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Editorial on the Research Topic
Endocrine Disrupters and Metabolism

Endocrine-disrupting chemicals (EDCs) are compounds of natural or human-made origin that
are capable of interfering with the endocrine system of an organism (1, 2). EDCs can mimic
or inhibit naturally occurring hormones by binding classical nuclear hormone receptors or by
disrupting other pathways regulating hormone synthesis or action, thereby disrupting the normal
physiology and homeostasic processes of the organism (3, 4). In recent years, increasing clinical,
experimental, developmental and physiological data indicate that EDCs disrupt cellular and
whole-body metabolism (5). Indeed, recent research has identified exposures to these metabolism-
disrupting chemicals (MDCs) as playing a causative role in a wide spectrum of metabolic disorders
in humans, including obesity, diabetes, dyslipidemia, nonalcoholic fatty liver disease (NAFLD), and
cardiovascular dysfunction (5, 6).

The scope of the present Research Topic, including, 6 mini-review articles, 9 review articles, and
6 original papers, is to provide new insights into the field of endocrine disrupter biology and their
impact on metabolic function and disease risk. This assemblage of work from experts in the field
make clear the burgeoning data implicating MDCs in metabolic disease pathogenesis and provide
a clarion call for action to address this underappreciated driver of metabolic disease risk.

ORIGINAL RESEARCH ARTICLES

Balise et al. present a research paper in which they investigated the endocrine-disrupting effects
of chemicals used in unconventional oil and gas (UOG) operations. By exposing pregnant mice
to these MDCs, they noted an increase in energy expenditure. They investigated whether aging
and metabolic stress exacerbate the impact of these MDCs on energy expenditure and observed
an increase of activity and non-resting energy expenditure in mice exposed to MDCs using in
UOG extraction.

Bastos-Sales et al. analyze the effects of perinatal administration of diethylhexyl phthalate
(DEHP) on the F1 offspring during a one-year follow-up. The authors used a wide range of
doses to find sex-dependent changes in lipid metabolism, including increases of free fatty acids
and high-density lipoprotein cholesterol (HDL-C) without changes in weight, fat mass or glucose
homeostasis-related parameters. Alterations of behavior and immune function were observed at
the highest concentrations tested. These results support the dyslipidemic actions of developmental
exposures to DEHP.

In original research, Fleisch et al. explore the association between prenatal exposure to air
pollutants and body mass index (BMI) trajectories from birth to mid-childhood. Using Project
Viva data from the Boston area, the authors determined that prenatal air pollution exposure did
not predict early life weight gain in this cohort of moderately exposed individuals.
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Cabaton et al. used metabolomics to investigate the
modulation of human hepatic cell (HepG2) by the MDC
bisphenol A (BPA) and the natural hormone 17f-estradiol
(E2). This original research article demonstrates that the
combined use of metabolomics with network reconstruction is a
powerful technique when applied to in vitro studies to compare
commonalities and differences in the mode of action of EDCs.
Here they have used this combination to show that BPA and
E2 commonly regulate major metabolic pathways, but results
suggest the existence of different mechanisms for BPA and E2
action. This methodology should be useful to better understand
mode of actions and define adverse outcome pathways (OAP).

In their original research, Khalil et al. exposed CD1 mice
during pregnancy (prenatal group) or during lactation (postnatal
group) to the flame retardant 2,2’,4,4'-tetrabromodiphenylether
(BDE-47) and studied different endpoints in 10-month-old
male offspring. The authors find similar results in both groups
after studying liver histology, transcriptome, and liver-blood
triglyceride balance. Interestingly, they find opposite effects of
low and intermediate doses in the expression of important
metabolism-related genes such as CD36, that may explain the
observed shifts in blood triglyceride levels.

REVIEWS

In their review, Papalou et al. looked at the effects MDCs have
during specific developmental windows on multiple systems
involved in metabolism specifically from epigenetic changes
induced by MDC exposures during development. An important
aspect of these MDC-induced epigenetic changes is their capacity
to affect the germ line, passing those changes to subsequent
generations and leading to metabolic diseases such as obesity,
diabetes, and NAFLD.

On the topic of obesity, Heindel reviewed the history of
“obesogen,” those MDCs that promote the development of
obesity. In his historical analysis of obesogenic MDCs, Heindel
went back over 17 years ago when the first article linking
environmental chemicals with obesity was published. Shortly
after this founding paper, another research group proposed that
obesity could be due in part to MDCs exposure. He then goes on
to discuss subsequent work implicating MDC exposures during
development on the later life onset of obesity.

Rubin et al. identify and discuss the factors underlying the
diversity of phenotypes obtained after animal treatment with
BPA. In addition to factors like species, strain, sex, route of
exposure, non-monotonic dose-response, and other variables,
they also include theoretical reasons that are intrinsic to the
experiment because each animal is a unique individual. They
discuss evidence strongly suggesting that metabolic pathways
are an early target of BPA and not a consequence of obesity.
This evidence points to a consistent phenotype of altered
glucose homeostasis yet a more inconsistent obesity phenotype.
Nonetheless, an important conclusion is that phenotypes are
reproduced when conditions are equivalent.

Taking a lifespan approach, Tuduri et al. review the extensive
data linking the ubiquitous MDC BPA on diabetes risk. The

authors specifically examine the mechanisms linking BPA with
metabolic dysfunction as well as how exposures during different
life stages disrupt metabolism. Importantly, these data make clear
that BPA exposure during sensitive windows of development
induces metabolic dysfunction, including in utero and early
postnatal life, adulthood, and pregnancy. Given the widespread
exposure to BPA across populations, it is increasingly clear
that efforts are required limit contact with this MDC across
the lifespan.

Priyam et al. open an interesting new area of endocrine
disruption in their discussion of the hormone-disrupting
properties of engineered nanomaterials, including evidence
linking them with disruptions in hormonal pathways and
metabolic tissues that may lead to increased diabetes risk.

Numerous reports have linked type 2 diabetes mellitus
(T2DM) to MDC exposures. This link was reviewed by Carmean
and Seino who focused on evidence that these toxicants can
impair the ability of pancreatic B-cells failure to meet the insulin
needs of an individual. Their analysis pointed out that in several
regions of the globe, exposure to the MDC inorganic arsenic
(iAs) is highly correlated with T2DM onset, and they explore the
mechanisms by which iAs promotes $-cell dysfunction.

Hamanaka and Mutlu similarly expand concepts of MDCs by
reviewing the links between particulate matter air pollution and
cardiovascular disease. Examining both the mechanistic data and
epidemiological data, the authors illuminate the role air pollution
plays in promoting metabolic and vascular dysfunction that likely
exacerbates metabolic disease development and its consequences.

In addition to our expanding notion of what toxicants
pose metabolic disease risk, Kassotis and Stapleton delve into
the underappreciated mechanisms by which MDCs promote
metabolic dysfunction. Using chemicals used in nonconventional
oil and gas extraction as well as household dust as examples,
the authors also explore the metabolic importance of chemical
mixtures that define the realities of human exposure. Finally,
they discuss the potential for high-throughput screening tools
(e.g. ToxCast) to inform our understanding of toxicant-induced
metabolic disease risk.

Examining over fifteen years of cellular and animal studies as
well as epidemiological work in humans, Sargis et al. note that
the role that MDCs play in the metabolic disorders is finally
being recognized. Now that the problem has been identified,
how can the medical community intervene to reduce disease
outcomes? This is addressed in the review by, Sargis et al. who
give light to the clinical translation of MDC science to reduce
impact of MDCs on the epidemics of diabetes mellitus, NAFLD,
and obesity.

MINI-REVIEWS

Chamorro-Garcia and Blumberg in this mini-review discuss the
current experimental approaches to mechanistically study how
the prototypical obesogen, tributyltin (TBT), functions. They
review the advantages and limitations of tools used from in
vitro cellular approaches to transgenerational in vivo approaches,
including epigenetics. The authors include the description of
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a new mechanism for the transgenerational transmission of
epigenetic information.

Marraudino et al,, review the effects at hypothalamic level of
three different MDCs: Genistein, BPA and TBT. They describe
the alterations that each of these chemicals produce on the
neuronal circuits controlling food intake and energy balance.
The effects are complex and they can be either orexigenic or
anorexigenic depending on the MDC, sex and dose. This mini-
review helps to clarify this highly important yet greatly unknown
area of research.

Le Magueresse-Battistoni et al., this minireview summarizes
evidence of the so-called cocktail effect on metabolic
disturbances. It is described how low levels of multiple chemicals
trigger metabolic alterations when the same concentration
of these individual chemicals produced no effect. The authors
discuss the need of including mixture effects into risk assessment.

In an important mini-review, Howard explores the emerging
evidence linking MDCs with type 1 diabetes (T1D), including
toxicant effects on pancreatic B-cells and immune function.
Given the persistently cryptic originals of T1D and its rising
prevalence, this manuscript raises important questions about the
environmental origins of the disease.

Specifically examining the organochlorine pesticide
dichlorodiphenyltrichloroethane (DDT) and its metabolite
dichlorodiphenyldichloroethylene) DDE, Elmore and La Merrill
review the evidence that these MDCs disrupt mitochondrial
function. This mitotoxicity extends our understanding of the
potential mechanisms by which toxicant exposures can promote
metabolic dysfunction.
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Taken together, this compilation of work demonstrates
the diverse molecular and physiological consequences of
MDC exposures while illuminating the potential role that
exposures to these chemicals may have in the pathogenesis
of multiple metabolic diseases, including obesity, diabetes,
NAFLD, dyslipidemia, and cardiovascular disease. Importantly,
this special issue highlights the diverse array of data linking MDC
exposures with these complex disorders. Of critical importance,
this special issue highlights the need of further research directed
at understanding the modes-of-action of MDCs on their targets,
the consequences of exposure on disease development, and the
best practices for intervention to counter the adverse metabolic
effects of MDC exposures. Given that the number of MDCs
continues to rise and we are just now starting to appreciate and
understand their metabolic toxicity, it is hoped that this Special
Issue will spur future reports that clarify the links between MDC
exposure and metabolic disease risk while defining a path forward
for reducing the impact of this modifiable risk factor on the
pandemic of metabolic disease plaguing the world.
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Exposure to endocrine disrupting chemicals (EDCs) may have implications for the
development of type 1 diabetes mellitus (T1DM), especially if exposure occurs during
development. Exposure to EDCs during fetal or early life can disrupt the development
of both the immune system and the pancreatic beta cells, potentially increasing
susceptibility to T1DM later in life. Developmental exposure to some EDCs can
cause immune system dysfunction, increasing the risk of autoimmunity. In addition,
developmental exposure to some EDCs can affect beta cell development and function,
influencing insulin secretion. These changes may increase stress on the beta cells, and
identify them as a target to the immune system. Developmental exposure to EDCs that
disrupt metabolism by increasing insulin resistance or obesity may also stress the beta
cells. Exposure to these EDCs during development may play a role in the pathogenesis
of T1DM, and requires further research.

Keywords: type 1 diabetes, endocrine disruptors, arsenic, BPA, phthalates, persistent organic pollutants, air
pollution, DOHaD

INTRODUCTION

Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by inadequate insulin
secretion, in which the insulin-producing pancreatic beta cells are targeted and destroyed by
the immune system. In children, the incidence of TIDM began increasing in the mid-Twentieth
century simultaneously in numerous industrialized countries, and continued to increase over the
following decades (1). This increase has been especially rapid in children under 5 years of age, with
an additional trend of diagnosis at earlier ages in life (1, 2). The increase appears to have affected
those at moderate genetic risk, as the proportion of children with T1IDM who are at high genetic
risk has not changed in recent decades (2). The cause of the increase remains unexplained (2).

The development of autoimmunity precedes T1DM, and markers of autoimmunity can appear
very early in life, suggesting that environmental exposures in early life play a role in triggering
T1DM (2). The autoantibodies associated with T1IDM may appear before 6 months of age, and the
majority of children who develop T1DM before puberty test positive for autoantibodies before age
four (3). Other immunological markers that are associated with the later development of TIDM in
children may be present at birth or during mid-gestation, illustrating that even prenatal exposures
may play a role in the development of T1IDM (4, 5).

The idea that exposure to environmental factors during susceptible developmental periods can
affect health later in life is known as the Developmental Origins of Health and Disease (DOHaD)
hypothesis. This hypothesis applies to a variety of environmental factors, including exposure to
endocrine disrupting chemicals (EDCs). Exposure to EDCs is widespread, and in some cases
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ubiquitous. Pregnant women are exposed to numerous EDCs,
which can cross the placenta, and enter the fetus (6). The
developing fetus is particularly vulnerable to these exposures,
because bodily systems such as the immune system are
developing rapidly in the periods before and after birth (7).
Exposures that occur during development may affect the growing
fetus and infant in ways that would not occur in adults, and these
effects are more persistent (7).

The changes that result from EDC exposures during
development may have lifelong ramifications. These changes
may be relevant for the development of TIDM later in life. It
is hormones that guide development of endocrine glands such
as the pancreas (8). Exposure to EDCs during development
are linked not only to later-life changes to the immune
system, including autoimmunity (7), but also to effects on the
developing pancreas, as well as changes in metabolism, including
type 2 diabetes mellitus (T2DM), insulin resistance, and
obesity (8).

Exposure to some EDCs has been associated with the
development of TIDM (9, 10). Yet most studies on T1DM and
EDCs do not address exposures during prenatal or early life.
Because these developmental exposures can affect the immune
system, the pancreatic beta cells, and metabolism, exposure to
EDCs during development may play a role in the development
of TIDM.

DEVELOPMENTAL EXPOSURE TO EDCS
AND T1DM

Very few epidemiological studies have directly examined prenatal
exposure to EDCs and later-life TIDM. For example, a study
from Sweden found that maternal exposure to higher levels of air
pollution during pregnancy was associated with a higher risk of
T1DM in the offspring (11). Additional studies on air pollution—
which can contain EDCs—have also found links between early
childhood exposures and later T1IDM (12, 13). However, another
study, also from Sweden, found no association between in utero
levels of two persistent organic pollutants (POPs) and TIDM in
childhood (14). In fact, the trend was in the opposite direction,
showing a possible protective effect. This finding might be
explained by the higher fish intake in Swedes with higher levels
of POPs, since the omega three fatty acids found in fish may
protect against TIDM. A number of studies have linked TIDM
development to exposure to nitrates and related compounds,
some with developmental, or childhood exposures (9). Thus,
while contradictory, there is some preliminary epidemiological
evidence that developmental exposure to some EDCs may affect
the later-life risk of T1DM, although more research is clearly
needed.

Abbreviations: BPA, bisphenol A; DOHaD, Developmental Origins of Health
and Disease; DEHP, di(2-ethylhexyl) phthalate; EDC, endocrine disrupting
chemical; MEHP, mono(2-ethylhexyl) phthalate; NOD, non-obese diabetic; PCB,
polychlorinated biphenyl; POP, persistent organic pollutant; PFC, perfluorinated
chemical; PFOS, perfluorooctanesulfonic acid; PFUnDA, perfluoroundecanoic
acid; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin.

Similar to the epidemiological evidence, there are also
only a handful of experimental studies directly evaluating
developmental exposure to EDCs and later TIDM. Some of
these studies have used non-obese diabetic (NOD) mice as an
animal model of TIDM. For example, maternal exposure to
bisphenol A (BPA), used in a wide variety of consumer products,
accelerated insulitis, and diabetes development in NOD mice
offspring, although only at high exposure levels (15). At lower,
environmentally relevant exposure levels, when the exposure
occurred from conception throughout life, BPA also accelerated
diabetes development in NOD mice (16). A mixture of phthalate
plasticizers with BPA, however, seemed to counteract the
acceleration of diabetes caused by BPA in these mice, although
did not dampen the development of insulitis (16). Developmental
exposure to perfluoroundecanoic acid (PFUnDA), a replacement
for other perfluorinated chemicals (PFCs), also accelerated
the development of insulitis in NOD mice (17). Interestingly,
additional studies found that environmental chemicals did not
accelerate insulitis or diabetes in NOD mice, and while I
questioned whether these mice were appropriate for use in testing
chemicals in relation to TIDM (10), the differing results may
instead be due to the timing of exposure, with developmental
exposures showing different effects than adult exposures. Using
anotheranimal model, juvenile alligators exposed to tank water
with high levels of nitrate (a possible EDC) after hatching
developed biomarkers consistent with T1DM, beginning early
in life and becoming stronger later in life (18). Thus some
laboratory studies show that developmental exposure to EDCs
may influence the development of T1DM in animal models, but
very few chemicals have been evaluated.

Due to the lack of direct research on developmental exposure
to EDCs and T1DM, additional research on endpoints related to
T1DM are illuminating, and suggest that indeed these exposures
could be important for TIDM. The endpoints of autoimmunity,
pancreatic beta cell development, and metabolism may shed
additional light on how developmental EDC exposures could
contribute to TIDM.

DEVELOPMENTAL EXPOSURE TO EDCS
AND THE IMMUNE SYSTEM

Exposure to EDCs during development are associated with
immune system changes in humans. For example, a number
of epidemiological studies found that in utero exposure to
the EDC arsenic, a common drinking water contaminant, is
associated with immunological changes in newborns. Some
of these changes are in turn linked to markers that may be
relevant for TIDM. For example, prenatal exposure to arsenic is
associated with populations of cord blood immune cells linked to
the development of autoimmunity, and with epigenetic changes
in newborns, some involved in pathways relevant for TIDM and
T2DM (19-22). We do not yet know if these immunological
changes found at birth are persistent or will have later-life
health effects, but numerous epidemiological studies have linked
chronic arsenic exposure to the development of T2DM, and
arsenic metabolism is associated with TIDM (23).
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Experimental studies show that developmental exposure to
additional EDCs is linked to the development of autoimmunity
in particular. For example, prenatal exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), a POP, promoted
later-life  autoimmunity in mice (24). Developmental
exposure to BPA is linked to various immune system
diseases, including autoimmune diseases (25). In fact,
BPA can impact essentially all the major cells of the
immune system, and can cause a number of effects that
are linked to autoimmunity triggers (26). The adult
offspring of pregnant rats exposed to low levels of the
plasticizer di(2-ethylhexyl) phthalate (DEHP) had epigenetic
changes to genes that control the immune response.
Interestingly, these changes did not occur when adults
were exposed (27). Taken together, these studies illustrate
that developmental exposure to various EDCs can affect
the development of the immune system in ways that may
promote autoimmunity. Some also illustrate that the effects of
developmental exposures may be different than those of adult
exposures.

DEVELOPMENTAL EXPOSURE TO EDCS
AND THE PANCREAS

Autoimmunity is not the only contributor to the development of
T1DM. Some environmental factors are suspected to contribute
to TIDM by overloading the pancreatic beta cells. According
to the “overload hypothesis,” any environmental factor that
stresses or overloads the beta cells may sensitize these cells to
damage from the immune system and accelerate their demise
(28). Interestingly, beta cell stress could perhaps even act a trigger
that initiates beta cell autoimmunity. In fact, recent research
has found a potential biological mechanism linking beta cell
stress to autoimmunity—the discovery of peptides produced by
stressed beta cells that can initiate beta cell specific autoimmunity
(29). Whether or not beta cell stress plays a role before or
after the development of autoimmunity, environmental factors
that stress beta cells may play a role in the development of
T1DM.

A number of environmental factors can cause beta cell
stress, including excess weight, rapid growth, infection, physical
or psychological stress or trauma, inflammation, puberty,
pregnancy, and insulin resistance. Many of these factors
are linked to T2DM or gestational diabetes, and many are
also linked to T1DM. An additional, often unrecognized
cause of beta cell stress is developmental exposure to
EDCs.

Developmental exposure to EDCs can affect the development
of the pancreas, the pancreatic islets, and beta cells, leading to
changes in insulin secretion. Longitudinal epidemiological
studies have found that perinatal EDC exposures are
associated with changes in insulin levels in infants, children,
or adolescents (30-33). Exposure to EDCs during childhood
is also associated with changes to insulin levels or to beta cell
function in childhood (33-35). While the specific findings
of these studies vary by chemical, sex, timing of exposure,

and even pubertal status, they illustrate that both prenatal
and early childhood chemical exposures are associated
with changes in insulin secretion from beta cells later in
life.

While some of these epidemiological studies found that EDC
exposure was associated with decreased insulin secretion (30,
31, 33-35), others found exposure associated with increased
insulin secretion (30, 32, 33). Both increased and decreased
insulin secretion may be important in the development of
diabetes. Decreased insulin secretion is characteristic of T1DM,
and indicates toxicity to beta cells. Increased insulin secretion is
characteristic of early T2DM, and in itself can contribute to the
development of insulin resistance and glucose intolerance (36).
Both increased and decreased insulin secretion can therefore
cause stress on the beta cells.

Experimental studies in rodents show that developmental
exposure to numerous chemicals can affect the development of
the pancreas and beta cells. For example, exposure to low levels of
arsenic throughout life damaged pancreatic beta cells and caused
impaired glucose metabolism in adult rats (37). Developmental
exposure to air pollutants caused beta cell dysfunction, reduced
islet and beta cell size, lowered insulin secretion, and impaired
glucose tolerance in adult male mice (38). Developmental
exposure to DEHP impaired the pancreas in early life and
led to glucose intolerance in adult rat offspring, at exposure
levels relevant to high-level human exposures. Laboratory studies
therefore show that developmental exposure to EDCs can affect
the pancreas in adulthood.

The effects of developmental exposure to EDCs on the
pancreas can begin earlier than adulthood, however. In mice, in
utero exposure to BPA altered islet cell development in the fetal
pancreas (39). After birth, in utero exposure to environmentally
relevant doses of BPA at first led to increased beta cell mass and
insulin levels, but later in life led to the same or lower beta cell
mass (36). At the time of weaning, developmental exposure to
environmentally relevant levels of DEHP led to reduced beta cell
mass, lower pancreatic insulin content, and alterations in the
expression of genes involved in pancreas development and beta
cell function in offspring. In adulthood, exposed female offspring
had higher blood glucose levels, impaired glucose tolerance,
lower insulin secretion, and lower insulin levels than controls,
while males had higher insulin levels (40). Prenatal exposure
to DEHP resulted in higher blood glucose levels, impaired
insulin and glucose tolerance, impaired insulin secretion and
decreased pancreatic insulin content in young rats. Epigenetic
mechanisms appeared to play a role, as DEHP exposed offspring
also had down-regulated expression of genes involved in the
development and function of beta cells (41). These studies
illustrate that developmental exposure to various EDCs can
affect pancreatic development beginning in the womb and into
adulthood.

Interestingly, maternal folate supplementation during
pregnancy counteracted the pancreatic effects of BPA (which
included disrupted insulin secretion, impaired beta cell
morphology, and glucose intolerance) in adult rat offspring (42).
In fact, the association between arsenic metabolism and T1IDM
in humans also depended on folate levels (23), thus illustrating
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that nutritional status may interact with EDCs to influence their
effects.

In addition to these rodent studies, experimental studies
on zebrafish embryos, another animal model used to
evaluate the effects of EDCs, also show that developmental
exposure to numerous chemicals affect the development of the
pancreas and beta cells in utero. Developmental exposure to a
number of chemicals, including arsenic, phthalates, the POPs
polychlorinated biphenyls (PCBs), and perfluorooctanesulfonic
acid (PFOS) (a PFC), affected the pancreatic development of
zebrafish embryos, resulting in flawed development of the islets
and beta cells (43-46). For example, exposure to a dioxin-like
PCB resulted in inappropriate development of the pancreatic
islets and beta cells in zebrafish embryos (46). Exposure to
PFOS led to decreased pancreatic islet size and changes in islet
morphology in embryos (45). Mono(2-ethylhexyl) phthalate
(MEHP), a metabolite of DEHP, affected pancreatic development,
reducing beta cell area, and affected gene expression in embryos
as well (43). In sum, these experimental studies illustrate that
developmental exposure to numerous EDCs can affect the
development of the pancreas and specifically the beta cells in
utero.

Alarmingly, some of the pancreatic effects of chemical
exposure during development can be passed down to subsequent
generations. In rats, prenatal exposure to DDE (at levels
similar to those found in highly exposed humans) led to
pancreatic effects not only in the offspring of exposed
pregnant mothers, but also in two subsequent generations.
These effects included impaired glucose tolerance, abnormal
insulin secretion, beta cell dysfunction, and reduced beta cell
area, and were transferred through the male germ line (47).
Male mice offspring perinatally exposed to environmentally
relevant levels of BPA had lower insulin secretion as adults,
as well as islet inflammation that persisted into the next
generation. The effects of the BPA exposure varied by sex,
as well as by exposure level. Mice exposed to the lower
exposure level had reduced beta cell mass and increased
beta cell death, while those exposed to higher levels had
impaired mitochondrial function in beta cells (48). Another
study also found that perinatal exposure to low levels of
BPA caused beta cell dysfunction and lower insulin secretion
in two generations of adult male rat offspring (49). These
studies raise the possibility that developmental exposures
to EDCs can have effects on the pancreas that persist
not only into adulthood, but into subsequent generations.
Whether developmental EDC exposures in prior generations
can affect the risk of diabetes in humans is unknown, although
there is human evidence that developmental exposure to
famine can increase the risk of hyperglycemia in subsequent
generations (50).

Experimental studies thus show that developmental exposure
to EDCs can affect the development of the pancreas and beta
cells, influencing insulin secretion, beginning in the womb
and continuing into adulthood. These laboratory results are
supported by epidemiological studies showing associations
between developmental exposure to EDCs and insulin secretion
later in life. As beta cell stress is a potential contributor to

T1DM, exposure to EDCs in prenatal and early life should
be thoroughly analyzed in relation to the development of
T1DM.

DEVELOPMENTAL EXPOSURE TO EDCS
AND ADDITIONAL EFFECTS

In addition to autoimmunity and pancreatic development,
developmental exposure to EDCs can have additional effects that
may be related to TIDM. For example, EDCs can affect the
permeability, inflammation, and microbiota of the intestine (51),
which in turn are linked to TIDM (2). EDCs are also linked to
an increased risk of vitamin D deficiency (52), a risk factor also
associated with TIDM development (2).

Exposure to EDCs is strongly linked to the development of
T2DM, insulin resistance, and obesity, in both experimental
and epidemiological studies (8). In humans, developmental
exposures to numerous EDCs are linked to metabolic changes
in infants and children, including insulin resistance and obesity-
related outcomes (53). While insulin resistance and obesity are
clearly important in the development of T2DM, there is some
evidence that these metabolic factors may also play a role in
the development of TIDM. For example, insulin resistance,
and obesity may contribute to the development of T1DM
by stressing the pancreatic beta cells and accelerating their
loss (2).

CONCLUSION

As early signs of TIDM may be apparent in early childhood, or
even before birth, prenatal and early life exposures likely play
a role in the development of T1DM, supporting the DOHaD
hypothesis. Pregnant women are exposed to multiple EDCs,
and these chemicals can cross the placenta and enter the fetus,
potentially affecting the later risk of disease in the offspring (6).
Developmental exposure to EDCs is under-researched in TIDM.
Only a small number of studies have addressed the potential
role of developmental exposure to EDCs in TIDM, and only a
small number of chemicals have been analyzed—almost none in
long-term prospective studies (9, 10). These exposures, however,
should be a prime candidate for consideration in the pathogenesis
of TIDM. Developmental exposure to EDCs can have effects
that could be important in the development of T1DM, including
promoting autoimmunity, affecting the development of the
pancreas and beta cells specifically, influencing insulin secretion,
and disrupting metabolism. Experimental studies show that these
effects can appear as early as in the womb, last into adulthood,
and sometimes even be passed on to subsequent generations.
Certain chemicals, including for example arsenic, BPA, and
DEHBP, are linked to changes in the development of both the
immune system and the pancreas, and should be of prime interest
in additional research. The role of developmental exposure to
EDCs as contributors to the development of TIDM should be
an urgent focus of research, and may help provide an eventual
pathway for prevention.
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2,2 ,4,4'-Tetrabromodiphenyl Ether
Permanently Alters Blood-Liver
Balance of Lipids in Male Mice

Ahmed Khalil 2, Sebnem E. Cevik', Stephanie Hung', Sridurgadevi Kolla’,
Monika A. Roy' and Alexander Suvorov ™

" Department of Environmental Health Sciences, University of Massachusetts Amherst, Amherst, MA, United States,
2 Medical Biotechnology Department, Genetic Engineering & Biotechnology Research Institute, City of Scientific Research &
Technological Applications, Alexandria, Egypt

Polybrominated diphenyl ethers (PBDEs) were used as flame-retardant additives
starting 1965 and were recently withdrawn from commerce in North America and
Europe. Approximately 1/5 of the total U.S. population were born when environmental
concentrations of PBDE plateaued at their maximum. Accumulating evidence suggests
that developmental exposures to PBDE may result in long-lasting programming of
liver metabolism. In this study, CD-1 mice were exposed prenatally or neonatally to
1 mg/kg body weight of 2,2’,4,4-tetrabromodiphenyl ether (BDE-47), and changes in
liver histology, transcriptome, and liver-blood balance of triglycerides were analyzed in
10 months old male offspring. In both exposure groups, long-term reprogramming of
lipid metabolism was observed, including increased liver triglycerides and decreased
blood triglycerides, and altered expression of metabolic genes in the liver. Significant
upregulation of lipid influx transporter Cd36 2.3- and 5.7-fold in pre- and neonatal
exposure groups, respectively was identified as a potential mechanism of blood/liver
imbalance of triglycerides. Analysis of our and previously published all-genome gene
expression data identified changes in expression of ribosomal protein genes as a
transcriptomic signature of PBDE exposure. Further comparison of our new data
and published data demonstrate that low doses (0.2 mg/kg body weight) of PBDE
induce long-lasting up-regulation of ribosomal genes, suppression of Cd36 in liver and
increase circulating triglycerides in blood, while moderated doses (>1 mg/kg body
weight) produce opposite long-lasting effects. To conclude, this study shows that an
environmentally relevant developmental exposures to BDE-47 permanently alter lipid
uptake and accumulation in the liver, with low and moderate doses having opposite effect
on liver transcriptomics and triglyceride balance. Similar effects of pre- and neonatal
exposures point at hepatocyte maturation as a sensitive window of the liver metabolism
programming. These results suggest that PBDE exposure may be an important factor
increasing risks of cardio-vascular disease and non-alcoholic fatty liver disease via
modulation of liver/blood balance of lipids. The translational relevance of these findings
for human remain to be studied.
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INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) are a group of
ubiquitous and persistent chemical compounds that include 209
congeners. PBDEs are highly lipophilic xenobiotics (1, 2) with
a half-life of 1.8-6.5 years in human tissues (3). PBDEs persist
in the environment due to pollution by industrial chemicals
and biosynthesis in natural ecosystems. The manufacturing of
commercial products containing PBDEs began in 1965 (4) and
synthetic PBDEs were widely used as flame-retardant additives
in a range of products, including building materials, electronics,
furnishings, motor vehicles, airplanes, plastics, polyurethane
foams, and baby pajamas. Production of PBDEs was banned in
Europe in 2003 because of concerning toxicological evidence (5).
In the US PBDEs were voluntarily withdrawn from commercial
use by industry by 2013 (6). Before these decisions were made
PBDE:s increased exponentially in human blood, breast milk and
tissues (7), including fetal tissues (8) over a 30 years period.
In Europe, the discontinued use of PBDEs led to a decrease
in environmental concentrations in the recent years. However,
an epidemiological study of 1,253 women in California suggests
that PBDE concentrations continue to rise in North America
(9). This on-going persistence of PBDE exposure in humans
can be attributed to many factors, including, the prevalence
of PBDE in waste and recycling sites, indoor use of products
containing PBDEs (10), global circulation of PBDE toward
the Northern Hemisphere, biosynthesis of PBDE by microflora
of the marine environment including y-proteobacteria (11),
and endosymbiotic microflora of benthic sponges (12-15) and
high bioaccumulation and bioconcentration of PBDEs in food
chains (16). Younger generations of Americans that were
exposed in utero and during early postnatal life to the highest
environmental doses of PBDE account for approximately one-
fifth of the US population (17, 18). The long-term consequences
of developmental exposures to PBDE for this population are not
well-understood.

In the general population, exposures to highly lipophilic
environmental xenobiotics usually peak during fetal and early
postnatal development, due to the active transfer of lipophilic
compounds from the mothers’ storage depots through cord
blood and breast milk (19, 20). Additional factors that lead
to an increased exposure during the early postnatal period are
the ingestion of PBDE-containing household dust by toddlers
(21) and high food intake per kilogram of body weight by
toddlers (22). As a result, breastfeeding toddlers have several-fold
higher plasma levels of PBDEs than their mothers (23). Thus,
PBDE exposure is highest during early stages of development (in
utero and early postnatal) when biological plasticity is high and
even modest exposures to environmental stressors may result in
dramatic and long-term health effects (24-26).

The ability of chemical compounds to disrupt lipid
metabolism in liver has been known for many years (27).
The term “metabolic disruptor” was suggested recently
by a group of experts to characterize the growing list of
environmental compounds that are able to alter metabolism
in the mammalian organism (26). Another term, “toxicant-
associated steatohepatitis” (TASH) was coined (28) to

characterize cases of fatty-liver disease in highly exposed
chemical workers. The ability of chemical compounds to
produce long lasting changes in lipid metabolism following
developmental short-term exposures is poorly understood,
although this type of exposure is relevant for many lipophilic
environmental xenobiotics. In our recent study, we reported
that mice exposed to 0.2 mg/kg body weight of 2,2',4,4'-
tetrabromodiphenyl ether (BDE-47), the most prevalent PBDE
congener in human samples, from gestation day 8 (GD8) till
postnatal day 21 (PND21), develop long lasting suppression of
fatty acid (FA) translocase Cd36 in hepatocytes (18), a membrane
receptor responsible for FA uptake. Changes in expression of
this gene were concordant with increased blood triglycerides
in exposed animals (18). Increased level of blood lipids is the
primary risk factor for heart attack, which is the most common
cause of mortality in the developed world, with more than
700,000 deaths attributed to the disease in the US annually
(29). Exposure of significant part of the general population to
PBDE during early stages of development together with the
ability of PBDE to program lipid metabolism in a mammalian
organism by early life exposures raises significant concerns about
metabolic health of young Americans and suggests a need for
additional studies, to examine the relations between early life
PBDE exposures and permanent changes in liver metabolism.

In this study we analyze developmental windows sensitive to
liver metabolism programming by PBDE using a mouse model.
We report that exposures to 1 mg/kg body weight of BDE-47
during prenatal or neonatal windows produce similar changes
in 10 months old mice. These changes include altered liver
transcriptome, including increased expression of Cd36, altered
balance of triglycerides between blood and liver and hepatic
steatosis-like phenotype. All these effects are opposite in direction
in comparison with effects observed in our previous study (18),
where mice were exposed to 0.2 mg/kg body weight of BDE-47
perinatally, suggesting complex dose-response relationships for
developmental programming of liver metabolism by PBDEs.

MATERIALS AND METHODS

Animals and Treatment

Timed pregnant CD-1 mice were obtained from Charles River
Laboratories (Kingston, NY, USA) at pregnancy day 6 and
housed in a temperature (23 & 2°C)- and humidity (40 £ 10%)-
controlled environment, with a 12-h light/dark cycle, and food
and water available ad libitum. The dams were assigned to one
of three treatment groups (n = 10 per group) based on weight
match. The control group was exposed to vehicle—tocopherol-
stripped corn oil (MP Biomedicals, Solon, OH) from pregnancy
day 8 till postpartum day 21. The prenatal exposure group
received 1 mg/ml solution of BDE-47 (AccuStandard, Inc., New
Haven, CT; 100% purity) in tocopherol-stripped corn oil from
pregnancy day 8 through delivery and then vehicle only from the
day of delivery till postpartum day 21. Neonatal exposure group
received only vehicle from gestational day 8 till delivery and was
then exposed to 1 mg/ml solution of BDE-47 in tocopherol-
stripped corn oil through postpartum day 21. Either vehicle or
BDE-47 solution was orally administered daily via micropipette
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in a volume of 1 pl/gram body weight (BW) resulting in
exposures to 1 mg/kg BW/day during pre- or neonatal periods.
This method of exposure is routinely used in our laboratory
as a substitution of oral gavage, which induces a significant
stress response by the endocrine system, which may interfere
with the evaluation of endpoints of interest (30). The dams
delivered naturally, and the litters were not culled to maintain
consistency of nutrient distribution among the same number of
fetuses/pups at pre- and postnatal periods, and to avoid catch-
up growth (31). The dams and pups were kept together until
weaning on postnatal day (PND) 21, when the male and female
pups were separated. One randomly selected male pup per litter
was euthanized using cervical dislocation on PND300 between 9
and 11 a.m. following 2 h of fasting. Tissue samples were collected
immediately upon euthanasia. Blood samples were centrifuged
at 3,000g for 10 min and serum was collected and stored at -
80°C. Liver was snap-frozen in liquid nitrogen and stored at
-80°C. Only male pups were used for further analysis to avoid
the interaction of measured health outcomes with hormonal
fluctuations due to estrus cycle. Other male and female pups
were used in a different study. All procedures met the guidelines
of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and this study was approved by the
Institutional Animal Care and Use Committee at University of
Massachusetts, Amherst.

RNA Extraction and Sequencing

Total RNA was isolated from liver samples using TRIzol reagent
(Invitrogen) and quantified using a NanoDrop 1000 instrument
(Thermo Fisher Scientific, Wilmington, DE). RNA quality was
assessed using Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). Samples of RNA isolated from liver tissue
with integrity values >9 were used for library preparation. RS-
122-2101-TruSeq® Stranded mRNA LT-SetA kit (Illumina, San-
Diego, CA) was used to isolate intact poly(A)+ RNA from 4
ng of total RNA and to construct strand-specific libraries with
multiplexing indexes. The quality and purity of the libraries were
assessed using the Agilent 2100 Bioanalyzer. The concentration
of the libraries was measured using Qubit 3.0 fluorometer
(Life Technologies, Carlsbad, CA). High-throughput sequencing
was performed using NextSeq500 sequencing system (Illumina,
San-Diego, CA) in the Genomic Resource Laboratory of the
University of Massachusetts, Amherst. cDNA libraries were
single-end sequenced in 76 cycles using a NextSeq 500 Kit v2
(FC-404-2005, Illumina, San-Diego, CA) in one multiplex run
(3-4 samples per exposure group). All sequencing data were
uploaded to the GEO public repository and GEO were assigned
series accession number GSE115143.

Analysis of Mouse RNA-seq Data

Read filtering, trimming and de-multiplexing were performed
using the BaseSpace cloud computing service supported
by Illumina (https://basespace.illumina.com/home/index).
Furthermore, the preprocessed reads were mapped to the
reference mouse genome (MM10) using TopHat 2 aligner (32).
Aligned reads were then used for assembly of novel transcripts
with Cufflinks 2.1.1 and differential expression of novel and

reference transcripts with Cuffdiff 2.1.1 (33). Differential
expression datasets were further used for gene set enrichment
analysis (GSEA, www.broadinstitute.org/gsea). This approach
is particularly effective for the identification of biologically
significant changes in gene expression that are associated with
relatively small effects across multiple members of a gene set
(34). The details of the method and statistical approaches used by
GSEA are described elsewhere (35, 36). We used GSEA against
the Hallmark, KEGG and Reactome collections of datasets. Short-
lists of significantly differentially expressed genes were identified
by applying thresholds of 2-fold differential expression and false
discovery rate (FDR) g < 0.05. These lists were analyzed using
DAVID Functional Annotation Clustering tool (37) and Disease
and BioFunctions tool of Ingenuity Pathway Analysis (38)
with default settings. To explore further liver lipid metabolism
mechanisms affected by BDE-47 we inspected changes in
expression of genes, that encode key enzymes of lipid trafficking,
de-novo synthesis and/or disposal (39, 40). The following
genes were selected for analysis (see Supplemental File 1):
fatty acid uptake proteins—fatty acid translocase (FAT; gene
Cd36) and fatty acid uptake proteins (FATP; Slc27a genes);
de-novo synthesis of fatty acids—acetyl-CoA carboxylase
(ACC; genes Acaca and Acacb) and fatty acid synthase (FAS;
gene Fasn); synthesis of triglycerides—glycerol-3-phosphate
acyltransferase (GPAT; gene Gpam), 1-acylglycerol-3-phosphate
O-acyltransferase (AGPAT; Agpat genes), diacylglycerol O-
acyltransferase (DGAT; Dgat genes), lipin (LIPIN; Lpin genes),
mannoside acetylglucosaminyltransferase (MGAT; Mgatl
genes), and adiponutrin (gene Pnpla3); oxidation of fatty
acids—acyl-CoA synthetase (ACS; Acsl, Acsm, and Acss genes),
carnitine palmitoyltransferase (CPT; genes Cptla, Cptlb, Cptlc,
Cpt2), adipose triglyceride lipase (ATGL, gene Pnpla2), and
3-hydroxy-3-methylglutaryl-coenzyme A synthase (HMG-CoA;
Hmgcs genes); very low density lipoprotein (VLDL) secretion—
apolipoprotein B (gene Apob), microsomal triglyceride transfer
protein (MTP, gene Mttp), carboxylesterase (CES; genes Cesld,
Ceslg, and Ces3a), and cell death-inducing DFF-45-like effector
B (gene Cideb).

RT-gPCR

The RNA-seq results were validated using RT-qPCR for selected
genes: Cd36, Abcd2, Prelid2, Apoa4, Fabp4, Fgll, Gdpd3, and
Hao2. These gene were selected based on the following criteria
(1) they were significantly regulated in both exposure groups
based on RNA-seq results and (2) they encode proteins
important for liver metabolic function. RT-qPCR was done
using independent set of samples, six per exposure group. Total
RNA was purified of genomic DNA contamination using DNase
(RQI RNAse-free DNAse, Cat. # M610A, Promega, Madison,
WI), and reverse transcribed using the High Capacity cDNA
Reverse Transcription Kit (Cat.# 4368814, Applied Biosystems,
Vilnus, Lithuania). Using free online software Primer3Plus
(http://primer3plus.com/cgi-bin/dev/primer3plus.cgi), forward
and reverse primers were designed to anneal different exons
spanning long intron (Table 1). The housekeeping gene (B2m)
was selected from genes that were not regulated in our RNA-
seq dataset, with the consideration of its ubiquitous presence in
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TABLE 1 | Quantitative reverse transcription polymerase chain reaction (RT-qPCR) validation of RNA-seq genes for selected differentially expressed genes.

Fold change
Gene qPCR primers Prenatal exposure Postnatal exposure
RNA-seq qPCR RNA-seq qPCR

Cd36 TGTGTTTGGAGGCATTCTCA 2.25 2.01 5.58 4.99
TTTGAAAGCAGTGGTTCCTTC

Abcd2 TGTGGAGCAGCTGTGGACTA 11.00 9.76 5.90 5.37
CATAGCCTGCTTTGGACCAT

Prelid2 TGTTCCAGTACCCCTTCGAG —5.28 —6.11 —5.13 —6.20
TTCCACAGTTTTTACAGAGATGACA

Apoad AGTGAGGAGCCCAGGATGTT —3.48 —-2.98 —3.81 -3.45
CACCTGGTCCGAAGTGACCT

Fabp4 AATGTGTGATGCCTTTGTGG —6.68 —5.34 —6.06 —7.01
CACTTTCCTTGTGGCAAAGC

Fgit GTGGATGGACTGAGCCTAGC —2.41 —2.55 —6.59 -5.17
TTCCCATTCTTCCCACTGAG

Gdpd3 CCTTTTGTCTCCATCCCTGA 16.91 11.39 6.23 5.86
CCACAGCGAAATGGGAAGTA

Hao2 GAGGCAGCTTGATGAGGTTC 4.86 5.12 7.73 6.03
CCCACCATCCATGTACACTTC

B2m CCGGCCTGTATGCTATCCAG Housekeeping gene
TGTTCGGCTTCCCATTCTCC

different cell types. A triplicate of 5 pul real-time PCR reactions,
each containing iTaq Universal SYBR Green Supermix (Cat 172-
5124, BioRad), primers, and cDNA template were loaded onto a
384-well plate and run through 40 cycles on a CFX384 real time
cycler (Bio-Rad Laboratories, Inc). The data were analyzed using
the manufacturer’s CFX manager software, version 3.1. Relative
quantification was determined using the AACq method (41).

Protein Expression of Cd36

Expression of Cd36 was analyzed by western blotting in
liver samples of male offspring euthanized on PND300. Liver
samples were lysed in T-PER tissue protein extraction buffer
(ThermoFisher Scientific, Cat. # 78510) containing protease
and phosphatase inhibitors cocktail (ThermoFisher Scientific,
Cat. # 78442). A microplate-based BCA Protein Assay Kit
(ThermoFisher Scientific, Cat. # 23227) was then used to
determine protein concentrations. Western blot analyses were
performed after separating the proteins on 4-20% SDS-PAGE
gels (Bio-Rad, Cat. # 456-1094) and transferring them onto
a PVDF membrane (0.2pm) under wet conditions using a
Biorad mini trans-blot cell. Anti-Cd36 (1:2000, Cell Signaling,
Cat. #14347) and anti-Actin (1:2000, Cell Signaling, Cat. #
4970) primary antibodies were used at indicated dilutions.
Proteins were visualized using secondary antibody conjugated
with HRP (1:5000, Abcam, Cat. # ab6721), and Pierce ECL
enhanced chemiluminesence reagent (ThermoFisher Scientific,
Cat. # 32106). Western blot densitometry was quantified using
Image Studio Lite Ver 5.2 software.

Histological Analysis
Oil Red O staining was performed in accordance with the
protocol for frozen tissue described elsewhere [IHS (42)]. Liver

samples were sectioned at 10 pum for lipid staining. Sections were
fixed in 10% neutral buffered formalin for 10 min, rinsed with
water, and immersed in 100% propylene glycol for 5 min. Slides
were stained with Oil Red O solution (Sigma) for 10 min at
60°C, and placed in 85% propylene glycol for 5min followed
by a rinse in distilled water. Slides were counterstained with
Harris’ hematoxylin for 30 sec, washed in running tap water and
coverslipped using Kaiser’s Glycerin Jelly. Sections were imaged
through a Zeiss Axio Observer Z1 inverted light microscope with
ZEN imaging software, at x10 and x40 magnification. Images
were captured at 88,000 dpi using the AxioCam 506 color digital
camera.

Triglycerides in Blood and Liver

To quantify changes in triglycerides concentrations were
measured in blood and liver samples of 10 months old mice using
a Triglyceride Colorimetric Assay Kit (Cat. # 10010303, Cayman
Chemical, Ann Arbor MI). Ten biological replicates (one pup
per litter) were analyzed per exposure group. Each biological
replicate was analyzed in triplicate.

Reanalysis of Published Transcriptional
Datasets

Changes in liver gene expression for many individual genes, as
well as for groups of metabolic genes, which were observed in this
current study were opposite in direction to the changes reported
in our previous study (18). We hypothesize that differences in
exposure protocols may have been responsible for the opposite
effects in the direction of change of the gene expression in
livers of exposed animals. To test this hypothesis we analyzed
changes in expression of ribosomal genes, a group of genes
that is most sensitive to PBDE exposure according to our
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current and previously published data (18), in transcriptomic
datasets obtained from toxicological experiments with PBDE.
The search for transcriptomic datasets was completed on June 1,
2017. Specifically, we searched Gene Expression Omnibus (GEO,
http://www.ncbinlm.nih.gov/geo/) and ArrayExpress (https://
www.ebi.ac.uk/arrayexpress/) genomic data depositories using
the following key words: PBDE, BDE, polybrominated, diphenyl
ethet, and flame retardant. We also ran a search in the PubMed
(http://www.ncbi.nlm.nih.gov/pubmedn) using a combination of
the words PBDE, BDE, and polybrominated diphenyl ether with
one of the following: gene expression, transcriptome, microarray,
RNA-seq, and genomic. All selected papers were then checked
for the presence of all-genome gene expression analysis and, if
positive, for links to the original gene expression data. As a result
of this search, we identified transcriptomic datasets produced
by our research group (18, 43, 44) and another research group
(45). Experimental designs of these studies are summarized in
Table 2. To address changes in expression of ribosomal genes we
used GSEA with the “KEGG Ribosome” gene set. This gene set
includes 88 human genes of ribosomal proteins and RNA, and is
curated by Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/kegg/).

Statistical Analysis

All statistical analyses were performed using SPSS Statistics 22
software. ANOVA with subsequent Dunnett’s test were used to
compare body weights and triglyceride values in blood and liver
between exposed and control groups. T-test was used to compare
western blot densitometry for CD36 protein expression between

control and each exposed group. Correlation coeflicient was
calculated to determine reproducibility of RNA-seq results using
RT-qPCR for selected genes and to compare effects of pre- and
neonatal exposures on gene expression.

RESULTS

We found no significant relationship between litter size and
exposure to BDE-47, with the number of pups varying from 9
to 15 per litter. On PND300, body weights of male animals were
58.5 + 1.9 g in the control group, 52.5 + 1.4 g in the prenatally
exposed group (p = 0.02), and 56.6 = 1.9g in the neonatally
exposed group (p = 0.09). All data are mean = SE and p-values
are for comparison with controls.

Pre-and Neonatal Exposures to BDE-47
Induce Similar Transcriptomic Changes in
Livers of 10 Months Old Mice

We analyzed using an RNA-seq approach transcriptional changes
in liver tissue of 10 months old male mice. Sequencing was
completed with an average of 45 million reads per sample
and more than 90% of the reads aligned to the reference
genome. After filtering out transcripts that did not correspond
to any of known identifiers (genes, non-coding RNAs) and
those that had LogFPKM < 0 in both conditions (control and
exposed), lists of genes with differential expression values were
generated for both exposure groups. These lists consisted of
10,962 transcripts for the prenatal exposure group and 11,035
transcripts for the neonatal exposure group. Short lists of the

TABLE 2 | Gene set enrichment analysis (GSEA) of ribosome dataset in transcriptomic studies of PBDE effect in rodents and details of experimental design of these

studies.
Model Sex Tissue Exposure Daily dose, Exposure duration PND for  Gene expression analysis = Normalized enrichment  Source
chemical mg/kg/ (ED-embryonic day, outcome approach score/Nominal p-value
body weight  (PND-postnatal day) KEGG* ribosome

Rat Male liver DE-71** 50 ED6-PND22 22 Affymetrix Rat Genome 230 —2.14/0.000 (45)
2.0 Array

Rat Female liver DE-71** 50 ED6-PND22 22 Affymetrix Rat Genome 230 —1.98/0.000 (45)
2.0 Array

Rat Male liver DE-71** 50 ED6-PNDI1 91 Affymetrix Rat Genome 230 —1.97/0.000 (45)
2.0 Array

Rat Male liver BDE-47 0.2 ED15-PND21 27 lllumina BeadChips 1.39/0.034 (43)
RatRef-12

Rat Female  brain BDE-47 0.2 ED15-PND21 41 llumina BeadChips 1.40/0.033 (44)

frontal RatRef-12
lobes

CD1 Male liver BDE-47 0.2 ED8-PND21 21 lllumina TruSeq RNA-Seq 1.60/0.006 (18)

mice

CD1  Male liver BDE-47 0.2 ED8-PND21 140 lllumina TruSeq RNA-Seq 3.21/0.000 (18)

mice

CD1 Male liver BDE-47 1 ED8-ED21 300 lllumina TruSeq RNA-Seq —2.49/0.000 Current

mice study

CD1 Male liver BDE-47 1 PND1-PND21 300 lllumina TruSeq RNA-Seq —1.59/0.019 Current

mice study

'KEGG, Kyoto Encyclopedia of Genes and Genomes. ~DE-71 is a commercial mix of PBDE, which includes primarily the tetra- through penta-PBDEs and a small component of

hexa-BDE.
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significantly differentially expressed genes were generated using
cut-oft thresholds of 2-fold change in expression and a false
discovery rate (FDR) g < 0.05. RNA-seq results were confirmed
by RT-qPCR for select genes (Table 1). Correlation coefficients
between values of gene expression change measured by RNA-
seq and RT-qPCR were 0.98 in both exposure groups. Short lists
of genes that were differentially expressed following prenatal or
neonatal exposure consisted of 176 and 191 genes, respectively.
These lists overlapped for 88 genes (Figure 1A). Correlation
coefficient between values of gene expression change in the
merged list of 279 genes significantly altered in either exposure
group was 0.87. Most of these genes that did not overlap were
still altered in the same direction in both exposure groups
although with lower significance and fold change (Figures 1B,C).
In fact only 10 out of 191 non-overlapping genes were altered in
different directions and correlation coefficient was 0.52 for the
merged list of non-overlapping genes between exposure groups.

