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Abstract

Objectives.

This exploratory study aims to characterize metabolic distinctions among men in crafts and labor
occupations hypothesized to underlie the shared risk of chronic diseases observed among occupational
groups historically referred to as blue collar.

Methods.

Using high-resolution mass spectrometry, we characterized the serum metabolome of 220 men (n =98
vs. 122, craftsmen and laborers vs. others) enrolled in the founding generation (1959-1967) of the Child
Health and Development Studies. Metabolic changes associated with occupation were identified using
Student'’s t-tests and multivariable linear regression models, followed by pathway enrichment analysis.

Results.

Alterations in steroid hormone metabolism were consistently found among craftsmen and laborers. The
abundance of C21-steroids, such as tetrahydrocorticosterone, were increased in craftsmen and laborers,
whereas C19-steroids, including androstenedione, testosterone, and 5-dihydrotestosterone, were
reduced. Alteration of energy metabolism was also evidenced by reductions in acylcarnitines. In addition,
several metabolic pathways such as androgen synthesis, carnitine shuttle, and bile acid synthesis
showed BMI-dependent differences.

Conclusion.

Alterations in steroidogenesis and energy metabolism observed in serum samples from male craftsmen
and laborers offer insights into the biological pathways that may contribute to increased health risks in
both these workers and their offspring. These findings provide a framework for elucidating shared
metabolic responses associated with a suite of occupational conditions characteristic of craftsmen and
laborers.

What is already known on this topic

Craftsmen and laborers experience higher risk for chronic disease than men in other occupations, and
this risk may even transmit to the next generation. Many individual occupational factors, including
chemical and physical hazards, socioeconomic disadvantage, physical demands, and psychosocial
stress, have been implicated, yet the shared biological mechanisms through which diverse
occupationally related factors contribute to increased health risk remain poorly understood.

What this study adds:
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This study provides a comprehensive metabolome-wide characterization of molecular differences
among craftsmen and laborers compared with men in other professions. By capturing integrated
biological responses to complex occupational environments, the study identifies candidate biological
pathways that may underlie the elevated chronic disease risk observed among working-class men.

How this study might affect research, practice, or policy:

Improved understanding of biological susceptibility in occupational health research can inform targeted
prevention strategies and more precise assessment of occupation-related disease risk among working
populations. Discovery of personal biomarkers to define disease risk can provide opportunities for
targeted early intervention in the populations of working men.

1) Introduction

Occupation has long been recognized as a major contributor to disease and premature mortality. In the
year 2016, an estimated 1.9 million deaths were attributed to occupational risk factors, the majority due
to non-communicable diseases.[1] Men in crafts, operative, and labor occupations, historically referred to
as blue collar workers, face disproportionate risks for chronic disease and lower life expectancy.[2]
There is a sizable literature on the relation of men’s work to external exposures and health hazards;
however, it is typically limited to one occupation or exposure class at a time[3-6), leaving the shared
elevated disease risks across diverse industries unexplained. While workers are exposed to numerous
occupational stressors, prior literature indicates that only a subset of resulting biological responses
ultimately dictate disease susceptibility.[7] These molecular phenotypes can now be interrogated as
predictive characteristics of future disease risk.[8, 9]

Metabolomics provides a powerful approach for characterizing molecular signatures of exposure
response because metabolites—endogenous small molecules—represent the functional output of
biological machinery.[10] Advances in high-resolution mass spectrometry (HRMS) now enable
comprehensive profiling of metabolites across more than 100 biological pathways.[11] Such assembly
of omics scale metabolic data has been successfully used to identify early molecular predictors of
disease within the same individuals and, in certain contexts, across generations.[12, 13] Fetal
programming of metabolism, whereby the maternal and/or paternal environment has lasting effects on
offspring health, has previously been established through measurement of the maternal periconceptual
exposome.[14, 15]

In the present study, we analyzed serum samples from men who fathered pregnancies in the Child
Health and Development Studies (CHDS) pregnancy cohort between 1959 and 1967. We previously
found that the offspring of the CHDS fathers in crafts, operative, service, or labor occupations had a 2-
fold increase in colorectal cancer risk in adulthood.[16] Here, we conducted a metabolome-wide
association study (MWAS) among a subset of CHDS fathers with available biospecimens who had been
selected for a prior study to identify metabolic signatures distinguishing craftsmen and laborers from
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professional, technical managerial, clerical, and sales workers. These findings aim to identify shared
molecular pathways relevant to male craftsmen and laborers, providing opportunities for individualized
prevention strategies and generation of hypotheses for future investigation of intergenerational health
risk associated with paternal occupation.

