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Bisphenol A (BPA) is a high production volume chemical and an endocrine disruptor. Develop-
mental exposures to BPA have been linked to adult metabolic pathologies, but the pathways
through which these disruptions occur remain unknown. This is a comprehensive interspecies
association vs causal study to evaluate risks posed by prenatal BPA exposure and to facilitate
discovery of biomarkers of relevance to BPA toxicity. Samples from human pregnancies during the
first trimester and at term, as well as fetal and/or adult samples from prenatally BPA-treated sheep,
rats, and mice, were collected to assess the impact of BPA on free fatty acid and oxidative stress
dynamics. Mothers exposed to higher BPA during early to midpregnancy and their matching term
cord samples displayed increased 3-nitrotyrosine (NY), a marker of nitrosative stress. Maternal
samples had increased palmitic acid, which was positively correlated with NY. Sheep fetuses and
adult sheep and rats prenatally exposed to a human-relevant exposure dose of BPA showed in-
creased systemic nitrosative stress. The strongest effect of BPA on circulating free fatty acids was
observed in adult mice in the absence of increased oxidative stress. This is the first multispecies study
that combines human association and animal causal studies assessing the risk posed by prenatal
BPA exposure to metabolic health. This study provides evidence of the induction of nitrosative
stress by prenatal BPA in both the mother and fetus at time of birth and is thus supportive of the
use of maternal NY as a biomarker for offspring health. (Endocrinology 156: 911–922, 2015)

It is highly debated whether endocrine-disrupting chem-
icals at current exposure levels are detrimental to human

health (1). In recent years, attention has focused on human
exposure to bisphenol A (BPA), a widely used high pro-
duction volume industrial endocrine-disrupting chemical.
In fact, human exposure to BPA is virtually universal (2),
including exposures during prenatal life, because it has
been detected in maternal serum, amniotic fluid, and cord
blood taken at birth and placental tissues (3–5). Exposure
to BPA during these early developmental periods has been
linked to intrauterine growth restriction/low birth weight
and, hence, considered as a risk factor for adult reproductive

and metabolic diseases (1, 6–8). Epidemiological studies
have also reported positive correlations between increased
BPA exposure and adult pathologies, including metabolic
disorders (9,10).TheubiquityofBPAandthe rangeof target
organsBPAimpacts emphasize theneed foracomprehensive
evaluation of the health risks stemming from BPA exposure
and expansion of investigations to endpoints of relevance to
various systems and their integrative functions.

A human cross-sectional study involving 1455 subjects
(data fromNationalHealthandNutritionExaminationSur-
vey 2003–2004 survey) reported an association between uri-
nary levelsofBPAanddiabetes (10)andmetabolic syndrome
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(11). Studies in animal models have also shown that prenatal
exposure to BPA leads to postnatal metabolic deficits, in-
cluding disruption of glucose homeostasis (12), altered mi-
tochondrial function (13), andchanges ingrowthrateduring
early development (14). One of the precursors of these met-
abolic pathologies is insulin resistance, which in many in-
stances is associated with inflammation. Known mediators
of tissue specific insulin resistance and inflammation include
imbalances in free fatty acids (FFAs) and oxidative stress
(15). Indeed, oxidative stress may play a causal role in all
formsof insulinresistance(16).Thesepathwaysarepotential
targets for insult from endocrine disruptors such as BPA.
Evidence forendocrine-disruptingchemicals interferingwith
lipid metabolism, FFA balance and transport, and oxidative
stress is available in various species (17). BPA augments the
inflammatory response in rodents (18)and is associatedwith
oxidative stress in postmenopausal women (19). Such find-
ings of metabolic disruptions, especially after developmental
exposure to BPA along with the fact that prenatal BPA ex-
posure has the potential to induce epigenetic modifications
(20), including changes in the miRNA machinery such as
evidenced in other studies (21), provide support for BPA dis-
ruption of the glucose/insulin homeostasis and its link to in
utero programming.

In assessing human risk posed by BPA, because sensi-
tivity to BPA is likely to vary between species, causal stud-
ies in several species are needed. Furthermore, because
route of administration, uptake, and metabolism of BPA
are also likely to vary between species and from fetus to
adult, it is important to relate internal levels in body fluids/
tissues, as a reference point to assess human risk. Taking
these into consideration, this study tested the hypothesis
that gestational exposure to BPA, at levels humans are
exposed to, disrupts the maternal and offspring metabolic
homeostasis by perturbing FFA balance and oxidative
stress system, contributors to the development of insulin
resistance, forerunner of type 2 diabetes, metabolic syn-
drome, and cardiovascular disease. The study was devel-
oped as a comprehensive interspecies study to evaluate
risks posed by prenatal BPA exposure and to facilitate
discovery of biomarkers of relevance to BPA toxicity.

Materials and Methods

Human subjects
After institutional review board approval and written in-

formed consent, women were recruited from the community sur-
rounding the University of Michigan Von Voigtlander Women’s
Hospital. Women were contacted during their first trimester pre-
natal clinic visit and were included if they fit the next inclusion
criteria: 18 years or older, natural conception (no infertility treat-
ment), singleton pregnancy, and 8–14 weeks pregnant. Exclu-

sion criteria included pregnancy complications such as gesta-
tional diabetes, preterm birth, preeclampsia, or newborn
abnormalities. At this initial study visit, participants had blood
drawn by venipuncture. After delivery of the placenta, cord
blood samples were collected from the cord, which was clamped
proximal to the placenta. To avoid BPA contamination from
plastics, placenta was hung vertically, a needle was inserted into
the cord and blood allowed to flow through the needle directly
into glass tubes. All samples were collected and processed avoid-
ing any contact with plastic to avoid BPA contamination. Based
on first trimester maternal unconjugated BPA (uBPA) levels, ma-
ternal samples and pair-matched term umbilical cord were cho-
sen from 12 low vs 12 high uBPA-exposed pregnant women.
Complete demographic data of subjects included in the study and
the uBPA levels in the high and low BPA groups are shown in
Table 1. Subjects delivering both male and female offspring were
included in the study; their distribution between the low and high
BPA group did not vary (Table 1). Maternal samples were as-
sayed for FFA analysis, and maternal and cord samples were both
assayed for oxidized products of tyrosine (details below).

