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ARTICLE INFO ABSTRACT
Keywords: Background: Organochlorine pesticides are detectable in serum from most adults. Animal studies provide evi-
Endocrine disruptors dence of pesticide effects on sex hormones, suggesting that exposures may impact human reproductive function.

Estrogenic compounds

) o Mounting evidence of sex differences in chronic diseases suggest that perturbations in endogenous sex hormones
Organochlorine pesticides

Sex hormones may influence disease risk. However, the association between organochlorine pesticide exposure and sex hor-

Estradiol mone levels in males across the lifespan is not well understood.

NHANES Methods: We evaluated cross-sectional associations of lipid-adjusted serum concentrations of p-hexa-
chlorocyclohexane, hexachlorobenzene, heptachlor epoxide, oxychlordane, dichlorodiphenyldichloroethylene
(DDE), p,p’-dichlorodiphenyltrichloroethane (DDT), trans-nonachlor, and mirex in relation to sex steroid hor-
mone levels [testosterone (ng/dL), sex hormone binding globulin (SHBG; nmol/L), estradiol (pg/mL), and
androstanediol glucuronide (ng/dL)] in a sample of 748 males aged 20 years and older from the 1999-2004
cycles of the National Health and Nutrition Examination Survey (NHANES). Survey-weighted linear regression
models were performed to estimate geometric means (GM) and their 95% confidence intervals (CIs) for quartiles
of lipid-adjusted pesticide concentrations, adjusting for age, race, body mass index, serum lipids, smoking, ed-
ucation, and survey cycle.
Results: Hexachlorobenzene concentration was positively associated with total estradiol (GM Q4 = 43.2 pg/mL
(95% CI 36.5-51.1) vs. Q1 GM = 25.6 pg/mL (24.1-27.3), p-trend <0.0001) and free estradiol (GM Q4 = 0.77
pg/mL (95% CI 0.64-0.93) vs. Q1 GM = 0.47 pg/mL (0.44-0.51), p-trend = 0.002). Serum DDT concentration
was positively associated with total estradiol (GM Q4 = 31.6 pg/mL (95% CI 25.9-38.5) vs. Q1 GM = 27.3 pg/
mL (25.9-28.7), p-trend = 0.05) and free estradiol (GM Q4 = 0.60 pg/mL (95% CI 0.48-0.76) vs. Q1 GM = 0.50
pg/mL (0.47-0.53), p-trend 0.02). There was a suggestive inverse association of DDT and SHBG (GM Q4 = 29.2
nmol/L (95% CI 23.8-35.9) vs. Q1 GM = 33.9 nmol/L (32.3-35.5), p-trend 0.07). A positive association of
B-hexachlorocyclohexane with total estradiol (GM Q4 = 30.3 pg/mL (95% CI 26.5-34.6) vs. Q1 GM = 26.7 pg/
mL (24.5-29.0), p-trend = 0.09) was also suggestive but did not reach statistical significance. No distinct as-
sociations were observed for other hormone levels or other organochlorine pesticides.
Conclusions: Our findings suggest that select organochlorine pesticides may alter male estradiol levels. The
positive associations with estradiol may implicate sex hormones as a possible mechanism for disease risk among
those with organochlorine pesticide exposure.

1. Introduction mimicking, blocking, or interfering with the actions of endogenous
hormones (Gore et al., 2015). Prior to being banned from use, organo-

Organochlorine pesticides are contaminants that persist in the chlorines were heavily used internationally to interrupt malaria trans-
environment and act as endocrine disruptors in the human body by mission and for agricultural purposes. Extended use of organochlorines
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such as p,p’-dichlorodiphenyltrichloroethane (DDT), its metabolite
dichlorodiphenyldichloroethylene (DDE), heptachlor epoxide, hexa-
chlorobenzene (HCB), p-hexachlorocyclohexane, oxychlordane, and
trans-nonachlor is particularly relevant to human health due to the
persistence of these organochlorines in the environment, bio-
accumulation in the food chain, and their ability to accumulate in
human adipose and other tissues. Organochlorine pesticides have been
detected in serum from a majority of persons in the United States and
globally and are especially high among adults aged 60 and older (Jaga
and Dharmani, 2003; Patterson et al., 2009; Martinez et al., 2012; Porta
et al., 2012; Sjodin et al., 2014).

Evidence of sex differences in chronic diseases such as diabetes and
kidney disease (Okada et al., 2014; Shen et al., 2017; Madrigal et al.,
2019) suggest that perturbations in sex hormone levels may influence
disease risk. However, studies of associations between organochlorine
pesticide exposures and sex hormone levels in adult males from the
general population are limited. Among 178 males living near the United
States Great Lakes with measurements of DDE, testosterone, and sex
hormone binding globulin (SHBG), no correlation of exposure with
hormone levels was observed (Persky et al., 2001). However, in a sub-
sample of 56 male participants from the Great Lakes cohort, DDE levels
were inversely associated with estrone sulfate (Turyk et al., 2006a). In a
pooled study of males living in Greenland, Poland, Sweden, and
Ukraine, DDE was positively associated with SHBG only among the
Ukrainians (Giwercman et al., 2006), but HCB was positively associated
with SHBG among males from Ukraine and Poland (Specht et al., 2015).
In a sample of 341 males in the United States, no association was
observed between HCB nor DDE with SHBG, testosterone, or estradiol
(Ferguson et al., 2012). There are several studies that have examined the
association of organochlorine pesticides with sex hormones among
males who have been occupationally exposed or live in highly
contaminated areas. Some have reported null findings (Martin et al.,
2002; Cocco et al., 2004), but others have observed conflicting associ-
ations. For example, among 304 males from a rural area of Brazil that
was highly contaminated with organochlorine pesticides, heptachlor
and DDT concentrations were inversely associated with testosterone
levels (Freire et al., 2014). However, among 97 males in Thailand, of
whom 63.9% had used DDT for farming, neither p,p’-DDE nor p,p’-DDT
were associated with testosterone levels but p,p’-DDE levels were
inversely associated with plasma estradiol levels after adjustment for
age and body mass index (BMI) (Asawasinsopon et al., 2006).

To the best of our knowledge, the association between organochlo-
rine pesticides and concentrations of sex hormones has not been inves-
tigated using the National Health and Nutrition Examination Survey
(NHANES). The purpose of this study is to investigate the associations
between multiple organochlorine pesticide exposures and sex hormones
including testosterone, free testosterone, estradiol, free estradiol,
androstanediol glucuronide, and SHBG in a nationally representative
sample of adult males in the United States. We explored age, BMI, and
prevalent diabetes as effect modifiers of these associations to evaluate if
associations might be stronger among certain subgroups. We expected
that older participants would have higher levels of organochlorine
pesticides and that age would be inversely associated with hormone
levels, suggesting that pooled associations might mask age-specific as-
sociations. BMI was considered as a potential effect modifier since it is a
proxy for fat mass and organochlorine pesticides are stored in fat, which
could potentially impact sex hormone metabolism in this tissue
compartment. Some organochlorine pesticides have been associated
with diabetes prevalence in prior studies, therefore we hypothesized
that associations might differ due to different etiologic mechanisms
among those with and without diabetes (i.e., that we might only observe
associations of organochlorines and hormones among males with
diabetes).
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2. Methods
2.1. Study population

The NHANES utilizes interviews and physical examinations to pro-
vide a nationally representative sample of non-institutionalized people
living in the United States. The NHANES study protocols are approved
by the Institutional Review Board of the National Center for Health
Statistics, and participants provided written informed consent (Centers
for Disease Control and Prevention (CDC). National Center for Health
Statistics (NCHS), 2018). This study combined the 1999-2004 cycles of
NHANES to form the analytic data set. Persistent chlorinated pesticides
and pesticide metabolites were measured in serum from male partici-
pants aged 12 years and older on a one-third subsample in each cycle.
Concentrations of sex steroid hormones were additionally measured
from male participants in the one-third pesticide subsample for whom
sufficient stored serum specimens were available in the repository. We
excluded males under 20 years old, using hormone-modifying medica-
tions (e.g., antiandrogens, 5-alpha-reductase inhibitors, hormone mod-
ifiers, adrenal cortical steroids) or with missing data for any pesticide or
covariate (body mass index, education, and smoking history). We
substituted the value of the limit of detection divided by the square root
of two for any recorded hormone value that was negative (n = 10). The
final analytic sample consisted of 748 observations (Supplemental
Figure 1).

