dividing
0.05 over Mess (SOLAR: Megs = 39; Meta-AIR: Mgss = 28). The adjusted significance
threshold was 0.05/39 = 0.00128 for SOLAR, and 0.05/28 = 0.00178 for Meta-AlIR.

For exploratory analysis, PFAS-protein associations with a two-sided p-value < 0.05 were
retrieved and further evaluated. To assess the patterns of associations between individual
PFAS and significant proteins, heatmaps were generated with k-means clustering on the
Estatistics in each cohort (Gu, 2022). The optimal number of clusters was determined using
gap statistics method (Tibshirani et al., 2002). Labels including “positive associations”,
“moderate positive associations”, and “negative associations” were used to describe the
overall pattern of associations between PFAS and proteins, representing their overall
direction of association for each cluster.

2.3.3. Protein-protein interaction network analysis—The protein—protein
interaction (PPI) of PFAS-associated proteins with p < 0.05 in each cohort was established
by the STRING database (version 11.5), a web-based search tool for retrieving interacting
genes/proteins (https://string-db.org/). The STRING database provides seven independent
‘channels’ that categorize association evidence, including three prediction channels

based on genomic information, and one channel each for co-expression, text-mining,
biochemical/genetic data (‘experiments’), and previously curated pathway and protein-
complex knowledge (‘databases’) (Szklarczyk et al., 2018). To ensure the specificity of

our analysis, we excluded text-mining evidence as it only considers the co-mention of genes/
proteins names in literature without considering the actual reported protein interaction.

Each PPI is annotated with one or more scores between one to zero to indicate the
confidence level of an interaction. By default, the confidence level thresholds are set at

0.15 for low confidence, 0.40 for medium confidence, 0.70 for high confidence, and 0.90 for
highest confidence. The highest interaction score across all other channels (except for the
text-mining channel) was considered representative of the strength of the protein interaction.
We constructed and visualized the PPI network using Cystoscope software version 3.9.1,

by selecting proteins with an interaction score of no less than 0.4 (median confidence

level). The specific interaction score was indicated in the figure through the edge type

and thickness, with dashed lines for medium confidence (0.4-0.7), solid lines for high
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confidence (0.7-0.9), and parallel lines for highest confidence (0.9-1.0). Additionally, we
included those proteins that were within a local network cluster identified by STRING to
enhance the relevance of our PPI network.

2.3.4. Pathway analysis—To explore the alterations of biological processes and
pathways, Core Analyses (i.e., Functional Analyses) were conducted in the Qiagen
Ingenuity Pathway Analysis (IPA) software to analyze identified protein profiling data
(Pan et al., 2022). The dataset comprising PFAS-associated proteins, along with their
corresponding UniProt IDs and #statistics obtained from the protein association study, was
uploaded into the Qiagen IPA software. The overrepresentation test utilized a customized
reference set generated from our input dataset. By utilizing comparison analysis, we
examined the Core Analysis results including canonical pathways as well as diseases

and functions across various PFAS exposures. Canonical pathways are well-characterized
metabolic and cell signaling pathways that have been curated by scientists from Qiagen or
third parties. Diseases and functions section provides biological information and diseases
related to our results. We first filtered for significant proteins with adjustment for multiple
comparisons. Exploratory analysis was further conducted using PFAS-associated proteins
with a p < 0.05. Pathways and functions with a significant activation zscore (|2 = 2) and
a Fisher’s exact p < 0.05 were selected. The derived zscore allows for the inference of
activation states, indicating whether the implicated biological processes are “increased” or
“decreased”. Only pathways and functions involving multiple proteins were presented.

2.3.5. Cross-database protein annotation—We conducted the annotation of
biological functions for the significant proteins identified through adjusting for multiple
comparisons, as well as for the proteins with p < 0.05 shared between two cohorts. This
involved cross-referencing multiple databases, including UniProt, RefSeq, KEGG pathway,
and Reactome pathway.

3. Results

3.1. Characteristics of the study population

Characteristics of participants and plasma PFAS concentrations in SOLAR and Meta-AlR
cohorts are presented in Tables 1 and 2, respectively. The SOLAR cohort recruited between
2001 and 2012, consisted of Hispanic children with a mean (standard deviation, SD) age of
11.3 (1.7) years. The Meta-AlIR cohort, recruited between 2014 and 2018, was composed
of young adults, 58 % of whom were Hispanic, with a mean (SD) age of 19.9 (1.3) years.
The sex distribution was comparable between the two cohorts. In both cohorts, all five PFAS
were detected in all participants. Spearman correlation coefficients for PFAS concentrations
ranged from 0.01 to 0.93 in SOLAR and from 0.24 to 0.93 in Meta-AIR (Figure S2). PFAS
concentrations were consistent with the reported levels observed in the relevant time period
and among comparable age groups in NHANES (Centers for Disease Control Prevention,
2019) (Table 2). Spearman correlation coefficients for proteins ranged from —0.57 to 0.96
with a median (interquartile range) of 0.14 (0.20) in SOLAR (Figure S3) and from -0.60 to
0.98 with a median (interquartile range) of 0.17 (0.21) in Meta-AIR (Figure S4).
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3.2. PFAS and proteins in SOLAR children cohort

3.2.1. Multiple testing corrections: PFAS exposure was associated with
altered protein signatures and functions in SOLAR—Table 3 presents significant
PFAS-protein associations after adjusting for multiple comparisons in SOLAR as well as
cross-database protein functional annotations. Detailed functional annotations are presented
in Table S3. In Model 1, a total of 13 proteins showed significant positive associations with
PFAS exposure. Specifically, three proteins were linked to PFOS, three to PFOA, one to
PFHpS, seven to PFNA, and one to PFAS mixtures. There was no significant association
observed for PFHxS. Only heme oxygenase 1 (HMOX1) and scavenger receptor cysteine
rich family member with 5 domains (SSC5D) showed associations with more than one PFAS
exposure. HMOXZ1, an anti-oxidase involved in heme catabolism, was positively associated
with PFOA and PENA. SSC5D, involved in innate defense, was positively associated with
PFNA and PFAS Mixtures. Both PFOA and PFNA were positively associated with proteins
involved in inflammatory, immune, and antioxidative response, as well as bone metabolism.
Specifically, PFOA showed positive associations with c-type lectin domain containing