2) Methods
2.1) Data and Blood Collection

The Child Health and Development Studies Cohort (CHDS) enrolled families residing in the Oakland,
California area, all of whom were members of the Kaiser Foundation Health Plan, that included couples
with pregnant women receiving obstetric care from 1959 to 1967.[17] Interviews were conducted with
the pregnant women at enrollment to collect data regarding their husbands’ height, weight, highest level
of completed education, occupation, income, smoking and alcohol consumption habits, and additional
lifestyle factors. Paternal occupation was subsequently categorized per the 1977 U.S. Department of
Labor’s Dictionary of Occupational Titles.[16, 18] Examples of paternal occupations classified within
each occupational group are provided in Table S1. The distribution of major categories in the CHDS is
similar to national estimates from the 1960 Census and the 1965 Current Population Survey.[19] A prior
publication based on CHDS found that the offspring of men who were craftsmen and laborers had an
increased risk of colorectal cancer.[16] Therefore, we used the same categories. We combined crafts,
operative, service, or labor occupations and refer to them as craftsmen and laborers. This group was
compared to the combined category of professional, technical, managerial, clerical, or sales workers.

Blood samples from the husbands collected during the pregnancies of enrolled families and stored at
-20°C at the National Institutes of Health.[17] The current study sample is a convenience subsample
derived from a previous study (The Chemical Safety Study) designed to examine inter and trans-
generational health impacts of environmental exposure.[20, 21] For this study, we selected all founding
generation males from the Chemical Safety Study with available metabolomics data, occupational and
sociodemographic information, and health data on two progeny generations (n = 220). A flowchart
including eligibility criteria for the current study sample is included in Figure S1.

2.2) High-Resolution Mass Spectrometry (HRMS) Based
Metabolomics

HRMS analyses were conducted at the Emory Clinical Biomarker Laboratory as previously described.
[22-24] Serum samples were treated with ice-cold acetonitrile containing an internal standard solution
including fourteen stable isotopic chemicals. After chilled equilibrium and centrifugation, untargeted
analysis was conducted using a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific) with an
electrospray ionization (ESI) source. Samples were analyzed in triplicate, and pooled reference plasma
standards were analyzed in parallel to study samples within each batch.
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HRMS data were collected using dual column chromatography: Hydrophilic Interaction Chromatography
(HILIC) paired with positive ionization and C18 chromatography paired with negative ionization,
generating HILIC-positive and C18-negative data, respectively. A scan range of 85 - 1,275 m/z (mass-to-
charge ratio) was used. Following LC-HRMS analysis, raw instrument files were extracted and converted
to mzXML files using the apLCMS package and processed using xMSanalyzer.[25, 26] Each metabolic
feature was defined by a unique combination of m/z and retention time (rt, seconds). Metabolite
intensity values from the triplicates were median-summarized and batch-effect corrected using ComBat.
[27] Only metabolic features with a Pearson correlation coefficient of 0.7 or greater among technical
triplicates were included in downstream analyses.

Metabolite annotation and confirmation was conducted using xMSannotator referencing the Human
Metabolome Database (https://hmdb.ca/) with a tolerance of five parts per million (ppm).[28] The
identities of select metabolites were confirmed by an accurate match of m/z and co-elution with
authentic chemical standards when available through an in-house chemical library in alignment with the
Level 1 criteria conceptualized by Metabolomics Standards Initiative.[29]

2.3) Statistical and Pathway Analysis

Metabolic features detected via the HILIC-positive and C18-negative modes were analyzed separately.
Data pre-processing and preliminary statistical analyses were conducted in Rodin, an integrative web
interface (https://rodin-meta.com/) and Python library that streamlines the metabolomics data workflow.
[30] Data were filtered to include only features detected in more than 50% of all samples. Remaining
HILIC-positive (n = 6,654) and C18-negative (n = 6,136) features were quantile normalized, log,-

transformed, and standardized by unit variance.

Features were compared between groups using two approaches: a Student’s t-test and a multivariable
linear regression model designed in R Statistical Software (v4.4.1, RStudio, Inc.). The multivariable model
was adjusted for a priori confounders including age, race (black participants vs. non-black participants),
and highest level of education completed (high school or less vs. greater than high school).

Body mass index (BMI) was not included in the multivariable model due to a high percentage of data
missingness (30%). We instead conducted BMI-stratified Student’s t-tests to control for the confounding

effect of BMI on the metabolome. Participants with BMI data (n = 158) were stratified by BMI < 25 kg/m?
(n=105) and BMI > 25 kg/m? (n = 53).

To further explore functional implications of metabolic profiles among craftsmen and laborers, we
conducted pathway enrichment analysis using the mummichog algorithm (v2.7.0).[31] Following
pathway enrichment analysis, the transformed peak intensities of select metabolites with probable
adducts (M + H, M-H, M + Na, or M+H,0) from significantly enriched pathways were visualized in

RStudio. Additional information regarding annotated metabolites is available in Table S2 of Supporting
Information. All models utilized an a-value of 0.05 to establish statistical significance kand further
underwent pathway enrichment analyses using mummichog.[31] This approach protects against type 2
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statistical error by including all features at a raw p-value < 0.05 while protecting against type 1 statistical
error by permutation testing used in pathway enrichment analysis.