2.2. Exposure measurements

A one-third subsample of participants aged 12 years and older was
selected for organochlorine pesticide measurements. Serum concentra-
tions of eight persistent chlorinated pesticides and metabolites
measured by high-resolution gas chromatography/isotope-dilution
high-resolution mass spectrometry (HRGC/ID-HRMS) at the Centers
for Disease Control and Prevention National Center for Environmental
Health were detectable in >40% of the samples. This included lipid-
adjusted concentrations (ng/g lipid) of p-hexachlorocyclohexane, HCB,
heptachlor epoxide, oxychlordane, p,p’-DDE, p,p’-DDT, trans-non-
achlor, and mirex. A correction factor of 0.644 was applied to the
B-hexachlorocyclohexane concentrations for the 1999-2000 cycle as
advised by NHANES. We used the value of the limit of detection divided
by the square root of two, as substituted by NHANES, for any sample
below the limit of detection. We categorized each lipid-adjusted pesti-
cide as quartiles based on the distribution in the sample and the first
exposure category included the proportion of participants with pesticide
concentrations below the limit of detection. There were zero non-detects
for DDE. The first exposure quartile was considered the referent group in
all categorical analyses.

2.3. Outcome measurements

Males selected for the one-third subsample that measured organo-
chlorine pesticide levels were also selected to have sex steroid hormones
measured if serum was available in the repository. Measurements of
serum concentrations of testosterone (ng/mlL), sex hormone binding
globulin (nmol/L), estradiol (pg/mL), and androstanediol glucuronide
(ng/mL) were completed. Concentrations of testosterone (ng/dL), SHBG
(nmol/L), serum albumin (g/dL), and estradiol (pg/mL) were used to
calculate concentrations of unbound (free) testosterone and estradiol
according to the method supplied by Vermeulen (Belgorosky et al.,
1987; Vermeulen et al., 1999). The ratio of testosterone to estradiol was
derived by dividing testosterone concentration in picogram per milliliter
by estradiol concentration in picogram per milliliter.

2.4. Covariates

Interviews were conducted to collect participant information on age
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(continuous; years), education level (less than high school, high school
graduate, some college, or college graduate/additional education
beyond college), and race/ethnicity (non-Hispanic white, non-Hispanic
black, Hispanic, or other). Body mass index (BMI) was calculated by
dividing measured weight in kilograms by measured height in meters
squared. BMI was used as a continuous variable and categorized into
normal (BMI <25), overweight (BMI 25-29.9), or obese (BMI >30) for
descriptive purposes. Total cholesterol (mg/dL) and triglycerides (mg/
dL) were analyzed with a Hitachi Model 704 multichannel analyzer
(Boehringer Mannheim Diagnostics, Indianapolis, IN). We used the
formula: total lipid = [total cholesterol (mg/dL) x 2.27] + triglycerides
(mg/dL) + 62.3 mg/dL to calculate total serum lipids, which was used as
a covariate in the models and to lipid standardize organochlorine
pesticide measurements (Phillips et al., 1989; Bernert et al., 2007).
Participants reported current and past use of cigarettes during the
interview. This was captured as never, former, infrequent, or daily
smoking. For former smokers, we dichotomized time elapsed since
quitting as less than/equal to or greater than five years. We determined
diabetes disease status (non-diabetic or diabetic) using a combination of
self-reported questionnaire items and antidiabetic medication use (i.e.,
antidiabetic agents). We supplemented this information with measured
concentrations of glycohemoglobin from blood samples taken during the
study visit. Glycohemoglobin was measured using the Alc G7 HPLC
Glycohemoglobin Analyzer. Participants were classified as having dia-
betes if they reported a prior diagnosis by their physician, were using
antidiabetic medication, or had glycohemoglobin values of 6.5% or
greater.

2.5. Statistical analysis

All analyses utilized the special subsample weights, strata, and pri-
mary sampling units to account for the complex NHANES sampling
design and nonresponse using SAS 9.4 (SAS Institute, Cary, NC) and
STATA 13 (StataCorp. 2013. Stata Statistical Software: Release 13.
College Station, TX: StataCorp LP) survey procedures. The sex steroid
hormone and lipid adjusted pesticide distributions were skewed, and the
natural log transformation was applied. Weighted geometric means and
95% confidence intervals (95% ClIs) were calculated for the continuous
skewed hormone (age-adjusted) and pesticide concentrations, by cova-
riates. T-tests were used to evaluate if levels of each hormone or pesti-
cide differed by levels of covariate categories.

Linear regression models were built for continuous log transformed
sex steroid hormones (dependent variables) using a forward approach
beginning with individual models of each lipid standardized pesticide
concentration. We modeled each pesticide concentration using quartiles
to allow for non-linear dose responses, and as an ordinal variable to test
for linear trend. Models were adjusted for age (continuous), race/
ethnicity (non-Hispanic white, non-Hispanic African-American, His-
panic, or other), body mass index (continuous), self-reported smoking
history (never, 5+ years since last cigarette, <5 years since last ciga-
rette, infrequent current smoker, daily smoker), education level (less
than high school, high school grad, some college or more), total serum
lipids (continuous) (O’Brien et al., 2016), and survey year. Estimates did
not substantively change when age and body mass index were adjusted
for using continuous cubic splines (age with four knots at 21, 39, 56, and
81 years; body mass index with four knots at 20, 25, 29, and 37). Due to
log transformation being applied to all the outcomes, we present results
as geometric means with 95% ClIs to aid in interpretation.

To assess if effect modification was present, we added a cross-
product term between each categorized pesticide concentration and
the effect modifier of interest (diabetes (yes/no), age (continuous), and
BMI (continuous)) to the adjusted linear regression model one at a time
and in combination. A post-estimation adjusted Wald test was used to
jointly evaluate all coefficients associated with each cross-product term.
We considered a p-value less than 0.05 statistically significant when
interpreting cross-product terms. For statistically significant
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interactions, we used stratified linear regression models and assessed
whether or not stratum-specific estimates of associations were
meaningful.

To address statistical analytical issues for correlated exposures and
the need for data reduction among the eight organochlorine pesticides to
explore the impact of exposure mixtures, we used principal component
analysis (PCA) to create combinations of exposure variables to use in
linear regression models. After assessing the correlation among log
transformed lipid-adjusted pesticide concentrations using Pearson cor-
relation coefficients, we used PCA methods to estimate eigenvalues for
each component using log transformed pesticide concentrations. The
scree plot was examined to assess the explained variance of each prin-
cipal component. We used the Kaiser-Meyer-Olkin measure to evaluate
the adequacy of the sample. Principal components with eigenvalues
greater than 0.90 were retained in the analysis, and an orthogonal
rotation was applied to each component. New variables were created
using the predicted scores of the selected components, which were then
categorized into quartiles and used in adjusted linear regression models
for each hormone outcome.

3. Results
3.1. Sample description

Among the 748 males in the study sample, the average age was 44.8
(SD 0.72) years and 73% were non-Hispanic white. A majority (84%)
reported being born in the United States. As shown in Table 1, geometric
mean hormone concentrations varied by age and by body mass index.
The geometric mean exposure concentrations for the measured organ-
ochlorine pesticides across various demographic characteristics of the
study sample are shown in Table 2 and in the online Supplemental
Table 1. As expected, pesticide concentrations were highest among the
oldest participants. Levels of f-hexachlorocyclohexane, p,p’-DDE, and p,
p’-DDT were higher among those who reported being born outside of the
United States relative to those who were born in the United States.
Relative to those without, males with diabetes had higher levels of most
of the pesticides except for HCB.

3.2. Estradiol

Table 3 presents the adjusted estimates for the association of serum
quartiles of pesticides with sex steroid hormone levels. Although dif-
ferences did not reach the level of statistical significance, the estimated
geometric mean estradiol level for participants in the highest f-hexa-
chlorocyclohexane exposure quartile was Q4 GM = 30.3 pg/mL (95% CI
26.5, 34.6) compared with 26.7 pg/mL ((95% CI 24.5, 29.0) p = 0.14)
for those in the lowest exposure quartile. The estimated geometric mean
estradiol level for participants in the highest HCB exposure quartile was
43.2 pg/mL (95% CI 36.5, 51.1) compared with 25.6 pg/mL ((95% CI
24.1, 27.3) p < 0.0001) for those in the lowest exposure quartile. We
observed a positive association with p-p’-DDT and estradiol levels (p for
trend 0.05). Similar associations were observed for f-hexa-
chlorocyclohexane, HCB, and p-p’-DDT with free estradiol. We did not
observe effect modification for any measure of estradiol.