5A (CLEC5A), eosinophil cationic protein (RNASE3), and HMOX1. CLEC5A regulates
osteoclastogenic, inflammation, and immune response, while RNASE3 exhibits antibacterial
activity and is related to asthma. In addition, PFNA demonstrated positive associations

with acid phosphatase 5 tartrate resistant (ACP5), c-type lectin domain family 1 member A
(CLEC1A), HMOX1, and SSC5D. ACP5 is involved in osteoclast differentiation and related
to rheumatoid arthritis, while CLEC1A regulates dendritic cell function and is involved in
inflammation. In Model 2, additional adjustments were made for tanner stage to enhance the
precision of the estimates. Estimates from Model 2 were comparable to those from Model 1,
with less than an 11 % change.

Using significant proteins adjusting for multiple comparisons in IPA, we did not identify any
pathway or function with a predicted activation z-score. However, diseases and biological
functions related to inflammation and respiratory system, as well as cardiovascular disease
were shown significant for PFOS (data not shown). For PFOA, all three proteins (i.e.,
CLEC5A, RNASE3, and HMOX) were involved in inflammation of respiratory system
component (Fisher’s exact p-value = 0.005, Benjamini-Hochberg (B-H) adjusted p-value =
0.040). RNASE3 and HMOX1 were furthered involved in cell death of cardiomyocytes
(Fisher’s exact p-value = 0.010, B-H adjusted p-value = 0.042). For PFQOS, clusterin-

like protein 1 (CLUL1) and neural cell adhesion molecule 1 (NCAML1) were involved

in diseases related to endocrine system disorders, including extrapulmonary small cell
carcinoma (Fisher’s exact p-value < 0.001, B-H adjusted p-value = 0.028) and abdominal
neuroendocrine tumor (Fisher’s exact p-value = 0.011, B-H adjusted p-value = 0.038).

3.2.2. Exploratory analysis: PFAS was associated with altered proteins
signatures, biological processes, and pathways in SOLAR—We conducted
additional exploratory analyses of PFAS-protein associations, using a significance threshold
of 0.05 for the p-value. Figure S5A presents a heatmap using K-means clustering to illustrate
the adjusted associations of PFAS exposure with 134 PFAS-associated proteins in the
SOLAR cohort. Similar association patterns were observed between PFNA and PFOA,

as well as among PFOS, PFHpS, and PFHXS. Among various PFAS exposure, PFNA
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showed significant associations with the largest number of proteins (7= 72). Through

the utilization of cluster analysis and the gap statistics method to ascertain the optimal
number of clusters, we identified three distinct protein clusters. Based on the overall pattern
of associations within each cluster, we labeled them as follows: “positive associations”

(n = 45 proteins), “moderately positive association” (7= 60 proteins), and “negative
association” (n7= 29 proteins). Within the “positive associations” cluster, we observed a
concordant positive association of three individual PFAS with five proteins, specifically
SSC5D, endoglin (ENG), CLUL1, RNASE3, and myeloblastin (PRTN3). In the moderately
positively associated cluster, PFNA emerged as the primary compound showing significant
associations. Within the “negative associations” cluster, PFOS emerged as the key driver of
the observed negative associations. A concordant negative association was found between
three individual PFAS and receptor-type tyrosine-protein phosphatase F (PTPRF).

IPA comparison analysis revealed associations of PFOA and PFNA with the activation of
canonical pathways related to the immune system (Figure S5B). Specifically, activation

of neutrophil degranulation (zscore = 2.65, Fisher’s exact p-value = 0.02) was enriched
with PFOA exposure, involving seven proteins positively associated with PFOA: RNASE3,
CLECSHA, oxidized low-density lipoprotein receptor 1 (OLR1), azurocidin (AZU1), myeloid
cell nuclear differentiation antigen (MNDA), myeloblastin (PRTN3), and carcinoembryonic
antigen-related cell adhesion molecule 8 (CEACAMS). In addition, PFNA exposure was
associated with the activation of immunoregulatory interactions between a lymphoid

and non-lymphoid cell (zscore = 2.82, Fisher’s exact p-value = 0.03), as well as

phagosome formation (z-score = 2.82, Fisher’s exact p-value = 0.009). The activation of
immunoregulatory interactions between a lymphoid and non-lymphoid cell involved eight
proteins positively associated with PENA: intercellular adhesion molecule 5 (ICAM5),

low affinity immunoglobulin gamma Fc region receptor 111-B (FCGR3B), integrin beta-1
(ITGB1), cadherin-1 (CDH1), leukocyte immunoglobulin-like receptor subfamily B member
5 (LILRBS5), neural proliferation differentiation and control protein 1 (NPDC1), ICAM2,
and complement receptor type 2 (CR2). Similarly, the activation of phagosome formation
involved eight proteins positively associated with PFNA: HMOX1, prosaposin receptor
GPR37 (GPR37), CD209 antigen (CD209), monocyte differentiation antigen CD14 (CD14),
FCGR3B, ITGBL1, T-cell immunoglobulin and mucin domain-containing protein 4 (TIMDA4),
and CR2. IPA comparison analysis of diseases and biological functions further demonstrated
a significant activation of inflammatory response with PFNA exposure, involving 28 PFNA-
associated proteins. Specific proteins involved are presented in Figure S6. No pathway or
function remained significant after adjusting for multiple comparisons.

