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Phthalates are a class of plasticizing chemicals produced in high volume and widely found in consumer
products. Evidence suggests that phthalates may have non-monotonic effects on reproductive hormone
activity. With exposure to phthalates virtually ubiquitous among industrialized populations, identifying
unexposed and/or minimally exposed human populations is essential for understanding the effects of
low level exposures. Our primary objective was to quantify urinary phthalate metabolite concentrations
in the Tsimane’, a remote population of Bolivian forager-horticulturalists. Our secondary objectives were
to determine if phthalate metabolite concentrations vary in relation to access to market goods; and to
explore relationships between phthalate and reproductive hormone metabolite concentrations. Given
that phthalate exposure is of particular concern during fetal development, we focused on reproduc-
tive age women in the current analyses. Phthalate metabolites were assayed in urine samples from 59
naturally cycling, reproductive age Tsimane’ women. Market access was assessed as: (1) distance from
residence to the largest nearby town (San Borja, Bolivia) and (2) Spanish fluency. Urinary reproductive
hormone metabolite concentrations were quantified using enzyme immunoassays. We fit linear mod-
els to examine: (1) predictors of phthalate exposure; and (2) relationships between urinary phthalate
and reproductive hormone metabolite concentrations. Eight phthalate metabolites were detectable in
at least 75% of samples. Median concentrations were up to an order of magnitude lower than industri-
alized populations. Proximity to San Borja and Spanish fluency were strong predictors of exposure. In
exploratory analyses, the sum of the di-2-ethylhexyl phthalate metabolites (ZDEHP) and Mono-isobutyl
phthalate (MiBP) were significantly associated with altered concentrations of urinary reproductive hor-
mone metabolites. Remote, subsistence populations, like the Tsimane’, offer a unique window into the
health effects of endocrine active compounds because: (1) exposures are low and likely to be first genera-
tion; (2) a natural fertility lifestyle allows for exploration of reproductive effects; and (3) ever-increasing
globalization will result in increasing exposure in the next decade.

© 2017 Elsevier GmbH. All rights reserved.
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1. Introduction

Phthalates are a large class of synthetic chemicals with demon-
strated endocrine-disrupting properties. In both animal models

* Corresponding author.
E-mail addresses: Marissa_Sobolewski@urmc.rochester.edu (M. Sobolewski),
Bernard-Weiss@urmc.rochester.edu (B. Weiss), melanie.martin@yale.edu
(M. Martin), gurven@anth.ucsb.edu (M. Gurven), emily.barrett@eohsi.rutgers.edu
(E. Barrett).

http://dx.doi.org/10.1016/j.ijheh.2017.03.009
1438-4639/© 2017 Elsevier GmbH. All rights reserved.

and humans, exposure to di-2-ethylhexyl phthalate (DEHP) and
other phthalates, is associated with a range of adverse health
consequences including impaired reproductive function, asthma,
preterm birth, obesity, and altered neurodevelopmental outcomes
(Engel et al., 2010; Ferguson et al., 2014; Just et al., 2012; Meeker
et al., 2009; Stahlhut et al., 2007; Swan et al., 2005, 2010; Whyatt
etal,2011,2012). Given phthalates’ potential to disrupt endocrine
signaling, prenatal exposure, during which organ systems and
endocrine axes are established, is of particular concern (Hauser and
Calafat, 2005; Huang et al., 2009; Rider et al., 2009). Although it is
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worth noting that exposure during adulthood may potentially also
impact circulating steroid reproductive hormone concentrations
(Duty et al., 2005; Meeker and Ferguson, 2014; Sathyanarayana
et al, 2014).

Despite these health concerns, because of their utility as plas-
ticizers, solvents and emulsifiers, phthalates are produced in high
volume (over 470 million pounds per year) for use in manufactured
goods including personal care products, food, pharmaceuticals
and medical devices, pesticides, and cleaning products (U.S.E.P.A,,
2012). Phthalates do not covalently bond to substrates, thus they
can leach into the environment, where they can then be inhaled,
ingested, or dermally absorbed (Schettler, 2006). It is no sur-
prise that among industrialized populations, therefore, exposure
to phthalates is virtually ubiquitous (Koch and Calafat, 2009).
However, little is known about body burden of phthalates in non-
industrialized populations, who often live traditional lifestyles with
relatively limited use of and access to manufactured goods. To
date, only a handful of studies have examined phthalate exposure
in non-industrialized populations. In Old Order Mennonite (OOM)
women living a traditional lifestyle in upstate New York (n=10),
urinary concentrations of most phthalate metabolites were signif-
icantly lower than in the general U.S. population (as measured in
the National Health and Nutrition Examination Survey [NHANES]),
however all OOM women still had detectable levels of at least
one metabolite of di-2-ethylhexyl phthalate (DEHP), a commonly
used phthalate. The lower phthalate levels among OOM may be
due to lifestyle differences, including the relatively limited use of
store-bought foods, personal care products, and cars (Martina et al.,
2012). Despite leading a traditional lifestyle by Western standards,
the OOM still live in close proximity to industrialized populations
and have relatively easy access to typical American culture, prod-
ucts, and environments.

Two additional studies have examined exposure to phthalates
in urban and rural populations in Peru and Egypt. The first exam-
ined phthalate exposure among pregnant women living in a large,
developing Peruvian city (Trujillo, population ~800,000) and found
that phthalate metabolite concentrations were measurable in most
samples (Irvin et al., 2010). However concentrations in Peruvian
women were typically lower than those documented in NHANES,
suggesting that phthalate exposures may be lower in develop-
ing populations. A second study measured phthalate metabolite
concentrations in premenstrual girls living in rural and urban com-
munities around Gharbiah, Egypt (a province of >4 million people).
Levels of most (but not all) metabolites were again lower than those
of age- and sex-matched samples from NHANES, and no differences
were found between the urban and rural subpopulations, reflect-
ing increasing urbanization and access to manufactured goods even
among more rural Egyptians (Colacino et al., 2011).