3.3. Testosterone

Few associations were observed between pesticide exposures and
testosterone measures. The estimated geometric mean testosterone level
for participants in the highest HCB exposure quartile was 557 ng/dL
(95% CI 452, 688) compared with 440 ng/dL ((95% CI 417, 466) p =
0.04) for those in the lowest exposure quartile. Males with detectable p,
p’-DDT levels had higher average free testosterone levels compared to
those with undetectable p,p’-DDT levels (Q1 (non-detects) GM = 8.6 ng/
dL (95% CI 8.1, 9.0); Q2 GM = 9.7 ng/dL (95% CI 8.6, 11.0); Q3 GM =
8.6 ng/dL (95% CI 8.9, 10.6); Q4 GM = 9.0 ng/dL (95% CI 7.8, 10.4);



Table 1

Overall weighted characteristics and age-adjusted geometric mean hormone levels by levels of covariates among NHANES 1999-2004 male participants (n = 748).

Overall Testosterone (ng/dL) Estradiol (pg/mL) Sex hormone binding globulin (nmol/L) Androstanediol glucuronide (ng/mL)
n (%) GM (95% CI) p-value GM (95% CI) p-value GM (95% CI) p-value GM (95% CI) p-value

Overall 464 (444, 484) 30.0 (28.6, 31.4) 32.1 (30.5, 33.6) 7.3(7.0,7.7)

Age in years, 20-39 266 (40.9) 528 (499, 559) <0.0001 31.1 (28.8, 33.5) 0.003 26.4 (24.3, 28.6) <0.0001 7.7 (7.2, 8.2) 0.0002
40-59 242 (40.3) 444 (409, 482) 0.004 31.0 (28.6, 33.6) 0.002 32.7 (30.1, 35.5) <0.0001 7.3 (6.7, 8.0) 0.05
60+ 240 (18.8) 382 (356, 411) ref 25.7 (23.5, 28.0) ref 47.4 (44.4, 50.5) ref 6.5 (6.0, 7.2) ref

Race/ethnicity
African-American, nH 133 (9.6) 547 (505, 592) 0.006 37.3(32.9, 42.3) <0.0001 37.7 (33.9, 41.9) 0.03 7.1 (6.6, 7.6) 0.47
White, nH 392 (73.4) 451 (426, 478) 0.22 29.7 (27.8, 31.7) 0.06 31.4 (29.6, 33.3) 0.50 7.4 (7.0, 7.9) 0.92
Hispanic 197 (12.1) 475 (447, 505) ref 26.4 (24.2, 28.9) ref 32.3 (30.1, 34.7) ref 7.4 (6.7, 8.1) ref
Other 26 (4.9) 477 (426, 534) 0.89 30.4 (24.4, 37.8) 0.26 31.3 (27.6, 35.4) 0.63 6.1 (4.5, 8.3) 0.26

Education, < High school 234 (18.8) 497 (468, 527) 0.12 29.2 (27.2, 31.3) 0.81 36.3 (33.7, 39.1) 0.0007 7.2(6.7,7.8) 0.89
High school graduate 167 (26.2) 468 (438, 499) 0.98 32.1 (29.0, 35.6) 0.32 31.7 (28.8, 34.8) 0.34 7.2 (6.5,7.9) 0.98
Some college 207 (30.9) 447 (418, 478) 0.77 29.0 (26.5, 31.6) 0.78 31.8 (29.4, 34.4) 0.30 7.6 (7.1,8.2) 0.41
> College graduate 140 (24.1) 457 (409, 511) ref 29.6 (26.4, 33.2) ref 29.7 (27.1, 32.6) ref 7.2 (6.3, 8.1) ref

Born in the United States, Yes 571 (84.5) 463 (442, 486) 0.66 30.2 (28.7, 31.8) 0.54 32.5 (30.9, 34.3) 0.19 9.3(8.9,9.7) 0.10
No 177 (15.5) 467 (442, 494) 28.6 (24.4, 33.7) 29.5 (25.9, 33.7) 9.8 (9.2, 10.5)

Body mass index, kg/m?, <25 224 (29.2) 590 (563, 617) <0.0001 29.1 (27.1, 31.3) 0.01 44.0 (41.1, 47.1) <0.0001 6.4 (6.0, 6.9) 0.0005
25 to <30 310 (40.8) 460 (434, 487) 0.004 28.0 (26.3, 29.8) 0.002 31.2 (29.4, 33.2) 0.0001 7.4 (7.0,7.8) 0.02
>30 214 (30.0) 373 (335, 415) ref 33.8 (30.7, 37.1) ref 24.5 (22.5, 26.6) ref 8.2(7.4,9.1) ref
High triglycerides > 200 mg/dL 148 (22.8) 412 (370, 460) 0.01 30.2 (26.4, 34.4) 0.91 25.5 (23.3, 27.9) <0.0001 8.2(7.3,9.3) 0.02
<200 mg/dL 600 (77.2) 480 (461, 501) 29.9 (28.4, 31.4) 34.3 (32.6, 36.1) 7.1(6.7,7.4)

High total cholesterol > 200 mg/dL 361 (49.6) 441 (419, 465) 0.03 27.4 (25.8, 29.2) 0.002 30.3 (28.8, 32.0) 0.02 7.5 (7.0, 8.1) 0.34
<200 mg/dL 387 (50.4) 487 (455, 521) 32.7 (30.3, 35.3) 33.8 (31.2, 36.6) 7.1 (6.7,7.6)

Diabetes 85 (8.0) 405 (366, 447) 0.01 33.9 (28.7, 40.0) 0.14 24.0 (20.0, 28.8) 0.001 6.9 (5.7, 8.4) 0.54
Non-diabetic 663 (92.0) 469 (449, 491) 29.6 (28.2, 31.2) 32.9 (31.4, 34.49) 7.4(7.0,7.7)

Smoking status, Never 323 (43.7) 439 (407, 474) ref 30.0 (28.3, 31.8) ref 29.3 (27.6, 31.1) ref 7.9 (7.3, 8.6) ref
Former (5+ years) 189 (21.7) 423 (392, 457) 0.48 24.3 (21.8, 27.1) 0.002 31.6 (28.6, 34.9) 0.21 7.1 (6.4,7.9) 0.13
Former (<5 years) 33 (4.9) 423 (349, 512) 0.71 27.4 (23.2, 32.2) 0.31 33.0 (26.1, 41.6) 0.33 7.7 (6.6, 8.9) 0.72
Current (infrequent) 42 (5.2) 531 (429, 657) 0.09 36.7 (29.3, 45.9) 0.08 34.2 (27.5, 42.5) 0.16 7.4 (6.3, 8.7) 0.46
Current (daily) 161 (24.5) 548 (517, 581) 0.0001 35.0 (32.1, 38.3) 0.003 37.3 (33.0, 42.1) 0.007 6.5 (5.7, 7.4) 0.02

p-hexachlorocyclohexane (range) 199 (32.3) 477 (448, 508) ref 28.0 (25.7, 30.4) ref 35.1 (32.4, 38.0) ref 7.1 (6.5,7.7) ref
Q1 (<LOD)