Developmental Exposure to BDE-47 Alters
Blood/Liver Balance of Triglycerides and
Leads to Lipid Accumulation in Livers of 10
Months Old Mice

We analyzed concentrations of triglycerides in serum and in
livers of exposed and control animals. We also used Oil Red O
staining of liver sections to visualize triglyceride droplets. In both

exposed groups, liver tissue had a higher number of lipid droplets
in hepatocytes (Figures 2A,B). Triglycerides concentrations in
serum were decreased in both exposure groups compared to
the control group (2.81 & 0.32 mg/ml in the control group;
1.87 £ 0.15 mg/ml, p = 0.019 in the prenatal exposure group;
and 2.18 £ 0.21 mg/ml, p = 0.131 in the neonatal exposure
group)—Figure 2D. Concentrations of triglycerides in the liver
were increased in both exposure groups (8.23 + 0.88 mg/g
in the control group; 10.31 £ 0.79 mg/g, p = 0.102 in the
prenatal exposure group; and 13.18 £ 1.46 mg/g, p = 0.015
in the neonatal exposure group)—Figure 2E. The ratio of liver
to serum triglyceride concentrations was significantly higher in
both exposed groups (2.94 £ 0.12 in the control group; 5.57 +
0.27, p = 3.3E-07 in the prenatal exposure group; and 5.99 +
0.23, p = 1.3E-08 in the neonatal exposure group)—Figure 2F.
All data shown are mean =+ SE and p-values are for comparison
with controls.

Pre-and Neonatal Exposures to BDE-47
Alters Expression of Genes Responsible for
Lipid Metabolism and Protein Biosynthesis
in Livers of 10 Months Old Mice

Gene sets enriched with Normalized Enrichment Score >1.6,
nominal p < 0.05 and FDR g < 0.2 were selected for further
analysis. Thus, we used a more stringent criteria than that
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FIGURE 1 | Changes in liver gene expression in 10 months old mice are highly overlapping in groups exposed prenatally only and neonatally only to 1 mg/kg/body
weight BDE-47: (A)-overlap in lists of significantly (FDR q < 0.05) 2-fold differentially expressed genes; (B)-heat-map and unsupervised hierarchical clustering based
on merged list 280 genes significantly (FDR g < 0.05) 2-fold differentially expressed in pre- and/or postnatally exposed groups; (C)-changes in expression of
non-overlapping genes (89 + 103 genes) in pre- and neonatal exposure groups, for majority of genes direction of change is the same in both groups.
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FIGURE 2 | Developmental exposure to BDE-47 results in altered triglyceride concentrations in hepatocytes and blood of 10 months old mice. (A-C)-representative
liver tissue sections stained with Oil Red O and Harris’” hematoxylin (x400): (A)-control group, (B)-prenatal exposure group, (C)-neonatal exposure group. Lipid
droplets are stained in orange. (D,E)-triglyceride concentrations in blood and liver, respectively. (F)-liver to serum triglyceride ratio. All data are Mean + SE, n =
10/exposure group, ANOVA followed by Dunnett’s test, *p < 0.05 when compared with control group.
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recommended by GSEA developers (FDR g < 0.25, http://
software.broadinstitute.org/gsea/doc/) for a more exclusive focus
on significantly altered biological processes. Gene sets that
satisfy these criteria in at least one exposure group (prenatal
or neonatal) are shown in Table3 and Supplemental File 2.
All negatively enriched gene-sets from KEGG and Reactome
collections and a few from the Hallmark collection point
to a suppression of mRNA processing, translation and post-
translational processing of protein, such as: KEGG: Ribosome
(Figure 3A) and Spliceosome; Reactome: Translation, Peptide
Chain Elongation, Protein Metabolism, mRNA Metabolism and
Protein Folding; Hallmark: Protein Secretion and others. The
gene set of an mTORCI pathway, which is a major pathway
of protein synthesis control, was also negatively enriched
(Hallmark: mTORC1 Signaling). Gene sets from Hallmark
also include negatively enriched gene-sets that are related to
cellular stress (Unfolded Protein Response, DNA Repair), cell
cycle progression, apoptosis and cellular transformation (MYC
Targets V1 and V2), and immune response (Interferon Gamma
and Interferon Alpha Response). Significant Hallmark gene-
sets relevant for lipid metabolism include negatively enriched
Cholesterol Homeostasis gene set and positively enriched Bile
Acid Metabolism gene set. Cholesterol Homeostasis gene set
was negatively enriched partly due to decreased expression of
genes encoding proteins responsible for lipid transport into cells
(Plscr1, Fabp5, Lpl) and genes encoding enzymes of cholesterol
biosynthesis (Sqle, Hmgcsl, 1dil, Mvd). Some of the latter genes

encode for rate-limiting enzymes of different stages of cholesterol
synthesis (Sqle, Hmgcsl). The positively enriched Bile Acid
Metabolism gene set was due to the increased expression of many
genes participating in bile acid biosynthesis, including many key
enzymes of the pathway (Cyp7al, Cyp46al, Cyp27al, Cyp8bl,
Akrldl, Slc27a2, Slc27a5, Amacr, Hsd17b4).

DAVID Functional Annotation Clustering analysis was done
separately for upregulated and downregulated genes from the
shortlists of significantly altered genes in the prenatally and
postnatally exposed groups. The most enriched clusters are
shown in the Table4. The “Cytochrome P450” cluster was
positively enriched in the postnatal exposure group due to
the upregulation of cytochrome genes, largely in family 2.
The “Transmembrane and transmembrane transport” cluster
was positively enriched in both exposure groups and included
up-regulated solute carrier genes, ABC transporters, oxysterol
binding proteins, desmogleins, Cd36 and others. Negatively
enriched categories include “endoplasmic reticulum” (postnatal
exposure group only), “acute-phase response, HDL, fatty acid
binding” “metallothionein,” and “extracellular, glycoprotein.” The
analysis of annotations of genes in the cluster “endoplasmic
reticulum” showed their functional heterogeneity. Most of
these genes grouped in one of three functions: vesicle
transport to Golgi (Ehd4, Goltlb, Lrrc59, Sec23b, Tmed3,
Tmed9), response to ER-stress (Creb3l2, Creld2, Dnajb9,
Hyoul, Manf, Sdf2l1), and fatty acid metabolism (Acsl4,
Aldh3a2, Elovi3, Elovl7, Fndcb3, Insig2, Mrap, Mrap2). The
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TABLE 3 | Top GSEA enriched gene-sets in livers of 10 months old mice exposed pre- or neonatally to BDE-47.

Gene set Prenatal exposure Neonatal exposure

NES NOM p-val FDR g-val NES NOM p-val FDR g-val
HALLMARK COLLECTION OF GENE-SETS
Unfolded protein response —2.06 0.000 0.003 —-1.98 0.000 0.003
MYC targets V2 —2.04 0.000 0.002 -1.81 0.006 0.017
MYC targets V1 —2.01 0.000 0.002 —2.00 0.000 0.004
DNA repair -1.93 0.000 0.006 -1.62 0.011 0.054
Cholesterol homeostasis —1.66 0.010 0.060 -1.80 0.008 0.018
MTORCH1 signaling -1.61 0.005 0.074 -1.64 0.004 0.052
Interferon gamma response —1.39 0.050 0.234 -2.04 0.000 0.006
Interferon alpha response —1.38 0.086 0.205 -1.84 0.001 0.016
Protein secretion —-1.22 0.181 0.365 -1.65 0.007 0.052
Bile acid metabolism 1.62 0.020 0.409 2.16 0.000 0.056
KEGG COLLECTION OF GENE-SETS
Ribosome —2.49 0.000 0.000 —1.59 0.019 0.266
Spliceosome -1.92 0.000 0.087 —1.86 0.000 0.187
RNA polymerase -1.90 0.007 0.097 —1.48 0.072 0.302
Protein export -1.85 0.014 0.107 -2.04 0.002 0.085
REACTOME COLLECTION OF GENE-SETS
Translation —2.62 0.000 0.000 —1.87 0.000 0.187
SRP dependent cotranslational protein —2.56 0.000 0.000 —1.81 0.000 0.196
targeting to membrane
Influenza viral RNA transcription and replication —2.53 0.000 0.000 —1.64 0.004 0.247
3 UTR mediated translational regulation —2.51 0.000 0.000 —1.62 0.009 0.256
Peptide chain elongation —2.46 0.000 0.000 —1.51 0.031 0.292
Influenza life cycle —2.40 0.000 0.000 —1.64 0.009 0.247
Nonsense mediated decay enhanced by the —-2.33 0.000 0.000 —1.47 0.034 0.301
exon junction complex
Metabolism of proteins —-2.31 0.000 0.000 —1.81 0.000 0.199
Activation of the mRNA upon binding of the -2.29 0.000 0.001 —-1.62 0.035 0.290
cap binding complex and EIFS and subsequent
binding to 43S
Formation of the ternary complex and —-2.25 0.000 0.001 —1.54 0.036 0.279
subsequently the 43S complex
Metabolism of mRNA -2.20 0.000 0.004 —1.46 0.016 0.307
Metabolism of RNA -2.18 0.000 0.004 —-1.57 0.003 0.271
mRNA splicing minor pathway -2.11 0.000 0.014 —-1.74 0.015 0.224
Protein folding -1.95 0.000 0.072 -1.77 0.009 0.213
mRNA splicing -1.93 0.000 0.081 -1.75 0.003 0.219
Activation of chaperone genes by XBP1S -1.89 0.006 0.100 —-2.03 0.000 0.094

NES, normalized enrichment score; NOM p, nominal p-value;
bold.

“Acute-phase response, HDL, fatty acid binding” and the
“extracellular, glycoprotein” clusters were enriched due mostly
to the decreased expression of genes encoding serum lipid-
binding proteins. This includes orosomucoid genes (Orml,
Orm2, and Orm3), which are carriers of basic and neutrally
charged lipophilic compounds, high-density lipoprotein (HDL)
associated apolipoproteins (Saal, Saa2 and Saa3), chylomicron
associated apolipoprotein A-IV (Apoa4) and fatty acid binding
proteins (Fabp4 and Fabp5). The “Metallothionein” cluster
was negatively enriched in both exposure groups due to the

FDR q, false discovery g-value. All numbers for gene sets enriched with nominal p < 0.05 and FDR q < 0.2 are shown in

downregulation of three metallothionein proteins (MtI, Mt2, and
Mt4).

We performed an IPA Disease and BioFunctions analysis with
default settings. Initially, this analysis was performed for three
lists of differentially regulated genes: genes altered in animals
exposed to BDE-47 in utero, genes altered in animals exposed
to BDE-47 neonatally, and a merged list of genes regulated
in both groups. The results of this analysis were very similar
for all three gene lists, therefore we present here only data for
the merged list of genes (see Supplemental File 3 for details).
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TABLE 4 | Top enriched DAVID clusters in livers of 10 months old mice exposed
prenatally or neonatally to BDE-47.

Cluster of enriched Prenatal exposure Neonatal exposure

terms group group

ES* Benjamini p ES* Benjamini p
POSITIVELY REGULATED FUNCTIONS
Cytochrome P450 3.13 6.0E-1-2.0E-4 6.14 56E-1-1.8E-9
Transmembrane, 2.22 9.8E-1-5.2E-4
transmembrane transport
NEGATIVELY REGULATED FUNCTIONS
Endoplasmic reticulum 482 5.8E-3-4.3E-5
Acute-phase response, 1.51 9.9E-1-8.2E-1 3.89 9.8E-1-9.9E-5
HDL, fatty acid binding
Metallothionein 362 7.5E-1-16E-2 350 3.1E-1-7.9E-3
Extracellular, glycoprotein 1.86  8.1E-1-1.5E-1 3.43 1.0E0-1.1E-6

“ES, enrichment score.

The “Concentration of lipid” was the most significantly enriched
category (p = 7.1E-08). The “Hepatic steatosis” cluster was one
of the most significantly enriched categories with high predicted
activation (p = 4.69E-07, activation z-score = 2.89), while
“Atherosclerosis” was among the most significant categories with
predicted suppression (p = 5.25E-06, activation z-score = —2.35;
Figure 4).

To explore what mechanisms of liver lipid metabolism altered
by BDE-47 may be responsible for increased triglycerides in

livers of exposed animals we analyzed changes in expression
of key enzymes of lipid trafficking, de-novo synthesis and/or
disposal (Supplemental File 1). Cd36 is the only gene form
this list that was significantly altered in both exposed groups,
with 2.3- and 5.6-fold increase in expression in prenatally and
postnatally exposed animals, respectively. Higher magnitude of
change of Cd36 in postnatally exposed animals correspond to
higher concentrations of triglycerides in their livers. Expression
of Cd36 protein was also significantly increased in liver of animals
from both exposed groups as confirmed by western blot data
(Figure 5).

Low and Moderate/High Exposures to
PBDE Regulate Expression of Metabolic
Genes in Opposite Directions

In both the current study, and our previous study (18), ribosomal
genes represented one of the most sensitive groups of genes
that underwent coordinated changes in expression following
PBDE exposure. However, changes in expression of ribosomal
genes had an opposite direction in these studies. Similarly,
many other important metabolic genes, including Cd36 were
significantly differentially expressed in both studies but the
direction of change was different. To test whether variables
in the experimental protocol may have contributed to the
observed opposite effects in expression of metabolic genes,
we analyzed changes in the expression of ribosomal genes
in transcriptomic datasets obtained from previously published
toxicological experiments with PBDE (18, 43-45) as described
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in Reanalysis of Published Transcriptional Datasets. The results
of this analysis are summarized in Table2. In short, (i)
the ribosomal gene set was enriched in GSEA analysis with
nominal p-value <0.05 in all reanalyzed datasets, supporting

our observation that coordinated changes in ribosomal gene
expression represent a molecular signature of PBDE exposure.
(ii) In the studies that used rats and mice, similar exposures
produced similar changes in ribosomal gene expression. For
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example perinatal exposure to 0.2 mg/kg BW BDE-47 in Wistar
rats and in CD-1 mice significantly positively enriched ribosomal
dataset in liver tissue (18, 43). (iii) One study focused on gene
expression in the brain frontal lobes (44) and it showed similar
changes in ribosomal gene expression as studies that used similar
exposures to analyze gene expression in liver tissue (43, 44).
(iv) Finally, the opposite effects were observed in studies using
0.2 mg/kg BW BDE-47 (18, 43, 44) and studies using 1 mg/kg
BW BDE-47 (current study) or 50 mg/kg BW DE-71 (45)—a
commercial mix of PBDE, which includes primarily the tetra-
through penta- PBDEs and a small component of hexa-BDE.

DISCUSSION

We have found that both prenatal and neonatal exposure to
1 mg/kg body weight of BDE-47 result in similar changes in
expression of metabolic genes in 10 months old mouse liver,
suggesting permanent reprogramming of the liver metabolism in
both exposure groups. This reprogramming includes increased
expression of Cd36 and other lipid transporters and decreased
expression of serum lipid-binding proteins which is a likely
mechanistic explanation of the observed shift in the balance
of triglycerides toward their reduced concentrations in the
blood and increased concentrations in the liver. Long-lasting
or permanent shift in liver metabolism, leading to excessive
accumulation of triglycerides in the liver, may be a risk factor
for the development of liver steatohepatitis—the most common
form of chronic liver disease among adults and children (46, 47)
with 33% to 88% prevalence (48-51). Liver steatohepatitis is
a risk factor for type 2 diabetes, dyslipidemia, hypertension,
cardiovascular and kidney disease, liver cirrhosis, hepatocellular
carcinoma, and mortality (52-57).

Relevance of our Dosing Paradigm

In our previous study (58), exposure of pregnant rats to 0.2 mg/kg
body weight of BDE-47 resulted in 234.3 ng BDE-47/g lipid in
adipose tissue of dams and 1,054.7 ng BDE-47/g lipid in adipose
tissue of pups. These concentrations are comparable with those
of the North American human population (mean concentration
in adipose tissue of adult subjects = 399 ng/g lipids) (2). Given
that the rate of BDE-47 elimination is around 10 times higher
in mice than in rats (59, 60) the exposure used in this study
may also be relevant to that of the North American human
population. To further increase the relevance of our exposure
paradigm to human exposures, we dosed animals during pre-
or neonatal periods since human PBDE exposure peaks during
the perinatal period of life due to the transport of PBDE via cord
blood and breast milk (19, 20, 22), higher rates of dust ingestion
(21), and higher food intake per kilogram of body weight in
toddlers (22).

Long Lasting Programming of Liver

Metabolism

In our previous studies, we have demonstrated that perinatal
exposures to low doses (0.2 mg/kg body weight) of BDE-
47 may produce long lasting changes in gene expression in
rodent livers. In our rat, study expression of many metabolic

genes including genes of cholesterol metabolism and ribosomal
proteins, were significantly altered 1 week after the last day of
exposure (43). Blood cholesterol was also increased in exposed
rats. In a recent study with CD-1 mice similar changes in
liver gene expression were observed on postnatal day 140,
~4 months after the last day of exposure (18). Exposed mice
had significantly increased blood triglycerides. These findings
indicate that metabolic reprogramming of liver by developmental
exposure to PBDE is likely permanent. A long-lasting change
in liver lipid metabolism by PBDEs is also supported by
the current study as it demonstrates altered expression of
metabolic genes in liver and increased accumulation of liver
triglycerides 10 months after the last day of exposure. A
review of extant toxicological evidence linking exposures to
different chemicals with hepatic steatosis and steatohepatitis
(27) did not list any evidence of liver lipid accumulation in
adult organism resulting from developmental exposure. Thus,
developmental programming of liver metabolism described in
this study is a novel potential risk factor for fatty liver diseases
development.

Sensitive Exposure Windows

In previous studies, the perinatal window of exposure, spanning
from part of gestation and postnatal development until weaning,
was used to study programming effects of PBDE for the
liver metabolism (18, 43, 61). In the current study, we
aimed to narrow down the sensitive developmental window
of liver programming by using prenatal-only and postnatal-
only exposures. Surprisingly, both exposed groups developed
very similar shift in expression of metabolic genes including
upregulation of lipid transporter Cd36 and suppression of genes
encoding ribosomal proteins in the liver. Both exposure groups
also had similar shifts in the blood-liver balance of triglycerides,
including decreased serum triglycerides and increased liver
triglycerides, although triglycerides accumulation in the liver was
more pronounced in the neonatal exposure group. Thus, our
results demonstrate that the sensitive developmental window of
the liver metabolism reprogramming by BDE-47 spans across
pre- and neonatal periods of development, i.e., likely corresponds
to the period of hepatocyte maturation, which starts at gestation
day 18.5 and covers postnatal development at least till postnatal
day 45 (62-64). Postnatal exposure used in our experiment covers
longer period of hepatocyte maturation than prenatal exposure,
which only interferes with the beginning of this process. That fact
may explain higher accumulation of triglycerides in the livers of
postnatally exposed animals. It should be mentioned that BDE-
47 that accumulated in the bodies of fetuses in the prenatal
exposure group was not fully eliminated from the organisms by
the time of delivery and could affect some molecular mechanisms
during the neonatal period, resulting in similar effects in both
exposure groups. Given that the half-life of BDE-47 in mice is
around 3-4 days (59, 60) we assume that “carry over” of BDE-47
from prenatal life to postnatal life in the prenatal exposure group
could have had health consequences only during first few days of
neonatal life.
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Molecular Mechanisms Underlying Altered

Liver/Blood Balance of Triglycerides

It was shown previously that major process that contributes to
lipid accumulation in liver is fatty acids uptake by hepatocytes
(39, 65, 66), although de novo lipogenesis, triglyceride synthesis,
as well as disposal of fatty acids in a form of oxidation and/or
VLDL secretion may contribute to triglyceride concentrations
in liver. To explore, perturbation of which process may be
responsible for the observed accumulation of triglycerides in our
study, we analyzed changes in expression of the key enzymes
(Supplemental File 1) involved in lipid uptake, biosynthesis and
disposal. Increased expression of Cd36 was the only enzyme from
this list that was significantly upregulated in both exposed groups
at the level of gene expression. Upregulation of Cd36 was also
confirmed at the level of protein expression, suggesting that this
change may be the major causative factor responsible for the
altered balance of the liver/blood triglycerides. This hypothesis
is additionally supported by the concordance in the magnitude
of Cd36 expression and triglycerides concentrations in livers
of exposed animals, so that higher upregulation of Cd36 in
postnatally exposed animals (5.7-fold) is concordant with higher
increase in concentration of triglycerides (168%) in this group as
compared with smaller change in Cd36 expression (2.3-fold) and
triglyceride concentration (125%) in prenatal exposure group.
Previous research demonstrates that overexpression of Cd36 may
significantly increase fatty acid uptake in liver. Cd36 upregulation
induced by in vivo adenoviral delivery of the gene to the livers
of mice was sufficient to increased hepatic triglyceride storage
and dyslipidemia in mice (67). Cd36 expression is increased
in humans with NAFLD (68-70). Decreased rate of VLDL
secretion may also contribute to increased triglycerides in the
livers and decreased in blood of exposed mice. Genes of major
enzymes involved in VLDL secretion (Apob, Mttp, Cesld, Ceslg,
Ces3a, Cideb) were not altered significantly, however many
genes responsible for VLDL trafficking between endoplasmic
reticulum (ER) and Golgi apparatus (Ehd4, Goltlb, Lrrc59,
Sec23b, Tmed3, and Tmed9) and genes involved in binding
of lipids in blood (Orml, Orm2, Orm3, Saal, Saa2, Saa3,
Apoad, Fabp4, and Fabp5) were significantly downregulated.
Triglycerides and other lipid components are synthesized in
smooth ER and combine with apolipoprotein B at the junction
of smooth and rough ER. The nascent particles are then
transferred to the Golgi apparatus for further processing and
secretory VLDL vesicles are subsequently released from the
Golgi (39, 71, 72). Thus, interruption of ER-Golgi trafficking
may slow down VLDL secretion by hepatocytes. Decreased
expression of genes encoding serum lipid-binding proteins may
also contribute to decreased concentration of triglycerides in
blood.

Opposite Effects of Different Dosing

Protocols

As previously mentioned our recent study showed that CD-
1 mice exposed perinatally to 0.2 mg/kg body weight BDE-
47 (Table 2) had significantly upregulated genes of ribosomal
proteins (Figure 3B), significantly downregulated expression of

Cd36, and almost 2-fold increased concentration of triglycerides
in blood (18). Other studies have shown similar effects of genes
of ribosomal proteins being upregulated in the livers and brain
frontal lobes of rats exposed to the same concentration of BDE-
47 perinatally (43, 44). However, experimental data published
by Dunnick and others (45) demonstrate opposite effect, genes
of ribosomal proteins was the most negatively enriched gene-
set. Dunnick and others exposed rats to 50 mg/kg body weight
of DE-71, a commercial mix of PBDE, from embryonic day 6
continuously throughout the animals’ lifetime until euthanasia
(PND22 or PND91). Given that a significant shift (although
in different directions) in expression of ribosomal genes was
found in all transcriptomic studies of PBDE effects (Table 2), we
used this “molecular signature” of PBDE to determine whether
differences in experimental design were responsible for opposite
outcomes. Existing studies used different animal models, timing
of exposure, exposure dose, timing of outcome measurement,
time interval between exposure and outcome measurement and
chemical compound (BDE-47 or DE-71). Interestingly, same
dose of BDE-47 produced similar changes in ribosomal gene
expression in different tissues (43, 44), in different models (18,
43, 44) and in tissues collected at different time-intervals after
exposure (18, 43, 44). However, the same compound used at
higher dose produced opposite effect in the current study. This
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FIGURE 6 | Proposed mechanism of metabolic reprograming by PBDE:
PBDEs or their metabolites bind to the plasma membrane associated p30
TRa1 and induce an increase in intracellular Ca2+ concentration, which leads
to activation of the NO-cGMP-PKGII signaling cascade and the
phosphorylation and activation of the SHP1/SHP2 phosphatase complex. This
complex activates SRC which in turn activates MEK-ERK and PI3K-AKT
signaling. Both cascades merge on and suppress tuberous sclerosis complex
(TSC), which is a potent mTORC1 suppressor. Lipogenesis and adipogenesis
are regulated by mTORC1 mainly via SREBP1/2 and PPARY transcription
factors that control the expression of genes involved in fatty acid and
cholesterol synthesis, lipid uptake and storage. Additionally mTORC1 directly
phosphorylates/activates S6K1 which phosphorylates/suppresses IRS1
causing insulin resistance.
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effect was similar to the one induced by high dose of PBDE mix
(45). Thus, data presented in Table 2 suggest, that the critical
parameter responsible for the direction of change of ribosomal
gene expression is likely the dose of the compound. Future
research should include targeted dose-response experiments to
test this hypothesis.

Concern for Human Health

As discussed in the introduction, approximately one-fifth of
the US population (~60 million) experienced their perinatal
development when concentrations of PBDE plateaued at their
highest environmental levels (17, 18). If the PBDE-induced
programming effects described in the current study are seen
in humans, we may anticipate long-term adverse consequences
of developmental exposures to PBDE. Our study demonstrates
that different exposure scenarios in rodents may result in the
shift in liver-blood lipid balance in either direction. Our studies
indicate, that smaller doses suppress lipid uptake by the liver,
resulting in triglyceride accumulation in serum. Higher doses
of PBDE induce lipid uptake and accumulation in the liver.
Importantly, both smaller and higher doses discussed here are
relevant for the general population. Fatty changes in liver were
previously shown in juvenile mice exposed for 28 days to 0.45
mg/kg body weight of BDE-47 (73). Liver steatosis associated
with increased expression of Cd36 was recently shown in mice
exposed to low doses of BDE-47 perinatally and further kept
on high fat diet for 14 weeks (74). Liver fatty degeneration
was also demonstrated in adult rats exposed to high dose
(2,000 mg/kg body weight) of pentaBDE (75, 76) and in
prepubertal rats exposed to high doses (300 and 600 mg/kg body
weight) of decaBDE (77). The link between PBDE exposures
and lipid imbalance was never tested in human population
studies.

Tight regulation of fatty acids (FA) uptake by the liver is
the major process that contributes to a healthy balance of
lipids between the blood and the liver (65, 66). Abnormal
shifts in this balance in either direction may result in increased
morbidity and mortality risks. An increase in the uptake of
fatty acids and accumulation of triglycerides in lipid droplets
results in NAFLD. NAFLD increases the risk of type 2 diabetes,
dyslipidemia, hypertension, cardiovascular and kidney disease,
liver cirrhosis, hepatocellular carcinoma, and mortality (52-57).
Treatment options for NAFLD have very limited efficacy. On the
other hand, decreased uptake of fatty acids by the liver may result
in hyperlipidemia and atherosclerosis—the primary risk factors
for heart attack, which is the most common cause of mortality in
the developed world (29, 78-80).

Molecular Mechanisms of Liver
Metabolism Programming by PBDE

Molecular mechanisms of metabolic effects of PBDE remain
poorly understood. Previously, we demonstrated that BDE-47
activates mTOR (mechanistic target of rapamycin) signaling
in mouse livers and in human hepatocellular carcinoma cells
(18). mTOR is a serine/threonine protein kinase that emerged
over the last decade as a critical signaling node that links
nutrient and energy sensing to the coordinated regulation of

cellular growth and metabolism (81, 82). Thus, mTOR plays
a central role in lipid homeostasis (83, 84). One of the best
characterized functions of mTOR pathway consists in the
regulation of ribosomal biogenesis (85, 86). In the current
study “mTORCI signaling” and “ribosome” were among the
most negatively enriched categories (Table 3) supporting our
hypothesis, that mTOR pathway is involved in the long-lasting
response to PBDE (18). The mTOR complex one (mTORC1)
integrates signals from PI3K-AKT and RAS-ERK pathways upon
their activation by receptor tyrosine kinases in response to
insulin and insulin-like growth factors (81, 87). A recent study
demonstrated the ability of BDE-47 and BDE-85 to activate
PI3K-AKT signaling (88) in a thyroid receptor alpha dependent
manner. Involvement of TRe and AKT points at recently
described non-genomic pathway of thyroid hormone signaling
(89) in which binding of T3 to the plasma membrane-associated
p30 isoform of TRal activates the nitric oxide (NO)/cyclic
guanosine monophosphate (cGMP)/protein kinase G II (PKGII)
signaling cascade and results in the phosphorylation/activation
of the SHP1/SHP2 phosphatase complex. Activation of the
tyrosine kinase SRC by this complex results in activation of
MEK-ERK and PI3K-Akt signaling. Given that PBDEs are
well-characterized thyroid disruptors (90-94), we propose the
following hypothesis to link developmental PBDE exposures to
long-lasting programming of liver metabolism (Figure 6): PBDEs
and/or their metabolites interact directly with thyroid receptors
and activate downstream PI3K-AKT and MEK-ERK signaling to
induce mTORCI1 activity; changes in mTORCI activity during
critical windows of liver development change liver metabolic
settings and induce long-lasting alterations in lipid and other
metabolism. Additional mechanistic research is needed to test
this hypothesis.

CONCLUSIONS

We have found that prenatal or neonatal exposures to an
environmentally relevant dose (1 mg/kg body weight) of BDE-
47 result in permanent reprogramming of the liver metabolism
in both exposure groups. The similarity in responses of both
exposure groups indicate that the sensitive window of liver
metabolism programming spans pre- and postnatal period of
development. Observed reprogramming included changes in
expression of genes involved in lipid and other metabolism,
which resulted in reduced concentrations of triglycerides in
the blood and increased concentrations of triglycerides in
the liver. Opposite directional changes in expression of many
metabolic genes and levels of circulating triglycerides were
observed in comparison with previous studies, which used a
lower exposure dose (0.2 mg/kg body weight). Both exposure
doses are relevant for the general population. If similarity
of toxic effects and dose-response relationships between mice
and humans will be proven in future research it will indicate
that the range of existing and past environmental exposures
could produce changes in lipid metabolism in both directions
in the general population. The shift in blood-liver balance
of lipids may be associated with health conditions, such
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as NAFLD and atherosclerosis. Based on this study and
previously published data, we propose that metabolic effects
of developmental exposures to PBDE are mediated by the
mTORCL1 signaling pathway. Species-specific differences in
the involved pathways need to be further investigated to
assess the translational relevance of our findings. Additional
research is needed to test the mechanistic considerations of this
study, establish dose-response relations between developmental
exposures and lipid metabolism in adulthood, and elucidate
developmental metabolic effects of PBDE in the general
population.
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The model xeno-estrogen bisphenol A (BPA) has been extensively studied over the
past two decades, contributing to major advances in the field of endocrine disrupting
chemicals research. Besides its well documented adverse effects on reproduction and
development observed in rodents, latest studies strongly suggest that BPA disrupts
several endogenous metabolic pathways, with suspected steatogenic and obesogenic
effects. BPA's adverse effects on reproduction are attributed to its ability to activate
estrogen receptors (ERSs), but its effects on metabolism and its mechanism(s) of action at
low doses are so far only marginally understood. Metabolomics based approaches are
increasingly used in toxicology to investigate the biological changes induced by model
toxicants and chemical mixtures, to identify markers of toxicity and biological effects. In
this study, we used proton nuclear magnetic resonance ("H-NMR) based untargeted
metabolite profiling, followed by multivariate statistics and computational analysis of
metabolic networks to examine the metabolic modulation induced in human hepatic
cells (HepG2) by an exposure to low and very low doses of BPA (10-5M, 10—9M,
and 10~'2M), vs. the female reference hormone 17p-estradiol (E2, 10~°M, 10~ 12M,
and 10~1°M). Metabolomic analysis combined to metabolic network reconstruction
highlighted different mechanisms at lower doses of exposure. At the highest dose,
our results evidence that BPA shares with E2 the capability to modulate several major
metabolic routes that ensure cellular functions and detoxification processes, although the
effects of the model xeno-estrogen and of the natural hormone can still be distinguished.

Keywords: HepG2, metabolomics, BPA, 17B-estradiol, endocrine disruption, metabolic network, multivariate
statistics
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INTRODUCTION

In the field of endocrine disrupting chemicals (EDCs), bisphenol
A (BPA) is among the xeno-estrogens that have been the subject
of the most extensive studies over the past two decades. In
addition to its adverse effects on reproduction and development
observed in rodents, BPA was found to disturb several metabolic
pathways, resulting in steatogenic and obesogenic effects (1).
Effects of BPA on metabolism and obesity have been assessed
in several European reports. Studies carried out in rodents
pre- and postnatally exposed to BPA have demonstrated
significant changes in metabolic functions, evidenced by effects
on lipogenesis, glucose, or insulin regulation, and body weight
gain (2). Although these endpoints were not taken so far into
account in the final risk characterization of BPA exposure, they
have been clearly mentioned in the EFSA opinion on the risks
to public health related to the presence of BPA in foodstuffs.
The metabolic endpoint was not taken forward for assessing the
toxicological reference point, but was taken into account in the
evaluation of uncertainty for hazard and risk characterizations
(2). EFSA recommended further research on the potential
adverse effects of BPA for which there are uncertainties, in
particular metabolic endpoints (2). In its opinion on BPA, the
European Chemicals Agency (ECHA) considered it prudent
to take the metabolic effects into account in hazard and risk
assessment and in health impact assessment (3). In 2017, the
French agency for food, environmental and occupational health
and safety (ANSES) submitted a proposal to ECHA to classify
BPA as a substance of very high concern within the framework
of the European REACh regulation, based on its endocrine
disrupting properties, including metabolic effects, which may
cause serious effects to human health (4). This proposal has been
adopted by ECHA’s member state committee.

Although part of BPA adverse effects are attributed to its
ability to activate estrogen receptors (ERs), its mechanism(s)
of action at low doses remain(s) incompletely known (5). In
particular, the effects of BPA on metabolism have been found
to be connected with glycaemia and insulin regulation as well
as lipogenesis, but little is known on the impact of BPA
on biochemical mechanisms underlying observed changes in
metabolic profiles, which likely involve other metabolic pathways
as well (6-8).

Metabolomics based approaches are increasingly used in
toxicology to investigate the biological changes induced by
single toxicants or chemical mixtures, to identify markers of
toxicity, and achieve a better understanding of the adverse
outcome pathways (AOP) of selected chemicals (9). We
previously demonstrated in CD1 mice and Sprague Dawley
rats, that the metabolome is modulated in these animals
following perinatal exposure to low doses of BPA (10-12). In
the context of the implementation of the REACh regulation,
and given the need to reduce animal experiments, in vitro
studies become a priority in toxicity testing. High throughput
assays that use cells or cell lines, preferably of human origin,
are required to assess relevant disruptions in key toxicity
pathways (13, 14). The development of metabolomics, and,
in parallel, of bio-informatics modeling based on omics data,

opens new possibilities to assess cell response to external stimuli.
Combined with appropriate multivariate statistical approaches,
metabolomics allows discriminating between sub-populations
(of individuals or cells) according to their exposure conditions
and evidencing endogenous metabolites which have significantly
different levels between these groups, and therefore constitute
a metabolic fingerprint of the metabolic modulations induced
by the exposure. Several studies reported biomarkers discovery
using such approach (15, 16).

In the present study, we used proton nuclear magnetic
resonance ('H-NMR) based untargeted metabolite profiling
followed by multivariate statistics and computational analysis
of metabolic networks to examine the metabolic modulation
produced in human hepatic cells (HepG2) by an exposure
to low and very low doses of BPA, vs. the female reference
hormone 17p-estradiol (E2). The HepG2 cell line is derived
from a human hepatoblastoma. This cell line expresses
biotransformation capacities for numerous xenobiotics, notably
BPA (17). Expression of the estrogen receptor (ER) isoform
o was established in different publications (18, 19). Specific
biological effects of E2, a ligand of the estrogen receptor, were
demonstrated in this cell line as well (18-21). The HepG2 cell
line was selected as a cell line model broadly used in toxicology as
well as metabolomic studies (16, 22, 23).

The objective of this work was to identify and compare
the metabolic consequences of an exposure to low doses of
the xeno-estrogen BPA and the reference hormone E2 using
proton NMR metabolomics approach combined with in silico
network reconstruction, to identify the cellular pathways most
significantly modulated by these two molecules, and seek for their
commonalities and differences.

MATERIALS AND METHODS

Chemicals

Bisphenol A (4,4’-isopropylidenediphenol, BPA), 17f-estradiol
(E2) and dimethyl sulfoxide (DMSO) (with chemical purity
> 99%) were obtained from Sigma-Aldrich (Saint Quentin
Fallavier, France). Penicillin, streptomycin, trypsin, and PBS were
also purchased from Sigma-Aldrich. The concentration of the
stock solutions was 50 mM in DMSO.

Cell-Line

HepG2 human hepatoblastoma cells (ATCC N° HB-8065) were
cultured in monolayer culture in phenol red-free tMEM (Fisher
Scientific, France) supplemented with 10% fetal calf serum v/v
(PAN biotech), penicillin (100 U mL~!), and streptomycin (100
ng mL~!) (Fisher Scientific), in a humidified atmosphere of
5% CO, at 37°C. Continuous cultures were maintained by sub-
culturing flasks every 3-5 days.

Cells Treatments and Sample Preparation
for TH NMR Spectroscopy

HepG2 cells, 1 x 10° cells per well, were grown in six well-
plates containing 4 mL medium per well. Only one concentration
was assessed per plate. Each experiment was repeated at least
three times to get a final number of 18 samples per treatment.
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After 24 h, cells were washed in PBS and medium was replaced
by serum-free and phenol red-free medium. Cells were exposed
to 0.25% (v/v) DMSO in the culture medium (controls) and
supplemented with BPA (107°M, 10~°M, or 10~'2M) or E2
(107°M, 10~'2M, or 10~'*M) or DMSO (0.25%, control). At the
end of the 24-h treatment period, cells were washed in ice cold
PBS and were recovered by scraping each well twice with 1 mL ice
cold water/acetonitrile (90/10, v/v). After each water/acetonitrile
addition, cells were agitated with a vortex for 1 min. Samples were
then centrifuged at 7000 g for 15 min at 4°C. The supernatant was
then evaporated to dryness. The lyophilisates were reconstituted
in 600 L of D,O containing 0.25 mM TMSP (as a chemical shift
reference at 0 ppm). The reconstituted solutions were transferred
to NMR tubes.

TH Nuclear Magnetic Resonance (NMR)

Analyses
All 'H-NMR spectra were obtained on a Bruker DRX-600-
Avance NMR spectrometer operating at 600.13 MHz for 'H
resonance frequency using an inverse detection 5mm 'H-!3C-
5N cryoprobe attached to a CryoPlatform (the preamplifier
cooling unit).

The 'H-NMR spectra were acquired at 300 K using the Carr-
Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence with
pre-saturation, with a total spin-echo delay (2nt) of 320 ms to
attenuate broad signals from proteins and lipoproteins. A total of
128 transients were collected into 32 k data points using a spectral
width of 12 ppm, a relaxation delay of 2.5s and an acquisition
time of 2.28 s. Prior to Fourier Transformation, an exponential
line broadening function of 0.3 Hz was applied to the FID.

To confirm the chemical structure of metabolites of
interest, 2D 'H-'H COSY (Correlation Spectroscopy) and
2D 'H-B3C-HSQC (Heteronuclear Single Quantum Coherence
Spectroscopy) NMR experiments were performed on selected
samples.

Data Reduction and Multivariate Statistical

Analyses to Create Metabolic Fingerprints
Multidimensional statistical analyses of NMR data were
performed using Simca-P12 software (Umetrics, Umes3,
Sweden). Principal Component Analysis (PCA) was first used
to detect intrinsic clusters and eventual outliers. Then Partial
Least Squares—Discriminant Analysis (PLS-DA) was used to
study the effect of the treatment on the cell metabolome (BPA or
E,). This supervised method maximizes the separation between
treatment groups. The number of components in the PLS models
was chosen by cross validation (7-fold). The R* parameter
represents the explained variance. The predictive performance
of the model was evaluated using the Q* parameter (predictive
capacity), calculated by cross-validation. Typically a robust
model is characterized by a R? >50% and a Q% >0.4 (24).

To remove confounding variation (experimental or
instrumental) not linked to the studied factor (treatment),
OSC filtering was applied to the data, as such variations may
overshadow the variability due to the factor under study (25).

The treatment was used as a corrective factor. Filtered data were
mean-centered and/or Pareto scaled.

In addition, the statistical significance and validity of
the PLS-DA models were assessed using a permutation
test (200 permutations). This test determines whether the
specific classification of individuals in the designated groups is
significantly better than any other random classification in two
arbitrary groups (26).

VIP (Variable Importance in the Projection) was used to
determine the most important NMR variables for the separation
observed between experimental groups. VIP is a global measure
of the influence of each variable on the PLS components. An
arbitrary threshold of VIP >1.5 was chosen to select the variables.
The Kruskal-Wallis test, a non-parametric version of Analysis
of Variance, was then used to determine variables that differed
significantly between groups (e.g., “discriminant” metabolites),
with 0.05 being chosen as the level of significance. The set of
discriminant metabolites identified from the comparison of a
given treatment condition (for instance BPA 10~°M) vs. control
conditions is considered as a “metabolic fingerprint” of the
impact of this treatment exposure.

Extraction of Modulated Metabolic

Network

Genome Scale Metabolic Networks (GSMN) aim at gathering
in a single formalism all metabolic reactions which can
occur in an organism (27). Each reaction is described by its
substrates and products (metabolites), its stoichiometry, the
enzyme(s) catalyzing it and the genes encoding the enzyme.
We used the Recon2 human GSMN (28) which contains 7,440
reactions and 5,063 metabolites. In this network, metabolites are
assigned to cellular compartments (mitochondria, cytoplasm...).
Nevertheless, current global and untargeted metabolomics
approaches do not provide information on cellular localization
of metabolites. Hence, we created a modified version of Recon2
network by considering any metabolite belonging to several
compartments as a single metabolite. The final modified “one-
compartment” version of Recon2 that we used in our analyses
contains 4,210 reactions and 2,592 metabolites.

We performed metabolic sub-network extraction from the
discriminant metabolites identified from the statistical analyses.
Metabolic sub-network extraction consists in computationally
identifying among the 4,210 reactions, the ones that are more
likely to be related to the metabolic fingerprint of each exposure.
The algorithm computes the lightest path between each pair of
metabolites in the fingerprint. The lightest path is a sequence
of reactions and metabolites connecting two metabolites and
minimizing a topological criterion in the network (29). For one
metabolic fingerprint, the related sub-network is thus the union
of all the lightest paths between metabolites in the fingerprint.
Metabolic sub-networks were generated from the metabolic
fingerprints obtained under exposure to the different doses of
BPA (e.g., for instance, “BPA 10~°M metabolic subnetwork” for
the higher dose of BPA) and E2 (for instance, the “E2 10~°M
metabolic subnetwork”).
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In order to compare the specificity of the metabolic sub-
networks obtained under various exposure conditions, we
compared the set of reactions and metabolites belonging to the
different sub-networks. In particular, we created a sub-network
specific to the effects of a BPA 107° exposure by subtracting,
from the BPA 10~°M metabolic subnetwork, the metabolites and
reactions belonging to the E2 107°M metabolic sub-network.
All computational and visualization tasks were performed within
MetExplore web server based on the modified Recon2 metabolic
network (biosource id 3223) (30, 31).

RESULTS
BPA Effects

A two-component PLS-DA model was constructed based on
all BPA-exposed groups data (4 groups: DMSO, BPA 10~°M,
BPA 107°M, and BPA 10~'2M). This model explained 62.2%
of the variability (R?) with a predictive ability (Q*> = 0.561)
validating the robustness of this model (24). The score plot is
presented in Figure 1, showing a clear separation between the
control (DMSO) group and all BPA exposed cells along axis
1 (X axis, 1st latent variable among 2). The highest BPA dose
(10~°M) group was discriminated from the BPA 10~°M and BPA
10712M groups, respectively, along the 2nd axis (Y axis, 2nd
latent variable). However, no significant discrimination between
these two lowest BPA exposure groups (107°M and 10~12M)
was evidenced in this 4-group comparison. Twenty metabolites
were found to be responsible for the separation between BPA
exposed groups and the control group (Table 1). This PLS-DA
model was validated by the Permutation test, confirming a robust
model (32). Main metabolites involved in observed differences
were amino acids, with a significant modulation of arginine,
isoleucine, leucine, lysine, proline, and valine. Interestingly,
specific metabolites such as glycerol, glycerophosphocholine,
succinate and serine were significantly discriminant for the BPA
1075M group only. Reduced glutathione was modulated in the
lowest BPA dose group only, as well as AMP.

178-Estradiol (E2) Effects

Using an identical approach, a two-component model was
constructed for E2-exposed cells, based on the whole set of
data. This model explained 81.6% of the variability (R?) and
demonstrated a high predictive ability (Q2 = 0.635). The score
plot showed a clear separation between the DMSO and E2
doses groups (E2 1072M and E2 107°M) and the E2 107°M
group along axis 1 (Figure 2). The “lowest” doses of E2 groups,
namely E2 10~ 2M and E2 10~1°M were discriminated from the
DMSO group along the 2nd axis. No discrimination between
the E2 107!2M and E2 10~!°M groups was found in this four-
group comparison. The PLS-DA models were validated by the
permutation test (32).

Twenty-four metabolites were significantly increased or
decreased and were found to be responsible for the separation
between groups (Table 2). Some amino acids, namely alanine,
glycine, lysine, proline, tyrosine, and valine, were identified as
discriminant only for the highest dose of E2, whereas other
metabolites (including acetate, formate, and isopropanol) were
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FIGURE 1 | Two-dimensional PLS-DA score plot of HepG2 cell

extracts integrated TH-NMR spectra for BPA exposure. Each star represents
an observation projected onto the first (horizontal axis) and the second (vertical
axis) PLS-DA latent variables. BPA doses are shown in different colors: DMSO
(green; N = 17), BPA 106 (light orange; N = 12), BPA 1079 (dark orange; N
=12), BPA 1012 (dark red; N = 12) (R2Y= 62.2% and Q2 = 0.561).

modulated only for the 2 lowest doses. Reduced glutathione was
also modulated for the highest tested dose of E2, contrary to BPA.
Choline and ethanolamine were significantly modulated at the 3
tested doses.

Comparison of BPA and E, Effects
The 7-group comparison generated a 4-component PLS-DA
model, explaining 59.5% of the treatment variability and having a
Q? value 0f 0.508 (robust model). Figure 3 displays the projection
of the 2 first latent variables (out of 4), demonstrating a marked
separation between the effects of “low” estrogenic doses (BPA
107°M, BPA 10!2M, E2 10~!2M, and E2 10~'°M) and that
of higher doses (BPA 107°M and E2 10~?M), along axis 1. In
addition, a marked discrimination between the effects of the
xeno-estrogenic model compound BPA and that of the natural
hormone E2 was observed along axis 2. All these groups were
clearly separated from the DMSO (control) group. This 7-group
comparison model was further validated by the permutation
test step. As detailed in Table 3, 19 metabolites were found
to be discriminant between the 6 exposed groups and the
control group (DSMO), respectively. Some of these discriminant
metabolites, for instance arginine and glutamine, were found to
be similar for all BPA and E2 exposed groups, whatever the dose.
Conversely, the modulation of metabolites such as creatinine,
citrate and leucine (BPA, all doses) and ethanolamine (E2, all
doses) appeared to be molecule specific.

Finally, we proceeded to network analysis based on 'H-
NMR data, to further investigate the effects shared by the two
molecules.

Network of BPA and E2 Effects

Multivariate analysis revealed that BPA 107°M and E2 10~°M
appear to share some metabolic effects (axis 2) but also have
specific effects (axis 1), suggesting both common and molecule-
specific mechanisms of action. In order to further distinguish
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TABLE 1 | Endogenous metabolite variations induced by BPA exposure (BPA samples compared to DMSO samples) in HepG2 cells.

Metabolites TH NMR chemical shifts (ppm) BPA10~6 M BPA10~°M BPA10-12 M
Alanine 1.48(d,7.2); 3.79(q,7.2) X

AMP 4.03(m); 4.38(m); 4.51(m);6.14(d,5.9);8.27(s); 8.61(s) X
Arginine 1.66(m); 1.74(m); 1.93(m); 3.25(t, 6.9) X X X
Asparagine 2.85(dd, 16.8 and 7.4); 2.95(dd, 16.8 and 4.3); 4.01(dd, 7.4 and 4.3) X
Citrate 2.66(d,18.1); 2.81(d,18.1) X X
Creatine 3.04(s); 3.93(s) X X X
Dimethylglycine 2.93(s) X
Glutamine 2.14(m); 2.46(m); 3.78(t,6.2) X X X
Reduced glutathione 2.17(m); 2.56(m); 2.96(m); 3.78(m); 4.58(m) X
Glycerol 3.57(m); 3.66(m); 3.79(m) X

Glycerophosphocholine 3.23(s); 3.62(m); 3.68(m);3.89(m); 3.94(m); 4.33(m) X

Isoleucine 0.94(t,7.4); 1.01(d,7), 1.27(m); 1.47(m); 1.98(m); 3.68(d,4) X X X
Isopropanol 1.16(d,6.11); 4.01(m) X

Lactate 1.33(d,6.9); 4.12(q,6.9) X X
Leucine 0.96(t,6.3); 1.71(m); 3.74(m) X X X
Lysine 1.45(m); 1.52(m); 1.73(m); 1.91(m); 3.02(t, 7.5) X X X
Proline 2.01(m); 2.08(m); 2.35(m); 3.35(m); 3.42(m); 4.14(dd, 6.7 and 8.7) X X

Serine 3.84(m); 3.94(dd,12.4 and 5.8); 3.98(dd, 12.4 and 3.7) X

Succinate 2.41(s) X

Valine 0.995(d,7); 1,045(d,7); 2.28(m);3,62(d,4.4) X X X

Chemical shifts (ppm) are relative to TMSP ('H, 8, 0 ppm). Multiplicity of signals is indicated within brackets: s, singlet; d, doublet; dd, doublet of doublet; t, triplet; q, quadruplet and m,
multiplet. Values into brackets are 'H-"H splittings (Hz) in cases where these are clearly resolved. “x” represents significantly modultated concentration compared to DMSO samples.
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FIGURE 2 | Two-dimensional PLS-DA scores plot of HepG2 cell extracts
integrated TH-NMR spectra for E2 exposure. Each dot or star represents an
observation projected onto the first (horizontal axis) and the second (vertical
axis) PLS-DA latent variables. E2 doses are shown in different colors: DMSO
(green; N = 17), E2 109 M (light orange; N = 12), E2 1012 M (dark orange;
N =12), E2 10715 M (dark red; N = 12) (R2Y= 81.6% and Q2 = 0.635).

between shared mechanisms (which likely reflect an estrogenic
effect) from the effects specific to BPA 107°M, we performed
a network analysis. Two networks were reconstructed based
on metabolic fingerprints obtained in the 7-group analysis
(see Supplemental Figures 1, 2, Supplemental Tables 1, 2, and
the Material and Methods section for sub-network extraction).
We extracted the common part for these two subnetworks,

resulting in a common BPA-E2 sub-network (Figure 4). This
sub-network strongly suggests that the common target between
BPA and E2, as regards metabolome modulation, relies on the
modulation of metabolic pathways involving specific amino
acids, namely valine, proline, lysine, and glutamine and,
notably, the pathways involving the production/degradation of
apolipoprotein C3 (ApoC3) and apolipoprotein C1 (ApoCl).
Other key biochemical pathways likely modulated both by BPA
and E2 high exposure doses were identified following network
reconstruction, including metabolites and reactions involved
in the urea cycle (citrulline, arginine, argino-succinate, and
ornithine) and in the Krebs cycle (isocitrate, citrate, oxaloacetate,
pyruvate).

Finally, with the aim to explore the specific effects of BPA,
we subtracted from the BPA network the part shared with E2. In
accordance with the metabolomic data that evidenced isoleucine
and leucine as specifically discriminant in BPA-exposed groups
(but not in E2 exposed groups), these two amino acids were
highlighted as major endogenous metabolites modulated by BPA
in the BPA-specific subnetwork. Network reconstruction also
identified some intermediates in the metabolism of leucine and
isoleucine, namely isovaleryl CoA and methylbutanoyl-CoA,
that are therefore likely to be specifically modulated by BPA
exposure.

DISCUSSION

In this study, we used a proton NMR global metabolomics
approach, with no a priori, to compare the effects of a
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TABLE 2 | Endogenous metabolite variations induced by E2 exposure (E2 samples compared to DMSO samples) in HepG2 cells.

