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Abstract

Plastic pollution breaks a planetary boundary threatening wildlife and humans through its physical and chemical effects. Of the
latter, the release of endocrine disrupting chemicals (EDCs) has consequences on the prevalence of human diseases related to
the endocrine system. Bisphenols (BPs) and phthalates are two groups of EDCs commonly found in plastics that migrate into the
environment and make low-dose human exposure ubiquitous. Here we review epidemiological, animal, and cellular studies link-
ing exposure to BPs and phthalates to altered glucose regulation, with emphasis on the role of pancreatic b-cells.
Epidemiological studies indicate that exposure to BPs and phthalates is associated with diabetes mellitus. Studies in animal mod-
els indicate that treatment with doses within the range of human exposure decreases insulin sensitivity and glucose tolerance,
induces dyslipidemia, and modifies functional b-cell mass and serum levels of insulin, leptin, and adiponectin. These studies
reveal that disruption of b-cell physiology by EDCs plays a key role in impairing glucose homeostasis by altering the mechanisms
used by b-cells to adapt to metabolic stress such as chronic nutrient excess. Studies at the cellular level demonstrate that BPs
and phthalates modify the same biochemical pathways involved in adaptation to chronic excess fuel. These include changes in
insulin biosynthesis and secretion, electrical activity, expression of key genes, and mitochondrial function. The data summarized
here indicate that BPs and phthalates are important risk factors for diabetes mellitus and support a global effort to decrease
plastic pollution and human exposure to EDCs.
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INTRODUCTION

Plasma glucose levels must be maintained within the nor-
moglycemic range of 80–110 mg/dL (4.4–6.1 mM) to preserve
proper bodily function. Sustained glucose levels above 7.2
mM are diagnosed as diabetes mellitus, defined by the
American Diabetes Association as “a group of metabolic dis-
eases characterized by hyperglycemia resulting from defects
in insulin secretion, insulin action, or both” (1). Traditionally,
the disorder has been classified as type 1 diabetes (T1D), type 2
diabetes (T2D), and other less common forms such as gesta-
tional diabetes or monogenic diabetes. The most common
form is T2D whose etiology includes both genetic susceptibil-
ity (2, 3) and environmental factors, including exposure to
environmental pollutants (4–6).

Obesity is the main risk factor for T2D. Although not all
individuals with obesity develop metabolic problems, many

exhibit hyperinsulinemia and insulin resistance, two condi-
tions that promote T2D pathogenesis (2, 7). Hyperinsulinemia
is primarily caused by increased insulin synthesis and release
from pancreatic b-cells, either as a prior or compensatory
response to insulin resistance (7). Individuals in whom func-
tional b-cell mass declines over time will show impaired glu-
cose tolerance leading to T2D. This loss of functional b-cell
mass occurs due to failure of stimulus-secretion coupling
and/or cell death or dedifferentiation.

Insulin sensitivity and insulin secretion are interrelated
variables exhibiting a hyperbolic relationship (8), which
explains why insulin-resistant subjects secrete 2–5 times
more insulin in response to glucose, whereas highly insulin-
sensitive athletes secrete 2–5 times less insulin (9, 10).
During critical periods of development such as puberty and
pregnancy, functional b-cell mass increases while insulin
sensitivity decreases, effects mediated by sex and maternal
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hormones (11–14). Thus, insulin sensitivity and b-cell func-
tion are interrelated variables. Insulin-resistant subjects,
whether obese or lean, have higher insulin secretion and
lower insulin clearance than insulin-sensitive individuals.

Animal studies show that the b-cells adapt to obesity by
increasing glucose-stimulated insulin secretion (GSIS) (8, 15)
and b-cell mass (16, 17). Structural adaptations have been
extensively studied and reviewed in both animals and
humans (18–20). Murine b-cells also functionally adapt to in-
sulin resistance resulting from high-fat diet-induced obesity.
These functional changes include insulin hypersecretion
that can maintain glucose homeostasis near that of control
diet-fed mice (21). b-Cells from ob/ob obese mice, a genetic
model of obesity, showed increased mitochondrial activity
along with alterations in electrical activity, including
increased frequency of action potentials and increased sensi-
tivity to low glucose concentrations (15). These cells show
more vigorous intracellular Ca2þ mobilization and increased
insulin exocytosis. As a consequence of the upregulation of
these processes, there is an increase in GSIS (Fig. 1,A and B).