Assessing exposure to phthalates in traditional populations may
provide an opportunity to examine health effects at low concentra-
tions (and in the absence of hormonal contraception use), which
is particularly important for understanding human risk because
emergent data suggests that many endocrine disrupting chemicals
(EDCs), including phthalates, have non-monotonic dose response
effects on reproductive health outcomes (Andrade et al., 2006;
Do et al., 2012; Kortenkamp, 2008). Mechanistic studies in ani-
mals have identified reproductive deficits at both low and high
phthalate doses, whereby influences at high doses are not neces-
sarily predictive of low dose influences (and vice versa) (Andrade
etal., 2006; Christiansen et al., 2010; Vandenberg et al., 2012). Con-
sidering the increasing recognition of low concentration effects
in animal studies, there is an urgent need to examine low-dose
and non-monotonic environmental chemical exposures in an epi-
demiological setting (Birnbaum, 2012). However, in the case of
plasticizers like phthalates, identifying unexposed and minimally
exposed “low dose” human populations has proven difficult. One

unexplored option is building upon established anthropological
field sites studying remote, locally-subsistent populations with
limited access to the global marketplace. As global marketplace
usage and acculturation increases worldwide, these traditional
populations may provide a unique opportunity to assess conse-
quences of low concentration exposure to phthalates and other
EDCs. Additionally, anthropological field sites often have long-term
access to biological specimens (blood, urine or stool samples) and
detailed knowledge of their study subject’s lives which provides the
ability to assess biomarkers of physiological function that can be
directly correlated with hypothesized environmental and lifestyle
variables.

The extent to which globalization has resulted in environmen-
tal chemical exposure among very remote populations is unknown.
Around the world, many locally-subsistent populations, including
hunter-gatherers and horticulturalists, still live in small villages
and follow traditional lifestyles, but exposures and interactions
with the market economy are increasing due to greater socioe-
conomic transformation in recent decades. Determining whether
these populations are “pristine” with respect to environmental
chemical exposure, and assessing the ‘proof of concept’ for collabo-
rations with anthropological study populations for such studies, is
of greatinterest. With this in mind, we assessed phthalate exposure
in the Tsimane’, a group of traditional, non-industrialized Bolivian
Amazon forager-horticulturalists. We focused on reproductive age
women, given the concern about adverse health effects associ-
ated with prenatal exposures. The objectives of this study were
to: (1) quantify urinary phthalate concentrations in the Tsimane’;
(2) determine the extent to which Tsimane’ phthalate metabolite
concentrations vary in relation to access to market goods; and (3)
given their known mode of action as endocrine disrupting chemi-
cals, to explore relationships between phthalate metabolite levels
and reproductive hormone concentrations.

2. Materials and methods
2.1. Study population

The Tsimane’ and their lifestyle have been described in greater
detail elsewhere (Gurven, 2004; Veile et al., 2014). Briefly, the Tsi-
mane’ engage in a small-scale traditional economy based mostly
on slash-and-burn horticulture, supplemented by fishing, hunting,
and gathering fruits. A very small subset of Tsimane’ couples now
use birth control methods (IUD or injectable Depo Provera), how-
ever, itislargely a natural fertility population, defined as individuals
that do not use birth control including, but not limited to, hor-
monal contraception. There is limited access to modern medical
care and the average woman has nine births over her reproductive
life span (McAllister et al., 2012). Most households are constructed
from available forest materials, with thatched palm roofs and dirt
floors. As 0f 2016, few villages have electricity. In surveys conducted
across 66 communities from 2013-2015 (n=1016), only 24% of
respondents reported regularly using latrines. Seventy-three per-
cent of respondents reported relying exclusively on rivers, streams,
or lakes for water, with the remaining 27% reporting exclusive or
additional use of unprotected community wells and, more rarely,
household groundwater pumps (M. Martin, personal communica-
tion).

Market integration and material wealth varies by proximity and
access to San Borja, Bolivia. The dirt roads leading to San Borja
are frequently unnavigable during the rainy season (~November
to ~April), and travel by foot or boat from more distant villages
can take upwards of 1-2 days. Still, living in closer proximity
to San Borja, enables more regular contact with other Bolivian
nationals and increased participation in agricultural labor and the
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local economy (Veile et al., 2014). Historically, market access has
been minimal; roughly a third of Tsimane’ adults have had no
schooling, and ~40% speak no or poor Spanish, speaking only their
native Tsimane’ language. However, in the last decade, changes in
politics, infrastructure, and regional development have promoted
local integration, while income derived from wage labor and crop
sales have allowed for increased expenditures on market goods in
recent years. In 2003-2005, about 90% of the Tsimane’ diet was
derived from horticulture, hunting, and foraging (Martin et al.,
2012), though market food consumption increased 6.35% per year
from 2002-2006 (Rosinger et al., 2013). In 2006, Tsimane adults
spent roughly the equivalent of $131 US per year on market goods
(Masferrer-Dodas et al., 2012). However, market expenditures are
highly variable. In surveys done in 2006 and 2008, 39% and 63%
of individuals reported no market food expenditures in the pre-
vious week (Masferrer-Dodas et al., 2012; Rosinger et al., 2013).
In the 2006 survey, weekly expenditures on market goods were
significantly higher for males and positively associated with age,
frequency of travel to town, years of schooling, and household cash
income (Masferrer-Dodas et al., 2012), the latter three of which are
generally correlated with distance to town. Rapid integration into
and usage of the global marketplace suggests that Tsimane’ will be
for the first-time, increasingly exposed to EDCs, such as phthalates.
Thus to summarize, Tsimane’ villages have considerable varia-
tion in river access, surrounding game densities, access to market
goods, and integration into the larger Bolivian society, making them
an ideal population in which to examine the relationship between
global market integration and phthalate body burden (Fig. 1).