Metabolites TH NMR chemiical shifts (ppm) E210°M E210-12Mm E210-15M™m
Acetate 1.91(s) X X
Alanine 1.48 (d,7.2); 3.79(0,7.2) X
Asparagine 2.85(dd, 16.8 and 7.4); 2.95(dd, 16.8 and 4.3); 4.01(dd, 7.4 and 4.3) X X
Choline 3.20(s); 3.52(m);4.07(m) X X X
Citrate 2.66(d,18.1); 2.81(d,18.1) X
Ethanolamine 3.14(m); 3.82(m) X X X
Formate 8.45(s) X X
Glucose 3.25(dd,7.3 and 7.9); 3.42(m); 3.47(m); 3.51(m); 3.54(m); 3.72(m); 3.73(m); X

3.77(m); 3.84(m); 3.90(m); 4.65(d,8); 5.24(d,3.8)
Glutamine 2.14(m); 2.46(m); 3.78(t,6.2) X X
Glutamate 2.06(m); 2.13(m); 2.35(m); 3.77(dd,7.5 and 4.9) X X
Reduced glutathione 2.17(m); 2.56(m); 2.96(m); 3.78(m); 4.58(m) X
Glycerol 3.57(m); 3.66(m); 3.79(m) X
Glycerophosphocholine 3.23(s); 3.62(m); 3.68(m);3.89(M); 3.94(m); 4.33(M) X X
Glycine 3.55(s) X
Isoleucine 0.94(t,7.4); 1.01(d,7), 1.27(m); 1.47(m); 1.98(m); 3.68(d,4) X X
Isopropanol 1.16(d,6.11); 4.01(m) X X
Lactate 1.33(d,6.9); 4.12(q,6.9) X X
Lysine 1.45(m); 1.52(m); 1.73(m); 1.91(m); 3.02(t, 7.5) X
Phosphocholine 3.22(s); 3.58(m); 4.17(m) X X
Proline 2.01(m); 2.08(m); 2.35(m); 3.35(m); 3.42(m); 4.14(dd, 6.7 and 8.7) X
Serine 3.84(m); 3.94(dd,12.4 and 5.8); 3.98(dd, 12.4 and 3.7) X
Succinate 2.41(s) X
Tyrosine 3.09(dd,14.5 and 7.5); 3.21(dd,14.5 and 5,1); 3.95(dd,7.5 and 5.1); X

6.9(d,8.5); 7.20(d,8.5)

Valine 0.995(d,7); 1,045(d,7); 2.28(m);3,62(d,4.4) X

Chemical shifts (ppm) are relative to TMSP (*H, 8, 0 ppm). Multiplicity of signals is indicated within brackets: s, singlet; d, doublet; dd, doublet of doublet; t, triplet; q, quadruplet and m,
multiplet. Values into brackets are 'H-"H splittings (Hz) in cases where these are clearly resolved. “x” represents significantly modultated concentration compared to DMSO samples.

range of concentrations of E2 and BPA on a broadly used
human hepatic cell line (HepG2). Then, we used bioinformatics
(Metabolic Network modeling) methods to further investigate
the biological pathways modulated by these estrogens: E2 as
the reference hormone, and BPA as a model xeno-estrogen
with well-documented endocrine disrupting properties, but also
strongly suspected metabolic effects. Many EDCs with xeno-
estrogenic properties can act as metabolic modulators (1, 33,
34). We previously demonstrated metabolic changes in the liver
and brain of mice exposed during intra-utero development
and lactation, to low doses of BPA (10). However, assessing
the effects of EDCs using metabolomics approaches requires
substantial resources, especially in vivo. The number of chemicals
that need to be assessed as regards their potential to induce
metabolic changes, and the necessity to comply with the “Three
Rs” (3Rs) guiding principles for more ethical use of animals
in testing, require developing alternative in vitro bioassays,
preferably based on human models. The implementation of
metabolomics and bioinformatics on the bases of in vitro
bioassays first needs to be validated with model molecules.
It also opens the road for a better understanding of the
mechanisms of action of EDCs. These approaches should be
as sensitive and relevant as possible to further examine the

reliability of biomarkers of effects of EDCs. Experiments carried
out to seek for these biomarkers should also link to low,
environmentally relevant, exposure levels of EDCs in human
body, as mentioned for xeno-estrogens by Wang et al. regarding
BPA (35).

The HepG2 cell line, derived from a human hepatoblastoma,
was selected to perform this work as it is broadly used
in toxicology, including in studies combining in vitro cell
systems and metabolomics for the identification of the mode
of action (MoA) (16, 22). Although this cell line is of limited
metabolic capacity compared to human hepatocytes, it has been
demonstrated to be efficient in the biotransformation of BPA
and the metabolic pathways were found to be similar to those
observed in humans (17, 36, 37). Expression of the estrogen
receptor (ER) isoform o was established in different publications
(18, 38). Likewise, specific biological effects of 17-Estradiol (E2),
a ligand of the estrogen receptors, were demonstrated in this
cell line (18-21, 38). These cells were exposed to environmental
relevant concentrations of BPA and E2. The selected doses
(107°M, 107°M, and 10~'*M for BPA, and 10~°M, 10~ '*M,
and 107°M for E2) were in accordance with the bibliography
regarding their respective estrogenic potency, as it is estimated
that the estrogenic potency of E2 is approximately 1 000 to
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FIGURE 3 | Two-dimensional PLS-DA scores plot (Axis 1 and 2) of HepG2 cell
extracts integrated TH-NMR spectra for BPA and E2 exposure. Each dot or
star represents an observation projected onto the first (horizontal axis) and the
second (vertical axis) PLS-DA latent variables. Different symbols are used for
BPA (4-point star) and E2 (circle) exposure. Doses are shown as follow:
DMSO: green (N = 17), BPA 10~6M: light orange (N = 11), BPA 10~9M: dark
orange; (N = 12), BPA 10~ 12M: dark red (N = 12), E2 10~9M: light orange (N
= 11), E2 10~ 12M: dark orange (N = 12), E2 10~ 15M: dark red (N = 12);
(R2Y = 59.5% and Q2 = 0.508).

10 000 time greater that BPA' s estrogenic potency in vitro
(39, 40).

Although few papers already reported the effects of low
doses of BPA exposure on HepG2 cells, these studies mainly
used targeted approaches, providing results on hepatotoxic
endpoints, such as serum aspartate aminotransferase (AST)
and alanine transferase (ALT) measurements, or inflammatory
genes analyzed by RT-qPCR (41, 42). In our study, we applied
non targeted 'H-NMR metabolomics approach to HepG2 cells
extracts to evidence the impact of BPA on the whole metabolism,
in order to gain a more “global picture” and with no a priori
hypothesis regarding the effect of this endocrine disruptor. The
same methodology was applied to estradiol as the reference
estrogenic compound, to identify common and specific metabolic
pathways modulated by both molecules, with the benefit of
bioinformatics and network reconstruction to help identifying
metabolites not detected directly during analyses, but yet
playing a role in the metabolic pathways modulated by BPA
and/or E2.

Several studies have reported that BPA and E2 are acting the
same way in vitro. For instance, BPA and E2 were both shown
to promote HepG2 cell proliferation by inhibition of apoptosis
and stimulation of telomerase activity via an estrogen receptor-
dependent pathway (43). In our study, metabolomics revealed
modulations of the HepG2 metabolome that are molecule
specific (discrimination between the BPA exposed groups and
the E2 exposed group). Although some metabolic pathways are
common to BPA and E2, it is interesting to note that parts of
the metabolic fingerprints are different between the 2 molecules
at the highest tested concentration (107°M for BPA and 10~°M
for E2, respectively). This specific concentration of BPA was
reported to be estrogenic in vitro in several models such as

MCF-7 cells and ZELH-zfERs cell lines (44, 45). However, our
results suggest that BPA is able to induce a metabolic modulatory
effect, even at higher and estrogenic doses, which is different
from the metabolic modulation at the estrogenic dose of E2
(107°M). According to Gould et al., BPA interacts with the ERa
in a distinct manner from estradiol. BPA is not merely a weak
estrogen mimic but exhibits a distinct mechanism of action at
the level of ERa. The distinct activity of BPA is most likely
due to an induction of a conformation of the activated ERa by
BPA that differs from these other known classes of ER ligands.
Generally, BPA is considered as a weak estrogenic compound
(46). Nevertheless, and despite its relatively low affinity for
ERa, an increasing number of studies have demonstrated that
BPA can promote estrogen-like activities that are similar (or
even stronger) than the ones elicited by 17B-estradiol (47).
These low-dose responses result in part from the activation of
rapid responses via non-classical ER pathways or by a different
BPA recruitment of co-activators or co-repressors (48, 49). For
instance, low doses of BPA only induce gene expression related
to lipid synthesis and trigger triglyceride accumulation in adult
mouse liver (8).

Metabolomics has already been applied to in vivo samples
from mice and rats. In both cases, we already revealed
modulations of energy metabolism (10, 12), which was also
observed in other organisms such as Daphnia magna, together
with a modulation of part of the same amino acids (such as
arginine, glutamine, lysine, valine), and lactate (50). In our case,
we also observed changes in many amino acids, as well as in
metabolites involved in energy metabolism. The modulation
of cholines suggest a modulation in the lipids composition in
the cell and in the membrane fluidity at the estrogenic dose
(10~°M BPA), which is not the case for the two other BPA doses
tested. Interestingly, reduced glutathione was modulated in the
lowest BPA dose group only, which may suggest a change in
the capacity of detoxification of the cells through this specific
biochemical pathway. More importantly, differences in reduced
glutathione levels also determine the expressed mode of cell
death, being either apoptosis or cell necrosis. Lower levels of
reduced glutathione may result in the systematic breakage of
the cell which may lead to cell death (51). The metabolic
network reconstruction highlighted paths of metabolic reactions
specifically modulated by BPA exposure but not by E2 exposure.
These paths include leucine and isoleucine, but also intermediary
metabolites of the metabolism of these 2 amino acids (isovaleryl-
coenzyme A and 2-methylbutanoyl-CoA), suggesting that the
metabolism of branched-chain amino acids might be modulated
by BPA with possible consequences in the promotion of protein
synthesis and turnover, signaling pathways, and the metabolism
of glucose (52). Isoleucine, like the other branched-chain amino
acids, is associated with insulin resistance: higher levels of
isoleucine are observed in the blood of diabetic mice, rats, and
humans (53). Also, oxidation of such amino acids may increase
fatty acid oxidation and play a role in obesity, which is consistent
with the fact that BPA is a candidate “obesogen” (54).

Regarding the specific identification of the commonly
modulated parts of the BPA and E2 metabolic networks,
it is interesting to note the presence of the urea cycle,
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TABLE 3 | Endogenous metabolite variations induced by BPA or E2 exposure (BPA or E2 samples compared to DMSO samples) in HepG2 cells.

Metabolites TH NMR Chemical shifts § BPA BPA BPA E2 E2 E2
(ppm) 10-6m 10-9M 10-12 m 10-°M 10-12 m 10-15m

Arginine 1.66(m); 1.74(m); 1.93(m); 3.25(t, 6.9) X X X X X X
Asparagine 2.85(dd, 16.8 and 7.4); 2.95(dd, 16.8 X

and 4.3); 4.01(dd, 7.4 and 4.3)
Choline 3.20(s); 3.52(m);4.07(m) X
Citrate 2.66(d,18.1); 2.81(d,18.1) X X
Creatine 3.04(s); 3.93(s) X X X
Ethanolamine 3.14(m); 3.82(m) X X X
Glutamate 2.06(m); 2.13(m); 2.35(m); X X

3.77(dd,7.5 and 4.9)
Glutamine 2.14(m); 2.46(m); 3.78(t,6.2) X X X X X X
Reduced glutathione 2.17(m); 2.56(m); 2.96(m); 3.78(m); X X
4.58(m)
Glycero phosphocholine 3.23(s); 3.62(m); 3.68(m);3.89(m); X X
3.94(m); 4.33(m)
glycine 3.55(s) X
Isoleucine 0.94(t,7.4); 1.01(d,7), 1.27(m); X X X X
1.47(m); 1.98(m); 3.68(d,4)
Leucine 0.96(t,6.3); 1.71(m); 3.74(m) X X X
Lysine 1.45(m); 1.52(m); 1.73(m); 1.91(m); X X X X X
3.02(, 7.5)

Phosphocholine 3.22(s); 3.58(m); 4.17(m) X X
Proline 2.01(m); 2.08(m); 2.35(m); 3.35(m); X X X

3.42(m); 4.14(dd, 6.7 and 8.7)
Succinate 2.41(s) X X
Tyrosine 3.09(dd,14.5 and 7.5); 3.21(dd,14.5 X X

and 5,1); 3.95(dd,7.5 and 5.1);

6.9(d,8.5); 7.20(d,8.5)

Valine 0.995(d,7); 1,045(d,7); X X X X

2.28(m);3,62(d,4.4)

Chemical shifts (ppm) are relative to TMSP ('H, 8, 0 ppm). Multiplicity of signals is indicated within brackets: s, singlet; d, doublet; dd, doublet of doublet t, triplet; q, quadruplet and m,
multiplet. Values within brackets are ' H-'H splittings (Hz) in cases where these are clearly resolved. “x” represents significantly modulated concentration compared to DMSO samples.

including metabolites such as citrulline, ornithine and
argino-succinate, not evidenced by the metabolomic
analyses but highlighted by the metabolic network
comparison. This finding is in agreement with published
data on a subset of ToxCast chemicals including BPA
(55).

Another interesting outcome of the metabolic network
analysis is the presence of apolipoprotein Cl1 (ApoCl) and
apolipoprotein C3 (ApoC3) pathways in the shared mechanism
between E2 and BPA. These components of high density
lipoproteins (HDL) and very low density lipoproteins (VLDL)
respectively, are in charge of the uptake, transport and catabolism
of lipids. It has already been reported that ApoC3 was affected
by BPA exposure, as is the expression of the APOC3 gene,
which was found to be decreased in the liver of BPA-exposed
C57BL/6 mice (56, 57). It was also reported that BPA modulates
novel binding sites for SREBP-1 in genes directly or indirectly
involved in cholesterol metabolism, such as APOC3(57). BPA
exposure was also reported to be driving the upregulation of
SREBP-1 and SREBP-2 in vivo (C57/Bl6 mice) and in vitro
(HepG2 and Caco cells) (56, 58). In intestinal cells, SREBP-2 may

be involved in the BPA-induced cholesterol absorption, leading
consequently to hypercholesterolaemia (58). Some metabolites
(isocitrate, oxaloacetate, and pyruvate) and reactions (citrate
synthase, aconitase, and pyruvate carboxylase) involved in energy
metabolism, and more specifically in the first steps of the Krebs
cycle, were also pointed out as a potential common target for
BPA and E2 according to the network analysis. The Krebs cycle
was already identified in vivo after a perinatal exposure of CD1
mice, as well as for a longitudinal study in Sprague Dawley
rats exposed perinatally, all of them to low doses of BPA (10,
12, 35). Although it will be necessary to confirm these in silico
suggestions by more targeted biochemical assays, these results
once again reinforce the fact that BPA and E2 may be considered
as metabolic modulator chemicals that are interfering with the
energy metabolism.

Network analysis allows identifying reactions that are likely
to be modulated by the various exposure conditions. One
of the key challenge in metabolic network analysis is the
quality of the metabolic network reconstruction used. In fact,
since these networks are built based on genomic information
they may contain false positive reactions (reactions which
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FIGURE 4 | Metabolic pathways commonly modulated by BPA 10~M and E2 10~M exposure. Reactions and metabolites belonging to both the BPA 10=%M and
E2 10~9M metabolic sub-networks are represented. Reactions are represented by rectangles and metabolites by circles. Metabolites identified as discriminant in the
BPA 10-5M (resp. E2 10*9M) group compared to the control group according to the PLS-DA model are colored in green (resp. purple). Metabolites identified as
discriminant in the both BPA 10~6M and E2 10-9M groups are colored in orange. Reactions corresponding to biologically non-relevant paths between metabolites
were filtered out. For clarity, substrates and products of the reactions, not specifically belonging to the BPA 10~%M and E2 10~9M metabolic sub-networks, are not
represented. The whole list of reaction and metabolite names is presented in Supplemental Table 3.

should not be included) and false negatives (missing reactions).  algorithm choice to extract sub-networks. As discussed in Frainay
Recon2 is a highly curated reconstruction for the human  and Jourdan (2017), there are several options to extract paths
metabolic network applied in many studies, but improved connecting metabolites and their efficiency largely depends on
versions are regularly released, such as Recon3D, which has  the application: the lightest path option, chosen here, proved to
been recently introduced but has still not been used in the  be specifically relevant and efficient to be used in metabolomics
field of metabolomics (59-62). The other challenge is the  (29).
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To go further with these findings, it would be interesting
to perform non-targeted lipidomics to identify which family of
lipids are modulated by BPA and to complete these identifications
using targeted lipidomics for specific lipid families. To complete
our metabolomics set of data, and to improve the quality of the
metabolic networks, mass spectrometry metabolomics could be
performed in order to get access to a larger set of discriminant
metabolites in complement of the NMR generated list.

In summary, our study highlights that BPA, not only behaves
as a xeno-estrogen as regards its potential to impact fertility
and reproduction, but also shares with the natural hormone
E2, the capability to modulate major metabolic routes that
ensure cellular functioning and detoxification processes. We
also evidenced that BPA and E2 both exert distinct effects
at low and high concentrations in HepG2 cells and may act
through different mechanisms. This is consistent with many
reports about the non-monotonic dose effects of BPA and
with our current understanding of the functioning of natural
hormones, which can trigger different responses in the organism,
depending on their circulating level (34, 63). Moreover, the
results of this study, consistent with our previous in vivo results,
provide first proofs of evidence that metabolomics combined
with network reconstruction can be used in vitro (here on the
human HepG2 model) as relevant approaches to investigate
commonalities and differences in MoA. An even greater added
value of metabolic network will come with a metabolite list
as complete and specific as possible to identify the most
impacted pathways associated with BPA exposure. Connecting
these biochemical pathways with MoA will help to identify AOP
and to facilitate the hazard characterization of other compounds
(61).
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Obesity and diabetes have reached epidemic proportions the past few decades and
continue to progress worldwide with no clear sign of decline of the epidemic. Obesity is
of high concern because it is the main risk factor for a number of non-communicable
diseases such as cardiovascular diseases and type 2 diabetes. Metabolic diseases
constitute a major challenge as they are associated with an overall reduced quality of
life and impose a heavy economic burden on countries. These are multifactorial diseases
and it is now recognized that environmental exposure to man-made chemical pollutants
is part of the equation. Yet, risk assessment procedures are based on a one-by-one
chemical evaluation which does not meet the specificities of the multi-exposure scenario
of life, e.g., a combined and long-term exposure to even the smallest amounts of
chemicals. Indeed, it is assumed that environmental exposure to chemicals will be
negligible based on the low potency of each chemical and that they do not interact.
Within this mini-review, strong evidences are brought that exposure to low levels of
multiple chemicals especially those shown to interfere with hormonal action, the so-called
endocrine disrupting compounds do trigger metabolic disturbances in conditions in
which no effect was expected if considering the concentration of each individual chemical
in the mixture. This is known as the cocktail effect. It means that risk assessment
procedures are not protective enough and thus that it should be revisited for the sake of
Public Health.

Keywords: cocktail effect, mixture, endocrine disrupting compounds (EDCs), pollutants, sex-dimorphism

INTRODUCTION

Obesity and diabetes have reached epidemic proportions the past few decades and continue to
progress worldwide with no clear sign of decline of the epidemic in any country. An estimate
of 1.9 billion adults were overweight in 2016 of these over 650 million were obese. Children and
teenagers are also of high concern with 380 million overweight or obese in 2016. Latest projections
by WHO (World Health Organization) indicate that proportion of overweight and obese males
and females will continue to increase and reach 3.3 billion by 2030 (1). Obesity is of high concern
because it is the main risk factor for a number of non-communicable diseases such as cardiovascular
diseases, certain cancers and type 2 diabetes. Indeed, almost 90% of persons suffering from type 2
diabetes are obese and more than 400 million persons will suffer from diabetes by 2030. Metabolic
diseases constitute a major challenge as they are associated with an overall reduced quality of life,
psychological problems and several physical disabilities (1, 2). Metabolic diseases also impose a
heavy economic burden on countries. It is a major cause of death and it costs an average of $ 2000
billion to the global economy, almost 3 points of GDP (gross domestic product) (3, 4).
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Metabolic diseases are multifactorial diseases. Apart from
genetic susceptibility, life-style risk factors associating over-
nutrition and sedentary behavior are major contributors. Yet
these causative factors do not explain the magnitude of metabolic
diseases or the kinetics of the epidemic. Among other etiologic
factors, it is acknowledged that environmental exposure to man-
made chemical pollutants is part of the equation, especially those
shown to interfere with hormonal action, the so-called endocrine
disrupting compounds (EDCs) (5-12).

Today’s non-occupational exposure to chemicals is
characterized by exposure to tens of thousands of man-
made chemicals at low levels. Occupational exposure will not be
considered in this mini-review. Another characteristic of non-
occupational exposure is its chronicity, from conception onwards
thus encompassing gestation and lactation which are periods
highly vulnerable to chemicals. It is indeed recognized that threat
during the maternal period (e.g., food restriction, chemical
stressors) could trigger diseases later in life including metabolic
diseases and some cancers, known as the Developmental
Origin of Human adult Diseases (DOHaD) concept (13, 14). In
addition, the nature of chemicals and doses to which individuals
are exposed may vary across their lifespan. It is also of concern
that the number of chemicals to which humans are exposed has
continued to grow for more than 100 years as is their spatial
distribution while the identification of their possible hazardous
effects lags behind. Furthermore, exposure is non-deliberate and
the exposed population is seldom aware of the nature of the
chemicals, the levels to which it is exposed as well as the health
consequences. Hence, it appears that risk assessment procedures
need to be revisited because the one-by-one evaluation of
chemicals does not meet the specificities of the multi-exposure
scenario of life.

Within this mini-review we aim in presenting basic
characteristics on environmental pollutants including EDCs and
risk assessment principles operating nowadays. We will next
summarize evidences gathered using either natural or artificial
mixtures in experimental models, that exposures to low levels of
multiple chemicals trigger metabolic disorders in conditions in
which no effect was expected if considering the concentration of
each individual chemical in the mixture. This is defined as the
cocktail effect of pollutants which certainly constitutes one of the
biggest health challenges in our modern societies.

RISK ASSESSMENT EVALUATION
PRINCIPLES AND LIMITS

If industrialization has promoted societal progress improving
life expectancy, it also led to the presence of tens of thousands
of anthropogenic chemicals transported in the atmosphere and
globalizing pollution. Man-made sources of pollution are related
to industrial and agricultural activities but also to domestic
activities. Pollutants are found in foods, beverages and packaging,
clothes, cosmetics and cleaning products, furniture, paints,
electronic equipment, plastics, and the list is long. Routes
of exposure are mostly through diet but also dermal and
by inhalation not to mention transfer via placenta, suckling

and mouthing behavior placing babies and small infants at
particularly high risk for they lack a mature defensive xenobiotic
detoxification system. Pollutants differ according to their
natural disposal in degradable and low-degradable or persistent
pollutants including the lipophilic persistent organic pollutants
(POPs) which bio-accumulate through the food chain in fatty
tissues with half-lives of several years in humans (15). Although
severely regulated because of environmental toxicity (e.g., the
ban of polychlorobiphenyls, PCBs, in the 1970%), POPs still
contaminate air, soil and water compartments. Other pollutants
may be more quickly degradable, particularly those produced
by the plastic industry (phthalates and bisphenols) but because
they are produced at very high volumes and massively found in
daily consumables they are consistently detected in human body
fluids such as plasma or urine, thus reflecting substantial and
continuous exposure (16, 17). However regulatory bodies, e.g.,
the U.S. Environmental Protection agency (EPA) or the European
Food Safety Agency (EFSA), do not consider combined exposures
in risk assessment procedures or long-term exposure to even
the smallest amount of chemicals. Exposure limits are setup for
each individual chemical with the definition of reference doses
such as the Tolerable Daily Intake (TDI). TDIs are extrapolated
from the no or low observed adverse effect level (NoAEL/LoAEL)
in experimental studies assuming linearity of the effects and
therefore a threshold under which effects will be negligible.
With this assumption (which does not apply to genotoxicant
carcinogens for which there is no threshold), it can be deduced
that risks arising from environmental exposure to chemicals in
a real life exposure scenario will be negligible based on the low
potency of each chemical of the mixture. But this assumption
excludes several aspects linked to environmental exposure and
related to the concept of threshold and the supposed linearity of
the adverse effects not to mention the effects at low doses. By low
doses it is meant environmental doses or concentrations found
in biological fluids or doses approaching toxicological reference
values (18). This indicates that risk assessment procedures may
not be protective enough when it comes to environmental
exposure to chemicals and more specifically to EDCs.

EDCS AND SOME OF THEIR
CHARACTERISTICS

EDCs are exogenous substances or mixture of chemicals that
interfere with any aspect of hormone action, i.e., EDCs can
mimic or antagonize hormonal action and interfere with the
mechanism of hormonal production, transport or metabolism
(12). Energy homeostasis is one of the multiple physiological
functions controlled by the endocrine system and as such a
target of EDCs. It depends on the integrated action of various
hormones including insulin, leptin, growth hormone, thyroid
hormones, glucocorticoids but also sex hormones. Importantly,
the hormonal interplay intricacies and the nature of the
hormones at stake vary with age and sex and the state of
maturity of the endocrine function of concern. For example,
regulation of metabolism is highly age- and sex- dependent
e.g., feeding behavior, distribution of fat masses and insulin
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TABLE 1 | Metabolic effects of pollutants in mixture and sex-dimorphism.

Mixture of pollutants

Composition

Animal model

Metabolic effects of the mixture

References

Natural mixture: crude or
refined salmon oil in high-fat
(HF) diet

Very high fat diet (VHF) or
Western diet (WD)
containing farmed salmon
filet (VHF/S and WD/S)

Combination of four
Endocrine Disrupting
Chemicals (EDCs) in high
fat-high sucrose (HFHS) diet

Combination of Endocrine
Disrupting Chemicals
(EDCs) administered
intragastrically to the
exposed group.

Different combinations of 3
pollutants (2 by 2 or all 3)

Combination of four
Endocrine Disrupting
Chemicals (EDCs) in low fat
diet

Mixture of five prevalent
organochlorine pesticides or
their metabolites and five
Polychlorobiphenyls (PCBs)
present in contaminated
salmon (32)

Mixture of 13 chemicals

mixture of Persistent Organic
Pollutants (POPs): organochloride
pesticide,
Dichlorodiphenyltrichloroéthane
(DDTs), dioxins, Polychlorobiphenyls
(PCBs)

mixture of Persistent Organic
Pollutants (POPs): organochloride
pesticides, dioxins, furans and
Polychlorobiphenyls (PCBs)

2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD), Polychlorobiphenyls (PCB)
153, Bisphenol A (BPA), di
(2-ethylhexyl) phthalate (DEHP) each
at reference doses (Tolerable Daily
Intake, TDI for Human)

Combination of di (2-ethylhexyl)
phthalate, DEHP (15 mg/kg bw) with
a mixture of Polychlorobiphenyls,
PCBs (Aroclor 1254 at 7.5 mg/Kg
bw/day)

Nonylphenol (NP), tert-octylphenol
(t-OP), Bisphenol A (BPA) (5 mg/kg
bw/day of each)

2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD), Polychlorobiphenyls (PCB)
158, Bisphenol A (BPA), di
(2-ethylhexyl) phthalate (DEHP) each
at reference doses (Tolerable Daily
Intake, TDI for Human)

Dichlorodiphenyldichloroethylene
(p,p’DDE);
Dichlorodiphényldichloroéthane
(p,p’DDD); hexachlorobenzene,
dieldrin, trans-nonachlor, PCB-153,
PCB-138, PCB-118, PCB-77,
PCB-126 (oral gavage twice weekly
during 7 weeks)

Carbaryl, dimethoate, glyphosate,
methomyl, methyl parathion,
triadimefon, aspartame, sodium
benzoate, Ethylenediaminetetraacetic
acid (EDTA), ethylparaben,
butylparaben, BPA, acacia gum
(6-month exposure in drinking water
at three different doses: low, medium
and high).

Adult male Sprague-Dawley
rat (28 days of exposure)

8-weeks old male
C57BL/6J mice (8 weeks
exposure for VHF; 6 weeks
for WD)

Male and female C57BI/6J
mouse (exposure from
pre-conception, gestation to
12 weeks of life)

female and male mice (12
days of exposure)

Juvenile seabream (21 days)

female C57BI6/J mouse
(exposure from
pre-conception, gestation to
12 weeks of life)

5 week-old male wild type
C57BI/6J and male ob/ob
mice

8-week old Female and
Male Sprague-Dawley rats

HF+ crude oil vs HF: insulin resistance,
abdominal obesity, liver steatosis,
down-regulation of genes involved in lipid
homeostasis (Insig-1 and Lipin 1) in liver

VHF/S vs VHF: aggravation of insulin
resistance, visceral obesity and glucose
intolerance, adipose tissue inflammation.
Increased blood glucose and plasma insulin.
WD/S vs WD: enhanced body weight,
overgrowth of adipose tissue, increased
glucose intolerance and insulin resistance with
increased plasma insulin

Sex-dependent metabolic disorders in the
absence of weight gain. In males, increased
hepatic expression of genes encoding proteins
related to cholesterol biosynthesis associated
with a decrease in hepatic total cholesterol
levels. In females, marked deterioration of
glucose tolerance associated with decreased
expression of gene encoding ERa as well as
estrogen target genes and increased
expression of gene encoding the estrogen
sulfotransferase SULT1E1.

Increased liver weight but no difference in body
weight; in liver, increased expression of gene
encoding Peroxisome Proliferator-Activated
Receptor (PPAR)Y (males and females),
decreased expression of genes encoding
Estrogen Receptor (ER)a and phospholipase A
(PLA) only in males

Hepatic steatosis, modulation of the expression
of genes involved in lipid metabolism (ppars,
Ipl, fasn, hsl) mostly using NP+t-OP or
BPA+NP. Effects milder than those obtained
with one chemical (hypothesis of possible
interactions among compounds).

Alteration of lipid homeostasis (increase of
hepatic triglycerides) with no difference in body
weight or glucose tolerance. Transcriptome
analysis in liver highlights dysregulation of
genes involved in fatty acid/lipid and circadian
clock metabolic pathway. Most of these effects
were observed in females and not in males.

Alteration of systemic lipid metabolism in ob/ob
mice: increased hepatic triglycerides (TG) with
decrease of serum TG levels (no difference
either in plasma glucose or insulin levels or in
inflammation in liver or adipose tissue).
Induction of the expression of Cyp3a771in WT
mice not in ob/ob mice

Increased body weight and alteration of
hepatotoxic parameters (increased level of total
bilirubin, alanine aminotransferase and alkaline
phosphatase) even at low dose and only in
males. Increased catalase activity with the low
doses both in males and females. Also
evidence for sex differences in some markers
of the redox status (catalase levels, protein
carbonyls).

Ruzzin et al. (32)

lbrahim et al. (33)

Naville et al. (34)

Lin et al. (35)

Carnevali et al.
(36)

Labaronne et al.
@7

Mulligan et al.
(38)

Docea et al. (39)

(Continued)
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TABLE 1 | Continued

Mixture of pollutants Composition

Animal model

Metabolic effects of the mixture References

Mixture of 4 fungicides and
2 insecticides in standard
diet

Ziram; Chlorpyrifos; Thiacloprid;
Boscalid; Thiofanate; Captan (52
weeks of exposure; at Tolerable Daily
Intake, TDI for Humans)

mice

Pesticide mixture containing
six chemicals at 3 different
doses (noted 5-16-37.5%)

Cyromazine, MCPB
(4-(4-chloro-2-methylphenoxy)
butanoic acid), Pirimicarb,
Quinoclamine, Thiram, Ziram (daily
oral gavage of pregnant rats from
gestation day 7 to pup day 16)

16-week-old female and
male C57BL/6J (WT) and
Constitutive Androstane
Receptor (CAR)-invalidated

Wistar rats - Male and
Female offspring studied
until 15 weeks of life

Lukowicz et al.
(40)

In Wild Type (WT) males: increased body
weight (not seen in male CAR-/-) and adiposity,
hepatic steatosis, fasting hyperglycemia and
strong glucose intolerance. In WT females:
fasting hyperglycemia and slight glucose
intolerance. Pesticide-exposed CAR-/- females
exhibited pesticide toxicity with increased body
weight and mortality rate. Sexually dimorphic
alterations of various metabolic pathways

Decreased body weight at birth for both sexes
with the highest dose. No difference in body
weight after 15 weeks. Differences observed
between males and females for several
regulatory factors (such as leptin).

Svingen et al.
(41)

sensitivity (19). Thus, considering the intrinsic properties of
the endocrine system and the definition of the EDCs based
on their mode of action and not their chemical structure,
the important parameters that should be considered in risk
assessment evaluation are: (1) the dose and the non-linearity of
the induced effects, (2) the timing and the length of exposure and
(3) the simultaneous presence of several chemicals in mixture
(18, 20, 21). Additionally, it is emphasized that the less an
endocrine function is mature at the time of chemical exposure,
the more dramatic health adverse effects will happen defining
highly vulnerable periods such as gestation and lactation. For
example, ancestral exposure of mice to obesogen chemicals
such as organotin tributyltin (TBT) was found to predispose
unexposed descendants to obesity (22).

About a thousand of chemicals could display EDC activities
(23) and a subset was identified as metabolic disruptors
because they favor/aggravate obesity and/or insulin resistance
leading to diabetes. Metabolic disruptors may include Bisphenol
A (BPA)and dichlorodiphenyltrichloroethane (DDT) but also
certain pesticides, perfluorinated compounds and phthalates in
addition to TBT. They can target the signaling pathways of
different nuclear receptors including the steroid receptors, but
also xenobiotic receptors or receptors activated by peroxisome
proliferators, PPAR (peroxisome proliferator-activated receptor)
and its heterodimeric partner retinoid X receptor (RXR), not to
mention non-genomic signaling pathways and cross-talk with the
various nuclear receptors (24-27).

EVIDENCES FOR A COCKTAIL EFFECT
FROM NATURAL OR ARTIFICIAL
MIXTURES ON METABOLIC DISRUPTION
AND ITS SEX-DIMORPHISM

First evidences of a cocktail effect resulting from exposure to
environmental mixtures were brought by scientists invested
in Biology of Reproduction with the demonstration of
additive effects in mixtures containing chemicals sharing a

similar mechanism of action and combined in mixtures at
concentrations that individually do not result in observable
adverse effects. This was called the something from “nothing”
phenomenon demonstrated originally with a mixture of 8 weak
estrogenic chemicals (28) but also using combinations of anti-
androgens (29) or more complex mixtures of anti-androgenic
pesticides, antioxidants, industrial pollutants and chemicals
present in personal care products (30). The concept of additivity
was also the basis of the Toxic Equivalent Factor (TEF) set up by
the WHO (31) to facilitate risk assessment of “natural” mixtures
of dioxins, furans and dioxin-like PCBs, using the dioxin of
Seveso (named after the industrial explosion in the village of
Seveso, Italy), the most potent in activating the aryl hydrocarbon
receptor (AhR), as reference.

First demonstrations of mixture effects in the metabolic
disruption field area emerged less than 10 years ago (Table 1)
when it was observed that rats fed refined salmon oil for 28 days
exhibited better metabolic outcomes than rats fed crude salmon
oil (32). These experiments suggested that exposure to POPs
commonly present in food chains could trigger enhanced body
weight and visceral fat, liver steatosis, glucose intolerance and
insulin resistance (32) as well as chronic low-grade inflammation
in adipose tissue (33). A few years later, we brought (34) the
proof-of-concept study that a mixture of low-dosed pollutants
not sharing similar mechanisms of action, could trigger metabolic
disturbances in mice. Our original model was designed to take
into consideration several parameters of the real life including
chronic exposure at low doses covering all developmental stages
from the fetal period to adult onwards. It even started when
dams were immature females of 5 weeks of age. Both male
and female mice (and not only adult males as classically
studied) were evaluated to explore the sex-biased mechanisms
linked to endocrine disruption. The pollutant cocktail was
incorporated in either a high-fat high-sucrose (HFHS) diet (34)
or a standard diet (37) to reflect different nutritional situations
also considering that food is a primary route of exposure.
Thus, we selected pollutants known to contaminate food and
not sharing similar mechanisms of action to better reflect a
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“real” scenario of exposure. The mixture was made of two
persistent pollutants including the most powerful dioxin (2,3,7,8-
Tetrachlorodibenzo-p-dioxin, TCDD) and the most abundant
of the non-dioxin like PCBs (PCB153). The other two were
short-lived pollutants including BPA, one of the substances
most investigated for its endocrine disrupting activities (18, 42,
43) and the di-[2-ethylhexyl] phthalate (DEHP) largely used
to soften plastics. Each chemical in the mixture was used
at a dose in the range of its tolerable daily intake (TDI).
With regards to their modes of action, these well-recognized
EDCs display mostly estrogeno-mimetic and anti-androgenic
activities for BPA and DEHP, respectively, while dioxins interact
with AhR and non-dioxin like PCBs may interact with other
xenobiotic receptors such as constitutive androstane receptor
(CAR) and pregnane X receptor (PXR) (18, 24, 44, 45). Moreover,
interaction of pollutants of the mixture may also occur with other
receptors like thyroid receptors or glucocorticoid receptors not
to mention extensive cross-talks which may occur via direct or
indirect interaction with metabolic pathways regulating energy
homeostasis as reviewed elsewhere (8, 24). With such a model,
we originally demonstrated that the metabolic adverse impact
in mice exposed to the mixture lifelong occurs in the absence
of any weight gain but was strongly sex-dependent (34, 46),
and also related to the age of the animals (47) and their
nutritional environment (37). The female offspring exposed to
the mixture incorporated in a HFHS diet exhibited aggravated
glucose intolerance, impaired estrogen signaling in liver and
enhanced expression of inflammatory markers in the adipose
tissue at adulthood as compared to non-exposed females. This
suggested that pollutants could lessen the protection of estrogens
against the development of metabolic diseases. Importantly,
these effects were not observed in younger females or in males
which are characterized by different hormonal milieu in line
with endocrine disrupting effects. Males had impaired cholesterol
metabolism resulting from enhancement of genes encoding
proteins related to cholesterol synthesis and degradation in
bile salts when fed a HFHS diet containing the mixture of
pollutants (34, 47). The observed metabolic impact in females
was dependent on the nutritional context as female mice fed
a standard diet and exposed similarly to the mixture showed
alteration of lipid homeostasis with no difference in body weight
or glucose tolerance (37). Importantly, pollutants elicited distinct
and common features as compared to a HFHS diet as revealed
by a comparative hepatic transcriptomic study. Among features
resulting from pollutant exposure in the liver was the finding
of several dysregulated genes belonging to the circadian clock
metabolic pathway including major canonical genes of the core
clock (Period circadian regulators 1-3, Arntll encoding BMALLI
and Clock) and clock regulators thus highlighting circadian
disruption (37). None of the described effects observed in females
were described in males pointing to the sex-dimorphic impact of
pollutants consistent with the sex-dimorphic regulation of energy
homeostasis (48) (Table 1).

Other combinations of low-dosed pollutants in mixture have
later been tested in mouse (35, 38, 40) or rat (41) models as
well as in juvenile seabream (36). These studies also reported
significant alterations of the hepatic gene signature consistent

with the liver being the primary site for detoxification (Table 1).
Interestingly, whenever males and females have been studied,
sex-differences have also been observed (35, 40, 41) as compiled
(Table 1) which highlights the necessity, as mandated by the
National Institutes of Health (NIH), to consider sex as a
biological variable (49). Also consistent with our data (34, 37),
it was shown that the nutritional component was as well a
variable to consider. Indeed, exposure to a mixture of POPs
(38), to dioxins (50) or to a pharmaceutical drug cocktail (51)
resulted in differential metabolic responses between lean and
obese mice. Outcomes surveyed included hepatic steatosis and
systemic lipid metabolism (38), hyperglycaemia and hepatic
mitochondrial function (51) and hepatic fibrosis (50). Whether
this is linked to substantial alterations of the expression of hepatic
xenobiotic processed genes (37, 52), resulting in differential
ability of the liver to detoxify chemicals, warrants further
studies.

CONCLUSIONS

The current legislation on chemical risk assessment is definitely
obsolete and needs to be updated to take into account the
cocktail effect of mixtures. This is certainly a major challenge
for the near future as environmental pollutants are risk factors
for numerous pathologies also including cancers and hormono-
dependent cancers among them, for which obesity is a risk
factor (7). Importantly, it was assumed that the carcinogenic
potential of chemical mixtures may be more important than
that of individual carcinogens in the real world (53). It will
also be critical to enhance our knowledge on chemical toxicity
as according to the US EPA, it is available for less than
20% of substances produced at significant amounts, worldwide
(54). While additivity was demonstrated for mixture of low-
dosed chemicals affecting similar outcomes (55), when it
comes to mixtures with molecules acting differently, which
better fits the real life scenario, the problem becomes more
complex because chemical actions may (41, 56) or may
not be independent. For example, in an in vitro model of
mesenchymal cells, BPA, DEHP and TBT could not be deduced
from single compound experiments (57). As well synergistic
activation of human PXR was observed in an in vitro model
of hepatocytes (HepG2) by binary cocktails of pharmaceutical
and environmental compounds (58). Another limitation to the
additivity concept of cocktail effect lies in the fact that a pollutant
can alter the metabolism of another pollutant present in the
mixture and potentially its bioavailability (59). Moreover, some
products may, by modifying the epigenome, leave an imprint on
unexposed generations as recently demonstrated with TBT on
RXR activation (60).

The problem posed by the cocktail effect is a virtually
insurmountable challenge but it will have to be overcome for
the sake of public health. Political authorities should work
to reduce the exponential production of industrial chemicals.
In addition, integrative approaches combining knowledge
gathered in epidemiologic and biomonitoring studies, but also
experimental, in vitro and in silico studies, together with
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computational approaches to construct predictive models, will
certainly help at moving a path forward.
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Bisphenol-A (BPA) is one of the most widespread endocrine disrupting chemicals (EDCs).
It is used as the base compound in the production of polycarbonate and other plastics
present in many consumer products. It is also used as a building block in epoxy
can coating and the thermal paper of cash register receipts. Humans are consistently
exposed to BPA and, in consequence, this compound has been detected in the majority
of individuals examined. Over the last decade, an enlarging body of evidence has
provided a strong support for the role of BPA in the etiology of diabetes and other
metabolic disorders. Timing of exposure to EDCs results crucial since it has important
implications on the resulting adverse effects. It is now well established that the developing
organisms are particularly sensitive to environmental influences. Exposure to EDCs during
early life may result in permanent adverse consequences, which increases the risk of
developing chronic diseases like diabetes in adult life. In addition to that, developmental
abnormalities can be transmitted from one generation to the next, thus affecting future
generations. More recently, it has been proposed that gestational environment may also
program long-term susceptibility to metabolic disorders in the mother. In the present
review, we will comment and discuss the contributing role of BPA in the etiology of
diabetes. We will address the metabolic consequences of BPA exposure at different
stages of life and comment on the final phenotype observed in different whole-animal
models of study.

Keywords: Bisphenol-A, diabetes, pancreatic §-cell, timing of exposure, metabolic programming

Diabetes mellitus is among the most prevalent metabolic disorders and the current number of
cases is approaching epidemic proportions. According to the latest Global Burden Disease report
(2015), the prevalence of diabetes has risen from 333 million people in 2005 to approximately 435
million in 2015 (1). The predictions suggest that it will be the seventh leading cause of death in 2030
(2). As proposed by the American Diabetes Association (ADA), the classification of this pathology
includes type 1 (TIDM), type 2 (T2DM) and gestational diabetes mellitus (GDM), as well as other
forms of diabetes (3). Despite differences on the underlying causing factors, all of them lead to
hyperglycemia, which results from defects on insulin secretion, insulin resistance or a combination
of both (4).
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More than 90% of patients with diabetes have T2DM
(5). The etiology of T2DM is multifactorial with a clear
genetic background but also with an important environmental
compound (6). Poor nutrition, lack of exercise and overweight
are commonly seen as contributing factors to cause T2DM but
other environmental factors like endocrine disrupting chemicals
(EDCs) are also key. EDCs are defined as any chemical or mixture
of chemicals able to disrupt any aspect of endocrine function
(7). They constitute a heterogeneous range of compounds
widely used in consumer products including food packaging,
personal care products, pesticides or building materials, among
others. General population is exposed to EDCs through different
routes, mainly the oral, dermal or inhalation ones (8). From
a mechanistic point of view, it is well described that they
can interfere with hormonal signaling pathways principally
by binding to hormone receptors and/or altering hormone
production, metabolism and transport (8, 9). Over the last
decade, burgeoning scientific evidence have disclosed that a
subset of EDCs are able to modify sensitive metabolic processes
leading to altered energy homeostasis and/or glucose and lipid
metabolism (10-12). One of the best documented example is
the case of bisphenol-A (BPA), firstly synthetized by Dianin in
1891 and reported to show estrogenic properties in 1930s (13).
BPA is a monomer that is used as the base compound in the
manufacture of polycarbonate and other plastics, and it is also
employed as a building block in epoxy can coating and the
thermal paper of cash register receipts. It became one of the
most pervasive chemical in modern life from the moment it was
introduced in the plastic industry in the 50s. Today, it constitutes
one of the highest volume chemical produced widespread, with
over 6 billion pounds manufactured every year. BPA has been
found to migrate from polycarbonate containers and leach into
food or water because of overheat, the presence of acidic or
basic conditions and/or a repetitive use. Thermal paper has also
been shown to constitute an important source of exposure to
this EDC (14). The ubiquitous nature of BPA makes human
exposure to occur on a virtually constant basis. In consequence,
it has been detected in the majority of individuals examined
(15, 16).

As regards the regulatory aspects, back in the 80s the
Environmental Protection Agency (EPA) established the lowest
adverse effect level (LOAEL) for BPA at 50 mg/kg/day and,
based on that, the safety level was set on 50 pg/kg/day
(17). Although many studies have shown deleterious effects
of BPA at doses below the calculated safe dose (8, 18), the
reference value of 50 wg/kg/day is still in force. For the
European Food Safety Authority the tolerable daily intake has
been recently established in 4 pg/kg/day (19). Remarkably,
both the reference dose and the tolerable daily intake are
higher than the 95th percentile BPA intake level for adults
(1.5 pg/kg/day) estimated by the World Health Organization
(WHO). This estimation has been done based on published
exposure estimation in several countries and regions, as well
as taking into account the information available regarding
information on food consumption patterns, and BPA presence
in foods relevant to the population groups (20).

OVERVIEW OF THE MOLECULAR
MECHANISMS LINKING BPA EXPOSURE
AND DIABETES

Current molecular and cellular evidence support that BPA may
augment diabetes risk by affecting pancreatic B-cell function
and/or insulin action in different metabolically active tissues
(8, 10, 21). Before commenting on that, we will briefly described
some general aspects of BPA mode of action.

BPA is mainly considered a xenoestrogen due to its capacity
to promote estrogen-like activities. Structurally, BPA has two
phenolic and two (4, 40)-OH substituents that confer the ability
to join into the ER-binding structure. Thus, BPA can bind to
both estrogen receptor o (ERa) and B (ERP) although with
1,000 to 2,000-fold less affinity than the natural hormone 17-
B-estradiol (E2) (22, 23). Based on that, BPA was considered
a weak estrogen for many years. Nevertheless, today we know
that, when acting through non-classical ER pathways, BPA
can elicit responses with the same potency than E2. Non-
classical ER pathways mainly include nuclear mechanisms of
estrogen responses elicited by recruiting different transcriptional
co-activators or co-repressors, as well as extranuclear-initiated
signaling pathways which regulate different cellular pathways
such as, gene transcription as well as ion channel and kinase
activity. We here summarize some of the principal mechanisms
behind BPA action triggered via non-classical estrogen pathways.
For more information readers are referred to the following
reviews (24-28).

Scientific evidence support that BPA-dependent estrogenic
activity flows, at least in part, through rapid, non-genomic
alterations of Ca’* handling. Both BPA and E2, in the pico
and nanomolar range, have shown to rapidly increase [Ca’*]
in GH3/B6 pituitary tumor cells resulting in prolactin secretion
(29). In a similar manner, BPA, at exactly the same doses than E2
(100 pM-1nM), potentiated Ca?* signaling and insulin release
in pancreatic B-cells (30, 31), while in pancreatic a-cells BPA
mimicked E2 action by inhibiting low-glucose induced [Ca?*]
oscillations (32). Importantly, in vivo studies also reported rapid
insulin release in response to low doses of BPA (33). Rapid effects
of BPA have also been observed in cardio myocytes. Low dose
concentrations of BPA and E2 induced arrhythmic actions in
isolated ventricular myocytes from female rats by altering Ca>*
handling (34); an effect that depends on the balance between
ERa and ERB (35). These BPA actions on cardio myocytes were
characterized by non-monotonic dose responses (36).

Another major mechanism of BPA-induced extranuclear
signaling pathways involves the activation of ERK/MAPK
kinases. A wide range of BPA concentrations have been shown
to rapidly increase the phosphorylation state of ERK1/2 in
developing cerebellar neurons (37). In pancreatic islets of
Langerhans BPA increased insulin content with the same potency
than E2 acting through ERa. This was not an acute but a long-
term effect which required the activation of ERK (38).

Furthermore, BPA showed binding affinities for GPR30, a
relatively novel 7-transmembrane estrogen receptor (39). Several
data support BPA action within nanomolar range via GPR30 in
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several systems. For example, BPA led to testicular seminoma
cell proliferation through GPR30 (40). In pancreatic cells, BPA
promoted insulin secretion dysfunction which was connected
with inhibition of Pdx-1 and decreased expression of miR-338
(41).

Overall, it has been proposed that these plethora of
mechanisms could account for the low dose effects of BPA
that have been defined as “any biological change occurring in
the range of typical human exposures or at doses lower than
tested in traditional toxicological assessments” (42). Hundreds
of studies have been published over the years providing strong
evidence for low dose BPA effects having the potential to pose
health hazards. These low dose effects have been observed for
a variety of endpoints including metabolic parameters but also
prostate weight, spermatogenesis, brain and mammary gland
development as well as hormone levels, among others (18, 43).
In addition, it is important to highlight that BPA, like hormones,
do not obey the Paracelsus principle of “the dose makes the
poison.” On the contrary, a typical feature of BPA actions
includes non-monotonic dose response curves (NMDRCs) often
manifested as U- or inverted U-shaped curves. The mechanisms
behind these NMDRCs are typically related to cytotoxicity,
receptor selectivity, receptor down regulation or competition
with endogenous hormones (44). In addition to its estrogenic
activity, BPA may act as an antagonist of androgenic (at doses
in the range of 100 nM-10 M) (45) and thyroid (1-100 pM)
(46) activity, and may also activate the human estrogen-related
receptor (26 nM) (47), pregnane receptor (2uM) (48) and the
glucocorticoid receptor (1 pM) (49).

A large number of cellular studies have demonstrated that
BPA targets pancreatic B-cells. Environmental relevant doses
of BPA have been shown to modulate Karp channel activity,
which is key in the stimulus-secretion coupling process that
culminates with insulin secretion. In both mouse and human
islets, BPA provoked a rapid closure of the Karp channel and
subsequently, increased insulin release. This effect was mediated
by the extranuclear activation of the estrogen receptor beta (ERf)
(30, 50). Additionally, BPA may enhance glucose-induced insulin
biosynthesis and content via binding to extranuclear ERa (38).
In several models of B-cell lines, BPA has also been reported to
affect insulin release. In the nanomolar range, it enhances basal
(51, 52) and glucose-stimulated insulin secretion (GSIS), leading
to ER stress. Conversely, at higher doses in the micromolar
range, it displays the opposite effect (53). Furthermore, BPA
treatment has been shown to increase reactive oxygen species
production and DNA damage (54) as well as to augment
apoptosis (53).

BPA may also alter glucose regulation by disrupting insulin
action in different peripheral metabolic tissues. In the murine
adipose cell line 3T3-L1 and in human adipocytes, BPA impaired
insulin-stimulated receptor phosphorylation and signaling,
which led to decreased insulin sensitivity and glucose disposal
(55, 56). BPA treatment also provoked an up-regulation of
inflammatory signaling pathways (56) and induced adipogenesis
(57-59).

BPA has also been reported to exert direct effects on
hepatocyte physiology. In different hepatic cell lines, BPA

has been shown to induce lipid accumulation, favoring the
development of hepatic steatosis (58, 60).

RELEVANCE OF EXPOSURE TIMING: THE
CONCEPT OF METABOLIC
PROGRAMMING

David Barker and colleagues suggested for the first time that
early-life nutrition is associated with a number of offspring health
outcomes including coronary heart disease, hypertension and
T2DM (61-63). These first observations established the bases of
the fetal origins of adult disease hypothesis, which states that
events occurring during early development may increase the risk
of specific diseases later in life. This concept was later expanded to
other aspects of developmental plasticity such as early postnatal
period and intergenerational influences, and set the framework
of the Developmental Origins of Health and Disease (DOHaD)
theory (64).

Overall, this paradigm relies on the fact that there exist specific
developmental periods whereby an organism is more sensitive to
environmental insults. While those insults were initially referred
to nutritional imbalance, today it is well demonstrated that the
exposure to some environmental chemicals during development
may also lead to increased incidence to non-communicable
diseases like T2DM (65). The understanding of the molecular
mechanisms behind this phenomenon is far to be complete.
Nevertheless, it has been proposed that environmental agents
acting during specific windows of sensitivity may promote
changes in gene expression, cell metabolism, hormone regulation
or cellular plasticity, among others. Such functional changes
might permanently modify the organism’s physiologic and
metabolic homeostatic set points, programming the individual to
later risk for metabolic diseases (11).