Q2 (0.90-6.60 ng/g lipid) 135 (22.3) 459 (420, 501) 0.84 29.8 (26.8, 33.3) 0.30 31.8 (28.6, 35.4) 0.14 7.7 (7.1, 8.5) 0.12
Q3 (6.70-22.50 ng/g lipid) 277 (32.9) 471 (433, 513) 0.99 31.8 (29.2, 34.8) 0.07 30.8 (28.1, 33.7) 0.03 7.5 (6.8, 8.3) 0.41
Q4 (22.56-1200.0 ng/g lipid) 137 (12.5) 422 (360, 494) 0.16 30.8 (26.3, 36.1) 0.30 28.5 (24.7, 33.0) 0.02 6.7 (6.1, 7.4) 0.43
p,p’-DDT (range), Q1 (<LOD) 345 (52.9) 468 (441, 497) ref 27.4 (25.8, 29.0) ref 34.4 (32.6, 36.3) ref 7.3(6.8,7.9) ref
Q2 (0.9-5.3 ng/g lipid) 99 (15.1) 481 (435, 533) 0.62 36.6 (33.5, 40.0) <0.0001 31.5 (28.4, 35.0) 0.15 7.5 (6.6, 8.5) 0.79
Q3 (5.4-14.9 ng/g lipid) 202 (24.8) 450 (410, 493) 0.47 31.5(28.2, 35.2) 0.03 28.6 (25.4, 32.1) 0.004 7.2 (6.4, 8.0) 0.75
Q4 (15.0-2280.0 ng/g lipid) 102 (7.2) 443 (407, 482) 0.23 32.1 (25.5, 40.5) 0.19 29.3 (24.0, 35.9) 0.12 7.3 (6.5, 8.3) 0.98
p,p’-DDE (range), Q1 (7.6-168.0 ng/g lipid) 186 (31.9) 451 (418, 486) ref 29.7 (26.8, 32.9) ref 33.4 (31.1, 35.7) ref 7.5 (6.9, 8.2) ref
Q2 (169.0-366.0 ng/g lipid) 188 (29.7) 472 (440, 507) 0.33 30.3 (28.1, 32.7) 0.79 32.4 (29.7, 35.3) 0.55 7.4 (6.9, 8.0) 0.89
Q3 (368.0-848.0) ng/g lipid) 187 (23.9) 483 (441, 528) 0.27 29.4 (26.7, 32.3) 0.87 30.3 (28.3, 32.3) 0.07 7.5 (6.7, 8.5) 0.98
Q4 (860-22900 ng/g lipid) 187 (14.5) 447 (396, 504) 0.91 30.8 (26.6, 35.5) 0.71 31.6 (27.1, 36.8) 0.53 6.4 (5.8,7.2) 0.04

Heptachlor epoxide (range), Q1 (<LOD) 282 (37.2) 496 (467, 527) ref 28.7 (26.4, 31.2) ref 36.2 (34.0, 38.6) ref 7.0 (6.6, 7.5) ref
Q2 (1.1-6.0 ng/g lipid) 117 (17.3) 481 (441, 524) 0.50 29.6 (26.7, 32.8) 0.64 32.7 (30.0, 35.6) 0.06 7.0 (6.3,7.7) 0.93
Q3 (6.1-12.9 ng/g lipid) 233 (31.9) 441 (407, 478) 0.02 30.6 (28.2, 33.1) 0.30 29.1 (26.8, 31.5) <0.0001 7.5 (6.9, 8.3) 0.64
Q4 (13.0-154.0 ng/g lipid) 116 (13.6) 415 (367, 468) 0.01 32.7 (30.0, 35.7) 0.03 28.2 (25.2, 31.5) <0.0001 8.1(6.9,9.4) 0.44

Oxychlordane (range), Q1 (<LOD) 102 (13.3) 493 (442, 549) ref 30.1 (27.1, 33.4) ref 37.1(33.5, 41.2) ref 7.7 (6.8, 8.7) ref
Q2 (2.2-9.8 ng/g lipid) 160 (24.6) 476 (440, 515) 0.45 28.6 (25.7, 32.0) 0.48 31.9 (29.0, 35.0) 0.02 7.3 (6.6, 8.0) 0.42
Q3 (9.9-27.4 ng/g lipid) 323 (47.1) 450 (424, 477) 0.11 30.1 (28.4, 31.9) 0.98 31.5 (29.6, 33.6) 0.01 7.3(6.8,7.7) 0.41
Q4 (27.5-159.0 ng/g lipid) 163 (15.0) 465 (396, 545) 0.59 31.7 (27.5, 36.6) 0.57 30.0 (26.8, 33.5) 0.008 7.2 (5.8, 8.8) 0.60

trans-nonachlor (range), Q1 (<LOD) 57 (8.4) 513 (446, 591) ref 31.4 (27.0, 36.4) ref 36.9 (32.7, 41.6) ref 7.3 (6.2, 8.6) ref
Q2 (3.0-12.8 ng/g lipid) 171 (24.6) 462 (426, 501) 0.13 29.3 (25.9, 33.2) 0.47 32.4 (28.9, 36.3) 0.07 7.0 (6.5, 7.6) 0.64
Q3 (13.0-43.6 ng/g lipid) 345 (50.9) 451 (423, 481) 0.11 30.0 (28.3, 31.7) 0.56 31.5(29.7, 33.5) 0.04 7.5 (7.0, 8.0) 0.81
Q4 (43.8-460.0 ng/g lipid) 175 (16.1) 484 (420, 557) 0.56 30.3 (25.9, 35.3) 0.76 30.9 (27.5, 34.6) 0.04 7.3 (6.1, 8.7) 0.97

(continued on next page)
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0.47
0.01
ref

0.32
0.06
0.47
0.71
0.68
ref

7.2 (6.5, 8.0)
6.2 (5.4,7.1)

0.59

31.8 (28.9, 34.9)

0.08
0.39
ref

31.4 (28.8, 34.3)

0.09
0.11
ref

0.97
0.24
0.32
0.77
0.87
ref

490 (454, 530)

162 (20.9)
79 (9.2)

Q3 (4.40-12.50 ng/g lipid)

Q4 (12.60-2320 ng/g lipid)
Hexachlorobenzene (range), Q1 (<LOD)

0.32
ref

31.0 (26.0, 37.1) 34.9 (31.1, 39.1)

499 (448, 557)

7.4(7.0,7.8)
8.0(6.9,9.1)

26.4 (24.9, 28.0) 32.9 (31.3, 34.5)

464 (440, 488)

445 (59.9)
73 (11.1)

0.20

29.7 (25.5, 34.5)

<0.0001
0.0008

38.2(33.4, 43.8)

465 (403, 536)

Q2 (4.6-11.7 ng/g lipid)

6.5 (5.8, 7.3)
7.9 (6.6, 9.5)

0.37
0.80

32.3 (29.3, 35.6) 31.0 (27.6, 34.9)

439 (408, 473)

152 (19.2)
78 (9.8)

Q3 (11.8-19.1 ng/g lipid)
Q4 (19.3-241.0 ng/g lipid)

Survey year, 1999-2000

<0.0001 32.1 (26.7, 38.6)

0.0002

42.3 (36.4, 49.2)

515 (419, 633)

7.4 (6.6, 8.3)

31

0.

26.6 (23.4, 30.3) 33.3(29.9, 37.0)

471 (439, 506)

140 (16.5)

7.4 (6.9, 7.9)
7.2 (6.6, 7.8)

<0.0001 32.6 (30.9, 34.5) 0.35
ref

ref

26.4 (24.9, 28.1)

461 (431, 493)

317 (44.6)
291 (38.9)

2001-2002
2003-2004

36.3 (33.3, 39.6) 30.9 (28.0, 34.2)

464 (431, 500)

geometric mean; CI = confidence interval; nH = non-Hispanic; LOD: limit of detection; Q1: Quartile 1; Q2: Quartile 2; Q3: Quartile 3; Q4: Quartile 4; p-values presented are from 2-sided t-tests from linear models

regressing the log transformed hormone concentration on the covariate with adjustment for age.

GM =
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data not shown). We did not observe associations between any of the
other measured pesticides and testosterone or free testosterone, nor did
we observe interactions with age, BMI, or diabetes status.

3.4. Ratio of testosterone to estradiol

When the ratio of testosterone to estradiol was modeled, we observed
an inverse association with HCB (p for trend = 0.03). Though we did not
observe a significant trend when assessing the association between
concentration of p-p’-DDT with the ratio of testosterone to estradiol (p
for trend = 0.16), the geometric mean ratio for Q4 was lower compared
to Q1 (Q4 GM = 135.9 (95% CI 116.3, 158.7) versus Q1 GM = 160.7
(95% CI 151.4, 170.5), p = 0.06). There were no significant interactions
with age, BMI, or diabetes status.

3.5. Androstanediol glucuronide

The estimated geometric mean androstanediol glucuronide level for
participants in the highest mirex exposure quartile was 6.4 ng/mL (95%
CI 5.7, 7.2) which was lower than the estimated geometric mean level
among those in the lowest (non-detect) quartile (7.5 ng/mL (95% CI 7.1,
7.9) p = 0.02). No other overall associations were observed when
modeling log transformed androstanediol glucuronide, nor were sig-
nificant interactions with age, BMI, or diabetes status.

3.6. Sex hormone binding globulin

In full models, the only pesticide that was associated with SHBG was
p,p’-DDT (inverse association; p for trend 0.07). When cross-product
terms were added to the SHBG models, there were significant in-
teractions among heptachlor epoxide and BMI (p-interaction = 0.03)
and among p,p’-DDE and diabetes status (p-interaction = 0.02). Results
from stratified models are shown in Supplemental Table 2. There was an
inverse trend among males in the lowest BMI category (p for trend =
0.01), suggesting that among males with BMI < 25 those with higher
concentrations of heptachlor epoxide had lower levels of SHBG relative
to those in the lower exposure categories. Despite the significant inter-
action term between p,p’-DDE and diabetes, no associations of p,p’-DDE
and SHBG were observed in either group. No other associations or in-
teractions were observed.