The PPI network among PFAS-associated proteins in the SOLAR cohort is presented

in Figure S7. Overall, there were six major network cluster modules including
immunoregulatory interactions, JAK-STAT signaling pathway, bone morphogenic protein
(BMP) signaling pathway, insulin-like growth factor binding protein (IGFBP), protein
digestion, and absorption, as well as apoptotic cell clearance. Within the immunoregulatory
interactions module, LILRB1 exhibited a high confidence level of interaction score (0.8)
with FCGR3B and FCGR2A in the osteoclast differentiation pathway. Six proteins were
clustered in the BMP signaling pathway module including growth/differentiation factor

2 (GDF2), ENG, BMPS, transforming growth factor beta receptor type 3 (TGFBR3),
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chordin-like protein 2 (CHRDLZ2), and ACP5, and were all positively associated with PFAS
exposure. Within the JAK-STAT signaling pathway module, leptin (LEP) interacted with
platelet-derived growth factor receptor alpha (PDGFRA), oncostatin-M-specific receptor
subunit beta (OSMR), interleukin-6 receptor subunit alpha (IL6R), and interleukin-2
receptor subunit alpha (IL2RA) with a medium confidence level of interaction score (0.6).

3.3. PFAS and proteins in Meta-AIR young adults cohort

3.3.1. Multiple testing corrections: PFAS exposure was associated with
altered protein signatures in Meta-AIR—Table 4 presents significant PFAS-protein
associations after adjusting for multiple comparisons in Meta-AlR. Detailed functional
annotations are presented in Table S4. A total of six proteins showed significant associations
with PFAS exposure. Specifically, one protein was associated with PFOA, two with PFHXS,
one with PFNA, and three with PFAS mixtures. No significant association was observed
for PFOS and PFHpS. Only amine oxidase copper containing 3 (AOC3) were associated
with more than one PFAS exposure. AOC3, a cell adhesion protein with semicarbazide-
sensitive (SSAO) monoamine oxidase activity and potential adipogenesis effect, was
negatively associated with PFNA and PFAS mixtures. In addition, PEAS mixtures was
positively associated with proteins involved in inflammation and injury response, including
GDF15 and IL6. GDF15 is a pleiotropic cytokine related to inflammation, acute injury,

and oxidative stress. Similarly, IL6 is a cytokine that functions in inflammation, tissue
regeneration upon injury, and immunity, which has been implicated in a variety of
inflammation-associated diseases. Besides inflammatory response, we observed a positive
association between PFHXS and trypsin-2 (PRSS2), a serine protease secreted by the
pancreas which is related to pancreatitis.

Using significant proteins adjusting for multiple comparisons in IPA, we did not identify
any pathway or function with a predicted activation zscore. However, we identified PFAS
mixtures as the only exposure with significant enrichment (data not shown). Specifically,
myocardial infarction involving AOC3, GDF15, and IL6 (Fisher’s exact p-value = 0.002,
B-H adjusted p-value = 0.047), as well as hypertrophy of cardiomyocytes involving GDF15
and IL6 (Fisher’s exact p-value = 0.001, B-H adjusted p-value = 0.047) were significantly
enriched.

3.3.2. Exploratory analysis: PFAS was associated with altered proteins
signatures, biological processes, and pathways in Meta-AIR—Figure S8A
presents a heatmap using K-means clustering to illustrate the adjusted associations of
PFAS exposure with 75 significant proteins (p < 0.05) in the Meta-AIR cohort. Among
various PFAS exposure, PFHXS showed significant associations with the largest number
of proteins (n= 42). Through the utilization of cluster analysis and the gap statistics
method to ascertain the optimal number of clusters, we identified two distinct protein
clusters. Based on the overall pattern of associations within each cluster, we labeled them
as follows: a cluster of positive associations (n7= 64 proteins) and a cluster of negative
associations (7= 11 proteins). Within the cluster of positive associations, we observed
concordant positive associations of three individual PFAS with six proteins, specifically
GDF2, GDF15, PTPRF, ACP5, collagen alpha-1 (COL18A), and carboxypeptidase Al
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(CPAL). In addition, we observed concordant positive associations of four individual PFAS
with six proteins, including PRSS2, protein canopy homolog 2 (CNPY2), metalloproteinase
inhibitor 1 (TIMP1), IGFBP6, chymotrypsin-like elastase family member 3A (CELA3A),
and protein FAM3C (FAM3C). In the cluster of negative associations, we observed
concordant negative associations of three individual PFAS with AOC3, and four individual
PFAS with neurogenic locus notch homolog protein 3 (NOTCH3).

In the IPA comparison analysis of canonical pathways, we observed that PFHXS (z-score =
2.24, Fisher’s exact p-value = 0.04), PFHpS (z-score = 2, Fisher’s exact p-value = 0.01),

and PFAS mixtures (zscore = 2.45, Fisher’s exact p-value = 0.005) demonstrated significant
enrichment in activating the regulation of IGF transport and uptake by IGFBPs (Figure
S8B). This enrichment involved IL6, TIMP1, and IGFBP6 for all three PFAS. Additional
proteins involved in activating the regulation of IGF transport and uptake by IGFBPs
included procollagen C-endopeptidase enhancer 1 (PROC) and CDH2 for PFHXS, cystatin-C
(CST3) for PFHpS, as well as CST3, PROC, and osteopontin (SPP1) for PFAS mixtures.
Additionally, PFHxS was associated with the activation of dendritic cell maturation (z-score
= 2, Fisher’s exact p-value = 0.02), involving four positively associated proteins: collagen
alpha-1 (COL18A1), COL18AL, IL6, leptin receptor (LEPR), and ICAML. In the analysis of
diseases and biological functions, activation of proliferation of vascular cells was enriched
for PFAS mixtures (z-score = 2.22, Fisher’s exact p-value = 0.04), while activation of
binding of fibroblast cell lines was enriched for PFHXS (z-score = 2.2, Fisher’s exact p-value
= 0.006). Specific proteins involved are presented in Figure S9. No pathway or function
remained significant after adjusting for multiple comparisons.

