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Abstract
Endocrine disruption has become a significant human health concern, but is difficult to study outside
of the laboratory for several reasons including the multiplicity of exposures, the difficulty in assessing
each exposure, and the variety of possible outcomes among human populations. This review
summarizes our studies of the relationships of measured persistent organic pollutants (PCBs, p,p′-
DDE, HCB and mirex), and heavy metals (lead and mercury), to outcomes directly related to thyroid
function and sexual maturation. These studies were conducted in a sample of Native American youth
from the Akwesasne Mohawk community. The participants were first studied during puberty (10–
16.9 years of age) and then at approximately 18 years of age. Results from these studies show that
PCB levels are positively related to TSH and negatively to free T4. Further, these effects are
conditioned by breastfeeding history. Anti-thyroid peroxidase antibody levels also are related to PCB
levels suggesting elevated risk of autoimmune disease among the exposed. Earlier age at menarche
is associated with higher PCB levels while risk of delay is associated with higher lead levels. Some
evidence that the timing of exposure produces different effects is presented, and the level of exposure
in the participants suggests that effects observed may be relevant to a considerable proportion of the
US population. Further investigations are warranted to determine effect thresholds and mechanisms.
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Introduction
Widespread concern over the potential effects of persistent organic pollutants (POPs) has been
growing for decades, largely due to scientific information from studies of wildlife, carefully
controlled laboratory experiments, and associations in human populations between POP
exposures with some health related outcomes. Persistent organochlorines are lipophilic, slow
to metabolize, and bioaccumulate in animal, bird, and human fat tissue over a lifetime.
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Exposure to these pollutants usually occurs through ingestion of contaminated water, food, or
inhalation of air, and can occur prenatally through passage across the placenta, or post-natally
by lactation or food consumption [1].

In recent years, scientific publications and the popular press have raised concern that certain
POPs, specifically polychlorinated biphenyls (PCBs), hexachlorobenzene (HCB), and p,p′-
dichlorophenyldichloroethylene (DDE), a metabolite of DDT, may have adverse effects on
mammals, including humans, and other wildlife by disrupting the endocrine system [2–8].
These exogenous agents can mimic or antagonize natural hormones in the body that are
instrumental in controlling myriad functions including growth and development, maturation,
metabolism, and reproduction [9].

Additionally, compared to adults, the fetus and child have different sensitivities and reactivities
to toxicants [10]. The most obvious examples are exposures to methyl mercury, to alcohol and
to diethylstilbestrol which produce quite different effects in the fetus than in the adult [11].
Thus, there is concern that exposure to POPs and consequent hormonal disruption in a fetus
or young child may be irreversible, and produce physiological programming with a wide range
of possible effects that may arise later in life.

Laboratory evidence of endocrine-like effects is extensive, showing alterations in synthesis,
metabolism, distribution, and clearance [12–26]. Predicting effects of toxicants in humans is
problematical. While animal studies usually involve single exposure models, humans are
subject to daily, multichemical exposure. Also, doses used in laboratory studies may not be
comparable to humans’ exposures.

Experimentation on humans in this area is understandably unethical. Studies of human
populations must consider the multiple exposures to toxicants (in contrast to the single exposure
models most common in laboratory work), the developmental stage(s) of the sample, and the
myriad effects possible from exposure at different development stages and from different levels
of exposure. Furthermore, most studies of human populations are retrospective making
exposure assessment problematic: summary measures cannot distinguish exposures by stage
of development and measures that capture recent exposure cannot assess exposure at potentially
early, critical stages of development.

