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Abstract

Because polychlorinated biphenyls (PCBs) are thought to cause endocrine disruption, we
examined 438 adolescent boys from a birth cohort in the Faroe Islands, where PCB exposures are
elevated. We measured PCBs and p,p -dichlorodiphenyldichloroethylene (DDE) in cord blood and
in serum from clinical examination at age 14. Higher prenatal PCB exposure was associated with
lower serum concentrations of both luteinizing hormone (LH) and testosterone. In addition, sex
hormone binding globulin (SHBG) was positively associated with both prenatal and concurrent
PCB exposures. The PCB-SHBG association was robust to covariate adjustment. In a structural
equation model, a doubling in prenatal PCB exposure was associated with a decrease in LH of 6%
(p = 0.03). Prenatal exposure to PCB and DDE showed weak, non-significant inverse associations
with testicular size and Tanner stage. DDE was highly correlated with PCB and showed slightly
weaker associations with the hormone profile. These findings suggest that delayed puberty with
low serum-LH concentrations associated with developmental exposure to non dioxin-like PCBs
may be due to a central hypothalamo-pituitary mechanism.
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1. Introduction

Developmental exposure to polychlorinated biphenyls (PCBs) and related persistent
pollutants may cause testicular dysfunction in humans [1]. PCB congeners are known to
cause both neurotoxicity [2, 3] and endocrine disruption [4], the latter supported by
experimental demonstration of adverse effects on both testicular cells [5] and the
hypothalamus [6, 7]. Thus, PCBs may potentially exert adverse effects by affecting different
aspects of the hypothalamic-pituitary-gonadal axis [4, 7]. Among adverse outcomes, PCB
has been linked to decreases in serum concentrations of testosterone and other hormones,
and in reduced fertility and hormone-sensitive cancers [4, 8, 9].

Human PCB exposure also involves other persistent and lipophilic chemicals, such as p,p -
dichlorodiphenyltrichloroethane (DDT) and its more persistent metabolite p,p -
dichlorodiphenyldichloroethylene (DDE), both of which have also been implicated as
endocrine disruptors [4, 10]. Epidemiological studies may address the joint effect of
contaminant exposures, but linkage of adverse effects to specific exposures depends on the
extent of collinearity between the contaminants.

Susceptibility to endocrine disruption is likely to be the greatest when exposures happen
prenatally [11]. However, most epidemiological studies in this field are cross-sectional and
have examined the serum concentrations of PCBs and DDE at the same time as the clinical
assessment of testicular function [12, 13]. As the current serum concentration may not
reflect the causative exposure, which may have occurred decades ago during sensitive stages
of early development, such evidence cannot confirm or refute a hypothesis of endocrine
dysfunction.

The aim of the present study is to examine the association between prenatal exposures to
PCB and DDE and puberty development outcomes, including the reproductive hormone
profile. We chose to carry out this study in the Faroe Islands, where exposures to PCBs and
DDE are increased due to the traditional habit of eating pilot whale blubber [2]. Being at the
top of marine food chains, pilot whales accumulate persistent lipophilic contaminants,
especially PCBs and DDE [14]. We initiated a Faroese birth cohort in 1986-1987 and
carried out clinical follow-up at puberty age [2, 15, 16]. In our initial studies, lipophilic
contaminants were measured in cord tissue, but we have now determined the concentrations
in cord blood [17].

2. Material and methods

2.1. Cohort subjects

The Faroese birth cohort was collected consecutively at the three Faroese hospitals over a 21
month period 1986-1987 [18]. In total, 75% of all births in this period are included in the
cohort. The midwife collected a blood sample from the umbilical cord from almost all
cohort members. Cord blood was frozen and has now been analyzed for major PCB
congeners and DDE. At age 14 years, a total of 438 boys (out of 501 eligible members of the
original birth cohort) participated in clinical examinations carried out during two three-
month periods (i.e. twice a 3-month period) over a 15-month period. Following the clinical
examination, a venous blood sample was obtained, i.e., either at noon or 5 p.m. Serum was
isolated, and frozen at —70° C until analyses of reproductive hormones in Copenhagen [16].
Sufficient serum volume to allow hormone analyses was available for 402 subjects.

Clinical examinations were carried out by two pediatricians. Puberty development was
determined by Tanner stages for pubic hair (P1-P5) and genital development (G1-G5) [19].
Testicular volume in mL was assessed by use of an orchidometer [20], and, in a subgroup
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examined by one of the pediatricians, by ultrasound measurement. Height and body weight
were used to calculate the body mass index (BMI).

The protocol included written informed consent and was approved by the ethical review
committee of the Faroe Islands and by the institutional review board at the U.S. Institution.

