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Abstract

Non-persistent pesticides have been associated with altered sex-hormone profiles, but
evidence among postmenopausal women remains limited. This cross-sectional study
examined associations of individual urinary pesticide biomarkers and their mixture with
circulating sex hormones among 593 postmenopausal women from the 2013-2016
National Health and Nutrition Examination Survey (NHANES). Survey-weighted linear
regression evaluated individual biomarkers in a directed acyclic graph (DAG)-informed
primary model and two progressively expanded sensitivity models incorporating lifestyle,
clinical, and dietary covariates. Bayesian kernel machine regression (BKMR) evaluated
overall mixture associations, biomarker-specific relative importance, and exploratory
bivariate exposure-response patterns. In the primary weighted models, 3,5,6-trichloro-2-
pyridinol (TCPY) and para-nitrophenol (PNP) were inversely associated with total
testosterone (TT) and the free androgen index (FAI), and the directions were generally
consistent across expanded models. No clear associations with estradiol (E2) or sex
hormone-binding globulin (SHBG) were observed in the primary models. In BKMR, higher
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joint biomarker percentiles were associated with lower TT and FAL PNP had the highest posterior inclusion
probability (PIP) for TT (0.921), whereas PNP (0.607) and TCPY (0.523) had the highest PIPs for the FAI. These
cross-sectional findings suggest inverse associations of the pesticide-biomarker mixture with androgen-related
hormones, with PNP and TCPY showing the highest outcome-specific PIPs within the fitted BKMR models; however,
causality cannot be established.

INTRODUCTION

Historically, persistent organochlorine pesticides (OCPs) were widely used for their effectiveness, but their
persistence and bioaccumulation raised substantial environmental and health concerns. Modern pesticide
use has shifted toward current-use compounds, including organophosphates, carbamates, pyrethroids, and
phenoxy herbicides. Non-persistent pesticides are compounds with relatively short environmental and
biological persistence that are generally metabolized and excreted more rapidly than persistent OCPs;
however, lower persistence does not imply an absence of toxicity'"?!. These pesticides are widely used in
agricultural, residential, and occupational settings"””', and human exposure can occur through inhalation,
ingestion, and dermal absorption®"". Urinary biomarkers of several non-persistent pesticides are detectable
in a large proportion of the general population">'.

Research has investigated associations between non-persistent pesticide exposure and alterations in sex-
hormone profiles. For example, higher exposure to pyrethroid insecticides is significantly associated with
alterations in adult levels of sex steroid hormones such as total testosterone (TT), sex hormone-binding
globulin (SHBG), and free androgen index (FAI), suggesting potential endocrine-disrupting effects"*';
exposure to pyrethroid insecticides in rodent models is associated with impairment of the male reproductive
system - including reduced serum TT, poorer sperm parameters, and damage to reproductive tissues, with
oxidative stress proposed as a potential contributing pathway in experimental studies, suggesting endocrine-
disrupting effects in animals"®. However, in real-world scenarios, individuals are commonly exposed to
complex mixtures of various pesticides. Consequently, the single-chemical approach may be limited by
confounding from coexisting chemicals and may fail to capture potential interactive effects. Thus, our study
focuses on the overall association of non-persistent pesticide mixtures with circulating sex hormones, an
aspect that has received relatively little attention in prior research.

Exposure to non-persistent pesticides has also been associated with alterations in female reproductive
endocrine development, including changes in pubertal timing""”. Meanwhile, postmenopausal women with
hormonal disturbances are more susceptible to environmental exposures and more prone to adverse
outcomes'®. However, the association between non-persistent pesticide exposure and sex hormone levels in
this specific population remains understudied. Investigating this relationship is therefore of significant public
health importance.

To address this gap, we conducted a cross-sectional analysis of postmenopausal women from the 2013-2016
National Health and Nutrition Examination Survey (NHANES) cycles with complete data on urinary
pesticide biomarkers, circulating sex hormones, and relevant covariates. Survey-weighted linear regression
estimated associations between individual urinary pesticide biomarkers and sex hormone outcomes, whereas
Bayesian kernel machine regression (BKMR) evaluated overall mixture associations and relative biomarker
importance. Covariate selection and the model hierarchy were informed by a study-specific directed acyclic
graph (DAG), with additional adjustment for lifestyle, reproductive, hormone-use, and dietary factors.
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EXPERIMENTAL

Study design and population

The NHANES is a survey program conducted by the National Center for Health Statistics (NCHS), which is
part of the U.S. Centers for Disease Control and Prevention (CDC). It employs a stratified, multistage
probability sampling design to recruit approximately 5,000 participants of all ages annually. Survey
participants complete health interviews and physical examinations, and urine and blood samples are
collected at the Mobile Examination Center (MEC). These data provide a crucial basis for understanding the
health and nutritional status of the U.S. population. The study protocol of NHANES has been approved by
the Institutional Review Board (IRB) of the NCHS, and all participants have signed an informed consent
form. Detailed information about NHANES can be found on its official website (https://www.cdc.gov/nchs/n
hanes/about_nhanes.htm).