Despite all the limitations associated with studies of human populations, the results from in-
laboratory studies and the reality of potential effects on human health warrant continued
research with humans. Over the past 15 years we have conducted two studies in partnership
with the St Regis/Akwesasne Mohawk community, Hogansburg, NY. In these projects we
were able to measure multiple toxicants and thereby capture some of the exposure complexity
of human populations. By focusing on youth and adolescents, we were able also to address
questions of sexual development, among others. Here we describe the results of these
investigations that address the issue of human health effects. This article summarizes our
publications reporting analyses of thyroid hormone levels, sexual maturation, and related
outcomes in relation to specific persistent organic pollutants, all based on a study of young
members of the Akwesasne Mohawk Nation who have experienced exposure from local
industrial sources of pollutants through contamination of local waterways. Three main
questions were addressed by this research: 1) Are current PCB levels of youth associated with
levels of hormones involved in thyroid hormone activity (TSH, T4, T3, FT4)? 2) Is current
PCB level of young adults associated with a marker of autoimmune disease, specifically
antithyroid antibody level? and, 3) Is variation in current PCB levels of youth associated with
variation in sexual maturation, specifically, age at menarche? For each of these questions we
also seek to learn if specific PCB congeners are more closely associated with the outcomes
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than other PCB congeners, and if so, what is the meaning of these differences with regard to
timing of exposure?

Methods
Sample

The Akwesasne Mohawk Nation is situated on the St. Lawrence River with territory abutting
New York State, Ontario and Quebec, Canada. Residents of the community live within the
boundaries of the St. Regis Mohawk Reservation/Reserve, and in neighboring communities
that are part of traditional Mohawk territory, including Bombay, Fort Covington, Hogansburg,
Massena, Rooseveltown (NY), and in Cornwall, Ontario. Recent reports indicate a population
of approximately 12,000 –13,000 [27–29], however, Akwesasne is not a federally censused
population and published estimates of the Akwesasne community’s population size vary.

Several industrial complexes are located near Akwesasne, a result of industrial development
along the St. Lawrence River which began in the 1950s. The Akwesasne Mohawk Nation is
located downstream of a National Priority Superfund Site (General Motors Central Foundry
Division), and two New York State Superfund Sites (Reynolds Metal Company and Aluminum
Company of America); all aluminum foundries, that have contaminated the St. Lawrence River
and its three tributaries with PCBs, p,p′-DDE, HCB, mirex, and heavy metals (mercury and
lead). In the mid-1980s, local species of fish, birds, amphibians and mammals were found to
have levels exceeding the US Food and Drug administration’s tolerance limits for human
consumption [30,31], leading to advisories against the consumption of fish and game in the
late 1980s and early 1990s [28,32]. It is believed that postnatal exposure to toxicants is largely
from the consumption of locally caught fish [33]. However, there is some evidence that
exposure from other sources occurs also [1].

Data Collection
Two cross-sectional studies were conducted by the University at Albany and the Akwesasne
Mohawk Nation. The first, the Mohawk Adolescent Well Being study (MAWBs), was
conducted between 1995 and 2000, and involved 271 youth between the ages of 10 and 16.99
years (48% males; 52% females). The second study, the Young Adult Mohawk Study
(YAWBs), was a follow-up of participants in the earlier project. Participants were between 17
and 20 years of age, and numbered of 153 individuals. Of the MAWBs participants who were
eligible, 25% were lost to follow-up and 9% refused to participate. The participation rate was
66%. It differed slightly by gender (males 40% and females 60%); the loss of male participants
was greater. Table 1 illustrates the number of participants (by sex) for both studies with regard
to the published articles summarized in this review.

Written informed consent was obtained from the children’s parents/guardian and assent was
gained by the participating minor. The study protocols were reviewed and approved by the
Institutional Review Board at the University at Albany, S.U.N.Y. Details of recruitment and
sampling have been reported earlier for MAWBS [11] and YAWBS [34]. In brief, eligibility
required not being a twin, not diagnosed with a psychological or physical impairment, and not
diagnosed with fetal alcohol syndrome or effects. These last two were disqualifiers for a
component study investigating effects of toxicants on cognition [35], that are not described
here. Sample sizes for the analyses described below vary slightly depending on the outcome
and variables needed as covariates in multivariate analyses.