2.2. Study overview

The Tsimane’ Health and Life History Project (THLHP), which
began in 2002, is a long-term study aimed at understanding the
impacts of ecology, economy and evolution of the human life
course (http://www.umn.edu/~Tsimane’). Tsimane’ participants
contributed biospecimens (including urine samples), partici-
pated in interviews, and underwent basic medical exams. From
2008-2009, the study visited 19 villages covering a census popula-
tion of 1860 females (38% of which were aged 15-44). All women
age 40+ and a random, age-stratified sample of women under age
40 were recruited to participate in the larger THLHP study. A total
of 1374 women (74% of the census population) were seen by the
medical team during this period.

Urine samples were collected from 30% (414/1374) of the
women seen by the medical team. Funding for phthalate analy-
sis in the current sub-study was limited to sixty samples, which
were randomly selected from the available banked urine samples,
and represented reproductive-aged women (age 13-51) across a
range of 17 villages with known reproductive status (cycling, preg-
nant, or lactational amenorrhea) at the time of urine collection.
Additional participant data gathered at time of urine collection
included highest level of education (grade 0-12), Spanish fluency
(non-Spanish speaker, moderate Spanish, fluent), and reproductive
history including menstrual status, date of last menstrual period,
and date of last birth. Basic anthropometric measures (height,
weight, skinfold thickness) were measured in all subjects. Body
mass index (BMI) was calculated as weight (in kilograms) divided
by height (in meters) squared. Cycle phase (follicular or luteal) was
estimated based on date of last menstruation, either self-reported
or determined by the attending physician during medical exam.
This phase determination was later confirmed through our mea-
surement of progesterone metabolite concentrations. Store-bought
alcohol and smoking rates are rare among Tsimane’ woman, how-
ever no data were available for these subjects. Additionally, income
differences among Tsimane’ families are minor relative to income
disparities between the Tsimane’ and Bolivian nationals living in

San Borja. Differences in standard of living among Tsimane’ families
would also have been negligible. At the time of sample collec-
tion, all Tsimane’ were living without electricity, plumbing, access
to clean water. Prior to data collection, research protocols were
approved by all participating institutions including the Univer-
sity of California- Santa Barbara (UCSB), University of New Mexico
(UNM), and University of Rochester. The Tsimane’ government
(Gran Consejo Tsimane), village leaders and all individual partici-
pants consented to participate in the study.

2.3. Phthalate metabolite measurement

Participants provided urine samples at their medical visits.
An aliquot of each sample was taken, stored in liquid nitro-
gen, and transported to the Centro Nacional de Enfermedades
Tropicales (CENETROP) in Santa Cruz, where they were stored
at —20°C. Samples were transported on dry ice from Bolivia to
UNM or UCSB for long term storage in —80°C freezers. For the
current analysis, samples were shipped from UNM to the Divi-
sion of Laboratory Sciences, National Center for Environmental
Health and Centers for Disease Control and Prevention (CDC) where
phthalate metabolites were measured: Mono-2-ethylhexyl phtha-
late (MEHP), Mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP),
Mono-2-ethyl-5-oxohexyl phthalate (MEOHP), Mono-2-ethyl-5-
carboxypentyl phthalate (MECPP), Mono-n-butyl phthalate (MBP),
Mono-isobutyl phthalate (MiBP), Mono-benzyl phthalate (MBzP),
Mono-ethyl phthalate (MEP), Mono-carboxy-isooctyl phthalate
(MCOP), Mono-3-carboxy-propyl phthalate (MCPP), and Mono-
carboxy-isononyl phthalate (MCNP) (Table 1). Urine samples from
59 women were analyzed using a standard approach involving
enzymatic deconjugation of metabolites from their glucuronidated
form, automated on-line solid phase extraction, high performance
liquid chromatography (HPLC) separation, and finally, detection
by isotope-dilution tandem mass spectrometry (Silva et al., 2007).
Isotopically labeled internal standards and conjugated internal
standards were used to improve precision and accuracy. Because
samples were not originally collected with exposure to environ-
mental chemicals in mind, materials used to collect and process
urine samples were screened for phthalates, including three types
of urine cups used to collect urine samples during the study and
plastic bags used to send the samples from UNM to the CDC. This
was done by incubating HPLC grade water in the cups and bags
and then assaying the water as a typical, unknown sample using
the methods described above. The cups were found to be phthalate
free, but the zip-lock bags used for shipment to CDC showed low
levels (2-3 ng/ml) of one metabolite, MBP.

Any analyte below the limit of detection (LOD) in over 50%
of samples was excluded from further analysis. For the remain-
ing metabolites, following conventions used for data that are not
highly skewed, metabolite concentrations under the LOD were
assigned to be the LOD divided by the square root of 2 (Hornung
and Reed, 1990). The specific gravity (SpG) of each urine sample
was measured using a hand-held refractometer in order to adjust
for urine dilution. We adjusted phthalate metabolite concentra-
tions for variation in urine concentration according to the following
formula: Pc=P[(1.015—-1)/(SpG —1)]. In this equation, Pc is the
SpG-adjusted phthalate concentration (ng/ml), P is the measured
phthalate concentration (ng/ml), 1.015 is the mean SpG for all study
samples, and SpG is the specific gravity of the individual urine
sample (Boeniger et al., 1993). Four of the metabolites measured
(MEHP, MEOHP, MEHHP, MECCP) derive from the same parent
compound of interest (DEHP), so to approximate total exposure
to DEHP, we calculated the molar sum of those metabolites as fol-
lows: ZDEHP (in nmol/ml)=(MEHP*(1/278))+(MEHHP*(1/294))
+(MEOHP*(1/292))+(MECPP*(1/308)) (Wolff et al., 2008).
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Fig. 1. Map of San Borja and neighboring Tsimane’ villages.