These b-cell adaptations to obesity involve biochemical
pathways triggered by higher levels of glucose, amino acids,
and free fatty acids that increase glucose metabolism and
mitochondrial lipid oxidation while increasing insulin syn-
thesis and expression of transcription factors and b-cell dif-
ferentiation markers, including MafA, Pdx1, NeuroD1, Nkx6.1,
and Pax6 (22). Other signaling molecules from adipocytes
(e.g., leptin, adiponectin) and proinflammatory cytokines
from macrophages and other cells infiltrating adipose tis-
sue [e.g., TNFa, IL-6 andmonocyte chemoattractant protein
(MCP-1)] also play a role (23, 24). b-Cell mass can increase
via hypertrophy of existing cells and proliferation. Glucose,

nonesterified fatty acids (NEFAs), incretins, and neuronal
signaling all play a role in the regulation of b-cell functional
mass (25). In conclusion, healthy b-cells adapt to compen-
sate for insulin resistance and maintain normal glucose tol-
erance. However, if b-cells are dysfunctional due to genetic
vulnerability, environmental factors, or both, then the indi-
vidual may develop impaired glucose tolerance, elevated
fasting glucose levels, and ultimately frank T2D.

Environmental factors that predispose b-cells to dysfunc-
tion include endocrine disrupting chemicals (EDCs). EDCs
directly alter functional b-cell mass and decrease insulin
secretion, accelerating the decline in functional b-cell mass
and promoting T2D development (4, 6). Indirectly, EDCs can
also act as obesogens, promoting the development of obesity
and increasing insulin resistance, further augmenting T2D
risk (26, 27). The following section will briefly describe what
EDCs are, how they work, and which periods of life are most
vulnerable.

ENDOCRINE DISRUPTING CHEMICALS

Overview of Endocrine Disrupting Chemicals

EDCs are defined by the International Programme on
Chemical Safety/World Health Organization (IPCS/WHO) as
“an exogenous substance or mixture that alters function(s) of
the endocrine system and consequently causes adverse health
effects in an intact organism, or its progeny, or (sub) popula-
tions” (World Health Organization, Global Assessment of the
State-of-the-Science of Endocrine Disruptors, 2002) (28).

EDCs are a global problem with near-ubiquitous human
exposure given their presence in a multitude of products

Figure 1. Bisphenols (BPs) and phthalates interfere with the biochemical basis of b-cell adaptation to mild nutri-stress. A: under physiological circumstan-
ces, in the absence of metabolic stress, pancreatic b-cells respond to an increase in extracellular glucose or other nutrients such as free fatty acid (FFA)
with an increase in ATP due to the metabolism of these nutrients and the production of metabolic coupling factors (MCF), initiating the stimulus-secretion
coupling process as well as increasing insulin biosynthesis. B: mild nutri-stress occurs during overweight/obesity and increase pancreatic functional
mass. This consist of an increase in MCF, insulin synthesis, regulation of electrical activity, elevated basal and stimulated insulin release and gene
expression of b-cell markers (22). This condition prevents the debut of diabetes but courses with hyperinsulinemia, insulin resistance, and mild hypergly-
cemia. When nutri-stress becomes more severe, b-cell collapses and diabetes starts. C: bisphenols (BPs) and phthalates target the same biochemical
pathways activated by mild nutri-stress and therefore may disrupt the adaptation of b-cell to metabolic stressors such as overweight. They induce mito-
chondrial dysfunction and rise reactive oxygen species (ROS), increase or decrease insulin synthesis, depending on dose and duration of treatment,
induce endoplasmic reticulum stress and decrease gene expression of b-cell markers. In the case of bisphenols, they decrease the expression and the
activity of ion channels and modify glucose-induced electrical activity and Ca2þ signaling. The final result is an alteration of glucose-stimulated insulin
secretion (GSIS) which is increased in the case of BPs and decreased in the case of phthalates, although there is variability of results depending on con-
ditions. In general, there is increased b-cell apoptosis with both groups of endocrine disrupting chemicals (EDCs). Red color emphasizes the pathways
changed by these EDCs in pancreatic b-cells. Created with BioRender.com.
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that we use daily. Currently, more than 500 chemicals
are listed as EDCs or suspected EDCs by the European
Commission (https://ec.europa.eu/environment/chemicals/
endocrine/strategy/substances_en.htm#priority_list). Some
EDCs are classified as persistent organic pollutants (POPs)
since they are stored in fat and remain in our bodies for long
periods of time. POPs are released into the circulation during
periods of fat mobilization, including during weight loss (29)
as well as during pregnancy and lactation (30). Examples
include dioxins, flame retardants, perfluorinated com-
pounds, polychlorinated biphenyls (PCBs), and organochlor-
ine, and organophosphate pesticides. Stored in animal fats,
their concentration increases as they accumulate in the
trophic chain, a process known as biomagnification.