All data were collected by members of the Akwesasne Nation, without prior knowledge of
participants’ exposure status. In MAWBs each adolescent participant and their mother (or
guardian) completed socio-demographic interviews and questionnaires, providing information
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about their family background, as well as their diet, breastfeeding and reproductive history,
educational status, occupational status and living environment. In consultation with their
mother, a semi-quantitative food frequency developed by the National Cancer Institute and
Block Dietary Data Systems [36–38] was administered by Mohawk data collection staff and
completed. For each food item or group of foods (i.e., squash, leafy vegetable, dairy)
participants are asked to recall how frequently they consumed the food over a given time period
(per day, in a week, in a month, less than once a month, never), and asked to identify their
typical serving size. Data from the semi-quantitative food frequency was entered into DietSys
4.0 [38]. DietSys estimates nutrient intakes for 33 major nutrients (macro and micro), as well
as intakes of specific foods and food groups. The intake frequencies and nutrient levels
calculated by DietSys were imported into the Statistical Package for the Social Sciences
(SPSS–15) for statistical analysis [39].

For both studies, fasting blood specimens were collected at first rising by trained Mohawk staff
and provided material for analysis of six toxicants (mercury, lead, PCBs, p,p′-DDE, HCB, and
mirex), and clinical chemistry assays including but not limited to lipid panels and thyroid
hormones. In MAWBs blood was collected when the participant entered the study, and was
between 10 and 16.99 years of age. In YAWBs, blood collection occurred when the participant
was near 17 years of age.

PCB and organochlorine pesticide analyses were conducted at the University at Albany’s
Exposure Assessment Laboratory. High resolution, ultratrace, congener-specific analysis was
performed by parallel dual-column (splitless injection) gas chromatography with electron
capture detection on an Agilent 6890 instrument, quantitating up to 83 individual PCB
congeners and 18 PCB congeners as pairs or triplets, with detection limits in the low ppt range
for individual congeners. Complete details of the current laboratory protocol for PCB analysis
and recent data on laboratory performance have been published [40,41]. Data were expressed
on a whole-weight basis (i.e., not lipid-adjusted). Individual chlorinated biphenyl (CB)
congeners are identified according to the IUPAC numbering system [42,43]. Analyses of
mercury and lead were conducted by Le Centre de Toxicologie du Quebec in Sainte-Foy,
Quebec Canada. Blood lead was analyzed by Zeeman-corrected graphite furnace atomic
absorption spectrometry. Mercury analysis employed cold-vapor atomic absorption
spectrometry and levels are reported as the sum of organic and inorganic mercury in
micrograms per deciliter. Clinical chemistry assessment for MAWBs was performed at the
Clinical Chemistry and Hematology Laboratory, Wadsworth Center for Laboratories and
Research, New York State Department of Health (Albany, NY). For YAWBs, assessment of
clinical chemistries and lead were performed at the clinical laboratories of the Albany Medical
Center in Albany, NY. Both laboratories are New York State and CLIA accredited laboratories,
and meet all proficiency requirements.

Statistical analysis
Toxicants

In both studies, many of the congeners were detected in only a portion of the sample. The
undetected values were treated in two ways: 1) following common practice, any individual
datum of an organochlorine (OC) that was below minimum detection level (mdl) was replaced
with the midpoint value between zero and the mdl of each compound or congener (mdl/2); and
2) following the U.S. EPA recommendation for estimating values for distributions of non-
detectable amounts of toxicants in tissue or fluid samples [44], employing the formulae
described by Gupta (1952) [45]. For a detailed description of this method, please see Schell et
al. 2003 [11].
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Due to the intercorrelation of certain congeners, we felt it would be inappropriate to test each
congener for effects on biological parameters. Thus, we used an approach recommended by
and consistent with toxicologists and other researchers whereby congeners were grouped
according to theories of congeners’ behavior based on their structure [1,46,47]. In addition,
the distribution of values for groups of congeners has better statistical properties than individual
congeners. For the purpose of our analyses, grouping was done according to either their
persistence (half-life in mammalian tissue) reflecting history of exposure, and by estrogenic
properties as determined by laboratory testing. The grouping system employed was matched
for each biological outcome being tested, and the groupings are defined with the analysis of
each outcome below. To correct for skewness and normalize the distributions, lead, mercury,
PCBs, p,p′-DDE, and HCB were natural log transformed.