Table 1

Specific-gravity adjusted phthalate metabolite concentrations (in ng/ml) in reproductive-age Tsimane’ women (n=59).?

Phthalate (abbreviation) Metabolite (abbreviation) LOD (% detected) 25th percentile Median 75th percentile
Di-2-ethylhexyl phthalate (DEHP) Mono-2-ethylhexyl phthalate (MEHP) 0.5(75) 0.55 1.03 2.46
Mono-2-ethyl-5-hydroxyhexyl phthalate (MEHHP) 0.2 (97) 2.22 431 10.86
Mono-2-ethyl-5-oxohexyl phthalate (MEOHP) 0.2 (98) 1.56 3.13 6.50
Mono-2-ethyl-5-carboxypentyl phthalate (MECPP) 0.2 (100) 4.69 9.71 15.37
> DEHP
Dibutyl phthalate (DBP) Mono-n-butyl phthalate (MBP) 0.4 (80) 0.68 6.14 24.38
Di-isobutyl phthalate (DiBP) Mono-isobutyl phthalate (MiBP) 0.2 (93) 1.28 7.53 16.44
Butylbenzyl phthalate (BBzP) Mono-benzyl phthalate (MBzP) 0.3(81) 0.63 0.97 3.18
Diethyl phthalate (DEP) Mono-ethyl phthalate (MEP) 0.6 (54) 0.43 1.01 6.44
Di-isononyl phthalate (DINP) Mono-carboxy-isooctyl phthalate (MCOP) 0.2 (73) 0.33 0.66 1.78
Di-n-octyl phthalate (DnOP), dibutyl Mono-3-carboxy-propyl phthalate (MCPP) 0.2(10) 0.11 0.16 0.21
phthalate (DBP), and other high
molecular weight phthalates
Di-isodecyl phthalate (DIDP) Mono-carboxy-isononyl phthalate (MCNP) 0.2 (22) 0.13 0.20 0.29

2 Another metabolite measured, mHINCH, was not detectable in any subjects.

2.4. Hormone measurement

Urine samples were analyzed at the University of Rochester
using the commercially available Quansys multiplex female hor-
mone array for adiponectin, free cortisol, follicle stimulating
hormone beta (FSH-beta), human chorionic gonadotropin beta
(hCG-beta), and estrone-3-glucuronide (E1G; an estradiol metabo-
lite) (Quansys Biosciences, Logan, UT). The Q-plex technology
simultaneously identifies and quantifies multiple biomarkers in
the same sample by spotting individually specific antibodies into

single wells of a 96-well plate. Pregnanediol-3-glucuronide (PdG;
a progesterone metabolite) was measured using a single enzyme
immunoassay also developed by Quansys Biosciences (Logan,
Utah). The Quansys Q-view Imager, which includes a digital cam-
era, was used to quantify the intensity of the chemiluminescence of
each spot. These multiplex assays have been shown to significantly
correlate with single ELISA kits for female urinary hormone con-
centrations (Salvante et al., 2012). For this analysis, our analytes of
interest were the reproductive hormone metabolites E1G and PdG.
All samples were run on the same day for each kit. Samples that fell
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beyond the limits of quantification for the assay or CV values for
duplicates above 15% were not included in statistical analyses. The
average CV value for duplicates of PdG was 5.9% and for E1G was
5.5%. For PdG, no samples were removed and for E1G one sample
was removed due to CV error. These hormone concentrations were
log transformed and adjusted for specific gravity.

2.5. Statistical analysis

2.5.1. Phthalates and market access

Descriptive statistics were calculated for each phthalate
metabolite and phthalate metabolite concentrations were then
log-transformed to better approximate a normal distribution. Pear-
son’s correlations were conducted to assess correlations among
the various phthalate metabolites. For our main analyses, our
primary outcome variables were phthalate metabolite concentra-
tions. We selected three exposure variables as potential proxies
for market access to or environmental exposure from San Borja:
distance from village of residence to San Borja, location of vil-
lage (riverine versus inland), and Spanish fluency. Distance from
San Borja was calculated as a linear distance using global posi-
tioning system (GPS) units from San Borja to the respective town.
The ecological location of the village was also taken into consid-
eration because the location on the river system could influence
access to San Borja, particularly during the rainy season. Span-
ish fluency allows for increased communication with individuals
living in San Borja and proposes increased integration into the
global market place. Several potential covariates were selected
for consideration as we hypothesized that they might have an
influence on market access or phthalate metabolism: reproductive
state (cycling, pregnant or lactating), education, age, and BMI. We
fit linear multivariable models to examine associations between
phthalate metabolite concentrations and market access measures.
In each model, specific-gravity adjusted, log-transformed phthalate
metabolite concentrations were the outcome of interest. The mar-
ket access variables were all included together in models. None of
the potential covariates considered predicted phthalate metabolite
concentrations or appreciably changed estimates, thus they were
not included in final models.