2.2. Exposure assessment

Developmental exposure levels were determined from analysis of banked whole blood taken
from the umbilical cord from all birth cohort members [17]. Major PCB congeners and
related compounds were measured by gas chromatography with electron capture detection.
The total PCB exposure was estimated as twice the sum of serum concentrations of the most
prevalent PCB congeners 138, 153 and 180 [21]. This approximation is used because it
avoids problems with congener concentrations below the detection limit, and because
previous studies of the same cohort have shown that these three PCB congeners represent
about 50% of the total concentration of PCBs. Cord blood PCB concentrations were
expressed on a volume basis, as lipid analysis was not carried out. An average lipid
concentration of 3 g/L in cord blood can be used for lipid adjustment of volume-based
concentrations. Concentrations of PCB congeners in cord serum correlate well with those in
milk and maternal serum, but lipid-based concentrations in cord serum average about 60%
of those in the maternal circulation [22].

In addition, serum obtained at the clinical examination at age 14 years was also analyzed for
PCBs and DDE, and lipid-based concentrations were calculated as previously described
[16].

2.3. Analysis of reproductive hormones

Serum FSH and LH were measured by time-resolved immunofluorometric assays (Delfia;
PerkinElmer, MA, USA) with detection limits of 0.06 and 0.05 IU/L, respectively. Intra- and
interassay coefficient of variation (CV) were less than 5% in both gonadotropin assays.
Testosterone (T) was measured with the Coat-A-Count RIA kit (Siemens Healthcare
Diagnostics, CA, USA). The detection limit was 0.23 nmol/L and the intra- and interassay
CV were below 8% and 9%, respectively. SHBG was measured by time-resolved
immunofluorometric assay (Delfia; PerkinElmer, MA, USA) with a detection limit of 0.23
nmol/L, and intra- and inter-assay CVs were less than 5.1%. Inhibin B was determined using
a specific two-sided enzyme immunometric assay from Oxford Bio-Innovation Ltd.

(Oxford, UK). The sensitivity of the inhibin B assay was 20 pg/mL, and the intra- and
interassay CVs were less than 12% and less than 17%, respectively. For the results below
the detection limit (mainly T), we assumed that the result was the detection limit divided by
square root 2. All assays were validated in the analytical laboratory as previously described
[23, 24].

2.4, Statistical analysis

Both PCB and DDE concentrations showed a skewed Gaussian distribution, and tertile
groups were therefore formed. Logarithmic transformation of both exposure biomarkers and
of all hormone parameters, except for inhibin B was needed to approach a Gaussian
distribution of residuals to allow use of parametric methods. Correlation coefficients were
calculated as a first step, supplemented by partial coefficients. Multiple regression analysis
was then carried out both before and after adjustment for age, BMI, time of blood sample
(hormone concentrations), and examiner (testicular size and Tanner stage) and as potential
confounders selected a priori. In regard to testicular size, subjects with a history of
cryptorchidism (N = 28) were excluded. While Tanner stage in our previous study had
shown no association with the cord-tissue PCB concentration [16], adjustment for Tanner
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stage was considered in sensitivity analyses. We assessed associations both with the prenatal
and the concurrent PCB and DDE exposures. Generalized additive models were used to
estimate the possible linearity of the associations [25].

To explore the combined effect on the hormone profile, we used a structural equation model
[26, 27]. In this factor analysis approach, the outcome variables are considered as reflections
of the same latent variable representing the true endocrine disruption. The exposure
biomarkers are then considered as predictors of changes in the latent variable, as affected by
the covariates. The exposure parameters can also be combined into a latent exposure
variable. We have previously used this methodology [28-30], as information from multiple
exposures and multiple outcomes can be included simultaneously. This approach affords
greater statistical power and avoids the need for adjustment for multiple comparisons [30].
The appropriateness of the model fit was confirmed by comparing the expected and the
observed covariance in a 2 test.

Table 1 shows the main characteristics of the participants. The correlation coefficients
between log transformed concentrations in cord blood and adolescent serum were 0.40 for
PCB and 0.35 for DDE. PCB and DDE were highly correlated between the two sampling
occasions (r = 0.89 for cord blood and r = 0.79 for age-14 serum). Prenatal exposure to PCB
and DDE did not differ between subjects with and without a history of cryptorchidism.