To test for any problems due to potential collinearity between the toxicants, for each analysis
involving multiple toxicants, we checked every result from each multivariate analysis by re-
running the analysis with only one toxicant and checking for changes in effect size and
direction. We found no problems resulting from collinearity.

Menarche
Menarche was measured as present or absent based on self-report at the time of interview and
blood sample collection (see [48]). Probit analysis [49], utilizing the status quo method
(presence or absence of menses and the age at the time of interview) was used to calculate an
estimation of median age at menarche for the sample. One hundred and forty females completed
the study, of which 138 had complete data for this analysis.

To test the relationships between lead, mercury, PCBs, DDE, HCB, and mirex, and the
attainment of menarche, binary logistic regression analysis was used controlling for age and
SES (socioeconomic status). As a proxy for SES status, a weighted index was created in
consultation with Akwesasne community members, and was calculated from maternal
education, marital status, employment and living environment (house size and condition), and
the number and age of household motor vehicles (for details, see [48]).

All continuous independent variables were mean centered, and squared terms were included
to test for nonlinear effects. An alpha level of 0.1 was chosen for inclusion of nonlinear terms.
An alpha level of 0.05 was used for testing all other effects. Squared terms that were maintained
in the model and their corresponding variable main effects were tested at several toxicant levels.

Given the large number of specific PCB congeners detected in our sample, the number of
possible independent variables was reduced to include only those congeners shown to have
endocrine like properties by toxicological laboratory studies. Sixteen specific congeners
detected in 50% or more of the sample was grouped using results from laboratory
experimentation [46,50] resulting in one group of estrogenic congeners: the sum of PCB
IUPAC#s 52, 70, 101, 187.

Thyroid hormones and anti-thyroid peroxidase antibody
In MAWBs, we investigated whether past, chronic exposure of different groupings of PCBs,
and of p,p′-DDE, HCB, mirex, lead (Pb), and mercury (Hg), were associated with alterations
in levels of thyroid-stimulating hormone (TSH), triiodothyronine (T3), total thyroxine (TT4),
and free thyroxine (fT4) among 232 older children and adolescents. Multiple regression
analysis was used to examine the effect of each toxicant on thyroid hormones while controlling
for all other toxicants, sex, age, triglycerides, cholesterol, breastfeeding, the time of day when
blood was collected, and the duration of time between interview and blood draw as well as a
PCB-by-breastfeeding interaction. Covariates were chosen on the basis of bivariate
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associations (p < 0.1, t-tests, and correlations) with thyroid hormones and/or PCBs (for more
detail, see [51]).

In YAWBs, we examined the relationship of different groupings of PCBs and other
organochlorines, to anti-thyroid peroxidase antibody (TPOAb) among 115 young adults of the
Akwesasne Mohawk Nation [34]. PCB congeners were grouped according to chlorination and
structure. TPOAb is a marker of thyroid dysfunction, and a risk factor for autoimmune disease,
with a high predictive value [52–56]. Two protocols for the analysis of TPOAb levels were
employed by our laboratory resulting in two different laboratory reference ranges.
Consequently, observed TPOAb values were converted to z-scores for each protocol and
thereby standardized, and then were combined as one sample for statistical analysis [34].
Multivariate regression analysis was performed to examine the effect of each toxicant on
TPOAb while controlling for covariates and stratifying by breastfeeding status. Covariates
were chosen on the basis of bivariate associations (p<0.1, t-tests and correlations) with TPOAb
and/or PCBs.