3) Results
3.1) Study Characteristics

Table 1 summarizes characteristics of the 220 male CHDS participants. Craftsmen and laborers
comprised 44.5% of the sample, specifically 29.5% crafts or operative and 15.0% service work or labor,
while other occupations (55.5%) included 46.4% professional, technical, or managerial, 8.6% clerical or
sales, and 0.45% unemployed (Table S1). Non-white participants predominated among the craftsmen
and laborers as compared to those in other occupations (p < 0.001). Furthermore, there were significant
differences by education level (p < 0.001). Approximately 75% of the crafts and labor group had a high
school education level or less as compared to other occupations where this proportion was reversed.
Notably, no one in the crafts and labor group reported completion of college versus 65% of participants
in the other occupational groups. Despite missing data, BMI data was available in similar proportion for
both occupational groups.
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Table 1
Sociodemographic characteristics of participants.

Age (years) Other Craftsmen and Overall P-
occupations laborers *
(N = 220) value
(N =122) (N = 98)
Median (Min, Max) 28.5(19.0,48.0)  29.0(19.0, 54.0) 29.0)(1 9.0, 0.95
54.0

Race/Ethnicity, N(%)

White 100 (82.0) 48 (49.0) 148 (67.3) <0.0017
Black 9(7.4) 36(36.7) 45(20.5)
Other 13 (10.7) 14(14.3) 27 (12.3)
Highest Level of Education,
N(%)
High School or Less 17 (13.9) 73 (74.5) 90 (40.1) <0.001
Greater Than High School 105 (86.1) 25(25.5) 130 (59.1)
BMI (kg/m?)
Median (Min, Max) 23.6 (19.0, 29.3) 23.6 (19.6, 34.4) 23.6 (19.0, 0.26
34.4)
Missing, N(%) 34 (27.9) 32 (32.7) 66 (30.0)
Overweight or obese (%)
22.1 24.5 23.2 0.80

BMI > 25

*Student’s t-test, Fisher's exact test, or two-proportions z-test where appropriate.
3.2) Unadjusted Model of Occupational Status and
Metabolic Profile

We found 489 HILIC-positive and 539 C18-negative metabolic features significantly altered among
craftsmen and laborers relative to men in other occupations (Student’s t-test, p < 0.05). These features
represented metabolic pathways related to sterol and lipid homeostasis, such as squalene and
cholesterol biosynthesis, C21-steroid hormone biosynthesis and metabolism, glycosphingolipid
metabolism, vitamins A (retinol) and D3 (cholecalciferol) metabolism, bile acid biosynthesis, and
leukotriene metabolism (Fig. 1).
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Within those pathways, desmosterol (the cholesterol precursor), the pro-inflammatory leukotriene E4, the
C21 steroid hormone tetrahydrocorticosterone (THCC), and 17a-hydroxypregnalone-sulfate (17-PregS)
increased, while androstenedione, androsterone glucuronide (ADT-G), and 5a-dihydrotestosterone (DHT)
were decreased in craftsmen and laborers (Fig. 2). While testosterone was not significantly different
between the occupational groups, the relative abundance was decreased among craftsmen and laborers,
consistent with the broader trend of reductions in androgens. These changes indicated a broad
disruption in cholesterol derived steroid hormone synthesis, in particular the C21 glucocorticoids and
C19 androgens.

3.2) Multivariable Model of Occupational Status and
Metabolic Profile

We further investigated the metabolome associations with craft and labor occupations using a
multivariable linear regression model adjusted for age, race/ethnicity, and education as potential
confounders. The model identified 393 and 447 significantly different (p < 0.05) metabolites in HILIC-
positive and C18-negative data, respectively. Enriched pathways were, in general, consistent with the
unadjusted model, including glycerophospholipid and C21-steroid hormone biosynthesis and
metabolism (Figure S2).

After adjusting for covariates, the carnitine shuttle, a central component of energy metabolism
responsible for transporting long-chain fatty acids across the mitochondrial membrane, was among the
top changed pathways. Five acyl-carnitines (i.e., intermediates responsible for transporting fatty acids
into mitochondria for metabolism[32]) were negatively associated with crafts or operative and service
work or labor occupations (Figure S3). In addition, the C19-hormone testosterone was negatively
associated with these occupations (Figure S3). C21 steroids including aldosterone and progesterone
showed an increasing yet non-significant trend (Figure S4).