3.7. Principal component analysis

When we examined the associations among the pesticide concen-
trations, the correlations (Table 4) appeared to be sufficient to apply
PCA methods. Many of the pesticides were highly correlated, with the
highest correlation coefficient of 0.88 observed between serum trans-
nonachlor and its metabolite oxychlordane. During the PCA, eight
components were estimated, and we retained three principal compo-
nents with eigenvalues greater than 0.90. These three components
cumulatively explained 75% of the total variance. After applying an
orthogonal varimax rotation, the first principal component was
comprised of oxychlordane, trans-nonachlor, heptachlor epoxide, and
mirex. The second component consisted of p-hexachlorocyclohexane, p,
p’-DDE, and p,p’-DDT. The third component only contained HCB. The
Kaiser-Meyer-Olkin measure of sampling adequacy was 0.77. Results
from linear regression models using the principal component scores are
shown in Table 5. Co-exposures to oxychlordane, trans-nonachlor,
heptachlor epoxide, and mirex (factor 1) were not associated with any
hormone parameters. The f-hexachlorocyclohexane, DDT, and DDE
factor was inversely associated with the ratio of testosterone to estradiol
(p for trend = 0.10) and SHBG (p for trend = 0.08). Exposure to HCB was
positively associated with total and free estradiol (p for trend <0.0001
and < 0.0001, respectively) and inversely associated with the ratio of
testosterone to estradiol (p for trend = 0.001), independent of the other
co-exposures.
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Table 2
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Weighted geometric mean lipid adjusted pesticide concentration levels among NHANES 1999-2004 male participants, overall and by covariates (n = 748).

B-hexachlorocyclohexane

Hexachlorobenzene (ng/g

p,p’-DDE (ng/g lipid)

p,p’-DDT (ng/g lipid)

Mirex (ng/g lipid)

(ng/g lipid) lipid)
GM (95% CI) p-value GM (95% CI) p-value GM (95% p-value GM (95%CI)  p-value GM (95% p-value
Cch CD
Overall 7.1(6.4,7.9) 14.8 (14.0, 287 (252, 6.6(5.9,7.3) 4.8 (4.3,
15.7) 326) 5.4)
Age in years, 20-39 4.4 (3.9, 5.0) <0.0001  14.1 (13.0, 0.002 174 (150, <0.0001 5.9(5.3,6.6) 0.0001 3.9 (3.5, <0.0001
15.3) 202) 4.3)
40-59 8.0 (6.8, 9.4) <0.0001 14.6 (13.2, 0.02 342 (285, <0.0001 6.6(5.4,8.1) 0.06 5.2 (4.5, 0.005
16.0) 409) 5.9)
60+ 16.4 (13.8, ref 17.2 (15.6, ref 589 (494, ref 8.1(7.2,9.2) ref 6.7 (5.4, ref
19.5) 18.9) 701) 8.5)
Race/ethnicity
African-American, nH 5.5 (4.5, 6.6) 0.0001 14.6 (12.8, 0.32 273 (204, 0.001 7.2(6.1,8.6) 0.12 7.5 (5.2, 0.002
16.6) 366) 10.8)
White, nH 6.6 (5.9, 7.5) 0.01 14.7 (13.7, 0.23 250 (218, <0.0001 6.0(5.3,6.8) 0.002 4.7 (4.1, 0.15
15.8) 287) 5.3)
Hispanic 9.5 (7.3, ref 16.6 (13.9, ref 582 (460, ref 9.4 (7.4, ref 4.1 (3.6, ref
12.3) 19.7) 737) 12.0) 4.6)
Other 18.1 (10.0, 0.05 13.4 (10.3, 0.20 428 (262, 0.25 8.5(5.7, 0.68 4.4 (3.2, 0.68
32.9) 17.3) 701) 12.9) 6.0)
Education, < High school 8.5 (6.9, 0.28 15.6 (13.8, 0.05 386 (315, 0.05 7.7(6.5,9.1)  0.04 5.9 (4.7, 0.02
10.4) 17.5) 474) 7.4)
High school graduate 7.0 (5.8, 8.4) 0.29 15.3 (13.6, 0.15 262 (216, 0.49 6.2(5.2,7.5) 0.96 5.0 (4.0, 0.43
17.2) 319) 6.3)
Some college 5.9 (5.1, 6.9) 0.01 14.9 (13.1, 0.32 254 (213, 0.34 6.5(5.7,7.4) 0.60 4.3 (3.9, 0.55
16.8) 304) 4.8)
> College graduate 8.2 (6.7, ref 13.8 (12.8, ref 292 (230, ref 6.2(5.3,7.2)  ref 4.5 (4.0, ref
10.0) 14.9) 370) 5.2)
Born in the United States, Yes 6.2 (5.6, 6.8) <0.0001  14.6 (13.7, 0.28 247 (219, <0.0001 5.9(5.4,6.3) <0.0001 5.0 (4.4, 0.03
15.6) 279) 5.8)
No 15.5 (11.5, 16.2 (13.7, 636 (494, 12.2 (9.0, 3.9(.3,
20.9) 19.2) 819) 16.6) 4.6)
BMI, kg/m?, <25 6.5 (5.5, 7.7) 0.002 15.4 (14.2, 0.66 300 (252, 0.62 6.7(5.8,7.8) 0.67 5.5 (4.8, 0.01
16.7) 357) 6.3)
25 to <30 6.4 (5.6, 7.3) 0.002 14.3 (13.3, 0.49 259 (222, 0.11 6.2(5.8,6.7) 0.21 4.9 (4.3, 0.11
15.5) 302) 5.5)
>30 9.1 (7.5, ref 15.0 (13.5, ref 315 (257, ref 6.9(5.7,8.4) ref 4.2 (3.4, ref
11.0) 16.7) 386) 5.1)
Triglycerides > 200 mg/dL, 7.5 (6.0, 9.4) 0.62 12.5(11.2, 0.0002 278 (219, 0.73 6.3(5.3,7.4) 0.38 4.2 (3.5, 0.04
Yes 14.0) 353) 4.9)
No 7.0 (6.2, 8.0) 15.6 (14.7, 289 (254, 6.7 (6.0,7.4) 5.0 (4.4,
16.6) 330) 5.7)
Total cholesterol > 200 mg/ 6.7 (6.0, 7.5) 0.25 13.3 (12.2, 0.0002 275 (239, 0.34 59(5.4,6.4) 0.002 4.6 (4.1, 0.06
dL, Yes 14.5) 315) 5.1)
No 7.6 (6.4,9.0) 16.5 (15.3, 299 (252, 7.3(6.3,8.6) 5.1 (4.4,
17.7) 354) 5.8)
Diabetes 15.5 (11.2, <0.0001  15.4 (13.7, 0.47 537 (396, <0.0001 8.7(7.2, 0.002 7.1 (5.0, 0.01
21.5) 17.4) 728) 10.5) 10.0)
Non-diabetic 6.7 (6.0, 7.4) 14.8 (13.9, 271 (238, 6.4(5.8,7.1) 4.7 (4.2,
15.7) 309) 5.2)
Smoking status, Never 6.4 (5.6, 7.3) ref 14.4 (13.3, ref 265 (227, ref 6.6(5.9,7.4) ref 4.3 (3.9, ref
15.5) 310) 4.7)
Former (5+ years) 10.3 (8.2, 0.0005 16.2 (14.4, 0.09 382 (311, 0.005 6.7(6.0,7.5) 0.82 5.8 (4.7, 0.003
12.9) 18.2) 468) 7.2)
Former (<5 years) 6.5 (4.7, 8.8) 0.94 17.1 (13.5, 0.17 240 (162, 0.61 6.9 (5.5,8.7) 0.67 4.7 (3.9, 0.33
21.6) 355) 5.6)
Current (infrequent) 6.4 (5.3,7.8) 0.95 13.4 (11.0, 0.46 254 (194, 0.78 6.5(4.9,8.6) 0.90 4.2 (3.3, 0.81
16.3) 332) 5.2)
Current (daily) 6.6 (5.4, 8.0) 0.77 14.4 (13.1, 0.99 273 (213, 0.82 6.4(5.0,8.1) 0.74 5.2 (4.1, 0.08
15.8) 348) 6.6)
Survey year, 1999-2000 6.8 (5.4, 8.6) 0.78 39.0 (37.2, <0.0001 350 (250, 0.09 9.5 (8.2, <0.0001 5.5 (5.0, <0.0001
40.9) 489) 11.1) 6.0)
2001-2002 8.2 (7.1, 9.6) 0.04 10.3 (9.9, <0.0001 303 (258, 0.13 7.3(6.8,7.7)  0.005 5.9 (4.8, 0.0003
10.8) 356) 7.4)
2003-2004 6.2 (5.2, 7.3) ref 14.9 (14.1, ref 247 (200, ref 5.0(4.0,6.2) ref 3.6 (3.2, ref
15.7) 306) 4.1)

GM = geometric mean; CI = confidence interval; nH = non-Hispanic; Q1: Quartile 1; Q2: Quartile 2; Q3: Quartile 3; Q4: Quartile 4; p-values presented are from 2-sided

t-tests from linear models regressing the log transformed lipid adjusted pesticide concentration on the covariate.