Results
Toxicant Levels

Of the 16 congeners detected in 50% or more of the MAWBs sample, eight were considered
highly persistent given the substitutions at both para positions, five were mono-ortho
substituted, and 11 are di-ortho substituted. Only p,p′-DDE and HCB were detected in 100%
and 97.8% of the sample, respectively. None of the participants had a lead level at or above 10
μg/dL, the current level of concern in the U.S (mean = 1.31 μg/dL). Of the 94% of youth with
detectable mercury levels, only one participant had a mercury level above 0.5 μg/dL, the blood
level associated with health effects in humans [57]. Overall, POP levels (primarily PCBs) were
consistent with a pattern of both cumulative and recent exposure [11].

There is a paucity of data for comparison of PCB levels in young Akwesasne youth with other
age-comparable and non-occupationally exposed samples. Until recently, the most age-
comparable samples were ones that had been studied because of suspected high exposure
[58], or that had been hospitalized [59]. These cohorts are far from appropriate comparison
groups because they are not representative of the general population. PCBs 118, 138, 153, 170,
180, 183, 187 are seven of the most common and frequently measured congeners [1,60,61],
and are the most often included in tables of comparison. In comparison to the US population
(Figure 1), levels at Akwesasne are high, the average of the sum of seven PCBs being higher
than the 90th percentile of US youth (ages 12 to 19 years) [62]. The chronicity of exposure is
probably most similar between the US children and the Akwesasne youth.

An important influence on PCB and p,p′-DDE levels in the sample was breastfeeding even
though lactation had ceased many years prior to the blood sampling. Breastfed youth in
MAWBS (mean age = 13.2 yrs) had mean levels of total PCBs of 1.84 ppb, and p,p′-DDE
levels of 0.54 ppb, whereas non-breastfed youth averaged 1.61 ppb and 0.34 ppb respectively.
In breastfed youth, levels of total PCBs (and other PCB congener groupings), and p,p′-DDE
were on average 1.3 times those of non-breastfed MAWBs youth. HCB, lead and mercury did
not differ by breastfeeding status [11]. Further, breastfed young adults in YAWBs had
significantly higher POP levels than non-breastfed young adults.

Sexual Maturation
The sample for the analysis of predicted age at menarche consisted of 138 Akwesasne girls
between the ages of 10 and 16.99 years, with necessary data available for study. Nearly 60%
of the girls had reached menarche (Figure 2). Using probit analysis, the median predicted age
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at menarche for the total sample was 12.2 years (95% CI: 11.9, 12.5) [63]. This group of
Mohawk girls is comparable to a larger sample of 10 to 16 year old American girls (NHANES
III) in terms of median age at menarche (12.2 years for both samples), as well as in the
distribution of menstrual status by age [64].

Three different probit analyses tested the relationship of blood lead levels to predicted age at
menarche: all girls, girls with lead levels below the median, and girls with levels above the
median. Without adjusting for any covariates, girls at or above the median blood lead level of
1.2 μg/dL had a predicted age at menarche of 12.7 years, while those below the median lead
level had a predicted age at menarche more than ten months earlier than those girls with higher
lead levels (11.8 years), a statistically significant difference [63].

While controlling for other influences on menarche, such as age, SES, and body mass index
(BMI), binary logistic regression analysis was used to consider simultaneously the effects of
multiple toxicants in predicting menarcheal status (premenarcheal or postmenarcheal). As
anticipated, age was found to be a positive, and the strongest predictor of menarche. Binary
logistic regression analysis predicting menarche showed a nonlinear effect of lead. At the
geometric mean (0.49 μg/dL) lead significantly delayed menarche after adjusting for age, SES,
and other toxicants. The odds on reaching menarche decreased by 72% for a one-unit increase
in lead level above the mean, and by 98% for a one-unit increase in lead above the 75th