2.5.2. Phthalates and hormone concentrations

In exploratory analyses, we fit a series of linear models to
examine associations between hormone concentrations and phtha-
late metabolite concentrations. In these models, our outcome
measures were log transformed hormone concentrations (E1G or
PdG), as adjusted hormone concentrations were not normally dis-
tributed. Our primary predictors were specific-gravity adjusted,
log-transformed phthalate metabolite concentrations. Five phtha-
late metabolites (> DEHP, MCOP, MBzP, MEP, and MiBP) were
included in the model based on their prevalence in the population
and to minimize using multiple correlated metabolites. To address
the shared covariance of phthalates directly, variance inflation fac-
tors were calculated for each factor to ensure that all phthalates
could be assessed in the same analysis. For Model 1, age and skinfold
thickness, a measure of body fat, were selected for a priori inclusion
in all models given the well-documented age- and weight-related
patterns in female reproductive hormones (Burger, 2008; Nelson
et al., 1995; Noth and Mazzaferri, 1985; Ziomkiewicz et al., 2008).
Because the hormonal profiles of lactating and pregnant women
differ radically from cycling women, we only considered cycling
women (n=25; one woman was excluded for Depo Provera usage)
in these analyses. Cycle phase (follicular or luteal phase, as esti-
mated based on cycle day at urine collection) was included as a
covariate, with luteal phase as the referent. In a second model, we
also included distance from San Borja and parity. Distance from San
Borja was also included in models because of the close relation-

Table 2
Characteristics of the study population (n=59).2
Characteristic Mean (SD)
Age (years) 29 (4.4)
Age at menarche (years) 14(14)
BMI (kg/m?) 23.8(3.1)
Highest grade of education 3.1(3.1)
Distance from residence to San Borja (km) 65.3 (38.0)
Population of village of residence 358 (184)
Urinary hormone concentrations Mean (SE)
E1G (ng/ml sg adjusted) 231.3(54.9)
PdG (pg/ml sg adjusted) 5277.8 (534.9)
FSH (ml U/ml sg adjusted) 4.1(0.84)
N (%)
Parous” 39 (66)
Reproductive status
Cycling 26 (44)
Lactational amenorrhea 23(39)
Pregnant 10(17)
Spanish fluency
None 22 (38)
Some 18 (31)
Fluent 18 (31)
Village location relative to San Borja
Riverine 34 (58)
Interior (inland) 25 (42)

2 Exact n may vary due to missing values.
b Of the 20 nulliparous women, 10 were currently pregnant.

ship between distance and phthalate exposure. Parity (nulliparous
or parous) was included because as it may be a predictor of sex
steroid hormone concentrations (Barrett et al., 2014 ). Both models
were presented (Table 6). All statistical analyses were conducted
using JMP Pro 12.0 (SAS Institute Inc., Cary, NC) and an alpha-level
of 0.05 was considered statistically significant.

3. Results

On average, the 59 women who provided urine samples for the
current analysis were 29 years old and had a BMI of 23.8 kg/m?
(Table 2). Of the 59 women, 26 of the women were cycling, 23
were not cycling due to lactational amenorrhea, and 10 were
pregnant. Subjects resided in 17 different villages ranging from
17-144 km from San Borja. Fifty-eight percent of women lived in
riverine villages compared to 42% in inland villages. Spanish fluency
was distributed roughly evenly, with one-third of women in each
category (non-Spanish speaker, moderate Spanish, fluent). Of the
urinary phthalate metabolites measured as part of the standard CDC
panel, most were measureable in the majority of women and every
woman had measureable levels of at least one metabolite (Table 1).
The DEHP metabolites, MEOHP, MEHHP, MEHP and MECPP, were
detectable in virtually all subjects (>97%). MiBP was similarly
ubiquitous with 93% of women having measurable levels. Only
three metabolites in the panel were not detectable in most sam-
ples, mHINCH, the metabolite of DINCH, a phthalate replacement,
was not measurable in any of the 59 subjects, and two phthalate
metabolites, MCNP and MCPP, were present at measurable levels
in less than 50% of subjects’ samples. These three metabolites were
excluded from subsequent analysis (Table 1). Phthalate metabolite
levels were considerably lower among the Tsimane’ as compared to
industrialized populations, such as NHANES participants (Table 3).
Additionally, phthalate concentrations (ZDEHP, MBP, MiBP, MBzP,
MEP, MCOP) were significantly correlated with each other (Table 4:
with significant Pearson’s correlation values ranging from .29 to
.88). For the multiple metabolites of DEHP, metabolite correlation,
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Table 3
Unadjusted concentrations of phthalate metabolites (ug/L) in females from several global populations.
Tsimane’, Bolivia Trujillo, Peru Egyptian, rural Egyptian, urban US Mennonite US NHANES
(n=59) (n=79)* (n=29) (n=28)" (n=10)° (n=1310)¢
Population and year Reproductive age Pregnant women Adolescent girls Adolescent girls Pregnant women All females
women (2008-2009) (2004) (2009) (2009) (2009) (2007-2008)
MEHP 1.0 1.6 35 4.7 0.9 2.0
MEOHP 2.1 3.1 16.0 18.8 7.4 11.7
MEHHP 3.6 4.1 23.0 29.1 9.3 19.9
MECPP 8.1 10.5 60.9 58.0 9.9 31.0
MBP 5.0 9.3 475 53.3 13.6 208
MBzP 0.9 1.1 0.4 22 7.4 8.0
MEP 1.1 322 432 98.8 7.9 824
MiBP 4.1 1.2 17.6 254 1.1 7.4

a Irvin et al. (2010). Geometric means are shown; medians not provided.
b Colacino et al. (2011).

¢ Martina et al. (2012).

d CDC Fourth report updated tables (2013).

Table 4
Specific-gravity adjusted log-transformed phthalate metabolite concentrations (in
ng/ml) correlations for » "DEHP, MBP, MiBP, MBzP, MEP, MCOP. Bold indicates

p<0.05.
ZDEHP MBP MiBP MBzP MEP MCOP
ZDEHP -
MBP r=0.72 -
p<0.001
MiBP r=0.71 r=088 -
p<0.001 p<0.001
MBzP r=0.62 r=0.60 r=064 -
p<0.001 p<0.001 p<0.001
MEP r=0.37 r=0.43 r=0.48 r=029 -
p=001  p<0.001 p<0.001 p=0.03
MCOP r=0.83 r=059  r=061 r=0.61 r=037 -
p<0.001 p<0.001 p<0.001 p=0.055 p=0.01

as expected, was higher (average r correlation value of .90; data not
shown).