4. Discussion

In this study, we evaluated the associations between organochlorine
pesticides measured in serum and sex hormone levels in adult males.

Organochlorine pesticides were detectable in most males in our sample,
many of whom had high exposure levels to multiple organochlorine
pesticides. We observed associations primarily among HCB and mea-
sures of estrogen not only in individual models, but in models adjusted



J.M. Madrigal et al.

Table 3
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Multivariable adjusted® associations between categorized levels of lipid adjusted pesticide exposures and hormones levels in male NHANES 1999-2004 participants (n

= 748).

Serum pesticide concentrations

(ng/g lipid)

Testosterone (ng/
dL)

Estradiol (pg/
mL)

Free estradiol
(pg/mL)

Testosterone: Estradiol Ratio

(pg/mL)

Androstanediol glucuronide

(ng/mL)

SHBG (nmol/
L)

GM (95% CI)

GM (95% CI)

GM (95% CI)

GM (95% CI)

GM (95% CI)

GM (95% CI)

p-hexachlorocyclohexane

Q1 (ref)

Q2

Q3

Q4

p for trend
Hexachlorobenzene
Q1 (ref)

Q2

Q3

Q4

p for trend
Heptachlor epoxide
Q1 (ref)

Q2

Q3

Q4

p for trend
Oxychlordane
Q1 (ref)

Q2

Q3

Q4

p for trend
p,p’-DDT

Q1 (ref)

Q2

Q3

Q4

p for trend
p,p’-DDE

Q1 (ref)

Q2

Q3

Q4

p for trend
trans-nonachlor
Q1 (ref)

Q2

Q3

Q4

p for trend
Mirex

444 (415, 475)
445 (412, 481)
477 (440, 517)
447 (394, 507)
0.53

440 (417, 466)
484 (423, 554)
462 (419, 509)
557 (452, 688)"
0.1

446 (420, 474)
464 (418, 514)
447 (416, 480)
476 (420, 540)
0.55

446 (404, 493)
453 (416, 493)
445 (423, 468)
485 (411, 572)
0.64

439 (416, 462)
501 (454, 552)°
472 (433, 515)
429 (391, 471)
0.46

434 (403, 468)
464 (434, 496)
478 (433, 529)
443 (397, 494)
0.53

465 (413, 523)
449 (410, 492)
451 (427, 476)
472 (408, 547)

0.84

26.7 (24.5,
29.0)
28.3 (25.9,
31.0)
29.7 (27.5,
32.0)
30.3 (26.5,
34.6)
0.09

25.6 (24.1,
27.3)

39.8 (33.4,
47.4)°
33.0 (28.8,
37.8)°
43.2 (36.5,
51.1)°
<0.0001

28.6 (26.4,
30.9)
26.7 (23.5,
30.3)
29.7 (27.9,
31.6)
31.4 (28.8,
34.2)
0.10

30.1 (27.5,
33.0)
26.9 (24.2,
29.8)
28.9 (27.4,
30.4)
31.3 (27.5,
35.7)
0.48

27.3 (25.9,
28.7)
32.2(28.3,
36.7)°
30.3 (27.5,
33.4)

31.6 (25.9,
38.5)

0.05

27.2 (24.8,
29.8)
28.6 (26.5,
31.0)
28.9 (26.3,
31.6)
29.9 (26.1,
34.1)
0.28

32.0 (27.9,
36.6)

26.5 (23.7,
29.6)°
28.7 (27.4,
30.0)

28.6 (25.1,
32.6)

0.75

0.49 (0.44, 0.53)
0.52 (0.47, 0.58)
0.54 (0.50, 0.58)
0.57 (0.48, 0.66)
0.09

0.47 (0.44, 0.51)
0.72 (0.60, 0.88)°
0.60 (0.51, 0.70)°
0.77 (0.64, 0.93)°
0.002

0.52 (0.48, 0.57)
0.48 (0.42, 0.55)
0.55 (0.52, 0.59)
0.58 (0.52, 0.64)
0.08

0.54 (0.49, 0.60)
0.49 (0.44, 0.55)
0.53 (0.50, 0.57)
0.58 (0.51, 0.68)
0.32

0.50 (0.47, 0.53)
0.59 (0.50, 0.68)
0.56 (0.51, 0.62)°
0.60 (0.48, 0.76)
0.02

0.49 (0.44, 0.54)
0.52 (0.47, 0.56)
0.54 (0.49, 0.60)
0.55 (0.47, 0.65)
0.18

0.59 (0.51, 0.67)
0.48 (0.42, 0.54)°
0.52 (0.50, 0.56)
0.53 (0.46, 0.62)

0.98

166.3 (154.1, 179.5)
157.1 (143.5, 171.9)
160.7 (148.2, 174.1)
147.5 (128.7, 169.0)
0.23

172.0 (161.4, 183.3)
121.6 (101.3, 145.9)°
139.9 (121.6, 160.9)°
129.2 (110.8, 150.6)"
0.03

156.1 (144.4, 168.9)
173.9 (155.0, 195.0)
150.6 (142.1, 159.5)
151.9 (136.8, 168.6)
0.33

148.2 (137.3, 160.0)
168.4 (153.1, 185.1)°
154.0 (143.4, 165.4)
154.8 (137.1, 174.7)
0.94

160.7 (151.4, 170.5)
155.3 (137.0, 176.1)
155.9 (142.1, 170.9)
135.9 (116.3, 158.7)
0.16

159.7 (145.9, 174.8)
162.0 (150.0, 174.9)
165.8 (152.7, 180.0)
148.3 (129.7, 169.4)
0.64

145.2 (132.0, 159.7)
169.4 (154.9, 185.4)°
157.2 (147.0, 168.1)
165.1 (146.8, 185.7)

0.54

7.2(6.5,7.8)
7.5(6.9, 8.2)
7.4 (6.8, 8.1)
6.7 (6.1, 7.4)
0.81

7.3(6.8,7.8)
7.7 (6.6, 9.1)
6.5 (5.7,7.5)
8.0 (6.6, 9.7)
0.93

7.3(6.8,7.8)
6.7 (6.0, 7.5)
7.3 (6.8, 8.0)
7.8 (6.7, 9.0)
0.41

7.7 (6.9, 8.7)
7.3 (6.7, 8.1)
7.2(6.8,7.6)
7.1 (5.8, 8.6)
0.47

7.3(6.9,7.8)
7.3 (6.2, 8.5)
7.1(6.4,7.8)
7.3 (6.4, 8.4)
0.68

7.5 (6.9, 8.3)
7.3(6.8,7.9)
7.4 (6.5, 8.3)
6.5 (5.9, 7.3)
0.21

7.5 (6.5, 8.6)
6.9 (6.4,7.4)
7.3(6.9,7.8)
7.4 (6.3, 8.7)

0.75

33.9 (31.5,
36.5)
33.2 (30.0,
36.6)
32.9 (30.7,
35.3)
31.0 (27.1,
35.6)
0.37

33.1(31.2,
35.0)
31.3 (27.0,
36.2)
32.4 (28.5,
36.8)
33.9 (28.7,
40.1)
0.69

33.1 (30.9,
35.5)
35.1 (32.3,
38.2)
31.1(29.3,
33.0)
33.3(29.7,
37.3)
0.40

34.8 (32.1,
37.6)
32.1(29.1,
35.4)
32,9 (31.1,
34.9)
31.7 (29.2,
34.5)
0.36

33.9 (32.3,
35.5)
34.3 (29.6,
39.7)
30.9 (28.1,
34.0)
29.2 (23.8,
35.9)
0.07

34.4 (32.4,
36.6)