So far, epigenetics processes have been proposed to be
the major driving mechanism in the altered programming
during development. These epigenetic changes entail chemical
modifications of DNA which are heritable and reversible but
with no changes in the underlying DNA sequence. Rather,
epigenetic marks are capable to alter DNA accessibility and
chromatin structure and, therefore, regulate gene expression
patterns. They comprise DNA methylation, histone modification,
states of chromatin condensation or non-coding RNA-associated
gene silencing (66-69). As it will be described later, early life
exposure to BPA has been shown to induce epigenetic alterations
associated with diabetogenic outcomes.

METABOLIC CONSEQUENCES OF
DEVELOPMENTAL EXPOSURE TO BPA

A review of the currently available literature reveals increasing
number of animal studies exploring BPA effects on metabolic
developmental programming. Although most of the studies differ
in the route and timing of BPA exposure (gestation or gestation
and lactation), dose, and animal strain used, they generally
strengthen the evidence of the diabetogenic action of BPA.
Here we review studies reported in the literature addressing the
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contributing role of BPA in the etiology of diabetes. Detailed
information on dosage, age, gender and timing of exposure can
be found in Supplemental Table 1.

Initial observations came in 2010 when it was shown that
the treatment of pregnant dams on days 9-16 of gestation with
two different doses of BPA (10 or 100 pg/kg/day) resulted
in impaired glucose homeostasis in male adult offspring. Of
note, the metabolic phenotype observed was different depending
on the BPA dose administered. Thus, animals intrauterine
exposed to the lowest dose showed marked insulin resistance,
hyperinsulinemia, altered glucose tolerance and increased
triglyceride levels. Pancreatic B-cell function was also found to
be affected as reflected by enhanced GSIS, both in vivo and in
vitro, probably as a compensatory mechanism for the insulin
resistance developed. On the contrary, animals exposed to the
highest dose showed mild glucose intolerance with no changes
on insulin sensitivity (70).

Later on, a wider BPA dose range study came out with doses
tested from 10-fold below EPA reference dose (50 pg/kg/day)
to 10-fold above the no-observed-adverse-effect level (NOAEL,
5,000 pg/kg/day). Offspring’s metabolic changes following oral
exposure of pregnant dams to BPA (5, 50, 500, 5,000, and 50,000
ng/kg/day, days 9-18 of gestation) were evaluated in CD1 mice.
The authors found a non-monotonic dose response for body
weight changes and increased adipocyte number and volume
in the offspring. In addition, offspring from all BPA groups,
except for the highest dose one, developed glucose intolerance.
Intrauterine BPA-exposed animals to 5 pg/kg/day displayed
higher plasma insulin levels, and those treated with the doses of
5 and 5,000 pg/kg/day showed insulin resistance (71).

A similar study by Liu and collaborators focused on a
range of timing of exposure instead of on a range of doses.
Preimplantation (days 1-6 of pregnancy), fetal (P6-PNDO),
neonatal (PNDO0-PND21) or fetal and neonatal (P6-PND21)
periods were explored with the same dose of BPA (100 pg/kg/day
by subcutaneous injection). The authors reported changes on
body weight that were dependent on the animal gender and the
exposure timing to BPA. Regarding glucose metabolism, female
mice exposed to BPA during fetal and preimplantation periods
manifested glucose intolerance at the age of 3 and 6 months.
In the case of male offspring, glucose intolerance was observed
in fetal, neonatal, and fetal and neonatal exposed-groups at 3
months of age and persisted at 6 and 8 months of age in the first
group. Insulin sensitivity was also altered. Reduced insulinogenic
index was observed in the 3 month-old female fetally BPA-
exposed as well as in males receiving BPA in the fetal, neonatal
and fetal and neonatal periods. Together with changes in the
insulinogenic index, these animals showed attenuated response
to insulin that only persisted in the male fetally exposed-group up
to 8 months of age. A transient impairment of pancreatic B-cell
function was observed in in vitro assays, which was thought to be
a functional issue rather than morphological abnormalities, since
pancreatic B-cell mass remained invariable or even increased.
Isolated islets released less insulin in response to glucose in
the fetal female as well as in the fetal, neonatal, and fetal and
neonatal male exposed groups. Nevertheless, no changes on
insulin secretion were observed when animals reached 8 months

of age (72). Of note, in a similar experimental animal model,
BPA promoted impaired insulin signaling and glucose transport
expression in the prefrontal cortex at 8 months of age (73).
Furthermore, glucose intolerance in adult BPA offspring has also
been connected with alterations in the structure of hypothalamic
energy balance circuitry (74, 75).

In another study, pregnant rats were exposed to 1 and
10 pg/mL BPA (drinking water) from gestation day 6 through
lactation, and then male offspring was studied at postnatal days
50 (PND50) and 100 (PND100). Increased body weight was
manifested on PND7 and persisted at PND100 together with
hyperglycemia, insulin resistance, decreased adiponectin levels
and increased oxidative stress (76).

Not only murine but also large-animal model-based studies
have found postnatal metabolic outcomes related to fetal
exposure to BPA at a level relevant to human exposure. In line
with this, Veiga-Lopez and collaborators explored pregnancy
as a critical period for BPA exposure by treating female sheep
with 50, 500, or 5,000 pg/kg/day (subcutaneous injection) from
days 30-90 of gestation. Increased fasting blood glucose in the
lowest BPA dose group and a marked tendency to decreased
insulin sensitivity in all BPA groups were found in the female
offspring at 6 weeks of age. In the postpubertal period (13 months
of age), insulin resistance was observed in the 500 pg/kg/day
BPA-exposed group. Moreover, enhanced mean adipocyte area
and diameter in the visceral adipose tissue, as well as increased
inflammation in the subcutaneous adipose tissue depot were
reported (77).

It should be mentioned that some reports did not find
developmental BPA effects on glucose regulation. This is the case
of Ryan and collaborators’ article, in which perinatal pregnant
CD-1 mice were exposed to BPA (1 ppb via the diet) from
embryonic day 0 until weaning. The authors observed that
BPA mice were heavier and longer at the moment of weaning
but the body weight returned to normal levels in adulthood
compared to controls. They did not find any effects on glucose
tolerance neither at 8 nor 15 weeks of age. No other metabolic
parameters such as insulin sensitivity or GSIS were analyzed. It is
remarkable that the authors did not explore more advanced ages
in which metabolic abnormalities were revealed in other animal
studies (78). In a similar manner, no impairment on glucose
tolerance was observed in male 20 week-old offspring after BPA
perinatal exposure, although dose-dependent increases of body
weight were reported with no changes on global hepatic DNA
methylation (79, 80).

Intrauterine exposure to low BPA doses has been shown
to affect not only pancreatic B-cell function in the adult
offspring but also pancreas development. Increased pancreatic
B-cell mass has been found in BPA-exposed animals at the
moment of birth, which was also observed at the moment
of weaning and PND30. This early life alteration was mainly
related to overexpression of cell cycle genes, culminating with
a rise in PB-cell division as well as decreased apoptosis. All
together, these abnormalities led to marked hyperinsulinemia.
It is noteworthy to mention that this excessive insulin signaling
has been proposed to be crucial for the metabolic phenotype
observed in BPA animals later in life (81). Furthermore, BPA
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has been shown to have an impact on pancreas morphology
with a greater number of islet-cell clusters at embryonic day 18.5
(82).

In order to reveal and/or exacerbate any underlying metabolic
disorder that accounts for BPA action, the so-called high fat
diets (HFD) have been used in several laboratory studies. This
approach has helped to shed some light into the metabolic
derangements following prenatal BPA exposure. In one study,
pregnant rats were exposed to BPA at doses of 50, 250, or
1,250 pg/kg/day by oral gavage through gestation and lactation,
and later, offspring was fed with either standard diet (STD) or
HFD from the moment of weaning. While some detrimental
effects were observed at 26 weeks of age on the BPA animals
fed with STD, those effects were accelerated and exacerbated by
HFD and became apparent at the age of 15 weeks. Increments
in body weight, insulin plasma levels, GSIS and pancreatic
B-cell mass were observed in the BPA lowest dose fed with
STD group. The same group of animals challenged with HFD
exhibited glucose intolerance, hyperglycemia, dyslipidemia and
hyperleptinemia. Remarkably, no adverse effects were observed
at the highest doses (83). In a different report, pregnant
dams were subcutaneously treated with BPA (10 pg/kg/day)
from day 9 to 16 of gestation and then 1-month-old male
offspring were maintained during 13 or 24 weeks on STD
or HFD. In BPA-treated mice, body weight at birth was
decreased followed by catch-up growth with similar weight
than HFD mice at 22 weeks of age. At the 17th week, BPA
animals showed fasting hyperglycemia, increased NEFA and
insulin levels, and a tendency to be glucose intolerant, which
was severely impaired at the 28th week in STD. In addition,
intrauterine exposure to BPA led to changes in the expression
of genes involved in glucose and lipid metabolism in liver and
adipose tissue as well as in pancreatic p-cell function that were
similar to those observed with HFD treatment (84). Similar
metabolic outcomes have also been observed in sheep, including
insulin resistance, increased adipocyte size and deposition, and
inflammation in BPA-exposed and postnatal overfeeding groups
(77). Furthermore, metabolomic analysis revealed changes in
metabolic profiling related to prenatal BPA exposure, such
as variations in glucose, pyruvate, some amino acids and
neurotransmitters, which were evident soon after birth (85,
86).

As stated before, epigenetics has been outlined as one of the
major links between genes, environment, and developmental
outcomes. Several articles have shown that gestational exposure
to environmentally relevant BPA doses are able to promote
epigenetic changes in the progeny that correlate to adverse
multigenerational health effects. Thus, at the age of 3 weeks,
male offspring perinatally exposed to BPA (50 pg/kg/day)
exhibited overexpression of the methyltransferase 3B mRNA.
This phenomenon was related to decreased hepatic global
DNA methylation and resulted in reduced hepatic glucokinase
gene expression. No changes in insulin sensitivity were found
at this age. However, at 21 weeks of age, impaired glucose
tolerance and insulin resistance showed up, suggesting that
the global methylation changes contributed to the metabolic
disarrangement observed in adulthood (87). Epigenetic changes

have been connected not only with F1 generation but with
subsequent generational effects. In line with this, decreased
insulin sensitivity and glucose intolerance were found in F2
generation. These effects were proposed to be transmitted
through the male germ line and to be associated with changes
in glucokinase DNA methylation (88). Later on, more evidence
came out confirming multigenerational phenotypic inheritance
upon perinatal BPA exposure. Pregnant mice were treated with
two different doses of BPA (10 pg/kg/d and 10 mg/kg/day)
and the effects on the offspring were studied. Overall, increased
body weight, glucose intolerance and reduced GSIS were
observed in both F1 and F2 male offspring. Importantly, it
was demonstrated for the first time that maternal glucose
homeostasis was affected in FO but not in F1 pregnant mice,
suggesting that the alterations observed were not caused by an
abnormal maternal metabolic milieu but were rather related
to epigenetic changes. In particular, the authors reported fetal
increased expression of the imprinted Igf2 gene and enhanced
DNA methylation at the Igf2 differentially methylated region 1
both in F1 and F2 embryos (89). In the same year, another report
confirmed the presence of glucose intolerance and pancreatic
B-cell dysfunction in male BPA F2 generation; abnormalities
that were associated with the dysregulation of Igf2/H19 in
the islets of Langerhans (90). More recently, relying on the
same epigenetic bases, metabolic effects found in F1 and
F2 generation have been extended to impaired mitochondrial
function and insulin secretion, reduced B-cell mass and islet
inflammation (91).

These above-mentioned multigenerational effects differ from
the transgenerational ones. While the former has been defined as
“an exposure that directly influences multiple generations”, the
latter implies transmission across generations but with no direct
exposure or involvement, and are manifested from F3 generation.
Up to date, much of the work has focused on outcomes in the
BPA-exposed F1 generation or the intergenerational F2, but little
is known about the transgenerational (F3 and beyond) outcomes,
with just some evidence of embryonic exposure to BPA and
obesogenic effects in F3 (92, 93).

Contrary to the case of T2DM, the experimental data
supporting the contributing role of BPA in the developmental
programming of TIDM is still very scarce. One study
published in 2014 addressed this issue by using non-obese
diabetic (NOD) mice, an animal model of TIDM. The study
described how transmaternal orally-exposed female offspring (10
mg/L drinking water) showed aggravated severity of insulitis
together with increased apoptosis and decreased number of
resident macrophages at 11 weeks of age. This determined
increased prevalence of diabetes later at 20 weeks of age
(94).

Regarding the possible interactions with the immune system,
perinatal exposure to BPA (50 pg/kg/day) has also been
shown to promote systemic immune imbalances in male
adult mice offspring. Remarkably, these alterations occurred
in parallel to microbial disturbances and impaired glucose
tolerance. The authors proposed that these disturbances precede
the development of obese phenotype as the animals get
old (95).
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METABOLIC CONSEQUENCES OF ADULT
EXPOSURE TO BPA

Multiple studies conducted in adult animal models have observed
alterations in glucose and lipid metabolism following BPA
treatment. Firstly, one of the most described outcomes is the
insulinotropic action of BPA, i.e. its ability to stimulate insulin
release from pancreatic B-cells. A single injection of BPA at
a low dose of 10 pg/kg of body weight potentiated plasma
insulin levels in mice within just 30 min (33). Likewise, BPA
treatments with different durations and a wide range of doses,
from 5 pg/kg/day to 20 mg/kg/day, also increased plasma
insulin levels (33, 41, 96-99). Accordingly, further studies in
islets from BPA-treated mice showed an increase in several
parameters including GSIS (96), enhanced insulin content (33,
41), improved B-cell area and mass (41), and augmented islet
Pdx1 transcript and protein levels, and NeuroD mRNA levels
(41). Itis important to note that hyperinsulinemia may eventually
lead to insulin resistance and, therefore, may contribute to
obesity and T2DM development (33, 100). In contrast, other
reports described decreased plasma insulin levels after exposing
mice to 100 g/kg/day BPA for 20 days (101) or 28 days (102),
or even unchanged plasma insulin levels after 8 months of BPA
administration (5-5,000 pg/kg/day) (103). These discrepancies
in the observed outcomes might be due to the use of different
mouse strains and/or variations in the administration protocol.
Secondly, BPA-treated adult mice displayed impaired glucose
tolerance after 4 days receiving BPA at 100 wg/kg/day (33) and
after 2 months of BPA treatment with 500 pg/kg/day (41) and
5,000 pg/kg/day (103). One study reported no changes in the
glucose excursions in response to a glucose load after 8 days
of treatment with BPA 100 pg/kg/day (96). Furthermore, some
reports also described insulin resistance following BPA exposure
(33, 41, 96). Overall, these effects on glucose homeostasis
suggested that, besides the endocrine pancreas, other tissues
involved in the regulation of glucose metabolism also displayed
alterations. In fact, the insulin signaling pathway was altered
in skeletal muscle and liver from BPA-treated mice, which
showed diminished insulin-stimulated phosphorylation of the
insulin receptor $ subunit and Akt phosphorylation (96, 97,
104). Such failure in hepatic insulin signaling seems to be
responsible for the impaired hepatic glucose oxidation and
glycogen content found in rats treated with high doses of BPA
(20 and 200 mg/kg/day) for 30 days (97). Furthermore, hepatic
glucokinase activity was acutely (2h) suppressed in response to
an oral BPA bolus of 50 pg/kg (105). Additional analysis with
liver samples showed that long-term exposure to BPA (20-200
mg/kg/day) potentiated the mRNA and protein levels of GLUT2
(97), as well as important factors involved in lipogenesis and
biosynthesis of cholesterol when employing doses in the range
of 5-5,000 pg/kg/day BPA (99, 103). Accordingly, augmented
plasma triglycerides and cholesterol have been detected following
BPA administration (0.5 and 2 mg/kg/day) during 4 weeks (103,
106), and hypercholesteronemia remained after 8 months of
BPA exposure (5-5,000 g/kg/day) (103). Finally, experimental
studies employing TIDM animal models reported increased
diabetes incidence following BPA treatment (107-109). In NOD

mice, 1 mg/L BPA in drinking water accelerated spontaneous
diabetes development, insulitis and islet apoptosis, and decreased
numbers of tissue resident macrophages prior to insulitis (107,
108). Similarly to what has been previously described in other
studies regarding the BPA non-monotonic dose response, the
authors reported that the highest BPA dose (100 mg/L) did
produce less severe insulitis than the lowest one (1 mg/L) (107).
In parallel, in streptozotocin (STZ)-treated mice, drinking water
containing BPA at 1 and 10 mg/L promoted diabetes incidence
and affected T-cell immunity (109). Oral gavage administration
of BPA 5 mg/kg for 5 days also increased the insulin positive
area and transcript expression of estrogen receptors in pancreas,
and the hepatic expression of inflammation-related genes in
STZ-induced diabetic mice (98).

A NEW PERSPECTIVE FOR THE CONCEPT
OF METABOLIC PROGRAMMING

Over the years steroid hormone research has set the framework
for addressing how EDCs may cause endocrine actions.
Many biological principles that operate for natural hormones
are also central for the mode of action of EDCs. This
applies for the activational and organizational concepts. As
originally described, organizational effects refer to permanent
changes occurring during critical periods of development. They
are precisely time-dependent, and affect morphogenesis and
differentiation processes of organ systems. It is important to
note that some of the organizational effects are not manifested
up to later in life, which is in line with the concept
of developmental programming. For example, intrauterine
exposure to estrogenic compounds is well known to promote
abnormalities in the reproductive tract as well as functional
changes at puberty and throughout adulthood. This is well
exemplified by the case of diethylstilbestrol (DES). Animal
studies have shown that perinatal exposure to DES promote
a wide range of gene expression changes that have been
associated with the increased incidence of neoplasm and vaginal
clear cell carcinoma observed in the DES-daughters (110-
112). Although initial studies were focused on the reproductive
tract, metabolic disturbances may also encompass organizational
effects. By contrast, activational effects typically occur in
adulthood, are transient in nature, and commonly persist
as long as the stimulus is present. An example of this is
the effect of abnormal estrogenic activity on adult female

fertility (113).

Under this paradigm, we would expect that pregnancy
exposure to BPA affect maternal metabolism in a
temporary manner whenever the metabolic disruptor

were present but this was not the case. We will describe
how BPA exposure during pregnancy promotes long-
lasting effects in the mothers that were visible months after
delivery.

BPA exposed dams (10 or 100 pg/kg/day) from day 9 to
16 of gestation developed glucose intolerance that was more
evident in the lowest exposed dose group (70). Moreover, they
showed increased insulin resistance, which underlied defects
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on the insulin signaling cascade. In particular, decreased Akt
phosphorylation in response to insulin was found both in liver
and skeletal muscle of BPA mums (70, 114). Interestingly,
gestational glucose intolerance related to BPA exposure was
found to be associated with abnormalities in the tryptophan
catabolism. Diet supplementation with vitamin B6 rescued
the disrupted metabolic phenotype in the dams (115). It is
important to highlight that any degree of glucose intolerance first
recognized during pregnancy is diagnosed as GDM. Thus, we can
conclude that exposure to low doses of BPA during pregnancy
may compromise maternal metabolic status similarly to GDM.

It has also been reported that metabolic disturbances were
resolved after parturition but appeared again months later.
At 3 months postpartum no differences on glucose tolerance
or insulin sensitivity were found between BPA and control
dams. However, at 4 months postpartum early symptoms of
altered glucose homeostasis showed up. The metabolic status
of BPA mice got worse over time and 7 months postpartum
animals exhibited enhanced glucose intolerance, severe insulin
resistance together with decreased pancreatic p-cell function
and mass (114). These findings demonstrate for the first time
that a brief exposure to an EDC during pregnancy could
have long-term effects on the mother’s metabolism and defined
a new window of susceptibility for increased incidence of
diabetes.

In view of this data, we should keep in mind that metabolic
programming induced by EDC exposure could be extended to
other critical periods of life as it is the case of pregnancy for
the mother. Hence, we should be cautious when considering the
importance of the disruption of normal signaling pathways for
metabolic memory beyond early development.

CONCLUSIONS

BPA is one of the most pervasive and ubiquitous EDCs.
Laboratory animal and human epidemiological studies have
revealed the importance of BPA as a contributing factor in
the etiology of T2DM. We know that timing of exposure
is critical for determining the consequences of exposure to
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Particulate Matter Air Pollution:
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Robert B. Hamanaka and Gékhan M. Mutlu*
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United States

Air pollution is a complex mixture of gaseous and particulate components, each of
which has detrimental effects on human health. While the composition of air pollution
varies greatly depending on the source, studies from across the world have consistently
shown that air pollution is an important modifiable risk factor for significantly increased
morbidity and mortality. Moreover, clinical studies have generally shown a greater impact
of particulate matter (PM) air pollution on health than the gaseous components. PM
has wide-ranging deleterious effects on human health, particularly on the cardiovascular
system. Both acute and chronic exposure to PM air pollution is associated with increased
risk of death from cardiovascular diseases including ischemic heart disease, heart
failure, and ischemic/thrombotic stroke. Particulate matter has also been shown to
be an important endocrine disrupter, contributing to the development of metabolic
diseases such as obesity and diabetes mellitus, which themselves are risk factors for
cardiovascular disease. While the epidemiological evidence for the deleterious effects of
PM air pollution on health is increasingly accepted, newer studies are shedding light on
the mechanisms by which PM exerts its toxic effects. A greater understanding of how
PM exerts toxic effects on human health is required in order to prevent and minimize
the deleterious health effects of this ubiquitous environmental hazard. Air pollution is a
growing public health problem and mortality due to air pollution is expected to double by
2050. Here, we review the epidemiological evidence for the cardiovascular effects of PM
exposure and discuss current understanding about the biological mechanisms, by which
PM exerts toxic effects on cardiovascular system to induce cardiovascular disease.

Keywords: particulate matter, cardiovascular, lung, macrophage, inflammation, interleukin-6, thrombosis,
coagulation

INTRODUCTION

Ambient air pollution is a growing global health problem estimated to contribute to as many as
3.1 million all-cause deaths per year (1-3). Exposure to air pollution is the largest environmental
health risk and ranks ninth among modifiable disease risk factors, above other common factors
such as low physical activity, high cholesterol, and drug use (2). Most of the excess deaths
attributable to air pollution exposure are due to acute ischemic/thrombotic cardiovascular events.
In addition to excess mortality, air pollution is associated with significant reductions in healthy
life years and worker productivity (2, 4). Air pollution may also be an important endocrine
disrupter, contributing to the development of metabolic diseases such as obesity and diabetes
mellitus (5). While the developing world is most burdened by air pollution-associated health effects,
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the association between air pollution and mortality is still evident
in developed countries where pollution levels are well below
target standards (6, 7). The purpose of this article is (1) to
introduce the reader to the major studies that have established
the link between particulate matter (PM) air pollution and
human cardiovascular and metabolic disease and (2) to discuss
the mechanisms by which PM mediates its biologic effects. For
systematic review of the connection between air pollution and
human disease, we refer the reader to several recent systematic
reviews and meta-analyses (8-14).

AIR POLLUTION

Air pollution is a complex mixture of gaseous and particulate
components, each of which has detrimental effects on
cardiovascular and respiratory systems. The composition of
air pollution varies greatly, depending on the source, emission
rate, and sunlight and wind conditions. Gaseous components of
air pollution include nitrogen dioxide (NO,), nitric oxide (NO),
sulfur dioxide (SO,), ozone (O3), and carbon monoxide (CO)
(2, 15, 16). Particulate matter (PM) components of air pollution
consist of carbonaceous particles with associated adsorbed
organic chemicals and reactive metals. Common components of
PM include nitrates, sulfates, polycyclic aromatic hydrocarbons,
endotoxin, and metals such as iron, copper, nickel, zinc, and
vanadium (2, 15, 17). PM is subclassified according to particle
size into (a) coarse (PMjg, diameter <10pwm), (b) fine (PM; s,
diameter <2.5m), and (c) ultrafine (PMy 1, diameter <0.1pm).
Coarse particles derive from numerous natural and industrial
sources and generally do not penetrate beyond the upper
bronchus. Fine and ultrafine particles are produced through the
combustion of fossil fuels and represent a greater threat to health
than coarse particles as they penetrate into the small airways
and alveoli (16-19). While the organic and metal components
of particles vary with location, levels of PM, 5 have consistently
correlated with negative cardiovascular outcomes regardless of
location (15).

EPIDEMIOLOGICAL STUDIES LINKING PM
EXPOSURE TO MORBIDITY AND
MORTALITY IN HUMANS

The association between high levels of PM air pollution and
adverse health outcomes has been known since the first half
of the twentieth century. Smog incidents in Meuse Valley,
Belgium (1930), Donora, Pennsylvania (1948), and London, UK
(1952) acutely caused increased hospitalizations and deaths,
particularly in the elderly and those with preexisting cardiac
and respiratory diseases. An estimated 4,000 people died as a
direct result of the London smog with 100,000 more suffering
adverse health effects (20, 21). These incidents resulted in policy
changes including the implementation of Clean Air Act in 1970
(22). The reduction in PM levels have led to gradual reduction
in PM-associated morbidity and mortality; however, recent
epidemiologic studies still consistently show a link between PM
exposure and cardiopulmonary mortality.

Short-Term Exposure Studies

The increased deaths due to the smog in Meuse Valley, Donora,
and London clearly suggested that acute exposure to air pollution
is associated with adverse health outcomes. These classic cases
of air pollution-induced mortality represent extreme examples,
with the London smog reaching air PM concentrations of 4.5
mg/m? (World Health Organization current safety guideline is
25 pg/m?) (21). A large number of short-term exposure studies
have evaluated the associations between less extreme levels of
air pollution and daily changes in mortality (15, 18). A recent
meta-analysis of 110 peer-reviewed studies revealed that every
10 ug/cm3 increase in PM, 5 concentration was associated with
a 1.04% (95% CI 0.52%-1.56%) increase in all-cause mortality
(10). Hospitalizations and mortality due to cardiovascular and
respiratory illnesses were positively correlated with increases in
PM; 5 concentrations.

Several large, multi-city studies have been conducted in both
North America and Europe, the largest being the NMMAPS
(National Morbidity, Mortality, and Air Pollution Study) (23-25)
and APHEA (Air Pollution and Health: A European Approach)
(26, 27) studies. Findings from these studies were remarkably
consistent and demonstrated that PM levels are significantly
associated with daily all-cause, cardiovascular, and pulmonary
mortality. Seasonal and regional variations existed in both
studies possibly attributable to different sources of pollutants,
meteorological conditions, and population differences. For
example, the APHEA study found a stronger effect of PM on daily
mortality in cities with a larger contribution of traffic emissions to
total PM. This is in agreement with a recent study on triggers of
myocardial infarction (MI) in which traffic exposure was found to
be as significant of a trigger of MI as physical exertion and alcohol
use (28). The NMMAPS study also found that the relationship
between PM exposure and mortality was independent of gaseous
co-pollutants, including NO,, CO, and SO;.

Studies carried out in Asia and the developing world have
generally shown smaller effects on daily mortality due to PM
than studies from the United States and Europe. A recent
meta-analysis of 85 studies from 12 low- and middle-income
countries showed a 0.47% (95% CI 0.34-0.61) increase for
cardiovascular mortality and 0.57% (95% CI 0.28-0.86) increase
for respiratory mortality for every 10 pg/cm® increase in
PM, 5 concentration (14). The cities covered by this analysis
have mean PM,; levels ranging from 56 to 179 pg/cm?,
which is significantly higher than the mean the PM, ;5 levels
in cities in the US and Europe. The reduced concentration-
response relationship between PM, 5 levels and mortality in these
countries is likely due to the higher baseline PM level seen
in these countries. Indeed, current evidence suggests that the
concentration-response relationship between PM, 5 levels and
mortality is biphasic (29-33). A steep concentration-response
function is observed at lower PM concentrations, while the
curve flattens at higher concentrations. A recent study from
Beijing, China found that while the slope of the concentration-
response curve flattened at higher PM concentrations, there
was no saturation for increased risk of ischemic heart
disease mortality, even at PM concentrations as high as 500
ug/cm3 (33).
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The biphasic relationship between PM concentration and
adverse health outcomes means that the major health benefits
from reducing PM levels will occur in countries with already
cleaner air and that improvements in cardiovascular health will
be more difficult to achieve in countries with higher levels of air
pollution unless they can achieve a drastic improvement in PM
concentrations. The results of the NMMAPS and APHEA studies
suggest that there is no “safe” threshold under which increases in
PM are not associated with increased deaths.

Long-Term Exposure Studies

In addition to studies on the acute effects of PM exposure, studies
on the effect of chronic exposure to PM have revealed negative
effects on long-term health outcomes. The first of these was the
Harvard Six Cities study, which prospectively measured the effect
of air pollution on mortality in a cohort of 8,111 adults while
controlling for individual risk factors, including smoking, body
mass index, occupational exposures, hypertension, and diabetes
(34). The adjusted mortality rate ratio for the most polluted cities
compared with the least polluted cities was 1.26 (95% CI 1.08-
1.47). Air pollution, particularly PM; 5 and sulfates was positively
associated with death from lung cancer and cardiopulmonary
diseases.

A larger study, the ACS Cancer Prevention II study linked
risk factor data for 552,138 adults with air pollution data and
mortality statistics (35, 36). Both PM; 5 and SO, were positively
correlated with all-cause, lung cancer, and cardiopulmonary
mortality and every 10 pgg/cm3 increase in PM, 5 was associated
with a 4, 6 and 8% increased risk of all-cause, cardiopulmonary,
and lung cancer mortality, respectively. Coarse particles and
gaseous co-pollutants other than SO, were not significantly
related to mortality.

A study on 22 European cohorts within the multicenter
European Study of Cohorts for Air Pollution Effects (ESCAPE)
found an increased hazard ratio for all-cause mortality of
1.07 (95% CI 1.02-1.13) per 5 ug/cm3 PM;5 (37). Significant
associations persisted even among participants exposed to
PM; 5 levels below the European annual mean limit value of
25 pg/cm?.

Overall, the evidence from both short-term and long-term
exposure studies demonstrates a consistent association between
increased air pollution exposure and mortality. While the
magnitude of this effect is small, the ubiquity of air pollution
exposure makes it a significant source of early mortality. A
global assessment of mortality attributable to several risk factors,
including air pollution was carried out in the Global Burden of
Diseases, Injuries, and Risk Factors Study 2015 (GBD 2015) (38).
This study estimated that PM, 5 is the fifth-ranking mortality
risk factor, leading to 4.2 million deaths and 103.1 million
disability-adjusted life-years in 2015. The largest number of
deaths attributable to air pollution occurred in China with an
estimated 1.11 million deaths. These numbers are similar to the
findings of a recent study from China that attributed 40.3% of
deaths due to stroke, 26.8% of deaths due to ischemic heart
disease, 23.9% of deaths due to lung cancer, and 18.7% of deaths
due to chronic obstructive pulmonary disease (COPD) to PM; 5
exposure (39). According to the GBD 2015 study, these represent

the 1st, 2nd, 4th, and 5th leading causes of death in China,
respectively (12).

Susceptibility to PM-Induced Morbidity
and Mortality

Enhanced risk of cardiovascular death from PM exposure has
been linked to old age, low socioeconomic status, preexisting
heart and lung disease, and smoking. The APHENA (Air
Pollution and Health: A Combined European and North
American Approach) study, which analyzed data from the
NMMAPS and APHEA studies found that the elderly and
unemployed are at higher risk for the deleterious health
effects associated with short-term exposure to PM (40). The
ACS study found that mortality from ischemic heart disease
was positively correlated with chronic PM;, 5 exposure among
never smokers, former smokers, and current smokers (41).
However, the risk for death due to arrhythmia, hearth failure,
and cardiac arrest was not elevated by PM,s for never
smokers, but significantly elevated for former and current
smokers.

Studies have not shown a clear association between
race and susceptibility to PM-induced health effects (42—
44). However, air pollution in non-white neighborhoods
tends to be higher than in majority-white areas, resulting
in exposure disparities (45). Indeed, inter-city gradients
of PM (ie., gradients among communities within a
city) are associated with larger negative health effects
than the average PM measurements within a city
(46, 47).

Finally, it has been suggested that women may be more
susceptible than men to the PM-induced health effects.
Particularly, robust risk estimates have been reported for studies
that include only women. The Women’s Health Initiative
Observational Study found that every 10 pg/cm?® increase in
PM, 5 was associated with a 76% increase in fatal cardiovascular
events while the Nurses’ Health Study found that every 10
ug/cm3 increase in PMjo was associated with a 43% increase
fatal coronary heart disease (48, 49). More recent large studies
have given conflicting results (42, 43). On a global scale, exposure
disparities may play a role in increased risk for women as use
of biomass fuels for cooking in sub-Saharan Africa and south
Asia expose women to disproportionately high levels of indoor
air pollution (50).

Interventional Studies

The implementation of the 1970 Clean Air Act and following
amendments resulted in a progressive decline in PM; 5 levels in
the United States. As would be expected from the concentration-
response curve of PM; 5 vs. mortality, extended analysis of the
NMMAPS and Harvard Six Cities Study, among others, have
revealed that reductions in PM, 5 concentrations over time are
associated with reductions in mortality risk (51-53). Pope et al.
showed that a reduction of 10 pg/ cm? in PM; 5 levels increased
the life expectancy by 0.61 £ 0.20 years (54). Similar reductions
in mortality have been seen after policy changes regulating the
use of diesel in Tokyo, Japan and coal in Dublin, Ireland (55, 56).
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EXPOSURE TO PM AND
CARDIOVASCULAR DISEASE

Deaths due to air pollution exposure result primarily from
cardiovascular causes, with stronger associations with adverse
effects of PM compared with gaseous co-pollutants (2, 7, 15).
Chronic and acute exposure to elevated PM, 5 levels is closely
associated with elevated risks for ischemic heart disease, heart
failure, and cerebrovascular disease. Air pollution exacerbates
existing heart conditions and appears to have a role in disease
development.

Both long- and short-term studies have associated PM; 5
exposure with increased risk of fatal and non-fatal ischemic
heart disease (33, 41, 48, 57). Risk of myocardial infarction
is also associated with PM;s exposure (28, 58). The ACS
study found increased risk of heart failure with PM;;
exposure, although to a lesser degree than the association with
ischemic heart disease. Additional studies and meta-analyses
have associated both chronic and acute PM, 5 exposure with
heart failure (9, 41, 59, 60). Significant associations also exist
between PM, 5 exposure and cerebrovascular disease (48, 61).
Short-term studies have shown that elevations in pollution
increase the risk of ischemic, but not hemorrhagic stroke (8,
62).

Subclinical Effects
Exposure to PM air pollution is also correlated with subclinical
pathologies underlying cardiovascular disease. These include
systemic inflammation and oxidative stress, atherosclerosis,
thrombosis, endothelial dysfunction, hypertension, cardiac
remodeling, and arrhythmia.

Inflammation, Oxidative Stress, and Atherosclerosis
PM inhalation induces inflammatory responses both within
the lung and systemically. Exposure of human volunteers to
PM via inhalation for 2h resulted in increased pulmonary
neutrophil numbers (63). Circulating levels of C-reactive protein,
fibrinogen, IL-1f8 (interleukin-1p), IL-6 (interleukin-6), GM-
CSF (Granulocyte-Macrophage Colony Stimulating Factor),
and TNF-a (Tumor Necrosis Factor-a) have been shown
to correlate with environmental PM exposure levels (63—
66).

PM exposure is also associated with systemic markers of
oxidative stress, including atherogenic precursors such as
oxidized lipids (67-70). Using carotid artery intima-media
thickness as a surrogate for atherosclerotic progression, several
studies, including the Multi-Ethnic Study of Atherosclerosis
(MESA) have shown that intima-media thickness correlates
positively with long-term exposure to PM (71-74). Other
studies have shown that coronary artery calcification
correlates with residence in a city center or near a major
roadway (75, 76).

Studies in the atherosclerosis model apolipoprotein E (ApoE)
knockout mice have shown that exposure to PM results
in elevated levels of oxidized low-density lipoproteins, lipid
peroxidation, and systemic oxidative stress. This is associated

with increased atheroma burden, and increased plaque cellularity
and lipid content (77-80).

Hypercoagulability and Thrombosis
Exposure to PM has been shown to induce a prothrombotic state,
which may play a role in its ability to cause arterial thrombotic
(myocardial infarction, ischemic/thrombotic cerebrovascular
events) and venous thrombotic events (deep venous thrombosis)
(81, 82). Exposure to PM induces the production of fibrinogen,
and other factors that play a role in hemostasis including Von
Willebrand factor, sCD62P, and sCD40L (65, 83-85). In addition
to prothrombotic pathways, antifibrinolytic pathways are also
activated by PM exposure. Plasminogen Activator Inhibitor-1
(PAI1) has been shown to be upregulated by PM exposure and
tissue Plasminogen Activator (t-PA) activity is inhibited (85-88).
These findings correlate with previous reports of PM-associated
increases in plasma viscosity, platelet activation, and ex vivo
coagulation (89-92).

The 2008 Summer Olympics in Beijing, China offered
a unique opportunity to study the effects of PM exposure
on cardiovascular biomarkers. As government-mandated
restrictions on industrial and vehicular emissions
enacted, particulate and gaseous pollutants decreased.
In test subjects, this corresponded with decreases in
circulating levels of sCD62P and Von Willebrand
factor. When restrictions were eased after the games,
levels of these factors increased to pre-Olympic levels
(84).

were

Endothelial Dysfunction, Increased Blood Pressure,
and Cardiac Remodeling

Both short- and long-term exposure to PM has been correlated
with changes in vascular function. Controlled exposure to diesel
exhaust or concentrated ambient particles leads to vascular
dysfunction characterized by acute arterial vasoconstriction and
inhibition of response to vasodilators (86, 93-96). The MESA
study found that chronic exposure to PM;,s correlated with
decreased flow-mediated dilation of the brachial artery and
retinal arteriolar narrowing (97, 98).

Several studies have reported associations between chronic
PM exposure and development of hypertension (99, 100).
Controlled-exposure studies using acute exposure of humans
to concentrated ambient particles or diesel exhaust have
demonstrated rapid increases in systolic blood pressure following
exposure (101, 102). Exposure to PM has also been shown to
increase the risk of gestational hypertension and pre-eclampsia
(11, 103, 104).

Finally, traffic exposure has been associated with both left
and right ventricular hypertrophy, suggesting that pollution-
associated vasoconstriction and hypertension may exacerbate
congestive heart failure (105, 106). Similar results have been
found in mice. A 3-month exposure of mice to concentrated
ambient particles exacerbates cardiac hypertrophy and fibrosis
in response to angiotensin II infusion (107). A longer, 9-month
exposure of mice to concentrated ambient particles was sufficient
to result in increased ventricular size, systolic and diastolic
dysfunction, and myocardial fibrosis (108).
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Cardiac Electrical Changes and Irregular Heart
Rhythm

In patients with implantable cardioverter defibrillators, positive
associations have been made between short-term increases in air
pollution and incidence of cardiac arrhythmias including atrial
fibrillation, ventricular fibrillation, and ventricular tachycardia
(109-112). Exposure to air pollution is also associated with,
increased heart rate, electric instability, ectopic beats, ST-segment
depression, repolarization irregularities, and changes in heart-
rate variability (65, 113-120).

The strongest correlations between arrhythmia and pollution
exposure have been found when analysis was restricted to
a subgroup of patients with frequent arrhythmias, suggesting
that risk of arrhythmia is restricted to the most susceptible
individuals (109). Similarly, a murine study found that wild-
type mice did not exhibit arrhythmias after exposure to PM;
however, significant arrhythmias were seen in mice engineered to
exhibit cardiomyopathic changes that closely resemble congestive
heart failure (121). In rats, greater effects of PM exposure on
arrhythmogenesis were seen in animals previously injected with
monocrotaline to induce pulmonary vascular inflammation and
hypertension (122).

Metabolic Syndrome and Insulin Resistance
Several clinical studies have linked PM with insulin resistance
and type II diabetes mellitus (DM) suggesting PM as a modifiable
risk factor for DM, an important risk factor for cardiovascular
disease. Significant positive correlations between PM exposure
and fasting insulin levels and insulin resistance have been found
in both adults and children (123-125). A large study conducted
using data from both the United States Centers for Disease
Control and Prevention and the Environmental Protection
Agency found that diabetes prevalence increases by 1% with each
10 ug/m3 PM; 5 (126). Another study of over 3,500 individuals
in Germany revealed that each 1 pg/m? of traffic-related PM, 5
was associated with a relative risk for type II DM of 1.36 (95%
CL.97-1.89) after adjusting for variables including age, gender,
BMI, and socioeconomic status (127). This effect size was similar
to that obtained by comparing individuals living close to a major
road with those that live farther than 200 meters from a major
road (127). A recent meta-analysis suggests that the correlation
of PM with DM is stronger in women (13). How PM-associated
insulin resistance and type II DM may interact with other PM-
associated health effects to affect cardiovascular system is a
complex question. For example, diabetics have been shown to be
more susceptible to PM-associated endothelial dysfunction (128).
Animal studies have confirmed the effect of PM exposure
on insulin sensitivity. Mice genetically susceptible to type II
DM, or mice fed high-fat diet and exposed to PM exhibit
increased insulin resistance, glucose intolerance, elevated fasting
glucose, and increased visceral adiposity when compared with
mice exposed to filtered air (129-131). Interestingly, young
mice exposed to PM beginning at 3 weeks of age developed
homeostatic insulin resistance after 10 weeks of exposure
without additional stress indicating a developmental window of
susceptibility to the effects of PM (132).

BIOLOGICAL MECHANISMS

Recent controlled exposure studies in both humans and animals
have shed light on the biological mechanisms behind PM-
induced cardiovascular disease (Figure 1). There are presently
three hypotheses on the mechanisms by which PM exposure
exerts its biological effect (7, 15, 16, 133). The first hypothesis
proposes that PM inhalation activates inflammatory responses in
the lung leading to a “spillover” effect and systemic inflammation,
which promotes thrombosis, endothelial dysfunction, and
atherosclerosis. The second hypothesis suggests that inhaled
PM activates sensory receptors in the lung, leading to
imbalance of the autonomic nervous system (ANS), favoring
sympathetic pathways and leading to alterations in heart rate,
vasoconstriction, endothelial dysfunction, and hypertension.
The third hypothesis proposes that some particles, particularly
ultrafine particles (PMj ;) can enter the circulation from the lung
and interact directly with target tissues; however, this mechanism
remains controversial. Recent evidence suggests that majority
of ultrafine particles are cleared from the lung in a similar
manner as larger particles (i.e., alveolar macrophage-mediated
clearance to the larynx) (134, 135). Nevertheless, soluble material
adsorbed to the surface of inhaled particles may pass into
the circulation. Further studies will be required to determine
whether any portion of inhaled particles is translocated into
the bloodstream and if so, whether these translocated particles
contribute to PM-associated pathologies. We will discuss the
evidence for inflammatory and ANS signaling as regulators of
the biologic effects of PM exposure. It should be noted that these
pathways are not mutually exclusive. In fact, there is significant
evidence that while each plays an important role in mediating
the cardiovascular effects of pollution exposure, they may also
interact to drive the PM-induced health effects.

Reactive Oxygen Species and

Mitochondria

Itis widely accepted that PM exerts many of its biologic effects via
the generation of reactive oxygen species (ROS) and induction of
oxidative stress responses (19, 136). Exposure to air pollution is
associated with systemic markers of oxidative stress (67, 69, 70).
At the cellular level, many cell types have been shown to respond
to in vitro PM exposure with elevations in cellular ROS levels and
oxidative stress. This includes nasal, airway, and lung epithelial
cells (137-141), macrophages (142-144), endothelial cells (145,
146), cardiomyocytes (147, 148), gastrointestinal epithelial cells
(149), epidermal keratinocytes (150), and corneal epithelial cells
(151). Moreover, elevated ROS levels are required for PM-
induced biologic effects as antioxidant treatment or inhibition of
oxidant production is sufficient to inhibit downstream pathways
including proinflammatory cytokine production and induction
of apoptosis (137, 138, 152-155).

While PM-adsorbed chemicals and metals are capable
of generating free radicals inside cells, cells can respond
to stimuli with generation of ROS as signaling molecules
(156). Mitochondrial generation of ROS has been found to
be an important signaling regulator of the cellular response
to PM. Indeed exposure to PM has been found to alter
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FIGURE 1 | Current evidence for the mechanisms by which particulate matter air pollution causes cardiovascular health effects.
Exposure Level: PM exposure is hypothesized to exert its effects on the cardiovascular system by three routes: (1) PM induces an inflammatory response in the lung.
PM acts on the cells of the lung, including alveolar macrophages, leading to mitochondrial reactive oxygen species (MROS)-dependent pro-inflammatory cytokine
production. (2) Inhaled PM acts on sensory receptors in the lung, promoting activation of the hypothalamic pituitary adrenal (HPA) axis and sympathetic pathway
activation in the autonomic nervous system (ANS). (3) Other effects of PM exposure may be mediated by translocation of particles into the circulatory system, or by
particle ingestion, which may promote inflammation in the gut.
Signaling Level: Cytokines produced into the lung “spillover” into the circulation, leading to a systemic state of inflammation. Translocated particles as well as
inflammation resulting from particle injection may also contribute to a general state of systemic inflammation. Sympathetic activation leads to elevated levels of
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hypertension.

(atherosclerosis, hypertension, and chronic heart failure).

FIGURE 1 | Subclinical Level: Systemic inflammation and elevated catecholamine levels act on target cells leading to acute phase response, hypercoagulable state
(activation of coagulation, and suppressed fibrinolysis), vasoconstriction, increased blood pressure, cardiac electrical changes, endothelial dysfunction, and increased
adiposity and insulin resistance complicated by adipose tissue inflammation. Elevated catecholamine levels due to ANS imbalance further increase inflammation.
Sympathetic activation leads to increased catecholamine production, which increases heart rate and promotes vasoconstriction, endothelial dysfunction, and

Clinical Level: The combined effects of systemic inflammation and sympathetic activation on their cellular targets lead to the clinical effects of PM on cardiovascular
disease. These effects are seen at both the acute level (acute ischemic/thrombotic events, cardiac arrhythmias, or acute heart failure), or at the chronic level

mitochondrial morphology and function (142, 151, 157, 158). PM
exposure leads to oxidation of redox probes specifically targeted
to mitochondria (149, 159). Furthermore, cells genetically
engineered to lack mitochondrial ROS production or cells treated
with mitochondria-targeted antioxidants or respiratory chain
inhibitors have inhibited responses to PM, strongly supporting
the role of mitochondria-derived ROS in PM-induced biologic
effects (138, 153, 159-161).

Alveolar Macrophages

Alveolar Macrophages (AMs) reside on the luminal epithelial
surface of alveoli and are crucial for lung development, surfactant
homeostasis, and immune surveillance (162). These cells also
represent a critical signaling node for the effects of PM on target
organs such as heart and vasculature. Treatment of AMs in vitro
with PM elicits a transcriptional upregulation of inflammatory
cytokines including TNFa, IL-1P, IL-6, IL-8 and GM-CSF (64,
163). Lung epithelial cells also respond to PM treatment in vitro
and the interaction between AMs and epithelial cells may regulate
their response to PM (164, 165); however, studies in animals
suggest that the response of AMs to PM exposure is required and
sufficient for downstream cardiovascular effects.

Elimination of AMs in mice using liposomal clodronate
inhibits both pulmonary and systemic accumulation of IL-
6 or TNFa protein after exposure to PM (166, 167). The
prothrombotic and endothelial-activating effects of PM exposure
were also inhibited by clodronate, suggesting that the pro-
inflammatory responses initiated by AMs in the lung promote the
systemic and cardiovascular effects of PM exposure (166, 167).
The ability of AMs to influence systemic responses to PM is
supported by studies on bone marrow activation in rabbits.
Instillation of PM into the lungs of rabbits results in increased
release of polymorphonuclear leukocytes from bone marrow,
with elevated numbers of circulating band cells, a marker of
bone marrow activation (168). Similar responses have been seen
in humans (169). Instillation of supernatants from human AMs
treated with PM ex vivo has a similar ability to activate rabbit
bone marrow as instillation of PM suggesting that PM-induced
inflammatory responses in AMs regulate the systemic effects of
PM on target cells and organs (170).

Pro-inflammatory Cytokines

Interleukin 6

Initially identified as a regulator of T cell activation and B
cell differentiation, IL-6 is a pleotropic cytokine with key roles
in diverse biological processes such as immune responses, the
acute phase response and inflammation, hematopoiesis, vascular

function, lipid metabolism, and neuroendocrine regulation (171,
172).

IL-6 is a major regulator of the acute phase response
and stimulates hepatocytes to synthesize acute phase proteins,
particularly C-reactive protein and coagulation factors (173, 174).
IL-6 has been shown to increase the expression of coagulation
factors including fibrinogen, tissue factor, Factor VIII and
von Willebrand factor, and decrease anticoagulants including
protein S and antithrombin (174). Recent reports in IL-6-
deficient mice have demonstrated the critical role of IL-6 in
promoting thrombotic events downstream of PM exposure.
Exposure of wild-type mice to PM led to accelerated blood
clotting and vascular thrombosis after FeCls application (166,
175). This accelerated clotting was associated with increased
platelet count, increased Factor VIII activity, increased plasma
thrombin antithrombin complexes, increased lung tissue factor
levels, reduced prothrombin time, and reduced activated partial
thromboplastin time. In IL-6 deficient mice, no increase in
clotting capability was seen after exposure to PM, demonstrating
the key role that IL-6 plays in regulating the prothrombotic effects
of PM exposure.

Elevations in IL-6 may also promote vascular dysfunction
after PM exposure. Administration of IL-6 to mice promotes
endothelial dysfunction and impaired endothelium-dependent
vasodilation (176). As in humans, exposure of mice to PM
impairs vasodilation in response to acetylcholine. No significant
change in vascular response was noted in IL-6 deficient mice
after exposure to PM (177). Interestingly, in this same report, the
authors demonstrated that instillation of recombinant IL-6 into
the lungs of IL-6 knockout mice resulted in systemic elevations
in IL-6 after endotoxin-mediated lung injury (177). While
endotoxin is a stronger inducer of lung injury than PM, this
finding provides support for the hypothesis that inflammatory
cytokine induction in the lung can spillover into the circulation
to promote systemic effects.

Tumor Necrosis Factor-a

TNFa is a pleiotropic cytokine originally identified as an
endotoxin-inducible molecule with anti-cancer activity (178).
TNFa has since been shown to be a critical regulator of
the cytokine cascade in many inflammatory diseases and is a
therapeutic target for a number of chronic inflammatory diseases
(179, 180). Similar to IL-6, TNFa expression is induced in both
AMs and lung epithelial cells after exposure to PM (64, 163, 165).
TNFa also accumulates in both the lung and systemically after
exposure of mice to PM (167, 175, 181, 182). Elimination of AMs
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with liposomal clodronate inhibited the accumulation of TNFa
in plasma after exposure of mice to PM.

Surprisingly, studies in TNFa-deficient mice demonstrate
that PM-mediated recruitment of neutrophils to the lung, as
well as induction of cytokines, including IL-6, IL-8, and MCP-
1 (monocyte chemoattractant protein 1), are independent of
TNFa. (183, 184). This is despite the fact that TNFa is a known
regulator of IL-6 expression (185, 186). TNFa was shown to
be required for accumulation of PAIl after exposure of mice
to PM; however, TNFa remained dispensable for PM-mediated
pro-thrombotic effects (175). More recent studies have shown
that pulmonary T-cell recruitment is impaired after PM exposure
in TNFa deficient mice (182) and that endothelial activation
and impaired cardiac contractile function after PM exposure
can be rescued by treatment with a TNFa-neutralizing antibody
(167, 181).

Sympathetic Activation and Endogenous

Catecholamines

The effects of PM exposure on heart rate variability and
blood pressure indicate that air pollution may regulate the
balance between the sympathetic and parasympathetic arms of
the autonomic nervous system. Indeed, a study of Brazilian
sugarcane harvesters found that during harvest time, when
ambient PM is high due to sugarcane burning, workers’ blood
pressure and heart rate variability measurements correlated
significantly with sympathetic nerve activity measured by
microneurography (187). A more recent study found that
elevated exposure to PM was associated with increased serum
levels of norepinephrine and epinephrine, among other stress
hormones (188).