Animal studies
Table 2 summarizes tissues, age and number of animals, BPA

dose, vehicle used, exposure route, window of exposure, and
outcome measures used in all animal species studied. Resource
limitationand thegender focusof someof thegrants that supported
the sample generation restricted this investigation to females only.
Due to limited sample volume in rodents, some outcome measures
could not be undertaken at some time points. Specific details of
animal experimentation by species are listed below.

Sheep
Jugular blood and visceral adipose samples were collected

from control and prenatal BPA-treated (0, 0.5, and 5 mg/kg � d
from gestational day [GD]30 to GD90; term, �147 d) adult
females (�21 mo old) during the follicular phase of a synchro-
nized cycle. Blood samples were collected before euthanasia, and
adipose tissue was collected after a barbiturate overdose (Fatal

Table 1. Human Subjects Characteristics

Low BPA High BPA

Number of subjects 12 12
uBPA (ng/mL) 0.08 � 0.01 27.79 � 8.38*
uBPA range (ng/mL) 0.03–0.14 4.1–96.4
Maternal age 30.4 � 1.1 32.9 � 1.8
Maternal BMI prepregnancy 24.0 � 1.0 24.3 � 1.1
Maternal BMI term 29.8 � 1.3 29.5 � 1.3
Race/ethnicity

Asian 1 (8.3%) 3 (25.0%)
African-American 2 (16.7%) 1 (8.3%)
Hispanic 0 2 (16.7%)
White 8 (66.7%) 6 (50.0%)
Not available 1 (8.3%) 0

Marital status (single/married) 3/9 2/10
Parity 0.7 � 0.7 0.6 � 0.2
Newborn gender (males/females) 8/4 7/5
Gestational length (d) 275.7 � 1.3 275.2 � 2.4

Data expressed as mean � SEM. Asterisk indicates significant
difference (P �.01); note that statistical difference here is driven by
study design.
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Plus, Vortech Pharmaceuticals). Adipose tissue samples were
flash frozen on dry ice and stored frozen until assay. Arterial
umbilical cord samples from control and prenatal BPA-treated
female fetuses (0- and 0.5-mg/kg � d BPA, other doses not stud-
ied), and jugular samples from their mothers were procured at
days 65 and 90 of gestation (mid and end of BPA treatment,
respectively) from a second set of animals. For treatment pur-
poses, BPA (purity �99%, catalog 239658; Aldrich Chemical
Co) was dissolved in corn oil (vehicle received by the control
group). For reference, the 5-mg/kg � d dose BPA produces ap-
proximately 40-ng/mL free BPA in maternal blood (22), levels
approximating twice the highest level found in pregnant United
States women (23). Internal dose of uBPA achieved in umbilical
arterial samples with the 0.5-mg/kg � d dose has been reported
previously and averages 2.62 � 0.52 ng/mL at GD90 (21), ap-
proaching the median level of BPA measured in maternal circu-
lation (23) and urine (24) of United States women.

Rats
Serum from postnatal day (PND)1 and serum and adipose tis-

sues from approximately 3-month-old (83–110 d) control and pre-
natal BPA-treated Wistar rats were obtained from an in-house col-
ony at North Carolina State University. Animals were reared in an
environment that minimizes exposure to BPA and other exogenous
xenoestrogens (glass water bottles, polysulfone caging, woodchip
bedding, and Harlan Teklad 2020 soy-free diet) (25). BPA (50
mg/kg body weight [BW], 50 �g/kg BW) or vehicle (95% ethanol)
was dispensed (15-�L total volume) on a vanilla wafer cookie
(Newman’s Own) as described previously (26) and fed to the dams
daily from GD6 to GD21. BPA was provided by the National In-
stitute forEnvironmentalHealthSciences(NIEHS)(BPA,2,2-bis(4-
hydroxyphenyl)propane; chemistry abstract service number 80-
05-7; lot 11909; United States Environmental Protection Agency/
NIEHS standard). Maternal levels of uBPA after a 100-�g/kg BW
oral dose (twice the low dose used in this study) has been estimated
to be around 0.07 ng/mL (27), which is within the exposure range
of pregnant women (23). In addition, serum samples were obtained
from female litter mates on PND1 animals and pooled as needed to
generate sufficient volume for analysis. Serum and fat pads (right
and left ovarian fat pads and right kidney fat pad) were obtained

from the adults on the day of estrus (1 low-dose BPA female was
acyclic at the time of killing). Fat pads were flash frozen on pow-
dered dry ice. All materials were stored at �80°C until shipping.

Mice
Plasma and gonadal adipose tissue from approximately

3-month-old (82–110 d) control and prenatal BPA-treated fe-
male mice were obtained from a colony of Avy Agouti strain mice
maintained for over 220 generations with forced heterozygosity
for the Avy allele through the male line, resulting in a genetically
invariant background with 93% similarity to C57BL/6J (28).
Female wild-type (a/a) mice were killed and tissues collected on
the first day of estrus (29). The Avy mutation initially arose spon-
taneously in the CH3/HeJ strain. Animals carrying the mutation
were backcrossed for 1–3 generations with C57BL/6J animals,
followed by over 200 generations of sibling mating, resulting in
a genetically invariant background, which is 93% C57BL/6J
overall (30). Thus, the animals evaluated in this study are quite
similar to C57BL/6J mice, a standard mouse strain used in tox-
icant and metabolic studies. BPA was administered via the diet.
Specifically, virgin a/a dams, 6 weeks of age, were randomly
assigned to phytoestrogen-free AIN-93G diets (diet 95092, with
7% corn oil substituted for 7% soybean oil) supplemented with
50-mg BPA per kilogram of diet. All diet ingredients were sup-
plied by Harlan Teklad, except BPA, which was supplied by the
National Toxicology Program. At 8 weeks of age, exposed dams
were mated to Avy/a sires. Dams and offspring were maintained
on assigned diets until offspring weaning at 3 weeks of age, upon
which the BPA-treated animals were maintained on the control
diet. The 50-mg BPA per kilogram of diet is an order of magni-
tude lower than the dietary administered maximum nontoxic
threshold in rodents (200 mg/kg BW/d) (31), and dams are ex-
pected to consume 10-mg BPA/kg BW per day, assuming con-
sumption rates of 5 g/d. The internal BPA levels achieved in
PND22 weanling offspring have been reported to range between
9.5 and 870 ng/g of total BPA in livers, which is comparable with
the range observed in human fetal livers (less than limit of de-
tection, 96.8 ng/g) (32). Other studies using a dose of 100-mg
BPA/kg diet demonstrated that mean uBPA levels over a 24-hour
period after BPA administration was 6.1 ng/mL (33), which falls

