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Abstract: Multiple pathological associations are attributed to PCBs (polychlorinated biphenyls).
Research shows a positive association of PCBs with dehydroepiandrosterone sulfate (DHEAS)
concentration but the results on the stress hormone cortisol have been inconsistent so far. This study
is the first to examine not only the cross-sectional but also the longitudinal effects of PCB exposure
on the stress hormones DHEAS and cortisol. Over a period of three years, 112 former employees
occupationally exposed to PCBs were tested for their body burden with different types of PCBs (lower
and higher chlorinated, dioxin-like and hydroxylated) and for their stress hormone concentration.
Highly exposed employees showed a significantly higher risk for higher DHEAS values. Multiple
linear regression analysis revealed a positive relationship between the exposure to lower chlorinated
PCBs and DHEAS. Mixed models also revealed a significantly positive correlation between lower
chlorinated PCBs with DHEAS when controlled for a cross-section. However, an effect for cortisol was
not found. These results suggest a causal pathophysiological relationship between PCB exposure and
DHEAS concentration, but not with cortisol. The health consequences of high DHEAS concentrations
are discussed.
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1. Introduction

Polychlorinated biphenyls (PCBs) are a group of synthetically produced hazardous chemicals,
whose negative consequences on human health and the environment have become visible decades
after their intensive production and use [1]. The present study analyzes potential adverse health
effects of PCBs on the individuals’ stress response system and focuses on the influence of PCBs
on human stress hormones. Prior studies mostly report positive associations between PCBs and
dehydroepiandrosterone sulfate (DHEAS) in humans, but no or inconsistent findings with cortisol [2].
This longitudinal study addresses both, DHEAS and cortisol to find causal relations.

Due to their adverse health impact, in 1995, the manufacture, import, export and sale of PCBs and
products and equipment containing PCBs have been banned worldwide by the UNEP (United Nations
Environment Programme) [3]. In Germany, the use of PCBs was already banned in 1989. Prior to
the ban, these toxic chlorine compounds were widely used in electrical capacitors and transformers,
as well as in hydraulic fluids, lubricants, pesticides and plasticizers [4]. Of the 209 theoretically
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possible PCB congeners, 130 have been detected in the environment. The PCB congeners, which
all have the same basic structure, differ from each other in the number and position of chlorine
substituents [5]. Based on their degree of chlorination (lower vs. higher chlorination) and their
structural properties (non-dioxin-like vs. dioxin-like), PCB congeners can be classified into three
categories: lower chlorinated PCBs (LPCBs; ≤ 5 chlorine atoms), higher chlorinated PCBs (HPCBs; >five
chlorine atoms), and dioxin-like PCBs (dlPCBs) that include lower- as well as higher-chlorinated
congeners but with no or only one chlorine atom in the ortho positions. Furthermore, this study also
addresses a fourth group, the hydroxylated PCB metabolites (OH-PCBs). Due to the high persistence
and bioaccumulative properties of the parent-PCB-congeners, PCBs remain in the environment and
are still detectable in the blood of the general population [6]. According to Carpenter, the majority
of the population in developed countries is exposed to PCBs through food intake (i.e., HPCBs) [7].
Furthermore, the place of living affects the exposure with PCBs, particularly in homes near hazardous
waste sites [7]. Work-related contact with PCB-contaminated material represents an additional exposure
in the form of inhalation as well as cutaneous PCB intake (i.e., LPCBs and dlPCBs with lower degree of
chlorination) [8]. Past research has also described differential health effects for the different types of
PCBs and OH-PCBs [7,9].

PCBs are attributed to reproductive toxicity [10], immunotoxicity [11] and neurotoxic effects [12].
Moreover, hormonal changes in humans after PCB exposure were found in prior studies, for instance
with thyroid hormones [13] or the sex hormone free testosterone [14]. In addition, a few studies
focused on stress hormones in humans after PCB exposure, but these studies report inconsistent and
sometimes contradictory results. For instance, Persky et al. found an inverse association between
increased PCB body burden and the DHEAS concentration after the occupational PCB exposure of
female workers during menopause [15]. However, a subsequent study found a positive association
between PCB exposure and the DHEAS concentration in male employees [2]. Sun et al. also report a
significant increase in DHEA concentration with increased PCB body burden in men [16]. High DHEAS
inhibits genetically programmed cell death [17], and this enhances the risk for cancer. PCBs were
classified as human carcinogens by the IARC (International Agency for Research on Cancer) in 2013 [18].
Related to cortisol, no significant results for the effect of PCBs have been found in humans so far [2,15].
Possible reasons of these inconsistent findings may be the cross-sectional design of prior studies.
PCBs may have different effects on human hormones depending on how long ago the exposure
occurred. For example, in an earlier longitudinal study we found an interaction with time for the
association between PCBs and free thyroxine [13]. Cross-sectional study designs cannot detect changes
in associations over time and report only a snapshot, which can result in inconsistent findings in
various articles.

The aim of this study is therefore to enable a causal interpretation of the relationship between PCB
body burden and the stress hormone concentration by conducting a longitudinal study with a repeated
assessment of both PCBs and stress hormones. According to the above-mentioned studies, a positive
association between PCB body burden and the DHEAS concentration is postulated. Furthermore,
the association between the PCB body burden and the serum cortisol concentration is tested. This study
consists of three parts to test the postulated hypothesis and the research question. In the first part,
we compare categorized and mean stress hormone concentrations of higher exposed participants with
those participants showing a PCB concentration at the level of background burden. We hypothesize
that the higher exposed participants show a higher probability for DHEAS concentrations above the
reference range (Hypothesis 1a). Research question 1a considers differences between higher and
background-burdened participants according to abnormal cortisol concentrations above or under the
reference range. We further expect a higher mean DHEAS concentration for the higher PCB-burdened
participants (hypothesis 1b) and we investigate mean differences in cortisol (research question 1b).
In the second part, for a better comparability with prior cross-sectional studies, the linear cross-sectional
effects of PCB exposure on stress hormone concentrations are analyzed. Again, we expect a positive
association between PCB body burden and DHEAS concentration (hypothesis 2). Furthermore,
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the association between PCBs and cortisol will be tested (research question 2). The third part analyzes
the linear relation between PCB body burden and the stress hormone concentrations longitudinally
while controlling for the different sampling time points. Hypothesis 3 postulates a positive association
between PCBs and DHEAS continuously over all three sampling time points. Research question 3
focusses on the longitudinal associations between PCBs and cortisol.

2. Materials and Methods

2.1. Study Design

The participants were observed with a three-wave longitudinal within-subjects-design. There was
a one-year time lag between each sampling time point (t1–t3). The data were collected as part of the
HELPcB surveillance program (Health Effects in high Level exposure to PCBs). For further details,
see Kraus et al. [4]. The HELPcB program was approved by the local Ethics Commission of the Medical
Faculty of the RWTH Aachen University, Germany (no. EK 176/11).

2.2. Study Population

The HELPcB cohort consisted of 300 former employees of a recycling company for recycling
industrial capacitors and transformers and employees’ relatives. These workers were PCB exposed
during their work by cleaning old capacitors and transformers to prepare them for recycling. Of these
300 participants, 188 were excluded because of the following criteria: 131 persons (43.7%) did
not participate at all three sampling time points. Since past research has provided evidence for
gender-specific differences in DHEAS concentration [19] and cortisol production and metabolism [20],
we excluded females who were underrepresented in our sample (N = 49, 16.3%). Eight further
participants (2.67%) were excluded, because they were taking cortisol-related drugs at the time points
of investigation. Thus, the final study sample consists of 112 men occupationally exposed to PCBs
with a mean age of 47.3 years (SD = 12.5).

2.3. Data Collection

2.3.1. Polychlorinated Biphenyls and Hydroxylated Biphenyls

The exposure of PCBs and their hydroxylated metabolites (OH-PCBs) was measured in plasma
via human biomonitoring. A detailed description of the PCB and OH_PCB analyses including method
validation is in Appendix A.

In the analysis, the indicator congeners of LPCBs (PCB28, PCB52, PCB101) as well as HPCBs
(PCB138, PCB153, PCB180) were determined and sum values of these six congeners were generated.
Twelve dlPCBs were also measured, but only the eight mono-ortho dlPCBs (PCB105, PCB114, PCB118,
PCB123, PCB156, PCB157, PCB167 and PCB189) could be detected in more than 20% of the participants
and included in the analysis. For generating the fourth category, the concentration of 13 congeners
of OH-PCBs were summed up (3-OH-CB28, 4-OH-CB61, 4-OH-CB76, 4-OHCB101, 4-OH-CB107,
4-OH-CB108, 3-OH-CB118, 3-OH-CB138, 4-OH-CB146, 3-OH-CB153, 4-OH-CB172, 3-OH-CB180 and
4-OH-CB187). All considered dlPCBs have the same toxic equivalency factor; thus, it was not controlled
for it [21]. A description of the PCB sum variables is in Table 1 and for each included congener in
Appendix B.