percentile (1.66 μg/dL). The grouping of four potentially estrogenic PCBs (Σ PCB4-E) was
associated with a significantly earlier menarche after adjusting for age, SES, and other toxicants
(Figure 3). Doubling the Σ PCB4-E above the geometric mean (from 0.12 ppb to 0.24 ppb),
increases the odds of having reached menarche by 8.4 times. No relationship was observed
between menarche, and either Wolff’s antiestrogenic or enzyme-inducing PCB groups. The
effect of BMI was tested, but found not to be a significant predictor in the model perhaps due
to its association with age (r = 0.322, p<0.001). Adding BMI to the logistic regression model
did not change the effects of toxicants as indicated by only small changes in beta coefficients
(for example, the coefficient for the PCB variable changed by 7% with no change in
significance). Mirex, p,p′-DDE, and HCB were unrelated to menarcheal status.

Thyroid
We investigated whether levels of persistent organic pollutants reflecting past chronic exposure
and two heavy metals (specifically PCBs, p,p′- DDE, HCB, mirex, Pb, and Hg) were associated
with alterations in levels of thyroid stimulating hormone (TSH), triiodothyronine (T3), total
thyroxine (TT4), and free thyroxine (fT4) among 232 older Akwesasne children and
adolescents [51]. While mean levels of T4, fT4, T3, and TSH were within the laboratory
reference ranges, the thyroid hormone profile of Akwesasne youth was affected by exposure
to a group of eight persistent PCBs (Σ8PerPCBs: IUPAC#S 74, 99, 105, 118, 138[+163+164],
153, 180, 187). This PCB grouping was positively associated with TSH, while inversely related
to fT4, while a group of eight non-persistent PCBs were significantly and negatively related
to fT4 only. Of the other toxicants, only HCB had a negative association with T4, while the
Pb was positively associated with T3.

Additionally, interaction of breastfeeding by Σ8PerPCBs was highly significant (p≤0.001),
indicating that the Σ8PerPCBs effect was primarily restricted to youth who had not been
breastfed. Among both male and female adolescents who had not been breastfed, estimated
TSH levels increased by 1.51 μIU/ml as Σ8PerPCBs levels rose from 0.204 ppb at the 5th

percentile to 0.871 ppb at the 95th percentile, whereas among those who had been breastfed no
significant relationship was found (Figure 4). Concurrently, predicted fT4 levels among the
non-breastfed males and females decreased from 3.1 ng/dL at the 5th percentile of Σ8PerPCBs
to 2.9 to 2.7 ng/dL at the 95th percentile, while among those that were breastfed fT4 remained
more or less unchanged with increasing Σ8PerPCBs (Figure 4).
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Further thyroid dysfunction was found among 115 Akwesasne young adults in the follow-up
study, YAWBs [34]. We examined the relationship of POPs to anti-thyroid peroxidase antibody
(TPOAb), a biomarker of autoimmune disease [55,56]. Autoantibodies to thyroid peroxidase
can impair thyroid function [9]. Over 15% of the sample had TPOAb levels above the normal
laboratory reference range. Significant, positive relationships between TPOAb levels and all
PCB groupings (except the grouping of non-persistent PCBs), and with p,p′-DDE, HCB, and
mirex were found among the participants who had been breastfed as infants, yet no association
was found among non-breastfed young adults. Levels of POPs (except the group of non-
persistent PCBs) were significantly higher among those participants who had been breastfed
as infants. (For more details see [34]).

Discussion
Toxicants

The data collected on PCB levels among Akwesasne youth provides a unique opportunity to
understand the potential health effects of these contaminants within a young age group. The
configuration and levels of serum PCB congeners in Akwesasne youth were consistent with
studies of cumulative (prenatal transfer and postnatal uptake via breastfeeding and/or fish
consumption), and recent PCB exposure, with the moderately high detection rates of the
shorter-lived congeners suggesting a continuing source of exposure [47]. Similar to earlier
reported findings [65,66], and consistent with previous analyses of PCB content in breast milk
of Akwesasne Mohawk mothers [28] and other maternal cohorts [67–69], the higher levels of
POPs in breastfed participants indicate breastfeeding as a significant source of these pollutants.