Table 2. Summary of Species Studied, Matrix Used, Age, Sample Size, BPA Dose, Vehicle and Exposure Route,
Window of Exposure, and Outcome Measures Studied

Species Matrix Age Control (n)
BPA Low
Dose (n)

BPA High
Dose (n)

Vehicle Used
and Route

Exposure
Window

OX
Stress FFA

Sheep Plasma Mothers Vehicle (7) 0.5 mg/kg (5) — Corn oil (SC) 30–65 d of
pregnancy

Yes No

Mothers Vehicle (5) 0.5 mg/kg (6) — 30–90 d of
pregnancy

Yes No

Fetal (GD65) Vehicle (7) 0.5 mg/kg (5) — GD30–GD65 Yes Yes
Fetal (GD90) Vehicle (5) 0.5 mg/kg (6) — GD30–GD90 Yes Yes
Adult (21 mo) Vehicle (5) 0.5 mg/kg (6) 5 mg/kg (5) Yes Yes

FatV Adult (21 mo) Vehicle (5) 0.5 mg/kg (6) 5 mg/kg (5) Yes Yes
Rat Serum Neonate (PND1) Vehicle (4) N/A 50 mg/kg (4) 95% EtOH-

Cookie (oral)
GD6–GD21 No Yes

Adult (PND90) Vehicle (6) 50 mg/kg (6) 50 mg/kg (6) Yes No
FatGR Adult (PND90) Vehicle (6) N/A 50 mg/kg (6) Yes Yes

Mouse Plasma Adult (PND90) Vehicle (4–6) N/A 50 mg/kg (4–6) Diet (oral) 2 wk premating
to PND 21

Yes Yes
FatG Adult (PND90) Vehicle (6) N/A 50 mg/kg (6) No Yes

Dose in sheep and rats is calculated per kilogram of body weight per day. Dose in mice is calculated per kilogram of diet per day. Number of
females included in each time point is shown in parenthesis. Superscripts in matrix column refer to: V, visceral fat depot; G, gonadal fat depot; GR,
pooled renal and gonadal fat depots. N/A indicates samples not available.

doi: 10.1210/en.2014-1863 endo.endojournals.org 913

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 01 January 2017. at 08:14 For personal use only. No other uses without permission. . All rights reserved.



under the range of human maternal exposure. In order to obtain
enough material for the assays, female siblings from the same
litter were pooled as needed.

The internal BPA doses discussed for the 3 species above are
from previously published studies and carried out in different
laboratories (21, 27, 32) using protocols established before the
BPA Round Robin validation study (34).

BPA measures
uBPA and BPA glucuronide (BPA-G) were measured using a

validated protocol published from the NIEHS-funded Round
Robin study (34) in one of the laboratories that participated in
the study. Plasma samples were extracted following methods
described elsewhere, with some modifications (35). Briefly, after
thawing at room temperature, serum (0.5 mL) was transferred to
a 15-mL glass tube, and internal standards (d6-BPA and 13C12-
BPA-G), ammonium acetate buffer, formic acid, and milli-Q wa-
ter were added to a total volume of 3 mL. An Oasis mixed-mode
cation exchange cartridge (60 mg/3 cc; Waters) was used for
extraction and clean-up procedure. The cartridge was precon-
ditioned with methanol and water. After loading the sample, the
cartridge was washed with 15% methanol in water and eluted
with methanol. The eluate was concentrated to 0.5 mL. The
uBPA and BPA-G levels in samples were quantified using a HPLC
coupled with API 5500 electrospray triple-quadrupole mass
spectrometer (ESI-MS/MS). A total of 10 �L of the extract was
injected onto an analytical column (Betasil C18, 100 � 2.1-mm
column; Thermo Electron Corp), which was connected to a Jav-
elin guard column (Betasil C18, 20 � 2.1 mm). The mobile phase
was comprised of methanol and 10mM ammonium acetate in
water. The ESI-MS/MS was operated in the electrospray negative
ion mode. Data were acquired using multiple reaction monitor-
ing for the transitions of 227 � 212 for BPA, 233 � 215 for
d6-BPA, 403 � 113 for BPA-G, and 415 � 113 for 13C12-BPA-G.

Quality assurance and quality control parameters include val-
idation of the method by spiking internal standards into the
sample matrices and passing through the entire analytical pro-
cedure to calculate recoveries of target analytes through the an-
alytical method. A procedural blank was analyzed with the sam-
ples to check for interferences or laboratory contamination. The
limit of detection was 0.02 ng/mL for uBPA and BPA-G. The
recovery of d6-BPA and 13C12-BPA-G spiked into samples was
95 � 29% (mean � SD) and 103 � 37%, respectively. Reported
concentrations were corrected for the recoveries of surrogate
standard (isotope dilution method). The native standards spiked
into procedural blank and selected sample matrices and passed
through the entire analytical procedure yielded recoveries of
105 � 5% and 102 � 7% for BPA and 107 � 19% and 95 �
20% for BPA-G, respectively. An external calibration curve was
prepared by injecting 10 �L of 0.01- to 100-ng/mL standards and
calibration coefficient was more than 0.99.

FFA measures
FFAs were measured in plasma of human maternal samples as

well as in fetal and adult sheep, PND1 rats, and adult mice. FFAs
were also measured in adipose tissue of adult sheep, rat, and mice.
FFA measurement in plasma and adipose tissue involved the next
steps: 1) lipid extraction, 2) preparation of methyl ester and puri-
fication, 3) analysis of nonesterified FFA, and 4) gas chromatogra-
phy (GC) identification of fatty acid methyl esters. In brief, total

lipids from the fat samples were extracted using an organic solvent
(36). The methyl esters were extracted with hexane and then puri-
fiedby thin-layerchromatographyand identifiedwithrespect to the
retention time of the standard. The fatty acid compositions were
then analyzed by GC. Analysis of nonesterified FFA of plasma sam-
ples was performed using a direct method of transesterification as
described previously (37). Hexane was used to extract the methyl
estersandthenpurifiedbythin-layerchromatographyandanalyzed
by GC (6890N Model; Agilent) equipped with flame ionization
detector, an auto sampler. Hydrogen was used as a carrier gas as
well as for flame ionization detector and nitrogen as a makeup gas.
A calibration curve was prepared using proportional amounts of
C17:0 methyl ester standard. A mixture of standard methyl esters
was also run to identify the components in unknown samples by
comparing their retention times. The FFAs were quantified with
respect to the amounts of C17:0 internal standard added, and the
calibration curve was prepared. Intraassay coefficients of variation
were 0.9% and 1.1% and interassay coefficients of variation were
2.6% and 3.3%. Individual FFAs and total amount of saturated,
mono- and polyunsaturated FFAs were calculated. Desaturation
indices were calculated as the ratio of the sum of the unsaturated to
sum of saturated FFAs with the same number of carbons (ie,
C16:1/C16:0).