This study utilized data from the 2013-2014 and 2015-2016 cycles of the NHANES, as they provided
concurrent measurements of non-persistent pesticide exposure, serum sex hormone levels, and key
covariates. Of the 19,357 NHANES participants, 1,077 were women aged 40 years or older with complete
measurements of the four urinary pesticide biomarkers and four sex-hormone outcomes; 18,280 participants
who did not meet these combined eligibility and data-completeness criteria were excluded. We then
excluded 254 women who reported menstruation during the previous 12 months and were classified as not
postmenopausal, leaving 823 women who met the postmenopausal criterion. An additional 230 participants
with incomplete survey-design or covariate data were excluded, resulting in a final analytic sample of 593
postmenopausal women for the survey-weighted linear regression and BKMR analyses. The participant
selection flowchart is presented in Supplementary Figure 1.

Exposure assessment

In the 2013-2016 NHANES cycles, we evaluated four urinary biomarkers with relatively high detection
frequencies: 3-phenoxybenzoic acid (3-PBA), a common metabolite of pyrethroid insecticides; 3,5,6-
trichloro-2-pyridinol (TCPY), a metabolite of chlorpyrifos; para-nitrophenol (PNP), a biomarker related to
organophosphate pesticide exposure; and 2,4-dichlorophenoxyacetic acid (2,4-D), a phenoxy herbicide">*\.
Detailed information on specimen collection, laboratory measurement procedures, detection limits, and
quality-assurance and quality-control protocols is available in the corresponding cycle-specific NHANES
laboratory documentation’®??’; the key analytical parameters used in this study are summarized in
Supplementary Note 1 and Supplementary Table 1.

Sex hormone assessment

Serum concentrations of TT, estradiol (E2), and SHBG were obtained from the publicly available NHANES
laboratory datasets. The FAI was calculated as FAI = (TT in nmol/L) / (SHBG in nmol/L) x 100. Detailed
laboratory measurement methods and quality-assurance and quality-control procedures are provided in the

23,24

corresponding official NHANES documentation**), with key analytical information summarized in

Supplementary Note 1 and Supplementary Table 1.

Covariates

Potential covariates were selected on the basis of substantive knowledge and prior evidence that age,
adiposity, smoking, alcohol intake, menopause type, and exogenous hormone use may be associated with
circulating sex-hormone concentrations in postmenopausal women”**. These variables were organized
within a study-specific DAG developed to guide the revised adjustment strategy"*”. Specifically, the DAG was
used to structure the primary adjustment set according to the presumed roles of measured variables in the
exposure-outcome framework. Model 1 was specified as the primary DAG-informed model and included
age, race/ethnicity, educational attainment, and family PIR. Urinary creatinine (UCRE) was additionally
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included to account for urine dilution rather than being treated as a back-door confounder. Dietary variables
were additionally incorporated into expanded models because fruit and vegetable intake and related dietary
choices may influence urinary pesticide biomarker concentrations, while reduced-calorie dietary and weight-
loss interventions may alter circulating estrogens, free testosterone, and SHBG in postmenopausal
women!**?. Total energy intake was included in the expanded dietary model, with its role interpreted
according to contemporary guidance on energy adjustment in nutritional epidemiology”®”. Demographic and
socioeconomic variables included age, self-reported race/ethnicity, educational attainment, and family
poverty-income ratio (PIR). UCRE was included as a urine-dilution correction variable rather than as a
back-door confounder. Alcohol intake over the previous 12 months was classified as none/rare, > 0 to 1
drink/day, or > 1 drink/day. Menopause classification was based on self-reported menstrual and surgical
history and included natural menopause, hysterectomy with bilateral oophorectomy, hysterectomy without
bilateral oophorectomy, and other or uncertain classifications. Ever use of female hormones was derived
from the reproductive-health questionnaire, and current hormone therapy was identified from prescription-
drug records for the previous 30 days. Day 1 total fruit and vegetable intakes were obtained from the Food
Patterns Equivalents Database, total energy intake was obtained from the Day 1 dietary recall, and body mass
index (BMI) was measured at the examination. Detailed variable definitions are provided in Supplementary
Note 2.

The assumed temporal ordering and candidate adjustment sets were evaluated using the R package dagitty
(version 0.3-4) [Supplementary Figure 2]. Model 2 was specified as an expanded sensitivity model and
further included detectable serum cotinine, physical activity, alcohol intake, menopause classification, and
previous and current exogenous hormone use to evaluate the robustness of the primary estimates to
additional lifestyle, reproductive, and hormone-related characteristics. Model 3 was a further expanded
sensitivity model that additionally included Day 1 total fruit and vegetable intake, total energy intake, and
BMI to evaluate the robustness of the associations to broader dietary and anthropometric adjustment. Thus,
Models 2 and 3 were intended as progressively expanded sensitivity models rather than progressively more
definitive causal models. The DAG was used to structure covariate adjustment for the target
exposure-outcome association; however, it does not overcome the lack of temporal information inherent in
the cross-sectional design, and the estimates should not be interpreted causally.