The PPI network among significant proteins in the Meta-AIR cohort is presented in Figure
S10. Overall, there were six major network cluster modules including immunoregulatory
interactions, JAK-STAT signaling pathways, expression of STAT3-upregulated extracellular
proteins, digestion and cell wall disruption, collagen formation & matrix metalloproteinases,
and blood coagulation. Within the immunoregulatory interactions module, FCGR2A
exhibited a high confidence level of interaction score (0.8) with LILRB2 and LILRB5 in
the osteoclast differentiation pathway. There were five PFAS positively associated proteins
related to digestion including CPA1, CELA3A, PRSS2, ribonuclease T2 (RNASET2),

and angiogenin (ANG). Specifically, CPA1, CELA3A, and PRSS2 were associated with
pancreatitis. IL6, OSMR, thrombopoietin (THPO), LEPR, and IL19 interacted with a
medium confidence level of interaction score (0.6) in the JAK-STAT signaling pathway.
Three PFAS positively associated proteins (i.e., TIMP1, LBP, and IL6) interacted with

each other with highest confidence level of interaction score (0.9) in the expression of
STAT3-upregulated extracellular protein.

3.4. Shared PFAS and protein associations in SOLAR and Meta-Air

We identified an overlap of 30 proteins that exhibited significant associations with at least
one PFAS in both cohorts (Fig. 1). Table S1 presents the (95 % CI) and biological
functions of 25 significant proteins showing concordant associations with PFAS. Among
these, 24 proteins demonstrated concordant positive associations. These PFAS positively
associated proteins are involved in a range of shared biological functions, including: (1)

Environ Int. Author manuscript; available in PMC 2024 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 13

bone metabolism involving ACP5, SPP1, CLEC5A, GDF2, dickkopf-related protein 3
(DKK3); (2) anti-angiogenesis involving COL18A1, basement membrane-specific heparan
sulfate proteoglycan core protein (HSPG2), and GDF2; (3) pro-inflammation involving
SPP1, CLEC5A, and galectin-3 (LGALS3); (4) immune responses involving membrane
attack complex inhibition factor (CD59), LGALS3, OSMR, ICAMZ2; (5) neurological
functions involving GPR37 and SLIT and NTRK-like protein 6 (SLITRKS6).

When comparing the same PFAS-protein association shared between two cohorts, we
observed 11 proteins exhibiting significant associations. Specifically, concordant positive
associations were identified for the following PFAS-protein pairs: COL18A1, FABP4, and
ICAM2 with PENA; CD59 with PFENA and PFAS mixtures; ACP5, HSPG2, and SPP1

with PFAS mixtures; DKK3 and GDF2 with PFOS; and cadherin-related family member 5
(CDHR5) with PFHpS. FCGR2A with biological functions of phagocytosis and clearing of
immune responses exhibited a concordant negative association with PFOS across the two
cohorts. Furthermore, we observed that the associations of PFHxS, PFHpS, and PFOA with
PTPRF were in opposite directions across the two cohorts, showing negative associations in
SOLAR and positive associations in Meta-AIR.

4. Discussion

The application of omics in environmental epidemiology has been emerging as a valuable
tool to develop mechanistic insights into potential environmental-associated disease risk.
However, epidemiological studies on PFAS and proteomics are scarce. In particular, there

is no existing epidemiological study examining proteomic profiles of PFAS mixtures. While
single exposure models offer insights into the health effects of individual PFAS compounds,
they fail to consider simultaneous exposure to multiple potentially correlated environmental
factors in real life, which may result in synergistic effects. To our knowledge, this study

is the first to evaluate the associations between PFAS exposure and cardiometabolic
relevant proteome in Hispanic adolescents and young adults with high BMI. Our study

on PFAS exposure in overweight/obese adolescents with high metabolic risk and at a critical
developmental stage marked by metabolic changes, have significance in identifying novel
biomarkers reflecting PFAS-associated risk. Our replication in young adults can further
evaluate the persistence of such effect from adolescents to adulthood.

Results after adjusting for multiple comparisons revealed that plasma levels of individual
PFAS and PFAS mixtures were associated with several proteomic biomarkers related to
immune response, inflammation, and oxidative stress in both cohorts. Such findings align
with our exploratory analysis results. Specifically, we identified significant activations

of immune-related pathways in pathway analysis and the presence of similar network
clusters such as JAK-STAT signaling and immunoregulatory network through PP1 network
analysis in both cohorts. In addition, our exploratory analysis identified shared PFAS

and protein associations, featuring 10 proteins with shared positive associations and one
protein (i.e. FCG2RA) with shared negative associations. These proteins are involved in
pro-inflammation, immune responses, bone metabolism, and anti-angiogenesis. Our novel
findings on PFAS-protein associations provide potential molecular evidence of PFAS
toxicity.
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Inflammation and JAK-STAT signaling

In SOLAR, results after adjusting for multiple comparisons showed that PFNA
demonstrated significant positive associations with the largest number of proteins, including
ACP5, CLEC1A, HMOX1, LRP11, MCAM, SPARCL1, and SSC5D. After considering

the mixture effect of PFAS, only SSC5D remained significant. SSC5D is a novel soluble
protein belong to the scavenger receptor cysteine-rich superfamily, which is associated

with innate response and inflammation (Bessa Pereira et al., 2016). A recent study found
significant elevated levels of SSC5D in patients and mouse with heart failure, compared with
those without heart failure condition (Ge et al., 2023). Although we did not find the exact
proteins that were significant in Meta-AlIR after adjusting for multiple comparisons, we still
observed PFAS alterations of proteins with similar functions. For example, PFAS mixtures
showed significant positive associations with two inflammatory proteins (i.e., GDF15 and
IL6). This association was significantly enriched with the hypertrophy of cardiomyocytes
function in our pathway analysis. Additionally, GDF15 and IL6 have been identified as
biomarkers of adverse cardiac events by numerous studies (Rochette et al., 2021; Su et al.,
2021). Our findings adjusted for multiple comparisons provide evidence of PFAS-associated
pro-inflammation and suggest their potential mediation roles in cardiometabolic conditions
in children and young adults.