Using linear models, we examined predictors of urinary phtha-
late metabolite concentrations (and Y DEHP) among Tsimane’
women (Table 5). Distance from village of residence to San Borja
was significantly and inversely associated with nearly all individ-
ual phthalate metabolites and Y "DEHP (Fig. 2, Y "DEHP: F(; 1)=19.1,
p<0.001; MBP: F(;1)=18.2, p<0.001; MiBP: F 1)=16.9, p<0.001;
MEP: F1)=15.3, p<0.001; MCOP: F(; 1y=11.7, p=0.002). Spanish
fluency was significantly associated with higher concentrations
of several metabolites including ZDEHP (F(1,1)=4.46; p=0.04);
MBP (F(1,1)=8.67; p=0.005); MiBP (F(;1)=12.14; p=0.001); MBzP
(F1,1)=6.22; p=0.02); and MCOP (F(; 1y=4.14; p=0.03). However,
ecological location of the village of residence relative to San Borja
was not significantly associated with any phthalate metabolites,
although it was marginally significant for MEP concentrations
(F1,1)=3.60; p=0.06). Taken together, distance from San Borja
and Spanish fluency variables were significantly associated with
phthalate metabolite concentrations in nearly all models. As a rep-
resentation of this combined influence, we created a market access
metric (Spanish fluency (0=no Spanish, 1 =moderately fluent, and
2 =most fluent)+Distance from San Borja (1-3; with 1 being fur-
thest from San Borja (mean distance plus 1 SD) and 3 being closest
(mean minus on SD))). Six phthalates (ZDEHP, MCOP, MBzP, MEP,
MBP and MiBP) metabolite levels were plotted against this sum-
mary market access metric (Fig. 3).

In exploratory analyses, we observed several associations
between reproductive hormone levels and urinary phthalate
metabolite concentrations. For PdG and E1G models, variance infla-
tion factors for individual phthalates average to 4.3 (range: 2.2-8.1)

and 4.7 (range: 2.3-8.0), respectively, indicated that these vari-
ables may be assessed simultaneously in our models (O’Brien,
2007). Among cycling women, there were significant associations
between urinary phthalate and reproductive hormone metabo-
lite concentrations (Fig. 4). Cycle phase and ) DEHP significantly
associated with variation in PdG concentrations in both models
(Table 6: Model 1; cycle phase: F1y=8.18; p=0.02; > DEHP:
F1,1y=9.9; p=0.01), and as predicted PdG levels were higher during
the luteal phase. Cycle phase and MiBP concentrations were signif-
icantly associated with E1G concentrations (Table 6: Model 1; cycle
phase: F;,1)=9.3; p=0.01; MiBP: F(; 1)=6.30; p=0.03). Considering
only parsimonious findings across models, only > "DEHP and MiBP
phthalates showed persistent associations with variation in either
PdG or E1G concentrations.

4. Discussion

In this study, we found evidence of measureable urinary phtha-
late metabolite concentrations among the Tsimane’, despite their
traditional lifestyle and remote geographic location with limited
usage of manufactured goods. For most phthalate metabolites, lev-
els were considerably lower among the Tsimane’ as compared to
industrialized populations (Table 3). With the exception of MiBP,
phthalate metabolite levels among the Tsimane’ were also lower
than among other developing and traditional-living populations
such as rural Egyptians and OOM living in New York State (Table 3,
Colacino et al., 2011; Martina et al., 2012). Distance from vil-
lage of residence to the nearest city, San Borja, was a significant
predictor of most phthalate metabolites measured, with women
living closer to the city having higher levels. Spanish fluency was
also predictive of phthalate metabolite levels, with greater fluency
associated with increased exposure. Ecological location was not a
significant predictor of phthalate metabolite levels. Considering a
combined market access metric using both distance from San Borja
and Spanish fluency, increased market access is associated with
increasing urinary phthalate metabolite concentrations (Fig. 3). In
this isolated population, these measures may be proxies for market
access. As a result, individuals who have better geographic access
through shorter distance to San Borja and/or who can communi-
cate in Spanish with non-Tsimane’ Bolivians may more readily able
to obtain manufactured products containing phthalates, including
foodstuffs, plastic kitchenware (bags, bottles, cups, bowls), per-
sonal care products, plastic tarps, and medications. These items
have all been observed in Tsimane’ households in present day;
however were in very limited supply at the time of urine collec-
tion. Among the Tsimane’, there is also some (albeit very limited)
use of pesticides, insecticides, and medications, all of which may
contain phthalates. Ultimately, structured household and commu-
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Table 5

Linear models examining phthalate metabolite concentrations in relation to markers of Market Access (n=>59). Bold indicates p < 0.05. Reference group is Riverine.