Some POPs are diabetogenic because they directly modify
b-cell function and/or mass (31). In contrast, other EDCs are
nonpersistent, do not accumulate as readily, and are metab-
olized and excreted in �24 h; such EDCs include phthalates
and most bisphenols. However, exposure to these EDCs is
both high and frequent; as such, biomonitoring programs in
the United States and Europe have detected them in the
urine ofmost citizens (32).

EDCs act by modifying hormone function, disrupting ho-
meostasis, and altering physiology throughout an individu-
al’s lifetime, from fetal development to adulthood (33, 34).
Although EDCs vary in their mechanisms of hormonal dis-
ruption (e.g., altering hormone receptors expression or circu-
lating hormone levels), many EDCs act by inappropriately
binding to nuclear receptors (34, 35). The most studied nu-
clear receptors to which EDCs bind are the estrogen recep-
tors (ER) and androgen receptors as well as the peroxisome
proliferator-activated receptor c (PPARc), which is involved
in the control of lipogenesis, and the aryl hydrocarbon recep-
tor, which regulates expression of enzymes involved in the
xenobiotic metabolism (34). They can also bind to the gluco-
corticoid receptor and the thyroid hormone receptor (34).
These receptors act as transcription factors triggering nu-
clear-initiated actions that regulate gene transcription (36)
or activate extranuclear-initiated actions that regulate a
variety of signaling cascades (37). These receptors are pro-
miscuous in that they bind multiple ligands in addition to
their natural ligands; this includes binding EDCs, resulting
in inappropriate gene expression and/or altered signaling
transduction.

Because EDCs act via the same molecular mechanisms,
they exhibit similar properties to hormones, which are dis-
tinct from those of classical toxic compounds. For example,
like hormones, many EDCs act at low levels within the range
of human exposure. Moreover, their effects depend on a se-
ries of variables such as the type of target tissue, the dose,
the period of life at which exposure occurs, the sex and age
of the individual, and other factors; as such, it is often diffi-
cult to predict the final outcome of exposure (34).

The developmental windows that are most vulnerable to
EDC exposures largely determine the final phenotype of the
exposed organism. EDCs act across the lifespan; however, ex-
posure during pregnancy confers greater risk than during
adulthood because they impact organogenesis, resulting in
persistent effects throughout life (38). During pregnancy, the
fetus is exposed to both persistent EDCs stored in the mother
as well as very common nonpersistent EDCs. EDCs alter the

expression of important genes during fetal development
resulting in early morphological changes that may increase
disease susceptibility. Similarly, the environment changes
epigenetic marks that are transmitted from a cell to its
daughter cell, a way of conferring signaling from events that
occurred during development to the adult stage. There are
numerous examples of morphological alterations produced
by developmental EDC exposures, including developmental
alterations in the mammary gland, prostate, and nervous
system (33, 34) as well as disruptions in adipose tissue, liver,
and the endocrine pancreas (27). Importantly, these changes
are not restricted to embryogenesis, but also occur during
adulthood, as evidenced by exposure during pregnancy
being a risk factor for mothers as well as offspring (39).