Oxidative stress measures
Protein-bound oxidized tyrosine moieties (3-nitrotyrosine

[NY], 3-chlorotyrosine [ClY], and o, o’-dityrosine [DiY]) in hu-
man, sheep, and mice plasma, rat serum, and adipose tissue were
quantified by isotope dilution liquid chromatography electros-
pray ionization tandem mass spectrometry as described previ-
ously (38). Briefly, the plasma and tissue proteins were precip-
itated with ice-cold trichloroacetic acid (10% vol/vol) and then
delipidated with water/methanol/water-washed diethyl ether (1:
3:7; vol/vol/vol). Adipose tissue was homogenized before pre-
cipitation and delipidation. Known amounts of isotopically la-
beled internal standards 13C6-Y and 13C6-NY, 13C6-ClY, and
13C12-o, o’-DiY were added. The precipitated plasma proteins
were hydrolyzed at 110°C for 24 hours in 4M methanesulfonic
acid solution saturated with 1% benzoic acid. After solid-phase
extraction, the oxidized amino acids were quantified by HPLC-
ESI-MS/MS with multiple reaction monitoring by integrating
peak areas of the labeled standards and the analytes. The levels
of the oxidized amino acids were then normalized to the precur-
sor amino acid tyrosine content. The levels of oxidized tyrosine
products are expressed as the ratio of the oxidized product over
the total tyrosine. Intraassay coefficients of variation for ClY,
DiY, and NY were 2.42%, 3.31%, and 2.7%, respectively.

Statistical analysis
The impact of prenatal BPA treatment (all 3 animal species)

on FFA and oxidative stress variables and the association of BPA
levels in maternal circulation of human pregnancies with FFA
and oxidative stress variables were analyzed using general linear
model. Forhumanstudies,wherebothgenderswere involved,new-
born gender was used as a covariate in the model. Pearson corre-
lation was used to assess the association between 2 variables. Ap-
propriate transformations were applied for all variables to account
for heterogeneity of variances. Significance was defined as P � .05.
All results are presented as mean � SEM. All analyses were carried
out using PASW Statistics for Windows release 18.0.1.
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Results

Association between BPA and oxidative stress in
human maternal and cord samples

Mean (�SEM) of uBPA, BPA-G, and oxidized tyrosine
products (NY [NY/tyrosine], ClY [ClY/tyrosine], and o,o’-
DiY[DiY/tyrosine]), in first trimestermaternal and termum-
bilical cord samples of low and high uBPA groups (based on
first trimester maternal measures) are shown in Figure 1. As
expected (due to categorization of subjects into high and low
uBPA groups), uBPA levels in maternal samples of low BPA
groupwere significantlydifferent fromthehighuBPAgroup.
This difference was also significant when BPA-G levels were
compared (P � .05). In addition, maternal uBPA levels were
significantly higher compared with term cord blood samples
(P � .02). BPA-G was only numerically, but not statistically,
higher in maternal compared with cord samples (P � .14).
Numericalnonsignificant increases inuBPAandBPA-Gcon-

centrations were observed in cord
samplesof thehighBPAgrouprelative
to the low BPA group. A positive cor-
relation was found between BPA-G in
first trimester samples and term cord
samples but not in uBPA (r � 0.443;
P � .05).

Pregnant mothers with high uBPA
levels had higher levels of NY/tyrosine
(P � .005) but not ClY/tyrosine or
DiY/tyrosine compared with those
with low uBPA. A significant Pear-
son correlation was found between
BPA-G and NY/tyrosine levels (r �
0.440; P � .05). The correlation be-
tween uBPA and NY/tyrosine was
marginally significant (r � 0.398; P �

.054). Cord blood from mothers ex-
posed to higher uBPA levels during 8–14 weeks of gestation
had higher NY/tyrosine levels compared the low BPA group
(P � .01). Analysis of samples from both groups combined
found a positive correlation between maternal and cord NY
levels (r � 0.475; P � .019) but not in ClY or DiY.

Association between BPA and FFAs in human
maternal and cord samples

Mean (�SEM) values for FFAs are shown in Table 3.
Levels of myristic acid (14:0), myristoleic acid (14:1),
�-linolenic acid (18:3 (n-3)), arachidic acid (20:0), ei-
cosapentaenoic acid (20:5), behenic acid (22:0), erucic
acid (22:1), eicosapentaenoic acid (22:5), and docosa-
hexaenoic acid (22:6) were undetectable in all the human
specimens. �-Linolenic acid (18:3 (n-6)), eicosenoic acid
(20:1), and adrenic acid (22:4) were detected in less than
or equal to 3 subjects and excluded from the analyses (not

Figure 1. BPA and tyrosine (Y) oxidation in human pregnancies. Mean (�SEM) plasma concentrations
of uBPA, BPA-G, and oxidized products of tyrosine: DiY, ClY, and NY in 8- to 14-week maternal and
their matching term umbilical cord samples in human pregnancies with low vs high uBPA levels.
Results are expressed as the ratio between the oxidized product to tyrosine. Blow, low uBPA levels;
Bhigh, high uBPA levels.