3.3) BMI-Stratified Analysis

To remove the potential confounding effect of BMI (kg/m?) in our study, we stratified participants into
lean (BMI < 25) and high (BMI > 25) BMI groups and examined occupational effects within each group.
Among the lean men, we detected 397 and 454 significantly different metabolic features between
occupational groups in the HILIC-positive and C18-negative data, respectively. Pathway enrichment
analysis demonstrated significant alteration of pathways consistent with the unstratified analysis
including steroid hormone and vitamin A metabolism (Figure S5A).

Compared to the lean group, fewer different metabolites were found in the high-BMI group (248 and 216
in the HILIC-positive and C18-negative data, respectively), yet the number of enriched pathways was
greater in this stratum. C21-steroid biosynthesis and metabolism remained significantly different among
craftsmen and laborers. Also concordant with the unstratified analysis was the alteration of pathways
synthesizing bile acid, including squalene and cholesterol. Unique to the high-BMI participants included
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enrichment of pathways related to carbohydrate metabolism, such as pentose phosphate and fructose
and mannose metabolism (Figure S5B).

Within the enriched pathways, we found metabolites that were concordantly and discordantly abundant
across the BMI strata. For example, craftsmen and laborers had reduced levels of androstenedione
across both BMI strata (p < 0.05). Levels of 7 a, 27-dihydroxycholesterol (a bile acid precursor) trended
consistently higher in craftsmen and laborer, although only significant in the lean group. Similarly,
Prostaglandin E3 (PGE3) was elevated only within the lean group (Fig. 3).

In contrast, 11-dehydrocorticosterone was significantly changed across both BMI strata, but the
directions were opposite: higher in craftsmen and laborers in the lean group and lower in craftsmen and
laborers in the high-BMI group. These results demonstrated shared alteration of pathways and
constituent metabolites central to endocrine function while revealing BMI-specific effects in craftsmen
and laborers (Fig. 4).

A full list of differentially abundant metabolites across BMI strata in pathways such as C21-steroid
hormone biosynthesis, androgen and estrogen metabolism, squalene and cholesterol metabolism, and
glycerophospholipid metabolism is available in Table S3.

4) Discussion

Extensive literature links occupational exposures to adverse health outcomes, particularly among
workers historically classified as blue collar, yet molecular characterization of these associations
remains limited. Identifying endogenous biomarkers or reprogrammed pathways that reflect individual
biological responses to occupational environments is key to understanding risk mechanisms and
improving prevention strategies. People in crafts, operative, and labor occupations are typically exposed
to an array of chemical and physical hazards, and single-exposure analyses cannot fully account for the
shared elevation in health risks or inform feasible risk mitigation. Our prior work demonstrated that
diverse environmental exposures converge on common metabolic pathways|[7, 33], providing a
framework to use metabolomics for defining molecular phenotypes that predict long-term health
trajectories. Building on this foundation, the present metabolome-wide association study (MWAS)
identifies metabolic profiles associated with those high-risk occupations. These findings may have
implications for multiple chronic health outcomes including reproduction, cancer, cardiovascular
disease, and neurological disorders.

We found strikingly consistent alterations in steroid biosynthesis and lipid metabolism among craftsmen
and laborers. The C21 steroids hormone biosynthesis pathway, which includes glucocorticoid and
mineralocorticoid molecules such as cortisol and aldosterone that regulate stress response, immune
function, and metabolism[34], was the most consistently enriched pathway across all statistical models,
regardless of adjustment for confounders. Notably, tetrahydrocorticosterone, a reduced product of
corticosterone (a glucocorticoid hormone produced by the adrenal cortex), was consistently elevated in
craftsmen and laborers. Its elevation may be clinically interpreted as an indication of excessive adrenal
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activity, often associated with chronic stress or of the hypothalamic—pituitary—adrenal (HPA) axis
dysregulation.[34] This pattern was further supported by a marginal increase in aldosterone (synthesized
by corticosterone), suggesting broader alterations in adrenal steroidogenesis associated with blue-collar
occupations of crafts, operative, service work and labor.

An intriguing BMI-dependent contrast was observed for 11-dehydrocorticosterone, another inactive
corticosterone metabolite. Levels were higher in lean craftsmen and laborers compared to their
counterparts of other occupations, yet lower in high-BMI craftsmen and laborers. This differential
response may reflect variation in 11B-hydroxysteroid dehydrogenase (113-HSD) activities which are
responsible for the interconversion between the active glucocorticoid (e.g., cortisol and corticosterone)
and the inactive forms (e.g., cortisone and 11-dehydrocorticosterone). The type 1 (11B-HSD1) enzyme
specifically reactivates 11-dehydrocorticosterone back to corticosterone and is highly expressed in all
adipose tissue depots[35], which may explain lowered level of 11-dehydrocorticosterone in high-BMI
craftsmen and laborers. This example illustrates the utility of metabolomics in capturing individualized
biological responses to occupational environments.