Despite similarity in age, the boys showed much variability in regard to body proportions
and puberty development. Testicular size was measured in most boys (N = 327) by
orchidometer. Ultrasound assessments of testicular volumes in 107 boys correlated well with
orchidometry results (r = 0.90), which averaged 29% greater in the 60 boys with both
measures. Despite the narrow age range, testicular size was significantly associated with age
(r=0.20; p < 0.001). Prenatal PCB exposure showed a weak inverse association with
testicular size (r = —0.08; p = 0.14 after adjustment for age and examiner and exclusion of
subjects with history of cryptorchidism). The correlation with cord-blood DDE was similar
(r=-0.11; p = 0.07), while no such tendency was seen for the age-14 serum PCB and DDE
concentrations. When including adjusted ultrasound measures, testicular size was available
for 374 boys; associations were similar for these extended data. Regression analysis for
testicular size showed a decrease by 1.14 mL for a 10-fold increase both in PCB (p = 0.14)
and DDE (p = 0.07) after adjustment for age and examiner and exclusion of subjects with a
history of cryptorchidism.

Tanner stage was determined in 394 boys. The ten boys who had reached pubic stage 5 had
a geometric mean cord blood PCB concentration of 1.25 pg/L, as compared to the average
among all other boys of 1.95 pg/L (p = 0.07). Although exposures at stages 2—4 were fairly
similar and not significantly different, the overall inverse trend reached statistical
significance (r = —0.14; p = 0.014) for non-cryptorchid boys after controlling for age and
examiner, with the same result for DDE and for Tanner stage for genital development.
However, neither Tanner stage was associated with the concurrent concentrations of PCB or
DDE.

The reproductive hormone concentrations showed much variability, but all of them were
strongly associated with Tanner stages, T most strongly with the pubic hair stage (r = 0.73; p
< 0.001). The results were compared with the prenatal PCB exposure in tertile groups, i.e.,
with the lowest tertile below 1.45 pg/L and the highest above 2.72 ng/L (Table 2). Although
of borderline significance, LH, T, and SHBG showed exposure-associated differences
between the tertile groups, whereas no such tendency was seen for FSH and inhibin-B.
Exclusion of subjects with a history of cryptorchidism only marginally affected these results.
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Generalized additive models for PCB-associated changes in serum hormone concentrations
(Fig. 1) suggest that the relationships did not deviate substantially from linear.

Regression analysis was carried out with LH, T, and SHGB as dependent variables (Table
3). Adjustment for covariates changed the regression coefficients only marginally. The free
fraction of T, as expressed by the T/SHBG ratio (log transformed) showed the largest
relative change associated with prenatal PCB exposure, in agreement with the results for T
and SHBG. After additional adjustment of hormone concentrations for Tanner stage, all beta
values decreased numerically, the result only for SHBG remaining statistically significant
(beta = 0.06; p = 0.03). As hormone concentrations were log transformed, the largest beta
value (—0.245 for the T/SHBG ratio) suggests a decrease by about 43% at a 10-fold increase
in the PCB concentration, or about 16% for each doubling in PCB exposure.

The concurrent PCB concentration was associated only with the SHBG concentration (r =
0.19; p < 0.001). After adjustment for covariates, including BMI and Tanner stage, the
regression coefficient for PCB as a predictor of SHBG remained statistically significant
(beta = 0.080; p = 0.003). As both variables were log transformed, this value corresponds to
an increase in SHBG by about 6% for each doubling in the concurrent PCB exposure.

We also conducted regression analyses using the results for individual PCB congeners and
for DDE in cord blood. The results were similar to those obtained for the total PCB
concentration, and the associations could therefore not be reliably attributed to any particular
analyte. A small number of outliers were observed, but exclusion of these observations did
not materially change the results described above.

Structural equation analysis confirmed the tendency shown by the individual outcome
variables, and the model including T, SHBG and LH fit the data well (with the effect on
SHBG being in the opposite direction compared to the two others) (Table 3). When
expressed in terms of percent change in the latent variable on the LH scale, a 10-fold
increase in PCB resulted in a decrease of 18.5% (95% ClI, 1.9; 32.0). For a doubling in
exposure, the decrease in LH was approximately 6%. When DDE was used as the exposure
parameter, the effect was slightly less than for PCB. When both PCB and DDE were
included in the same latent exposure variable, the association with the outcome variable was
weaker than for PCB alone.

4. Discussion

The present study is unique, as it constitutes a prospective follow-up of consecutive births in
a fishing community with a substantial range of exposures to persistent lipophilic pollutants.
Increased prenatal exposures determined from cord blood concentrations of PCBs and DDE
were associated with slightly delayed puberty in the boys and an altered profile of serum
concentrations of reproductive hormones at clinical follow-up at age 14 years. Due to the
scheduling of clinical examinations during two three-month periods, the boys were
approximately the same age when examined, though in different stages of pubertal
development. The variability in development allowed assessment of possible PCB-
associated effects on puberty stage and hormone profile. While the correlations between
exposure and hormone data were attenuated after adjustment for Tanner stage, such
adjustment for a clinical parameter that is part of the same causal chain does not invalidate
the findings, but supports a potential causal linkage between the outcomes.