Statistical analysis

Continuous variables are presented as mean (standard deviation, SD) or median [interquartile range, IQR],
as appropriate, and categorical variables as n (%). Spearman’s rank correlation analysis was performed to
assess the pairwise correlations among the four urinary non-persistent pesticide metabolites. Since the
concentrations of pesticide metabolites and the levels of sex hormones were all right-skewed (as indicated by
the Kolmogorov-Smirnov test, all P < 0.05), natural logarithm (In) transformation was applied to these
variables prior to regression modeling to reduce skewness and better meet the normality assumption of
parametric tests.

Given that the data were derived from the complex sampling design of a large-scale survey, survey sample
weights were incorporated into the primary and expanded weighted regression analyses to account for the
NHANES complex survey design and improve population-level inference. Weighted linear regression was
employed to analyze the independent association between the four non-persistent pesticide metabolites in
urine samples and sex hormone indicators: for continuous sex hormone outcomes (actual concentrations of
TT, E2, SHBG, and FAI), the effect estimates were expressed as a coefficient (8) and 95% confidence interval
(CI). For the log-log models, B coefficients were converted to the estimated percentage difference in the
outcome associated with a twofold higher exposure using [eP"® - 1] x 100. To provide an additional
distribution-based interpretation of effect magnitude, we also estimated the percentage difference associated
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with an interquartile-range increase in each biomarker, defined as an increase from the 25th to the 75th
percentile, using [eP@/a0 _ 1] x 100. Three prespecified models were fitted using a hierarchical adjustment
strategy. Model 1 was the DAG-informed primary model and included age, race/ethnicity, educational
attainment, family PIR, and UCRE, with UCRE included to account for urine dilution. Model 2 was an
expanded sensitivity model that further included detectable serum cotinine, physical activity, alcohol intake,
menopause classification, and previous and current exogenous hormone use. Model 3 was a further
expanded sensitivity model that additionally included Day 1 total fruit and vegetable intake, total energy
intake, and BMI. As a sensitivity analysis, the same three linear regression models were refitted without
applying NHANES survey weights. The unweighted models used the same log-transformed exposure and
outcome variables and the same covariate sets as the corresponding weighted Models 1-3. These analyses
were conducted to evaluate the sensitivity of the estimates to survey weighting. The results of the unweighted
sensitivity analyses are presented in Supplementary Figure 3.

The overall effect of the pesticide metabolite mixture on sex hormones, along with the contribution of each
individual metabolite, was evaluated using BKMR, a semi-parametric method suitable for analyzing complex
exposure-response relationships*?*!. For each outcome, posterior summaries were based on retained
iterations 5,001-20,000 from the selected chain (15,000 posterior draws; random seed 1176581367). Posterior
inclusion probabilities (PIPs) were used to describe the conditional relative importance of the biomarkers
within each mixture model; larger PIP values indicate greater conditional inclusion importance within the
fitted mixture model but should not be interpreted as tests of statistical significance or as indicators of greater
biological or causal importance. Additionally, BKMR was used to explore biomarker-specific
exposure-response functions and descriptive bivariate patterns by evaluating whether the estimated function
for one biomarker varied across selected levels of a second biomarker. These bivariate analyses were
exploratory and were not interpreted as formal tests of statistical or biological interaction.

All statistical analyses were conducted using R software (Version 4.1.2). The weighted regression analysis was
implemented using the “survey” package, and the mixture analysis was performed using the “bkmr” package.
Statistical significance was defined as a two-sided P value < 0.05.

RESULTS AND DISCUSSION

Descriptive statistics of the study subjects

The characteristics of the 593 postmenopausal women are summarized in Table 1. The mean age was 63.0
(10.3) years, and the mean BMI was 30.4 (7.2) kg/m*. Median UCRE was 78.0 [45.0-122.0] mg/dL. Non-
Hispanic White participants represented the largest racial/ethnic group, comprising 41.1% of the sample, and
77.9% were classified in the low income-to-poverty-ratio category. Regarding education, 33.6% had attended
some college or obtained an associate degree, and 20.1% were college graduates or above. No physical activity
was reported by 67.5%, and 55.5% reported no, rare, or occasional alcohol intake. Natural menopause
accounted for 61.0% of participants, 15.5% had bilateral oophorectomy-related surgical menopause, 32.2%
had ever used female hormones, and 5.7% were current hormone users. Median urinary pesticide biomarker
concentrations were 0.620 [0.310-1.480] pg/L for 3-PBA, 0.950 [0.501-1.770] pg/L for TCPY, 0.530
[0.280-1.100] pg/L for PNP, and 0.267 [0.110-0.490] ng/L for 2,4-D.