Since PCBs accumulate in fatty tissue due to its lipophilic property, the PCB values were lipid
adjusted. The formula of Bernert et al. was used to determine the total blood lipids for each participant
(total lipids = (2.27 * total cholesterol) + triglycerides + 62.3 mg/dL)), and the PCB level was divided by
these total blood lipid values [22]. Due to their hydroxylation and the subsequent conjugation with
glucuronide or sulfate in the liver, OH-PCBs are not as lipophilic as the parent compounds and thus
they were not lipid adjusted.
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Table 1. Descriptive data of PCBs and stress hormones (N = 112).

Variable Unit Reference
t1 t2 t3

Median Mean SD Min–Max Median Mean SD Min–Max Median Mean SD Min–Max

LPCBs ng/g lipid 0.074 a 0.03 0.43 1.90 <LOD–19.3 0.017 0.3 1.34 <LOD–13.0 0.01 1.93 0.88 <LOD–8.7
HPCBs ng/g lipid 0.49 a,b 0.37 1.12 1.92 0.04–13.9 0.36 1.06 1.86 0.04–11.8 0.41 1.06 1.66 0.5–11.6
dlPCBs ng/g lipid 0.001 a 0.08 0.39 0.75 0.01–5.1 0.07 0.37 0.82 0.1–6.3 0.06 0.28 0.49 0.01–3.2

OH-PCBs µg/L plasma - 0.81 3.99 7.87 0.1–52.8 0.82 4.11 10.21 0.2–89.7 0.92 2.79 4.37 0.1–26.7
Cortisol nmol/L 171–536 404.00 416.93 159.50 143.0–892.0 453 443.4 133.94 42.0–769.0 416 432.77 143.08 139.0–846.0
DHEAS µmol/L 1.4–8.0 6.91 7.76 4.05 0.2–18.5 6.61 7.18 4.03 0.2–22.3 6.11 6.76 3.56 0.1–16.8

Notes: PCBs = polychlorinated biphenyls, LPCBs = lower-chlorinated PCBs, HPCBs = higher-chlorinated PCBs, dlPCBs = dioxin-like PCBs, OH-PCBs = hydroxylated PCBs,
DHEAS = dehydroepiandrosterone sulfate, t1–t3 = sampling time point 1–3, SD = standard deviation, LOD = limit of detection. a See Schettgen et al. [6]; b See Schettgen et al. [23].
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2.3.2. Stress Hormones

The concentrations of DHEAS and cortisol were measured in the blood plasma. In the internal
laboratory procedure, the DHEAS and cortisol samples were incubated with a hormone-specific
antibody. An immune complex was formed, and, in the next step, this was transferred to the
solid phase. In the measuring cell, the micro particles are fixated by magnetic action. A chemical
luminescence emission is induced by applying a voltage and the DHEAS and cortisol content is
measured with a photomultiplier. The individual laboratory-specific reference range for DHEAS varied
between 1.40 and 8.00 µmol/L and for cortisol between 171 and 536 nmol/L. A detailed description
of the final study population as well as reference values for the age-related PCB levels of the general
population and hormone concentrations are presented in Table 1.

2.3.3. Statistical Analyses

Prior to hypothesis testing, the additional influence of confounding variables was investigated.
Therefore, a directed acyclic graph was generated with the online tool DAGitty version 3.0 [24].
The graph is illustrated in Figure A1 (Appendix C) in the supplement. Relevant confounding factors
were age, liver function and smoking behavior of participants that were statistically controlled in
further analyses. Age is associated with increased PCB body burden [25] and with a reduction in
the hormone secretion of DHEAS [26]. Equally decisive for the individual extent of internal PCB
exposure is liver function, as it is also responsible for the metabolism of PCBs. Liver function is also
important for the metabolism of stress hormones, because stress hormones are metabolized in the
liver. We operationalized liver function by the plasma protein albumin [27]. Finally, we controlled
for the smoking behavior of study participants as the third confounding variable, because smoking
is involved in the metabolism of PCBs [28]. At the same time, nicotine is a strong activator of the
hypothalamic pituitary adrenal axis (HPA) and is permanently associated with attenuated cortisol
reactions [29]. As a next step, we analyzed the correlations between all types of PCBs with the outcome
variables using Spearmans’ rank correlation coefficients.

Then, in the first part, the focus was on the comparison of higher-burdened participants with
participants who have a PCB burden at background level. Therefore, dichotomous variables were
generated for each PCB sum variable. The decisive factor was the 95th percentile of a reference
population without additional work-related PCB exposure [6,23]. Participants with a PCB body
burden above the 95th percentile were categorized as higher burdened and all others as background
burdened. Detailed information of the two built groups is in Table 2. In the absence of reference
values from the general population for OH-PCBs, no dichotomous variables can be created and no
risk analyses and analyses of mean differences can be carried out for OH-PCBs. To test hypothesis
and research question 1a, two dichotomous variables were generated for abnormal stress hormone
concentrations. In the first variable for abnormal low hormone concentrations, participants with
stress hormone concentrations under the reference range were coded with “1” and participants with
hormone concentrations in the reference range with “0”. In the second variable, abnormal high
hormone concentrations were considered and participants with stress hormone concentrations above
the reference range were again coded with “1” and participants with concentrations in the reference
range again with “0”. With the dichotomous PCBs and hormone variables, odds ratios for risk analysis
were calculated. For analyzing hypothesis 1b and answering research question 1b and the mean
differences in stress-hormone concentrations, an analysis of covariance (ANCOVA) was performed
with dichotomous PCB variables as predictor and the continuous stress hormone variables as outcome
variables. In the second part, the focus was on the cross-sectional linear association between PCB
body burden and the stress hormone concentrations. Therefore, a multiple linear regression analysis
was performed for each sampling time point with the PCB sum variables as predictor and DHEAS as
well as cortisol as criterion variables. For a first insight into longitudinal associations, correlations
between PCBs and the outcome DHEAS and cortisol over different sampling time points were analyzed.
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The third part, focusing on the longitudinal effect of PCBs on stress hormones, was calculated by using
mixed effect models with controlling for sampling time points as described by Baayen et al. [30].

All analyses in part one and two were performed with SPSS 25 (IBM, Armonk, NY, USA) for
Windows [31], and, for the analyses in part three, the statistical software R version 3.5.0 [32] and
RStudio version 1.1.383 (RStudio Inc., Boston, MA, USA) [33] with the package lme4 [34] were used.
All hypotheses were tested one sided, since directed hypotheses were postulated and all research
questions two-sided, because no direction of the effect could be expected based on the prior research.
For both hypotheses testing and answering the research questions, a significance level of p = 0.05 was
used. Since all PCB variables are not normally distributed, they were transformed using the natural
logarithm to approximate them to the normal distribution.
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Table 2. Descriptive data of PCB exposure in participants with a PCB background burden and a higher PCB burden.

Variable Percentile
t1 t2 t3

n Median Mean SD Min–Max n Median Mean SD Min–Max n Median Mean SD Min–Max

LPCBs ≤95th 28 0.003 0.004 0.002 <LOD–0.01 35 0.004 0.004 0.002 <LOD–0.01 48 0.004 0.004 0.003 <LOD–0.01
>95th 84 0.08 0.57 2.18 0.01–19.34 77 0.05 0.44 1.60 0.01–13.02 64 0.05 0.34 1.14 0.01–8.72

HPCBs ≤95th 58 0.23 0.23 0.11 0.04–0.47 59 0.22 0.22 0.11 0.04–0.44 51 0.22 0.24 0.13 0.05–0.67
>95th 54 1.36 2.08 2.43 0.26–13.86 53 1.28 2.01 2.37 0.22–11.79 61 0.98 1.75 2.00 0.12–11.63

dlPCBs ≤95th 48 0.03 0.03 0.02 0.01–0.08 53 0.03 0.03 0.01 0.01–0.07 54 0.03 0.03 0.17 0.01–0.08
>95th 64 0.29 0.66 0.90 0.02–5.11 60 0.29 0.66 1.05 0.02–6.34 58 0.28 0.51 0.59 0.02–3.15

Notes: PCBs = polychlorinated biphenyls, LPCBs = lower-chlorinated PCBs, HPCBs = higher-chlorinated PCBs, dlPCBs = dioxin-like PCBs, OH-PCBs = hydroxylated PCBs,
DHEAS = dehydroepiandrosterone sulfate, t1–t3 = sampling time point 1–3, n = frequency, SD = standard deviation, LOD = limit of detection.
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3. Results

The correlations between all types of PCBs and the relevant outcome variables at each sampling
time point are presented in Table 3. There are positive correlations between LPCB and DHEAS at
all sampling time points and between dlPCBs and OH-PCBs with DHEAS at t2. Between PCBs and
cortisol there were no significant correlations. The correlations between the several PCB congeners
with the relevant outcome variables are presented in the supplementary table, Table A1.