We also found widespread disruption of the C19 androgens, which are directly synthesized from the C21
steroids. 17a-hydroxypregnenolone sulfate (170H-PregS), synthesized by the adrenal glands, serves as a
stable, circulating source of precursors for androgen production. It can be converted to
dehydroepiandrosterone sulfate (DHEA-S) and transported to peripheral tissues for androgen synthesis.
Despite elevated levels of 170H-PregS, we found consistently reduced levels of androgens in craftsmen
and laborers, including testosterone (T), androstenedione (a direct precursor of T), DHT (a potent
derivative of T), as well as ADT-G (a major circulating and urinary metabolite of both T and DHT).[36]
These changes indicate a broad decrease in androgen steroidogenesis that is consistent with the
pattern of adrenal hyperactivity and endocrine dysregulation seen with C21 steroids.

Altered steroidogenesis was further substantiated by disruptions in upstream cholesterol and lipid
metabolism pathways, such as squalene and cholesterol biosynthesis, and other cholesterol-derived
biosynthetic pathways such as bile acid biosynthesis and vitamin D metabolism. The upregulation of
desmosterol, a key intermediate in cholesterol biosynthesis, suggests dysregulation not only of
downstream cholesterol derivatives but also of cholesterol homeostasis itself, an imbalance previously
linked to adverse cardiovascular outcomes such as atherosclerosis and myocardial infarction.[37] In
parallel, consistent enrichment of glycerophospholipid and vitamin A metabolism indicated an even
broader perturbation of lipid metabolic networks, highlighting the systemic nature of metabolic
alterations linked to crafts or operative and service work or labor occupations.

The carnitine shuttle, an integral component of mitochondrial energy metabolism, facilitates the
transport of long-chain fatty acids (LCFAs) across the mitochondrial membrane for (3 -oxidation.[32]
Acylcarnitines, formed by conjugation of fatty acids with carnitine, were consistently decreased among
the craftsmen, including tetradecanoyl carnitine, stearoylcarnitine, palmitoylcarnitine, octadecanoyl
carnitine, and heptadecanoyl carnitine. These decreases suggest impaired mitochondrial fatty acid
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utilization, which can lead to insufficient energy production and secondary effects such as oxidative
stress and disrupted calcium homeostasis.[38] Alterations in acylcarnitine abundance and the carnitine
shuttle pathway have previously been linked to occupational exposures, like benzene, via an HRMS-
based MWAS, while a growing body of literature also suggests a role of environmental exposures, like
pesticides and endocrine-disrupting chemicals (EDCs), in dysregulated mitochondrial energetics.[6, 39]

Given the correlative and cross-sectional design based on a convenience sample, our findings cannot
establish causality, assess longitudinal effects, or be generalized to the broader population. Differences
observed across occupational groups may reflect a range of holistic environmental and behavioral
differences (e.g., working hours, physical activity, dietary intake, occupational exposures). [1] Thus,
occupation may serve as a proxy for the broader environment of the working class. Nonetheless, our
results provide evidence that craftsmen and laborers as a whole are at increased risk for adverse health
outcomes associated with steroid dysregulations. Because the first CHDS generation was recruited from
1959 and 1967, the occupational exposure landscape at that time may differ from that of modern
workplaces. However, many occupational hazards during that period remain in use or persist in the
environment, and craftsmen and laborers today continue to face heightened health risks.[40] The
metabolic profiles observed in this generation therefore provide valuable mechanistic insights relevant to
current challenges in occupational health and safety. Importantly, prior work in the CHDS cohort reported
a two-fold increase in colorectal cancer risk among offspring of fathers in crafts and labor occupations,
suggesting potential intergenerational implications of occupation-related endocrine dysregulation. The
longitudinal and multi-generational design of the CHDS offers a unique opportunity to investigate these
links more directly in future studies.

5) Conclusions

In summary, this HRMS-based MWAS revealed distinct metabolic profiles that differentiate craftsmen
and laborers from other occupational groups at both the pathway and metabolite levels. Crafts or
operative and service work or labor occupations was consistently associated with alterations in adrenal
steroid biosynthesis, mitochondrial fatty acid metabolism, and cholesterol and lipid pathways. These
metabolic signatures represent individualized but shared biological responses to complex exposures,
with important implications for reproductive and metabolic health among craftsmen and laborers.

Declarations

Ethics Approval and Consent to Participate

This study was conducted in accordance with the ethical principles outlined in the Declaration of
Helsinki. The present study was reviewed and approved by the Institutional Review Board of the Public
Health Institute (IRB# 114-027). At study enrollment, participants provided verbal consent, as was
customary in the 1960s, for themselves and their children.