Phthalate metabolite Predictor Estimate t-Ratio Prob>F 95% confidence interval
Z DEHP Distance from San Borja —-0.02 —-4.37 0.001 (—0.03, -0.01)
Interior location -0.28 -1.71 0.09 (-0.61, 0.04)
Spanish fluency 0.26 1.82 0.04 (0.01, 0.56)
MEHP Distance from San Borja -0.02 -3.73 0.005 (—-0.02, —0.007)
Interior location -0.12 -0.85 0.40 (-0.41,0.16)
Spanish fluency 0.32 2.68 0.01 (0.08, 0.56)
MEHHP Distance from San Borja -0.02 —4.50 0.001 (-0.04, -0.01)
Interior location -0.35 -1.82 0.07 (—0.74, 0.04)
Spanish fluency 0.27 1.72 0.09 (—0.04, 0.59)
MEOHP Distance from San Borja -0.03 —4.53 0.001 (-0.03, -0.01)
Interior location -0.35 -1.64 0.11 (-0.68, 0.07)
Spanish fluency 0.28 1.85 0.07 (-0.02,0.59)
MECPP Distance from San Borja -0.02 —4.05 0.002 (-0.03, —0.009)
Interior location -0.27 -1.69 0.09 (-0.61, 0.05)
Spanish fluency 0.27 2.01 0.049 (0.001, 0.54)
MBP Distance from San Borja -0.03 —-4.27 0.001 (-0.04, —0.02)
Interior location -0.15 -0.54 0.59 (-0.72,0.41)
Spanish fluency 0.68 2.95 0.08 (0.22,1.15)
MiBP Distance from San Borja —0.03 —4.12 0.001 (-0.04, —0.02)
Interior location -0.07 -0.29 0.77 (—0.59, 0.44)
Spanish fluency 0.73 3.48 0.001 (0.31,1.16)
MBzP Distance from San Borja -0.01 -1.65 0.10 (-0.05,0.01)
Interior location 0.19 1.07 0.28 (-0.17,0.55)
Spanish fluency 0.37 2.49 0.02 (0.07, 0.70)
MEP Distance from San Borja -0.03 -3.92 0.003 (-0.05,0.01)
Interior location -0.61 -1.90 0.06 (-1.25, -0.034)
Spanish fluency 0.29 1.09 0.28 (-0.24,0.81)
MCOP Distance from San Borja -0.02 -3.43 0.001 (-0.03, -0.01)
Interior location -0.30 -1.54 0.13 (-0.69, 0.09)
Spanish fluency 0.35 2.19 0.03 (0.03, 0.67)
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Fig. 2. Phthalates and distance from town. Log-transformed, specific-gravity adjusted urinary phthalate metabolite concentrations in relation to distance from village of

residence to nearest city (San Borja) among Tsimane’ women (n=59).

nity inventories of manufactured goods, along with water and soil
sampling, are needed to better understand the potential sources of
exposure in this remote population.

In exploratory analyses, we also found preliminary evidence
that in this subsistence population, low-dose exposure to phtha-

lates may be associated with altered hormone activity. Due to the
significant differences in characteristic hormone profiles between
lactating and cycling women, we focused on cycling woman only
for this analysis, reducing our sample size to 25 women. Nev-
ertheless, we observed significant associations between certain
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Table 6

Results of a linear model analysis examining the association between reproductive hormone concentrations and phthalate metabolite concentrations (n=25). Bold indicates
p <0.05 for both models, italics indicates p < 0.05 for one model.

Phthalate metabolite Model 1 Model 2
Predictor Estimate 95% confidence interval Predictor Estimate 95% confidence interval
PdG Log ZDEHPSG 0.87 (0.25,1.48) Log ZDEHPSG 0.79 (0.01, 1.56)
Log MEP_SG 0.058 (-0.21,0.32) Log MEP_SG 0.07 (-0.24,0.38)
Log MCOP_SG -0.39 (-0.90,0.12) Log MCOP_SG -0.33 (-0.96, 0.31)
Log MBzP_SG 0.38 (0.01,0.76) Log MbZP_SG 0.34 (-0.13,0.80)
Log MiBP_SG -0.26 (-0.59, 0.06) Log MiBP_SG -0.30 (-0.74,0.13)
Body fat -0.01 (-0.05, 0.03) Body fat -0.01 (-0.07,0.04)
Cycle phase -0.49 (—0.86, —0.10) Cycle phase -0.48 (—0.96, —0.001)
Age (years) 0.01 (-0.03, 0.05) Age (years) 0.01 (-0.05, 0.07)
Parity -0.02 (-0.54, 0.50)
Distance from SB -0.01 (-0.02,0.01)
E1G Log ) "DEHP.SG 0.31 (—0.74,1.37) Log ) "DEHP.SG 0.72 (-0.22,1.67)
Log MEP_SG 0.32 (—0.14,0.78) Log MEP_SG 0.28 (-0.10,0.67)
Log MCOP_SG —-0.095 (-0.91,0.72) Log MCOP_SG -0.43 (-1.15,0.28)
Log MBzP_SG 0.53 (-0.20,1.25) Log MBzP_SG 0.83 (0.20, 1.46)
Log MiBP_SG -0.58 (-1.09, —0.06) Log MiBP_SG -0.46 (—0.92, —-0.00)
Body fat 0.017 (-0.05, 0.08) Body fat 0.05 (-0.01,0.10)
Cycle phase -0.79 (-1.38,-0.2) Cycle phase -0.69 (-1.19, -0.18)
Age (years) 0.012 (-0.04, 0.07) Age (years) -0.01 (—0.08, 0.05)
Parity -0.22 (—0.80, 0.36)
Distance from SB 0.014 (0.00, 0.03)

phthalate metabolites and reproductive axis hormone metabolites.
ZDEHP was significantly positively associated with PdG con-
centrations in both models, suggesting parsimonious support for