Increased catecholamine levels have also been found in mice
exposed to PM and this sympathetic activation has been shown
to augment the inflammatory response and prothrombotic
effects downstream of PM exposure (153). Deletion of f-
adrenergic receptors either globally or in AMs alone resulted
in reduced IL-6 accumulation after PM exposure. Inhibition of
B-adrenergic receptors either genetically or pharmacologically
prevented the prothrombotic effects of PM exposure while
treatment of mice with the B-agonist formoterol further increased
IL-6 accumulation and thrombosis after PM exposure (153).
These findings from an experimental study have recently been
confirmed in humans (188). Collectively, these results suggest
that the PM-induced inflammation and modulation of the
autonomic nervous system both contribute to the prothrombotic
effects of PM exposure.

Increased Adiposity and Adipose

Inflammation

Animal studies have shown that long-term PM exposure leads
to increased adipocyte size and increased visceral fat mass (129,
189). PM exposure induced genes associated with lipogenesis
in adipose tissue, impaired adipose mitochondrial function, and
led to changes in circulating levels of leptin and adiponectin
(130, 189-191). This increased adiposity was also associated with

associated with increased macrophage infiltration into adipose
tissue and induction of pro-inflammatory programs (129, 189).

Adipose inflammation is linked with insulin resistance (192).
Indeed mice deficient for the NADPH oxidase subunit p47phox
exhibited improved adipose inflammation and insulin resistance
in response to PM exposure (132). Similar findings were found in
mice deficient for the chemokine receptor CCR2 (131)

In humans, living near a major roadway (<60 m) is associated
a0.37 kg/m? (95% CI: 0.10 to 0.65 kg/m?) increase in body mass
index (BMI) when compared with those who live over 440 m
away from a major road (193). The finding that inflammation
is associated with PM-induced insulin resistance in mice is
consistent with the findings of the SALIA (Study on the Influence
of Air Pollution on Lung Inflammation and Aging), which
demonstrated that Complement C3c, a marker of subclinical
inflammation, is associated with PM exposure in a cohort of
non-diabetic women. Elevated C3c was a strong independent
predictor of diabetes development (194).

Animal studies have confirmed the effect of PM exposure
on insulin sensitivity. Mice genetically susceptible to type II
DM, or mice fed high-fat diet and exposed to PM exhibit
increased insulin resistance, glucose intolerance, elevated fasting
glucose, and increased visceral adiposity when compared with
mice exposed to filtered air (129-131). Interestingly, young
mice exposed to PM beginning at 3 weeks of age developed
homeostatic insulin resistance after 10 weeks of exposure
without additional stress indicating a developmental window of
susceptibility to the effects of PM (132).

Epigenetic Changes

How the effects of air pollution exposure may endure after
exposure is not clear; however studies from mice suggest that
exposure early in life can have long lasting effects. Exposure
of pregnant mice to diesel exhaust resulted in an increased
susceptibility to pressure overload-induced heart failure in pups
raised to adulthood (195). While the mechanisms behind this
susceptibility is unknown, a potential mechanism for long-term
disease susceptibility may lie in epigenetic changes that occur
during exposure.

Epigenetic regulation of gene expression can result in
transient, and potentially permanent changes in tissue function.
Although studies are limited, air pollution exposure has been
shown to affect multiple epigenetic mechanisms, including
alterations in DNA methylation and histone modifications.
Hypermethylation was observed in the DNA from sperm
collected from mice exposed to particulate air pollution for
10 weeks when compared with mice exposed to filtered air
(196). These changes were still evident when mice were
examined 6 weeks after termination of exposure. In humans,
hypomethylation in DNA repetitive elements has been seen
in circulating leukocytes after exposure to particles (197, 198).
Furthermore hypomethylation of LINE-1 elements correlates
with increased risk for ischemic heart disease, stroke, and all-
cause mortality (199).

Epigenetic regulation of certain genes by PM has been seen in
cultured lung epithelial cells (200, 201); however, a genome-wide
assessment of epigenetic changes induced in various tissues by
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PM exposure is yet to be carried out. A new large-scale study,
sponsored by the National Institute of Environmental Health
Sciences seeks to determine the genome-wide epigenetic effects
of exposure to various environmental pollutants, including
PM, on multiple tissues (202). The data collected by the
TaRGET II (Toxicant Exposures and Responses by Genomic
and Epigenomic Regulators of Transcription) Consortium will
greatly advance the knowledge of the effects of air pollution
exposure on the epigenome.

CONCLUSIONS AND FUTURE
DIRECTIONS

There is abundant evidence that air pollution is a major
contributor to cardiovascular morbidity and mortality. Exposure
to pollution is a major modifiable risk factor in the prevention
and management of cardiovascular disease; however, the health
effects of air pollution are not limited to the cardiovascular
system. PM also appears to be an important contributor to
development of metabolic diseases including obesity and type
I diabetes. Emerging evidence suggests that PM exposure
affects timing of puberty and reproductive health in both men
and women (203-208). Furthermore, air pollution exposure
may affect other systems including the central nervous system
as well as the gastrointestinal tract and microbiome. (149,
209, 210). At current projections, premature mortality due
to air pollution exposure is expected to double by 2050
(1). Reducing the effect of air pollution on public health
will require both policy efforts to reduce production of air
pollution as well individual efforts to limit exposure, particularly
for those with preexisting susceptibility to cardiovascular
disease.

The effects of PM exposure on catecholamine levels, insulin
resistance, adiposity, and reproductive health, suggest that PM
exposure is an important endocrine disruptor. Mechanistically,
little is known about how PM exposure affects the endocrine
system. Endocrine disrupting compounds are found in both
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Background: Developmental exposure to di (2-ethylhexyl) phthalate (DEHP) has been
implicated in the onset of metabolic syndrome later in life. Alterations in neurobehavior
and immune functions are also affected by phthalate exposure and may be linked to the
metabolic changes caused by developmental exposure to DEHP.

Objectives: Our goal was to study the effects of developmental exposure to DEHP in the
context of metabolic syndrome by integrating different parameters to assess metabolic,
neurobehavioral, and immune functions in one model.

Methods: Female C57BL/6J mice were exposed to DEHP through the diet during
gestation and lactation at doses ranging from 3.3 to 100,000 nwg/kg body weight/day
(tkd). During a 1-year follow-up period, a wide set of metabolic parameters was
assessed in the F1 offspring, including weekly body weight measurements, food
consumption, physical activity, glucose homeostasis, serum lipids, and endocrine profile.
In addition, neurobehavioral and immune functions were assessed by sweet preference
test, object recognition test, acute phase protein, and cytokines production. Animals
were challenged with a high fat diet (HFD) in the last 9 weeks of the study.

Results: Increased free fatty acids (FFA) and, high density lipoprotein (HDL-C) were
observed in serum, together with a decrease in glycated hemoglobin levels in blood of
1-year old male DEHP-exposed offspring after HFD challenge. For the most sensitive
endpoint measured (FFA), a lower bound of the 90%-confidence interval for benchmark
dose (BMD) at a critical effect size of 5% (BMDL) of 2,160 pwkd was calculated. No
persistent changes in body weight or fat mass were observed. At 33,000 ukd altered
performance was found in the object recognition test in males and changes in interferon
(IFN)y production were observed in females.
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Metabolic Effects of DEHP Exposure

Conclusions:

Developmental exposure to DEHP combined with HFD in adulthood

led to changes in lipid metabolism and neurobehavior in male offspring and cytokine
production in female offspring. Our findings contribute to the evidence that DEHP is
a developmental dyslipidemic chemical, however, more research is needed to further
characterize adverse health outcomes and the mechanisms of action associated with
the observed sex-specific effects.

Keywords: early-life exposure, DEHP, lipid metabolism, neurobehavior, immunofunction, sex-specificity, mouse
model, developmental exposure and adult disease

INTRODUCTION

Metabolic syndrome (MetS) is a pathologic condition
characterized by abdominal obesity, insulin resistance,
hypertension, dyslipidemia, and hyperglycemia (1). The

MetS prevalence among adults in the US (24-34%) (2) and in
China (24.5%) (3) indicates its epidemic proportions. Many
interventions have targeted excessive food intake and sedentary
lifestyle without success, indicating the need for a better
understanding of the factors involved in the pathogenesis of MetS
(4). Increasing attention has been given to the developmental
origins of health and disease (DOHaD) hypothesis (5), in
which early exposure to stressors during critical periods of
life may induce effects that manifest later in life. Exposure to
environmental chemicals is one of the stressors which has been
linked to the high MetS prevalence rates, and evidence is growing
that exposure during periods when adipocytes are differentiating
and/or organs as pancreas, liver, and brain are developing can
lead to disruption of normal development and alterations in the
homeostatic control of adipogenesis and energy balance (6).
Di(2-ethylhexyl) phthalate (DEHP) is an example of an
environmental chemical which has been linked to metabolic
disorders. It is used to add flexibility to polyvinyl chloride
polymers (7). Human exposure occurs mainly orally, by
migration of the chemical from the packaging to food
such as fatty fish, meat and milk (8). DEHP metabolites
have been detected in human samples of blood and urine,
confirming the ubiquitous presence of DEHP (8, 9). DEHP
is an endocrine disrupting chemical (EDC) and has putative
obesogenic properties as reported in epidemiological, animal and
in vitro studies (10). The first line of evidence that developmental
exposure to DEHP may promote metabolic disorders was the
increases in serum cholesterol (CHOL), triglycerides (TGs)

Abbreviations: BMD, Benchmark dose; BMDL/BMDU, lower/upper bound of
the 90%-confidence interval for BMD at a critical effect size of 5%; CHOL,
cholesterol; conA, concanavalin A; CRP, C-reactive protein; DEHP, di (2-
ethylhexyl) phthalate; DOHaD, developmental origins of health and disease; FFA,
free fatty acids; GT'T, glucose tolerance test; HbAlc, Glycated hemoglobin; HDL-
C, high density lipoprotein cholesterol; HFD, high fat diet; IFN-y, interferon v;
ITT, insulin tolerance test; LOQ, limit of quantification; LPS, lipopolysaccharide;
MECPP, mono(2-ethyl-5-carboxypentyl)phthalate; MEHHP, mono(2-ethyl-5-
hydroxyhexyl) phthalate; MEHP, mono (2-ethylhexyl) phthalate; MEOHP,
mono(2-ethyl-5-oxohexyl)phthalate; MetS, metabolic syndrome; NOAEL, no
observed adverse effect level; NO, nitric oxide; PND, postnatal day; ORT, object
recognition test; TGs, triglycerides; TNE, tumor necrosis factor; T1, training
session; T2, test session; pkd, pug/kg body weight/day.

and glucose reported in multiple studies (11-13). Recently,
Wassenaar and Legler (14) conducted a systematic review and
meta-analysis of experimental rodent studies with DEHP, and
reported a statistically significant positive association between
developmental exposure to DEHP and increased fat pad weight.
However, further associations with triglycerides, free fatty acids
(FFA) and leptin could not be analyzed due to few or no data
available. The second line of evidence for a role for DEHP in
metabolic disorder is its effects on neurobehavior, given the
interaction of the brain with other key metabolic organs via
signaling molecules and neuronal connections at the basis of
pathways such as regulation of appetite (15). Schmidt et al.
(16) reported an alteration in food intake in female C3H/N
mice after an 8-week exposure to DEHP, and Barakat et al.
(17) reported an impairment in neurobehavior and recognition
memory in male CD-1 mice after prenatal exposure to DEHP.
In addition, inflammation and activation of the immune system
have been observed in abdominal obesity and may have a
role in the pathogenesis of obesity-related metabolic disorders
(18). Specifically, in utero exposure to DEHP increased serum
levels of C-reactive protein (CRP) and tumor necrosis factor
(TNF), increased TNF levels in adipose tissue homogenates,
and promoted a focal macrophage infiltration in whole-adipose
tissue, suggesting a systemic and local adipose inflammation in
the adult male offspring of Sprague-Dawley rats (19).

Given the previous findings in separate studies and the need
to have a global view of the effects of developmental exposure
to DEHP, we hypothesized that early exposure to DEHP may
affect metabolic, neurobehavioral, and immunological domains
in an integrated manner. Our aim was to perform a combined
assessment of metabolism disruptive properties, neurobehavior,
and immune function following developmental exposure to
DEHP. To achieve this, metabolic alterations in adult mouse
offspring were studied after maternal dietary exposure during
gestation and lactation, using seven doses ranging from doses
relevant to human diet exposure (20) to a dose approximating
the no observed adverse effect level (NOAEL) for developmental
toxicity in CD-1 mice (21). The offspring was followed for
one year and parameters related to energy balance (weekly
body weight measurements, food consumption, and physical
activity) and metabolism (glucose homeostasis, serum lipids, and
endocrine profile) were assessed. In the last 9 weeks of the follow-
up, offspring was challenged with a high fat diet (HFD) to test
potential disturbances in their metabolic homeostatic capacity.
A sweet preference test and an object recognition test were
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performed to assess neurobehavior whereas levels of CRP and
pro- and anti-inflammatory cytokines were measured to assess
immunological function.

MATERIALS AND METHODS

Test Chemical and Test Diets

DEHP (D201154, purity >99.5%, Sigma-Aldrich, Zwijndrecht,
The Netherlands) was dissolved in soy oil (Research Diet
Services, Wijk bij Duurstede, The Netherlands), by gently stirring
at room temperature for 2 min. Serial dilutions of this master
solution and blank soy oil were mixed with the diet (NIH-07 diet,
Research Diet Services, Wijk bij Duurstede, The Netherlands)
before pelleting, aiming at concentrations in a range of 0.018-
555.6 mg DEHP/kg feed, corresponding to targeted exposures of
0, 3.3, 33, 330, 3,300, 10,000, 33,000, and 100,000 pg/kg body
weight/day (nkd) based on an average food consumption of 4.5
g/mouse (average body weight of 25 g)/day(d).

Experimental Conditions

This study was approved by the Animal Experimentation
Ethical Committee of National Institute for Public Health and
Environment under permit number 201100086 and carried out
in accordance with prevailing legislation.

Nulliparous 13-14 weeks old female C57BL/6] mice (Charles
River, Sulzfeld, Germany) were mated with 12-16 weeks old male
FVB mice (GLP, Bilthoven, The Netherlands) to produce hybrid
offspring with a known background information of phenotype
and development (22). Mice were housed as previously reported
(23). After an acclimatization period of 2 weeks, FO female
mice were fed experimental diets for 9 weeks starting 2 weeks
pre-mating. Each dose group had six FO females, which, to
accommodate time and space restrictions, were mated in groups
of three with one FO male. Body weight and feed consumption
of FO females were monitored during pre-mating, gestation, and
lactation. Anogenital distance of the offspring was assessed at
post-natal day (PND) 4 and PND?7 in the control, 3,300 and
100,000 pkd dose groups. Litter size was assessed at PND4 and
PND21. At PND 21, after sacrifice by cervical dislocation under
ketamine/xylazine anesthesia, serum of the dams was collected
for DEHP metabolite determination.

From PND 21, offspring was weaned and housed individually
(males-M) or in groups of 2-3 animals (females-F). Six litters
of 5 or less pups (in dose groups 0, 33, 330, 10,000, 33,000
and 100,000 pwkd) were discarded to avoid the effect of small
litters on postnatal growth (23). After weaning, an average of
9 mice per sex (range 6-11) were included per dose group for
follow-up through juvenile and adult stages. The control group
consisted of 23 male and 19 female mice. Mice from available
litters were randomly allocated to dose group using a computer-
generated sequence, obtaining the following total number of
individuals and litters, respectively per dose group/sex: 0 (M:
23/10; F:19/8), 3.3 (M:10/5; F:9/3), 33 (M:9/4; F:8/5), 330 (M:8/3;
F:10/3), 3,300 (M:9/4; F:10/4), 10,000 (M:10/4; F:11/5), 33,000
(M:10/5;F:9/5) and 100,000 (M: 6/3; F:10/3). DEHP containing
diet was discontinued at PND21 and offspring was further fed
with the control NIH-07 diet. During the final 9 weeks of the

study (starting at 46 weeks of age in males and at 48 weeks in
females), all F1 offspring was challenged with a NIH-07 based
HFD (D12451) containing 45 kcal% fat (lard) compared to
15 kcal% fat in the NIH-07 diet. Body weight was measured
weekly from 5 to 55-57 weeks of age. In some experiments
described below, a selection of control, middle (330 jukd) and/or
high (33,000 pkd) DEHP dose groups was made to allow
better allocation of resources and was based on evaluation of
body weight changes such as for glucose homeostasis study or
on the importance of observed parameter to middle or high
exposures.

In vivo Experiments in Adult F1 Mice

Feed consumption was measured weekly in all F1 offspring at 21-
23 weeks of age. Physical activity was measured in control and
33,000 pkd at 27-29 weeks of age. For this purpose, 10 animals
per sex and per group were transferred to polysulfone cages
mounted on Laboras platforms (Metris BV, Hoofddorp, The
Netherlands). After an acclimatization period of at least 6 h, time
spent in locomotion was continuously monitored for 36 h (males,
individually caged) and 60h (females, group caged) starting at
6.30 p.m. (begin dark phase) and expressed as kinetic energy
indices per cage per 15min as described in van Esterik et al.
(23). At 30 and 31 weeks of age, a glucose tolerance test (GTT)
with a 18-h fasting period and insulin tolerance test (ITT) were
performed in both control and 33,000 pkd males and females
offspring (24). Briefly, for the GTT a baseline glucose blood
sample (0 min) in tail vein was taken before D-glucose injection
i.p. at a concentration of 1.5 g/kg bw. At 15, 30, 60, and 120 min
after injection, glucose was measured with a FreeStyle Lite meter
(Abbott, Hoofddorp, The Netherlands). For ITT, glucose was
measured before (0 min) and 15, 30, 45, and 60 min after insulin
injection i.p. at a concentration of 0.75 IU/kg bw.

At 37-39 weeks of age, control and 33,000 pkd mice (n = 8-
10 per sex per group) were subjected to an object recognition
test (ORT) (24). Briefly, after habituation in the test cage, a
training session (T1) started in which animals were exposed to
two identical objects during 5min. After a retention time of
120 min, test session (T2) took place by which animals were
exposed to one familiar object and one novel object during 5 min.
During both sessions, the time spent exploring each object was
recorded with a stopwatch by the observer situated in front of the
cage at 1 meter distance.

At 40 weeks of age, control and 33,000 pkd mice (n = 8-10
per sex per group) were subjected to a sucrose preference test
as described previously (24). Briefly, animals were placed in a
cage with two bottles filled with tap water and habituated for
4 days. Afterwards, a 4-day-test session was started in which a
bottle filled with water and one with 1% w/v sucrose solution
were available. Bottles were daily weighed and sucrose preference
was calculated as percentage of sucrose water consumption out of
total liquid consumption.

Necropsy F1 Mice

At termination of the in vivo study, after being fasted for 18 h to
induce a general basal metabolic state, mice were sacrificed under
ketamine/xylazine anesthesia. Nose-anus length, right femur
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length, body weight and glucose levels were assessed at dissection
time. Liver, pancreas, spleen, brain, m. quadriceps femoris,
thymus, adrenals, femur, testis, perigonadal fat, interscapular fat,
and perirenal fat were weighed and fixed in formalin and/or
liquid nitrogen. Formalin-fixed organs were stored at 4°C (except
femur at room temperature), and after 24 h transferred to 70%
alcohol. Blood samples were collected at the time of dissection
by orbital puncture, treated with Pefabloc SC PLUS (Roche,
Mannheim, Germany) to neutralize proteases, allowed to clot
and centrifuged. Serum samples, snap-frozen organs and adipose
tissue were stored at —80°C until further analysis. All F1 animals
at this stage were fed a HFD so the measurements performed were
under HFD condition.

Ex vivo Experiments

Internal Dose Measurement in FO

To avoid incorrect conclusions on internal exposure to DEHP
due to contamination of samples with background levels of
DEHP or its primary metabolite mono (2-ethylhexyl) phthalate
(MEHP), secondary metabolites are preferred as biomarkers
of DEHP exposure (8). Serum samples of 200 pl from
dams on PND21 were analyzed for the presence of DEHP
secondary metabolites: mono(2-ethyl-5-carboxypentyl)phthalate
(MECPP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP),
and mono(2-ethyl-5-oxohexyl)phthalate (MEOHP) (9). Briefly,
the analytical method includes an enzymatic deconjugation step,
followed by solid phase extraction and quantitative analysis
using isotope dilution. The chemical analysis was performed
on an on-line trapping column in combination with liquid
chromatography with mass spectrometric detection. In doses
below 33 pkd, most metabolite concentrations were below
the limit of quantification (LOQ), and for those samples,
the equation LOQ//2 was used to generate values for mean
calculation (25).

Immune Assessments in F1

Single-cell splenocyte suspensions were prepared from adult
F1 mice controls, 330 and 33,000 pkd DEHP dose groups
after exposure to a HFD by using fresh spleen as described in
Tonk et al. (26). Splenocytes were plated 4 x 10° cells/well
in 24-well culture plates. Adherent splenocytes were stimulated
with 15 pg/ml lipopolysaccharide (LPS) (Sigma) for 24h and
the supernatants were used to measure nitric oxide (NO)
production using the Griess reaction, and tumor necrosis
factor (TNF)-a production and IL-6 levels using an ELISA kit
(eBioscience, San Diego, CA). Protein content was analyzed using
the bicinchoninic acid method (Pierce Biochemicals, Rockford,
IL) for cell number correction. Furthermore, splenocytes were
seeded in a 96- well plate at 4 x 10° cells/well and stimulated
with 5 jug/ml concanavalin A (conA) or 15 pg/ml LPS for 48 and
24 h, respectively. Supernatants were used for the determination
of interleukins: IL-1p, IL-2, IL-4, IL-10, IL-13 using a Milliplex
Map kit (Millipore, Billerica, MA, USA) and interferon (IFN)-y
levels using an ELISA kit (eBioscience) as a measure of activation
responsivity of these cells.

Serum Chemistry in F1

Serum total cholesterol (CHOL), triglycerides (TGs), free fatty
acids (FFAs), and high-density lipoproteins cholesterol (HDL-
C) were analyzed as described (23). Adiponectin, leptin,
ghrelin, insulin, glucagon, and C- reactive protein (CRP) were
measured in sera by Milliplex Map Kit (Millipore) according
to manufacturers’ instructions. Glycated hemoglobin (HbAlc)
was used as a marker for average glucose levels over the last 3
months (27), and assessed in full blood on a Beckman Coulter
LX20 Clinical Chemistry Analyzer using the Direct Enzymatic
HbA1lc Assay kit (Diazyme Europe GmbH, Dresden, Germany).
These measurements were performed after F1 animals switched
to HFD.

Uncoupled Protein 1 (Ucp7) Gene Expression
Analysis in F1

Gene expression of Ucpl was measured in the intrascapular
fat tissue of controls and 100,000 pkd animals under HFD
by qPCR as described previously (23). Ucpl is a marker of
energy expenditure through thermogenesis, and contributes to
regulation of body weight (28). In addition to Ucpl, expression
levels of Cidea were determined as a marker of brown adipose
tissue adipocytes (29) and were used to normalize the contents of
brown adipose tissue adipocytes in the tissue extracts. Relative
quantification was performed by the comparative CT method
(ddcCv).

Statistical Analyses

Data obtained from the whole range of doses tested, such as
body weight measurements, endocrine, and lipid profile, were
analyzed for statistically significant dose-response relationships
using the benchmark dose (BMD) approach (30) with PROAST
software (www.rivim.nl/proast), version 65.5. In this approach,
models from exponential and Hill families were fitted to data
covering the entire study population, and a BMD with its 5%
lower (BMDL) and upper bounds (BMDU) of the 90% confidence
interval was derived from the fitted models at a predefined
benchmark response (CES = critical effect size) of 5%. The
goodness of the fit was determined by Akaike information
criterion (AIC). AIC integrates log-likelihood and the number of
model parameters in one single value. The model with relatively
low AIC gives a good fit without using too many parameters (31).
The bootstrap method was used to calculate the 90% confidence
interval of BMD so that individuals from the same litter were
clustered to account for litter effects. Data which did not produce
a statistically significant dose-response with exponential and
Hill models as well as data with a wide confidence interval
(BMDU/BMDL ratio>100) were considered not suitable for a
valid BMD determination. Males and females were analyzed
separately.

Measurements that included only a selection of dose groups
such as neurobehavioral and immunological assessments
were analyzed by a nested (to account for litter size
covariance) ANOVA (using a custom R script), followed
by Bonferroni post-hoc analysis (p < 0.025) to account
for multiple testing (24). Males and females were analyzed
separately.
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RESULTS

Internal Exposure Assessment

Analysis of the serum concentrations of MECPP, MEHHP,
and MEOHP in dams following a 9-week dietary exposure to
DEHP confirmed the presence of DEHP metabolites in the
samples and, hence, internal exposure (Table1). A positive
correlation in serum concentrations of the secondary metabolites
in relation to the nominal external DEHP doses was observed
(R* = 0.93 for MECPP, R* = 0.99 for MEHHP, and R* = 0.99
for MEOHP, Figure S1). Concentrations of secondary metabolite
MEHHP and MEOHP in serum were in the same order of
magnitude while the concentration of MECPP was the lowest
(Table 1).

General Toxicity and Reproductive

Parameters

In dams, dietary exposure to DEHP had no effect on survival,
behavior or body weight (Figure S2) Feed consumption was not
affected by DEHP in the gestation weeks (3.9 & 0.5 g/day) and
in the lactation weeks (12.5 £ 5.5 g/day). Average reproduction
rate was 87% (67-100% per dose group). The average litter size
in the total of 45 litters was 7.0 (range 4-10), and litter sizes
were evenly distributed over doses (Figure S3). No difference
in the anogenital distance in F1 was observed (Figure S4). The
overall F/M sex ratio in the F1 generation was 1.2 and the overall
survival rate was 97%, with no effects of DEHP observed on these
parameters.

Energy Balance

A summary of dose-related effects on endpoints measured in
F1 offspring exposed to DEHP during development is given in
Table 2. No persistent changes in body weight were observed
in F1 animals in either sex at the end of the follow-up period
(55-57 weeks; Table 2, Figures 1A,B, Figure S5). In males, a
dose-dependent decrease in body weight was observed until 4
weeks of age, but no effects on body weight were found after
this period (Figures S6A,B). No effects on feed consumption
were observed with the exception of a decrease in males at 23
weeks of age (data not shown), which did not coincide with a

change in body weight. From 46 weeks of age until the end of the
study (55-57 weeks), all animals were challenged with a HFD.
No dose-dependent effects were observed in the body weight
response during this period (Table 2). No difference in physical
activity was observed between controls and 33,000 pkd exposed
group in both sexes (Figure S7). No significant difference was
observed in fat mass by individual analysis of perigonadal and
perirenal fat weights in both sexes. In addition, no difference in
Ucpl gene expression in intrascapular brown fat tissue between
controls and exposed group 100,000 pkd was observed (data not
shown).

In adult males, among all measured organs after necropsy,
only muscle weight (m.quadriceps femoris) showed a dose-
dependent decrease (Figure2A). This 8% decrease persisted
when expressed relative to body weight. However, a wide
confidence interval (BMDU/BMDL ratio = 130) was observed
and renders this parameter as not informative (Table 2). In adult
females, a 9% increase in femur weight and a 22% increase
in spleen weight were observed (Table 2). However, there was
no effect in femur weight when analyzed relative to body
weight, while the increase in spleen weight remained when
expressed relative to body weight (Figure 2B), with a BMDL of
8,350 pkd.

In adult male offspring, dose-dependent increases in
serum FFA and HDL-C (Figures 3A,B), but not TGs and
CHOL (Figure 3C) were observed with FFA levels at the
top dose 115% higher relative to background (Table 2).
Considering the effect size and the BMDL of 2,160 pkd,
the most critical parameter was the increase in FFA
(Table2). No effects on adiponectin, leptin, and ghrelin
serum levels were observed. In females, no effects on
serum lipids nor on endocrine parameters were observed
(Table 2).

Glucose homeostasis appeared not to be affected by
developmental DEHP exposure, as no difference between control
and the 33,000 pkd exposed group was found in the GTT and
ITT performed before start of HFD challenge. In addition, serum
insulin and glucagon levels were not affected by exposure to
DEHP when all dose groupswere analyzed. Fasting glucose levels
measured during necropsy were also not altered. However, in

TABLE 1 | Concentration of secondary metabolites MEOHP, MEHHP, and MECPP in serum of dams exposed via diet to DEHP.

DEHP dose N  MEOHP (ng/ml) LoQ <LOQ (%) MEHHP (ng/ml) LoQ <L0Q (%) MECPP (ng/ml) LoQ <L0Q (%)
group (ikd)

0 10 0.18 + 0.06 0.17-0.41 100% 0.15 £ 0.04 0.14-0.34 80% 0.06 + 0.03 0.04-0.10 40%
3.3 5 0.13 £ 0.01 0.18-0.22 100% 0.12 £ 0.02 0.15-0.18 20% 0.07 + 0.04 0.04-0.05 NA

33 5 0.19 £ 0.10 0.18-0.43 100% 0.22 + 0.06 0.15-0.35 60% 0.06 + 0.02 0.04-0.11 60%
330 4 0.48 £ 0.16 0.17-0.30 25% 0.67 + 0.40 0.13-0.25 25% 0.13 + 0.05 0.04-0.08 25%
3300 6 318 £ 1.75 0.5-0.54 17% 5+ 3 0.42-0.44 17% 1.05 £ 0.59 0.13 NA
10000 5 17 £3.16 0.3-0.53 NA 30.60 + 10.06 0.25-0.43 NA 5.98 + 2.38 0.08-0.13 NA
33000 6 27.92 £ 22.07 0.5-0.8 NA 54.04 £ 43.70 0.26-0.83 NA 8.05 £+ 7.62 0.08-0.25 NA
100000 4 85.43 + 56.03 1.7-1.9 NA 198.23 + 131.83 1.4-1.6 NA 16.67 £ 14.75 0.43-0.48 NA

N, number of samples; SD, standard deviation; LOQ, limit of quantification; <LOQ (%), percentage of the samples under the LOQ; NA, all samples above LOQ. Data shown as average+

SD.
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TABLE 2 | Overview of dose-response results in the offspring after in utero and lactational exposure to DEHP.

Males

Females

Dose BMDL BMDU
response wkd wkd

Max effect

Dose BMDL BMDU
response wkd wkd

Max effect

size (%) size (%)

Body weight (bw)

Week 46 (m)/48 (f) -

Week 55 (m), 57(f) -

Body size

Body length -

Femur length -

Femur length /ow -

Growth?

Bw week 46/5 (m), 48/5 (f) -

Bw 55/46 (m), 57/48 (f) -

Food consumption/bw

Organ weights

Adrenal glands -

Brain -

Femur -

Liver -

m.quadr.fem. N ni ni
Pancreas -

Spleen -

Testes -

Thymus -

Relative organ weights(/bwb) J ni ni
m.quadr.fem

pancreas

spleen

Fat pad weights

Interscapular -

Perigonadal -

Perirenal -

Metabolic parameters

Cholesterol

Free fatty acids 4 2160
High—-density lipoproteins 4 149
Triglycerides -
Glucose(HbA1c) I
Glucose -
C-reactive protein -
Leptin -
Ghrelin -
Adiponectin -
Insulin -
Glucagon -

60,600
27,400

17,400 96,600

kO 34,450 230,400 9

1 8,350 24,800 22

—11

K 19,760 135,900 17

115 -
19 -

~13 -

- significant increase, decrease dose-responses, or absence of effect. Effects were significant with exponential (E) and Hill (H) modeling. BMDL and BMDU (lower and upper bounds
of the 90%-confidence interval for BMD at a critical effect size of 5%); effects with a wide confidence interval of the BMD (ratio BMDU/BMDL > 100) are not considered informative (ni)
for risk assessment. A maximum effect size is derived from the c-parameter if present in the dose-response function, otherwise calculated as a relative difference between top dose
and control (background); reported value is an average of E and H maximum effect sizes. @Growth is determined by the ratio bw in week 46 (males) or week 48 (females) to bw in week
5 and for the period in which animals are fed a HFD by the ratio bw in week 55 (males) or week 57 (females) to bw in week 46/48. ® Relative weight data are provided when significant
dose-response in the parameter is observed.

males, HbAlc was decreased by 13% with a BMDL of 17,400 pkd
(Figure 4).

Neurobehavioral Assessment

We examined the preference for a sucrose solution in adult F1
mice after developmental exposure to 33,000 wkd DEHP. No
effect was observed compared to controls (data not shown).

In the ORT, total exploration time did not differ among
control and 33,000 pkd exposed F1 mice within the sessions.
During T2, exposed males showed a decrease in time exploring
the familiar object (T2fam; Table 3) when compared to controls,
which is reflected in a just significant (p = 0.0481) increase in
the ratio between exploration time of the foreign object and the
familiar object (ratio = T2for/T2fam), while in females the same
trend but non-significant (p = 0.0589) was observed (Figure 5).
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FIGURE 1 | Body weight at 57 weeks of age in female (A) and at 55 weeks of
age in male (B) offspring after developmental exposure to 3.3 to 100,000
DEHP pkd. Explanation of dose-response graphs is in Figure 2 legend.

Immunological Assessment

Serum levels of CRP were not affected in adult offspring
exposed to DEHP during development (Table 2). No significant
differences were observed in NO, IL-6 (Figures S8A,B) and
TNFoa production in adherent splenocytes after ex vivo
stimulation with LPS in both sexes after developmental exposure
to DEHP at 330 and 33,000 pkd. Concerning cytokine
production after ConA stimulation, post-hoc analysis showed a
non-significant decrease in IL-2 levels in F1 males toward the
33,000 pkd DEHP exposed group (p < 0.08, Figure 6A). In F1
females, a significant increase in IFNy (p < 0.01) was observed at

33,000 pkd DEHP exposed group (Figure 6B). No other cytokine
was affected by the exposure to DEHP during development as
shown in the examples for IL-2 in females and IFNy in males
(Figures 6C,D).

DISCUSSION

In this study we investigated the metabolism disrupting
properties of developmental exposure to DEHP in combination
with effects on neurobehavior and immunological functions.
We mimicked human dietary exposure to DEHP by including
low doses to our range of studied concentrations. We
observed alterations in lipid metabolism, glucometabolism, and
neurobehavior in adult C57BL/6JxFVB hybrid male mice, as well
as in immune function in adult female mice.

Initially, we measured the internal concentrations of DEHP
secondary metabolites MEOHP, MEHHP, and MECPP in serum
from dams. An increased concentration of all metabolites highly
correlated with the external dose, confirming internal exposure.
We show here that in the serum from DEHP exposed dams,
MEHHP, and MEOHP are present in the highest concentrations,
followed by MECPP. This is in line with previous studies
examining concentrations of DEHP metabolites in mouse urine
(32). Limited studies have measured DEHP in human serum
samples, in either cord blood (9) or adult plasma (33). Levels
of these three metabolites at our external DEHP exposure of
330 pkd were similar to background levels observed in human
cord blood [0.29-0.31 ng/ml; (9)]. In contrast to data in rodents,
likely due to inter-species metabolic capacity and pathways (32),
concentrations of MEOHP, MEHHP, and MECPP in humans are
similar in cord blood, whereas in adult blood, higher levels of
MECPP are found relative to the other secondary metabolites.
In a recent study, Quinnies et al. (34) reported serum levels of
MEOHP in dams exposed to 40 and 400 wkd DEHP. MEOHP
values of 0.54 ng/ml for the lowest dose and 1.6 & 0.4 ng/ml for
the highest dose were within the range of our exposures of 330
pkd and 3,300 pkd, respectively. They also report similar levels
of MEOHP for the dose of 400 jtkd in embryos, confirming that
secondary metabolites reach the offspring. The primary DEHP
metabolite MEHP is considered the active metabolite of DEHP,
but Engel et al. (35) reported that the secondary metabolites
are PPARa and/or PPARy agonists in vitro, indicating that also
the secondary metabolites may be involved in the molecular
mechanisms behind the DEHP effects. Although the metabolites
all have short half-lives ranging from 5 to 15h (8), exposure at
a developmental stage is likely to be implicated in the persistent
effects of DEHP as discussed below.

During the first 26 weeks of life, we mainly focused on
exploring changes in body weight and feed consumption in the
offspring. We observed transient increases in body weight in
females and transient decreases in body weight in males in a
few weeks, but taking the entire follow up period into account,
no clear impact on body weight was observed. In line with our
findings, recent studies report a lack of effects on body weight
after developmental exposure to DEHP (34, 36, 37). After 27
weeks of age, we continued with the body weight measurements,
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FIGURE 2 | Dose-dependent changes in organ weights after 9 weeks of developmental exposure to DEHP. (A) decrease in muscle weight (m.quadriceps femoris) in
55 weeks of age male offspring; (B) increase in spleen weight in 57 weeks of age female offspring. The function of the curve is shown on the top of the chart. In the
right corner version 65.5 of PROAST, parameters of significance of the fit [loglikelihood (loglik), AIC (Akaike information criterion) and variation (var)] together with the
function parameters (a = background response, b = potency of chemical, ¢ = maximum fold change in response compared to background response, and
d = steepness of curve) that shape the curve are shown. CES, critical effect size. CEDL/CEDU, critical effect dose lower and upper bound of the (2-sided) 90%-
confidence interval for the CED. Small triangles represent individuals and large triangles represent the geometric mean per dose.

performed alocomotion test and studied the glucose homeostasis
via glucose and insulin tolerance tests. With no further changes
in body weight nor fat mass, no alteration in physical activity and
normal glucose and insulin levels, we did not detect any changes
which could be an indication of metabolic disruption through
adipogenesis or endocrine pancreas function by developmental
exposure to DEHP. Our findings do not support the results of a
recent meta-analysis (14) which showed that early life exposure
to DEHP is significantly associated with increased fat weight, but
not body weight. It should be noted, however, that the authors
judged the quality of evidence for body weight and fat weight to
be low due to concerns regarding risk of bias and unexplained
inconsistency (i.e., substantial heterogeneity).

We performed a sweet preference test and an object
recognition test to check whether early exposure to DEHP could
promote changes in neurobehavior between 37 and 40 weeks
of life. Using these tests, we report that male offspring had
changes affecting their attention span, particularly toward the
familiar object. Although these changes were not accompanied

by an increased preference for a sweet beverage, it is an
indication of impaired neurobehavior in line with Barakat
et al. (17). Barakat reported elevated anxiety and impaired
memory function in male mice exposed early in life to DEHP
as signs of developmental defects in the neural system or
neurodegeneration caused by inflaimmation and/or oxidative
damage in the hippocampus. More research is needed to
investigate the mechanisms underlying such neurobehavioral
changes and the impact of those changes in the context of MetS.

To further study the effects of developmental exposure to
DEHP, we measured lipids levels in serum of 55-57 weeks of age
mice and report a dose-related increase in free fatty acids and
high density lipoprotein cholesterol in our male offspring. In lipid
metabolism, triglycerides stored in adipose tissue are hydrolyzed
to glycerol and free fatty acids. When lipolysis is stimulated, an
increase in free fatty acids is expected. As fatty acids are the
precursors of cholesterol, an increase in cholesterol may occur.
To cope with cholesterol increase, HDL may be mobilized to
transport cholesterol to the liver and facilitate removal (38). Gu
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FIGURE 3 | Dose-dependent increases in (A) Free fatty acids (FFA) and (B) High density lipoprotein (HDL-C) and no alteration in (C) Cholesterol in 55 weeks of age
male offspring after developmental exposure to DEHP. Explanation of dose-response graphs is in Figure 2 legend.

et al. (36) reported that after gestational exposure to 50 pkd
to DEHP via gavage, 9 weeks old male and females had an
increase in visceral fat weights associated with elevated levels of
triglycerides and total cholesterol. Hao et al. (11) also showed
that maternal exposure from gestational day 12 to PND 7 to
250 wkd DEHP via gavage results in elevated cholesterol and
triglycerides at 8 weeks of age while maternal exposure to 30,000

pwkd DEHP by gavage from 4 weeks prior to gestation to PND
28 resulted in a significant increase in serum cholesterol, but
not triglycerides, in offspring at 8 weeks of age (39). The studies
above report alteration in serum lipids under a normal diet. In
our experimental setting, we studied for the first time the effect
of developmental exposure to DEHP in combination with a HFD
challenge as calorie-rich diets are tightly linked to the pandemic
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FIGURE 4 | Dose-dependent decrease in glycated hemoglobin (HbA1c) in 55
weeks of age male after developmental exposure to DEHP. Explanation of
dose-response graphs is in Figure 2 legend.

TABLE 3 | Overview of exploration times and ratio during object recognition test

(ORT).
ORT Males Females

Control DEHP Control DEHP
Total T1 (s) 288+ 116 276+105 281+136 18884
T2for (s) 115+ 69 10.3 + 41 171 £12.2 111 +£9.2
T2fam (s) 7.8 +£34 4.4+ 33 184 £ 7.7 4.5+ 3.7
Total T2 (s) 19+£78 15 £ 6.3 31 +£ 191 16+ 122
ratio T2for/T2fam 1.7+1.3 3.5+ 248 1.3+ 05 3.5 +242

Total T1: total exploration time during training session in seconds (sec); T2for: exploration
time of foreign object during test session; T2fam: exploration time of familiar object during
test session. Total T2: total exploration time during test session. Data shown as average
+ SD. N (control males) = 10; N (DEHP males) = 10; N (control females) =10; N (DEHP
females) = 8. @significance compared to controls within the same sex (p = 0.0481, males;
p = 0.0589, females).

of metabolic disorders (37). We pinpoint here increases in 2
parameters out of 4 related to lipid metabolism studied (TG,
FFA, CHOL, HDL-C). Although these should be interpreted with
caution in view of limited effect sizes, our findings strengthen the
body of evidence that developmental exposure to DEHP disrupts
lipid metabolism.

Experimental studies indicate that DEHP targets lipid and
cholesterol metabolism. In vitro and in vivo studies suggest
that cholesterol transport into mitochondria needed for steroid
biosynthesis is inhibited by DEHP, leading to accumulation of
lipid droplets, while de novo synthesis of cholesterol is stimulated
by DEHP (40). Although our offspring was indirectly exposed
to DEHP via maternal diet, it is likely that direct effects of

ratio T2 for/T2 fam

FIGURE 5 | Effect of 33,000 DEHP pkd developmental exposure on the
exploration performance during the object recognition test. The index Ratio
T2for/T2fam is used and means the time exploring the foreign object (Tfor)
divided by the time exploring the familiar object (Tfam) during the test session
(T2). Columns represent average of the index calculated in males and females
(controls x DEHP exposed with n = 8-10 animals/sex) and error bars depict
standard deviation. Data was analyzed by a nested ANOVA, comparing
exposed to control animals within sexes. *p = < 0.05 (p = 0.0481, males;

p = 0.0589, females).

DEHP on somatic cells of the developing embryo/fetus may affect
proliferation, differentiation and organ development. Recent
data suggest that the adrenals are specific target organs of
developmental DEHP exposure that may play an important role
in the metabolic effects of DEHP, as global gene expression study
has revealed changes in lipid metabolism and PPAR pathways
affected in adult adrenal glands after in utero exposure in a rat
model (41). In addition, another developmental in vivo study in
mice related increased serum cholesterol levels in the offspring
to decreased hepatic clearance of cholesterol, as suggested by
decreased protein expression of cholesterol clearance-related
regulators (39). These reports point to adrenals and liver as target
organs and give insight into the long term effects of DEHP
exposure on lipid metabolism, but the mechanism is still not fully
understood. In the case of adrenals as a target organ of DEHP,
involvement of epigenetic regulation remains to be elucidated as
the differential DNA methylation identified did not affect directly
gene expression (42).

In addition to effects on lipid metabolism, our study indicated
that glucose homeostasis may be affected by developmental
DEHP exposure. Serum levels of glycated hemoglobin, a
marker of long term glucose levels, were decreased in adult
male offspring. In previous studies, it has been shown
that developmental exposure of rodents to DEHP alone or
in combination with a high-fat dietary challenge disrupts
glucose homeostasis in offspring (13, 43, 44). In these
studies, disruption of glucose homeostasis was accompanied
by effects on glucose and insulin tolerance. In our study,
we performed GTT and ITT in one treatment group only
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FIGURE 6 | Sex-specific effects of developmental exposure to DEHP on immunological parameters measured ex vivo in splenocytes culture after ConA stimulation.
No effect on IL-2 in males (A) and a significant effect on IFNy in females (* means p = 0.01) (B). No effects on IL-2 in females (C) nor on IFNy in males (D). Columns
represent average of concentrations measured in males and females (controls x DEHP exposed with n = 8-10 animals/sex) and error bars depict standard deviation.
Data was analyzed by a nested ANOVA followed by a post-hoc analysis (p < 0.025).

(33,000 pkd) and observed no effects. Non-monotonic dose-
response relationships have been reported for several EDCs,
making it difficult to predict effects at lower doses by using
higher doses (45). However, as all other endpoints measured
in this study to investigate glucose regulation at 55-57 weeks
of age (i.e., serum levels of fasting glucose, insulin and
glucagon levels and glycated hemoglobin) did not show non-
monotonic dose-responses, lower dose effects on GTT ad
ITT are not expected. Overall, as our finding of decreased
glycated hemoglobin is limited to alteration in one single
parameter and is in opposite direction of the effects mostly
associated with insulin resistance, it should be interpreted with
caution.

We also measured a range of immune parameters in the cell
population present in spleen after stimulation and observed sex-
specific effects on cytokines, but not on CRP, a marker of chronic
low grade systemic inflammation. Following developmental
exposure to 33,000 pkd, splenocytes isolated from adult females

produced an increase in IFNy after stimulation with Con
A, which is a T-cell response. Female offspring also showed
a dose-related decrease in spleen weight, with a BMDL of
9,189 pkd, suggesting that developmental exposure to DEHP
may affect immune functions in female offspring. Low grade
inflammation plays a role in the development of obesity and
metabolic disorders and in a recent report (19), elevated serum
levels of CRP and TNF-a in 300,000 wkd DEHP in utero exposed
offspring were detected. IFNy is a pro-inflammatory cytokine
and contributes to metabolic dysfunction by the repression of
the expression and activity of SIRT1, an energy sensor, resulting
in altered expression of genes involved in cellular metabolism
and energy expenditure (46). In addition, patients with type 2
diabetes show elevated IFNy circulating levels (46). However,
it cannot be excluded that an elevated IFNy represents a non-
adverse physiological response to DEHP in combination with
ConA exposure (47). In contrast to our findings, in another
study with younger animals with follow-up until 13 weeks
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of age, in utero exposure of CD female rats from GD 6-
12 by gavage to DEHP at doses of 37,500, 75,000, 150,000,
or 300,000 pkd DEHP showed no effects on immune organ
weights, antibody levels and ex vivo cytokine production (48).
Taken together, the evidence in animal studies on the effects of
developmental exposure to DEHP on the immune system in the
context of metabolic disorders is limited and more research is
needed.

The strength of our study is the wide range of doses
studied, from 3.3 to 100,000 wkd DEHP. The dose regime
applied also mimicked the relevant human exposure route,
i.e, through the diet, and included the important periods
of development encompassing both gestation and lactation.
The lower dose ranges applied approximated human external
exposure concentrations, which have been estimated to range
from 2.5 to 15.7 pkd for an average adult of 60 kg, and about 24
pkd for an infant in the first year of life (20). The highest dose
used is slightly above NOAEL levels, i.e., 91,000 pkd reported for
a two generation developmental toxicity study in CD-1 mice (21).
The results observed in our study are exclusively at the higher
external dose range and the most critical BMDL of 2,160 pkd for
FFA, if used to calculate a margin of safety (MOS), is >100 times
higher than an average human exposure (49), though it should be
noted that the internal serum concentrations of DEHP secondary
metabolites in dams at this BMDL approximated those reported
human cord blood (9). We did not observe developmental
toxicity in terms of anogenital distance in offspring or otherwise,
but we did observe a transient decrease in the body weight of
the dams during the first weeks of gestation. To rule out possible
toxic effects of the top dose (100,000 kd) tested, we excluded
this dose group from subsequent analyses of glucose homeostasis,
immune function, and neurobehavior. In addition, we had a year
follow-up, with parameters measured during the whole study
period, so we could investigate the development of adult disease
following the initial early exposure to DEHP.

We observed sex-specific effects of DEHP on lipid
metabolism, neurobehavior, and immune function, though
the mechanisms underlying these effects warrant further
study. The sex-specific anti-androgenic effects of DEHP on
male sexual development and reproduction are well known
(50, 51) and sexual dimorphic expression of genes controlling
hepatic lipid metabolism could play a role in the different
outcome between sexes as, in an obesity context, transcription
factors/nuclear receptors response to pollutants is sex-dependent
(52). There is also evidence that sex influences innate and
adaptive immune responses. Sex chromosome genes and sex
hormones, including estrogens, progesterone, and androgens,
contribute to the differential regulation of immune responses
between the sexes (53). For instance, half of the activated genes
in female T cells have estrogen response elements (ERE) in
their promoters, suggesting that sex steroids may directly cause
dimorphic immune responses (54). Therefore, it is expected that
environmental factors such as DEHP exposure may alter the
development and function of the immune system differently in
males and females.

Our research suggests that developmental exposure to DEHP
is a long term dyslipidemic factor, due to the observed changes
in total cholesterol, FFA and HDL-C reported at adulthood.
Dyslipidemia is a leading cardiovascular risk factor characterized
by high circulating triglycerides, total cholesterol and LDL-C and
low HDL-G; it affects 20% of children and adolescents in the U.S.
(55) and is associated with future cardiovascular and metabolic
disease risk (56). Therefore, developmental exposure to DEHP
should be further investigated to understand potential risks to
human health. Our most critical parameter was the circulating
FFA levels. Although an increase in FFA cannot be claimed as
adverse, it is suggested that FFA can mediate adverse metabolic
effects such as insulin resistance (57). Developmental exposure
to DEHP may either directly activate fatty acid catabolism (58)
or indirectly via changes in expression of genes related to beta-
oxidation (58), leading to increased levels of FFA at adulthood
observed here. FFA are also important signaling molecules and
an increase may affect brain and endocrine pancreas functions
(15). Therefore, the neurobehavior and lipid metabolism effects
detected in our study could be linked with one another by the
circulating FFA.

In conclusion, developmental exposure to DEHP in utero and
during lactation resulted in modest metabolic changes in lipids
and glucose in combination with a neurobehavioral change in
the area of attention span in adult C57BL/6JxFVB male mice at
55 weeks of age. The most critical and sensitive alteration was on
FFA in serum which warrants further investigation on adversity.
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Nanotechnology has enabled the development of innovative technologies and products
for several industrial sectors. Their unique physicochemical and size-dependent
properties make the engineered nanomaterials (ENMs) superior for devising solutions
for various research and development sectors, which are otherwise unachievable
by their bulk forms. However, the remarkable advantages mediated by ENMs and
their applications have also raised concerns regarding their possible toxicological
impacts on human health. The actual issue stems from the absence of systematic
data on ENM exposure-mediated health hazards. In this direction, a comprehensive
exploration on the health-related consequences, especially with respect to endocrine
disruption-related metabolic disorders, is largely lacking. The reasons for the rapid
increase in diabetes and obesity in the modern world remain largely unclear, and
epidemiological studies indicate that the increased presence of endocrine disrupting
chemicals (EDCs) in the environment may influence the incidence of metabolic
diseases. Functional similarities, such as mimicking natural hormonal actions, have
been observed between the endocrine-disrupting chemicals (EDCs) and ENMs,
which supports the view that different types of NMs may be capable of altering
the physiological activity of the endocrine system. Disruption of the endocrine
system leads to hormonal imbalance, which may influence the development and
pathogenesis of metabolic disorders, particularly type 2 diabetes mellitus (T2DM).
Evidence from many in vitro, in vivo and epidemiological studies, suggests that
ENMs generally exert deleterious effects on the molecular/hormonal pathways and the
organ systems involved in the pathogenesis of T2DM. However, the available data
from several such studies are not congruent, especially because of discrepancies
in study design, and therefore need to be carefully examined before drawing
meaningful inferences. In this review, we discuss the outcomes of ENM exposure in
correlation with the development of T2DM. In particular, the review focuses on the
following sub-topics: (1) an overview of the sources of human exposure to NMs, (2)
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systems involved in the uptake of ENMs into human body, (3) endocrine disrupting
engineered nanomaterials (EDENMs) and mechanisms underlying the pathogenesis of
T2DM, (4) evidence of the role of EDENMs in the pathogenesis of T2DM from in vitro,
in vivo and epidemiological studies, and (5) conclusions and perspectives.