Table 3. Cross-sectional Spearmans’ rank correlation coefficients between the PCB variables and
DHEAS and cortisol (N = 112).

t1 t2 t3

DHEAS Cortisol DHEAS Cortisol DHEAS Cortisol

LPCBs 0.31 ** −0.06 0.35 ** 0.08 0.25 ** −0.06
HPCBs 0.02 −0.03 0.07 0.03 0.04 −0.11
dlPCBs 0.15 −0.05 0.19 * 0.04 0.15 −0.09

OH-PCBs 0.15 −0.08 0.20 * 0.06 0.13 −0.15

Note: PCBs = polychlorinated biphenyls; LPCBs = lower-chlorinated PCB; HPCBs = higher-chlorinated PCB;
dlPCBs = dioxin-like PCB; DHEAS = dehydroepiandrosterone sulfat; t1–t3 = sampling time point 1–3. ** p-value
(one-sided) < 0.01; * p-value (one-sided) < 0.05. Significant results are in bold.

In the first part of this study, participants with a higher PCB burden were compared with
background-burdened participants. It was tested whether participants with higher a PCB burden had
a higher probability for elevated DHEAS concentrations than background burdened (hypothesis 1a)
and whether there are differences in the probability for elevated or reduced cortisol concentrations
(research question 1a). Participants with higher exposure in LPCBs and dlPCBs had a higher risk of
elevated DHEAS concentrations compared to the background-burdened participants, but only at t2
(Table 4). With regard to cortisol, there was no higher risk of abnormal values, neither elevated nor
reduced concentrations, in the higher PCB-exposed group compared to the background-burdened
group (Table 4). The comparison of the mean concentrations of DHEAS (hypothesis 1b) and cortisol
(research question 1b) revealed that participants with higher LPCB exposure had a significantly higher
mean DHEAS concentration than participants with a normal LPCB body burden at t2 and t3 (Table 5).
Furthermore, participants with a higher body burden of dlPCBs showed significant higher DHEAS
concentrations at t2. Regarding the cortisol concentration, no significant mean differences between
the higher and background-burdened participants can be found in all three sampling time points.
According to these results, hypotheses 1a and 1b can be partially confirmed, but research questions 1a
and 1b could not be answered.

The second part focused on the linear association between the PCB body burden and the
concentrations of DHEAS (hypothesis 2) and cortisol (research question 2) for each sampling time
point. These cross-sectional analyses showed one significant positive correlation between LPCB body
burden and the DHEAS concentration for t2 (Table 6). No significant correlations were found for
HPCBs, dlPCBs and OH-PCBs and for all other sampling time points. The cortisol concentration was
not significantly associated with any type of PCB body burden. The results partially support the
postulated hypothesis and the research question could not be answered.

In the last part, the linear association between PCB body burden with DHEAS (hypothesis 3) and
cortisol concentration (research question 3) were tested over time controlled for the influence of the
sampling time point. The results of the mixed effect models confirmed the correlation between PCB
body burden and the DHEAS concentration for LPCBs (Table 7). For HPCBs, dlPCBs and OH-PCBs
no significant correlations were found with DHEAS. As in the analyses before, no association could
be found between any type of PCB and cortisol. The postulated hypotheses, again, were partially
confirmed for DHEAS, but the research question according to cortisol could also not be answered
under control for the sampling time points.



Int. J. Environ. Res. Public Health 2020, 17, 4708 9 of 19

Table 4. Risk analyses of abnormal DHEAS and cortisol concentration for higher- and
background-burdened participants (N = 112).

PCB-Exposure t1 t2 t3

PC %a (n) OR 95%-CI %a (n) OR 95%-CI %a (n) OR 95%-CI

DHEAS ↑
LPCB ≤95th 32.1 (9) 20.0 (7) 29.2 (14)

>95th 48.2 (40) 2.0 0.8–4.8 44.7 (34) 3.2 1.3–8.3 42.2 (27) 1.8 0.8–3.9
HPCB ≤95th 37.9 (22) 29.3 (17) 33.3 (17)

>95th 50.9 (27) 1.7 0.8–3.6 45.3 (24) 2.0 0.9–4.4 39.3 (24) 1.3 0.6–2.8
dlPCB ≤95th 35.4 (17) 26.9 (14) 31.5 (17)

>95th 50.8 (32) 1.9 0.9–4.1 45.8 (27) 2.3 1.0–5.1 41.4 (24) 1.5 0.7–3.3

DHEAS ↓
LPCB ≤95th 3.6 (1) 2.9 (1) 2.1 (1)

>95th 2.4 (2) 0.7 0.1–7.6 3.9 (3) 1.4 0.1–13.9 4.7 (3) 2.3 0.2–22.9
HPCB ≤95th 3.4 (2) 5.2 (3) 5.9 (3)

>95th 1.9 (1) 0.5 0.1–6.1 1.9 (1) 0.4 0.0–3.5 1.6 (1) 0.3 0.0–2.7
dlPCB ≤95th 4.2 (2) 5.8 (3) 5.6 (3)

>95th 1.6 (1) 0.4 0.0–4.2 1.7 (1) 0.3 0.0–2.8 1.7 (1) 0.3 0.0–3.0

Cortisol ↑
LPCB ≤95th 28.6 (8) 22.9 (8) 33.3 (16)

>95th 21.7 (18) 0.7 0.3–1.8 21.1 (16) 0.9 0.3–2.4 21.9 (14) 0.6 0.2–1.3
HPCB ≤95th 25.9 (15) 19,0 (11) 27.5 (14)

>95th 20.8 (11) 0.8 0.3–1.8 24.5 (13) 1.4 0.6–3.4 26.2 (16) 0.9 0.4–2.2
dlPCB ≤95th 22.9 (11) 19.2 (10) 33.3 (18)

>95th 23.8 (15) 1.1 0.4–2.6 23.7 (14) 1.3 0.5–3.3 20.7 (12) 0.5 0.2–1.2

Cortisol ↓ ≤95th 7.1 (2) 0.0 (0) 2.1 (1)
LPCB >95th 3.6 (3) 0.5 0.1–3.1 2.6 (2) - 1 - 1.6 (1) 0.8 0.1–12.2

≤95th 5.2 (3) 0.0 (0) 3.9 (2)
HPCB >95th 3.8 (2) 0.7 0.1–4.5 3.8 (2) - 1 - 0.0 (0) - 1 -

≤95th 6.3 (3) 0.0 (0) 3.7 (2)
dlPCB >95th 3.2 (2) 0.5 0.1–3.1 3.4 (2) - 1 - 0.0 (0) - 1 -

≤95th 7.1 (2) 0.0 (0) 2.1 (1)

Notes: PCB = polychlorinated biphenyls; LPCB = lower-chlorinated PCB; HPCB = higher-chlorinated PCB;
dlPCB = dioxin-like PCB; DHEAS = dehydroepiandrosterone sulfat; t1–t3 = sampling time point 1–3; PC = percentile;
n = frequency; OR = odds ratio; CI = confidence interval; ↑ = above reference range; ↓ = below reference range;
abnormal = above or below reference range. Significant ORs are in bold. 1 No odds ratio can be calculated, because
there are no cases in one cell.
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Table 5. Comparison of mean stress hormone concentrations between normal and higher-burdened participants (N = 112).

t1 t2 t3

PCB Body Burden 1 PCB Body Burden 1 PCB Body Burden 1

≤95th >95th
F df p η2 ≤95th >95th

F df p η2 ≤95th >95th
F df p η2

M (S.E.) M (S.E.) M(SD) M(SD) M (SD) M (SD)