the relationship in this limited set of samples. Additionally, MiBP
was negatively associated with E1G levels and also significant in
both models. These findings echo work in animal models and in
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vitro suggesting that phthalate exposure can alter ovarian devel-
opment, function, and steroidogenesis (reviewed in Hannon and
Flaws, 2015). However, given the small sample size and the nat-
ural variation present in circulating sex hormones, these results
need to be confirmed and replicated. A number of studies, in
human females, have examined associations between phthalate
metabolites and testosterone levels, and both inverse (Meeker and
Ferguson, 2014; Sathyanarayana et al., 2014) and positive associa-
tions (Watkins et al., 2014) have been noted. Much less is known
about phthalates in relation to estradiol and progesterone activ-
ity in humans. A study of Taiwanese girls found that serum MEHP
and MBzP levels were positively associated with serum proges-
terone (Su et al,, 2014). In a study of pregnant women in Puerto
Rico, MEP concentrations were inversely associated with proges-
terone across pregnancy (Johns et al,, 2015). In that study, as
well as a U.S. pregnancy cohort, no associations were observed
between phthalate metabolite levels and estradiol (Johns et al.,
2015; Sathyanarayana et al., 2014). Inconsistent findings across
studies may be attributable to differences in timing of exposure,
phthalate metabolites considered, reproductive status, and pop-
ulation. Indeed, phthalates may act in a non-monotonic manner
(Beausoleil et al., 2013; Vandenberg, 2014), thus the relation-
ship between phthalates and ovarian steroid activity may also
differ in low exposure populations (like the Tsimane’) compared
to more highly exposed industrialized populations. Additionally,
recent research has shown that EDCs, particularly phthalates, have
been shown to act as mixtures (Gray et al., 2000; Howdeshell et al.,
2008; Rider et al., 2009; Sobolewski et al., 2014). This creates a
situation where a combination of phthalates, or concurrent tox-
icant exposures, may be responsible for alterations in hormone
concentrations. Future studies should focus on identifying the pos-
sibility that several chemicals, with the same mechanism of action
or those that converge on a single physiological pathway, may lead
to cumulative effects on reproductive hormone function.

There are several limitations of note. The statistical power is lim-
ited by the small sample size, increasing the likelihood of chance or
missed associations. As a result, this work requires replication in a
larger study population. Also, potential unmeasured sampling dif-
ferences between contacted and uncontacted women, and women
that provided urine, may have influenced results. As mentioned,
a total of 1374 women (74% of the census population) were seen
by the medical team during this period and, roughly half of the
women not observed (~13%) were absent from their villages dur-
ing the team visit. The Tsimane’ are semi-nomadic and absences
during medical team visits are common. Absences during the study
period are unlikely to have been biased toward any specific activity,
however, there is still the possibility that unmeasured confounds
associated with such sampling and urine collection profiles may
have biased hormone profiles or phthalate concentrations. For
example, the remaining 13% of unobserved women declined med-
ical examination for unreported reasons. Women who agreed to
medical examinations may have been more likely to be ill or have
ill young dependents. Conversely, women declining examinations
may have had other household obligations. There is the possi-
bility that, although we adjusted for known confounders, there
could be residual confounding or other, unmeasured factors that
could attenuate the noted associations with hormone profiles. Fur-
thermore, we focused on a single class of chemicals, phthalates,
when in reality the Tsimane’ (and all populations) are exposed
to complex mixtures. Phthalate exposure may be correlated with
other exposures and it is possible that those unmeasured environ-
mental exposures could be driving the endocrine associations we
observed. Whether exposure to phthalates and other environmen-
tal chemicals may contribute to adverse reproductive health effects
in Tsimane’ women are unknown. These results highlight the need
for more studies of environmental chemicals in cycling women

(both Western and non-Western) in order to better understand
their effects on the reproductive and endocrine system. Finally,
studies of unique populations like the Tsimane’ may limit our abil-
ity to extrapolate findings to other populations. As a result, these
studies should be replicated in multiple locally-subsistent, tradi-
tional communities to extend the generalizability of data from low
levels of human exposure.

Our results clearly demonstrate that exposure to phthalates
occurs among the Tsimane’, and most likely, other traditional pop-
ulations as there is increasing utilization of the global marketplace.
This presents a novel context in which to explore the adverse health
effects of phthalates and other EDCs. Unlike industrialized popula-
tions in which the use of plastics has been widespread for a century,
such products have only trickled down to populations like the Tsi-
mane’ in the recent past. In just the few years since the collection of
these urine samples (2008-2009), there has been increasing usage
of global marketplace goods. In public health surveys conducted
from 2013-2015, five years after the current samples were col-
lected, 99% of households reported owning one or more mosquito
nets, 61% radios, 31% plastic watches, 15% mobile phones, and 8%
motorcycles (n=1016). Eight percent of households surveyed were
in current possession of insecticide or fertilizer for use in crop fields
(Tsimane Health and Life History Project, unpublished data; sur-
vey methodology described in Gurven et al., 2015). This trend of
increasing utilization of global market goods will, very likely, result
in increased exposure to environmental chemicals for the Tsimane’
over the next decade.

Nevertheless, today’s Tsimane’ adults most likely represent the
first generation with exposure to phthalates, and in all likelihood,
did not experience in utero exposure, in contrast to industrial-
ized populations. This raises the previously impossible option of
studying the adult effects of EDC exposure separate from transgen-
erational or in utero effects in humans. Following this population
and subsequent generations may yield important information on
inter-generational effects that are no longer possible to study in
industrialized countries.

This setting is also an ideal one in which to explore the extent
to which phthalates (and other EDCs) demonstrate non-monotonic
dose-response relationships, whereby adverse health effects at low
doses are potentially unpredicted by known influences at higher
doses (Vandenberg et al., 2012). The suggested health influence of
low-dose EDCs on reproductive and behavioral health is a public
health issue of critical importance (Birnbaum, 2013).

Studying the Tsimane’, a natural fertility population, may offer
valuable insight on fertility-related outcomes as well. For instance,
recent data from a large study of women undergoing assisted repro-
ductive technology found that women with the highest levels of
exposure to ZDEHP were less likely to have clinical pregnancies
or live births (Hauser et al., 2015). The Tsimane’ and other similar
populations offer additional opportunities to study phthalates in
relation to time to pregnancy, pregnancy loss, and total fertility, all
of which are extremely difficult to study in industrialized popula-
tions in which use of hormonal contraception and family planning
are standard.

5. Conclusions

Overall, remote, subsistence populations like the Tsimane’ offer
a unique window into the health effects of endocrine disrupting
chemicals (like phthalates) because: (1) exposures are low-dose
and likely to be first generation; (2) a natural fertility lifestyle allows
for better exploration of downstream reproductive effects; (3) large
family sizes provides an opportunity to assess influences on fertil-
ity.
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