Availability of Data and Materials
Page 12/19



De-identified (anonymized) data are available upon request from the corresponding author. Requests will
be reviewed by Barbara A. Cohn (Director of the Child Health and Development Studies), the research
staff, and the Institutional Review Board of the Public Health Institute. Approval of requests for de-
identified data required execution of a data use agreement.

Competing Interests
All authors have no financial disclosures or conflicts to report.
Authors’ Contributions

ARB analyzed and visualized the metabolomics data. ARB and XH were the major contributors in writing
the manuscript. NK, PC, and BC assisted with study conception and authorship of methods pertaining to
the Child Health and Development Studies. XL and CCM assisted with data interpretation. VT, YMG, MN,
and DJ directed and/or conducted the high-resolution mass spectrometry-based metabolomics. All
authors read, revised, and approved the final manuscript.

Funding

This research was supported by grants to BC from the California Breast Cancer Research Program
(CBCRP) (15ZB-0186, 21UB-8002, B29EE7677, and B29BI7675) and the Department of Health and
Human Services (HHS) (HHSN275201100020C). XH is supported by NIH NHLBI (ROTHL166455) and
NIH NIEHS (P30ES019776). XL is supported by NIH NIGMS (R35GM155032).

Acknowledgments

The authors would like to thank Chen Zhang, an MPH student in the Environmental Health Program who
conducted initial preliminary analyses.

References

1. Pega F, Hamzaoui H, Nafradi B, Momen NC (2022) Global, regional and national burden of disease
attributable to 19 selected occupational risk factors for 183 countries, 2000-2016: A systematic
analysis from the WHO/ILO Joint Estimates of the Work-related Burden of Disease and Injury. Scand
J Work Environ Health 48(2):158

2. Kaprio J, Sarna S, Fogelholm M, Koskenvuo M (1996) Total and occupationally active life
expectancies in relation to social class and marital status in men classified as healthy at 20 in
Finland. J Epidemiol Community Health 50(6):653-660

3. Bertin M, Bodin J, Fouquet N, Bonvallot N, Roquelaure Y (2018) Multiple exposures and coexposures
to occupational hazards among agricultural workers: a systematic review of observational studies.
Saf health work 9(3):239-248

Page 13/19



4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Fang SC, Cassidy A, Christiani DC (2010) A systematic review of occupational exposure to
particulate matter and cardiovascular disease. Int J Environ Res Public Health 7(4):1773-1806

. Wangia RN, Tang L, Wang J-S (2019) Occupational exposure to aflatoxins and health outcomes: a

review. J Environ Sci Health Part C 37(4):215-234

. Rothman N, Vermeulen R, Zhang L, Hu W, Yin S, Rappaport SM, Smith MT, Jones DP, Rahman M, Lan

Q (2021) Metabolome-wide association study of occupational exposure to benzene. Carcinogenesis
42(11):1326-1336

. Li S, Cirillo B, Hu X, Tran V, Krigbhaum N, Yu S, Jones DP, Cohn B (2020) Understanding mixed

environmental exposures using metabolomics via a hierarchical community network model in a
cohort of California women in 1960’s. Reprod Toxicol 92:57-65

. Perry AS, Farber-Eger E, Gonzales T, Tanaka T, Robbins JM, Murthy VL, Stolze LK, Zhao S, Huang S,

Colangelo LA (2024) Proteomic analysis of cardiorespiratory fitness for prediction of mortality and
multisystem disease risks. Nat Med 30(6):1711-1721

. Metabolomic (2024) genomic prediction of common diseases in 700,217 participants in three

national biobanks. Nat Commun 15(1):10092

Rinschen MM, Ivanisevic J, Giera M, Siuzdak G (2019) Identification of bioactive metabolites using
activity metabolomics. Nat Rev Mol Cell Biol 20(6):353-367

Uppal K, Walker DI, Liu K, Li S, Go Y-M, Jones DP (2016) Computational metabolomics: a framework
for the million metabolome. Chem Res Toxicol 29(12):1956-1975

Teeny S, Jarrell ZR, Krigbaum NY, Cirillo PM, Go Y-M, Cohn BA, Jones DP (2025) Environmental basis
for early onset breast cancer. Reprod Toxicol 133:108866

Go Y-M, Weinberg J, Teeny S, Cirillo PM, Krigbaum NY, Singer G, Tran V, Cohn BA, Jones DP (2023)
Exposome epidemiology for suspect environmental chemical exposures during pregnancy linked to
subsequent breast cancer diagnosis. Environ Int 178:108112

Robinson O, Vrijheid M (2015) The pregnancy exposome. Curr Environ health Rep 2(2):204-213
Jones DP, Cohn BA (2020) A vision for exposome epidemiology: The pregnancy exposome in
relation to breast cancer in the Child Health and Development Studies. Reprod Toxicol 92:4-10
Murphy CC, Dias EM, Cirillo PM, Krigbaum NY, Cohn BA (2025) Father’s occupation and colorectal
cancer in his adult offspring. JNCI: J Natl Cancer Inst :djaf104

van den Berg BJ, Christianson RE, Oechsli FW (1988) The California child health and development
studies of the School of Public Health, University of California at Berkeley. Paediatr Perinat
Epidemiol 2(3):265-282