Correlation analysis of urinary non-persistent pesticide biomarkers

The results of the Spearman correlation analysis on the four non-persistent pesticides showed that there were
significant positive correlations between 3-PBA, PNP, TCPY, and 2,4-D (all P < 0.05), with low to moderate
correlation coefficients (r) ranging from 0.22 to 0.50 [Figure 1]. Notably, the correlation between PNP and
TCPY, as well as between TCPY and 2,4-D, was relatively strong, with correlation coefficients of 0.50 and
0.42, respectively. These consistent positive correlations suggest the likelihood of co-exposure to these
pesticides in the study population.
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Table 1. Basic characteristics of participants

Characteristics

Mean (SD), median [IQR] or n (%)

Age (years)
BMI (kg/m?)
UCRE (mg/dL)
Total fruit intake, cup equivalents/day
Total vegetable intake, cup equivalents/day
Total energy intake, 1,000 kcal/day
3-PBA (ug/L)
TCPY (pg/L)
PNP (ug/L)
2,4-D (ug/L)
Ethnicity
Mexican American
Non-Hispanic Black
Non-Hispanic White
Other Hispanic
Other Race - Including Multi-Racial
Family poverty income ratio (%)
Low
High
Education (%)
9-11th grade (includes 12th grade with no diploma)
College graduate or above
High school graduate/GED or equivalent
Less than 9th grade
Some college or associate degree
Cotinine (%)
At or above the detection limit
Below lower detection limit
Physical activity (%)
Moderate
No
Vigorous
Alcohol_category (%)
None, rare, or occasional
> 0 to 1drink/day
> 1drink/day
Menopause type, n (%)
Natural menopause
Bilateral oophorectomy-related surgical menopause
Hysterectomy without bilateral oophorectomy
Other or uncertain
Ever female hormone use, n (%)

Current hormone use, n (%)

63.0 (10.3)
30.4(7.2)

78.0 [45.0,122.0]
0.57[0.00, 1.34]
114 [0.59,1.95]

1.69 (0.71)
0.620[0.310, 1.4801]
0.950[0.501,1.770]
0.530[0.280, 1.100]
0.267 [0.110, 0.490]

87 (14.7)
128 (21.6)
244 (41.1)
74 (12.5)
60 (10.1)

462 (77.9)
131(22.1)

69 (11.6)
19 (20.1)
141(23.8)
65 (11.0)
199 (33.6)

353 (59.5)
240 (40.5)

127 (21.4)
400 (67.5)
66 (11.1)

329 (55.5)
233(39.3)
31(5.2)

362 (61.0)
92 (15.5)
110 (18.5)
29 (4.9)
191(32.2)
34(5.7)

SD: Standard deviation; IQR: interquartile range; BMI: body mass index; UCRE: urinary creatinine; 3-PBA: 3-phenoxybenzoic acid; TCPY: 3,5,6-
trichloro-2-pyridinol; PNP: para-nitrophenol; 2,4-D: 2,4-dichlorophenoxyacetic acid.
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Figure 1. Spearman correlation analysis of urinary non-persistent pesticides in the included study participants. Lower-triangle cells show
Spearman correlation coefficients; upper-triangle circle area is proportional to |r|, and circle color represents the direction and magnitude
of the coefficient. 3-PBA: 3-Phenoxybenzoic acid; PNP: para-nitrophenol; TCPY: 3,5,6-trichloro-2-pyridinol; 2,4-D: 2,4-
dichlorophenoxyacetic acid.

Independent association analysis between non-persistent pesticide biomarkers and sex hormones

In the DAG-informed primary survey-weighted model, TCPY was inversely associated with TT (B = -0.12;
95%Cl, -0.21 to -0.03; P = 0.010) and FAI (B = -0.13; 95%Cl, -0.22 to -0.05; P = 0.003). PNP was also inversely
associated with TT (B = -0.09; 95%CI, -0.16 to -0.02; P = 0.019) and FAI (B = -0.12; 95%CI, -0.20 to -0.05; P =
0.003) [Figure 2A and B]. On the relative scale, a twofold higher TCPY concentration was associated with
approximately 7.9% lower TT and 8.9% lower FAI, whereas a twofold higher PNP concentration was
associated with approximately 6.0% lower TT and 8.2% lower FAI Using an interquartile-range contrast, an
increase in TCPY from the 25th to the 75th percentile was associated with 14.0% lower TT (95%CI, -23.1% to
-3.8%) and 15.6% lower FAI (95%CI, -24.2% to -6.1%), whereas the corresponding increase in PNP was
associated with 11.5% lower TT (95%CI, -20.0% to -2.2%) and 15.6% lower FAI (95%CI, -24.3% t0 -6.0%).
Complete survey-weighted regression estimates and corresponding twofold- and IQR-based percentage
differences are presented in Supplementary Table 2. The directions of these estimates remained consistent
after expanded adjustment in Models 2 and 3. For E2, the PNP estimate was inverse but imprecise in Model
1 (B =-0.11; P = 0.066); the estimates remained inverse in Models 2 and 3 (p = -0.12 and -0.10; both P = 0.029;
Figure 2C). No clear associations with SHBG were observed [Figure 2D], and neither 3-PBA nor 2,4-D was
clearly associated with any hormone outcome in the primary weighted model. No statistically significant
associations were observed for 3-PBA or 2,4-D across the fully adjusted models. The unweighted sensitivity
models were directionally consistent for PNP-TT, PNP-FAI, and TCPY-FAIL; the TCPY-TT estimate was
weaker and reached P = 0.044 only in unweighted Model 3 [Supplementary Figure 3].