Table 3. FFA Levels (Mean � SEM) in Maternal Samples of Humans

FFA Name
FFA
(nmol/mL) Low uBPA High uBPA

P
Value

Maternal first trimester
Palmitic 16:0 52.7 � 5.4a 89.7 � 12.3b 0.012
Palmitoleic 16:1 1.5 � 0.3 3.9 � 1.8 n.s.
Stearic 18:0 53.8 � 4.7 58.8 � 3.9 n.s.
Vaccenic 18:1 (n-7) 4.2 � 0.6 6.6 � 1.5 n.s.
Oleic 18:1 (n-9) 56.6 � 7.9 92.8 � 17.4 0.078
Linoleic 18:2 55.9 � 7.3 73.0 � 11.2 n.s.
Eicosadienoic 20:2 1.9 � 0.4 1.9 � 0.4 n.s.
Dihomo-�-linolenic 20:3 3.3 � 0.6 2.2 � 0.5 n.s.
Arachidonic 20:4 9.3 � 1.3 8.2 � 0.9 n.s.
Total FFA 240.0 � 21.2 338.6 � 46.1 0.065

The next FFAs were not detectable: myristic acid (14:0), myristoleic acid (14:1), �-linolenic acid (18:3 (n-3)), arachidic acid (20:0), eicosapentaenoic
acid (20:5), behenic acid (22:0), erucic acid (22:1), eicosapentaenoic acid (22:5), and docosahexaenoic acid (22:6). The next FFAs were detected in
less than or equal to 3 subjects and hence excluded from the analyses: �-linolenic acid (18:3 (n-6)), eicosenoic acid (20:1), and adrenic acid (22:4).
The bolded value highlights the significance difference in palmitic between groups.
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shown). There was no difference in palmitoleic acid (16:
1), stearic (18:0), vaccenic acid (18:1(n-7)), linoleic acid
(18;2), eicosadienoic acid (20:2), eicosatrienoic acid (20:
3), and eicosatetraenoic acid (20:4) between women with
low vs high uBPA levels in the first trimester, except for
palmitic acid (16:0). Palmitic acid was higher in the high
BPA group compared with the low BPA group (P � .012).
Oleic acid (18:1(n-9)) and total FFAs also tended to be
higher in women with higher BPA levels. In addition, a
positive correlation was found between uBPA and
palmitic acid (r � 0.779; P � .001) and between uBPA and
total FFA (r � 0.645; P � .001) but not BPA-G. A trend
towards positive correlation was observed between
palmitic acid and NY/tyrosine (r � 0.396; P � .062).

Association between BPA and oxidative stress in
animal studies

Impact of gestational BPA treatment on oxidized ty-
rosine products in the 3 animal species studied is shown
in Figures 2 and 3. ClY was not detectable in all 3 animal
species studied.

Sheep
NY was higher in GD90 female fetuses of mothers

treated with BPA (0.5 mg/kg BW/d). A trend for elevated
NY was also evident in GD65 female fetuses of mothers
treated with BPA. There was a tendency for a positive
correlation between maternal and the fetal NY levels (r �
0.525; P � .079). DiY levels in maternal and fetal circu-
lation of BPA-treated mothers did not differ from corre-
sponding controls. However, a significant negative corre-

lation was found between fetal and
maternal DY levels (r � �0.649; P �
.022). In prenatal BPA-treated adult
females, NY was found to be ele-
vated in both plasma and adipose tis-
sue of higher BPA dose group (5
mg/kg BW/d) but not in the lower
BPA dose group (0.5 mg/kg BW/d)
relative to controls.

Rodents
NY levels were elevated in plasma

and adipose tissue in BPA-treated rats
exposed to the higher dose (50 mg/kg
BW/d).DiYalso tended tobehigher in
adipose tissue with the same dose of
exposure. No differences in oxidized
tyrosine products were found in the
mouse.

Association between BPA and
FFAs in animal studies

Results from circulating FFAs are shown in Table 4
(sheep fetal and mice) and Supplemental Table 1 (rat and
adult sheep). Six FFA species were detected in at least 3
subjects per group in sheep fetuses and 8 FFAs in adult
sheep. Of those, only arachidonic acid (20:4) was signif-
icantly higher in BPA-treated female fetuses at GD65 (C,
2.8 � 0.9 vs BPA, 5.8 � 0.5 nmol/mL; P � .05). No
significant changes were observed in prenatal BPA-treated

Figure 2. Tyrosine (Y) oxidation in gestational BPA-treated sheep. Mean (�SEM) concentrations
of oxidized products of tyrosine; DiY and NY in maternal plasma of control and BPA (B)-treated
sheep, umbilical cord samples of female fetuses at GD65 and GD90, and in plasma and visceral
adipose tissues from control and prenatal BPA-treated 21-month-old females sheep. Results are
expressed as the ratio between the oxidized product and tyrosine. C, control; Blow, 0.5 mg/kg
BW/d; Bhigh, 5 mg/kg BW/d.

Figure 3. Tyrosine (Y) oxidation in gestational BPA-treated rats and
mice. Mean (�SEM) concentrations of oxidized products of tyrosine;
DiY and NY in plasma/serum and adipose tissue (renal and/or gonadal
fat pads) of control and prenatal BPA-treated adult (PND90) female
rats (left and middle histograms). DiY and NY concentrations in plasma
of adult (PND90) control (C) and prenatal BPA-treated female mice
(right histograms). C, control; Blow, 50 �g/kg BW/d; and Bhigh, 50 mg/
kg BW/d. For mouse, BPA was administered at 50 mg/kg diet/d.
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adult female sheep at either dose studied. A larger number
of FFAs were detected in rats and mice (18 and 17, re-
spectively) compared with human and sheep. Although
prenatal BPA treatment had no effect on the circulating
FFA profile in rats, it significantly reduced the concentra-
tions of myristic acid in prenatal BPA-treated adult mice
(C, 7.9 � 1.6 vs BPA, 2.8 � 0.9 nmol/mL; P � .05) and
tended to increase �-linolenic acid (18:3 (n-6)) (C, 1.3 �
0.4 vs BPA, 5.1 � 1.5 nmol/mL; P � .058).

Results from FFAs in adipose tissue are summarized in
Table 5. BPA had no effect on the adipose tissue FFA
profile in adult sheep or mice. However, prenatal BPA
treatment significantly increased erucid acid (C, 0.12 �
0.05 vs BPA, 0.30 � 0.06 nmol/mg; P � .05) and tended
to increase eicosapentaenoic acid, behenic acid, and do-
cosapentaenoic acid in adult rats. Prenatal exposure to
BPA did not have an effect on total saturated, mono- and
polyunsaturated FFAs, or desaturation index in plasma or
fat in any of the 3 animal species studied.

Discussion

This is the first BPA exposure study to comprehensively
combine and compare an association study in human and

a targeted BPA treatment study involving 3 different mam-
malian species (sheep, rats, and mice). Findings from this
study demonstrate a positive association between in-
creased BPA exposure and increased systemic nitrosative
stress, as well as increased palmitic acid during the first
trimester of pregnancy in humans. Cord blood of subjects
exposed to higher BPA levels during 8–14 weeks of ges-
tation also had higher nitrosative stress. Complementary
studies with multiple animal species treated prenatally
with BPA at relevant human exposure doses provide the
causal link of BPA induction of nitrosative stress.