Particularly concerning is evidence that EDCs not only
affect the exposed individual and its progeny but may also
affect subsequent generations that were not directly exposed.
Such transgenerational effects on lipid metabolism and obe-
sity have been demonstrated in animal models (40, 41).
Although we await epidemiological results in humans, ani-
mal data indicate that the increased incidence of noninfec-
tious diseases could be in part due to exposures of our
great- and great-great-grandparents to certain EDCs such
as DDT (1,1 0-(2,2,2-trichloroethane-1,1-diyl)bis(4-chloroben-
zene); CAS 50-29-3), whereas our current exposures could
adversely impact our descendants.

The importance of gestation as a window of vulnerability
does not detract from the importance of exposure during
adulthood. Exposure of the adult population produces
effects that are reversible in most cases; however, it is essen-
tial to account for them, especially in cases where continu-
ous exposure occurs over long periods of time.

Endocrine Disrupting Chemicals in Plastics

Recently, numerous reports have shown that plastic waste
is accumulating in natural habitats. Micro- and nanoplastics
have been found in marine and fresh waters (42, 43) as well
as on land. Plastics not only pose a threat to wildlife (44)
but also to human health (42, 45). The main sources of
human exposure are thought to be food and drinking
water. Plastics have been found in human feces, gastroin-
testinal tract, lungs, and placenta (46, 47). Two main
aspects threatening wildlife and humans are their physical
effects (related to particle size, shape, and concentration)
and their chemical effects (48).

A number of chemicals are added to plastics duringmanu-
facturing. These so-called plasticizers give each plastic
unique properties and include stabilizers, flame retardants,
antioxidants, and antimicrobials among others (49, 50).
Many of these chemicals behave as EDCs, disrupting endo-
crine signaling after migrating from plastics to humans and
wildlife (42, 51, 52).

In this review, we focus on two widespread, nonpersistent
chemical classes, bisphenols and phthalates. Per- and poly-
fluorinated alkyl substances (PFAS) are persistent pollutants
commonly found in plastics as well. Evidence linking PFAS
and other persistent pollutants with diabetes mellitus has
been recently published in a comprehensive review by
Hoyeck et al. (31), and we recommend it for those interested
in the effect of PFASs on b-cells.
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BISPHENOLS

Overview of Bisphenols

Bisphenols (BPs) are a group of chemicals with a chemical
structure based on two hydroxyphenyl functional groups
most often linked by a methylene bridge, although there are
important exceptions such as bisphenol-S (BPS) (4,40-sulfo-
nyldiphenol; CAS: 80-09-1), bisphenol-P [4,40-(1,4-phenylene-
diisopropylidene)bisphenol; CAS 2167-51-3], and bisphenol-M
[4,40-(1,3-phenylenediisopropylidene)bisphenol; CAS 13595-
25-0]. The bisphenols best studied for endocrine-disrupting
action are bisphenol-A (BPA) [(propane-2,2-diyl)diphenol;
CAS: 80-05-7], BPS and bisphenol-F (BPF) (4,40-methylenedi-
phenol; CAS 620-92-8), analogues used as BPA alternatives,
and tetrabromobisphenol-A (TBBPA) [4,40-(propane-2,2-diyl)
bis(2,6-dibromophenol; CAS 79-94-7], used as a flame retard-
ant. In this review, we focus on BPA and its alternatives.
These BPs are widely used during the production of various
plastic materials, including food and beverage containers,
toys, medical equipment, and baby bottles.

Herein, we focus on the effects of BPs on glucose homeo-
stasis and pancreatic b-cell function and viability. Recent
reviews have addressed diabetes, obesity, and nonalcoholic
fatty liver disease (5, 27, 53, 54).