BKMR analysis of non-persistent pesticide mixture exposure and sex hormones in postmenopausal
women

In BKMR models adjusted for the Model 3 covariate set, the estimated overall mixture associations for TT
and FAI generally became more negative as the four urinary pesticide biomarkers were jointly increased to
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A B(O5%CI) P Value B B(95%CI) P Value
TT 3-PBA Model_1 -0.03(-0.10,0.05) 0.456 FAI 3-PBA Model_1 —-fl -0.05(-0.12,0.02) 0.173
TT 3-PBA Model 2 -0.01(-0.09,0.06) 0.680 FAI 3-PBA Model 2 -0.04(-0.10,0.02) 0.203
TT 3-PBA Model 3 -0.02(-0.09,0.05) 0.607 FAI 3-PBA Model 3 1o~ -0.05(-0.10,0.00) 0.069
TT TCPY Model 1 —e—1 -0.12(-0.21,-0.03) 0.010 FAI TCPY Model_1 I—e—1 -0.13(-0.22,-0.05) 0.003 -
TT TCPY Model 2 ——i -0.13(-0.22,-0.05) 0.004 - FAI TCPY Model 2 —— -0.15(-0.23,-0.07) 0.001
TT TCPY Model3 —— -0.14(-0.23,-0.05) 0.003 FAI TCPY Model 3 —i -0.17(-0.26,-0.09)  <0.001 ***

TT PNP Model 1 o -0.09(-0.16,-0.02) 0.019+ FAI PNP Model 1 e -0.12(-0.20,-0.05) 0.003

TT PNP Model 2 ——1 -0.12(-0.19,-0.04) 0.003 FAI PNP Model 2 —e—t -0.15(-0.23,-0.06) 0.002

TT PNP Model 3 — -0.12(-0.19,-0.05) 0.002 FAI PNP Model 3 e -0.13(-0.20,-0.05) 0.002
TT 2,4-D Model_1 et 0.06(-0.08,0.20) 0.373 FAI 2,4-D Model 1 0.07(-0.08,0.21) 0.356
TT 2,4-D Model 2 ' 1 0.04(-0.07,0.15) 0455 FAI 2,4-D Model 2 0.05(-0.07,0.18) 0.381
TT 2,4-D Model 3 0.03(-0.08,0.13) 0.590 FAI 2,4-D Model 3 0.01(-0.10,0.12) 0.894

023 0.00 030 026 0.00 021
Effect Effect

C B(95%CI) P Value D B(95%CI) P Value
E2 3-PBA Model 1 0.01(-0.08,0.10) 0.892 SHBG 3-PBA Model_1 0.02(-0.04,0.08) 0.538
E2 3-PBA Model 2 ot 0.02(-0.06,0.10) 0.654 SHBG 3-PBA Model 2 0.02(-0.04,0.08) 0.419
E2 3-PBA Model 3 =1 0.01(-0.06,0.08) 0.709 SHBG 3-PBA Model 3 0.03(-0.03,0.08) 0.292
E2 TCPY Model 1 -0.02(-0.14,0.11) 0.807 SHBG TCPY Model 1 0.02(-0.06,0.09) 0.679
E2 TCPY Model 2 ] -0.04(-0.14,0.07) 0.463 SHBG TCPY Model 2 0.02(-0.05,0.09) 0.622
E2 TCPY Model3 ot 0.06¢-0.17,004) 0242 SHBG TCPY Model3 0.03(-0.03,0.09) 0.254
E2 PNP Model_1 —o—i -0.11(-0.22,0.01) 0.066 SHBG PNP Model 1 0.03(-0.02,0.09) 0.177
E2 PNP Model 2 — -0.12(-0.24,-0.01) 0.029 SHBG PNP Model 2 0.03(-0.02,0.07) 0.200
E2 PNP Model 3 —— -0.10(-0.19,-0.01) 0.029 SHBG PNP Model 3 0.01(-0.04,0.06) 0.735
E2 2,4-D Model 1 0.02(-0.15,0.20) 0.770 SHBG 2,4-D Model 1 -0.00(-0.07,0.06) 0.882
E2 2,4-D Model 2 -0.01(-0.15,0.13) 0.871 SHBG 2,4-D Model 2 -0.01(-0.08,0.05) 0.696
E2 2,4-D Model 3 — -0.06(-0.21,0.08) 0.361 SHBG 2,4-D Model 3 0.02(-0.04,0.08) 0.491