LPCBs
DHEAS 7.0 (0.7) 8.1 (0.4) 2.2 1 0.07 0.02 6.3 (0.6) 7.7 (0.4) 3.5 1 0.03 0.03 6.0 (0.5) 7.4 (0.4) 4.3 1 0.02 0.04
Cortisol 411.4 (31.4) 416.1 (18.1) 0.2 1 0.45 0.00 447.6 (23.6) 441.0 (15.4) 0.1 1 0.41 0.00 427.0 (20.5) 430.1 (17.4) 0.0 1 0.46 0.00

HPCBs
DHEAS 7.6 (0.5) 8.1 (0.5) 0.5 1 0.25 0.01 6.9 (0.5) 7.6 (0.5) 1.3 1 0.13 0.01 6.4 (0.5) 7.1 (0.4) 1.1 1 0.15 0.01
Cortisol 416.7 (22.0) 413.0 (22.9) 0.1 1 0.46 0.00 443.5 (18.0) 442.4 (18.0) 0.0 1 0.49 0.00 416.4 (19.8) 439.2 (18.1) 0.7 1 0.21 0.01

dlPCBs
DHEAS 7.4 (0.5) 8.2 (0.5) 1.6 1 0.11 0.02 6.6 (0.5) 7.8 (0.5) 3.3 1 0.04 0.03 6.4 (0.5) 7.2 (0.4) 1.5 1 0.12 0.01
Cortisol 416.1 (24.0) 414.0 (21.3) 0.0 1 0.48 0.00 442.3 (19.0) 443.6 (18.1) 0.0 1 0.48 0.00 427.2 (19.3) 430.3 (18.8) 0.0 1 0.46 0.00

Notes: Controlled for age, albumin and smoking; t1–t3 = sampling time point 1–3; PCB = polychlorinated biphenyls, LPCB = lower chlorinated PCBs, HPCB = higher chlorinated PCBs,
dlPCB = dioxin-like PCBs; DHEAS = dehydroepiandrosterone sulfate; M = mean, SD = standard deviation; F = F-value; df = degrees of freedom, p = p-value (significance); η2 = ETA2

(effect size). 1 ng/g lipid. Significant results are in bold.

Table 6. Cross-sectional associations and associations over time between PCBs and DHEAS and cortisol from multiple linear regressions analyses (N = 112).

t1 t2 t3

ß T p R2 ß T p R2 ß T p R2

DHEAS
LPCB_t1 0.08 0.86 0.20 0.32 −0.17 −0.68 0.25 0.35 0.06 0.22 0.42 0.22
LPCB_t2 0.17 2.00 0.03 0.35 0.27 0.76 0.23 0.20
LPCB_t3 0.10 1.06 0.15 0.22

HPCB_t1 0.05 00.54 0.30 0.31 −0.34 −0.78 0.22 0.34 0.34 0.82 0.21 0.22
HPCB_t2 0.10 1.21 0.12 0.33 0.16 0.36 0.36 0.20
HPCB_t3 0.07 0.71 0.24 0.22

dlPCB_t1 0.06 0.74 0.23 0.31 −0.42 −0.92 0.18 0.34 0.27 0.51 0.31 0.22
dlPCB_t2 0.13 1.55 0.07 0.34 0.09 0.15 0.44 0.20
dlPCB_t3 0.09 0.99 0.16 0.22

OHPCB_t1 0.06 0.71 0.24 0.29 0.20 0.90 0.17 0.31 0.03 0.11 0.46 0.18
OHPCB_t2 0.09 1.05 0.15 0.31 −0.03 −0.12 0.46 0.17
OHPCB_t3 0.07 0.72 0.24 0.20

Cortisol
LPCB_t1 −0.01 −0.09 0.47 0.02 −0.51 −1.63 0.06 0.06 −0.05 −0.17 0.44 0.00
LPCB_t2 0.07 0.70 0.25 0.05 0.33 0.85 0.20 0.04
LPCB_t3 0.02 0.24 0.42 0.07
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Table 6. Cont.

t1 t2 t3

ß T p R2 ß T p R2 ß T p R2

HPCB_t1 −0.11 -1.06 0.15 0.03 −0.79 −1.52 0.07 0.06 −0.25 −0.53 0.30 0.01
HPCB_t2 0.02 0.23 0.41 0.04 −0.08 −0.17 0.44 0.04
HPCB_t3 0.02 0.16 0.44 0.07

dlPCB_t1 −0.08 −0.82 0.21 0.03 −0.45 −0.83 0.21 0.04 −0.28 −0.49 0.32 0.00
dlPCB_t2 0.01 0.13 0.45 0.04 −0.25 −0.38 0.36 0.04
dlPCB_t3 0.03 0.33 0.38 0.07

OHPCB_t1 −0.10 −0.95 0.17 0.04 −0.24 −0.90 0.19 0.04 0.26 0.92 0.18 0.01
OHPCB_t2 0.03 0.33 0.37 0.05 −0.29 −1.06 0.15 0.05
OHPCB_t3 −0.01 −0.09 0.47 0.06

Notes: Controlled for age, albumin and smoking; ß = standardized regression coefficient, T = T value of regression coefficients, R2 = explained variance, t1–t3 = sampling time point
1–3; PCB = polychlorinated biphenyls, NPCB = lower chlorinated PCBs, HPCB = higher chlorinated PCBs, dlPCB = dioxin-like PCBs, OHPCB = hydroxylated PCBs. Cross-sectional
associations are in the grey field. Significant results are in bold.

Table 7. Fixed and random effects of the association between PCBs and the stress hormone concentrations of DHEAS and cortisol (N = 112).

LPCBs HPCBs dlPCBs OH-PCBs
β t p β t p β t p β t p

DV: DHEAS
Fixed effect PCBs 0.09 1.83 0.04 0.08 1.67 0.05 0.08 1.59 0.06 0.08 1.50 0.07

Age −0.50 −8.51 0.00 −0.52 −9.48 0.00 −0.51 1.59 0.00 −0.50 −8.47 0.00
Albumin 0.13 2.59 0.01 0.13 2.65 0.01 0.12 −8.98 0.01 0.13 2.53 0.01
Smoking −0.02 −0.43 0.34 −0.03 −0.51 0.61 −0.02 2.59 0.66 −0.02 −0.032 0.38

R2 0.29 0.29 0.29 0.27
Random effect 1 Variance 0.00 0.00 0.00 0.00

Standard deviation 0.00 0.00 0.00 0.00
R2 0.00 0.00 0.00 0.00

DV: Cortisol
Fixed effect PCBs −0.00 −0.01 0.45 −0.02 −0.30 0.39 −0.03 −0.45 0.33 −0.02 −0.30 0.38

Age 0.03 0.65 0.26 0.04 0.66 0.25 0.04 0.56 0.29 0.04 0.58 0.28
Albumin −0.01 4.15 0.00 0.22 4.10 0.00 0.23 4.11 0.00 0.24 4.21 0.00
Smoking −0.01 −1.03 0.15 −0.06 −0.95 0.17 −0.06 −0.94 0.35 −0.04 −0.70 0.25

R2 0.05 0.05 0.05 0.06
Random effect 1 Variance 0.003 0.003 0.003 0.002

Standard deviation 0.06 0.06 0.06 0.04
R2 0.003 0.003 0.004 0.002

Notes: 1 random effect for sampling time point; PCBs = polychlorinated biphenyls, LPCBs = lower-chlorinated Biphenyls, HPCBs = higher-chlorinated PCBs; dlPCBs = dioxin-like PCBs,
OH-PCBs = hydroxylated PCBs; β = standardized regression coefficient, t = t-value, p = p-value (significance), R2 = R squared (explained variance). Significant results are in bold.
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4. Discussion

The aim of this study was to investigate the effects of PCBs on the stress hormones DHEAS and
cortisol. According to the literature, a positive association between PCB body burden and DHEAS
concentration was postulated. Furthermore, undirected research questions were formulated for the
associations between PCBs and cortisol because of prior inconsistent findings. To test the postulated
hypotheses and research questions, this study was structured in three parts.

Higher-burdened participants in LPCBs and dlPCBs have an approximately two- and three-fold
higher risk for elevated DHEAS concentrations compared to background-burdened participants.
The mean DHEAS concentration was also higher in the higher exposed group, but only for LPCBs and
dlPCBs. However, the findings concerning the mean differences must be interpreted with caution,
because there was a variance inhomogeneity, which could have had an impact on the effect size.
According to cortisol, no differences in risk or mean concentrations were found between the higher-
and background-burdened group. The linear association between PCB exposure and stress hormone
concentration was examined for each sampling time point. As in the first part, PCB exposure only
affected the DHEAS concentration, but not the cortisol concentration. At t2 an increase of the DHEAS
concentration could be observed with an increase of LPCB body burden. The same positive association
between LPCB exposure and the DHEAS concentration was found in the third part when controlling
for the sampling time points. As before, there was also no effect related to cortisol in the longitudinal
analyses. The results of this study confirmed previous studies that also found a positive association
between PCB exposure and DHEAS concentration, but none between PCB exposure and cortisol
concentration [2,15,16].