In line with our findings adjusted for multiple comparison, our exploratory analysis
identified a concordant positive association between PFAS mixtures and SPP1, a protein
associated with inflammation. Furthermore, we found that PFAS exposure was associated
with alterations of proteins involved in the JAK-STAT signaling pathway in both cohorts.
The JAK-STAT signaling pathway plays a major role in inflammatory responses, immune
cell development, stem cell maintenance, organismal growth, and hematopoiesis (Thomas et
al., 2015). Specifically, we observed positive associations of PFNA with IL6R and OSMR
in SOLAR. Similar positive associations of PFHxS, PFHpS, and PFAS mixtures with IL6,
as well as between PFHxS and OSMR were found in Meta-AlR. In Meta-AIR, we further
observed a significant activation of inflammatory response associated with PFNA from IPA.
Despite the overall coherence in our findings regarding PFAS-associated pro-inflammation,
previous studies have reported some inconsistent results. Our results focusing on Hispanic
young populations with a history of overweight or obesity were consistent with a previous
longitudinal study of predominantly non-white, low-income, overweight or obese California
women during pregnancy and postpartum, which found positive associations of PFAS (i.e.,
PFOS, PFOA, and PFAS mixtures) and other endocrine-disrupting chemicals (e.g., PBDES)
with IL6 (Zota et al., 2018). However, recent proteomics studies on the Swedish middle-
aged (Salihovic et al., 2020) and older-aged populations (Dunder et al., 2023) found negative
cross-sectional associations of PFOS and PFDA with proteomic inflammatory biomarkers
such as IL6 and GDF15. Such divergent findings might result from differences in study
populations and designs. Future work is warranted to investigate potential mechanisms
whereby age and health conditions (e.g., BMI) might contribute to modifying PFAS effects
on inflammation.
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Immunosuppression

Although the evidence for the immunotoxicity of PFAS corroborates across experimental
animal studies (NTP, 2016), findings are inconsistent in epidemiological studies (Chang et
al., 2016). For instance, a review revealed strong evidence of reduced antibody response

to certain vaccines in the presence of PFOA and PFOS exposure in children, indicating
potential immunosuppression (von Holst et al., 2021). However, studies conducted on adults
have yielded inconsistent associations with immune outcomes (Antoniou et al., 2022).

In our study, we observed that PFAS exposure was associated with alterations in
immunoregulatory proteins. Specifically, we identified positive associations for several
human inhibitory leukocyte Ig-like receptors (LILRBSs), such as PFNA with LILRB1 in
SOLAR, as well as PFHxS, PFOA, and PFAS mixtures with LILRB2, and PFNA with
LILRB5 in Meta-AIR. Additionally, negative associations were found of PFOS with
FCGR2A in SOLAR, and of PFOS and PFAS mixtures with FCGR2A in Meta-AlR.
Previous research has reported that LILRBs contribute to immunosuppression, leading to
tolerance or immune-evasion (De Louche and Roghanian, 2022), while FCGR2A initiates
cellular responses against pathogens and soluble antigens by binding to IgG (Junker et al.,
2020). Our findings of PFAS-associated upregulation of LILRB1, 2, 5 and downregulation
of FCGR2A provide potential explanations for the observed immunosuppressive effects

of PFAS. These findings are consistent with earlier transcriptomics research in human
population. This research demonstrated PFAS-associated immunomodulation, characterized
by perturbed adaptive immunity in a cross-sectional study of Czech adults (Rudzanové et al.,
2024 ), as well as impaired immune function in a Norwegian longitudinal birth cohort study
(Pennings et al., 2016).

Immune hypersensitivity

While extensive research has been focusing on the immunosuppressive effects of

PFAS, limited epidemiological studies have explored the connection between PFAS and
immunoenhancement because of the difficulty of diagnosing hypersensitivities (DeWitt et
al., 2019). Specifically, evidence regarding the effects of PFAS exposure on infectious
diseases is inconsistent, and there have been limited studies investigating hypersensitivity
reactions including type | hypersensitivities (e. g., allergies and asthma) and autoimmune
diseases (e.g., ulcerative colitis, rheumatoid arthritis, and lupus) (Antoniou et al., 2022;
DeWitt et al., 2019; von Holst et al., 2021). Recent studies on rheumatoid arthritis reported
positive associations of PFAS with rheumatoid factors (Qu et al., 2022) and Disease Activity
Score 28 (DSA28) (Zhao et al., 2022). A large retrospective cohort study conducted on a
population with high PFAS exposure discovered a significant increase in the incidence of
ulcerative colitis linked to PFOA exposure (Steenland et al., 2013). These findings suggest
that, apart from potential immunosuppression, PFAS may also have hyperstimulation effects
on the immune system, leading to an increased risk of autoimmune diseases. However, the
specific mechanisms of PFAS immunotoxicity in humans remain largely undefined (Chang
etal., 2016).

In SOLAR, using IPA, we identified significant activations of immunoregulatory interactions
and phagosome formation associated with PFNA, as well as a significant activation of
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neutrophil degranulation associated with PFOA. In Meta-AIR, we identified a significant
activation of dendritic cell maturation associated with PFHxS. Neutrophil degranulation, a
crucial process in innate immunity, can become problematic when excessively triggered,

as observed in numerous immune and inflammatory disorders, including asphyxic episodes
of asthma, acute lung injury, rheumatoid arthritis, and septic shock (Lacy, 2006). Dendritic
cells and other antigen-presenting cells (APCs) mediate the phagocytosis by extracting
antigens from material digested in phagosomes for presentation to lymphocytes, thereby
contributing to the activation of T cells and the initiation of adaptive immune responses
(Besnard et al., 2011). Similarly, disruptions in dendritic cell homoeostasis have been
implicated in various human inflammatory and autoimmune diseases (Blanco et al., 2008).
Thus, our findings provide additional evidence at the cellular level, suggesting the potential
immunoenhancement toxicity of PFAS in humans through the activation of cellular immune
responses.