The lower serum concentrations of T and LH, and the higher SHBG suggest that endocrine
disruption due to developmental PCB exposure could be mediated via toxicity to the central
part of the hypothalamo-pituitary-gonadal axis, perhaps linked to central nervous system
toxicity, as demonstrated in experimental studies [6, 7]. This mode of developmental
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programming leading to delayed puberty would be in accordance with the lower
concentrations of both LH and T and higher SHBG. These associations differ from dioxin-
mediated effects that primarily result in a decreased serum-inhibin B concentration,
associated with an increase in FSH, thus clearly suggesting peripheral dysfunction of the
Sertoli cells [31]. In our study, inhibin B and FSH concentrations were not associated with
the PCB and DDE exposures. The associations observed in this study therefore cannot be
attributed to dioxin-related mechanisms. Whether or not any central PCB-mediated effects
persist into adult life remains to be seen.

The PCB-associated increase in SHBG showed a different pattern than other endocrine
parameters assessed, as SHBG alone was associated also with the current PCB exposure. As
also observed in the present study, this parameter decreases with the progress of puberty
[32], but it is influenced by multiple other factors, such as IGF-I, thyroid hormones and
insulin [33]. Still, the positive association between PCB and SHBG remained after
adjustment for covariates, even including Tanner stage. Positive associations with PCB
exposure have also been reported in cross-sectional studies of adult men [8, 34, 35]. PCBs
are known to affect a variety of liver functions [36], and PCB-induced hepatic SHBG
synthesis could therefore play a possible role, although this possibility remains to be
substantiated.

The PCB exposures in the Faroes are elevated in comparison with other birth cohorts [37]
due to the traditional habit of eating pilot whale blubber. As PCB and DDE exposures
originate from the same source, the high collinearity between their serum concentrations,
and between PCB congeners amongst themselves [17] is not surprising. However, the close
correlation between exposure parameters precludes any conclusion in regard to the specific
causality or mechanism underlying the correlations observed. Due to the weaker DDE
associations with the hormone concentrations, this contaminant would be unlikely to
account for the PCB-related changes in this study. Even dioxin-like PCB congeners showed
associations with the outcomes that were similar to those reflected by the total PCB
concentration. However, dioxin exposures as such are not elevated in the Faroes [21].

We previously reported that the occurrence of spermaturia in 58 out of 176 boys from the
same cohort was not associated with the PCB concentration in the umbilical cord tissue, but
that spermaturia was associated with Tanner stage and testicular size [16]. Boys with
spermaturia had increased serum concentrations of T and LH, while SHBG was lower than
in boys without spermaturia [16]. In concert with these observations, the present study
suggests that developmental PCB exposure may not have a direct effect on Sertoli cells and
spermatogenesis, which may be more sensitive to developmental dioxin exposure [31].

Few other studies have evaluated prenatal contaminant exposures and pubertal outcomes.
Developmental exposure to PCBs at lower levels seems not to affect pubertal timing in boys
[38], although reduced penile length has been reported at high levels of exposure [39].
However, we are not aware of other studies on adolescent reproductive hormone
concentration associated with prenatal PCB exposure.

Support of the present findings is available from experimental studies. Thus, /n vitro
exposure of human fetal penile cells to highly persistent PCB congeners caused down-
regulation of genes involved both in LH and testosterone production [40]. In adult male rats,
PCB exposure caused a decreased density of Leydig cell LH receptors and a lower 17-
hydroxysteroid dehydrogenase expression, thereby leading to a decreased LH-stimulated T
production [5]. In female rats developmentally exposed to PCBs, abnormalities in serum-LH
concentrations were found, even in the F2 generation [41]. In female lambs developmentally
exposed to PCB-118 or PCB-153, an increased LH secretion was observed in response to
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administration of gonadotropin releasing hormone [42]. This observation suggests that
decreases in both T and LH, as seen in our study, could be due to a central deficit.
Neurotoxicity associated with developmental PCB exposure has been well documented [2,
3], although the mechanisms affecting gonadotropin releasing hormone release are poorly
known.

At this point, the long-term implications of our results are difficult to predict, as the cohort
members at the time of examination were only in mid-puberty. However, the endocrine
dysfunction observed in this study could possibly lead to deficits in male reproductive
development and secondary sex characteristics. The average PCB exposure in the Faroes is
elevated, and the wide range of exposures provided statistical power to detect relatively
small changes. Future studies should aim at further specifying the dose dependence and
differences between effects associated with dioxin-like compounds and PCBs that are not
dioxin-like.