Keywords: engineered nanomaterial (ENM), type 2 diabetes mellitus (T2DM), endocrine disruptor, insulin
resistance, reduced insulin sensitivity, oxidative stress, in vitro and in vivo studies, epidemiological evidences

BACKGROUND

Materials acquire unique characteristics when the size of the
particle is reduced to nanoscale. Nanomaterials (NMs) are a
universal set of nanoscale materials having at least one of
the dimensions in the nano-range. With having at least one
dimension in nanoscale as a common feature, nanoparticles,
nanowires, nanosheets, nanotubes, and nanoplates can be stated
as the key subsets of NMs (1). The various properties of
a nanomaterial (NM), including its melting point, electrical
conductivity, magnetic permeability, chemical reactivity and
fluorescence, are determined by the particle size (2). Size-
reduction of a material to nanoscale enhances its functional
aspects and associated technological benefits. Therefore, the use
of engineered nanomaterials (ENMs) in the development of
advanced technologies for medicine, engineering and natural
sciences has significantly increased since the start of the twenty-
first century (3). ENMs are being incorporated into our everyday
routine as a part of clothing, food, cosmetics, medicines,

Abbreviations: AgNPs, Silver Nanoparticles; Ahr, Aryl Hydrocarbon Receptor;
AKT, Alpha Serine/Threonine Kinase; ALS, Alloxan Sensitive; AMPK, AMP
Activated Protein Kinase; AR, Androgenic Receptor; AuNPs, Gold Nanoparticles;
B7/CD28, Immunoglobulin Superfamily Members; BrdU, Bromodeoxyuridine;
CARDIA, Coronary Artery Risk Development In Young Adults; CdTe Qds,
Cadmium Telluride Quantum Dots; CeO,-NPs, Cerium Oxide Nanoparticles;
CHOP, CCAAT-Enhancer-Binding Protein Homologous Protein; Cpg-Odns,
Cpg Oligodeoxynucleotides; CrNano, Chromium Nanoparticles; CRP, C-Reactive
Protein; EDCs, Endocrine-Disrupting Chemicals; EDENM, Endocrine-Disrupting
ENM; ENM, Engineered Nanomaterial; ER, Estrogen Receptors; G6PDH,
Glucose-6-Phosphate Dehydrogenase; GI, Gastrointestinal tract; GK, Goto-
Kakizaki; GLUT, Glucose Transporter; GNPs, Gold Nanoparticles; GPR30,
G-Protein-Coupled Receptor For Estrogen; GPX, Glutathione Peroxidase; GR,
Glutathione Reductase; GSH, Glutathione; GSK, Glycogen Synthase Kinase;
H,0,, Hydrogen Peroxide; HIP, Human Amyloid Polypeptide; IFG, Impaired
Fasting Glucose; IFN, Interferon; IL, Interleukin; INS-GNPs, Insulin-Coated Gold
Nanoparticles; IONPs, Iron Oxide (Fe;O3) Nanoparticles; IPCS, International
Programme On Chemical Safety; IR, Insulin Receptor; IRE-1, Inositol-Requiring
Enzyme 1; IRS, Insulin Receptor Substrate; JNK, C-Jun N-Terminal Kinases;
LDL, Low Density Lipoproteins; MCP1, Monocyte Chemoattractant Protein
1; MDA, Malondialdehyde; MIMIC, Modular Immune in vitro Construct, An
Artificial System Imitating The Human Immune System; MSNs, Mesoporous Silica
Nanoparticles; Mtor, Mammalian Target of Rapamycin; NMs, Nanomaterials;
NPs, Nanoparticles; PEG-B-PLGA, Biodegradable Polyethylene Glycol And
Poly (Lactic-Co-Glycolic Acid) Copolymer; PI3K, Phosphatidylinositol 3-Kinase;
PPAR, Peroxisome Proliferator Activated Receptor; PR, Progesterone Receptor;
PTP, Phosphotyrosine Phosphotase; rHEGE, Recombinant Human Epidermal
Growth Factor; ROS, Reactive Oxygen Species; SD, Sprague-Dawley; SeNPs,
Selenium Nanoparticles; SNP, Single Nucleotide Polymorphisms; SOD, Superoxide
Dismutase; T2DM, Type 2 Diabetes Mellitus; TiO,-NPs, Titanium Oxide
Nanoparticles; TNF-a, Tumor Necrosis Factor —A; UFPs, Ultrafine Particles;
WHO, World Health Organization; ZON, Zinc Oxide Nanoparticles; p-Cells, Beta
Cells.

electronic goods, etc. However, in parallel to the technological
advancements, the biosafety issues related to ENMs have also
become a matter of apprehension. Whereas, for applications in
medicine, ENMs are optimized to enhance their cellular uptake
and/or targeting to the desired tissue, an inadvertent exposure
to workers may raise health concerns (4, 5). Multiple studies
have suggested that unlike their bulk counterparts, the ENMs
are highly toxic and may lead to serious human and ecological
health risks (6-8). The toxic outcomes of ENM exposure are
largely accredited to their small size and increased chemical
reactivity, which enhances their permeability to the target tissues
which are otherwise not penetrated by larger but chemically
identical materials (9). Noticeably, evidence from several research
studies indicates functional similarities between the endocrine-
disrupting chemicals (EDCs) and ENMs, which supports the
view that different types of NMs may be capable of altering the
physiological activity of the endocrine system (10-14).

The WHO (World Health Organization) International
Programme on Chemical Safety (IPCS) conducts research to
understand the basis for the management of chemicals and
related risks. According to the IPCS, “a potential endocrine
disruptor is an exogenous substance or a mixture, possessing
properties that can lead to endocrine disruption in an intact
organism, or its progeny, or (sub) populations” (15). Further
to add, the EDCs are elements present in our environment,
food, and several consumer products that can interfere with
synthesis, secretion, transport, metabolism, binding actions and
elimination, and mimic the natural hormones. Consequently, this
may lead to a deviation from the normal physiological function
of the endocrine system to endocrine disruption. The EDCs and
endocrine disrupting ENMs (EDENMs) are prevalent in various
consumer goods such as agricultural chemicals, notably fertilizers
and pesticides (16, 17), therapeutics (18), cosmetics (19, 20),
and paints (19). There is accumulating evidence suggesting an
increased presence of EDCs and ENMs in the environment,
which putatively affects the functioning of the endocrine system,
metabolic system and reproductive system (Figure 1). Hence,
though the ENMs promise remarkable benefits, their successful
application requires investigation of their impact on human
health.

Both EDCs and NMs are regularly investigated for adverse
impacts on health. Studies conducted to evaluate the effects of
EDCs on health have generally reported deleterious outcomes
like altered reproductive function in males and females (21—
25), increased incidence of breast cancer (26-30), abnormal
growth patterns (31-33), neurodevelopmental delays in
children (34-36), and changes in immune functions (37-39).
Similarly, exposure to NMs is found to be associated with
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FIGURE 1 | A schematic describing different types of endocrine disruptors and the associated endocrine disorders.

several adverse outcomes such as impaired immune response,
inflammation, fibrosis, emphysema, and tumor formation
(40-45).

Additionally, EDCs have been reviewed to act as causative
agents of metabolic disorders like type 2 diabetes mellitus
(T2DM) (46, 47). The prevalence of T2DM has seen a
tremendous global upsurge during the last few decades. A report
from the International Diabetes Federation (IDF) estimated
~425 million adults (aged between 20 and 79 years) all over the
world were living with diabetes in 2017 and predicted that by
2045 this will rise to 629 million. A large number of investigations
to define the genetic and environmental bases of T2DM has
been done to date but the definite reasons for a rapid increase
in diabetes and obesity in the modern world largely remain
unclear. Research in the arena increasingly indicates a major
role played by environmental chemicals in diabetes and obesity,
advocating that the environmental led metabolism disruption
could form the “paradox of progress” (48). At present, only a
few studies have examined the role of ENMs in the pathogenesis
of T2DM. Chevalier and Fénichel reviewed both in vivo and
in vitro experimental data along with epidemiological evidence
to support an association of EDC exposure to the induction of
insulin resistance and/or disruption of pancreatic f-cell function
that leads to glucose homoeostasis related metabolic disorders
(49). The evidence of ENM mediated alterations in glucose
metabolism, insulin resistance and sensitivity, and homeostasis
pathways are mostly indirect. The influence of EDENMs on the
candidate genes of T2DM and their further impact on various
molecular pathways are scarcely defined at present. Herein,

we reviewed the recent literature that presented the effects of
ENMs on molecular pathways involved in the development of
T2DM. We also identified the knowledge gaps and challenges
in the research area, which may provide directions for future

research.

AN OVERVIEW OF THE SOURCES OF
HUMAN EXPOSURE TO NANOMATERIALS
(NMs)

The probability of exposure to NMs in humans (50, 51)
increases not only during production and application of ENMs,
but also due to their emergence through several natural
processes.

Natural Sources of NMs

We generally correlate exposure to NMs with human activities
like the automobile industry, building construction and charcoal
burning. However, 90% of the nano-particulate matter present
in the environment is produced through natural phenomena
such as dust storms, forest fires and volcanic eruptions, which
significantly pollute natural resources, and affect human health.
Dust storms are the main source of environmental NMs which
can lead to respiratory issues, especially in subjects suffering
from asthma and emphysema. Furthermore, dust rich in metal
particles can lead to the generation of reactive oxygen species
(ROS) (52), which may lead to an inflammatory response and
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influence pathogenesis of life style disorders such as T2DM and
heart disorders.

Anthropogenic Sources of NMs

ENMs comprise the main category of anthropogenic release
of NMs in the environment. These are produced and released
into the environment by either intentional or unintentional
human activities. The unintentional release of NMs occurs from
the burning of natural fuels, wood, and wax (53-56). The
intentional release occurs through the discharge of ENMs to
rivers, landfills, soils and wastewater-treatment plants as well
as from engineered products with embedded NMs. Intentional
activities include the commercial synthesis of NMs, combustion
of fossil fuel, manufacturing of NM embedded products, etc. Such
products have found applications in biomedical, pharmaceutical,
and agricultural domains. ENMs are rapidly being used in
pharmaceuticals as carriers (57, 58) and as nano-formulations
of drugs (59-61) and for electro-analysis of pharmaceuticals
(62, 63). ENMs also find diverse applications in agriculture (64)
to increase the productivity by providing nano-scaled solutions
primarily as pesticides (65), fertilizers (65), and biosensors (66).
A fraction of these ENMs may also make their way into soil
and water ecosystems, and therefore into drinking water and
food products (67-69). Such observations have raised concerns
regarding the presence of ENMs in consumer products and
plausible association with human health and environmental
degradation.

SYSTEMS INVOLVED IN UPTAKE OF ENMs
INTO THE HUMAN BODY

Both natural and anthropogenic NMs enter the human
body primarily through the respiratory system, skin and
gastrointestinal (GI) tract, with further translocation to different
tissues and organs as depicted in Figure 2 (71, 72). Considering
the plethora of anthropogenic NMs, many ENMs may not be
effectively removed and therefore can accumulate in different
organ-systems over a period. Various cell types by which the
ENMs are internalized include macrophages (73-75) endothelial
cells (76), pulmonary epithelial cells (77-79), the gastrointestinal
epithelium (80), blood cells (81), and neurons (82). Depending on
their cellular concentration, the nanoscale particulate matter can
mediate mutagenesis, damage to cell organelles, and eventually
cell death.

Respiratory System

The ENMs most prominently reach the body by inhalation
and deposit throughout the entire respiratory tract (41, 70, 83).
The soluble kinds of ENMs such as branched polyethylenimine
and arginylglycylaspartic acid (RGD) based hydrophilic ENMs
can be dissolved in the aqueous fluid lining the epithelium
and can escape into the circulatory and lymphatic systems.
However, the insoluble ENMs like nano-formulations of Au,
Ag, Ti, Si, carbon etc, may accumulate in the lungs upon
continued exposure, resulting in injury to the lung tissue (84).
Recent research has demonstrated that inhalation of ENMs can
deregulate the immune system and diminish the ability to fight

infections (85). Also, as depicted in Figure 2, ENM exposure
through the respiratory tract has been found to be associated with
respiratory disorders, namely asthma (86), bronchitis (87, 88),
and emphysema (89, 90); neuro-degenerative disorders, namely
Alzheimer’s (91), and Parkinson’s (92, 93); and heart diseases
(84).

Skin

The extent of the uptake of ENMs by human skin is still
debatable. The outer layer (stratum corneum) of the skin consists
of a layer of dead cells and is generally impervious to materials
having a pore diameter greater than micron size (94). However,
many research studies show that NPs can penetrate the stratum
corneum (95-97), especially when the skin is flexed. Dermal
exposure of ENM has been reported to be associated with
dermatitis (eczema) (98-100).

Gastrointestinal System

ENMs present in food and cosmetics may enter the human body
through ingestion by the gastrointestinal (GI) system. Nano-
enabled applications, especially those for the food industry,
dental care products and cosmetics, may lead to ENM exposure
related toxicity (101-103) in humans. Major ENMs that are
reported to cause cytotoxicity when ingested include nano-forms
of gold, silver, and metal oxides of zinc, silica, and titanium
(104-108). As also depicted in Figure 2, exposures to these NMs
through the GI can lead to Crohn’s disease, Colon disease and
Gastroenteritis (109).

ENDOCRINE DISRUPTING ENGINEERED
NANOMATERIALS (EDENMS) AND
MECHANISMS UNDERLYING THE
PATHOGENESIS OF TYPE 2 DIABETES
MELLITUS (T2DM)

A global spike in the production of ENM has been observed in
the twenty-first century, which has enhanced the exposure rate
among workers and users. At present no occupational exposure
level (OEL) for ENM has been defined and the assessment
of exposure to ENM is challenging. Several research groups
through various experimental models have demonstrated that
ENM can elicit toxic responses that may be inferred from
abnormalities in various organ-systems (110-113). The extent of
toxicity conferred by ENM has been reported to depend upon
their physicochemical properties including size, shape, chemical
nature, and surface functionalization. The cytotoxic nature of
ENM could eventually lead to cell death in a dose-and time-
dependent manner (114). On the other hand, some other research
studies that conducted short-term experiments on cultured cells
and model organisms in order to evaluate the biocompatibility
of ENM (115) suggested a low level of cytotoxicity of ENM.
These studies advocated a huge potential for in vivo applications
of ENM in the form of therapeutic and diagnostic reagents,
although the effects related to a long-term exposure remain
an unexplored domain at present. The studies on the long-
term effects of ENM in vivo hold significant importance in
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FIGURE 2 | A concise overview of affected organs resulting in various pathological states due to the exposure to ENMs as described in the literature (42, 70). The
directly and indirectly affected systems are shown by solid and dashed lines respectively.

designing and development of next-generation materials, but the
mechanisms underlying ENM mediated toxicity in humans are
less understood (116), Particularly, whether ENM exposure leads
to endocrine-disruption and influences development of T2DM
among the exposed subjects remains a topic of investigation.

Contemporary in vitro, in vivo and epidemiological studies
link human EDC exposure with obesity, T2DM and metabolic
syndrome (47). Endocrine disruptors have a tendency to interact
with the cellular receptors either by mimicking the natural
hormones (Figure 3A) or by blocking the action of hormones
(Figure 3B) (117).

Some studies have revealed the harmful effects of ENMs on
endocrine functions, which suggests that ENMs may behave as
potential endocrine disruptors, EDENMs (118-121). It is well
acknowledged that endocrine disruption can often lead to the
onset of metabolic disorders such as T2DM (122). Therefore, it
is suggested that the ENM, which reportedly affects endocrine
function, may induce T2DM. The EDENMs can behave in a
similar fashion as the EDCs (13, 123, 124). The additional aspects
of EDENMs over the traditional EDCs are small size, increased
surface area and better uptake capability. Such properties of
EDENMs enhance their chances of uptake and bioavailability,
which further amplifies the deteriorating effect of the material on

metabolic homeostasis (125-129) when compared to the other
EDCs.

Working on similar ground as that of endocrine disruptors,
ENMs may alter the normal metabolic state by affecting glucose
homeostasis, leading to T2DM via the two chief mechanisms
(Figure 4)—(i) decreasing insulin sensitivity and (ii) impairment
of beta (B)-cells, resulting in a deleterious effect on insulin
production (130-132).

Reduced Insulin Sensitivity

Several factors lead to a reduction in cellular insulin sensitivity.
Using the available in vitro, in vivo and epidemiological data,
here we reviewed and illustrated the prominent mechanisms
leading to decreased insulin sensitivity. The major focus in
this review has been laid out—impairment of cellular insulin
action, interaction with hormonal receptors, inflammation, and
variations in homeostatic pathways. Each of these factors is
explained in the following sections with evidence to show the
deleterious effect of ENM on the pathogenesis of T2DM.

Impairment of Cellular Insulin Action
Cellular metabolic reactions are often mediated by insulin via its
action on the plasma membrane, intracellular enzymes and the

Frontiers in Endocrinology | www.frontiersin.org

92

November 2018 | Volume 9 | Article 704


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Priyam et al. Role of ENM in Type 2 Diabetes Mellitus

RESPONSE RESPONSE CELL

“ RECERIGR ‘ HERMALSBMONE g‘ e “ RECEPTOR ‘NORMALHORMONE @ EDC

FIGURE 3 | Effect of endocrine disrupting chemicals on receptor—hormone interaction. (A) Shows the blocking action of EDCs, where it binds to the receptor within
the cell and blocks the endogenous hormone from binding. The normal signaling is blocked and the associated organ system (liver and pancreas) fails to respond
properly. In (B), the mimicking action of EDCs is depicted. EDCs completely or partially mimic the naturally occurring hormones, thereby interfering with the obvious
physiological responses.
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FIGURE 4 | Effects of ENM on the gastrointestinal system, leading to the development of T2DM.

nucleus. The cellular metabolism is regulated by various proteins  and diacylglycerol). These components control the translocation
(e.g., protein kinase C), receptors (e.g., receptor tyrosine kinase)  and activation of glucose transporter proteins (primary effects
or expression of secondary messengers (e.g., cyclic AMP, calcium,  of insulin) (133). ENMs can influence the signaling mechanism
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by interfering with the normal actions of cellular messengers
(130, 134-137).

The effect of titanium oxide nanoparticles (TiO,-NPs) on
insulin resistance in liver-derived cells was evaluated in a
research study (138). Briefly, the dose-dependent action of
TiO2-NPs on Fao cells (rat hepatoma) was investigated. The
cells were exposed to various concentrations (10, 50, 100,
and 200 pg/mL) of TiO,-NPs. It was observed that treatment
with 50-200 g/mL of TiO,-NPs actuated insulin resistance
by two mechanisms—directly affecting the hepatic cells to
induce hepatic insulin resistance (Figure2) and indirectly
eliciting an inflammation response on macrophages (Figure 6)
and hence releasing inflammatory cytokines such as Tumor
Necrosis Factor —-a (TNF-a) and Interleukins—1a/p (IL-1a/B).
Administration of conditioned media form TiO,-NP-treated
macrophages confirmed the activation of TNF-a, IL-6, IL-8, IL-
la, and IL-1P. These inflammatory cytokines caused insulin
resistance in Fao cells. In addition, it was observed that direct
exposure of TiO,-NPs to hepatic cells triggered the activation of
stress kinases—c-Jun N-terminal Kinases (JNK) and p38, which
attenuated the phosphorylation of Insulin Receptor Substrate
(IRS) —1/2, and Glycogen Synthase Kinase (GSK) 3, and led to
abnormal insulin signaling (Figure 5).

An 8-week study was conducted to evaluate the effects of
chromium nanoparticles (CrNano) on the hormone and immune
responses of rats under heat stress conditions (118). Four groups
(with 20 individuals per group) of Sprague-Dawley (SD) rats
were randomly assigned to different dietary treatments. The
first group was offered a basal diet as a control. The second,
third, and fourth groups received a basal diet supplemented with
150, 300, and 450 pg/kg of CrNano, respectively. The treatment
groups were then studied for various parameters governing
overall metabolism. Measurement of sera concentrations of
hormones and immunoglobulins with respect to the control
group showed a decreased concentration of insulin and an
increased concentration of insulin-like growth factor I and
immunoglobulin G in the serum.

The same research group conducted another 6-week study to
evaluate the effects of seven different levels of dietary CrNano (0,
75, 150, 300, 450, 600, and 1200 ppb Cr) in SD rats (139). Seven
groups with 10 individuals per group of SD rats were randomly
assigned to different dietary treatments. The results indicated that
an addition of 300 and 450 ppb CrNano significantly decreased
(p < 0.05) the serum insulin level. It was observed that the Cr
contents in the liver and kidney were significantly increased (p
< 0.05) by incremental dosage of CrNano from 150 to 1,200 ppb.
The probable mechanism of reduction in peripheral insulin levels
was ascribed to the activity of chromium in promoting hormone
internalization into cells by increasing the membrane fluidity
as explained by Evans and Bowman (140). This possibly led to
altered insulin actions including binding of insulin to insulin
receptors and the undesired interaction of insulin with various
tissues such as adipose tissues and muscle tissues.

Interaction With Estrogenic Receptors
Estrogen receptors (ERs) expressed in adipose tissue, skeletal
muscle, liver and pancreatic cells interact with estrogens and

regulate metabolism. ER-a and ER-B play an important role
in the regulation of glucose homeostasis by modulation of
insulin sensitivity (141) and pancreatic insulin secretion (142).
Additionally, in order to alter insulin secretion, the estrogen
receptors facilitate the action of estrogen via G-protein coupled
membrane receptors (137). The available reports suggest an
antagonistic action of EDENMs toward the estrogenic receptors
(127,143, 144), which may lead to a decrease in insulin sensitivity
and thereby alter glucose homeostasis.

The role of EDENMs in influencing estrogenic activity
was demonstrated in a study where time-dependent (1, 3,
or 5h) treatment with 10nm gold NPs to ovarian granulosa
cells resulted in increased levels of estrogen (127). ERs have
pathway modulation action via genomic and non-genomic
approaches. While the genomic activity involves action of
classical nuclear receptors to directly modulate the genes vital
to homeostasis, the non-genomic route follows the use of
kinases that activate signaling pathways resulting in the activation
of ER pathway modulators. The increase in estrogen levels
was suggested as indicative of the modulation of processes
undergoing nuclear translocation, which might manipulate the
normal gene expression for normal insulin signaling.

More evidence to support the endocrine-disrupting action of
NMs was generated through illustrating the action of Cadmium
Telluride Quantum Dots (CdTe QDs) (143). A dose-dependent
study was carried out in uterine cells from female mice.
The endocrine disrupting results were confirmed by a BrdU
(BromodeoxyUridine) cell proliferation assay and a human ER
1 reporter assay for an assessment of ER activation.

Inflammation as the Cause of Insulin Resistance

In line with the ongoing research on the effect of ENMs on
the immune system, research observations have established that
the secretion of inflammatory cytokines by various cell types
(Figure 6) has an impact on insulin resistance (126, 128, 145-
147). With their local and global action on different tissues,
inflammatory cytokines have contributed to the development
of insulin resistance and T2DM (146). The immune system
recognizes ENMs as antigens and thus elicits an acute response.
Under such circumstances, the adipose tissue upregulates the
production of cytokines, which consequently leads to abrupt
molecular signaling and the development of T2DM (148).
Additionally, a substantial role of various ENMs in causing
inflammation mediated toxicity has been previously reported
(138, 149, 150).

Evidence from in silico experiments has provided insights into
the putative mechanistic underlying the toxic response of carbon-
based ENMs that causes T2DM. The effects of introducing C60
fullerenes and carbon nanotubes in a living system were modeled
in a computational analysis (151). Results demonstrated that
carbon NMs could be recognized as pathogens by the Toll-
like receptors that may elicit innate immune response. Such
a theory was well supported by expression of inflammatory
secretory proteins like interleukin IL-8 and chemokine monocyte
chemoattractant protein (MCP1). In another study, direct
exposure of ENMs, including nano-diamonds and nano-
platinum liquid, to human dendritic cells resulted in an enhanced

Frontiers in Endocrinology | www.frontiersin.org

94

November 2018 | Volume 9 | Article 704


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Priyam et al.

Role of ENM in Type 2 Diabetes Mellitus

e

Endoplasmic
Reticulum
Stress

AKT —> GSK3p

B - cell death

T2DM

T —— Nuclear hormone
enetic a.n e?lgene e . receptors—ER, AR,
modifications ) PR, AhR Endocrine
system
disorders
: Lsindingto membrane e.8. GPR30
receptors
‘ [ Oxidative stress J Insulin
— © 7| Resistance
IRE-1—7 INK —> Serine- IRS 1

FIGURE 5 | Molecular pathways influenced by EDENM, leading to the development of T2DM. (EDENM, endocrine disrupting engineered nanomaterials; T2 DM, Type
2 Diabetes Mellitus; ER, estrogenic receptor; AR, androgenic receptor; PR, progesterone receptor; AhR, aryl hydrocarbon receptor; GPR30, G-protein-coupled
receptor for estrogen; IRE-1, inositol-requiring enzyme 1; AKT, alpha serine/threonine kinase; CHOP, CCAAT-enhancer-binding protein homologous protein; JNK,
c-Jun N-terminal kinase; GSK 3B, Glycogen synthase kinase 3 beta; IRS-1, Insulin receptor substrate 1). (The green solid arrows show the direct effect of EDENM.
The green dashed arrow shows one of the major consequent events later resulting in T2DM, as further described by the blue solid arrows. Black solid arrows point
toward the involvement of various receptors resulting in endocrine system disorders. Purple solid arrows infer the T2DM occurrence via various pathways).

expression of IL-1f, IL-6, and TNF-a. These cytokines are known
mediators for an inflammatory response (152).

Metallic ENMs were also studied to assess any associated
immune response by exploring a variety of mechanisms.
Many research groups have conducted various experiments
to understand the mechanistic for the inflammatory action
of gold nanoparticles (GNPs) (125-127, 153). In one study,
two different sized GNPs, 10 and 50nm, were chosen to
look for the enhancement of gene expression for cytokines
IL-1B8, IL-6, and TNF-a by exposure to rat liver (146).
The study also included experiments to understand the
possibility of oxidative stress mediated damage to hepatic cells.
The observations confirmed the generation of ROS in the
presence of GNPs. These results clearly suggest that both the
inflammation and oxidative stress related molecular pathways
induced by ENMs play a significant role in the etiology of
T2DM.

Another group investigated the combined effect of ZnO
nanoparticle-mediated oxidative stress and immunogenic
responses on immune cells. Immune cells, lymphocytes
(activated memory and naive) and monocytes, were assayed for
the expression of (Interferon) IFN- y, TNEF- «, and IL-12 upon
treatment with ZnO nanoparticles of varying sizes (4, 8, 13 and

20nm). It was observed that activated memory lymphocytes
were the most robust against ZnO exposure, followed by naive
lymphocytes. Monocytes were the most susceptible of the three
choices. The effect on immune cells was size-dependent, with
the smallest ZnO particles contributing most to the generation
of ROS and toxicity (154). Such findings are in line with the
previously discussed roles of inflammation and oxidative stress
in the etiology of T2DM.

Evidence to support the involvement of metallic ENMs in
eliciting immune response was put forward by creating a novel
platform, MIMIC (Modular Immune in vitro Construct, an
artificial system imitating the human immune system). This
provides a digitalized platform where the response of the immune
system to an antigen can be modeled computationally. Also,
it is more flexible and faster as compared to traditional cell
or animal models. The study was modeled in a predictive
immunological construct for assessment of the effect of nano-
TiO; on the increase in the expression of IL-1f, IL-6, and TNF-
a. The results demonstrated an enhancement in the secretion
of pro-inflammatory cytokines on TiO, exposure. Additionally,
the expression of co-stimulatory B7/CD28 on dendritic cells was
observed, which suggested a putative action of T-cells against
TiO; nanoparticles (145).
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FIGURE 6 | Effect of EDENM on various immune cells resulting in enhancement of expression of various pro-inflammatory cytokines (Interleukins, IL-18, IL-6; TNF-a,
Tumor Necrosis Factor-a), immunoglobulin superfamily members—B7/CD28 and chemokines (MCP-1, Monocyte chemoattractant protein-1).

The available clinical-epidemiological research studies have
clearly illustrated the involvement of abrupt immune action and
ROS in the occurrence of T2DM. This evidence points toward
a predictable association of EDENM-dependent disruption of
immune activities and ROS generation that consequently leads
to T2DM (155, 156).

Much evidence can be found in literature that establishes
a link between the involvement of the immune system and
diabetes bridged via inflammation. As substantial evidence, an
epidemiological study was conducted to correlate inflammation
(as monitored by variations in CRP level) and the development of
diabetes (155). Another study evaluated the association between
the release of inflammatory cytokines and blood glucose levels.
A many-fold increase in cytokine concentration occurred during
the low-grade systemic inflammation (157). It was suggested
that the accelerated concentrations of interleukins and TNF-
o may enable the migration of pro-inflammatory cytokines
toward the insulin-signaling pathway. This may interfere with
insulin signaling through phosphorylation of serine residues in
insulin-receptor- substrate 1 (IRS 1) (158). Insulin-signaling may
be blocked and insulin receptor (IR) stays dormant (159). In
another epidemiological research, a diabetic Mexican-American
population was studied for the effect of inflammation on the
occurrence and prevalence of diabetes by testing for cytokines
(IL-6, TNF-a, IL-1B, IL-8) and adipokine (adiponectin, resistin

and leptin) levels in blood plasma. Increased plasma levels of
these chemokines were found to be associated with increased
blood glucose levels and T2DM (160). Several genetic association
studies have suggested a role of polymorphism in the cytokine
genes TNF-a and IL-6 in the development of diabetes and its
associated comorbidities, retinopathy (161) and nephropathy
(162, 163). Researchers have conducted a meta-analysis to
probe into associations between —308 G>A (rs1800629) single
nucleotide polymorphisms (SNP) in the TNF-« gene and T2DM
(156). Another study reported significant association of genetic
polymorphism in TNF-¢, with an increased risk of T2DM in the
Han Chinese population (138).

It is evident from the discussion that EDENMs may
influence the onset of T2DM by triggering inflammatory
pathways. Additionally, the formerly discussed arguments
with epidemiological evidence presents a direct link between
inflammation and T2DM. Such proof can be used to probe more
into inflammation-dependent pathogenesis of T2DM due the
exposure to ENMs.

Variations in Homeostatic Pathways

The homeostatic pathways involved in energy metabolism
influences the overall development of an organism (136).
In the case of metabolic disorders, the normal flow of
homeostatic pathway is affected and the regulation is breached
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(136, 164). The EDENMs intervene with the factors related
to insulin signaling. These factors include various kinases,
including phosphatidylinositol 3-kinase (PI3K), protein kinase
B, mammalian target of rapamycin (mTOR) and AMPK (AMP-
activated protein kinase) which that tightly regulate sugar,
lipid and amino acid homeostasis (164). This hampers the
transduction of insulin signaling and results in diminished
insulin action (165), which is followed by glucose metabolism
malfunctions and development of T2DM.

In vitro studies have elucidated the action of metallic ENMs on
homeostatic pathways. Findings from one study have established
that heavy-metal NPs can elicit hyperglycemia (166). In another
study, the influence of iron oxide (Fe;O3) NPs exposure on the
signaling mechanisms was studied in murine hepatocytes (50). In
this dose-dependent study, Fe;O3 NPs decreased the cell viability
via the PI3K/Akt pathway. The exposure also resulted in a
decrement of the intra-cellular antioxidant ability of hepatocytes.
The study emphasized the role of exposure to Fe;O3 NPs (250
g/ml) in oxidative stress and apoptosis in the hepatic cells (167).

in vivo experiments have been carried out to explore the
combined effect of ENM exposure and consequent abrupt
functioning of oxidative stress and the homeostatic pathway
on the endocrine system. Several in vivo studies have shown
that the uptake of NMs has induced production of ROS
(168). Physiological levels of ROS affected glucose metabolism
pathways and insulin sensitivity (169). Moderate but long-
standing oxidative stress has been found to be one of the major
contributors in the onset of insulin resistance, and consequently
T2DM (170). Oral introduction of TiO; (anatase) nanoparticles
to mice in a dose-dependent manner led to the accumulation of
titanium in the liver, spleen, small intestine, kidney, and pancreas.
Increased levels of titanium in these organs leads to insulin
resistance, which was associated with increased phosphorylation
of IRS1 (Ser307), JNKI1, and p38 Mitogen activated protein
kinase (MAPK), reduced phosphorylation of Akt (Ser473), and
increased serum levels of TNF-a and IL-6 in the liver. An
increase in the generation of ROS observed in the study also
suggests a role for ENM in the induction of oxidative stress
(171).

Impairment of § Cells and Influence on

Insulin Production
The low doses of endocrine disruptors can alter the functioning
of the pancreas by affecting the physiology of both insulin- and
glucagon-secretory cells, which can further disrupt the regulation
of glucose and lipid metabolism. As depicted in Figure 5, loss
in B-cell mass is predominantly governed by the pathways
involved in oxidative stress and endoplasmic reticulum stress. It
is reported that oxidative stress is accounted by the generation of
excess ROS and contributes to T2DM through f-cell death (172).
It has also been extensively reviewed that endoplasmic reticulum-
stress plays a prominent role in causing apoptosis in pancreatic
islets, resulting in B-cell death (173, 174).

A few metallic NMs have been shown to affect B-cells
indirectly via influencing the kinases involved in transcriptional
activation, followed by increased oxidative stress in the cells and

finally apoptosis. In a research study carried out in macrophages,
AuNPs of various sizes (4, 11, 19, 35, and 45nm) suppressed
NFkP and JNK pathway activation. The process was observed
due to de-methylation of CpG oligodeoxynucleotides (CpG-
ODNs) motifs, making them act as immuno-stimulants (150).
This effect was size dependent, with 4nm AuNPs being the
strongest suppressor. AuNPs potentially elicited an inflammatory
response and induced oxidative stress as reviewed previously
(128). Another study demonstrated the ROS generating capacity
of Iron oxide (Fe3O4) nanoparticles when H,O, was used as the
substrate (175). The hydroxyl free-radical generation reaction
was biochemically similar to catalase and peroxidase action. It
was inferred that the ROS may affect the pancreatic islet by
JNK and NFkf activation (176). Such observations supported
the role of oxidative stress mediated inflammatory responses
in B-cell damage, which may underlie the pathogenesis to
T2DM.

Besides the above-discussed principle mechanisms, several
unknown mechanisms underlying the development or
pathogenesis of T2DM due to exposure to endocrine disrupters
are also discussed in the available literature. The involvement
of ultrafine particulate matter (key element of pollution) in
the pathogenesis of T2DM is widely argued (52-56). Ultrafine
particulate matter constitutes the ultrafine particles (UFPs),
which are airborne particles with a thermodynamic/aerodynamic
size of <100 nm. Diesel engines as well as automobiles, along
with sand dust, fires, hot volcanic lava, and ocean spray along
with combustion activities such as the burning of biomass
or wood, generate and then release UFPs into the air. The
mechanisms underlying the development of T2DM due to
exposure to air pollutants have not been completely deciphered
to date, however, an epidemiological study has been done to see
the effect of ambient UFPs and nitrogen dioxide in a cohort of
Canadian-born residents (177). The results clearly indicated that
exposure to UFPs led to increased risk of incident hypertension
(hazard ratio = 1.03; 95% CI = 1.02, 1.04) and diabetes (hazard
ratio = 1.06; 95% CI = 1.05, 1.08).

CONCLUSIONS AND PERSPECTIVES

Evidence suggesting a role of EDENM exposure in the
pathogenesis of T2DM is gradually emerging, but a
comprehensive understanding of a wide range of nanomaterials
and their effect on candidate gene pathways and other causal
factors involved in T2DM remain to be completely deciphered.
The fact that ENM can disrupt the endocrine system, which may
eventually lead to T2DM, has gathered support from several
in vitro, in vivo, and epidemiological studies. Altered glucose
metabolism through various molecular mechanisms including
insulin resistance, decreased insulin sensitivity, induction of
oxidative stress pathways, and altered homeostasis have been
reported by numerous laboratory studies that examined the
effect of EDENM exposures. On the other hand, a few studies
also report a contrasting effect of the same EDENM on T2DM
related molecules. Many research groups have come up with a
safer application of ENMs by illustrating their ability to work as
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TABLE 1 | Different categories of ENM used in therapeutics against T2DM.

Type Application Study system References
NON-METALLIC ENM
PEG-b-PLGA-biodegradable Polyethylene glycol and Anti-inflammatory action Diet—induced type 2 diabetes mice (183)
Poly (lactic-co-glycolic acid) copolymer (PEG-b-PLGA)
Based cationic lipid-assisted nanoparticles (clans)
Chitosan Gene delivery for Glucagon like peptide 1 HT-29, HepG2, and Caco-2 cell lines (184)
(GLP-1), dipeptydil peptidase IV (DPP-IV
resistant GLP-1 analogs) and siRNA targeting
against DPP-IV
Insulin-loaded nano-carriers Transdermal delivery of insulin Streptozotocin-diabetic male Wistar (185)
rats
Alginic acid nanoparticles containing insulin Sublingual delivery of insulin Streptozotocin-induced diabetic male (186)
Wistar rats
Insulin-containing Insulin—delivery Sprague Dawley rats (187)
Polyethylene imine-based nanoparticles
PLGA as the carrier to prepare recombinant human Diabetic wound healing Diabetic rats (188)
epidermal growth factor (thEGF) nanoparticles
Insulin encapsulated in polyalkylcyanoacrylate Hypoglycemia effect Diabetic rats (189)
nanocapsules
Nanoparticles from dextran, poly (a-1,6 glucose), Controlled delivery of insulin In vitro studies (190)
physically cross-linked with the tetra functional
glucose-binding protein, Con A
Injectable insulin nano-particles Insulin delivery Subcutaneous administration in (191)
diabetic mice
BIOSYNTHESIZED ENM
Eysenhardtia polystachya-loaded silver nanoparticles Antidiabetic activity Pancreatic B cells, INS-1 cells, and (180)
(EP/AgNPs) Danio rerio
Gold nanoparticles (AuNPs) synthesized using Gymnema  Antidiabetic activity Wistar albino rats (182)
sylvestre R. Br Plant extract
Gold nanoparticles (AUNPs) synthesized using Cassia Increasing plasma insulin activity Alloxan induced albino rats (181)
auriculata plant extract
METALLIC ENM
Insulin-coated gold nanoparticles (INS-GNPs) For controlled and prolonged glucose Intravenous and subcutaneous (192)
regulation was reported administration to diabetic mouse
model
Gold NPs and aspartic acid-capped gold nanoparticles Insulin delivery Diabetic Wistar rats (193)
Gold nanoparticles and Dextran—insulin conjugates Insulin delivery Mouse 3T3-L1 cell line (194)
Mesoporous silica nanoparticles (MSNs) Gluconic acid-modified insulin (G-Ins) proteins RIN-5F (194, 195)
labeled with fluorescein isothiocyanate
(FITC-G-Ins) were immobilized on the exterior
surface of MSN which served as caps to
encapsulate cCAMP molecules inside the
mesopores of MSN
Selenium nanoparticles (SeNPs) Oral delivery of insulin to enhance the Normal (Sprague-Dawley, SD) and (196)

antidiabetic effect

type Il DM (Goto-Kakizaki, GK) rats

therapeutics. Particularly, some of the biologically synthesized
ENMs (178, 179) were found to possess therapeutic potential
against T2DM (180-182). Other non-metallic and metallic NMs
for similar applications are also reported (Table 1).

In an interesting study, an increase in cell viability,
ATP/ADP ratio and secretion of insulin in response to glucose
stimuli in the isolated pancreatic islets when treated with
metallic nanoparticles prepared from cerium oxide (CeO,-
NPs) at a concentration of 100 nmol/L, either alone or in
combination with 30 nmol/L sodium selenite, was reported (197).
These findings could possibly be ascribed to the anti-oxidant

potential of CeO,-NPs, which may exert a different effect
on the insulin release. In a similar study, the effect of
zinc oxide nanoparticles (ZON) on oxidative stress-mediated
pancreatic f-cell death was investigated in rats (RIN5f). The
cellular levels of antioxidant factors and the rate of apoptosis
were assessed in correlation with ZON uptake. RINS5f cell
treatment with ZON (30 and 100 pg/ml) resulted in cytotoxicity,
oxidative stress and apoptosis. In contrast, the sub-cytotoxic
concentrations (1, 3, 10pug/ml) protected RIN5f cells from
hydrogen peroxide (H,O,)-induced oxidative stress by the
reducing the cellular levels of ROS, increased SOD activity
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and GSH, and reduced cell death (198). The findings reported
in the above-mentioned studies indicated that nanomaterial-
type and size dependencies on the associated cellular toxicity
are not precisely explored. An incomplete characterization of
ENM may underlie discrepancies observed in available scientific
reports. Confusion created from such incomplete explorations
demands for the development of a common understanding
in the area of ENM characteristics (shape, size, surface area,
mass concentration, or a combination of these), which should
be a prerequisite to toxic effect determination. This broadens
the scope of research to particularly define physicochemical
properties of ENM for their sustainable bio-medical applications.
Considering this, ENMs for vital bio-medical, pharmaceutical,
agricultural, and environmental applications are required to be
well characterized for their uptake to various cell/ tissue types,
interaction with cellular organelles and cell mechanistic aspects
within the intracellular environment (199).

Since in vitro systems do not necessarily mimic the human
system, results obtained from such experiments need to be
replicated through in vivo studies conducted in different model
animals. Additionally, in vivo studies that address potential
effects of EDENM on the development of T2DM at a large
scale such as a population, a community, or an ecosystem with
sufficient power are necessarily required. Further, most of the in
vivo studies have been conducted on small rodents, specifically
rats, mice and hamsters, which may not be optimum for studying
the long-term toxic effects of nanomaterial and makes it difficult
to extrapolate the observed results to humans. Experiments
by including other model systems, which are more closely
related to human systems, like Danio rerio, Daphnia magna, and
Caenorhabditis elegans need to be conducted in more numbers.
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Low dose persistent organic pollutants (POPs) have emerged as a new risk for type
2 diabetes (T2D). Despite substantial evidence from human and experimental studies,
there are several critical issues which have not been properly addressed by POPs
researchers. First, as POPs exist as mixtures, findings about POPs from human studies
should be interpreted from the viewpoint of lipophilic chemical mixtures which include
both measured and unmeasured POPs. Second, as POPs can directly reduce insulin
secretion of beta cells, the role of POPs may be more prominent in the development
of beta-cell dysfunction-dominant T2D rather than insulin resistance-dominant T2D.
Third, there are multidimensional interrelationships between POPs and adipose tissue.
Even though POPs are now considered as a new risk factor for T2D, independent of
obesity, POPs and obesity are mechanistically linked to each other. POPs are involved
in key mechanisms linking obesity and T2D, such as chronic inflammation of adipose
tissue and lipotoxicity with ectopic fat accumulation. Also, POPs can explain puzzling
human findings which suggest benefits of obesity because healthy adipose tissue can
be protective by reducing the amount of POPs reaching other organs. Fourth, non-linear
dose-response relationships between POPs and T2D are biologically possible. Although
POPs are well-known endocrine disrupting chemicals (EDCs), mitochondrial dysfunction
may be a more plausible mechanism due to unpredictability of EDC mixtures. As adipose
tissue plays a role as an internal exposure source of POPs, how to manage POPs inside
us may be essential to protect against harms of POPs.

Keywords: chemical mixtures, diabetes, insulin resistance, obesity, organochlorine pesticides, persistent organic
pollutants, polychlorinated biphenyls

INTRODUCTION

Persistent organic pollutants (POPs) include a wide range of organic compounds which are resistant
to degradation by chemical or biological processes. As a result, they are highly persistent in the
environment and bio-accumulate in living organisms. Typical examples are chlorinated POPs such
as organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), or dioxins, brominated
POPs such as polybrominated diphenyl ethers, or fluorinated POPs such as perfluoroalkyl and
polyfluoroalkyl substances.

Although toxicity of high dose POPs is well-known, the recent concern is the possibility of
adverse effects of low dose POPs, similar to the current environmental exposure levels. Among
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many diseases suspected to be linked to low dose POPs, type 2
diabetes (T2D) is the most convincing, given substantial evidence
from both epidemiological and experimental studies.

Since 2010, we identified nine published review articles about
human studies on POPs and T2D (1-9). Therefore, rather than
adding one more ordinary review article on the same topic, this
narrative review was written to bring up several provocative
issues which are commonly missed by epidemiologists on POPs
and T2D.

First, we briefly summarize the nine published review articles
on POPs and T2D based on their own conclusions, rather than
presenting our own quantitative analyses. Then we discuss (1) the
importance of POPs as mixtures, (2) the role of POPs in inducing
beta-cell dysfunction, (3) multi-dimensional interrelationships
between POPs and adipose tissue, and (4) non-linear dose
response relationships. Consideration of these aspects leads us
to debate why currently prevailing actions (including regulations
and suggestions for avoidance of POPs) focused on individual
chemicals are not effective in protecting the public from POPs-
related risk.

In this review, the focus is low dose environmental exposure,
not occupational or accidental high dose exposure. Also, among
various POP compounds, we deal with chlorinated POPs because
they are ones which have shown the most consistent results in
human studies. The evidence from brominated or fluorinated
POPs is weak and inconsistent (9). Thus, unless we specify
brominated or fluorinated, POPs means chlorinated POPs in this
review.

A BRIEF SUMMARY OF REVIEW ARTICLES
ON HUMAN STUDIES ON POPs AND T2D

Table 1 summarizes conclusions from review articles about POPs
and T2D which were published since 2010 (1-9). Sentences in the
“Conclusion” column were extracted from abstract, highlights,
and main findings without any modification. Some reviews
focused on POPs while others covered a wide range of endocrine
disrupting chemicals (EDCs; POPs were considered to be EDCs).

Although they include systemic reviews, meta-analyses, and
narrative reviews, all reviews concluded that there is potentially
a role of POPs in the development of T2D despite some
inconsistencies and research gaps. However, there are several
critical issues which have not been properly considered in most
original articles and reviews about POPs and T2D. As they
can substantially influence the establishment of causality, the
discussion of these issues can be helpful to understand the
findings from published articles and plan future epidemiological
studies.

CRITICAL ISSUES FOR HUMAN STUDIES
OF POPs AND T2D

POPS as a Surrogate Marker of Lipophilic

Chemical Mixtures
Most human studies about POPs and T2D have adopted
individual chemical-based analyses. Namely, they measured

TABLE 1 | Summary of review articles about epidemiological studies of persistent
organic pollutants (POPs) and type 2 diabetes (T2D).

Authors Publication Verbatim conclusion from each review

year

Taylor et al. (1) 20138 The overall evidence is sufficient for a positive
association of some organochlorine POPs with

type 2 diabetes.

Wu et al. (2) 2013 These findings support an association between

POP exposure and the risk of T2D.

The evidence as a whole suggests that, rather
than a few individual POPs, background
exposure to POP mixtures-including
organochlorine pesticides and polychlorinated
biphenyls-can increase T2D risk in humans.

Lee et al. (3) 2014

Magliano et al. (4) 2014 In summary, while the overall evidence is
strongly suggestive of an independent
relationship between POPs and diabetes,

some inconsistencies exist.

Ngwa et al. (5) 2015 Despite different levels of risk in prospective
studies and inconsistent results, the causal
effect of POPs on diabetes is supported by

in-vitro and in-vivo experimental studies.

Jaacks et al. (6) 2015 The literature suggests a positive association

between select POPs and diabetes.

Song et al. (7) 2016 Serum concentrations of persistent EDCs*

were significantly associated with T2D risk.

Evangelou et al. (8) 2016 Data suggest an association between

organochlorine exposure and type 2 diabetes

Lind et al. (9) 2018 Evidence is accumulating that EDCs* might be
involved in diabetes development. Best

evidence exists for p,p’-DDE.

"EDCs (endocrine disrupting chemicals), POPs are classified as EDCs.

serum concentrations of several or dozens of compounds
belonging to POPs, evaluated individual associations between
specific compounds and T2D, and interpreted their results
focusing on those specific compounds which showed statistical
significance. As a result, most reviews also followed the same
strategy. In some reviews, only specific compounds such as
hexachlorobenzene, p,p’-DDE, and PCBs, but not others, were
considered to be linked to the risk of T2D (2, 9).

However, this approach should be reconsidered because
recent human studies about POPs and T2D have been
performed among general populations. It is well-known
that there are substantial positive correlations among serum
concentrations of various POP compounds (10, 11). Therefore,
the epidemiologic findings on POPs should not be interpreted
from the viewpoint of individual compounds which were directly
measured and demonstrated statistical significance. The key
feature of environmental exposure to POPs is the chronic
exposure to the mixture of a variety of lipophilic chemicals
at low dose even though absolute concentrations of individual
compounds are variable. Focusing only on several compounds
can largely distort the whole picture.

In most epidemiological studies, serum concentrations of
POPs have been used as an exposure marker of POPs. Although
concentrations of most synthetic chemicals measured in blood or
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urine are indicators of the current or recent exposure levels from
the environment, serum concentrations of POPs are different.
Humans are exposed to POPs through external exposure sources
such as POPs-contaminated food. However, once POPs enter
the body, they are primarily stored in adipose tissue and slowly
released into the circulation to be eliminated over several years
(12). Therefore, ultimately serum concentrations of POPs are
largely determined by (1) the amount of POPs released from
adipose tissue to circulation and (2) the amount of POPs
eliminated from circulation.

In this situation, the findings about POPs in human studies
should be interpreted beyond the compounds which are directly
measured in each study. Measured POPs should be considered
as surrogate markers of lipophilic chemical mixtures which
include measured POPs, but also include unmeasured ones. This
point has an important implication regarding how to approach
the issue of POPs to protect the public. For example, even
if we succeeded in completely eliminating specific POPs, this
may not lead to the decrease of POPs-related disease because
we have done nothing with other lipophilic chemicals which
coexist with the eliminated POPs in the mixture. This aspect
of POPs suggests that the most effective public health action
to reduce harms from POPs should target lipophilic chemical
mixtures.

Role of POPs in Inducing Beta-Cell

Dysfunction

T2D is increasingly recognized as a heterogeneous condition,
ranging from predominantly insulin resistance with relative
insulin deficiency to predominantly an insulin secretory defect
with insulin resistance (13). Although most epidemiological
studies about POPs have evaluated T2D as a whole, the role of
POPs may differ depending on subtypes of T2D.

Obesity is the most important risk factor for insulin
resistance-dominant T2D, however the role of adiposity is weak
in T2D preceded predominantly by beta-cell dysfunction (14).
Genetic predisposition has been considered a key determinant
of beta-cell function (15), but the role of genes is still largely
unknown despite many genome-wide association studies(16).

Environmental chemicals such as POPs can play a role in
the development of beta-cell dysfunction (17). Although animal
experimental studies have reported that the exposure to POPs
can induce insulin resistance (18, 19), human studies evaluating
both insulin resistance and insulin secretion have reported that
serum concentrations of POPs were more strongly associated
with decreased insulin secretion than with increased insulin
resistance (20-23). An in-vitro cell study demonstrated that POPs
can directly reduce insulin secretion at very low dose such as 1
pmol/L (23).

As decreased insulin secretion is a necessary step in
developing both types of T2D, POPs can explain both types of
T2D. However, the role of POPs may be more salient in beta-cell
dysfunction-dominant T2D than insulin resistance-dominant
T2D because the overproduction of insulin by pancreatic beta-
cells during insulin resistance can mask the direct effect of POPs

on beta-cell function (23). Also, POPs can explain why beta-
cell dysfunction-dominant T2D is common in Asian and elderly
people (24-26) who tend to have high serum concentrations of
OCPs (27, 28).

Multi-Dimensional Aspects of
Interrelationships Between POPs and

Adipose Tissue

POPs have been evaluated as a new risk factor for T2D,
independent of traditional risk factors for T2D such as obesity
or lack of physical activity. As a result, in epidemiological
studies of POPs and T2D, obesity has been considered as a
confounder. However, obesity cannot be a simple confounder
in the relationship between POPs and T2D. The role of
POPs should be comprehensively evaluated and interpreted,
considering possibly interactive roles with obesity, due to their
innate interrelationship.

Under the current paradigm, obesity is a key risk factor for
many insulin resistance-related diseases such as T2D. Several
mechanisms explain how obesity can increase these diseases.
First, obesity can induce chronic inflammation of adipose tissue
and release pro-inflammatory cytokines (29). Second, obesity
increases the release of free fatty acid to circulation and promotes
fat deposits in ectopic sites such as liver, muscle, and pancreas
(30).

However, POPs may participate in all these mechanisms,
explained in detail below. Also, POPs can explain some
puzzling findings on obesity which cannot be explained by
the current paradigm of obesity. We present five different
possible dimensions linking POPs and adipose tissue (Figure 1).
Among them, dimensions 1 and 2 show that POPs can explain
traditional obesity-related harmful effects while dimensions 3
and 4 show that POPs can explain puzzling findings on obesity.
Dimension 5 casts a question on the current prevailing viewpoint
which directly links obesogen-inducing chemicals to diabetes-
inducing chemicals. All these issues are critical to understand
the role of POPs in humans in a more comprehensive way
and also to contrive effective ways to protect the public from
POPs.

Dimension 1: POPs in Adipose Tissue Can Induce
Inflammation in Adipose Tissue

Adipose tissue is not only a reservoir of chronic internal POPs
exposure, but also a possible tissue pathologic target of POPs
(31). In-vivo and in-vitro experimental studies reported that
low dose POPs can induce pro-inflammatory change in adipose
tissue (18, 19, 31-34). Importantly, POPs-induced inflammation
is possible regardless of obesity (19).