4.4. Bone metabolism

Previous epidemiological studies found that PFAS exposure was associated with adverse
bone outcomes, such as reduced bone mineral density in children (Blomberg et al., 2022;
Hagjsager et al., 2023), adolescents (Beglarian et al., 2024; Carwile et al., 2022), and adults
(Khalil et al., 2016), as well as increased osteoporosis in women (Khalil et al., 2016). In our
study, we identified concordant positive associations of PFAS exposure with several proteins
related to bone metabolism, such as ACP5, SPP1, CLEC5A, DKK3, and GDF2. Specifically,
PFAS mixtures was positively associated with ACP5 and SPP1 in both cohorts.

ACPS5, also known as tartrate-resistant acid phosphatase (TRAP), is an osteoclastic enzyme
involved in bone matrix degradation and serves as a good serum marker for bone resorption
(Halleen et al., 2006; Shaw and Hdégler, 2012). Studies have shown an inverse relationship
between levels of TRAPb and bone mineral density in postmenopausal women, as well as
a significantly elevated levels of TRAPb in women with osteoporosis compared to controls
(Halleen et al., 2002; Mederle et al., 2018). SPP1, a highly phosphorylated sialoprotein
mainly produced by osteoblasts, plays a pivotal role in various biological processes,
including the endocrine-regulation of bone mass, biomineralization, inflammation, fibrosis,
tumorigenesis, and metastasis (Farrokhi et al., 2018). Increased expression of SPP1 has
been linked to several bone-related diseases such as osteoporosis, rheumatoid arthritis, and
osteosarcoma (Si et al., 2020).

While the biological functions of ACP5 and SPP1 in bone metabolism have been relatively
well-studied, the roles of CLEC5A and DKKS3 in bone-related processes remain less
understood. CLEC5A has been established as a positive regulator of osteoclastogenesis in
mouse (Inui et al., 2009). Furthermore, in a mouse experiment, the activation of CLEC5A
enhanced the recruitment of inflammatory cytokines to the joints and promoted bone
erosion, indicating its role in immune-mediated skeletal disorders (Joyce-Shaikh et al.,
2010). The DKK family has been shown to inhibit the Wnt/B-catenin signaling pathway,
which is a key regulator of bone remodeling (Dincel and Jargensen, 2023). Specifically,
DKK1, the most extensively studied subtype expressed by mature osteoblasts and osteocytes
(Zhang et al., 2004), has been associated with low bone mineral density in adolescent
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patients (Wiromrat et al., 2023) and with fresh hip fractures in the elderly in a case-control
study (Wanby et al., 2016).

Our findings of the positive associations of PFAS with these proteins produced by bone
tissues, including ACP5, SPP1, CLEC5A, and DKK3, provide insights into the potential
mechanistic osteotoxicity of PFAS. It is noteworthy that we also observed a positive
association between PFOS and an osteogenic protein, GDF2, in both cohorts. GDF2,

a pleiotropic cytokine mainly produced by liver (Bidart et al., 2012; Desroches-Castan

et al., 2022), is known for being one of the most potent BMPs (i.e., BMP9) that can

induce osteoclast differentiation, both in vitro and in vivo (Luu et al., 2007; Tang et

al., 2009). While the osteogenic function of GDF2 may seem contradictory to prior
epidemiological findings regarding the adverse effects of PFAS on bone health, it’s
important to understand that GDF2 has a broad range of biological functions. These
functions include anti-angiogenesis (David et al., 2008), involvement in hepatic fibrosis and
regeneration, and tumorigenesis (Mostafa et al., 2019). Notably, recent animal experimental
work by the Breitkopf-Heinlein team has found that GDF2 is primarily produced by hepatic
stellate cells and plays a pro-fibrogenic and pro-inflammatory role upon tissue damage
(Jiang et al., 2021). Elevated levels of GDF2 have been shown to enhance liver damage

and fibrogenesis during injuries (Breitkopf-Heinlein et al., 2017). Our finding on PFAS-
associated upregulation of the pro-inflammatory and pro-fibrogenic protein GDF2, aligns
with one of our findings of the positive associations of PFAS with several pro-inflammatory
proteins, including GDF15 and IL6. These proteins play crucial roles in stress response
following injury and tissue regeneration.

4.5. Other findings

Besides the above overlapping findings, we identified unique findings in Meta-AIR from
IPA, such as the activation of regulation of IGF transport and uptake by IGFBPs associated
with PFHxS, PFHpS, and PFAS mixtures, as well as the activation of proliferation of
vascular cells associated with PFAS mixtures. Previous studies revealed that excessive
proliferation of vascular smooth muscle cells contributes to the development of various
diseases, such as atherosclerosis, restenosis, and pulmonary hypertension (Wang et al.,
2018). Although the pathogenesis of the activation of regulation related to IGF and IGBPs
remains unknown, IGF plays key a role in cardiac development (Diaz Del Moral et

al., 2021). Consequently, the proteins involved in these pathways may serve as potential
mediators of associations between PFAS and cardiometabolic outcomes. Further primary
research is needed to fully understand these relationships.

Our study did find certain inconsistent associations. Specifically, we observed that the
associations of PFHxS, PFHpS, and PFOA with PTPRF were in opposite directions across
the two cohorts, showing negative associations in SOLAR and positive associations in
Meta-AIR. PTPRF has been shown to modulate beta-catenin signaling (Aicher et al.,
1997) and is implicated in insulin signaling and secretion (Sevillano et al., 2021). An
increased expression of PTPRF has been found in the pathogenesis of insulin resistance

in some animal experiments (Kriger et al., 2015; Kulas et al., 1995; Zabolotny et al.,
2001) and a human case-control study (Ahmad et al., 1995; Sevillano et al., 2021).
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Therefore, our findings of negative associations in SOLAR and positive associations in
Meta-AIR imply a PFAS-associated insulin resistance, as indicated by PTPRF, decreasing
in children, and increasing in young adults. These results suggest that the PFAS association
with cardiometabolic outcomes, as supported by existing literature, may involve distinct
biological mechanisms and mediation pathways in children compared to adults. However, it
is crucial to note that our findings, indicating opposite directions of associations, were not
adjusted for multiple comparisons. Hence, caution is warranted in drawing conclusions.