Marshall R (1977) Dictionary of occupational titles. US Government Printing Office

Occupation (1970) and Earnings of Family Heads in 1969, 1965, and 1959. US Government Printing
Office

La Merrill MA, Krigbaum NY, Cirillo PM, Cohn BA (2020) Association between maternal exposure to
the pesticide dichlorodiphenyltrichloroethane (DDT) and risk of obesity in middle age. Int J Obes

Page 14/19



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

44(8):1723-1732

Cirillo PM, La Merrill MA, Krigbaum NY, Cohn BA (2021) Grandmaternal perinatal serum DDT in
relation to granddaughter early menarche and adult obesity: three generations in the child health
and development studies cohort. Cancer Epidemiol Biomarkers Prev 30(8):1480-1488

Go Y-M, Walker DI, Liang Y, Uppal K, Soltow QA, Tran V, Strobel F, Quyyumi AA, Ziegler TR, Pennell KD
(2015) Reference standardization for mass spectrometry and high-resolution metabolomics
applications to exposome research. Toxicol Sci 148(2):531-543

Tchen R, Tan Y, Barr DB, Ryan PB, Tran V, Li Z, Hu Y-J, Smith AK, Jones DP, Dunlop AL (2022) Use of
high-resolution metabolomics to assess the biological perturbations associated with maternal
exposure to Bisphenol A and Bisphenol F among pregnant African American women. Environ Int
169:107530

Hu X, Chandler JD, Fernandes J, Orr ML, Hao L, Uppal K, Neujahr DC, Jones DP, Go Y-M (2018)
Selenium supplementation prevents metabolic and transcriptomic responses to cadmium in mouse
lung. Biochim et Biophys Acta (BBA)-General Subj 1862(11):2417-2426

Yu T, Park Y, Johnson JM, Jones DP (2009) apLCMS—adaptive processing of high-resolution LC/MS
data. Bioinformatics 25(15):1930-1936

Uppal K, Soltow QA, Strobel FH, Pittard WS, Gernert KM, Yu T, Jones DP (2013) xMSanalyzer:
automated pipeline for improved feature detection and downstream analysis of large-scale, non-
targeted metabolomics data. BMC Bioinformatics 14:1-12

Johnson WE, Li C, Rabinovic A (2007) Adjusting batch effects in microarray expression data using
empirical Bayes methods. Biostatistics 8(1):118-127

Uppal K, Walker DI, Jones DP (2017) xMSannotator: an R package for network-based annotation of
high-resolution metabolomics data. Anal Chem 89(2):1063-1067

Sumner LW, Amberg A, Barrett D, Beale MH, Beger R, Daykin CA, Fan TW-M, Fiehn O, Goodacre R,
Griffin JL (2007) Proposed minimum reporting standards for chemical analysis: chemical analysis
working group (CAWG) metabolomics standards initiative (MSI). Metabolomics 3(3):211-221

Minasenko B, Wang D, Cirillo P, Krigbaum N, Cohn B, Jones DP, Collins JM, Hu X (2025) Rodin: a
streamlined metabolomics data analysis and visualization tool. Bioinf Adv 5(1):vbaf088

Li S, Park Y, Duraisingham S, Strobel FH, Khan N, Soltow QA, Jones DP, Pulendran B (2013)
Predicting network activity from high throughput metabolomics. PLoS Comput Biol 9(7):€1003123

Dambrova M, Makrecka-Kuka M, Kuka J, Vilskersts R, Nordberg D, Attwood MM, Smesny S, Sen ZD,
Guo AC, Oler E (2022) Acylcarnitines: nomenclature, biomarkers, therapeutic potential, drug targets,
and clinical trials. Pharmacol Rev 74(3):506—-551

Hu X, Li S, Cirillo P, Krigbaum N, Tran V, Ishikawa T, La Merrill MA, Jones DP, Cohn B (2020)
Metabolome wide association study of serum DDT and DDE in pregnancy and early postpartum.
Reprod Toxicol 92:129-137

Ramamoorthy S, Cidlowski JA (2016) Corticosteroids-mechanisms of action in health and disease.
Rheum Dis Clin North Am 42(1):15

Page 15/19



35.

36.

37.

38.

39.

40.