5. Conclusions

In adolescent boys with increased prenatal exposure to non dioxin-like PCBs, the cord blood
PCB concentration was inversely associated with serum concentrations of T and LH at age
14 years. Weak, non-significant inverse associations with testicular size and Tanner stage
were also seen. These findings from a prospective birth cohort study suggest that endocrine
disruption associated with developmental exposure to non dioxin-like PCBs may be due to a
central mechanism, perhaps linked to neurotoxicity. The possible persistence of such effects
may be determined by further follow-up of the cohort into adulthood.
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Generalized additive models for the covariate-adjusted cord-blood PCB concentration as a
predictor of serum-hormone concentrations in 451 boys at age 14 years.
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Main characteristics of boys from a Faroese birth cohort who participated in clinical examinations at age 14

Table 1
years.
Number Mean + SD
Age at examination (years) 438 13.82+0.31
BMI (kg/m?) 438 20.26+3.80
Mean testicular size (mL) *
Orchidometer 327 9.4+4.5
Ultrasound 107 7.2+3.6
Combined ™ 374 9.4+4.4
Time of blood sample (noon/5 pm) (number) 438 233/205
Tanner stage (number)
Pubic hair (2/3/4/5) 394 129/115/140/10
Genital development (2/3/4/5) 394 87/136/159/12
Cord blood-PCB (ng/mL) ™ 433 1.93 (1.16-3.16)
Cord blood-DDE (ng/mL) o 433 0.88 (0.49-1.57)
Age-14 serum-PCB (ng/g lipid) o 405 0.85 (0.49-1.56)
404 0.56 (0.29-1.14)

Age-14 serum-DDE (p.g/g lipid) e

*
Subjects with history of cryptorchidism excluded

Hok

Missing orchidometer measures were substituted by adjusted ultrasound measures

Hokoh

Geometric mean with interquartile range in parenthesis
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Table 2

Serum hormone concentrations and other pubertal development parameters (meanSD) in Faroese boys at 14
years of age in tertile groups of PCB concentrations in umbilical cord blood (ng/mL).

1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Low (N = 144) Intermediate (N = 143) High (N = 146)
Age (years) 13.8+0.3 13.8+0.3 13.8+0.3
Height (cm) 164.4+8.2 163.9+8.0 163.9+ 8.6
Weight (kg) 543+11.0 541+11.1 53.8+11.9
BMI (kg/m2) 20.0 +3.4 20.0+33 19.9+33
Testicular size (mL) ™ 9.9+44 9.44.7 9.1+4.4
Tanner stage (pubic) * 3.19£0.90 3.09 £0.90 2.95£0.84
Tanner stage (genital) 3.32+0.85 3.28+0.82 3.14+0.82
LH (UL §* 1.40 (0.77-2.54) 1.32 (0.79-2.34) 1.16 (0.64-2.28)
FSH (IUL) § 2.38 (1.59-3.40) 2.41 (1.54-3.40) 2.21(1.49-3.27)

Inhibin B (pg/mL)
T (nmoliL) §

SHBG (nmol/L) 5™
T/SHBG ratio

177 £ 66
3,51 (1.70-9.98)

47 (34-68)

0.073 (0.027-0.26)

168 + 67
3.35 (1.59-10.38)

50 (37-69)

0.067 (0.025-0.24)

178 + 68
2.48 (1.21-9.12)

54 (38-73)

0.047 (0.021-0.21)

*
p < 0.05 for trend; in addition, 0.05 < p <0.10 for LH, SHBG, and genital Tanner stage

§Geometric mean with interquartile range in parenthesis

Hok

Subjects without a history of cryptorchidism
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Table 3

Regression coefficients (p values) for the cord blood PCB concentration as predictor for serum concentrations
of LH, T, and SHBG before and after adjustment for age, BMI, history of cryptorchidism and time of blood
sampling. In addition, the joint effect on the three hormone parameters has been assessed in a structural
equation model. All parameters are log transformed.

Unadjusted Adjusted™

LH (IU/L) -0.119(0.037)  -0.134 (0.023)
T (IUIL) -0.133(0.117)  -0.154 (0.069)
SHBG (nmol/mL) 0.090 (0.008)  0.092 (0.003)
T/SHBG ratio -0.223 (0.033)  —0.245 (0.016)
Latent hormone profile ™ ) ~0.088 (0.030)

*
Expressed in terms of LH, as determined by structural equation model

+
Covariates were age, BMI, and time of blood sampling
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