5. Strengths and limitations

5.1.

This is the first study examining PFAS associations with alterations in high-throughput
proteomic profiles relevant to cardiometabolism among Hispanic adolescents and young
adults, contributing valuable insights into the potential PFAS mechanistic toxicity at the
molecular level. Our study adjusted for confounders according to the characteristics of the
study population, which minimized potential confounding bias and enhanced the internal
validity of our results. More importantly, we incorporated QGComp to evaluate the PFAS
mixtures effect, addressing a gap in the existing literature concerning the proteomic profiles
of co-exposure to correlated PFAS. It is important to note, however, that our study only
considered five PFAS congeners, while humans may also experience co-exposure to other
potentially correlated environmental pollutants. Future exposome research incorporating a
broader range of environmental exposures would be advantageous for a more comprehensive
evaluation of the mixture effects on human health. Proteomic analysis in epidemiological
studies can be influenced by within/between-person variability, posing challenges to stability
and reproducibility. However, our utilization of Olink, employing a novel high-throughput
proximity extension assay technology, has been validated for technical robustness with

good reproducibility and stability in numerous studies (Carlyle et al., 2022; Haslam et

al., 2022). Additionally, our quality control results, indicating acceptable coefficients of
variation, provide further support for the reliability of our results. While our study fills a
critical gap in epidemiological research on PFAS and proteomics, our focus on targeted
proteomics may limit biomarker discovery. The incorporation of untargeted proteomics in
future investigations will be beneficial to further evaluate PFAS-associated risk. Our focus
on individuals at high metabolic risk can be useful for targeted disease prevention. However,
the findings may not be easily generalized to the general health population. Lastly, the
cross-sectional study design restricts our ability to establish a causal relationship between
PFAS and the observed alterations in proteomic profiles. However, the persistent nature of
PFAS exposure, characterized by long biological half-lives (Li et al., 2018; Nicole, 2020),
mitigates the risk of reverse causality, as it reflects historical exposure profiles.

Future implications

Our findings offer novel insights into the protein profiles associated with PFAS exposure

in young populations, contributing to a deeper understanding of the effects of PFAS in
humans. Several biological processes and pathways that are highlighted in our study,
including immune-related pathways, inflammatory response, JAK-STAT signaling, and bone
metabolism, play important roles in various health conditions. Future studies can focus

on investigating the role of specific proteins involved in these biological processes and
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pathways, thereby elucidating their mediation effect between PFAS and the development
of various diseases, including cardiometabolic conditions, immune-related disorders, cancer,
and bone-related health conditions.

6. Conclusions

Our study is one of the first to evaluate the associations of PFAS exposure with
cardiometabolic proteomics in Hispanic young populations. Plasma levels of PFAS were
associated with broad alterations of the proteomic profiles specifically linked to disrupted
immune-related functions and JAK-STAT signaling. The overlapping proteins in both
cohorts associated with PFAS exposure additionally shared similar functions related to
pro-inflammation, immune responses, bone metabolism, and anti-angiogenesis. Our findings
provide crucial molecular-level evidence of PFAS effects in humans and propose potential
biological mechanistic insights linking PFAS exposure to human diseases.
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Exploratory analysis of shared PFAS-protein associations in SOLAR and Meta-AIR (p <
0.05). (A) Number of overlapped proteins in two cohorts (7= 30 proteins). (B) Heatmap
showing the associations between PFAS and shared proteins.
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Baseline characteristics of participants in SOLAR (2001-2012) and Meta-AlIR (2014-2018).

Table 1

General Characteristics SOLAR Meta-AIR  p-value
Sample size 312 137 N/A
Age, years [mean + SO| 11.3+1.7 199+13 N/A
Sex, Female [7(%)] 133 (43) 61 (45) 0.79
BMI, kg/m? [mean + SO 28.2+58 296+47 <001
Obesity™ [7(%)] 247 (79) 48 (35)

Ethnicity [77 (%)] Hispanic 312 (100) 79 (58) <0.001
Non-Hispanic 0 (0) 58 (42)

Study Wave [17(%)]

Wave 1 (2001-2003) 234(75)  NIA N/A
Wave 2 (2010-2012) 78 (25) N/A

Socioeconomic Status [/7(%)]

Modified Hollingshead Four-Factor Index

[3,11] 68 (22) N/A N/A
(11, 15.5] 67 (22) N/A

(155, 22] 71 (23) N/A

(22, 63.5] 71 (23) N/A

Missing 35 (11) N/A

Household Education Level < High School 146 (47) 25(18) <0.001
High School Graduate 89 (29) 17 (12)

> High School 43 (14) 91 (66)

Missing 34 (11) 4(3)

Puberty Status [ (%)]

Pre-puberty Tanner stage 1 99 (32) N/A N/A
Puberty Tanner stage 2 114 (37) N/A

Puberty Tanner stage 3 42 (14) N/A

Puberty Tanner stage 4 37 (12) N/A

Post-puberty Tanner stage 5 20 (6) N/A

Obesity is defined as a BMI = gsth percentile for age and sex in SOLAR and a BMI = 30 kg/m2 in Meta-AlIR.

Note: p-values not reported for variables that were only measured in one cohort.

N/A, not applicable.
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Geometric mean and 95% confidence intervals of PFAS concentrations (ug/L) in overweight and obese
adolescents from SOLAR, and young adults from Meta-AIR, compared to adolescents from the National
Health and Nutrition Examination Survey (NHANES) years 2007-2008 and 2017-2018.