Pathway

Chapman K, Holmes M, Seckl J (2013) 11B-hydroxysteroid dehydrogenases: intracellular gate-
keepers of tissue glucocorticoid action. Physiol Rev 93(3):1139-1206

Labrie F, Bélanger A, Bélanger P, Bérubé R, Martel C, Cusan L, Gomez J, Candas B, Castiel |,
Chaussade V (2006) Androgen glucuronides, instead of testosterone, as the new markers of
androgenic activity in women. J Steroid Biochem Mol Biol 99(4-5):182-188

Paukner K, Kralova Lesnd |, Poledne R (2022) Cholesterol in the cell membrane—an emerging player
in atherogenesis. Int J Mol Sci 23(1):533

Giorgi C, Marchi S, Pinton P (2018) The machineries, regulation and cellular functions of
mitochondrial calcium. Nat Rev Mol Cell Biol 19(11):713-730

Zuo M, Ye M, Lin H, Liao S, Xing X, Liu J, Wu D, Huang Z, Ren X (2024) Mitochondrial dysfunction in
environmental toxicology: mechanisms, impacts, and health implications. Chem Res Toxicol
37(11):1794-1806

Caban-Martinez AJ, Lee DJ, Fleming LE, Tancredi DJ, Arheart KL, LeBlanc WG, McCollister KE, Christ

SL, Louie GH, Muennig PA (2011) Arthritis, Occupational Class, and the Aging US Workforce. Am J
Public Health 101(9):1729-1734

Figures

Squalene and Cholesterol
C21-Steroid Hormone
Glycosphingolipid

Vitamin A (Retinol)
Lipoate

Vitamin D3 (Cholecalciferol)
Glycerophospholipid
Leukotriene

Vitamin H (Biotin)

De Novo Fatty Acid

Bile Acid

Lysine

o

3
-log10(P-value)

N

Figure 1

Pat

hway enrichment analysis identified metabolic signatures different between craftsmen and laborers

and participants of other occupations. Color coding indicates if pathways were enriched among features

det

ected in HILIC-positive mode only (blue), C18-negative mode only (green), or both ionization modes

(red). Analysis was conducted using mummichog with the x-axis indicating the significance of the

pat

hway.

Page 16/19



THCC 17-PregS Androstenedione

a0 —_ . 3.0 2.5 T
95 : ! 25 _ X1} : E
m— | R I :
: —
20 1.5 : I ! |
18l 1.0 . : .
1.0 . 0.0 _:_ _:_ 0.0
ADT-G a0 Sa—DHT Testosterone
a.0 . - . . —t—
o5 . : 28| T a4 . :
" = *
—_— | 1
20l T TH | e || ==
1
15 : : 13 ' | — :
20 . T
1-D - 1-u P i
05 : i 05 , : 15
—_— —— ﬂ-D —_— —_— -
Desmosteral Leukotriene E4 Sfi—cholestan—-3-one
a0 ! a0 . , i
1 - 20 i 1
\ ! g ) ! '
1 3 ]
25 20 . . 15 :
. i
. ! 1.5 ! 1.0
2.0 1 1 1.0 . 1
l ! 0.5 E -' a5 | .
1 5 : .0 ﬂ.r} —— e

B craftiLabor Cccupations
O other Occupations

Figure 2

Metabolites different between occupational groups selected from enriched metabolic pathways.
Student’s t-test p-values of the selected metabolites were 0.03 (tetrahydrocorticosterone [THCC], m/z
349.2362, rt 281 s), 0.04 (17a-hydroxypregnalone-sulfate [17-PregS], m/z 410.1797, rt 65.8 s), 0.003
(androstenedione, m/z309.1799, rt 67.4 s), 0.03 (androsterone glucuronide [ADT-G], m/z465.2488, rt 40.3
s), 0.006 (5a-dihydrotestosterone [DHT], m/z 289.2173, rt 33.3 s), 0.3 (testosterone, m/z 307.2254, rt
26.3 s), 0.04 (desmosterol, m/z 385.3455, rt 27.8 s), 0.01 (leukotriene E4, m/z 466.1923, rt 66.8 s), and
0.01 (5b-cholestan-3-one, m/z409.3458, rt 236.3 s).
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Figure 3

Distribution of metabolite levels for four significant features annotated as androstenedione (m/z
309.1799, rt 67 s), 11-dehydrocorticosterone (m/z345.208, rt 27.3 s), 7a, 27-dihydroxycholesterol (m/z
419.352,rt 26.3 s), and PGE3 (m/z 349.2017, rt 92.3 s). Values are presented as transformed peak
intensity in boxplots. An asterisk is used to denote comparisons that were significantly different (p <
0.05) between the occupational groups in each BMI stratum.
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Figure 4

A summary of metabolites from the steroid hormone biosynthesis pathway with blue arrows indicating
decreased abundance in craftsmen and laborers, red arrows indicating increased abundance, and paired
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blue and red arrows indicating a discordant trend based on BMI stratification. Metabolites labeled in grey
were not identified our data.
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