34.0 (31.6,
36.7)

31.0 (29.3,
32.9)°
31.9 (27.7,
36.8)

0.19

34.5 (31.5,
37.8)
33.6 (30.3,
37.2)
33.2(31.4,
35.1)
31.2 (28.8,
33.8)
0.25

(continued on next page)
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Table 3 (continued)
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Serum pesticide concentrations Testosterone (ng/ Estradiol (pg/

(ng/g lipid) dr) mL) (pg/mL)

Free estradiol

Testosterone: Estradiol Ratio
(pg/mL)

Androstanediol glucuronide SHBG (nmol/
(ng/mL) L)

GM (95% CI) GM (95% CI)

GM (95% CI)

GM (95% CI) GM (95% CI) GM (95% CI)

Q1 (ref) 448 (431, 466) 28.1 (26.5, 0.51 (0.47, 0.55) 159.4 (150.2, 169.2) 7.5(7.1,7.9) 33.6 (31.7,
29.8) 35.6)

Q2 476 (396, 572) 30.5 (25.6, 0.55 (0.45, 0.67) 156.0 (127.5, 190.8) 6.8 (5.8, 8.1) 32.8 (27.4,
36.3) 39.3)

Q3 460 (423, 501) 28.7 (26.1, 0.54 (0.49, 0.60) 160.3 (147.5, 174.2) 7.2 (6.4, 8.0) 31.3 (28.5,
31.6) 34.3)

Q4 471 (423, 524) 29.1 (24.8, 0.53 (0.44, 0.64) 161.9 (131.0, 200.0) 6.4 (5.7,7.2)° 33.0 (29.9,
34.1) 36.3)

p for trend 0.42 0.66 0.44 0.86 0.07 0.32

@ Model adjusts for age (continuous), body mass index (continuous), race (non-Hispanic white, non-Hispanic African-American, Hispanic, or other), education level
(less than high school, high school grad, some college or more), serum lipids (continuous), self-reported smoking history (never, 5+ years since last cigarette, <5 years

since last cigarette, infrequent current smoker, daily smoker), and survey cycle.

b Statistically significant (p < 0.05); Q1: Quartile 1; Q2: Quartile 2; Q3: Quartile 3; Q4: Quartile 4.

for other pesticide exposures. High concentrations of serum HCB were
positively associated with total and free estradiol and inversely associ-
ated with the ratio of testosterone to estradiol, independent of the other
pesticide co-exposures. In individual models, we observed positive as-
sociations among DDT and measures of estrogen, and an inverse asso-
ciation between DDT and SHBG. We observed a suggestive positive
association between B-hexachlorocyclohexane levels and estradiol. After
adjusting for other co-exposures using principal components analysis
methods, the p-hexachlorocyclohexane, DDT, and DDE factor was not
strongly associated with any outcome.

Reports that evaluate the association between organochlorine
pesticide levels and objectively measured hormones levels in males in
the general population are limited. In contrast with our study, HCB was
not significantly related to SHBG or estradiol in a sample of males pre-
senting to an infertility clinic (Ferguson et al., 2012), but was positively
associated with SHBG and free androgen index in males of reproductive
age (mean age 29 years) using data from multiple combined cohorts
(Specht et al., 2015). Consistent with the findings in the current study,
most other studies in males have not found HCB to be related to
testosterone (Hagmar et al., 2001; Goncharov et al., 2009; Ferguson
etal., 2012; Freire et al., 2014). In non-human studies, effects of HCB on
endogenous hormones vary by sex, dose, and species under study. In
male rats, there is evidence that at low levels HCB enhances androgen
action, but that at high levels it decreases androgenicity (Ralph et al.,
2003).

Interference with normal physiological hormone actions could take
place via interaction with the hormone receptor or serum binding pro-
teins, inhibition of enzymes that synthesize hormones, and/or induction
of enzymes that metabolize hormones. The mechanism by which HCB
could increase estradiol levels is largely unknown. Based on the ste-
roidogenic cascade, the increased serum estradiol levels observed
among males with the highest measured HCB concentrations should be
coupled with reduced testosterone levels if the substance acting to in-
crease estradiol is up-regulating aromatase, which converts androgens
to estrogens. However, the aromatase-driven conversion of androgen to

estrogen may utilize a quantitatively small amount of androgen relative
to the resulting amount of estrogen (Blakemore and Naftolin, 2016).
This may explain why we did not observe an association with testos-
terone despite the observed positive associations with estrogen. The
effects of HCB exposure have been compared to those of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), in that HCB binds to the aryl hydro-
carbon receptor (AhR) with an affinity approximately 10,000 times
lower than that of TCDD (Hahn et al., 1989; Kafafi et al., 1993), in the
same range as mono-ortho-PCBs 105, 118, and 156 (Hahn et al., 1989;
van Birgelen, 1998). Binding of HCB to the AhR could interfere with
steroid hormone regulated responses, which could be relevant to the
associations we observed. The increased levels of estradiol observed
with increasing HCB concentration could also be the result of inhibition
of the enzymes that metabolize estradiol through conjugation. This
would be consistent with prior studies showing that different types of
persistent pollutants may inhibit estradiol sulfation (Kester, Bulduk et al.
2000, 2002; Parker et al., 2018).

Relationships of DDT and its metabolite DDE with endogenous hor-
mones in males have been variable. Consistent with the current study,
previous studies have, in general, not found that DDE is significantly
related to testosterone (Hagmar et al., 2001; Persky et al., 2001; Martin
et al., 2002; Cocco et al., 2004; Asawasinsopon et al., 2006; Turyk et al.,
2006b; Goncharov et al., 2009; Langer et al., 2010; Haugen et al., 2011;
Blanco-Munoz et al., 2012; Ferguson et al., 2012; Emeville et al., 2013;
Freire et al., 2014). One study of males living in a highly contaminated
rural area observed an inverse association of testosterone with o,p’-DDT
(Freire et al., 2014). A cross-sectional study of 50 South African malaria
control workers observed positive associations of p,p’-DDT with both
estradiol and testosterone, but no association with p,p’-DDE (Dalvie
et al., 2004). In a study of Inuit and three European cohorts, p,p’-DDE
was positively associated with SHBG among males from Kharkiv,
Ukraine, but not in the other sites and positive associations of DDE with
free testosterone were seen in Kharkiv and Greenland but not in the
other sites (Giwercman et al., 2006). In a South African population with
high DDE exposure, positive associations were found with testosterone

Table 4
Pearson correlation coefficients of lipid-adjusted log transformed pesticide concentrations (ng/g lipid).
B-hexachlorocyclohexane Hexachlorobenzene Heptachlor epoxide Oxychlordane p,p’-DDT p,p’-DDE trans-nonachlor Mirex
p-hexachlorocyclohexane 1
Hexachlorobenzene 0.12¢ 1
Heptachlor epoxide 0.49% 0.18* 1
Oxychlordane 0.52% 0.14% 0.65% 1
p,p’-DDT 0.52° 0.28° 0.28° 0.22¢ 1
p,p’-DDE 0.67% 0.20? 0.36% 0.48% 0.64* 1
trans-nonachlor 0.48% 0.11°¢ 0.64% 0.88% 0.18° 0.487 1
Mirex 0.22% 0.07 0.23% 0.35% 0.18° 0.20° 0.36% 1

3 Statistically significant (p < 0.0001); ® Statistically significant (p < 0.001); © Statistically significant (p < 0.05).
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Table 5
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Multivariable adjusted® associations between categorized levels of lipid adjusted pesticide (ng/g lipid) exposure factors and hormone levels in male NHANES

1999-2004 participants (n = 748).