Impact of prenatal BPA on oxidative stress
Oxidized tyrosine moieties were used to study pathways

involved in oxidative stress after BPA exposure. These spe-
cific stable products of tyrosine oxidation have been dem-
onstrated in numerous animal and human studies to yield
mechanistic information on oxidant stress pathways. ClY is
a specific marker of myeloperoxidase pathway, NY is a
marker for nitrosative stress, and DiY is a marker for hy-
droxyl radical and peroxidase oxidation (38, 39). This is the
first report of a positive association between circulating BPA
levels and oxidative stress in maternal-cord blood pairs in
humans. The similar circulating NY levels in both maternal

Table 4. Circulating FFA Levels in Fetal Sheep and Adult Mice

Plasma FFA
(nmol/mL)

Sheep Mice

Fetal GD65 Fetal GD90 Adult (PND90)

Control
BPA
(0.5 mg/kg) Control

BPA
(0.5 mg/kg) Control

BPA
(50 mg/kg)

14:0 ND ND ND ND 7.9 � 1.6a 2.8 � 0.9b

14:1 ND ND ND ND ND* ND*
16:0 29.8 � 2.9 22.5 � 3.4 14.9 � 2.0 17.0 � 0.8 225.2 � 23.9 194.2 � 10.4
16:1 ND ND ND ND 27.6 � 5.6 22.0 � 3.9
18:0 41.1 � 7.8 37.0 � 3.4 28.3 � 1.6 24.2 � 1.6 141.0 � 15.6 158.1 � 18.4
18:1 (n-7) ND* ND* ND* ND* 18.6 � 2.2 18.2 � 4.5
18:1 (n-9) 19.6 � 2.1 24.0 � 2.5 29.0 � 3.4 30.9 � 1.9 179.8 � 21.9 226.8 � 34.4
18:2 ND* ND* ND* ND* 176.1 � 22.5 218.7 � 29.2
18:3 (n-3) ND ND ND ND 3.0 � 0.4 3.7 � 0.7
18:3 (n-6) ND* ND* ND* ND* 1.3 � 0.4c 5.1 � 1.5d

20:0 ND ND ND ND ND ND
20:1 ND* ND* ND* ND* 3.4 � 0.5 4.5 � 0.7
20:2 9.0 � 1.6 10.2 � 1.0 9.9 � 1.6 6.5 � 1.1 7.3 � 0.4 11.3 � 2.0
20:3 ND* ND* ND* ND* 4.6 � 0.8 5.9 � 0.8
20:4 2.8 � 0.9a 5.8 � 0.5b 4.6 � 1.6 6.7 � 1.1 47.6 � 7.7 59.8 � 12.0
20:5 ND* ND* ND* ND* ND ND
22:0 ND ND ND ND ND ND
22:1 ND ND ND ND ND ND
22:4 ND* ND* ND* ND* 2.9 � 0.3 4.1 � 0.7
22:5 ND* ND* ND* ND* ND* ND*
22:6 ND* ND* ND* ND* 2.6 � 0.9 3.5 � 1.4
24:0 5.0 � 1.2 6.6 � 0.9 4.9 � 0.7 4.8 � 0.8 2.6 � 0.2 4.4 � 0.9
24:1 ND* ND* ND* ND* 6.6 � 0.9 9.3 � 1.3
Total FFA 110.6 � 13.5 108.0 � 6.8 94.1 � 6.7 98.2 � 6.0 858.3 � 94.5 952.9 � 102.4

ND, not detected; ND*, detected in less than 3 sheep/mice per group. a 	 b within age are significantly different (P � .05); c 	 d within species
and age tended to be different (P � .058). BPA doses expressed in kg of BW/d.
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and cord milieu found in this study differ from previous find-
ings, where umbilical cord levels of NY were found to be
higher than in the term maternal samples (40). These differ-
ences may relate the timing when maternal samples were
collected,8–14weeks in thepresent studyandterminWeber
et al study (40). Our study documenting a positive correla-
tion between maternal NY levels with cord NY levels at term
lends credence for the prediction by Weber et al (40) that
maternal oxidative stress, specifically NY, could be used as a
predictorof fetaloxidative stress.Perinatal exposure toother
endocrine-disrupting compounds, such as thimerosal, tribu-
tyltin, and benzene, also have been shown to induce oxida-
tive stress (41–43). Controversial evidence about the induc-
tion of nitrosative stress through prenatal dietary deficits,
such as low protein (44, 45), is also available.

Increased protein tyrosine nitration occurs during states
that lead to high oxidant rates, such as inflammation. Ele-
vated NY during pregnancy were found in severe diseases
associated with preterm birth, such as bronchopulmonary
dysplasia (46), perinatal asphyxia (47), or chronic hypoxia
(48). Because no preterm births were evident in the chosen
subject population, the relationship of prenatal BPA expo-
sure and NY may be more subtle and needs to be examined
in larger cohorts.Although theassociationbetweenBPAand
NY in the human study does not prove causality, it points to

a potential link. Animal studies demonstrating the induction
ofoxidative stressbyBPAtreatmentprovidedata supportive
of a causal link. For instance, evidence exists linking BPA
exposure with oxidative stress in fish spermatozoa (49), ze-
brafish embryos (50), and in the circulation of Wistar rats
(51). Induction of nitrosative stress in fetal circulation of
sheep by prenatal BPA treatment (this study) also provides a
causal link for the associations seen in the human study. Im-
portantly, the impact of BPA in inducing oxidative stress in
sheep was evident at both gestational stages studied (gesta-
tional day [GD] 65 and GD90) but stronger in the later ges-
tational age. This may be a reflection of the cumulative effect
ofBPAthroughout thewindowofexposure (GD30–GD90),
because BPA has been found to accumulate in adipose tissue
(52). Unfortunately, the fetal size in rats and mice limited the
assessment of oxidative stress during fetal time points to
validate findings from sheep to other species. Although
evidence exists suggestive of BPA being causative of
oxidative stress, very little is known about the under-
lying mechanisms by which BPA induces oxidative stress.
A recent study in 3T3 fibroblasts suggests that G protein-
coupled receptor 30 may be one of the receptors involved
in mediating oxidative stress (53).