A topic for future studies is the interesting speculation that
obesity can exacerbate the inflammatory effects of POPs. For
example, if POPs are released from lipid droplets of adipocytes
to interstitial spaces through necrosis of the hypertrophic
adipocytes which are common among obese persons (35), the
existence of poorly degradable foreign bodies such as POPs can
trigger an adipose tissue immune response.
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FIGURE 1 | Multi-dimensional aspects of interrelationships between persistent organic pollutants (POPs) and adipose tissue. Even though POPs have been evaluated
as a new risk factor for type 2 diabetes (T2D), independent of obesity, the role of POPs should be evaluated together with obesity due to their innate interrelationship.
POPs are involved in key mechanisms linking obesity and T2D such as pro-inflammatory adipose tissue and ectopic fat accumulation (Dimensions 1 and 2). In
addition, POPs can explain puzzling findings about obesity, which suggest beneficial effects of adipose tissue (Dimensions 3 and 4). Finally, obesogenic effects of
chemicals may not always be harmful (Dimension 5). All these issues are critical to understand the role of POPs in the development of T2D.

Obesity with uncontrolled

Adipose tissue without
uncontrolled lipolysis can be

beneficial by decreasing the
amount of POPs reaching
other organs

Dimension 2: Obesity With Uncontrolled Lipolysis
Can Increase the Amount of POPs Reaching Other
Organs

At normal physiological conditions, lipolysis rates of adipose
tissue are tightly regulated through hormonal signals depending
on caloric need (36). However, among obese persons,
uncontrolled lipolysis is common and increased lipolysis
accelerates the efflux of free fatty acids from adipose tissue to the
circulation and ectopic fat accumulation (37). Insulin resistance
can further enhance lipolysis in adipocytes (38).

Importantly, POPs are also released from adipocytes to
circulation during lipid mobilization (39) and POPs in circulation
can easily reach other organs (40). Although on average there
is a higher risk of uncontrolled lipolysis among obese persons
than lean persons, even in non-obese persons, the release of
POPs to circulation can increase if uncontrolled lipolysis exists.
Toxicokinetics of POPs during lipolysis should be considered in
all mechanisms related to lipolysis of adipose tissue.

Dimension 3: Adipose Tissue Without Uncontrolled
Lipolysis Can Be Beneficial by Decreasing the
Amount of POPs Reaching Other Organs

In contrast to Dimension 2, as far as adipocyte function
is physiologically healthy without uncontrolled lipolysis is

concerned, greater adipose tissue can be more advantageous than
less adipose tissue. The reason is that the storage of POPs in
adipose tissue can reduce the amount of POPs reaching other
organs (41) even though the storage of POPs in adipose tissue can
have a negative side effect such as increasing half-lives of POPs in
the long-term.

This aspect of adipose tissue may be helpful in explaining
the obesity paradox (42): a better survival among overweight
or obese patients or elderly despite a role of obesity as
an important risk factor for many chronic diseases. The
obesity paradox is also observed among patients with T2D,
the exemplary obesity-related disease (43). Although several
mechanisms such as body composition, cardiorespiratory fitness,
or nutritional status have been suggested as possible explanations
for the obesity paradox (42), POPs can provide a better
explanation because the beneficial role of adipose tissue may
be more important in patients or elderly than in healthy
young persons. General features of patients with chronic
diseases or elderly are the disturbance of homeostasis. In
these conditions, the safe storage of pollutants in adipose
tissue can be crucial. Supporting this speculation, there is a
human study which showed that the beneficial role of adipose
tissue may be increasing as serum concentration of POPs
increases (44).
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Dimension 4: Weight Loss Increases Serum
Concentrations of POPs While Weight Gain
Decreases Them

In Dimension 2, we discussed that obesity can increase the
release of POPs from adipose tissue to circulation through
uncontrolled lipolysis. Ironically, weight loss also increases serum
POPs concentrations (45, 46). On the other hand, weight gain
can decrease them by sequestering POPs from the circulation
into adipose tissue (40, 47). Therefore, possible effects due
to dynamics of POPs during weight change are contrary
to conventional expected effects of weight change from the
viewpoint of fat mass. In that viewpoint, intentional weight loss
is beneficial while weight gain is harmful.

Even though the improvement of metabolic risks with weight
loss is well-known, the toxicokinetics of POPs during weight
loss can negatively affect resting metabolic rate, thyroid hormone
levels, and the oxidative potential of skeletal muscle (45, 48, 49).
Also, it can be helpful to explain why the intensive lifestyle
intervention focusing on weight loss among overweight or obese
patients with T2D failed to show a decrease of the development
of cardiovascular diseases, compared to the usual management
group (50). Repeated experience of weight loss and gain would
be the most serious concern due to tissue redistribution of POPs
between adipose tissue and other organs (40).

However, the different release pattern of POPs between
Dimension 2 and Dimension 4 warrants further discussion. The
release of POPs among obese persons through uncontrolled
lipolysis is chronic and subtle while the release of POPs during
intentional weight loss is temporary and large. Compared to the
release of a large amount of POPs for a short period time, the
release of a small amount of POPs for a long period can be
more harmful because POPs-related health effects do not seem
to increase linearly with increasing dose of POPs, as discussed
below. In addition, exercise and changes in diet habit which
are commonly accompanied with intentional weight loss can
increase the elimination of POPs (51) and mitigate possible
harms of POPs (52).

Importantly, even though it is intentional, weight loss among
the elderly can be problematic. Elderly people can release
more POPs into circulation than younger people because of
more contamination of adipose tissue with POPs (27), but the
capability of metabolizing and excreting xenobiotics is decreasing
with aging (53). Therefore, POPs in circulation in the elderly
can more easily reach other lipid-rich organs such as the brain.
Recently, the dynamics of POPs has been suggested as a key factor
to explain a high risk of dementia among patients with T2D as
well as puzzling findings on obesity and dementia (54).

Dimension 5: Obesogenic Effects of Chemicals May
Not Always Be Harmful

Recently, obesity-inducing effects of environmental chemicals
including POPs have gained attention from researchers (55).
Obesogens typically act at environmentally relevant doses
during critical windows of prenatal or postnatal development
to promote obesity later in life and these effects can be
transmitted to their descendants (56). Possible mechanisms
include increasing number of fat cells, increasing size of fat cells,

and modulating hormones affecting appetite, satiety, and energy
metabolism (57).

The current prevailing viewpoint on obesogens is that they
can also act as diabetogens because they contribute to the
development of obesity (58). However, the role of adipose
tissue to protect other organs from POPs (Dimension 3) should
be incorporated in interpreting the implication of obesogens.
Among two mechanisms of the adipose tissue expansion,
hypertrophy-dominant obesity (increase in cell size) is harmful
due to pro-inflammatory cytokine release and impaired insulin
sensitivity, but hyperplasia-dominant obesity (increase in cell
number) is known to be beneficial (59). One of the key
mechanisms by which obesogens promote adiposity is by
increasing adipogenesis (56). Therefore, as far as they can provide
healthy adipose tissue, their adipogenesis-promoting effect is not
in itself necessarily harmful.

Although the obesogenic effect of DDT and their metabolites
have been reported in human, in-vivo, and in-vitro studies
(60), some POPs can suppress adipogenesis (33, 61). From the
viewpoint of Dimension 3, these chemicals can be more harmful
than obesogens if they diminish the safe storage site for lipophilic
chemicals. The reality is much more complicated. For example,
the same chemicals can increase adipogenesis at low dose while
they can inhibit adipocyte differentiation at high dose (32).
Also, there are synergic or antagonistic effects on adipogenesis
based on studies of only two chemicals (33). Therefore, it would
be almost impossible to predict what will be the net effect of
chemical mixtures on the development of obesity.

As we discussed in Dimension 1, adipocytes were observed
to be in a pro-inflammatory state regardless of whether
POPs induced adipogenesis or reduced adipogenesis (32, 33).
Therefore, rather than linking POPs to obesogens, investigation
of direct harmful effects of POPs on adipose tissue and other
organs would be more worthwhile in future research.

Non-linearity

Body burden of OCPs and PCBs in current general populations
are much lower than they were in the era when these chemicals
were actively used. Then, why do current low dose POPs reveal
significant associations in human studies?

Interestingly, risks of many common environmental
chemicals do not increase linearly within the range of
environmental low dose exposure (62-64). POPs have also
demonstrated the possibility of non-linearity with T2D (3).
Within the low dose range, the risk of disease increases linearly
within the relatively low dose range, but it does not further
increase as dose increases. It can slow down, flatten, or even
decrease with increasing doses. This feature is different from the
linear dose-response relationship which is commonly observed
in the range of high dose toxicity.

This non-linearity has been considered to be biologically
implausible and was criticized as artifactual, arising from
confounding or bias (65, 66). However, the non-linearity is
plausible through several mechanisms. First, if chemicals are
harmful through endocrine disruption, they can show non-
linearity (67). Second, the activation of stress responses with
certain levels of chemicals, called hormesis, can be another
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mechanism to explain non-linearity (68). The traditional concept
of hormesis does not consider possible harmful effects at sub-
hormetic very low dose, but only contrasts “beneficial low dose
zone” vs. “toxic high dose zone” (69). Within the environmental
exposure range, the non-linearity can be the result of the
combination of a “sub-hormetic harmful zone” and a “hormetic
beneficial zone.”

Epidemiologists should understand how non-linearity can
affect human studies. Historically, populations with high dose
exposure to chemicals have been considered as optimal for
investigation of the association between chemical exposure and
outcomes. Under non-linearity, however, the association between
any exposure and disease should be studied among populations
with low dose exposure because the exposure range would
correspond to the low dose, linear part of the dose-response
relationship. In populations with relatively high dose exposure,
the observed result may well be a null association because the
exposure range would be in the flattened, higher dose part of the
dose-response relationship. This kind of non-linearity can be one
reason why current general populations with low body burden of
OCPs and PCBs show clear results.

Under non-linearity, conventional quantitative methods of
reviews such as meta-analyses or pooled-analyses can be
problematic because they assume linearity when summarizing
results such as relative risks or odds ratios from individual studies
which have been performed in various populations with different
levels of POPs.

POPs AS MITOCHONDRIAL TOXIN, NOT
CONVENTIONAL EDCs, CAN BETTER
EXPLAIN HUMAN FINDINGS ON POPs
AND T2D

POPs are well-known EDCs and T2D is an endocrine disease.
Therefore, it is common to consider that POPs would be linked
to T2D as EDCs, as seen in the titles of some review articles
(7, 9). However, it may be difficult to explain human findings
about POPs and T2D by the endocrine disrupting properties
of POPs.

Several EDCs acting on the same pathway, such as
estrogenic chemicals, have gained a lot of attention from
researchers due to strong synergic effects (70). However,
the unpredictable antagonistic effects of EDCs acting on
different pathways are largely ignored (71-74). For example,
the mixture of even two different EDCs (estrogenic and
androgenic), did not produce predictable mixture effects. POPs
are the mixture of diverse EDCs acting as either agonists or
antagonists on different hormone receptors which can engage
in crosstalk with each other. Therefore, it would be impossible
to reliably evaluate the net effect of POPs acting as EDCs in
humans.

Considering the complexity of EDC mixtures, other
mechanisms might be more plausible as an explanation for
the consistent findings about POPs relating to T2D in human
studies. In fact, many environmental chemicals are known as
mitochondrial toxins (75). Evidence is accumulating that low

dose POPs can induce mitochondrial dysfunction and/or reduce
oxidative phosphorylation capacities (18, 76-78). Although high
dose POPs are well-known direct mitochondrial toxins (79),
recent studies highlight functional impairment of mitochondria
by low dose POPs. In fact, endocrine disruption can occur as
a result of mitochondrial dysfunction because mitochondria
are essential sites for steroid hormones biosynthesis in the
steroidogenic cells (80).

Mitochondrial dysfunction is currently linked to many
common age-related chronic diseases including T2D (81).
However, the functional impairment of mitochondria can be
reversed by restoration of their function. In the section “Non-
linearity,” we discussed hormetic stress responses as a mechanism
to explain the flattened part of the dose-response curve in the
higher part of the low dose range. The activation of mitochondrial
function is a typical example of hormetic stress response (82).
Therefore, the non-linearity observed in the association between
POPs and T2D can be explained by dynamics of mitochondrial
function.

Particularly, it is important to note that there are health
behaviors which can improve mitochondrial function (83). They
include exercise, calorie restriction, and intake of phytochemicals
in plant food (84-86). At present, regardless of POPs, these health
behaviors are known as beneficial to decrease the risk of T2D and
glycemic control among T2D patients. However, POPs may be a
piece of the puzzle which has been missed in the relation between
healthy behaviors and T2D.

PERSPECTIVE ON FUTURE STUDIES OF
POPs

At present, researchers tend to think that even a small increased
risk of T2D among persons due to POPs will have huge public
health impact because of the ubiquitous presence of POPs and
the high prevalence of T2D. However, as issues related to POPs
cannot be separated from obesity issues, as we discussed above, a
more comprehensive viewpoint about POPs is needed.

As the majority of published human studies about POPs
and T2D are still cross-sectional, more prospective studies on
POPs and T2D would be desirable. The role of POPs can be
better studied among populations in which beta-cell dysfunction-
dominant T2D is common, such as Asians or the elderly.
In particular, the relationship between POPs and obesity on
the development of T2D should be thoroughly investigated.
However, the value of long-term follow-up may not be as good
as epidemiologists generally believe for reasons discussed below.

First, as the dynamics of adipose tissue continuously affect
serum concentration of POPs, the baseline POP value may
become less representative of POPs exposure as the follow-up
period gets longer. In modern society, many persons repeatedly
experience weight gain and weight loss. This experience would be
more frequent among obese persons, a high risk group for T2D.
Therefore, although POPs are an example of synthetic chemicals
with reliable exposure assessment due to their long half-lives (87),
the value of baseline serum concentrations of POP decreases as
follow-up period gets longer.
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Second, in the case of exposure variables such as POPs which
are expensive to measure, a nested case control study is generally
regarded as the best design for human studies. However, as the
value of measurement of POPs at baseline is decreased when the
follow-up period increases for the reason we discussed above, the
value of a nested case control study is also limited. Additionally,
serum stored in periods when POPs were actively used would
not be advantageous due to their high serum concentrations
among study subjects. Under non-linearity, populations with low
dose exposure are better to explore the relationship between
exposure and disease than are populations with high dose
exposure.

Third, the effects of POPs on the development of T2D
may be dynamic. Unlike high dose toxicity with irreversible
damage, functional impairment due to low dose exposure can be
reversible. For example, as we discussed above, healthy lifestyles
can reverse harmful effects of POPs through the improvement
of mitochondrial function. Therefore, the interaction between
healthy behaviors and POPs can dynamically influence the
development of T2D.

All these issues suggest that a prospective study or a nested
case control study with only baseline information may fail to
uncover a role of POPs in the development of T2D. This problem
becomes more serious as the follow-up period gets longer.
Considering the necessity of repeated measurements of POPs,
obesity, and other relevant variables, epidemiologists need to
plan a reasonable follow-up period. The development of cheap
and quick bioassay methods to assess POPs in bio-specimens
would be useful for large-scale human studies with repeated
measurements.

Considering the difficulties in human studies, laboratory
studies mimicking human exposure would be crucial. For this
purpose, animal models using lipolysis of adipose tissue such as
hypertrophic adipocytes with uncontrolled lipolysis or repeated
weight cycling can be useful. Mitochondrial dysfunction by
the environmentally-relevant doses of POPs and the possibility
of their restoration by the activation of mitohormesis would
be another important study topic in the field of laboratory
research.
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Background: Limited evidence suggests an association between prenatal exposure to
traffic pollution and greater adiposity in childhood, but the time window during which
growth may be most affected is not known.

Methods: We studied 1,649 children in Project Viva, a Boston-area pre-birth cohort. We
used spatiotemporal models to estimate prenatal residential air pollution exposures and
geographic information systems to estimate neighborhood traffic density and roadway
proximity. We used weight and stature measurements at clinical and research visits to
estimate a BMI trajectory for each child with mixed-effects natural cubic spline models. In
primary analyses, we examined associations of residential PM» 5 and black carbon (BC)
exposures during the third trimester and neighborhood traffic density and home roadway
proximity at birth address with (1) estimated BMI at 6 month intervals through 10 years of
age, (2) magnitude and timing of BMI peak and rebound, and (3) overall BMI trajectory. In
secondary analyses, we examined associations of residential PMy 5 and BC exposures
during the first and second trimesters with BMI outcomes.

Results: Median (interquartile range; IQR) concentration of residential air pollution
during the third trimester was 11.4 (1.7) pg/m® for PMy 5 and 0.7 (0.3) pg/m?3 for BC.
Participants had a median (IQR) of 13 (7) clinical or research BMI measures from O to 10
years of age. None of the traffic pollution exposures were significantly associated with
any of the BMI outcomes in covariate-adjusted models, although effect estimates were in
the hypothesized direction for neighborhood traffic density and home roadway proximity.
For example, greater neighborhood traffic density [median (IQR) 857 (1,452) vehicles/day
x km of road within 100 m of residential address at delivery] was associated with a higher
BMI throughout childhood, with the strongest associations in early childhood [e.g., per
IQR increment natural log-transformed neighborhood traffic density, BMI at 12 months of
age was 0.05 (—0.03, 0.13) kg/m? higher and infancy peak BMI was 0.05 (—0.03, 0.14)
kg/m? higher].
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Fleisch et al. Prenatal Traffic Pollution and Childhood Growth
Conclusions: We found no evidence for a persistent effect of prenatal exposure to traffic
pollution on BMI trajectory from birth through mid-childhood in a population exposed to
modest levels of air pollution.

Keywords: air pollution, particulate matter, traffic, growth, childhood

INTRODUCTION MATERIALS AND METHODS

Childhood obesity often tracks into adulthood (1), leading
to costly comorbidities and lower life expectancy in affected
individuals (2). Obesity is primarily a result of high caloric intake
and low physical activity, but eating less and exercising more
has proven very difficult to maintain (3). Prenatal and early life
exposure to some environmental toxicants may also predispose
children to obesity (4). It is a public health imperative to
evaluate early life determinants of obesity and identify vulnerable
windows of exposure because of the potential for preventive
interventions.

In rodents, early life air pollution exposure results in systemic
and adipose inflammation and leads to greater visceral adiposity
(5). Consistent with this observation, epidemiologic studies have
demonstrated an association between air pollution exposure
during childhood and increased risk of overweight or obesity (6
10). Greater maternal air pollution exposure during pregnancy
also may be associated with greater offspring adiposity and
increased risk of overweight or obesity in childhood (11—
15). Prenatal air pollution may affect child weight directly by
increasing inflammatory potential of fetal adipose tissue or
indirectly by restricting fetal growth or disrupting maternal
glycemia, which have both been associated with prenatal air
pollution exposure in our cohort (11, 12) and others (16, 17) and
may prime children for greater weight or adiposity later in life
(18, 19). In our cohort, late prenatal traffic pollution exposure
was associated with greater weight gain during infancy (12),
and infants of mothers living closer to a major roadway at the
time of delivery had greater adiposity but no difference in BMI
in mid-childhood (11). Despite the fact that obesity is more
prevalent as children age (20), there has been no prior evaluation
of the extent to which prenatal traffic pollution exposure may
differentially impact growth at different time windows during
childhood.

In the present analysis, we used a growth trajectory
approach to evaluate the impact of traffic pollution exposure
on critical windows of growth across childhood. Our primary
objective was to evaluate the extent to which late prenatal
exposures to fine particulate matter (PM,5) and black carbon
(BC) (a traffic-related component of PM,s), as well as
residential traffic density and roadway proximity, were associated
with trajectory of body mass index (BMI) from birth to
mid-childhood. In secondary analyses, we also evaluated
the role of early and mid-prenatal exposures to traffic
pollution on BMI trajectory. We hypothesized that higher
prenatal traffic pollution exposure would be associated with
lower BMI at birth and greater gains in BMI throughout
childhood.

Study Population and Design

Participants were recruited during 1999-2002 to Project Viva, a
prospective observational cohort study of prenatal exposures and
offspring health. We recruited women during their first prenatal
visit (median 10 weeks gestation) at Atrius Harvard Vanguard
Medical Associates, a multi-specialty group practice in eastern
Massachusetts. Children had study visits at the time of birth
and in infancy (median: 6.0 months of age), early childhood
(median: 3.3 years of age), and mid-childhood (median: 7.7 years
of age). We have previously published details of our recruitment
procedures and study protocol (21).

Of 2,128 live singleton births, we modeled BMI trajectories in
1,649 (77.5%) offspring who had data for at least 3 measurements
of BMI from birth to mid-childhood (our criterion for inclusion
in the growth trajectory model) and at least one air pollution
exposure metric. Children included vs. excluded in this analysis
were more likely to have older and more educated mothers, had
a larger gestational age at delivery, and were more likely to be
white or other race/ethnicity and less likely to be black, Hispanic,
or Asian (Supplemental Table 1).

Mothers provided written informed consent at enrollment
and for their child at each in-person visit. Project Viva has
been reviewed and approved by the Institutional Review Board
of Harvard Pilgrim Health Care. The present secondary data
analysis was deemed exempt by the Maine Medical Center
Institutional Review Board.

Air Pollution Exposures

We used aerosol optical depth data to estimate PM, 5 exposure at
each participant’s residence at a 1 x 1km spatial grid resolution
(mean daily “out-of-sample” ten-fold cross-validation R? =0.88)
(22). We used a land-use regression model to estimate daily
BC exposure at each residence (mean “out-of-sample” 10-fold
cross-validation R* = 0.73) (23). Our PM, 5 model encompassed
addresses in the New England region, and our BC model
encompassed addresses in Eastern Massachusetts.

Because we have previously shown 3rd trimester exposure
to traffic pollution to be most closely associated with fetal and
infant growth in Project Viva (12), in primary analyses, we
used estimates of residential traffic pollution during the 3rd
trimester, which we obtained by averaging daily exposures from
the 188th day (i.e.—27 weeks gestation) after the last menstrual
period (LMP) to the day before birth. For secondary analyses,
we used estimated average residential traffic pollution during
the 1st trimester [date of LMP to 93rd day after LMP (i.e.—13
weeks gestation)] and 2nd trimester (94th day after LMP to 187th
day after LMP). We assigned exposures to addresses where we
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had data available for at least 90% of days in the trimester. Our
estimates of PM; 5 and BC exposure accounted for residential
moves during pregnancy.

We used the 2002 road inventory from the Massachusetts
Executive Office of Transportation to calculate traffic density at
each participant’s residential address at the time of delivery by
multiplying annual average daily traffic (vehicles/day) by length
of road (km) within 100 m of participants’ residential address. We
used 2005 ESRI Street Map™ North America ArcGIS 10 Data
and Maps to estimate home roadway proximity at the time of
delivery as distance to Census Feature Class Code A1 or A2 roads
(i.e.—highways).

Child Anthropometric Measures

We obtained anthropometric measures from study visits and
from clinical records. At study visits, research assistants
measured participants’ weight using an electronic scale [Seca
scale in infancy and early childhood (Hanover, MD); Tanita scale
in mid-childhood (Arlington Heights, IL)] and length/height in
infancy and early childhood using a Shorr measuring board and
height in mid-childhood using a stadiometer (Shorr Productions,
Olney, MD). We also reviewed data from each participants
pediatrician’s office to obtain length/height and weight data
from clinical visits during infancy and childhood. We have
previously shown clinical measurements of length, obtained by
the paper and pencil method, to systematically overestimate
research measures by 1.8 cm in children <2 years of age (24), so
we included this correction factor for clinical lengths obtained
in this age group. Using both research and clinical measures, we
calculated BMI as weight in kilograms divided by length or height
in meters squared.

Covariates

We collected information on maternal race/ethnicity, education,
parity, and smoking habits by questionnaire at study enrollment
and on child race/ethnicity by questionnaire in early childhood.
We obtained child sex, birth weight, and date of birth from the
hospital medical record. We calculated length of gestation by
last menstrual period, and we updated it with mid-pregnancy
ultrasound if the two estimates differed by >10 days. We
abstracted residential census tract median annual household
income and percent below poverty at the time of delivery from
2000 US Census data (25).

Statistical Analyses

Modeling BMI Trajectory

We fit individual BMI curves using mixed-effects models with
natural cubic spline functions for age, as previously described
(26). The fixed effects component of the model was:

BMI = Boo + o (age)+2ﬁj{(age — k)% (1)
=1

— i (age — Kmin)} = (1= 2)) (age — Kmax)} | + e

where kmin and kmax = boundary knots, kj = interior knot point j
between boundary knots; m = number of interior knots between

boundary knots; j = 1, 2, ..., m; e = residual and (age-kj). is
defined as age-k if age > kj. We included random effects for the
intercept, linear age slopes and spline functions to account for
repeated measures in the same child and capture the non-linear
trend in BMI. Our final model included interactions of child sex
with spline terms as fixed parameters, as BMI trajectories derived
were similar using this approach as compared to modeling BMI
trajectories separately for boys and girls.

We considered two approaches to select knot locations: at
equally spaced percentiles or at the median, minimum and
maximum ages of each of three developmental periods: infancy
and early and mid-childhood. We used Bayesian information
criterion to determine the optimal number (six) and location (0.1,
4.9, 10.6, 37.9, 92.5, and 131.1 months of age) of knots for both
fixed and random effects.

We estimated child age at peak and rebound by differentiation
of the subject-specific BMI curve; the peak and rebound are
located at ages where the derivative of the curve equals zero.
We estimated the magnitude (kg/m?) at peak and rebound as
the highest and lowest points, respectively, of the child-specific
BMI curve. We defined velocity (kg/m?/month) to BMI peak as
the linear velocity from birth to the BMI peak, and velocity to
rebound as the linear velocity from BMI peak to rebound. We
also used the modeled trajectory to predict BMI at 6-monthly
intervals from birth to 10 years for each child. Among the 1,649
children, 1,578 (74.2%) had estimable BMI peak and rebound, 41
had no BMI peak (i.e., showed no decline in BMI after the rise in
infancy) and 30 had no BMI rebound (i.e., showed no rise in BMI
after the decline in early childhood).

Examining Associations of Prenatal Air Pollution
Exposure With BMI Trajectory

We ran separate linear regression models to examine the
associations of exposure to each air pollutant with BMI in
childhood. In primary analyses, we examined average PM;
exposure during the 3rd trimester, average BC exposure during
the 3rd trimester, traffic density based on address at delivery,
and major roadway proximity based on address at delivery.
In secondary analyses, we examined average PM,s and BC
exposures during the 1st and 2nd trimesters. For all analyses, our
outcomes included (1) BMI predicted by the cubic spline model
at 6 month intervals, and (2) age of child (months), magnitude
(kg/m?), and velocity (kg/m?/month) at BMI peak and BMI
rebound. We also estimated the association of each exposure
with overall BMI trajectory by including the exposures as fixed
effects in the mixed-effects models. For analyses of BMI peak and
rebound, we restricted the analyses to children with estimable
BMI peak and rebound (n = 1,396-1,649).

To account for the exponential spatial decay of traffic
pollution (27), we a priori categorized residential proximity to
major roadway as > 200 m, 100 to < 200 m, 50 to < 100 m, and
< 50 m, as we have done previously (11, 12). We initially modeled
BC, PM; 5, and neighborhood traffic density in quartiles. We did
not observe non-linearity in exposure-outcome relationships,
and so we also modeled these variables as continuous measures,
scaled by the interquartile range (IQR) of each exposure. We
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log-transformed neighborhood traffic density, which was right-
skewed, using natural logarithms.

We first fit models adjusted only for child sex, followed by full
multivariable models for each exposure-outcome relationship.
We included additional covariates potentially associated with
air pollution exposure and/or childhood growth: maternal
age (continuous), education (with or without college degree),
smoking habits (smoked during pregnancy, formerly smoked,
never smoked), and parity (nulliparous or multiparous); child
race/ethnicity (white, black, Hispanic, Asian or other); and
census tract median household income (continuous) and percent
below poverty (continuous). To account for trends in traffic
pollution and growth by season and over time, we also
included season (continuous sine and cosine of date) and date
(continuous) of birth in multivariable models. We did not include
gestational weight gain, maternal glucose tolerance, or gestational
age in our models because these variables may be on the causal
pathway, and their inclusion could introduce collider bias (28).
We substituted maternal for child race/ethnicity in 10% of
participants missing data on child race/ethnicity. Between 98.7
and 99.5% of participants had complete covariate information for
the multivariable models. We assessed for effect modification by
child sex, based on prior data suggesting the possibility of sex-
specific associations in relation to prenatal air pollution exposure
(29, 30). We found no effect modification, so we present all results
without stratification or inclusion of an interaction term for child
sex.

We used Stata 15 (StataCorp LP, Texas, USA) for all analyses.

RESULTS

Population Characteristics

Sixty six percent of mothers were college graduates, 69% were
non-smokers, and 52% were nulliparous. 64% of children were
white. Third trimester median (IQR, range) PM; 5 concentration
was 11.4(1.7,7.7-17.3) ug/m3 which is below the Environmental
Protection Agency air quality standard for annual PM;;
exposure (15 ug/m> at the time of the study and 12 pug/m?
currently in 2018). Third trimester median (IQR, range) BC
concentration was 0.7 (0.3, 0.1-1.6) ug/m3 which is consistent
with the annual US urban average (ranged from 0.2 to 1.9 jLg/m?)
during 2005-2007 (31). At the time of delivery, median (IQR,
range) neighborhood traffic density was 857 (1,452, 0-30,900)
vehicles/day x km of road within 100 m of residential address;
most mothers (88%) lived > 200 m from a major roadway, and
3% lived <50 m (Table 1). Correlations between exposures were
moderate (Spearman correlation coefficients ranged from —0.37
to 0.51) and reported previously in detail in a similar subset of the
Project Viva cohort (11).

Each child had a median [interquartile range (IQR)] of 13 (7)
BMI measures between birth and mid-childhood. The mean (SD)
of age at BMI peak was 8.4 (2.7) months and at BMI rebound
was 59.4 (19.4) months. The mean (SD) of the magnitude of the
BMI peak was 18.0 (1.4) kg/m2 and of the BMI rebound was
16.0 (1.2) kg/m2. The mean (SD) of velocity to BMI peak was
0.5 (0.2) kg/m?/month and to BMI rebound was —0.04 (0.02)
kg/m?/month. As compared to boys, girls were older at peak

TABLE 1 | Characteristics of participants overall and by quartile of 3rd trimester
PMo 5.

PMy 5 (1g/md), Overall Quartiles of PMg 5
Max-Min (7.7-17.3)
Q1 Q2 Q3 Q4
(7.7-10.5) (10.5-11.4)  (11.4-122)  (12.2-17.3)
MEAN (SD) OR %
Maternal characteristics
Age at enrollment 32.0(5.2) 32.2 (4.6) 31.9(6.3) 31.7 (5.4) 32.5(5.3)
(years)
College graduate 66 72 67 66 63
Smoking habits
Never 68 64 65 73 71
Prior to pregnancy 20 23 21 16 17
During pregnancy 12 13 13 10 12
Nulliparous 48 45 46 52 46
Household characteristics
Census tract median 57,921 64,794 60,855 53,698 52,423
income (US (21,310) (22,397) (20,411) (19,171) (20,778)
dollars/year)
Census tract% 109 7(8) 8(8) 11(10) 12 (10)
below poverty
Child characteristics
Gestational age at 39.5(1.8) 39.2 (2.0) 39.7 (1.6) 39.5(1.9 39.6 (1.5)
delivery (weeks)
Female 49 47 48 50 51
Race/ethnicity
White 64 73 69 59 57
Black 16 12 15 18 20
Hispanic 5 4 3 7 6
Asian 4 4 4 5 3
Other 10 8 8 10 13
MEDIAN (IQR) OR %
Traffic pollution
3rd trimester black 0.7 (0.3) 0.5(0.2) 0.6 (0.3 0.7 (0.3 0.8(0.3
carbon (ug/ms)
Neighborhood traffic 857 (1,452) 531 658 1,016 1,223
density at delivery (1,190) (1,420) (1,373) (1,697)
(km*vehicles/day)
Home proximity to
major roadway at
delivery
<50m 3 3 3 4 5
50-<100m 3 1 3 3 4
100-<200m 6 3 7 9 7
>200m 88 93 87 84 84

BMI (8.9 vs. 8.1 months), younger at BMI rebound (55.5 vs.
63.1 months), had a lower magnitude at BMI peak (17.7 vs. 18.3
kg/mz) and rebound (15.9 vs. 16.1 kg/mz), and had a slower
velocity to BMI peak (0.5 vs. 0.6 kg/m?/month).

Traffic Pollution Exposure and Childhood

BMI Trajectory

Exposures to PM;5, BC, neighborhood traffic density, and
home roadway proximity in late pregnancy were not associated
with any of the BMI outcomes at any age in sex-adjusted or
covariate-adjusted models, regardless of whether the exposure
was represented in quartiles (Figures 1-3), per IQR increment
(Supplemental Tables 2-4), or by category of roadway proximity
(Figure 4; Supplemental Table 5). Effect estimates were in the
hypothesized direction for neighborhood traffic density and
home roadway proximity, although confidence intervals crossed
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the null and estimates were quite small in magnitude. For
example, each IQR increment greater natural log-transformed
neighborhood traffic density was associated with a 0.01 (95% CI:
—0.06, 0.04) kg/m? lower BMI at birth, a peak BMI 0.05 (—0.03,
0.14) kg/m? higher, and a higher BMI throughout childhood,
with the strongest associations with childhood BMI at 12-18
months of age [e.g., 0.05 (-0.03, 0.13) kg/m? higher BMI per
IQR increment neighborhood traffic density at 12 months of age].
The associations of home roadway proximity and childhood BMI
trajectory were also in the hypothesized direction, with stronger
associations as children approached 120 months (10 years) of
age, although associations were non-monotonic and confidence
intervals consistently crossed the null. For example, children of

mothers who lived closest (<50 m) vs. farthest (>200m) from
the nearest major roadway had a BMI that was 0.46 (—0.21, 0.59)
kg/m? higher at 120 months of age.

In secondary analyses, 1st and 2nd trimester residential PM; 5
and BC exposures were not associated with BMI trajectory (data
not shown), and directionality and magnitude of effect estimates
were similar to 3rd trimester exposures.

DISCUSSION

In a large, prospective Massachusetts pre-birth cohort, prenatal
exposures to PM, 5 and BC were not related to BMI trajectory.
Neighborhood traffic density and home roadway proximity were
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sine/cosine of the date of birth, maternal age, educational attainment, parity, smoking history, median household income, census tract% below poverty, child sex, and

associated with lower BMI at birth and greater gains in BMI
throughout childhood, but effect sizes were small and confidence
intervals consistently crossed the null.

In the present study, we leveraged clinical and research
data to estimate BMI trajectories for each participant from
birth through mid-childhood. Our findings are partly consistent
with previously reported observations in this cohort of
prenatal traffic pollution on discrete research measures of
growth and adiposity. We previously observed late prenatal
exposures to BC, neighborhood traffic density, and home
roadway proximity to be associated with lower birth weight-
for-gestational age z-score, greater neighborhood traffic density

to be associated with more rapid weight-for-length (WFL)
gain in infancy (12), and home roadway proximity to be
associated with greater BMI z-score in early childhood and
higher central and total adiposity in early and mid-childhood
(11).

We are aware of only two cohorts besides ours that have
examined prenatal air pollution exposure and growth/adiposity
in childhood (13, 14). The Boston-based Asthma Coalition on
Community, Environment, and Social Stress (ACCESS) cohort
(n = 239) observed associations of prenatal residential PM; 5
exposure with BMI z-score and total fat mass at 4 years of
age in boys only (13). The Boston Birth Cohort (BBC) (n =
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1,446) observed associations between prenatal residential PM; 5
exposure and greater odds of overweight or obesity as assessed
at each participant’s last recorded well-child check from 2 to
9 years of age (14). In both the ACCESS cohort and the
BBC, associations with child adiposity were most pronounced
for PM, 5 exposures during the 2nd trimester. We previously
reported associations of prenatal PM;s exposure with early
and mid-childhood BMI to be null regardless of trimester of
exposure (11), and in the present study, prenatal residential
PM, 5 exposure in any trimester was similarly not associated with
childhood BMI trajectory. As compared to Project Viva, both
the ACCESS cohort and the BBC comprise a greater number
of children of lower socioeconomic status with obese mothers,
factors which may increase susceptibility to prenatal air pollution
exposure. Consistent with this observation, the BBC showed the
strongest associations between prenatal air pollution exposure
and child overweight/obesity in children of obese mothers (14).
Furthermore, rates of breastfeeding in Project Viva (88%) (32)
were higher than in the ACCESS cohort (68%) (33) or BBC (64%)
(14), and recent studies suggest that breastfeeding may protect
against PM, 5-induced health effects (34, 35). Thus, while our
null findings are in contrast to studies of prenatal air pollution
and child adiposity published in two other Boston cohorts, this
discrepancy may be a result of differences in study population.

The present study is the first of which we are aware to
examine prenatal air pollution exposure in relation to BMI
trajectory across childhood. Examining a BMI trajectory outcome
is advantageous because it flexibly allows identification of the
time window during childhood when growth may be most
affected by prenatal exposures. We found no association between
prenatal exposure to traffic pollution and BMI estimated at
multiple timepoints through 10 years of age, and we also found
no association with overall BMI trajectory or with the timing
or magnitude of BMI peak or rebound, which are known to
predict greater susceptibility to cardio-metabolic disease later in
life (36, 37). Additional studies of prenatal air pollution exposure
and child growth trajectory, particularly in cohorts of children
potentially more susceptible to air pollution exposure based on
socioeconomic status or maternal weight, will help to further
elucidate this potential association.

Our cohort is the first, so far as we know, to examine prenatal
exposure to markers of traffic pollution other than regional PM, 5
in relation to growth in later childhood. Although associations
did not reach statistical significance, we found neighborhood
traffic density and home roadway proximity to be associated with
lower BMI at birth, higher peak BMI in infancy, and a higher
BMI throughout childhood—the directionalities expected based
on our a priori hypotheses. As we have noted previously (11),
the possible stronger impact of roadway/traffic as compared to
PM, 5 or BC on child growth and adiposity in our cohort may be
explained by independent associations of noise (38), light (39),
ultrafine particles (40), or other roadway features distinct from
air pollution or from the pollutants we measured, with child
growth.

A strength of our study is that it is the largest prospective
cohort to date that has analyzed prenatal air pollution exposure

and growth in later childhood. In addition, we employ a growth
trajectory approach and examine multiple pollutants. Limitations
that may have prevented us from observing an association
between prenatal air pollution exposure and growth in later
childhood are lack of information on maternal time-activity
patterns, a relatively high socioeconomic status cohort with a
lower incidence of maternal overweight compared to previously
published studies, and generally low levels of air pollution. Also,
we assessed maternal smoking by questionnaire but did not
biochemically validate the exposure. In addition, we did not
have data to evaluate repeated measures of body composition,
and we predicted BMI trajectories from statistical models rather
than directly measuring BMI at each time point, but our models
are precise as evidenced by mean residual errors (differences
between observed and predicted BMI) close to zero across all
ages (26).

In summary, neighborhood traffic density and home roadway
proximity were associated with lower BMI at birth and greater
gains in BMI throughout childhood, but observed effects were
small and confidence intervals consistently crossed the null. We
found no association between residential PM;, 5 or BC exposure
and childhood BMI trajectory. Thus, while there may be a role
for roadway features distinct from the pollutants we measured,
we found no persistent effect of prenatal traffic pollution on
childhood BMI trajectory in a population exposed to modest
levels of air pollution.
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The metabolism-disrupting chemicals (MDCs) are molecules (largely belonging to the
category of endocrine disrupting chemicals, EDCs) that can cause important diseases
as the metabolic syndrome, obesity, Type 2 Diabetes Mellitus or fatty liver. MDCs act
on fat tissue and liver, may regulate gut functions (influencing absorption), but they
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FIGURE 1 | Schematic drawings summarizing the effect of estradiol, genistein, bisphenol A, and tributyltin on the orexigenic (NPY/AgRP) and anorexigenic
(POMC/MCH) neurons of the hypothalamic arcuate nucleus (ARC), projecting to the ventromedial (VMH) and paraventricular (PVN) nuclei. All these nuclei contain
estrogen receptors a and B mediating the effects of estradiol and of the other substances. The exposure to different molecules induces an imbalance in food intake
(food) or energy expenditure (energy). These effects may be similar in both sexes (estradiol), or different (the other MDC) and are mediated by effects on the two main
populations of ARC (up arrow = increased expression, down arrows = decreased expression). POMC projections to PVN are also affected.
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These systems are sensitive to peripheral signals of energetic
balance (for example leptin, insulin, and GHrelin). Leptin
blood levels depend on the size of fat stores (8) and acts
as an anorexigenic factor to adjust energy requirements, fat
reserves, and food intake (9). In contrast, GHrelin has an
orexigenic role in the central control of appetite and metabolism
(10). Moreover, also sexual hormones, thyroid hormones,
and growth factors can modulate the hypothalamic circuits
regulating appetite, satiety, and metabolism (11). In particular, in
mammals, estradiol (E;) has an important role on the regulation
of food intake and metabolism with an appetite-suppressing
effect (12, 13).

Several synthetic or natural molecules that are present in
the environment may interact with the estrogen or androgen
signaling chain (xenoestrogens, xenoandrogens) and have been
classified as endocrine disrupting chemicals [EDCs, (14)]. In
addition, many of these EDCs have been considered to belong

to the category of metabolism disrupting chemicals (see below),
however, little attention has been dedicated, until now, to their
action of neural circuits controlling food intake and energy
metabolism.

CENTRAL ACTION OF
METABOLISM-DISRUPTING CHEMICALS
(MDCS)

The metabolism-disrupting chemicals (MDCs) have been defined
(Parma Consensus Statement, (15) as those endocrine disrupting
chemicals (EDCs) that are able to promote metabolic changes
that can result in obesity, Type 2 Diabetes Mellitus (T2DM) or
fatty liver in animals including humans. The major targets for
these compounds are the fat tissue and the liver (11), however,
they may regulate nutrient ingestion and metabolism by altering
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intestinal transport, secretion of gut peptides, composition of
the gut microbiota as well as the expression of hypothalamic
neuropeptides that control food intake (11, 16). Several studies
reported that MDCs can alter food intake, with different effects
based on dose, timing, and exposure duration (17-19). In
particular, exposure to MDCs during the perinatal period and/or
adulthood modifies the cues that regulate energy homeostasis,
such as serum levels of insulin, leptin, and fatty acids (20).

In this short review, we will describe the
neuroendocrinological effects of a possible new, not-synthetic,
MDC (Genistein), and of two synthetic identified MDCs
(Bisphenol A and Tributyltin), (Table 1).

Genistein

Soy isoflavones, in particular Genistein (GEN), are very abundant
in soy-based food (28) and are an important source of EDCs (29).
GEN action requires both estrogen receptor (ER)a and ER (30),
although, compared to E;, GEN affinity is low for ERa, while
it is similar for ERB (31-33). ERa is required for GEN effect in
females and ERB, as well as PPARy, in males (34, 35). Even if
the sensitivity of the hypothalamus to GEN is well-acknowledged
(36, 37), very little is known on neuronal circuits controlling
energetic metabolism.

In vitro, GEN induces adipocytes’ apoptosis, decreases lipid
accumulation, and increases lipolysis. Moreover, GEN decreases
leptin synthesis (38) and inhibits its secretion (39). In vivo, GEN
effect depends on sex (40, 41) and on the administered dose
(42). In females, an anti-obesogenic effect of GEN is reported
for many obese mouse models (43, 44), in juvenile and adult
ovariectomized (45, 46) and intact mice (34). This effect is dose
dependent (42): GEN inhibits adipogenesis at low concentrations
and enhances it at high concentrations (47, 48). GEN effect on
fat pad weight is opposite in males, with an obesogenic effect
at low doses (34, 35, 49) and an antiobesogenic effect at high
doses (34). The effect of GEN during perinatal development
may be very different: many studies report an obesogenic effect
(50, 51), although only in females (52), while others report
an anti-obesogenic effect in males (21, 53). GEN effect during
development may be due to epigenetic modifications in the
offsprings (54) or to an alteration of the development of estrogen
sensitive circuits regulating energetic metabolism, as for other
MDCs (11). In fact, GEN is able to affect neural circuits
controlling animal welfare and fertility (36, 37), although little is
known about its effects on neuronal circuits controlling energetic
metabolism. A previous study (21) addressed the effect of soy
phytoestrogens, daidzein, and genistein, on the hypothalamus of
male mice, reporting that high phytoestrogens levels throughout
embryonal and postnatal life decrease AgRP and increase MCH,
orexin A and TRH mRNA levels, but it has no effect on
NPY, POMC, and CART expression [(21), Figure 1]. While,
our ongoing study in male and female mice demonstrates that
early postnatal exposure to GEN, in a dose comparable to
exposure level in babies fed with soy-based formula, determines
an obesogenic phenotype in adult females and a long-term
sex specific effects on hypothalamic kiss, POMC and Orexin
systems (55). Early post-natal administration of GEN is also
influencing the differentiation of other neural circuits in mice

not directly related to the control of metabolism (i.e., nitrergic,
vasopressinergic, and dopaminergic circuits, [(36), Ponti et al.
submitted].

GEN effect on humans is not clear (56). GEN metabolism
and bioavailability depends on gut microbioma (57) and GEN
exposure may be highly affected by vegan/vegetarian diets (58).
The use of soy-based meal replacement formula was effective in
lowering body weight and fat mass and reducing LDL cholesterol
in obese individuals and together with physical exercise has a
beneficial effect on leptin levels in postmenopausal women (59).
In contrast, healthy, normal-weight postmenopausal women did
not show improvement in metabolic parameters when given
high-dose isoflavones (60).

The complexity of the data on the animal and epidemiological
studies on the regulation of energetic metabolism, as well as on
other neuronal circuits indicate that GEN is a powerful natural
compound which may have at the same time highly beneficial
or detrimental effects (37) which are worth to be investigated
in more detail. Moreover, the contradictory experimental data
underline the importance of considering the timing of exposure,
the dose/concentration, the sex, and the species-specificity when
establishing safety recommendations for dietary GEN intake,
especially if in early-life.

Bisphenol A

Since 1930s, Bisphenol A (BPA) has been involved in the
manufacturing of many consumer products [e.g., plastics, PVC,
food packaging, thermal papers, (61)]. Thanks to its structure,
BPA interacts with a variety of hormone receptors (22): ERa,
ERP, GPR30, and estrogen-related receptor y [ERRy, (22)].
Moreover, BPA could also interact with androgen receptor
(AR), peroxisome proliferator-activated receptor y (PPARYy),
glucocorticoid receptor (GR), and thyroid hormone receptors
[THs, (22)]. These findings strongly suggest that BPA is a multi-
target compound that can act on a wide range of hormone-
sensitive elements. In fact, BPA has been described also as MDC
and the evidences of its role in the alterations of the metabolic
axis are increasing (11).

BPA potential obesogenic effects are related to alteration of
peripheral parameters, such as weight gain, modifications of
leptin or insulin plasma levels, or alterations in the adipose
tissue [for a recent review see (62)]. Few studies investigated
BPA effects on hypothalamic systems controlling food intake and
energy homeostasis, and they are mainly focused on the perinatal
exposure (18). BPA exposure of mice from gestational day 0
to Post Natal Day (PND) 21 through diet (1 or 20 ng BPA/kg
diet) in combination with HFD had a sexually dimorphic effect
on hypothalamic circuits: in males, it impairs glucose tolerance,
reduces POMC fiber innervation in the PVN and, in combination
with HFD, increases NPY and AgRP expression in the ARC.
In females, BPA induces a weight gain, increases food intake,
adiposity, and leptin blood levels, while in combination with
HFD reduces POMC mRNA expression in the ARC (18). Taken
together these data support the idea that BPA actsasa MDCin a
sexually dimorphic way [(22), Figure 1].

Gestational BPA exposure (5 mg/L BPA through drinking
water) of Sprague-Dawley rat dams increases the proliferation
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and differentiation of cultured primary hypothalamic neural
progenitors (NPCs), as well as the expression of AgRP, while the
expression of POMC is reduced (23). BPA is also acting on the
kiss system in both rats (63) and mice (64), inducing sexually
dimorphic alterations in the cell number of ARC and preoptic
populations. Moreover, perinatal treatment with BPA decreases
the percentage of kisspeptin-ir fibers in PVN during the postnatal
development in female mice (65).

While studies on BPA effects are slowly increasing, only a few
studies focus on BPA-analogs: postnatal exposure from PND21
for 10 weeks with 25-50-100 pg/kg BW/day of bisphenol S
(BPS) in drinking water affects orexigenic hypothalamic systems
resulting in a dose-dependent increase of AgRP mRNA level
but not in NPY one or in anorexigenic neuropeptides [POMC,
CART; (24)].

Considering the complex relationships between the different
circuits involved in the control of food intake and energy
homeostasis, further studies are needed to clarify all the effects
related to the exposure to BPA and to its less described analogs.
In fact, after recognizing the EDC’s properties of BPA (66),
the search for an appropriate substitute became a fundamental
problem to solve. At present, more than 15 BP analogs have been
synthesized (67, 68) but none is a real solution. The safety of
two of the most used BPA substitutes, BPS and bisphenol F, still
remain unclear: in vitro and in vivo studies, suggests that they
share with BPA not only the endocrine-disrupting properties but
also the metabolic disrupting ones (69-71).

Both GEN and BPA share a common xenoestrogenic activity,
therefore it is possible that they may exert their action altering the
estrogens’ action on metabolism regulation. In fact, in mammals
estradiol (E;) has an important role on the regulation of food
intake and metabolism with an appetite-suppressing effect (12,
13). In female rodents, ovariectomy (OVX) induces an increased
body weight and hyper-adiposity, E, treatment can robustly
inhibit food intake (72, 73). Similarly, in our species, women
report a decrease in appetite during the periovulatory stage of
ovarian cycle, when E; reach a maximal peak (12, 74), while, the
development of obesity, type II diabetes and metabolic syndrome
in menopause has been correlated with the low E; level (75, 76).
These metabolic diseases are partially reverted by E, replacement
therapy (77, 78).

E, action is mediated by ERs, in particular, the intracellular
ERa, may affect different aspects of regulation of food intake
and energy metabolism. This is confirmed by the observation
that in rodents deletion of ERa gene cause obesity (79) and the
blockage of the appetite-suppressing effect of E, treatment (73).
In humans, the polymorphisms in the estrogen receptor alpha
gene have been associated with body fat distribution (80). The
suppression of ERa expression in VMH alters the anorexigenic
effect of E, treatment, leading to obesity, hyperphagia, and
reduced energy expenditure in female mice and rats [(81),
Figure 1].

Moreover, in ARC and VMH, many neurons co-express ERa
and the isoform b of leptin receptor (LepRb) (82). Leptin levels
are correlated with E, fluctuation: a decrease of E, reduces
leptin secretion, which can be restored by E, treatment (83).
Furthermore, both gonadal hormones (84, 85) and leptin (86)
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modulate Kisspeptin (kiss) anorexigenic neurons. In fact, kiss
peptide, co-localizes with ERa (87) and LepRb (88) in ARC.
Reciprocal connections link kiss cells, NPY and POMC neurons
(89): Kiss excites POMC system directly through the kiss receptor
(GPR54) expressed by POMC neurons (90) and inhibits NPY
neurons indirectly by enhancing GABA-mediated inhibitory
synaptic tone (91). Therefore, hypothalamic kiss system may be
a good target for E, in the regulation of food intake and energy
metabolism along with the well-known control of reproduction.

Few studies analyzed sexual dimorphism on feeding circuits.
The World Health Organization (WHO) reported that the
obesity prevalently affects women, and it reaches at twice the rates
of men in some regions of the world (92). E, has an important
anorexigenic role also in males: the deletion of ERa in mice,
(79, 93), as well as the mutation of ERa in men, causes obesity
(94, 95) (Figure 1). Moreover, E, treatment in males reduces
body weight (4, 96). Sexual dimorphism is reported also for NPY
and POMC systems (97, 98) and for their receptors (99-101).

These data support the hypothesis that the metabolic
disrupting properties of GEN and BPA as well as of other
xenoestrogens are based on their ability in interfering with the
estrogenic regulation of metabolism and food intake [reviewed
in (11)].

Tributyltin

Organotin chemicals are compounds containing at least one
bond between tin and carbon. The most studied is Tributyltin
chloride (TBT), one of the most dangerous and toxic EDC
presents in the environment acting as MDC at both peripheral
(102) and central level [for recent reviews see (103-106)].
Due to its primarily use in antifouling paint for boats (94),
TBT exerted toxicological effects on marine organisms. As a
result, fish and fishery products are the main source of human
exposure.