Factor score combinations of Testosterone Free testosterone Estradiol Free estradiol Testosterone: Estradiol SHBG Androstanediol
serum pesticide concentrations (ng/dL) (ng/dL) (pg/mL) (pg/mL) Ratio (pg/mL) (nmol/L) glucuronide (ng/mL)
GM (95% CI) GM (95% CI) GM (95%CI)  GM (95% CI) GM (95% CI) GM (95% GM (95% CI)
CDh

Factor 1: Oxychlordane, trans-nonachlor, Heptachlor epoxide, Mirex

Q1 (ref) 446 (403, 492) 9.0 (8.1,9.9) 30.3 (27.3, 0.56 (0.50, 146.9 (136.5, 158.1) 31.4(28.7, 7.03 (6.36, 7.76)
33.7) 0.63) 34.3)

Q2 465 (432, 502) 9.4 (8.7,10.1) 29.8 (27.2, 0.55 (0.50, 156.0 (142.0, 171.3) 32.0(29.2, 7.08(6.55, 7.64)
32.7) 0.61) 35.1)

Q3 456 (426, 489) 9.1 (8.5,9.7) 29.2 (26.9, 0.54 (0.49, 156.3 (143.5, 170.1) 32.8(30.3, 7.71(7.24,8.21)
31.7) 0.59) 35.6)

Q4 466 (417, 521) 9.5 (8.4,10.7) 29.3 (26.2, 0.54 (0.48, 159.1 (142.2, 178.0) 32.3(29.9, 7.33 (6.48, 8.28)
32.7) 0.62) 34.9)

p for trend 0.62 0.56 0.69 0.78 0.35 0.67 0.57

Factor 2: §-HCH, DDT, & DDE

Q1 (ref) 454 (418, 493) 8.8 (8.1,9.5) 28.3 (25.3, 0.51 (0.46, 160.7 (146.9, 175.8) 34.8(32.3, 7.67 (6.95, 8.47)
31.6) 0.57) 37.4)

Q2 464 (429, 501) 9.4 (8.7,10.1) 29.2 (26.6, 0.54 (0.49, 158.7 (146.7, 171.7) 32.2(29.7, 7.31(6.69, 8.00)
32.1) 0.60) 34.8)

Q3 468 (425, 515) 9.4 (8.5,10.3) 29.9 (27.4, 0.55 (0.50, 156.5 (144.5, 169.5) 32.3(29.8, 6.96 (6.37, 7.61)
32.6) 0.60) 34.9)

Q4 448 (415, 483) 9.4 (8.6, 10.2) 31.4 (28.5, 0.60 (0.53, 142.5 (130.5, 155.6) 29.4(25.7, 7.19(6.53,7.91)
34.7) 0.67) 33.6)

p for trend 0.86 0.26 0.21 0.10 0.10 0.08 0.24

Factor 3: Hexachlorobenzene

Q1 (ref) 439 (408, 472) 8.9 (8.2,9.7) 26.6 (24.6, 0.50 (0.45, 165.3 (153.9, 177.5) 31.9(30.1, 7.36 (6.72, 8.06)
28.7) 0.54) 33.7)

Q2 456 (428, 486) 8.9 (8.5,9.3) 27.2 (25.2, 0.49 (0.45, 167.5 (153.2, 183.1) 33.9(31.0, 7.35(6.80, 7.95)
29.4) 0.54) 37.0)

Q3 450 (415, 487) 9.4 (8.7,10.1) 30.4 (28.3, 0.57 (0.53, 147.8 (134.8, 162.0) 30.5(28.2, 6.89 (6.26, 7.58)
32.7)° 0.62)° 33.1)

Q4 490 (429, 560) 9.8 (8.5,11.3) 35.3(31.7, 0.65 (0.57, 138.9 (126.5, 152.5)b 32.3(29.7, 7.54 (6.68, 8.50)
39.4)° 0.73) 35.2)

p for trend 0.17 0.18 <0.0001 <0.0001 0.001 0.60 0.98

2All principal components included in the same model, plus adjustment for age (continuous), body mass index (continuous), race (non-Hispanic white, non-Hispanic
African-American, Hispanic, or other), education level (less than high school, high school grad, some college or more), serum lipids (continuous), self-reported smoking
history (never, 5+ years since last cigarette, <5 years since last cigarette, infrequent current smoker, daily smoker), and survey cycle.

bStatistically significant (p < 0.05); Q1: Quartile 1; Q2: Quartile 2; Q3: Quartile 3; Q4: Quartile 4; p-HCH: p-hexachlorocyclohexane.

and free testosterone, as well as with estradiol (Bornman et al., 2018). In
contrast, no associations of DDE with estradiol were seen in populations
of Mexican flower growers (Blanco-Munoz et al., 2012) nor in a heavily
exposed population in South Africa (Bornman et al., 2018). In a cohort of
Great Lakes anglers, DDE was not associated with SHBG, nor with SHBG
bound testosterone (Persky et al., 2001; Turyk et al., 2006b). In a sub-
group of males from the Great Lakes cohort, DDE was inversely associ-
ated with estrone sulfate (Turyk et al., 2006b) but the association was
not observed in the larger cohort (Persky et al., 2001); estradiol was not
measured in these studies.

There is limited data on the effects of other persistent organochlorine
pesticides on endogenous hormones. Testosterone was inversely asso-
ciated with B-hexachlorocyclohexane in two studies, but the relationship
was not significant among those occupationally exposed (Tomczak et al.,
1981) and was only of marginal significance among males living in a
contaminated rural area with high levels of exposure (Freire et al.,
2014). Neither serum concentrations of trans-nonachlor nor mirex were
found to be related to testosterone in a previous studies of adult males
from a highly exposed rural area in Brazil (Freire et al., 2014).

In our study, we did not observe strong evidence of effect modifi-
cation by age, BMI, or diabetes status for any of the associations that we
evaluated. Of all the associations we evaluated, we observed one inverse
association of heptachlor epoxide and SHBG among males with the
lowest BMI (<25 kg/mz), and no associations among males in the
25-29.9 or >30 BMI categories. Although the cross-product term for p,
p’-DDE and diabetes was significant in the model for SHBG, stratum-
specific estimates were not substantively different and trends were
null. It is possible that the statistically significant cross-product terms

observed were due to chance, and that our ability to detect effect
modification was underpowered. To our knowledge, subgroup analyses
to identify effect modification for the associations of organochlorine
pesticides with sex hormones have not been conducted in other studies
with which we can make comparisons.

The associations observed may be relevant to understanding the
pathogenesis of selected chronic diseases. Steroid hormones may play a
role in the disease pathway connecting persistent pollutants to health
outcomes such as diabetes, kidney disease, and cancer. In our study, we
found particular organochlorine pesticide concentrations to be posi-
tively associated with estradiol and inversely associated with SHBG.
Estrogen actions are involved in insulin sensitivity and glucose ho-
meostasis (Mauvais-Jarvis et al., 2013). In studies of males estradiol has
been related positively and SHBG negatively to diabetes (Kim and
Halter, 2014; Mather et al., 2015) and higher levels of SHBG have been
associated with reduced risk for low estimated glomerular filtration rate
(Kim et al., 2019).

Although many of the organochlorine pesticides studied are now
banned from use, recent studies have objectively measured organo-
chlorine pesticide concentrations among adults and observed detectable
exposure levels (Jakszyn et al., 2009; Azandjeme et al., 2014; Freire
etal., 2014; Saoudi et al., 2014). Our findings may be especially relevant
in areas where high concentrations of these pesticides were used, in
addition to present-day occupational settings such as those where HCB is
produced as a byproduct during the manufacture of solvents and pesti-
cides, pulp and paper production, and metal smelting.

There are several limitations in our study. The NHANES provides
cross-sectional data, and only one serum sample was taken to measure
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both the pesticide and hormone levels. We are unable to determine when
the body burden of the measured pesticides was acquired, limiting our
ability to tailor intervention strategies to limit or prevent exposure. Only
40.1% of males in our study sample had detectable levels of HCB, sug-
gesting that the observed associations with this pesticide should be
interpreted with caution and attempts should be made to replicate these
findings in other available datasets. Despite an overall large sample size,
we may have had limited power to detect effect modification and pre-
cisely estimate stratum specific measures of association. It is possible
that exposure to other unmeasured pollutants correlated to the pesti-
cides under study could explain the associations we observed in this
study. Residual confounding may also be present due to imperfect
methods for adjusting for serum lipids. Although our sample is repre-
sentative of the U.S. population, subpopulations who are highly
exposed, such as those with high occupational exposures or that live in
areas of high previous exposure, may be underrepresented. Despite these
limitations this study is strengthened by the relatively large, nationally
representative sample with a variety of potential confounders and
objectively measured organochlorine pesticide (exposure) and hormone
(outcomes) levels.

5. Conclusion

In summary, our findings indicate that exposure to organochlorine
pesticides, particularly HCB and DDT, may be positively associated with
estradiol levels among adult males in the United States. If substantiated,
these findings may provide insights into the mechanism and pathology
of chronic diseases known or suspected to be associated with organo-
chlorine pesticide exposure.
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