Human Studies

In 2008, Lang et al. (55) published a cross-sectional study
providing the first evidence associating elevated urinary
BPA levels with T2D and other health effects. Since then,
other cross-sectional studies have linked BPA exposure and
T2D (56–59). Indeed, a systematic review and meta-analysis
concluded that several EDCs, including BPA, were associated
with the prevalence of T2D (60). Interestingly, at least two
reports showed clear evidence of impaired glucose homeosta-
sis, with higher urinary BPA levels associated with hyperinsu-
linemia and insulin resistance (61) and higher glycosylated
hemoglobin (HbA1c) levels (62). In both studies, the associa-
tions were sex-dependent, with stronger effects in men.
Alterations in insulin release have been demonstrated in
humans following ingestion of a single dose of 50 lg/kg of
BPA. These results identified a strong positive correlation
between HbA1c and percent change in the insulinogenic
index, an indicator of early-phase insulin release in young
nonobese individuals. In contrast, older obese individuals
exhibited a decrease in insulin and C-peptide levels following
BPA ingestion (63). The prevalence of obesity is also associ-
ated with BPA exposure in children and adolescents (64), an
effect also observed for BPA alternatives, such as BPS and BPF
(65). BPS was associated with T2Dwhereas BPF was not (64).

Although cross-sectional studies are limited in the causal
inference, especially when single biomarkers are used to
describe complexmetabolic traits, recent prospective studies
using multiple exposure assessments have revealed both
BPA and BPS to be positively associated with T2D, independ-
ent of traditional risk factors, such as caloric intake (66).
Another prospective study demonstrates that BPA exposure
was associated with decreased HOMA-B, indicating reduced
b-cell function, and higher fasting plasma glucose levels
before the development of diabetes inmiddle-aged and older
women (67).

Animal Studies

Adult exposure.
Evidence in animal models, mainly rodents, affirms the
capacity of BPs to alter glucose homeostasis. These studies
examine the impact of BPs on individuals during adulthood or
the effects on offspring ormothers following BPs exposure dur-
ing gestation. Most studies have examined BPA, a focus of this
review; however, new data on other BPs have recently been
published and are discussed briefly. Throughout this review,
we will not give details of doses and duration of treatments in
the text, yet interested readers can refer to the supplemental
tables containing all these details (see Supplemental Tables S1–
S4; https://doi.org/10.6084/m9.figshare.22709869).

In 2006, Alonso-Magdalena et al. (68) showed that adult
male mice given a 4-day treatment with a low dose of BPA
(100 lg/kg/day) developed insulin resistance and nonfasting
hyperinsulinemia. Islets from treated animals exhibited
increased insulin content and enhanced GSIS, effects poten-
tially mediated by estrogen receptors, as BPA effects were
not observed in mice treated with the pure antiestrogen
ICI182,780 (ERa/ERb antagonist).

Other studies in adult male mice treated with low doses of
BPA for one to several weeks reported induction of insulin
resistance, glucose intolerance, and hyperinsulinemia in ei-
ther the nonfasted (69) or fasted (70) state (Fig. 2). In both
studies, ex vivo examination of islets revealed increased in-
sulin content and enhanced GSIS as well as increased expres-
sion of Pdx-1 at mRNA and protein levels and increased
levels of NeuroD1 mRNA without modifying Nkx6.1 or Mafa
levels (70). These islets also had decreased expression of
miR-338 (a microRNA that regulates Pdx-1), a finding repli-
cated by in vitro exposure of isolated islets. Both in vivo and
in vitro, BPA modifies the expression and function of Ca2þ ,
Naþ , and Kþ channels in mouse pancreatic b-cells in an
estrogen receptor b-dependent manner. This alters the elec-
trical activity of the cell and insulin granule exocytosis,
potentiating GSIS (72, 73). Animal models of higher BPA ex-
posure showed increased body weight, altered lipid profiles
(reduced HDL cholesterol), and shifts in the antioxidant sta-
tus of the pancreas, suggesting that BPA exposure might
induce hyperglycemia and its complications in adult male
mice and rats by promoting oxidative stress (74, 75).