We found the clearest effects for LPCBs and DHEAS. Interestingly, LPCBs have a shorter half-life
than HPCBs and dlPCBs, which is the reason why they have often been reported to cause less damage
to health [35]. However, studies of work-related exposures show increased interest in LPCBs [36].
The relevance of LPCBs for work-related exposure results from the non-food-related intake of PCBs
(i.e., dermal or inhalative), which is mainly the path of exposure of LPCBs, and from the exposure
material itself. Many PCB mixtures commercially used in Germany, such as Clophen A30, Clophen
A40 or Aroclor 1242, contained high proportions of LPCBs [37]. Our study cohort consists of former
workers of a recycling company with an occupational PCB exposure. In this study, LPCBs consist of
congeners with less than six chlorine atoms. It may be that the degree of chlorination is important
for stress-hormone-related health effects. Additional analyses in this study support this. As can be
seen in Table A2 (Appendix D) in the supplement, there are positive associations of all considered PCB
congeners with less than six chlorine atoms and DHEAS. According to these associations, it can be
concluded that the degree of chlorination may be important in the elevation of DHEAS levels after
PCB exposure. This may also be an explanation for the inconsistent findings about the associations of
PCB exposure and DHEAS in research. Many studies use different types of PCBs for testing the effects
of PCBs on stress hormones and thus result in inconsistent findings, as different PCB congeners might
have different effects on stress hormones.

As reported before, in this study, PCBs show an effect on plasma DHEAS concentration, but not
on cortisol concentration. This result is in line with prior research, but the mechanism is not clearly
described. Both steroid hormones are synthesized and released in the adrenal cortex. However,
they are produced within the adrenal cortex in two different regions, cortisol in the zona fasciculata
and DHEA as well as DHEAS in the zona reticularis [38]. The difference of origin concerning the
morphological zones could be a possible explanation that only DHEAS is affected by PCBs and not
cortisol. It might be that PCBs only affect the zona reticularis in which DHEAS is produced.

The health consequences of an elevated DHEAS concentration after PCB exposure are difficult
to predict due to the not well-known physiological mechanisms and pathological effects of DHEAS
abnormalities [17]. However, DHEAS, as an antagonist of cortisol, is mostly attributed with
positive effects, such as the improvement of immune function or the stimulation of muscle and
bone formation [39]. Maninger et al. described that DHEAS inhibits genetically programmed cell death
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(apoptosis), which is necessary for subsequent cell proliferation [17]. However, if apoptosis does not
occur after a genotoxic lesion, in vitro studies have shown a growth advantage for tumor-promoting
and toxicologically influenced cells [40]. A relevant effect of DHEAS might be its apoptosis-inhibiting
property. Higher DHEAS concentrations after PCB exposure may be a mechanism for the development
of tumors and cancer after PCB exposure [18]. The results of this study give first hints of such an
underlying mechanism and recommend further investigation of DHEAS and the general physiological
mechanisms in the case of PCB-burdened cells focused on tumor development. Next to somatic
consequences in case of higher DHEAS concentrations, mental health problems can also occur. Uh et al.
found a non-linear correlation between the DHEAS concentration and the occurrence of depression of
varying severity [41]. Furthermore, Lee et al. considered DHEAS primarily as a biomarker for manic
symptoms and cognitive performance [42]. Future research should also investigate the role of elevated
DHEAS as a pathophysiological mechanism for depression after PCB exposure [43].

A particular strength of this work is its longitudinal design. This allows a causal interpretation of
the results and strengthens the described associations. Furthermore, mixed effect models were used to
maximize statistical power and to reduce potentially distorting, inter-individual changes by considering
random effects of the sampling time points. Because of the male study cohort, the generalizability of
the study results are limited in terms of their applicability to PCB-exposed women. However, by using
a male study cohort, biases according to gender-differences in stress hormone concentrations were
reduced. Gender does influence the amount of PCB burden as well as the concentrations of DHEAS
and cortisol [44,45]. The sample of 112 persons represents a well-founded size considering the fact of a
longitudinal design and the strict selection criteria used, such as occupational PCB exposure and the
exclusion of participants taking cortisol effective drugs. In addition, the use of mixed effect models
result in a higher statistical power that reduces biases of the sample size.

5. Conclusions

In conclusion, this was the first longitudinal study to investigate the potential exposure effects
of PCBs on the stress hormones DHEAS and cortisol in humans. The results reveal a causal positive
association between PCB exposure and subsequent DHEAS concentration, but not cortisol concentration.
Further research should investigate the mechanism behind the positive association between PCB
exposure and DHEAS increase in plasma.
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Appendix A

More detailed description of the detection of polychlorinated biphenyls (PCBs) and
hydroxylated biphenyls (OH-PCBs):

PCBs were analyzed by GC/MS according to a method published previously [46]. Briefly, 2 mL of
the plasma sample was deproteinized using formic acid. PCB 54 as well as 13C12-labelled internal
standards corresponding to each DL-congener were spiked into all plasma samples before extraction
for accurate quantification as required by the isotope dilution strategy. The PCBs were then cleaned up
on a silica gel column, concentrated under a gentle stream of nitrogen to 50 and 1 µL of this solution
is injected. Analysis was carried out on a Hewlett–Packard HP 6890 gas chromatograph equipped
with a Hewlett–Packard HP 7683 autosampler and a split/splitless injector operating in splitless mode.
A Hewlett–Packard HP Mass-Selective-Detector (MSD) 5975C Series mass-spectrometer fitted with
a single quadrupole mass filter was used in electron impact (EI) mode. The inlet purge off time
was 1.5 min. The operating temperature of the injector was 260 ◦C. Chromatographic separation
was performed using a HP-5-MS capillary column (crosslinked (5%-Phenyl)-methylpolysiloxane,
60 m × 0.25 mm I.D., 0.25 µm film thickness) purchased from Agilent Technologies (Waldbronn,
Germany). Helium 5.0 was used as the carrier gas at a constant flow of 1.0 mL/min. The initial column
temperature of 80 ◦C was held for 1 min, then raised at a rate of 25 ◦C/min to 120 ◦C and held for 1 min.
It was then raised at a rate of 8 ◦C/min to 190 ◦C, held for 4 min and finally raised at 8 ◦C/min to 300 ◦C,
remaining at this temperature for 10 min. For the mass spectrometric detection of the PCBs, an Agilent
MSD 5975C Series mass spectrometer fitted with a single quadrupole mass filter was used in electron
impact (EI) mode. EI mass spectra of the PCBs were obtained at an energy level of 70 eV and the
electron multiplier voltage was 2600 V (+800 rel.). The transfer line temperature was maintained at
300 ◦C.

The limit of quantification (LOQ) was determined to be 0.01 µg/L plasma for all analytes
investigated. A matrix-matched calibration curve was prepared in bovine serum in the range of
0.04–3 µg/L for all congeners that was processed like the unknown samples. For quality control
purposes, bovine serum was spiked with all analytes at a concentration of 0.4 µg/L and included in
every analytical series. The between-day imprecision of our assay has been determined to be in the
range of 2.4–8.3% for all congeners. Relative recovery for the analytes ranged from 88–105% at this
concentration. Additionally, a reagent blank was included in every analytical series. Due to an accurate
preparation of reagents and glassware, no PCB congeners could be detected in these reagent blanks
above LOQ. Accuracy of our results is assured by biannual successful participation in a round robin for
the determination of the indicator-PCBs in plasma in the environmental concentration range organized
in Germany (www.g-equas.de).