Comparisons of published studies of serum PCB levels in children and youth are complicated
given the differences in analytic methodologies, the number and choice of specific congeners
measured, and the lack of consistency in reporting results by age and breastfeeding status. Past
comparisons of PCB levels among the Akwesasne youth to other samples are problematic
[11]. Of the two most age-comparable samples, one consists of a younger age group (7–10
years of age) and was originally selected for study because of perceived high exposure [58],
and the second, while within the same age range, consisted of a small sample of children
hospitalized with locally-defined ecological diseases [59]. Both samples have toxicant levels
far higher than in the general population. Moreover, the current POP levels in Akwesasne youth
may reflect the decline in local fish consumption following the issuance of advisories against
consumption of local fish in the 1980’s [32,70], subsequent metabolism of stored POPs over
many years, and possible dilution effects due to increased body size with growth and
development following exposure early in life. In comparison to the US youth of 12 to 19 years
of age, the Akwesasne youth have levels of the sum of seven PCB congeners (IUPAC#’s 118,
138, 153, 170, 180, 183, 187) above the US 90th percentile (0.25 ppb) [62]. Further, as the
group of seven congeners includes some of the most highly persistent, the level among the
Akwesasne youth suggests that exposure was high earlier in life. Measurable levels of
nonpersistent congeners also suggests that exposure may be continuing.

Sexual Maturation
The role of toxicants in changing the usual pattern and timing of sexual maturation is of great
concern. The scope of adverse reproductive effects caused by POPs is vast, and includes
reduced fecundability, menstrual irregularity, decreased sperm motility [13], and effects on
steroid hormones and the hypothalamic pituitary axis [71,72]. However, the relationship
between adolescent sexual maturation and POPs is less clear.

The adverse effect of lead on human sexual maturation that we have found is supported by
animal studies showing that lead exposure alters steroid hormone levels, delays pubertal
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development, and reduces reproductive organ growth [73–75]. Lead may also indirectly affect
sexual maturation by restricting or delaying growth as has been found in both animals and
humans [76–78]. Studies of POPs and sexual maturation differ in the size and direction of
effects. Blanck and colleagues [79] found that polybrominated biphenyls in breastfed girls were
associated with earlier age at menarche and attainment of pubic hair stages when controlling
for socioeconomic factors and PCB exposure. Girls with precocious puberty who immigrated
to Belgium from developing countries had significantly higher concentrations of p,p′-DDE
[80]. However, delayed attainment of Tanner adult breast stage was related to dioxin-like
compounds [81,82]. The variety of results may be due to exposure to different types and/or
combinations of POPs which can have androgenic, estrogenic and antiestrogenic effects, as
well as to differences in amount of exposure and its timing relative to developmental stage.
Such variation is difficult to analyze in studies of human populations studied retrospectively.
Additionally, all of these studies focused on one, or at most two, toxicants in their analyses
leaving questions concerning other toxicant exposures unanswered.

In this study we considered multiple common toxicants simultaneously, including both POPs
and metals, and tested effects with congener-specific PCB analysis. Despite toxicant levels in
our sample that are lower than those in some studies demonstrating effects related to endocrine
disruption, both estrogenic PCBs and lead in our sample are associated with differences in age
at menarche. Our complementary analyses using statistical models with a single toxicant
suggest that the observed lead and estrogenic PCB results are not attributable to intercorrelation
among the toxicants.