Because tyrosine in proteins is 3–4 mol%, thus allow-
ing the presence of several tyrosine residues (54), the im-

Table 5. Adipose Tissue FFA Levels (Mean � SEM) in Adult Sheep, Rats, and Mice

Adult Sheep (21 mo old) Adult Rats (PND90) Adult Mice (PND90)

Fat FFA
(nmol/mg) Control

BPA
(0.5 mg/kg)

BPA
(5 mg/kg) Control

BPA
(50 mg/kg) Control

BPA
(50 mg/kg)

14:0 3.0 � 0.5 2.9 � 0.2 4.0 � 1.2 4.5 � 0.5 5.3 � 0.5 8.3 � 1.9 5.9 � 0.7
14:1 0.4 � 0.1 0.3 � 0.0 0.5 � 0.1 0.4 � 0.1 0.4 � 0.1 0.5 � 0.2 0.3 � 0.0
16:0 32.7 � 7.4 27.2 � 1.6 39.8 � 11.6 86.4 � 6.5 94.9 � 7.4 148.8 � 24.7 119.4 � 14.2
16:1 3.1 � 1.1 1.9 � 0.2 2.6 � 0.8 22.0 � 1.7 21.4 � 2.6 42.0 � 13.7 28.0 � 4.1
18:0 48.7 � 7.6 41.1 � 2.5 62.6 � 13.0 11.1 � 0.9 13.0 � 0.9 27.0 � 4.8 20.7 � 5.0
18:1 (n-7) 1.1 � 0.4 1.0 � 0.1 1.4 � 0.5 2.2 � 1.1 0.7 � 0.1 0.3 � 0.2 0.5 � 0.2
18:1 (n-9) 69.8 � 15.7 51.7 � 4.3 70.6 � 17.9 85.6 � 17.8 97.6 � 14.1 219.4 � 46.1 230.3 � 22.8
18:2 11.3 � 7.2 3.6 � 0.3 5.5 � 2.2 95.9 � 13.0 101.9 � 7.9 204.6 � 31.0 160.7 � 14.9
18:3 (n-3) 1.2 � 0.4 0.8 � 0.1 1.1 � 0.3 5.7 � 0.9 5.0 � 0.5 1.7 � 0.2 2.0 � 0.5
18:3 (n-6) 0.17 � 0.05 0.11 � 0.05 0.05 � 0.02 0.5 � 0.1 0.4 � 0.1 0.5 � 0.1 0.4 � 0.1
20:0 ND ND ND 0.24 � 0.03 0.24 � 0.02 0.12 � 0.02 0.13 � 0.01
20:1 0.52 � 0.27 0.22 � 0.03 0.32 � 0.09 0.64 � 0.10 0.77 � 0.19 5.2 � 0.3 4.4 � 0.4
20:2 0.18 � 0.11 0.08 � 0.01 0.12 � 0.04 0.73 � 0.08 0.75 � 0.15 1.3 � 0.2 1.2 � 0.1
20:3 0.09 � 0.06 0.03 � 0.00 0.05 � 0.02 0.41 � 0.06 0.44 � 0.05 1.1 � 0.2 0.9 � 0.1
20:4 0.31 � 0.16 0.13 � 0.02 0.20 � 0.07 2.3 � 0.4 2.1 � 0.3 2.9 � 0.3 2.5 � 0.3
20:5 0.04 � 0.01 0.03 � 0.01 0.05 � 0.01 0.21 � 0.07c 0.4 � 0.04d 0.12 � 0.01 0.09 � 0.01
22:0 ND ND ND 0.01 � 0.01c 0.04 � 0.01d ND ND
22:1 0.02 � 0.01 0.01 � 0.00 0.02 � 0.00 0.12 � 0.05a 0.30 � 0.06b 0.2 � 0.04 0.17 � 0.04
22:4 0.08 � 0.04 0.04 � 0.00 0.07 � 0.01 0.45 � 0.08 0.45 � 0.11 0.70 � 0.05 0.59 � 0.06
22:5 0.13 � 0.05 0.08 � 0.01 0.12 � 0.04 0.34 � 0.05c 0.50 � 0.06d 0.16 � 0.02 0.13 � 0.03
22:6 0.05 � 0.04 0.01 � 0.00 0.01 � 0.01 0.31 � 0.08 0.27 � 0.04 0.27 � 0.06 0.16 � 0.03
24:0 0.08 � 0.05 0.02 � 0.01 0.01 � 0.01 0.20 � 0.11 0.12 � 0.02 0.16 � 0.02 0.17 � 0.03
24:1 0.06 � 0.03 0.02 � 0.00 0.02 � 0.01 0.16 � 0.05 0.30 � 0.09 0.05 � 0.01 0.04 � 0.00
Total FFA 172.9 � 39.7 131.4 � 7.5 162.4 � 19.2 320.4 � 35.8 347.3 � 24.8 665.3 � 105.9 578.6 � 59.6

ND, not detected; a 	 b within species and age are significantly different (P � .05); c 	 d within species and age tended to be different (.05 �
P � .06). BPA doses expressed in kilogram of BW per day for sheep and rats and kilogram of diet per day for mice. Adipose tissue origin: gonadal
and renal (rats) and gonadal (mice).
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plications of increased tyrosine oxidation are broad. Im-
portantly, several clinical and animal studies have shown
that both oxidized tyrosines are associated with associated
with a proinflammatory state, such as atherosclerosis (55),
diabetes (56), lupus (57), and rheumatoid arthritis (58).
The selective elevation in NY, but not ClY, evidenced in the
current study suggests that BPA may enhance reactive nitro-
gen species through mechanisms that do not use myeloper-
oxidase such as peroxynitrite formation through direct re-
action between superoxide and nitric oxide or through
endothelial nitric oxide synthase uncoupling. Indeed, gener-
ation of NY by such mechanisms has been postulated in
vasculopathy associated with diabetes, cardiovascular dis-
ease, and Fabry’s disease (59). Although some proteins and
tyrosine residues are known to be preferentially nitrated (60,
61), further research is warranted to address specific protein
targets of BPA; the present study only provides an overall
measure of protein nitration.

As opposed to measurable levels of CIY found in human
samples, circulating ClY levels were undetectable in animal
studies. Because previous studies in rats (62) and mice (63)
were able to measure CIY, lack of detection in the current
study may relate to strain/species differences or sensitivity of
detection method. Similar studies have not been carried out
in sheep. The finding of an association between BPA and NY
in human pregnancies and BPA induced increase in NY, but
not DiY, in animal studies in this study is suggestive of a
common mechanism that is conserved across species (hu-
man, sheep, and rats) by which BPA may lead to systemic
nitrosative stress. Evolutionary conserved mechanisms
across species are known for other endocrine distupting
chemicals (diethylstibestrol and dichlorodiphenyltrichloro-
ethane) on reproductive outcomes (cancer and precocious
puberty) (64), as well as other environmental endocrine dis-
rupting chemicals with estrogenic, androgenic, and antian-
drogenic activity (65).