The analysis of OH-PCBs in plasma was performed by LC/MS/MS using online-solid phase
extraction after enzymatic deconjugation of glucuronides and sulfates as described previously [47].
Briefly, 100 µL of sample were injected into the turboflow C18-XL column (0.5 × 50 mm, Thermo
Scientific) as a pre-concentration and cleanup step using 3% MeOH in water as mobile phase at a flow
rate of 3 mL/min; target compounds were retained in the SPE phase (turboflow C18-XL column) and
after 0.5 min were backflushed onto a Kinetex PFP column (150 × 4.6 mm, 2.6 µm, Phenomenex) using
a gradient of water (A) and methanol (B) at a flow rate of 0.5 mL/min for separation and quantitation by
MS/MS. Tandem mass spectrometry was carried out on an API 5500 QTrap mass spectrometer (AB Sciex,
Darmstadt, Germany) equipped with an electrospray ionization (ESI) interface. The instrument was
operated in the negative ionization mode at −4500 V (ion spray voltage) and source temperature of
400 ◦C. The system was operated in multiple reaction–monitoring (MRM) transitions under optimized
mass spectrometry parameters. Quality control samples included a procedural blank, a spiked blank,
matrix blank and matrix spike with every sample set. Control samples were spiked at 3 different
concentrations (0.1, 1 and 5 ng/mL). Average recoveries for all compounds ranged from 95 to 107%,
with relative standard deviations (RSD) ranging from 1.30 to 16.7% [47].

www.g-equas.de
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Appendix B

Table A1. PCB-body burden of the included participants.

Variable
t1 t2 t3

Median Mean (SD) Min–Max Median Mean (SD) Min–Max Median Mean (SD) Min–Max

PCB 28 0.14 3.20 (17.4) <LOD–178.0 0.07 2.10 (11.8) <LOD–121.5 0.06 1.83 (11.0) <LOD–112.3
PCB 52 0.01 0.24 (0.9) <LOD–8.2 <LOD 0.14 (0.7) <LOD–6.6 <LOD 0.04 (0.1) <LOD–1.2
PCB 101 0.03 0.38 (1.0) <LOD–7.2 0.02 0.27 (1.3) <LOD–13.2 0.02 0.10 (0.2) <LOD–1.4
PCB 138 0.91 3.50 (7.8) 0.1–69.8 0.90 3.13 (6.9) 0.1–61.4 1.05 3.11 (6.3) 0.1–54.5
PCB 153 1.14 3.50 (7.2) 0.1–65.2 1.11 3.13 (6.5) 0.1–59.1 1.22 3.25 (6.2) 0.1–53.2
PCB 180 0.88 2.00 (3.8) 0.1–34.2 0.87 1.83 (3.5) 0.1–31.6 0.88 1.92 (3.2) 0.1–27.8
PCB 105 0.06 0.62 (1.67) <LOD–13.0 0.06 0.53 (1.5) <LOD–10.3 0.05 0.42 (1.2) <LOD–9.0
PCB 114 0.02 0.06 (0.13) <LOD–1.0 0.02 0.06 (0.1) <LOD–0.8 0.01 0.06 (0.1) <LOD–0.8
PCB 118 0.26 1.80 (4.43) 0.02–37.1 0.24 1.56 (3.8) 0.01–28.9 0.21 1.24 (3.0) 0.02–21.4
PCB 123 0.01 0.03 (0.07) <LOD–0.5 <LOD 0.02 (0.1) <LOD–0.5 <LOD 0.02 (0.04) <LOD–0.4
PCB 156 0.13 0.39 (0.73) <LOD–6.2 0.12 0.34 (0.7) 0.01–5.6 0.11 0.32 (0.5) <LOD–4.2
PCB 157 0.02 0.07 (0.11) <LOD–0.9 0.02 0.06 (0.1) <LOD–0.9 0.02 0.06 (0.1) <LOD–0.7
PCB 167 0.05 0.17 (0.36) <LOD–3.1 0.04 0.14 (0.3) <LOD–2.4 0.04 0.12 (0.2) <LOD–1.9
PCB 189 0.02 0.04 (0.07) <LOD–0.6 0.02 0.03 (0.1) <LOD–0.5 0.02 0.04 (0.1) <LOD–0.4

4OHCB3 0.01 0.01 (0.001) 0.01–0.03 0.01 0.01 (0.00) 0.01–0.01 0.01 0.01 (0.01) 0.01–0.01
4OHCB9 0.01 0.01 (0.03) 0.01–0.32 0.01 0.01 (0.02) 0.01–0.20 0.01 0.01 (0.02) 0.01–0.12

4OHCB15 <LOD 0.02 (0.09) <LOD–0.66 <LOD 0.02 (0.05) <LOD–0.43 <LOD 0.01 (0.05) <LOD–0.34
3OHCB28 0.04 0.09 (0.22) 0.01–2.13 0.01 0.11 (0.43) 0.01–3.54 0.07 0.08 (0.12) 0.01–1.16
4OHCB18 0.01 0.04 (0.17) 0.01–1.44 0.01 0.04 (0.09) 0.01–0.59 0.01 0.02 (0.04) 0.01–0.26
4OHCB61 0.03 0.26 (0.39) 0.03–2.54 0.03 0.09 (0.21) 0.03–1.29 0.03 0.20 (0.40) 0.03–3.14
4OHCB76 0.05 1.09 (2.05) 0.05–15.59 0.05 0.73 (1.79) <LOD–14.38 0.05 1.15 (1.89) 0.05–9.31

3OHCB101 0.01 0.16 (0.50) 0.01–4.00 0.01 0.15 (0.93) 0.01–9.50 0.01 0.03 (0.07) 0.01–0.48
4OHCB101 0.02 0.66 (2.10) 0.01–16.03 0.02 0.98 (7.07) 0.01–73.34 0.02 0.21 (0.47) 0.02–2.86

4OHCB107+108 0.28 2.05 (4.31) <LOD–23.66 0.27 1.80 (3.23) <LOD–17.02 0.22 1.36 (2.41) <LOD–11.06
3OHCB118 0.04 0.23 (0.56) <LOD–3.31 0.03 0.22 (0.51) <LOD–2.89 0.04 0.19 (0.34) <LOD–2.11

4OHCB130+138+146 0.08 0.21 (0.31) <LOD–1.66 0.09 0.21 (0.28) 0.02–1.49 0.08 0.18 (0.26) 0.02–1.92
3OHCB153 0.06 0.13 (0.19) <LOD–1.16 0.05 0.13 (0.21) <LOD–1.20 0.06 0.14 (0.23) <LOD–1.79

4OHCB172+180 0.02 0.04 (0.05) <LOD–0.31 0.01 0.03 (0.04) <LOD–0.22 0.01 0.03 (0.05) <LOD–0.31
4OHCB187 0.19 0.41 (0.68) <LOD–5.31 0.19 0.47 (0.77) <LOD–5.22 0.19 0.46 (0.76) <LOD–6.02

Notes: PCB = polychlorinated biphenyl; OH-PCB = hydroxylated biphenyl; t1–t3 = sampling time point 1–3; SD = Standard deviation; Min = minimum; Max = maximum; LOD = limit
of detection.
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Appendix D

Table A2. Cross-sectional Spearmans’ rank correlation coefficients between PCB congeners and DHEAS
and cortisol.

t1 t2 t3

# Chlorine Atoms DHEAS Cortisol DHEAS Cortisol DHEAS Cortisol

PCB 28 3 0.29 ** −0.06 0.34 ** 0.10 0.24 * −0.04
PCB 52 4 0.31 ** −0.04 0.36 ** 0.09 0.37 ** −0.13
PCB 101 5 0.32 ** −0.01 0.38 ** 0.05 0.26 ** −0.08
PCB 138 6 0.09 −0.04 0.14 0.04 0.10 −0.10
PCB 153 6 0.02 −0.04 0.07 0.03 0.04 −0.10
PCB 180 7 −0.10 0.00 −0.05 −0.00 −0.06 −0.09
PCB 105 5 0.22 * −0.08 0.27 ** 0.06 0.26 ** −0.04
PCB 114 5 0.21 * −0.04 0.24 * 0.09 0.22 * −0.11
PCB 118 5 0.18 −0.07 0.24 * 0.06 0.20 * −0.05
PCB 123 5 0.27 ** −0.09 0.30 ** 0.03 0.18 −0.05
PCB 156 6 0.00 0.01 0.06 −0.01 0.03 −0.13
PCB 157 6 0.04 −0.03 0.12 0.12 0.03 −0.14
PCB 167 6 0.12 −0.05 0.14 0.14 0.13 −0.10
PCB 189 7 −0.04 0.03 0.17 −0.03 −0.03 −0.08

Note: PCB = polychlorinated biphenyl; DHEAS = dehydroepiandrosterone sulfat; t1–t3 = sampling time point 1–3;.
** p-value (one-sided) < 0.01; * p-value (one-sided) < 0.05. Significant results are in bold.