-0.24 0.00 0.20 -0.090.00 0.09
Effect Effect

Figure 2. Survey-weighted associations between individual urinary pesticide biomarkers and circulating sex-hormone outcomes among
postmenopausal women. (A) TT; (B) FAI; (C) E2; (D) SHBG. 'P < 0.05, "P< 0.01, "P < 0.001. TT: Total testosterone; FAI: free androgen
index; E2: estradiol; SHBG: sex hormone-binding globulin; 3-PBA: 3-phenoxybenzoic acid; TCPY: 3,5,6-trichloro-2-pyridinol; PNP: para-
nitrophenol; 2,4-D: 2,4-dichlorophenoxyacetic acid; Cl: confidence interval.

higher percentiles relative to the 50th percentile; the 95% posterior credible intervals excluded zero at several
higher evaluated percentiles [Figure 3A and B]. No clear overall mixture associations were observed for E2 or
SHBG [Figure 3C and D]. Figure 3E-H presents biomarker-specific contrasts estimated while the remaining
biomarkers were jointly fixed at the 25th, 50th, or 75th percentiles; The single-biomarker contrasts suggested
the clearest inverse pattern for PNP in relation to TT and for PNP and TCPY in relation to FAI, whereas
Figure 3G and H showed no clear associations for E2 or SHBG. PIPs differed substantially by outcome
[Table 2]. For TT, PNP had the highest PIP (0.921), followed by TCPY (0.082). For FAI, PNP had the highest
PIP (0.607), followed by TCPY (0.523). PIPs were uniformly lower for E2, with PNP having the highest value
(0.210), and all PIPs were low for SHBG, with the highest value observed for PNP (0.084). Univariate
functions showed generally inverse patterns for PNP and TCPY in relation to TT and FAI [Figure 4A and B],
whereas the E2 and SHBG functions were imprecisely estimated and showed no consistent monotonic
patterns [Figure 4C and D]. The selected percentiles were used solely as descriptive evaluation points and
should not be interpreted as biological, toxicological, or clinical thresholds.

Pairwise BKMR functions from models adjusted for the expanded Model 3 covariate set were used to explore
whether the estimated biomarker-outcome function for one urinary pesticide biomarker varied when a
second biomarker was fixed at the 25th, 50th, or 75th percentile [Figure 5]. For TT, the pairwise functions
were generally parallel, with no clear visual evidence of effect modification. Although minor vertical
separations were observed in several panels, the slopes and overall shapes of the curves remained similar,
providing no clear visual evidence that the TT function for one biomarker was meaningfully modified by the
level of another biomarker. For FAI, the most noticeable departure from parallelism involved PNP and
TCPY: the estimated TCPY function showed greater separation across the selected PNP percentiles, and the
corresponding PNP function also varied modestly across TCPY percentiles. This pattern suggested possible
model-scale effect modification between PNP and TCPY, although the evidence was exploratory. For E2,
most percentile-specific curves were approximately parallel, with only small differences in their vertical
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Figure 3. Association analysis between non-persistent pesticide mixtures and sex hormone levels in postmenopausal women based on the
BKMR model. (A-D) Overall mixture associations with TT, FAI, E2, and SHBG, respectively. The y-axis represents the estimated overall
association when all biomarker concentrations are set at selected percentiles (25th-75th) relative to the 50th percentile; (E-H) Single-
biomarker estimates for TT, FAI, E2, and SHBG, respectively, with the other biomarkers fixed at the 25th, 50th, or 75th percentiles. Error
bars represent 95% posterior credible intervals. BKMR: Bayesian kernel machine regression; TT: total testosterone; FAI: free androgen
index; E2: estradiol; SHBG: sex hormone-binding globulin; 2,4-D: 2,4-dichlorophenoxyacetic acid; PNP: para-nitrophenol; TCPY: 3,5,6-
trichloro-2-pyridinol; 3-PBA: 3-phenoxybenzoic acid.

positions or degrees of curvature in a few panels; therefore, no stable pairwise modification pattern could be
identified. The SHBG functions were likewise largely overlapping or parallel across the evaluated percentiles,
with no obvious visual evidence of effect modification. Because the bivariate plots did not display posterior
uncertainty intervals and no formal interaction tests or interaction P values were generated, the observed
curve patterns should be interpreted as exploratory graphical evidence rather than statistically confirmed,
causal, or biological interactions. Visual inspection of the posterior diagnostic plots showed no obvious
persistent drift in the scaled covariate-coefficient or residual-variance traces, although the sparse kernel-
parameter traces warrant cautious interpretation [Supplementary Figures 4-7].