The increase in systemic oxidative stress evidenced in
adult sheep and rat females is clearly programmed via
prenatal BPA treatment, although the underlying mecha-
nisms are unclear. The increase in circulating NY seen
during GD65 and GD90 of gestation in sheep indicates
that a broad range of organs/systems may be impacted dur-
ing critical windows of development. Targets of oxidative
stress include phospholipid membranes, proteins, and nu-
cleic acids. As such, increased systemic oxidative stress can
lead to irreversible changes in these molecules, as well as in
mitochondria (66). For instance, a short exposure of adult
mice to BPA has been shown to induce mitochondrial dys-
function and an associated increase in oxidative stress (67).

In the context of impact of prenatal BPA on adult out-
comes, the increased nitrosative stress was dose dependent
in both sheep and rats with only the highest dose having an

effect. Although the low-dose BPA did not evoke a similar
adult response, an increase in NY was evident in both
maternal and fetal sheep plasma at GD90 (end of BPA
treatment), suggesting that this may be a direct response to
low BPA exposure. The low BPA dose used in this study
may have been below the threshold to induce postnatal
systemic nitrosative stress in the adult. Importantly, the
systemic nitrosative stress evident postnatally in the high
prenatal BPA-treated group demonstrates that prenatal
BPA exposure can disrupt oxidative stress pathways in
postnatal life. The finding that prenatal BPA increased NY
in adipose tissue of adult sheep and rats points to tissue-
specific programming effects as well, although the conse-
quences of this finding are still unclear. Although not in-
vestigated in the current study, prenatal systemic oxidative
stress is implicated in the development of an array of dis-
ease states. Fetal programming of oxidative stress has been
mostly studied in the context of cardiovascular outcomes
resulting from prenatal hypoxia (68), protein restriction
(45), and dexamethasone treatment (69). Interestingly,
the impact of prenatal BPA in increasing NY was not ev-
ident in adult mice. Given the dose dependency seen in
both rats and sheep, and that all species target similar
relevant human dose exposures, it is possible that a dif-
ferent threshold for BPA exists for induction of oxidative
stress in mice. Such interspecies comparison studies are
not available to extrapolate our findings.

Impact of prenatal BPA on FFAs
Increasing evidence suggests that maternal fatty acid

status during pregnancy can modulate the development of
the immune system in the offspring (70, 71). The finding
of high palmitic acid and a trend for an increase in total
FFA in women exposed to higher BPA levels suggest that
offspring outcomes may be affected in these pregnancies.
The lack of impact of maternal exposure on gestational age
and birth weight in the human study is likely the function of
the small sample size (n � 12 per group); clearly the study is
underpowered to discern such associations. Because higher
FFAs have been implicated in increased risk of preterm de-
livery (72) and higher palmitic acid during the first trimester
linked to preeclamptic pregnancies (73), follow-up studies
usinga largercohortarewarrantedtoaddresspregnancyand
newborn outcomes. It needs to be recognized that the asso-
ciationbetweenBPAandFFA levelsduring the first trimester
maybeaffectedbydiet,becausebothcanbestronglyaffected
by daily intake and source of food (2, 74).

In animal studies, the impact of BPA on FFA profile in
prenatal BPA-treated females was less consistent across
species compared with those observed with oxidative
stress. The strongest effect of prenatal BPA treatment on
FFA profile was observed in plasma of adult mice. BPA
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induced an approximately 3-fold reduction in myristic
acid, whose increase is associated with metabolic syn-
drome (75), and an approximately 4-fold increase in the
omega 6 �-linolenic acid, precursor of dihomo-�-linolenic
acid, a FFA proposed to have a therapeutic effect in pro-
liferative diseases (76). Thus, the FFA profile observed in
prenatally BPA-treated mice does not reflect a metabolic
impairment, which is in agreement with a lack of meta-
bolic syndrome, but increased activity and energy expen-
diture found in these BPA-treated female mice (77).

A major strength of this study addressing impact of BPA
on oxidative stress and FFA index is that BPA measures in
humans were performed using a method validated in a
NIEHS-funded Round Robin study, in which the accuracy
and precision of the analytical chemistry methods to measure
uBPA and BPA-G were evaluated in several laboratories across
theUnitedStates(34).uBPAlevelsincordbloodobservedinour
study (range, 0.31–0.78 ng/mL) are in the range measured in
other studies (5, 78–80). The higher uBPA levels observed in
maternal circulation compared with cord blood are also con-
sistentwithotherstudiescarriedout in theUnitedStates (5,79),
Europe(81),andKorea(78).Asopposedto lowerBPAlevels in
cord blood, higher uBPA levels have been found in human am-
niotic fluid, suggesting that fetuses are likely exposed to higher
BPA levels (3), and cord blood measures may underestimate
fetal BPA exposure. This is further supported by studies in an-
imal models, which indicate that BPA levels in tissues can build
up to 10-fold higher than that found in circulation (82). Levels
of BPA-G, the major BPA metabolite found in blood, reported
in this study are also in the range of those seen in midterm cord
bloodof electivepregnancy terminations (80).The relationship
between uBPA and BPA-G in the present study was approxi-
mately1:1,whichcontrastswiththestudyinwhichBPA-Gwas
2–3 times less than the active form (80). Although our samples
number is small (n � 24), our data do not support the conclu-
sion by Gerona et al (82) that the fetal uridine 5
-diphospho-
glucuronosyltransferase system is immature. Altogether, fur-
ther research is needed to determine the consequences of BPA
bioaccumulation in tissues on fetal development and newborn
outcomes.

Conclusions

The current study provides first unequivocal evidence that
developmental exposure to BPA can induce nitrosative
stress and that this effect is conserved across humans and
2 of the animal species studied. It also demonstrates that
prenatal BPA exposure leads to long-term nitrosative
stress in adults, which points to the specificity of NY as a
biomarker for BPA exposure. Overall, these findings are
supportive of the potential use of maternal NY as a bio-

marker for future offspring health, although further stud-
ies are required to pin point the specific pathways by which
this is programmed developmentally.
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