References

1. Safe, S. Toxicology, structure-function relationship, and human and environmental health impacts of
polychlorinated biphenyls: Progress and problems. Environ. Health Perspect. 1992, 100, 259–268. [CrossRef]
[PubMed]

2. Persky, V.; Piorkowski, J.; Turyk, M.; Freels, S.; Chatterton, R.; Dimos, J.; Bradlow, H.L.; Kaatz Chary, L.;
Burse, V.; Unterman, T.; et al. Polychlorinated biphenyl exposure, diabetes and endogenous hormones: A
cross-sectional study in men previously employed at a capacitor manufacturing plant. Environ. Health 2012,
11, 57. [CrossRef]

3. UNEP. United Nations Environment Programme: Decision 18/32 of the UNEP Governing Council: Persistent
Organic Pollutants. 1995. Available online: http://www.pops.int/documents/background/gcdecision/18_32/

gc1832en.html (accessed on 15 November 2018).
4. Kraus, T.; Gube, M.; Lang, J.; Esser, A.; Sturm, W.; Fimm, B.; Willmes, K.; Neulen, J.; Baron, J.M.; Merk, H.; et al.

Surveillance program for former PCB-exposed workers of a transformer and capacitor re-cycling company,
family members, employees of surrounding companies, and area residents—Executive summary. J. Toxicol.
Environ. Health A 2012, 75, 1241–1247. [CrossRef] [PubMed]

http://dx.doi.org/10.1289/ehp.93100259
http://www.ncbi.nlm.nih.gov/pubmed/8354174
http://dx.doi.org/10.1186/1476-069X-11-57
http://www.pops.int/documents/background/gcdecision/18_32/gc1832en.html
http://www.pops.int/documents/background/gcdecision/18_32/gc1832en.html
http://dx.doi.org/10.1080/15287394.2012.709377
http://www.ncbi.nlm.nih.gov/pubmed/22994578


Int. J. Environ. Res. Public Health 2020, 17, 4708 17 of 19

5. Safe, S.; Hutzinger, O. Polychlorinated Biphenyls (PCBs) and Polybrominated Biphenyls (PBBs): Biochemistry,
Toxicology, and Mechanism of Action. CRC Crit. Rev. Toxicol. 1984, 13, 319–395. [CrossRef]

6. Schettgen, T.; Gube, M.; Alt, A.; Fromme, H.; Kraus, T. Pilot study on the exposure of the German general
population to non-dioxin-like and dioxin-like PCBs. Int. J. Hyg. Environ. Health 2011, 214, 319–325. [CrossRef]

7. Carpenter, D.O. Polychlorinated biphenyls (PCBs): Routes of exposure and effects on human health.
Rev. Environ. Health 2006, 21, 1–23. [CrossRef] [PubMed]

8. Faroon, O.M.; Samuel Keith, L.; Smith-Simon, C.; De Rosa, C.T.; World Health Organization. Polychlorinated
Biphenyls: Human Health Aspects. 2003. Available online: https://apps.who.int/iris/bitstream/handle/10665/

42640/9241530553.pdf (accessed on 5 December 2019).
9. Brouwer, A.; Longnecker, M.P.; Birnbaum, L.S.; Cogliano, J.; Kostyniak, P.; Moore, J.; Schantz, S.; Winneke, G.

Characterization of potential endocrine-related health effects at low-dose levels of exposure to PCBs.
Environ. Health Perspect. 1999, 107, 639–649. [CrossRef] [PubMed]

10. Meeker, J.D.; Hauser, R. Exposure to Polychlorinated Biphenyls (PCBs) and Male Reproduction. Syst. Biol.
Reprod. Med. 2010, 56, 122–131. [CrossRef] [PubMed]

11. Crinnion, W.J. Polychlorinated biphenyls: Persistent pollutants with immunological, neurological, and
endocrinological consequences. Altern. Med. Rev. 2011, 16, 5–13.

12. Fonnum, F.; Mariussen, E. Mechanisms involved in the neurotoxic effects of environ-mental toxicants such as
polychlorinated biphenyls and brominated flame retardants. J. Neurochem. 2009, 111, 1327–1347. [CrossRef]

13. Gaum, P.M.; Lang, J.; Esser, A.; Schettgen, T.; Neulen, J.; Kraus, T.; Gube, M. Exposure to polychlorinated
biphenyls and the thyroid gland–examining and discussing possible longitudinal health effects in humans.
Environ. Res. 2016, 148, 112–121. [CrossRef]

14. Hagmar, L.; Björk, J.; Sjödin, A.; Bergman, Å.; Erfurth, E.M. Plasma levels of persistent organohalogens and
hormone levels in adult male humans. Arch. Environ. Health 2001, 56, 138–143. [CrossRef]

15. Persky, V.; Piorkowski, J.; Turyk, M.; Freels, S.; Chatterton, R., Jr.; Dimos, J.; Bradlow, H.L.; Kaatz Chary, L.;
Burse, V.; Unterman, T.; et al. Associations of polychlorinated biphenyl exposure and endogenous
hormones with diabetes in post-menopausal women previously employed at a capacitor manufacturing
plant. Environ. Res. 2011, 111, 817–824. [CrossRef]

16. Sun, X.L.; Kido, T.; Honma, S.; Okamoto, R.; Manh, H.D.; Maruzeni, S.; Nishijo, M.; Nakagawa, H.; Nakano, T.;
Koh, E.; et al. Influence of dioxin exposure upon levels of prostate-specific antigen and steroid hormones in
Vietnamese men. Environ. Sci. Pollut. Res. 2016, 23, 7807–7813. [CrossRef]

17. Maninger, N.; Wolkowitz, O.M.; Reus, V.I.; Epel, E.S.; Mellon, S.H. Neurobiological and neuropsychiatric
effects of dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEAS). Front. Neuroendocr. 2009, 30, 65–91.
[CrossRef]

18. Lauby-Secretan, B.; Loomis, D.; Grosse, Y.; El Ghissassi, F.; Bouvard, V.; Benbrahim-Tallaa, L.; Guha, N.;
Baan, R.; Mattock, H.; Straif, K. Carcinogenicity of polychlorinated biphenyls and polybrominated biphenyls.
Lancet Oncol. 2013, 14, 287–288. [CrossRef]

19. Orentreich, N.; Brind, J.L.; Rizer, R.L.; Vogelman, J.H. Age changes and sex differences in serum
dehydroepiandrosterone sulfate concentrations throughout adulthood. J. Clin. Endocr. Metab. 1984,
59, 551–555. [CrossRef]

20. Raven, P.W.; Taylor, N.F. Sex differences in the human metabolism of cortisol. Endocr. Res. 1996, 22, 751–755.
[CrossRef]

21. Van den Berg, M.; Birnbaum, L.S.; Denison, M.; De Vito, M.; Farland, W.; Feeley, M.; Fiedler, H.; Hanberg, A.;
Haws, L.; Rose, M.; et al. The 2005 World Health Organization reevaluation of human and mammalian toxic
equivalency factors for dioxins and dioxin-like compounds. Toxicol. Sci. 2006, 93, 223–241. [CrossRef]

22. Bernert, J.T.; Turner, W.E.; Patterson, D.G., Jr.; Needham, L.L. Calculation of serum “total lipid” concentrations
for the adjustment of persistent organohalogen toxicant measurements in human samples. Chemosphere 2007,
68, 824–831. [CrossRef]

23. Schettgen, T.; Alt, A.; Esser, A.; Kraus, T. Current data on the background burden to the
persistentorganochlorine pollutants HCB, p,p-DDE as well as PCB 138, PCB 153and PCB 180 in plasma of
the general population in Germany. Int. J. Hyg. Environ. Health 2015, 218, 380–385. [CrossRef] [PubMed]

http://dx.doi.org/10.3109/10408448409023762
http://dx.doi.org/10.1016/j.ijheh.2011.04.002
http://dx.doi.org/10.1515/REVEH.2006.21.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16700427
https://apps.who.int/iris/bitstream/handle/10665/42640/9241530553.pdf
https://apps.who.int/iris/bitstream/handle/10665/42640/9241530553.pdf
http://dx.doi.org/10.1289/ehp.99107s4639
http://www.ncbi.nlm.nih.gov/pubmed/10421775
http://dx.doi.org/10.3109/19396360903443658
http://www.ncbi.nlm.nih.gov/pubmed/20377311
http://dx.doi.org/10.1111/j.1471-4159.2009.06427.x
http://dx.doi.org/10.1016/j.envres.2016.03.022
http://dx.doi.org/10.1080/00039890109604065
http://dx.doi.org/10.1016/j.envres.2011.05.012
http://dx.doi.org/10.1007/s11356-015-5931-3
http://dx.doi.org/10.1016/j.yfrne.2008.11.002
http://dx.doi.org/10.1016/S1470-2045(13)70104-9
http://dx.doi.org/10.1210/jcem-59-3-551
http://dx.doi.org/10.1080/07435809609043772
http://dx.doi.org/10.1093/toxsci/kfl055
http://dx.doi.org/10.1016/j.chemosphere.2007.02.043
http://dx.doi.org/10.1016/j.ijheh.2015.02.006
http://www.ncbi.nlm.nih.gov/pubmed/25777936