Unlike GEN and BPA, Tributyltin chloride (TBT) is an
androgen agonist (it binds ARs), while it has no affinity
for ERa (107). More recently, TBT has been identified as
agonist ligand for RXR and PPARy (108) and as a promoter
of adipogenesis, favoring obesity (109). In fact, PPARy and
RXRy are strongly express within hypothalamus (110) by nuclei
interesting in metabolic and food intake control (as VMH, LH,
PVN). Moreover, blocking with pharmacological antagonists or
with shRNA the central endogenous activation of PPARy led
to negative energy balance, restored leptin-sensitivity in high-fat
diet (HFD)-fed rats (111).

Acute exposure to TBT induced a significant increase of cell
expressing c-fos in the ARC nucleus in adult mice (25), thus
suggesting a direct action of TBT at the hypothalamic level. A
few other studies confirmed this observation. In fact, a chronical
exposure to TBT induced a diminution of NPY expression in
adult male but not in female mice, a decrease of circulating
leptin level, and a decrease of Y1 receptor transgene expression
in both sexes (19). Also the POMC immunoreactive system was
influenced (26) with a significant decrease of POMC-positive
structures in female mice only (Figure 1).

In rats, TBT exposure increased significantly NPY expression
in the female together with an increase of food intake, while

male presented a decrease of AgRP and CART and appetite
(27). Another interesting study in rats investigated whether TBT
dependent metabolic disorders were correlated with abnormal
hypothalamus-pituitary-gonadal (HPG) axis function, as well as
kisspeptin action: after a chronic treatment with TBT, female
showed metabolic dysfunctions and HPG axis abnormalities,
providing evidence that TBT leads to toxic effects direct on the
HPG axis and/or indirectly by abnormal metabolic regulation of
the HPG axis (112). TBT has an action also on the hypothalamic-
pituitary-adrenal (HPA) axis function (113): a recent study
showed that, in female rats, TBT disrupts the morphophysiology
of the HPA, leading to an increase in CRH mRNA expression,
a decrease in ACTH release and an increase in corticosterone
levels (114). Moreover, many studies in vivo and in vitro have
shown TBT effects also on the thyroid morphophysiology and
the homeostasis of hypothalamus-pituitary-thyroid axis. TBT
may act altering T3 and T4 level (115, 116), down-regulating of
thyroid peroxidase, and up-regulating of the thyroid-stimulating
hormone receptor (117). TBT given to pregnant mice induces
hypothyroidism in the progeny, and induces a dose-dependent
increase of T3-independent TRH transcription levels in the
hypothalamus of dams (118).

Experimental and epidemiological evidence suggest that the
gut microbiota is responsible for significant immunologic,
neuronal and endocrine changes that lead to obesity (119), and,
recently, it was demonstrated that TBT affect the microbiota
system in treated mice, inducing dyslipidemia (120).

In conclusion, TBT has strong effects on both the periphery,
with its effects on the mechanisms promoting adipogenesis (121,
122) and the brain by altering the hypothalamic neuroendocrine
centers regulating food intake and metabolism (19, 26, 105, 123).
All data collected up to now strongly suggest that TBT is a potent
MDC.

CONCLUSION

In recent years, obesity and metabolic syndromes are
increased; even if it is necessary to consider the possible
genetic predispositions, and the excessive food intake without
appropriate physical exercise, probably the causes should be
sought also in numerous natural or synthetic substances that
pervade our environment, known as MDCs.

While the possible role as metabolic disruptors of these
substances, in particular BPA and TBT, is widely recognized both
at hypothalamic and peripheral level, the GEN effect remains
controversial on a peripheral level and still unclear, on the
hypothalamic neuroendocrine circuits involved in food intake.
Therefore, more studies are needed to clarify the interference
of these compounds on the complex neural circuit that controls
food intake and metabolism.
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History of the Obesogen Field:
Looking Back to Look Forward

Jerrold J. Heindel*

Program on Endocrine Disruption Strategies, Commonweal, Bolinas, CA, United States

The Obesogen field developed from two separate scientific research areas, endocrine
disruptors and the Developmental Origins of Health and Disease (DOHaD). Endocrine
Disrupting Chemicals (EDCs) are exogenous chemicals or mixtures of chemicals that
interfere with the action of hormones. Exposure to EDCs during early development
(DOHaD) has been shown to increase susceptibility to a variety of diseases including
infertility, asthma, breast and prostate cancer, early puberty, susceptibility to infections,
heart disease, autoimmune disease, and attention deficit hyperactivity disorder/learning
disability. The effects of EDCs on obesity and fat cell development first gained attention
around the turn of the twenty-first century. In 2002 Dr. Paula Baillie-Hamilton wrote the
first review article focusing on environmental chemicals and obesity. She suggested that
the obesity epidemic correlated with the increased production of chemicals after World
War II. Baillie-Hamilton identified studies showing that exposures to a variety of chemicals
led to weight gain. Shortly after that a commentary on an article showing that nonylphenol
would increase fat cell differentiation in vitro noted the Baillie-Hamilton article and made
the point that perhaps obesity was due in part to exposure to EDCs. In 2006 the field
of DOHaD/EDCs and obesity made a giant leap forward when Dr. Bruce Blumberg
published a paper showing that tributyltin could lead to weight gain in mice and coined
the term obesogen for a chemical that caused weight gain and lead to obesity. In 2011,
the NIEHS developed the first funding initiative focused on obesogens. In the following
years there have been several workshops focused on obesogens. This paper describes
these early days that lead to the obesogen hypotheses and the growth of the field for a
decade, leading to its prominence today, and provides some insight into where the field
is moving.

Keywords: endocrine disruptor, obesogen, metabolism disruptor, developmental origins of disease, obesity

INTRODUCTION

It is never easy to determine when a scientific paradigm shift has occurred that will lead to the
development of a new scientific field, including the development of the obesogen field. Before
moving into the history of obesogens per se, it is important to note that data supported the
concept before anyone thought that unintentional chemical exposures could make people fat. These
data came from the pharmaceutical arena, where certain drugs developed for a specific disease
had a side effect of causing weight gain. For instance, many individuals on selective serotonin
uptake inhibitors, atypical anti-psychotics, tricyclic antidepressants, and thiazolidines antidiabetics
experienced weight gains of 5-10kg (1). The data are particularly strong for rosiglitazone, used
to treat type 2 diabetes, which acts as a selective PPAR gamma receptor agonist; a pathway that is
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known to stimulate fat cell development (2). Monosodium
glutamate, a widely used food additive, has a side effect of
being a known activator of brain pathways that cause weight
gain in animal models (3). Thus, these studies provided proof
of principle that chemicals could interfere with metabolism,
resulting in weight gain.

ENDOCRINE DISRUPTORS

In the case of environmental chemicals and obesity, this
field emerged from research on endocrine disruptors and
the concept of developmental origins of adult disease, now
called developmental origins of health and disease (DOHaD).
Endocrine disrupting chemicals (EDCs), for the most part, are
chemicals designed for a specific purpose, for example, a pesticide
or plasticizer, but they also mimic natural hormone actions
in the body leading to increased susceptibility to a variety of
diseases. The endocrine disruption field began at a Wingspread
Conference in 1991 where the term endocrine disruptor was
first coined [reviewed in (4)]. There are now around 1,000
chemicals designated as EDCs (https://endocrinedisruption.
org/). EDCs are found in a wide variety of products including
pesticides/herbicides/fungicides, flame retardants, surfactants,
plastics, sunscreens, cosmetics, and personal care products, etc.
[reviewed in (5)]. Exposure to EDCs is ubiquitous, such that
exposure occurs from air, dust, water and food via ingestion,
inhalation, the skin, and the placenta. Some EDCs have short
half-lives in minutes or hours while others are highly persistent
with half-lives in years (6). Originally, EDCs were shown to
interfere with estrogen, androgen and thyroid hormone signaling
(7, 8) resulting in diseases and dysfunctions in reproduction,
learning, memory, and behavior.

DEVELOPMENTAL ORIGINS OF HEALTH
AND DISEASE

The DOHaD field posits that development, when tissues are
forming, is a highly orchestrated and coordinated process
controlled by altering gene expression to make specific tissues
with specific genes and functions (9, 10). Hormones and growth
factors control this process. Poor nutrition, stress or EDCs can
interfere with this developmental trajectory, leading to functional
changes in tissues (altered gene expression, altered cell numbers
or locations) leading to increased sensitivity/susceptibility to
disease and dysfunction over the lifespan (11).

As scientists studied the role of exposure to EDCs in
reproductive diseases (e.g., the DOHaD hypothesis), they
discovered that these same EDCs could cause weight gain which
led to the development of a new scientific field.

SERENDIPITY AND THE BIRTH OF A NEW
FIELD: INTEGRATION OF EDC AND DOHaD
FIELDS

Serendipity, sometimes called unexpected good luck, involves
finding something unexpected, realizing its importance and

acting on it. Thus, while the initial discovery might be due to
luck, the realization of its importance and acting on it is a key
component of science. Serendipity played a key role in the birth
of the obesogen field.

The first serendipitous discovery came in 1997 when Paula
Baillie-Hamilton, a physician, noted that “After the birth of my
second son, I gained a significant amount of weight. And I
happened to read an article in a national newspaper on how
chemical toxins at today’s levels of environmental exposure are
damaging animals’ health by meddling with their hormones.
My academic background and previous experience as a doctor
had given me the ability to see the connection between these
toxins and that perhaps there was a connection to our growing
weight problem.” (12). She serendipitously put two scientific
fields together for the first time.

In 2002, she published the first paper that focused on a new
hypothesis, that chemical toxins could explain the global obesity
epidemic (12). In the article she noted, “Therefore it can be
posited that the relatively recent presence of synthetic chemicals
in the environment may be a significant causative factor in
the current worldwide obesity epidemic. These chemicals may
be causing weight gain via toxic effects on the body’s natural
weight-control mechanisms.”

A figure in this publication showed that the increase in
obesity followed by several decades the increase in production
of chemicals, thus suggesting a link between the two. It further
showed that since the early 1970s there had been numerous
publications that showed that environmental chemical exposures
to rodents could lead to weight gain. However, these were
toxicity studies, and the authors did not consider weight
gain as a toxic endpoint. The chemicals that she noted as
having the ability to cause weight gain include organochlorine
pesticides, carbamates, polychlorinated biphenols, plastics such
as phthalates and bisphenol A (BPA), heavy metals and solvents.
It should be noted that recent studies have indeed confirmed
that exposures to these chemicals during development can lead
to weight gain in offspring (13). She also noted, “Researchers
have reportedly found a positive association between levels
of certain toxic chemicals in the children’s and adults body
tissues and increased weight in these subjects.” Thus, the Baillie-
Hamilton review of the literature led her to develop a hypothesis
for a new field, which did not exist: an amazing scientific
deduction. Unfortunately, the article was published in the Journal
of Alternative and Comparative Medicine and therefore was not
initially widely noted and cited.

SERENDIPITY: THE FIRST PUBLICATIONS

Two of the articles noted in the Baillie-Hamilton literature review
were published by reproductive biologists who were studying
the effects of BPA. The authors serendipitously discovered
that developmental exposure to BPA would not only result in
reproductive effects but would also lead to weight gain (14,
15). While both publications were focused on the reproductive
effects of BPA and noted effects on body weight, the Rubin
etal. (15) paper mentioned—in the title—that BPA affected body
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weight. In 2002, several articles showed that childhood obesity
is associated with maternal smoking during pregnancy (16, 17),
another unexpected result as smoking led initially to lower birth
weight. These data led to a review of the fetal origins of obesity
focusing on in utero nutrition and later-life obesity (18, 19).

At the turn of the twenty-first century, two research areas
were coming together, the first of which was the fetal origins
of adult disease (now called DOHaD). DOHaD started with a
focus on nutrition and the field of environmental chemicals and
disease, which initially focused on reproduction. The discovery
that developmental exposure to BPA would lead to weight gain
led to the development of a new field: the developmental origins
of obesity and the role of EDCs.

Data showing that BPA and nonylphenol could stimulate
differentiated 3T3-L1 cells into adipocytes followed these
initial studies (20-22). These articles were the first to show
that an environmental chemical can cause differentiation into
adipocytes. In 2003a commentary (23) on the nonylphenol
manuscript was published in Toxicological Sciences (22). This
commentary noted the prior Baillie-Hamilton (12) publication
and the developing new research area (the fetal basis of adult
disease), showing that nutrition in utero and early life can have
profound influences on birth weight and on lifelong health. It
also noted, “the authors of this article on adipocyte differentiation
by nonylphenol opened the door to a potentially very exciting
new area of research on the action of estrogenic endocrine-
disrupting chemicals: one that has enormous implications for
public health.” It asked thought provoking questions: “Will
these results extrapolate to the in vivo situation in rodents and
other animal models? Will humans be sensitive to the in utero
exposure to environmental estrogens about the development of
adipocytes? Will toxicology and environmental health sciences
play a key role in addressing the obesity epidemic via a reduction
in exposures to environmental chemicals in utero and throughout
life? Only time will tell, but the door has been opened...” While
just a commentary, it alerted toxicologists to the Baillie-Hamilton
article and the new area of fetal origins of obesity.

In 2005, Newbold et al. (24) first showed that neonatal
exposure to low doses of diethylstilbestrol (DES) would cause
obesity as measured both by increased weight and increased fat
in females. The picture, published in 2009 (25) on the effect of
neonatal DES exposure on weight gain in adults has, in today’s
vernacular, gone viral as it has been shown as a key example of an
estrogenic chemical and obesity many times.

EPIDEMIOLOGY STUDIES ON EDCS AND
OBESITY

Smoking during pregnancy is a proof of principle for the
ability of chemicals to cause increased risk for overweight
in childhood. The first publications showing that smoking
during pregnancy would increase weight gain in children
were published in 2002 and 2003, predating an obesogen
field. In 2008, Oken et al. conducted a meta-analysis of 14
epidemiology studies that showed a strong association between
smoking during pregnancy and weight gain in the children

(18). Smoking throughout pregnancy has the largest effect
on childhood weight, and there was a dose response with
more smoking leading to a larger effect on the children’s
weight. By 2013, there were over 30 separate epidemiology
publications that all showed the same effect; increased weight
gain in children from the mother’s smoking during pregnancy,
something unheard of in the epidemiology literature (26).
These results were confirmed in human studies that examined
nicotine administration to pregnant mothers [reviewed in (18)]
and in animal studies showing that nicotine increased body
weight and fat disposition, adipocyte size and gene markers
of adipogenesis as well as decreases physical activity (27, 28).
Even today, smoking during pregnancy represents the strongest
data point supporting both the importance of development as
a sensitive period for weight gain later in life and for nicotine
being an endocrine disruptor. Interestingly, in this instance,
epidemiological data was the first to show the association
between smoking and weight gain, and the data appeared before
anyone thought that chemicals (EDCs) could cause weight
gain.

Beth Gladen, who had a history of studying polychlorinated
biphenyls (PCBs) and dioxins in breast milk and pregnancy
outcomes in humans, appears to have published the first
epidemiology study on EDCs and obesity (29). They showed
that girls born from mothers with the highest PCB and
DDE (metabolite of DDT) exposures during pregnancy
were heavier for their heights than other girls. In 2004, this
same group showed that prenatal exposure to DDT was
not associated with BMI (30). Despite this dubious start in
the early 2000s, by 2014, 33 publications examined either
overweight, BMI or general growth. Twenty-two publications
examined organochlorine pesticides (DDT, hexachlorobenzene),
and seven examined PCBs. There were also publications
that assessed the effects of polyaromatic hydrocarbons,
perfluorooctanoic ~ acid(PFOA)/perfluorooctane  sulfonate
(PFOS), BPA and dioxins (31). The first comprehensive review
of childhood obesity and environmental chemicals appeared in
2011(32).

SERENDIPITY AND THE OBESOGEN
HYPOTHESIS

What is in a name? A lot. In 2006, the focus of the
Blumberg lab was on orphan receptors, with an emphasis
on PPARy and RXR. They noted that tributyltin which
activates PPARy and RXR in mollusks also increased fat in
this model. This serendipitous discovery changed the direction
of the lab to a focus on the ability of tributyltin to cause
weight gain in mice and differentiation of 3T3-L1 cells into
lipid accumulating adipocytes. These data lead Grun and
Blumberg to publish their classic paper which introduced the
term “environmental obesogen.” They defined an obesogen as
molecules that inappropriately regulates lipid metabolism and
adipogenesis to promote obesity (33). The obesogen hypothesis
stimulated the field in general by giving a catchy, easy-to-
remember name to a subset of EDCs that can stimulate obesity.
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They noted, “the existence of chemical obesogens in and of
themselves suggests that the prevailing paradigm, which holds
that diet and decreased physical activity alone are the causative
triggers for the burgeoning epidemic of obesity, should be
reassessed.”

As an indication of the growth of this new field, or perhaps
to stimulate this new field, several reviews appeared in 2007,
2008, and 2009 (7, 25, 34-39), and this trend continues today
(13, 40-44).

WORKSHOPS

The first workshop that focused on the role of developmental
exposures to environmental chemicals and obesity was held
at Duke University and sponsored by the National Institute
of Environmental Health Sciences (NIEHS) and the Duke
University Integrated Toxicology Program in 2004 (45). The goal
of the workshop was to highlight the available data as a proof-of-
concept in animals and to stimulate interest in this research area.
The workshop focused on in utero nutrition and obesity, basic
biology of fat cells and their control and several talks related to the
effects of developmental exposure to environmental chemicals
and later onset of obesity.

In 2011, the National Toxicology Program at the National
Institute of Environmental Health Sciences held a workshop,
“Role of Environmental Chemicals in the Development of
Diabetes and Obesity.” At this workshop, a diverse group
of scientists was asked to evaluate the current literature
for consistency and biological plausibility (46). The strongest
conclusion from the workshop was that nicotine is an obesogen,
followed by the animal and in vitro data for tributyltin being
an obesogen and the human data on some persistent organic
pollutants and diabetes. The data on BPA were considered
suggestive of effects on glucose homeostasis, insulin release and
adipogenesis (26, 46-48). The workshop proceedings identified
research gaps including more research on type 1 diabetes, lack of
human studies, more studies on the basic biology of adipocytes,
and a need for more information on the biology that controls
body weight and metabolic set points that change with life stage.
There was also a discussion of how high throughput screening
could provide valuable information about chemicals, pathways,
and endpoints.

The first International workshops on obesity, “Obesity and
Environmental Contaminants,” were held in Uppsala, Sweden,
in 2013 and 2015. A consensus statement was published as
a result of the 2nd International Workshop on Obesity and
Environmental Contamination, held in 2015 (49). It discussed
several actions that could be taken to restrict the use of potentially
harmful contaminants on metabolism.

In 2014, a small group of scientists met in Parma, Italy, to
address how to help move the obesogen field forward. This was
the first meeting to focus not just on obesogens and obesity, but
to expand the focus to metabolic disruptors, chemicals that can
cause obesity, diabetes, and fatty liver disease including metabolic
syndrome. This workshop resulted in two key publications: the
Parma Consensus statement (50) and a review of metabolism and
the chemicals that have been shown to disrupt metabolism (13).

FUNDING AND SCIENTIFIC SUPPORT

Funding for the research area of environmental chemicals and
obesity has come mainly from the NIEHS in the USA. Indeed,
from the first publications noted above (14, 15), essentially
all the publications related to in vitro and in vivo obesogen
animal models and human studies were supported by NIEHS.
Nonetheless, it took until 2011 for the NIEHS to release a specific
funding announcement that focused on the role of environmental
chemicals and obesity and diabetes. This announcement led to
the funding of more than a dozen animal and human birth cohort
studies which stimulated research and interest in the field over 3
years. This has been the only major funding focused specifically
on understanding the role of EDCs in the obesity epidemic.

There is no EDC Society to specifically support and
coordinate EDC, and therefore obesogen, research. However,
in 2005 the Endocrine Society committed itself to EDCs as
an important issue (http://press.endocrine.org/doi/10.1210/en.
2005-1367) (51). In 2009, the Endocrine Society developed a
position statement on EDCs followed by a Scientific Statement
on EDCS (52), which established EDC research as a policy
priority backed by a strong foundation of science. EDC-2. The
Endocrine Society’s Second Scientific Statement on Endocrine-
Disrupting Chemicals was published in 2015 and contained a
focus on obesogens (5). Thus, the Endocrine Society can be
considered a home for obesogen research.

SUMMARY OF THE FIRST DECADE

The first 10 years of the obesogen hypothesis has led to research
which has identified chemicals of concern and developmental
windows of sensitivity (in wutero and neonatal). In addition,
publications showed sexually dimorphic differences in the effects
of obesogens: developmental exposure to DES or BPA resulted
in obesity only in the female offspring (24, 53). There are now
numerous chemicals that can be designated as obesogens (13, 40,
54, 55). See Box 1 and Figure 1.

The animal and human data developed in the first decade have
led to the following conclusions outlined in Heindel (50):

e Susceptibility to obesity is at least in part “programmed” in
utero and early postnatal life by exposures to environmental
stressors  including  obesogens.  This  developmental
programming can be considered to alter the “set point”
or sensitivity to develop obesity. Indeed, it is likely that
obesogens, due to their actions on programming metabolism,
alter the amount of food needed to result in weight gain and
the amount of exercise needed to lose weight.

e Programming may alter the number, size and function of fat
cells, as well as effects on the brain appetite and/or satiety
centers, control of the GI tract, muscle, pancreas, and liver,
leading to altered sensitivity for gaining weight.

e It is likely that we are underestimating the importance of
obesogens because of the focus of current research on a single
or small subset of chemicals at a time, during limited windows
of sensitivity, in single tissues and focusing on endpoints
related to only one metabolic disease.
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BOX 1 | Examples of obesogenic chemicals and their sources.

Antimicrobial: Triclosan, Paraben(s).

Biogenic compounds: Isoflavones (genistein, daidzein), Nicotine, Permethrins.

Byproducts/intermediate reactants: Dioxin, Nonylphenol, Acrylamide, Bisphenol A(BPA), Perfluorooctanoic acid (PFOA), Tributyltin, Benzo(a)pyrene.

Flame retardants: Tetrabromobisphenol A (TBBPA), Polybrominated dipheny! ethers (PBDE), Firemaster 550.

Food additives and contact materials: Monosodium glutamate, Tributyltin, High fructose corn syrup, nonmetabolizable sugars.

Household product ingredient: Acrylamide, di(2-ethylhexyl) phthalate (DEHP), Tributyltin, Triclosan, Bisphenol A diglycidyl ether (BADGE), Parabens.

Industrial additive: di (2 ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), Tributyltin, Persistent Organic Pollutants (POPs).

Medical/veterinary research: Acrylamide, Bisphenol A diglycidyl ether (BADGE), Butyl benzyl phthalate (BBzP), Neonicotinoid Insecticide -imidacloprid,
Permethrins, Tetrabromobisphenol A (TBBPA), Tributyltin, Diethylstilbestrol, Thiazolinedione antidiabetics (rosiglitazone), Tricyclic antidepressants (amitrriiptyline,
Miratazapine), Selective serotonin uptake inhibitors.

Metabolite/degradate: Butyl benzl phthalate (metabolite of BBzP), Mono-(2-ethylhexyl) phthalate (metabolite of DEHP), Butyl phthalate (metabolite of DBP), o,
p’DDE (metabolite of DDT).

Metal/metalurgy: Lead, Arsenic, Cadmium.

Personal care products/cosmetic ingredients: Perfluorooctanoic acid (PFOA), Perfluroooctane sulfonate (PFOS), butyl paraben, methyl paraben, di(2-
ethylhexyl) Phthalate (DEHP), dibutyl phthalate (DBP), triclosan.

Pesticide/fungicide and ingredient: di(2-ethylhexyl)phthalate (DEHP), Dibutyl phthalate (DBP), Methyl paraben, Perfluorooctane sulfonic acid (PFOA),
triclosan, Parathion, Organophosphate Pesticides (Diazinon, Chlorpyrifos) Imidacloprid, Triflumizole, Zoxamide, Quinoxyfen, Fludioxonil, Organochlorine Pesticides
(Dichlorophenyltrichlorethane (DDT), Hexachlorobenzene (HCB),Lindane), Pyrethroid Pesticides (Permethrin, Deltamethrin), Phenylpyrazole Pesticide (Fipronil),
Fungicide (Pyraclostrobin).

Plastic/rubber: Octyl phenol, acrylamide, Bisphenol A(BPA), Bisphenol A diglycidyl ether (BADGE), Bisphenol S, di(2-ethylhexyl) phthalate (DEHP),
Perfluorooctanoic acid (PFOA), Tributyl tin, Triclosan.

Solvent: Dibutyl phthalate (DBP).

Air pollutants: Poly Aromatic Hydrocarbons (PAH), PM 2.5.

Note that some chemicals occur in multiple classes indicating several venues for exposure. This list is derived from review articles noted in this review as well as
the listing of EDCs found on The Endocrine Disruption Exchange website: https://endocrinedisruption.org/

The Birth of a Field...
Environmental Exposures and Obesity

n Ballie-Hamilton, Chemical toxins: a hypothesis . . .
22%%23 to explain the global obesity epidemic, (J Alt EEn_gocr!nechruptutrs ant_irthes Obzeg(lJt%/
and Comp Med, 2002) pidemic, Commentary, (Tox Sci, )
Levin and Heindel, Obesity: fetal origins and environmental
2002- influences, Duke Integrated Toxicology Program and NIEHS
2004 sponsored symposium, 2004

Bruce Blumberg coined
“Obesogen”

(Grun and Blumberg Mol
Endocrinol 2006)

2011 NTP Obesity

NIEHS Funding Announcement: Role of environmental 2014 - Metabolic

chemical exposures in the development of obesity, type 2 floeher . disruptor meeting,
diabetes, and metabolic syndrome 2013 Uppsala Obesity Parma
Workshop

FIGURE 1 | Timeline of obesogen field.
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THE OBESOGEN FIELD TODAY

In the last few years there have been two major advances in the
field: a focus on transgenerational inheritance by obesogens and
a change from a focus on obesogens to metabolism disruptors.

Transgenerational epigenetic inheritance due to exposure
to environmental chemicals was first shown in 2005 (56)
and it focused on reproductive endpoints. The first report of
obesity being inherited transgenerationally by environmental
chemicals appeared in 2013 (57). There are currently publications
linking ancestral exposure to dichlopdiphenyltrichloroethane
(DDT) (57), a combination of BPA, diethyl hexyl phthalate and
dibutyl phthalate (58) tributyltin (59, 60) and jet fuel (61) to
obesity. These transgenerational inheritance studies are the most
disturbing as they show that the effects of obesogen exposure
during pregnancy may be apparent in future generations. Perhaps
some of the global obesity epidemics noted today are due to
exposures to past generations in addition to current exposures.

While the term obesogen is still valid, it soon became apparent
that some obesogens had activity at other tissues leading to type
2 diabetes, fatty liver and indeed metabolic syndrome. The first
publication that changed the focus from obesogens per se to
metabolic disruption and metabolic disruptors appeared in 2011
(62). This expansion from obesogen to metabolic disruptors was
developed further in 2015 (13, 50) and again in 2017 (13, 55)
in reviews that discussed moving to the new term metabolism
disrupting chemicals (MDCs) for chemicals that cause not just
weight gain but also type 2 diabetes and non-alcoholic fatty liver
disease.

FUTURE DIRECTIONS

As the obesogen field moves into its second decade, an iceberg
may be a good representation of the state of the science. The
current data are just the tip of the iceberg, the part that shows
above the water. The part of the iceberg under the water is likely
to be larger, indicating that there remain many questions to
answer including, how many obesogens are there, what are their
molecular targets, what are the critical windows of exposure, how
many windows of exposure are there and how do they interact?
Indeed, the field is still quite small, with only a few dedicated
researchers focused on understanding the role of environmental
chemicals in the epidemics of obesity, diabetes, and liver diseases.
Thus, the first and main objective must be to expand the
cadre of researchers. Just as the first researchers came from
other fields, it is imperative that animal, epidemiology and
clinical researchers from other fields use their expertise to
help understand the role of environment in these metabolic
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Metabolic disease rates have increased dramatically over the last four decades. Classic
understanding of metabolic physiology has attributed these global trends to decreased
physical activity and caloric excess; however, these traditional risk factors insufficiently
explain the magnitude and rapidity of metabolic health deterioration. Recently, the
novel contribution of environmental metabolism-disrupting chemicals (MDCs) to various
metabolic diseases (including obesity, diabetes, and non-alcoholic fatty liver disease)
is becoming recognized. As this burgeoning body of evidence has matured, various
organic and inorganic pollutants of human and natural origin have emerged as metabolic
disease risk factors based on population-level and experimental data. Recognition of
these heretofore underappreciated metabolic stressors now mandates that efforts to
mitigate the devastating consequences of metabolic disease include dedicated efforts
to address environmental drivers of disease risk; however, there have not been adequate
recommendations to reduce exposures or to mitigate the effects of exposures on disease
outcomes. To address this knowledge gap and advance the clinical translation of MDC
science, herein discussed are behaviors that increase exposures to MDCs, interventional
studies to reduce those exposures, and small-scale clinical trials to reduce the body
burden of MDCs. Also, we discuss evidence from cell-based and animal studies that
provide insights into MDC mechanisms of action, the influence of modifiable dietary
factors on MDC toxicity, and factors that modulate MDC transplacental carriage as well
as their impact on metabolic homeostasis. A particular emphasis of this discussion is
on critical developmental windows during which short-term MDC exposure can elicit
long-term disruptions in metabolic health with potential inter- and transgenerational
effects. While data gaps remain and further studies are needed, the current state of
evidence regarding interventions to address MDC exposures illuminates approaches to
address environmental drivers of metabolic disease risk. It is now incumbent on clinicians
and public health agencies to incorporate this knowledge into comprehensive strategies
to address the metabolic disease pandemic.

Keywords: diabetes, endocrine disruptor, non-alcoholic fatty liver disease, intervention, metabolism, obesity,
metabolism-disrupting chemical
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CHANGING THE NARRATIVE OF
ENVIRONMENTAL HEALTH

The desire to live a healthy, disease-free life is universal; however,
this goal is sadly unattainable for most of us. Diseases occur
across the lifespan, often without warning. While patients’ goals
are to achieve a quick cure for their disease, chronic conditions
requiring life-long therapy in which the clinical approach is to
“manage” the disease often plague patients. While appropriate
and timely treatment can stave off many of the complications
of these chronic medical problems, the individual and societal
costs of this treatment strategy are staggering. A better approach,
indeed the holy grail for addressing the current plague of chronic
disease, is to focus on disease prevention, which better ensures
long term health with attendant economic benefits. Thus, what
is needed is a narrative change that shifts the focus from
management to prevention.

Such efforts, however, require an understanding of the
factors driving chronic disease pathogenesis as well as
validated strategies for addressing those risk factors. There
is overwhelming evidence linking environmental factors such
as chemicals, diet, stress, drugs, and lifestyle to the etiology of
many chronic diseases. Thus, there is a desperate need to include
improvements in our environment as part of comprehensive
efforts to reduce the burden of chronic disease. To this end,
this review focuses on one essential aspect of environmentally-
driven disease, namely exposure to environmental toxicants and
approaches to mitigate their impact on disease susceptibility
and development. Specifically, we focus on one category of
environmental pollutants, those that cause metabolic disease
(metabolism-disrupting chemicals, MDCs). These MDCs
represent a subset of environmental endocrine-disrupting
chemicals (EDCs) that have been shown to disrupt metabolic
physiology or are associated with metabolic disorders in cell-
based, animal, or epidemiological studies (1). This discussion
of MDCs provides valuable proof-of-principle for developing
comprehensive approaches to reduce environmentally-mediated
disease. Importantly, the approaches described herein have
universal applicability for reducing the impact of myriad
environmental chemicals on human health and disease.

This discussion comes at a crucial time. Recent analyses
focusing on a subset of MDCs suggest that these toxicants
are significant contributors to the societal burden of metabolic
diseases and their attendant healthcare costs (2). Furthermore,
these analyses likely underestimate the total contribution of
MDCs to metabolic disease burden as they were restricted
to a small subset of suspected MDCs and do not take
into account potential additive or synergistic effects resulting
from combinatorial exposures. In addition, many patients
are increasingly aware of the potential role environmental
toxicants play in disease development; however, it is clear that
knowledge gaps exist regarding the potential health impacts of
environmental toxicants in a given individual. Moreover, there is
a lack of comprehensive clinical guidance to empower patients
to address their environmental risk. Improving approaches to
environmental health requires an ability to explain the dangers
imposed by exposure, which may not become apparent for

decades, against the (in)conveniences of lifestyle and policy
changes necessary to reduce those exposures. We hope this
review will contribute to changing the narrative by focusing
the attention of scientists, physicians/health professionals, policy
makers, and families on the available evidence to reduce disease-
inducing exposures while also stimulating research to enhance
our capacity to prevent the environmental contribution to the
devastating individual and societal burden of metabolic disease.

THE CONFLUENCE OF ENVIRONMENT
AND METABOLIC HEALTH

Over the last several decades, there has been a staggering
increase in the prevalence of metabolic diseases across the globe.
According to the World Health Organization (WHO), obesity
rates have tripled since 1975 (3), and non-alcoholic fatty liver
disease is now a leading cause of liver failure (4). Diabetes
currently afflicts 9.2% of the global population with an estimated
629 million individuals predicted to suffer from the disease by the
year 2045 (5). Perhaps even more concerning is the fact that these
diseases are emerging at ever younger ages, transforming obesity,
fatty liver disease, and diabetes from diseases of adulthood
into common pediatric conditions (6-9). While it is without
question that genetic susceptibility challenged by caloric excess
and physical inactivity are central drivers of this epidemic, these
factors insufficiently account for the rapidity and magnitude of
the metabolic disease pandemic. Thus, identifying and addressing
other contributors is essential for improving public health.

Endocrine disrupting chemicals (EDCs), defined as “an
exogenous chemical, or mixtures of chemicals, that interfere with
any aspect of hormone action” (10), are emerging as additional
contributors to this pandemic. Approximately 1,000 EDCs have
been identified (11). These chemicals have been linked to a
variety of diseases, especially when the exposure occurs during
development (10, 12, 13). In 2006 the term “obesogen” was
coined by the Blumberg Laboratory (14) to describe a subclass
of EDCs that cause obesity, a theretofore poorly appreciated
consequence of environmental exposures. Data began to be
assimilated showing how toxicants were also associated with
other metabolic diseases, including diabetes (15), and soon a
new word “diabesogen” was coined to describe a chemical that
could induce type 2 diabetes and obesity (16). Over the ensuing
years, it became clear that some chemicals could cause obesity,
type 2 diabetes, or non-alcoholic fatty liver disease, while also
leading to the metabolic syndrome (1, 17-19). In 2017, Heindel
et al. proposed the term “Metabolism-Disrupting Chemicals”
(MDCs) or “Metabolism Disruptors” for this subclass of EDCs
to simplify the nomenclature (1). Thus, while obesogens are a
subclass of MDCs, MDCs are a subclass of the more general
EDCs; furthermore, these data suggest that MDCs as a class
have a potentially broader role in the pathophysiology of many
metabolic diseases.

Indeed, cellular, animal, and human evidence now implicates
diverse classes of environmental toxicants as MDCs, including
but not limited to bisphenol A (BPA), phthalates, chemical
constituents of air pollution, antifouling agents, polychlorinated
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biphenyls (PCBs), various pesticides, perfluoroalkyl substances
(PFAS), nicotine, and toxic metals (1, 18, 20, 21). Importantly, the
rapidly advancing science in this area has moved from identifying
associations to ascribing specific molecular mechanisms to the
metabolism-disrupting properties of many of these toxicants
(19, 22-24). While the strength of evidence linking any given
chemical to metabolic dysfunction varies, the expansion and
maturation of the field has solidified environmental exposures as
relevant contributors to metabolic disease risk. Furthermore, as
the field has earned greater attention, patients are increasingly
concerned about how their environment impacts their health
and are desperate for clinical guidance on how to reduce their
exposure risk. Evidence is now beginning to coalesce that will
empower physicians and public health officials to translate MDC
science into action to improve health.

WINDOWS OF SUSCEPTIBILITY TO MDCS

To effectively focus on disease prevention via specific
interventions, it is essential to understand the most sensitive
times during which interventions are likely to have the
most significant impact. Endocrine and metabolic signaling
exert activational effects across the lifespan; during critical
developmental windows, however, these signaling events also
exert organizational effects that lead to permanent changes
in tissue assembly. While metabolic regulation is sensitive
to activational perturbations by MDCs across the lifespan,
an emerging body of literature has specifically implicated
MDC exposures during critical organizational windows of
development in the pathogenesis of metabolic disease later in
life (Figure 1). Known as the Developmental Origins of Health
and Disease (DOHaD), this field has expanded from nutritional
stressors to those imposed by toxicant exposures (13, 25, 26).
While programming events occurring during development
are likely essential for adapting to the external milieu, this
process of “adaptation” may be corrupted when developmental
programs and the external milieu are mismatched, creating a
disease-promoting interaction between intrinsic and extrinsic
risk factors (27). Indeed, exposure to several MDCs across
developmental windows in early life (e.g., in utero and early
postnatal [reviewed in ref. (1)]) are now implicated in the
misprogramming of metabolic homeostasis. While the most
sensitive window of exposure is during fetal development and
the first years of life (i.e., the periods during which tissues are
organizing), other sensitive periods, including preconception,
pregnancy, and peripuberty, might also be sensitive to the
deleterious effects of MDCs (28-30). Perhaps most disturbing
are data from animal models showing that exposure to MDCs
during development results in disease susceptibility that can
be transmitted across generations (31, 32). Thus, reducing
developmental exposures and antagonizing MDC effects are of
paramount importance for preserving metabolic health across
generations.

While the underlying mechanisms responsible for the
sensitivity of a particular developmental window to the adverse
effects of MDCs remain incompletely understood, epigenetic

alterations are a likely culprit (13). Thus, mitigating exposures
during early windows of susceptibility that induce epigenetic
modifications is expected to have the most significant impact
for preventing diseases arising from MDC exposure. It is clear,
however, that eliminating exposures across the lifespan will also
be essential to reduce activational effects of EDCs to lessen
the severity of metabolic disease phenotypes. Thus, strategies to
comprehensively address the impact of environmental toxicants
on metabolic health must eliminate exposures that induce
organizational effects to prevent disease as well as activational
effects to lessen the severity of metabolic dysfunction.

STRATEGIES TO MITIGATE THE IMPACT
OF ENVIRONMENTAL MDCS

It is clear that reductions in the industrial production, use,
and environmental dissemination of MDCs are an essential
part of any strategy to limit the impact of this modifiable
risk factor. However, additional approaches are required to
bridge the gaps created by delays in the adoption of “green”
chemistry or recalcitrance in moving to a “first do no
harm” approach to economic development. There are three
general categories of interventions necessary to protect human
metabolic health: (1) strategies to empower individuals to
reduce their exposures to MDCs; (2) interventions to reduce
the burden of persistent pollutants that bioaccumulate; and
(3) therapeutic/dietary approaches to antagonize the deleterious
effects of exposures. Current evidence suggests that paradigmatic
approaches are evolving in each of these core areas. This
new information should provide the impetus to include
environmental management strategies as essential pillars of
clinical care plans to comprehensively address the individual
and societal burden of metabolic diseases. This is a vital step as
most clinical practice guidelines are entirely blind to the role of
environmental toxicants as mediators of metabolic risk (33-35).
Importantly, efforts to incorporate environmental toxicology
into clinical practice are not meant to suggest an usurpation of
lifestyle interventions to address metabolic disease risk; rather, we
propose adaptations to comprehensive frameworks to address the
pandemic of metabolic disease that include adjunctive initiatives
to address environmental contributors to disease risk.

Reducing Exposures to MDCs

There are two ways to minimize exposure to MDCs: (1) reduce
actual exposure to the chemicals themselves, or (2) reduce their
post-exposure accumulation in the body. Understanding the
sources of human exposure is key to clinical guidance to reduce
exposure to MDCs. There are a variety of resources available that
provide information on the origins of MDCs and how to limit
contact with them. The Endocrine Disruptor Exchange (TEDx)
(11), the Environmental Working Group (36), and the new
Because Health (37) websites offer excellent examples of exposure
reduction strategies. Information on air quality is also publicly
available at AirNow.gov (38). There are also mobile apps to help
reduce exposures and help find toxin-free food, cosmetics, and
household products as well as to gain knowledge about air quality
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FIGURE 1 | Metabolism-Disrupting Chemicals (MDCs) across the Lifespan. Exposure to MDCs can exert adverse effects across the lifespan. Later in life the effects of
MDCs are principally activational; however, early in life, MDCs can exert organizational effects that program increased long-term risk to metabolic diseases.
Interventions to prevent adverse metabolic effects from environmental toxicants include efforts aimed at disease prevention (to principally address potential
organizational effects) and disease treatment (to principally address activational effects). Images from pixabay.com and openclipart.org.
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conditions (39-45). In addition, we have recently developed a
concise Healthcare Provider Guide to empower practitioners to
discuss exposure reduction strategies with their patients (46). The
American Academy of Pediatrics (47) provides further guidance.
Table 1 shows examples of prudent measures that can reduce
exposures to MDCs. These measures are relevant across the
lifespan from fetal life through childhood, puberty, adulthood,
and aging.

To understand which interventions are likely to reduce
exposures, it is instructive to examine those practices that
increase contact with MDCs. Indeed, data from several studies
demonstrate that behavioral choices impact MDC exposure.
For example, phthalate levels are positively correlated with
consumption of fast food (48, 49). Use of polycarbonate
water bottles increases BPA levels (50), as does canned soup
consumption (51). Because phthalates and BPA are non-
persistent, individuals should recognize and limit their contact
with potential sources in order to lower their burden of exposure.

Indeed, several clinical studies have attempted to test this
supposition. In an intervention among Latina girls that focused
on reducing exposure to personal care products, investigators
showed reductions in mono-ethyl phthalate, methyl and propyl
parabens, triclosan, and benzophenone (52). Similarly, restricting
diets to foods with limited packaging decreased levels of
BPA and diethylhexyl phthalate (DEHP) (53). Furthermore,
a study in Taiwanese children showed that attention to
handwashing coupled with reducing consumption of beverages
from plastic cups decreased phthalate levels (54). These data
support the conjecture that behavioral change can lower
levels of non-persistent toxicants, including those linked to

metabolic dysfunction. Such approaches to reduce MDC contact
can, therefore, be employed across the lifespan, especially in
pregnancy during which there is the potential to impact the
metabolic health of multiple generations.

Air pollution is another significant source of MDCs. For
example, residents of rural Michigan who were exposed to urban
air for only 4-5 hours daily for 5 days exhibited an increase in the
homeostatic model assessment of insulin resistance (HOMA-IR)
for each 10 pg/m?® increase in particulate matter 2.5 um in size
or smaller (PM;5) (55). Among individuals with the metabolic
syndrome living in Beijing, China, increases in PM, 5 and black
carbon correlated with increases in insulin resistance (56). In
a small study of individuals with preexisting diabetes, vascular
dynamics were shown to be adversely affected by increases in
PM,5 (57). These data suggest that the relationship between
metabolic function and air quality are, in fact, dynamic. As
such, efforts to improve air quality are likely to have salutary
effects on population-level metabolic health. On an individual
level, avoidance of exposures (e.g., by avoiding heavily-traveled
streets during commutes or while exercising) may be beneficial.
Similarly, avoiding outdoor activities during periods of poor
air quality are also likely necessary, as is cessation of practices
that worsen local air quality such as burning organic matter,
using gasoline-powered lawn care equipment, smoking indoors,
and using household chemicals. Patients can be empowered
to consider air quality when making choices about outdoor
activities through publicly-available websites such as AirNow
(38) (Table 1).

Despite such encouraging avenues to reduce exposure by
behavioral changes, some critical questions remain regarding
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TABLE 1 | Interventions and resources to address exposures to metabolism-disrupting chemicals.

Personal care and 1. Wash your hands regularly using soaps without fragrances and antibiotics. Ensure you have clean hands before preparing and eating food.
hygiene 2. Minimize handling of receipts and thermal paper.

3. Read labels and avoid products that contain phthalates and parabens.

4. Avoid use of phthalate- and BPA-containing products; recognize that “phthalate-free” and “BPA-free” products may contain other replacement

chemicals of concern.

5. Avoid fragrances and opt for cosmetics labeled as “no synthetic fragrance,” “scented only with essential oils,” or “phthalate-free.”

6. Avoid all cosmetics containing lead.
Children 1. Encourage your local school council to reduce school bus emissions, including idling.

2. Avoid hand-me-down plastic toys.

3. Utilize glass alternatives for infant formula bottles. Recognize toys that are labeled “BPA-free” may contain other replacement chemicals of

concern.

During pregnancy

. Ensure adequate intake of calcium, iron, and iodine.

2. Consult guides on the safe intake of fish and seafood.

Food and beverage

~No o~ wWwN =

. Eat a diversified diet with plenty of variety.

. Eat fresh and frozen foods, and reduce consumption of canned and processed foods.

. Prepare more meals at home with an emphasis on fresh ingredients.

. Wash fruits and vegetables before consuming them.

. If possible, purchase organic produce, meat, and dairy products.

. Choose foods grown and raised locally.

. Consider using a water filter. This is especially important for those using well water in areas in which arsenic contaminates groundwater as

well as for those living in old houses with lead pipes.

. Store food in glass, stainless steel, or porcelain whenever possible, especially for hot liquids and foods.
. Avoid plastic containers, especially those designated #3, #6, and #7.

10.
11.
12.
13.
14.

Don’t microwave foods and beverages in plastic containers.

Trim fat from meat and the skin from fish. Cook meat and fish on a rack to let them drain.
Consult local guidance regarding which sport fish are safe to consume.

Eliminate consumption of sugar-sweetened beverages.

Eat a diet that is high in fiber.

Exercise and activity

. Exercise! But choose times and places with better air quality. For instance, avoid exercise in high traffic areas if possible. Opt for routes away

from busy roads.

. Avoid outdoor activities when air pollution levels are high.

At home

a b~ wN =

[©)

o

. Forbid smoking indoors.

. Do not burn trash.

. Using a damp cloth, regularly clean your floors and remove dust.

. Replace old fluorescent bulbs and deteriorating construction materials from older buildings.

. For those using well water supplied by a submersible pump, if you notice an oily film or fuel odor in your water, determine whether the pump

has failed and replace it if necessary. Contact your local Department of Public Health for information on how to clean the well.

. Choose electrical appliances to limit indoor air pollution.
. Opt for paints that are low in volatile organic chemicals (VOCs).
. Limit use of household chemicals, including cleaning supplies, pesticides, and solvents.

In the garden

g~ wWwN =

. Plant trees and preserve forests to filter air and reduce the “heat island effect”.

. Plant native species of plants and trees.

. Do not burn leaf litter and wood.

. Use hand-powered or electric lawn care equipment and eliminate use of gas-powered equipment.
. Eliminate use of all pesticides.

Getting around

M WN =

. Use public transit whenever possible.

. Choose travel times and routes that limit idling.

. Walk or bicycle while using safe routes that limit exposure to air pollution.
. Avoid places that allow smoking.

Advocate

N

N o o~ w

. Encourage funding for public transportation options as well as safe bicycling paths.
. Advocate for sustainable development that maximizes energy efficiency, preserves natural spaces, and encourages walkability. Encourage

the development of municipal codes that mandate the use of green roofs, cladding buildings in plants such as ivy, and planting trees.

. Demand energy from renewable sources and infrastructure to support electric vehicles.

. Promote efforts to expand walking and bicycle paths.

. Encourage efforts to make public spaces tobacco-free, including restaurants and bars.

. Demand that municipalities, park districts, and golf courses eliminate the use of pesticides.

. Advocate for federal legislation to improve labeling of products so that consumers are adequately informed of their exposures.

(Continued)
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TABLE 1 | Continued

Sources and additional
resources to identify
and reduce exposures

. Because Health [https://www.becausehealth.org]
. AirNow [https://www.airnow.gov]

0N oA ®N =

The Endocrine Disruptor Exchange (TEDX) [https://endocrinedisruption.org]
. Environmental Work Group (EWG) [https://www.ewg.org]

EWG'’s Skin Deep Guide to Cosmetics [https://www.ewg.org/skindeep/]

. EWG’s Guide to Sunscreens [https://www.ewg.org/sunscreen/]

. American Academy of Pediatrics [https://www.aap.org/en-us/Pages/Default.aspx]
. American College of Obstetrics and Gynecology [https://www.acog.org/Clinical- Guidance-and-Publications/Committee- Opinions/

Committee-on-Health- Care-for-Underserved-Women/Exposure- to- Toxic- Environmental- Agents]
9. Ruiz et al. Diabetes Care, 2018 [(46) as well as supplement and references therein].

the scalability and persistence of these types of interventions
and the state of our knowledge regarding the impact of MDC
exposure during different developmental windows. In a 3-day
study of pregnant women, provision of a diet consisting mostly
of fresh, organic foods for 3 days did not lower phthalate levels,
perhaps due to the short study time (58). Furthermore, additional
concerns regarding the efficacy of behavioral interventions
were dramatically raised by a study that sought to lower
phthalate levels through the substitution of all meals with
organic alternatives. This study did not only fail to reduce
phthalate levels, but levels of DEHP rose markedly (59). Further,
examination revealed a concentrated source of phthalates in
the organic alternatives: ground coriander and milk. This study
underscores one of the central challenges in providing individuals
with clinical guidance on exposure reduction strategies. Current
laws regulating the labeling of foods, personal care products, and
other goods are woefully inadequate when it comes to providing
consumers with knowledge about the chemicals that they
contain. In addition to closing these gaps in exposure knowledge,
further studies are also required to unequivocally show that
interventions that lower exposure levels also meaningfully
improve metabolic health.

Addressing MDC Exposure During Critical

Developmental Windows

Developmental periods during early life are especially sensitive
windows during which exposure to MDCs increases long-
term disease susceptibility. Thus, it is important to prioritize
exposure reduction during pregnancy and early childhood, the
periods during which metabolic tissues are organizing and
therefore exquisitely sensitive to misprogramming events that
augment later life metabolic disease risk. Many of the same
methods that are useful to reduce exposures in adults are also
helpful during pregnancy. In addition, since misprogramming
may result from altered epigenetic regulation, which is
potentially heritable, interventions that antagonize toxicant-
induced epigenetic changes may represent viable approaches for
mitigating the developmental origins of metabolic dysfunction
induced by MDCs across generations. Indeed, there are data
showing proof-of-principle for strategies that can prevent
epigenetic misprogramming. In seminal work, the MDC BPA was
shown to shift coat color in AYY mice via DNA hypomethylation;
diets supplemented with methyl donors, including betaine,
choline, folic acid, and vitamin B12 antagonized this effect (60).
Interestingly, this impact of methyl donors may be relevant in

humans as well. In a cross-sectional study of couples undergoing
assisted reproductive interventions, high maternal folate intake
attenuated the negative association between BPA levels and
in vitro fertilization success (61). Whether these benefits arise
from changes in DNA methylation or are dependent on other
factors requires further study, but taken together, these data
suggest that interventions to support one-carbon metabolism
may modulate some of the adverse effects of some developmental
MDC exposures.

This premise is, however, not a clear panacea. In a
mouse model of developmental arsenic exposure, folate
supplementation lowered the burden of arsenic in maternal
livers but did not prevent toxicant-induced reductions in fetal
body weight and increases in hepatic S-adenosylmethionine
and S-adenosylhomocysteine levels (62). Moreover, this study
showed that coordinate exposure to folate and arsenic led
to marked changes in DNA methylation, including adverse
effects on genes regulating fetal development, suggesting that
combined high folate intake in the context of arsenic exposure
may augment fetal risk (62). In contrast, maternal folate and
B12 supplementation reversed the effects of prenatal arsenic
exposure on fasting hyperglycemia and insulin resistance in
the male offspring of dams maintained on a diet adequate
for folate and vitamin B12 (63). Importantly, there were no
global hepatic DNA methylation changes associated with the
effects of arsenic on glucose homeostasis (63). These data raise
important questions about the potential to prevent adverse
effects of MDCs on metabolic programming by modulating
the epigenetic machinery. While the possibility to meaningfully
intervene exists in some contexts, it remains unclear how specific
the intervention is to the insult. In other words, the ability to
target epigenetic interventions to the defects induced by MDC
exposures may lack the specificity to achieve the desired effect.
Moreover, in the worst case, as with folate supplementation with
arsenic, the intervention may worsen outcomes. Nonetheless,
as knowledge of epigenetic programming expands and specific
alterations in epigenetic marks and gene expression are defined
as biomarkers of exposure, it is likely that this area will become a
focus of future intervention strategies.

Therapeutic Approaches to Antagonize the

Deleterious Effects of MDCs

As knowledge and understanding of MDCs has evolved, an
emerging field of interest focuses on reducing adverse MDC
effects by directly targeting their mechanisms of toxicity. To date,
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