Discussion

In this reanalysis of 593 postmenopausal women, the DAG-informed primary survey-weighted models
showed inverse associations of both TCPY and PNP with TT and FAI The inverse directions were
maintained after additional adjustment for lifestyle, menopause-related, hormone-use, dietary, and
anthropometric covariates. BKMR showed an inverse overall-mixture pattern for TT and FAI. PNP had the
highest PIP for TT, whereas PNP and TCPY had the two highest PIPs for FAI In contrast, neither the
primary weighted models nor BKMR provided clear evidence of associations with E2 or SHBG. The bivariate
BKMR functions were largely parallel. A minor visual departure from parallelism was most apparent for PNP
and TCPY in the FAI model; however, no uncertainty intervals or formal interaction tests were available, and
the plots did not establish effect modification or biological interaction. These findings represent cross-
sectional associations and do not establish temporal ordering or causality.

On the relative scale, a twofold higher TCPY concentration was associated with approximately 7.9% lower
TT and 8.9% lower FAI, whereas a twofold higher PNP concentration was associated with approximately
6.0% lower TT and 8.2% lower FAI. When expressed using a distribution-based contrast, an increase in
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Figure 4. Univariate exposure-response functions of non-persistent pesticide mixtures and sex hormone levels in postmenopausal women
based on the BKMR model. (A-D) Univariate exposure—outcome functions for TT, FAI, E2, and SHBG, respectively, with the other urinary
pesticide biomarkers fixed at their median levels. Shaded areas represent 95% posterior credible intervals. BKMR: Bayesian kernel
machine regression; TT: total testosterone; FAI: free androgen index; E2: estradiol; SHBG: sex hormone-binding globulin; 3-PBA: 3-
phenoxybenzoic acid; TCPY: 3,5,6-trichloro-2-pyridinol; PNP: para-nitrophenol; 2,4-D: 2,4-dichlorophenoxyacetic acid.

Table 2. PIPs of each pesticide in the BKMR model

Sex hormone indicators

Pesticide biomarkers

T FAI E2 SHBG
3-PBA 0.016 0.017 0.096 0.034
TCPY 0.082 0.523 0.098 0.010
PNP 0.921 0.607 0.210 0.084
2,4-D 0.040 0.056 0.041 0.002

PIPs: Posterior inclusion probabilities; BKMR: Bayesian kernel machine regression; TT: total testosterone; FAI: free androgen index; E2: estradiol;
SHBG: sex hormone-binding globulin; 3-PBA: 3-phenoxybenzoic acid; TCPY: 3,5,6-trichloro-2-pyridinol; PNP: para-nitrophenol; 2,4-D: 2,4-

dichlorophenoxyacetic acid.

TCPY from the 25th to the 75th percentile was associated with approximately 14% lower TT and 16% lower
FAI, whereas the corresponding IQR increase in PNP was associated with approximately 12% lower TT and
16% lower FAI This IQR-based contrast complements the twofold-increase estimates by expressing the
associations across a commonly observed range of biomarker concentrations in the study population. The
inverse directions were maintained across the expanded weighted models and were also observed for PNP-
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Figure 5. Bivariate exposure-response functions of non-persistent pesticide mixtures and sex hormone levels in postmenopausal women
based on the BKMR model. (A-D) Bivariate functions for TT, FAI, E2, and SHBG, respectively. For each biomarker, the estimate was
calculated with the second biomarker fixed at the 25th, 50th, and 75th percentiles. BKMR: Bayesian kernel machine regression; TT: total
testosterone; FAI: free androgen index; E2: estradiol; SHBG: sex hormone-binding globulin; 3-PBA: 3-phenoxybenzoic acid; TCPY: 3,5,6-
trichloro-2-pyridinol; PNP: para-nitrophenol; 2,4-D: 2,4-dichlorophenoxyacetic acid.

TT, PNP-FAIL and TCPY-FAI in the unweighted sensitivity analyses. The attenuated unweighted TCPY-TT
estimates suggest that this association was more sensitive to survey weighting and model specification.
Experimental studies have reported findings suggesting that PNP may influence steroidogenic processes and
androgen production; however, this experimental evidence provides only possible biological context for the
present epidemiological associations and should not be interpreted as demonstrating a mechanism
underlying our observations in postmenopausal women"”\. Previous epidemiological evidence has likewise
suggested biomarker-specific associations between non-persistent pesticide biomarkers and androgen-
related outcomes™®**). PIPs should not be interpreted as Bayesian analogs of regression P values or as
indicators of biological or causal importance. Rather, they quantify outcome-specific conditional inclusion
importance within the fitted correlated-mixture model, whereas regression coefficients quantify associations
under separate single-biomarker model structures.