Thyroid
Non-breastfed adolescents exhibited significant relationships between persistent PCBs and
TSH and FT4 while breastfed adolescents did not, even though breastfed adolescents had
significantly higher levels of persistent PCBs and p,p′-DDE [51]. It is possible that this is not
due to the generally beneficial effects of breastfeeding because the breastfed adolescents had
higher levels of those POPs. Another explanation is that breastfeeding introduces a relatively
large exposure to POPs postnatally when exposure does not contribute to programming the
thyroid hormone levels we observed in adolescents, and is essentially a random exposure with
regard to the effects on levels of TSH and T4.

Serum TPOAb titers are a frequently employed biomarker of thyroid dysfunction, and serve
as a diagnostic tool for many idiopathic autoimmune diseases [9] such as systemic lupus
erythematosus [83], Grave’s disease [84], chronic thyroiditis [55,56], Hashimoto’s
encephalopathy [85], and connective tissue disorders such as rheumatoid arthritis [86] and
Sjogren syndrome [87]. Finding an association between TPOAb titers and PCB level is
consistent with effects of PCBs on thyroid hormone function as well as with risk of autoimmune
diseases. Informal, ancecdoctal reports include autoimmune disease as a health concern by
many community residents.

Possible effect modification: the timing of exposure
Some relationships of toxicants to outcomes differ depending on the history of breastfeeding.
Breastfeeding is associated with a significant neonatal exposure to lipophilic toxicants such as
PCBs, hexachlorobenzene and DDT. This exposure may be important if infancy is a sensitive
period for the effects of interest. However, it may be unimportant if the sensitive period for the
influence of the exposure precedes lactation, and in actuality it may obscure a relationship
established prenatally by the addition of toxicant burden that is random with regard to the effect
[88]. Evidence from analyses of TPOAb and thyroid hormones suggest that developmental
stage when exposure occurs may be important in mediating effects. (Analysis of age at
menarche was not conducted to test this hypothesis.) Effects on thyroid hormone levels appear
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most evident in relationship to exposures that are likely to have occurred prenatally while
relationships with TPOAb are related more to markers of postnatal exposure. The period of
exposure is indexed by the history of breastfeeding and the persistence of the PCB congeners.
However, a limitation of our set of studies is that exposure in the prenatal period is not known
exactly as measures of cord blood, or maternal blood during pregnancy, are not available. Thus,
we hypothesize for future testing that the sensitive period for effects of PCBs and other
toxicants on thyroid hormone levels may be prenatal, while that for the development of
autoimmune responses may be postnatal.

Summary
Our studies have found a reduction in hormones indexing thyroid function among adolescents
in relation to their current serum levels of PCBs particularly those related to earlier exposure.
Analysis of POPs, lead and age at menarche show that the tempo of sexual maturation is
affected by PCBs and lead at levels relevant to many youth in the US and elsewhere. Finally,
evidence of a relationship between PCBs and autoimmune disease risk was found. Additional
research is necessary to discover the site and mechanism of action of these POPs and of lead,
and to determine thresholds for these effects.
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Figure 1.
Comparison of the sum of seven PCB congeners (IUPAC #118, 138, 153, 170, 180, 187; in
ppb) with other studies of similarly aged samples from Rhine Valley [58], Kazakhstan [59]
and the United States [62].
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Figure 2.
Percent of Akwesasne girls who achieved menarche.
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Figure 3.
Median age at menarche based on logistic regression model controlling for SES, and other
toxicants.
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Figure 4.
Predicted TSH and fT4 levels in relation to PCB levels among breastfed (BF) and non-breastfed
(NBF) Akwesasne youth.
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Table 1

Number of participants in two studies of Mohawk well-being.

Mohawk Adolescent Well-being
Study (MAWBs)

Young Adult Well-being Study
(YAWBs)

Males Females Males Females

Interviews 131 140 60 93

Total PCB levels 131 140 60 93

Thyroid hormone levels 112 120 60 93

Thyroid peroxidase antibodies NA NA 58 57

Breastfed 65 59 30 35

Non-breastfed 65 80 30 56

*
Data on breastfeeding is missing on two individual in MAWBs; and one in YAWBs.

NA: Not applicable
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