PFAS Sub-class

PFAS Name

SOLAR 2001-12

Meta-AIR 2014-18

NHANES Serum PFAS concentrations, Age 12-19 years

Survey (Years): 2007-08

Survey (Years): 2017-18

PFSAs

PFCAs

PFOS
PFHXS
PFHpS
PFOA
PENA

11.8 (10.8, 12.9)
1.44 (1.34, 1.56)
0.37 (0.35, 0.40)
3.29 (3.09, 3.50)
0.59 (0.57, 0.61)

3.31(3.06, 3.58)
1.05 (0.92, 1.19)
0.18 (0.17, 0.19)
1.34 (1.26, 1.42)
0.48 (0.46, 0.50)

11.3(10.3, 12.3)
2.40 (2.09, 2.75)
N.R.

3.91(3.71,4.12)
1.16 (1.04, 1.30)

2.68 (2.31,3.12)
0.87 (0.73, 1.02)
0.15 (0.12, 0.20)
1.42 (1.33, 1.52)
0.35 (0.29, 0.42)

Abbreviations: PFSAs: perfluorosulfonic acids; PFCAs: perfluorocarboxylic acids; N.R.: not reported
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Table 3

Significant PFAS-protein associations, adjusting for covariates and multiple comparisons in SOLAR, and
cross-database protein functional annotations.

Protein names  podel 18

B (95%Cl) Model 2P B (95 % CI)

Protein functional annotations

PFOS (3 proteins)

BPIFB1 0.27 (0.11, 0.42) * 0.25 (0.09, 0.40)
CLULL 0.25(0.10,0.39) * 0.24 (0.10, 0.38) *
NCAM1 0.13 (0.06, 0.21) * 0.13 (0.06, 0.21) *
PFOA (3 proteins)

CLECSA 0.14 (0.07,021) " 0.13 (0.06, 0.20) *
RNASE3 0.75(0.31, 1.19) 0.76 (0.32, 1.21) *
HMOX1 0.25 (0.12,0.38) * 0.24(0.11, 0.38) *
PFHpS (1 protein)

SSCAD 0.66 (0.28, 1.03) * 0.61 (0.24, 0.99)
PFNA (7 proteins)

ACP5 0.14 (0.06, 0.23) * 0.13 (0.06, 0.22)
CLECIA 0.17 (0.07,027)* 0.18 (0.08,0.29) *
HMOX1 0.34 (0.18, 0.51) * 0.34 (0.18, 0.51) *
LRP11 0.18 (0.07, 0.29) * 0.19 (0.08, 0.30) *
MCAM 0.19 (0.07, 0.30) * 0.17 (0.06, 0.28)
SPARCL1 0.19 (0.08, 0.29) * 0.17 (0.06, 0.27)
SSCSD 0.26 (0.12, 0.40) * 0.27 (0.13,0.41) ™
Tertiles of PFAS Mixtures (1 protein)

SSCSD 0.24 (0.10,0.38) * 0.24 (0.10, 0.38) *

Innate immunity in the respiratory system
(Unknown)

Nervous system development; immune surveillance

Osteoclastogenesis; pro-inflammation; immune response
Antimicrobial peptides; asthma

Heme catabolism; response to stress

Immune response

Osteopontin; osteoclast differentiation; rheumatoid arthritis
Regulation of dendritic cell function; inflammation

Heme catabolism; response to stress

Phosphoprotein binding activity

Angiogenesis; biomarker of chronic obstructive pulmonary disease and
uveal melanoma.

Extracellular matrix binding; regulation of insulin-like growth factor
transport

Innate defense; regulation of interleukin-8 production

Innate defense; regulation of interleukin-8 production

Protein abbreviations: BPI fold containing family B member 1 (BPIFB1); Clusterin-like protein 1 (CLULZ1); Neural cell adhesion molecule 1
(NCAM1); C-type lectin domain containing 5A (CLEC5A); Eosinophil cationic protein (RNASE3); Heme oxygenase 1 (HMOX1); Scavenger
receptor cysteine-rich domain-containing group B protein (SSC4D); Acid phosphatase 5, tartrate resistant (ACP5); C-type lectin domain family 1
member A (CLEC1A); Low-density lipoprotein receptor-related protein 11 (LRP11); Melanoma cell adhesion molecule (MCAM); SPARC like 1
(SPARCL1); Scavenger receptor cysteine rich family member with 5 domains (SSC5D).

a . . .
Model 1 adjusted for age, sex, study wave, and socioeconomic status (SES).

bModeI 2 additionally adjusted for tanner stage.

*
Statistical significance for multiple comparisons based on a PCA-adjusted a threshold of 0.00128.
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Table 4

Significant PFAS-protein associations, adjusting for covariates and multiple comparisons in Meta-AIR, and
cross-database protein functional annotations.

Protein names B (95 % CI)@

Functional annotations

PFOA (1 protein)

LBP 0.42(0.17,0.67)
PFHXS (2 proteins)

GDF2 0.12 (0.05, 0.19) *
PRSS? 0.15 (0.06, 0.23) *

PFNA (1 protein)

AOC3 -0.25 (-0.41, -0.10) *
Tertiles of PFAS Mixtures (3 proteins)
AOC3 -0.16 (~0.26, -0.07)
GDF15 0.18 (0.08, 0.28)
IL6 0.43 (0.18, 0.69)

Innate immunity

Inhibitor of angiogenesis; cartilage and bone development; differentiation of cholinergic central
nervous system neurons

Defensin processing in the ileum; Pancreatic secretion; collagen degradation

Monoamine oxidase activity; adipogenesis

Monoamine oxidase activity; adipogenesis
Pleiotropic cytokine; stress response after cellular injury; inflammation; oxidative stress

Inflammation; immunity; tissue regeneration; metabolism

Protein abbreviations: Lipopolysaccharide-binding protein (LBP); Growth/differentiation factor 2 (GDF2); Trypsin-2 (PRSS2); Amine oxidase
copper containing 3 (AOC3); Growth differentiation factor 15 (GDF15); Interleukin-6 (IL6).

*
Statistical significance for multiple comparisons based on a PCA-adjusted a threshold of 0.00178.

a . .
Model adjusted for age, sex, and parental education.
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