Several biological pathways proposed in the experimental literature may provide hypothesis-generating
context for the observed epidemiological associations; however, none of these pathways or related
mechanistic biomarkers were evaluated in the present study. Experimental studies have reported endocrine
and reproductive effects of PNP and 2,4-D, although the relevance of these experimental findings to the
hormonal profiles of postmenopausal women remains uncertain®”*!. Experimental studies have reported
that PNP exposure may affect gonadal development and hormonal profiles in animal models””.
Experimental evidence also suggests that 2,4-D may disrupt cholesterol and testosterone homeostasis in
Leydig cells through PPARa-dependent pathways!*!. These experimental observations are largely derived
from animal models and male reproductive tissues and remain unverified in adrenal or peripheral
steroidogenic tissues of postmenopausal women. They should therefore be regarded as hypothesis-generating
biological explanations rather than mechanisms demonstrated by the present epidemiological findings.

After menopause, ovarian steroid production declines, and adrenal and peripheral metabolism account for a
larger proportion of circulating sex steroids!***?/. Although TT and FAI are related to bone and metabolic
health, the clinical relevance of the modest cross-sectional differences observed here remains uncertain'* /.
Recent studies of persistent endocrine-disrupting pollutants have also reported associations with sex-related
hormones that varied according to menopausal status, further supporting the importance of considering the
distinct hormonal context of postmenopausal women!**. Independent of the causal interpretation of these
findings, established pesticide-safety measures - including appropriate occupational protection, adherence to
label instructions, avoidance of unnecessary residential applications, and integrated pest management -
remain prudent. Repeated biomonitoring may also be useful in selected highly exposed occupational groups.
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However, this study cannot define a safe exposure threshold or demonstrate that reducing a specific pesticide
will improve hormone levels.

The absence of clear primary associations with E2 and SHBG may reflect differences in hormone regulation,
limited variability, exposure measurement error, or insufficient power. PNP showed an inverse association
with E2 only in the expanded weighted models, whereas the primary estimate was imprecise and the
corresponding BKMR evidence was weak (PIP = 0.210); this result should therefore be regarded as secondary
and model-dependent. In postmenopausal women, E2 is produced largely through peripheral aromatization
of adrenal androgen precursors, a process influenced by adiposity and genetic factors!*>*°'. SHBG is
synthesized in the liver and is affected by insulin, thyroid hormones, obesity, alcohol, medications, and other
metabolic factors*»*"*?l. Residual confounding by dietary phytoestrogens, incompletely characterized
medication use, occupational pesticide exposure, and co-exposure to other endocrine-disrupting chemicals
may have contributed to the imprecision or attenuation of the E2 and SHBG estimates.

Strengths and limitations

Strengths of this study include accounting for the NHANES complex-survey design in the individual-
biomarker analyses, using an explicit DAG-informed adjustment hierarchy, characterizing natural and
surgical menopause and previous and current hormone use, incorporating alcohol and dietary variables in
expanded models, and fitting outcome-specific BKMR models with posterior diagnostic plots.

Several limitations should be considered. First, the cross-sectional design precludes causal inference, does not
establish temporal ordering, and cannot rule out reverse causation or residual confounding. Although several
covariates were considered in the weighted multivariate linear regression models, some undetected or
unnoticed confounders might also exist. Second, exposure was assessed using a single spot urine sample. For
short-lived chemicals, substantial within-person variation can occur across days and meals; UCRE
adjustment addresses dilution but does not convert a single measurement into an estimate of long-term
exposure. This limitation may result in exposure misclassification and reduced precision. If the within-
person variability is largely random and nondifferential with respect to the hormone outcomes, this type of
measurement error would generally be expected to attenuate the observed exposure-outcome associations.
However, departures from classical nondifferential measurement error could produce more complex
patterns of bias. Because the underlying measurement-error structure cannot be determined from a single
urine sample, the magnitude and direction of the resulting bias cannot be predicted with certainty. Third,
mechanistic biomarkers such as StAR, cytochrome P450 family 17 subfamily A member 1 (CYP17A1),
oxidative-stress markers, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) were
unavailable, so the mechanistic interpretation relies on external experimental evidence. Fourth, the relatively
high mean BMI of the participants may affect hormone metabolism and may limit generalizability to leaner
postmenopausal populations. Fifth, the sample size may have limited the power for subgroup and interaction
analyses. Prospective studies with repeated urine samples, detailed dietary and medication information, and
clinically relevant outcomes are needed.

CONCLUSIONS

In this cross-sectional NHANES analysis of 593 postmenopausal women, higher urinary TCPY and PNP
concentrations were associated with lower TT and FAI in the primary survey-weighted models, and BKMR
showed an inverse overall-mixture pattern for these androgen-related outcomes. PNP had the highest PIP for
TT, whereas PNP and TCPY had the two highest PIPs for FAI; evidence for associations with E2 and SHBG
was limited and less consistent. These findings are hypothesis-generating and require confirmation in
prospective studies with repeated exposure measurements.
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