Int. J. Environ. Res. Public Health 2020, 17, 4708 18 of 19

24. Textor, J.; Hardt, J.; Knueppel, S. DAGitty: A graphical tool for analyzing causal diagrams. Epidemiology
2011, 22, 745. [CrossRef] [PubMed]

25. Persky, V.; Turyk, M.; Anderson, H.A.; Hanrahan, L.P.; Falk, C.; Steenport, D.N.; Chatterton, R.; Freels, S.;
Great Lakes Consortium. The effects of PCB exposure and fish consumption on endogenous hormones.
Environ. Health Perspect. 2001, 109, 1275. [CrossRef] [PubMed]

26. McKenna, T.J.; Fearon, U.; Clarke, D.; Cunningham, S.K. A critical review of the origin and control of adrenal
androgens. Best. Pract. Res. Clin. Obstet. Gynaecol. 1997, 11, 229–248. [CrossRef]

27. Thapa, B.R.; Walia, A. Liver function tests and their interpretation. Indian J. Pediatr. 2007, 74, 663–671.
[CrossRef]

28. O’Grady Milbrath, M.; Wenger, Y.; Chang, C.-W.; Emond, C.; Garabrant, D.; Gillespie, B.W.; Jolliet, O.
Apparent half-lives of dioxins, furans, and polychlorinated biphenyls as a function of age, body fat, smoking
status and breast-feeding. Environ. Health Perspect. 2009, 117, 417–425. [CrossRef]

29. Rohleder, N.; Kirschbaum, C. The hypothalamic–pituitary–adrenal (HPA) axis in habitual smokers. Int. J.
Psychophysiol. 2006, 59, 236–243. [CrossRef]

30. Baayen, R.H.; Davidson, D.J.; Bates, D.M. Mixed-effects modeling with crossed random effects for subjects
and items. J. Mem. Lang. 2008, 59, 390–412. [CrossRef]

31. IBM Corporation. IBM SPSS Statistics for Windows, Version 25.0; IBM Corporation: Armonk, NY, USA, 2017.
32. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:

Vienna, Austria, 2017.
33. RStudio Team. RStudio: Integrated Development for R; RStudio Inc.: Boston, MA, USA, 2016.
34. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. lme4: Linear mixed-effects models using Eigen and S4.

R Package Version. J. Stat. Softw. 2014, 1, 1–23.
35. ATSDR—Agency for Toxic Substances and Disease Registry. Toxicological Profile for Polychlorinated

Biphenyls (PCBs). 2000. Available online: https://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=142&tid=26
(accessed on 5 December 2019).

36. Schettgen, T.; Alt, A.; Schikowsky, C.; Esser, A.; Kraus, T. Human biomonitoring of polychlorinated
biphenyls (PCBs) in plasma of former underground miners in Germany—A case-control study. Int. J. Hyg.
Environ. Health 2018, 221, 1007–1011. [CrossRef]

37. Schulz-Bull, D.; Petrick, G.C.; Duinker, J. Complete characterization of PCB congeners in commercial Aroclor
and Clophen mixtures by multidimensional gas chromatography-electron capture detection. Environ. Sci.
Technol. 1989, 23, 852–859. [CrossRef]

38. Rainey, W.E.; Carr, B.R.; Sasano, H.; Suzuki, T.; Mason, J.I. Dissecting human adrenal androgen production.
Trends Endocrin. Metab. 2002, 13, 234–239. [CrossRef]

39. Shealy, N. A review of dehydroepiandrosterone (DHEA). Integr. Phys. Behav. Sci. 1995, 30, 308–313.
[CrossRef] [PubMed]

40. Bohnenberger, S.; Wagner, B.; Schmitz, H.-J.; Schrenk, D. Inhibition of apoptosis in rat hepatocytes treated
with ‘non-dioxin-like’ polychlorinated biphenyls. Carcinogenesis 2001, 22, 1601–1606. [CrossRef] [PubMed]

41. Uh, D.; Jeong, H.G.; Choi, K.Y.; Oh, S.Y.; Lee, S.; Kim, S.H.; Joe, S.H. Dehydroepiandrosterone sulfate level
varies nonlinearly with symptom severity in major depressive disorder. Clin. Psychopharm. Neurosci. 2017,
15, 163–169. [CrossRef]

42. Lee, S.-Y.; Wang, L.-J.; Chang, C.-H.; Wu, C.-C.; Chen, H.-L.; Lin, S.-H.; Chu, C.-L.; Lu, T.; Lu, R.-B. Serum
DHEA-S concentration correlates with clinical symptoms and neurocognitive function in patients with
bipolar II disorder: A case-controlled study. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2017, 74, 31–35.
[CrossRef]

43. Gaum, P.M.; Esser, A.; Schettgen, T.; Gube, M.; Kraus, T.; Lang, J. Prevalence and incidence rates of mental
syndromes after occupational exposure to polychlorinated biphenyls. Int. J. Hyg. Environ. Health 2014, 217,
765–774. [CrossRef]

44. Petrik, J.; Drobna, B.; Pavuk, M.; Jursa, S.; Wimmwerova, S.; Chovancova, J. Serum PCBs and organochlorine
pesticides in Slovakia: Age, gender and residence as determinants of organochlorine concentrations.
Chemosphere 2006, 65, 410–418. [CrossRef]

45. Young, E.; Korzun, A. Sex, trauma, stress hormones and depression. Mol. Psychiatr. 2010, 15, 23–28.
[CrossRef]

http://dx.doi.org/10.1097/EDE.0b013e318225c2be
http://www.ncbi.nlm.nih.gov/pubmed/21811114
http://dx.doi.org/10.1289/ehp.011091275
http://www.ncbi.nlm.nih.gov/pubmed/11748036
http://dx.doi.org/10.1016/S0950-3552(97)80035-1
http://dx.doi.org/10.1007/s12098-007-0118-7
http://dx.doi.org/10.1289/ehp.11781
http://dx.doi.org/10.1016/j.ijpsycho.2005.10.012
http://dx.doi.org/10.1016/j.jml.2007.12.005
https://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=142&tid=26
http://dx.doi.org/10.1016/j.ijheh.2018.06.006
http://dx.doi.org/10.1021/es00065a015
http://dx.doi.org/10.1016/S1043-2760(02)00609-4
http://dx.doi.org/10.1007/BF02691603
http://www.ncbi.nlm.nih.gov/pubmed/8788227
http://dx.doi.org/10.1093/carcin/22.10.1601
http://www.ncbi.nlm.nih.gov/pubmed/11576998
http://dx.doi.org/10.9758/cpn.2017.15.2.163
http://dx.doi.org/10.1016/j.pnpbp.2016.11.006
http://dx.doi.org/10.1016/j.ijheh.2014.04.001
http://dx.doi.org/10.1016/j.chemosphere.2006.02.002
http://dx.doi.org/10.1038/mp.2009.94


Int. J. Environ. Res. Public Health 2020, 17, 4708 19 of 19

46. Schettgen, T.; Gube, M.; Esser, A.; Alt, A.; Kraus, T. Plasma polychlorinated biphenyls (PCB) levels of workers
in a transformer recycling company, their family members, and employees of surrounding companies.
J. Toxicol. Environ. Health A 2012, 75, 414–422. [CrossRef]

47. Quinete, N.; Kraus, T.; Belov, V.N.; Aretz, C.; Esser, A.; Schettgen, T. Fast determination of hydroxylated
polychlorinated biphenyls in human plasma by online solid phase extraction coupled to liquid
chromatography-tandem mass spectrometry. Anal. Chim. Acta 2015, 888, 94–102. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/15287394.2012.674905
http://dx.doi.org/10.1016/j.aca.2015.06.041
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design 
	Study Population 
	Data Collection 
	Polychlorinated Biphenyls and Hydroxylated Biphenyls 
	Stress Hormones 
	Statistical Analyses 


	Results 
	Discussion 
	Conclusions 
	
	
	
	
	References