Importantly, GSIS alterations may be either the cause or
consequence of the insulin resistance observed in BPA-
treated mice. BPA has direct effects on pancreatic b-cells,
increasing insulin content in isolated islets in an ERa-de-
pendent manner (76). In vitro, the expression of miR-338
changed over time, showing a decrease up to 6 h of BPA ex-
posure, but an increase from 12 to 48 h. This indicates that
BPA modulates miR-338 levels, thereby controlling Pdx-1
expression (70). Unfortunately, neither study studied female
mice nor examined sex differences in response to BPA.

These data indicate that b-cells could be a primary target
of BPA, inducing postprandial insulin hypersecretion and
causing insulin resistance. Critically, it is worth noting that
BPA may also affect other tissues, including liver, skeletal
muscle, and adipose, thereby altering insulin sensitivity (69,
77). For instance, adult male mice exposed to BPA acutely or
for 2 wk exhibited suppressed hepatic glucokinase activity
that may impair glucose sensing (78). Long-term exposure (8
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mo) of male mice to BPA induced hyperglycemia, glucose
intolerance, and hypercholesterolemia with an overexpres-
sion of key genes involved in hepatic cholesterol biosynthe-
sis (79). In zebra fish, BPA can exacerbate existing metabolic
stress induced by hyperglycemia and increase cellular senes-
cence and increase apoptosis, both effects leading to aggra-
vation of a T2D-like phenotype (80).

Collectively, data from adult BPA exposuremodels suggest
that BPA simultaneously affects most organs regulating
energy metabolism with consequential disruption of glucose
homeostasis (Fig. 2).

Multigenerational effects.
Numerous investigations have shown that BPA exposure dur-
ing fetal development alters glucose metabolism. In 2010,
it was shown that BPA exposure as low as 10 lg/kg/day
decreased insulin sensitivity, impaired glucose tolerance, and
increased plasma concentrations of insulin, triglycerides, and
leptin in dams. Male offspring exhibited glucose intolerance,
insulin resistance, hyperinsulinemia, and hyperleptinemia,
whereas female offspring were unaffected (81). Subsequently,
altered glucose metabolism has been demonstrated in many
works from different laboratories in both rats and mice (82–
88) (Fig. 3A). In contrast, one study did not detect differences
in glucose metabolism (90). Mechanistically, gestational BPA
exposure may alter fetal physiology by perturbing metabolic
pathways, including bile acid and tryptophan metabolism in
the fetal liver (91) or hepatic retinoid signaling (92), that result
in dysregulation of glucose metabolism and pancreatic func-
tion (92). Importantly, early changes in metabolic parameters
of offspring exposed in utero to BPA include nonfasting

hyperinsulinemia as an early marker followed by insulin re-
sistance and/or glucose intolerance as well as islets with
decreased insulin content and impaired GSIS ex vivo (89).
These offspring exhibited greater b-cell area from the first day
of life with evidence of decreased apoptosis and increased
b-cell proliferation (89) (Fig. 3B). The increased b-cell mass
and b-cell proliferation required ERb as effects were absent in
ERb knockoutmice (93). These early life actions are important
because fetal life represents a critical period during which
proper b-cell function and mass are established. In this case,
it is possible that cell cycle-related regulation of gene expres-
sion programs greater b-cell mass from birth, as well as a
reduced GSIS through increased expression of genes such as
Mt1 and Mt2, which have recently been linked to b-cell func-
tion (Fig. 4). This higher b-cell mass is associated with hyper-
insulinemia in ad libitum-fed animals. Notably, the mass that
was increased at early ages decreases after 4 mo, and in the
studies at later ages, it has been shown that mass is actually
reduced in animals whose mothers were treated with BPA (87,
89). Therefore, in view of these results, it is possible that BPA
behaves as an EDC acting on the estrogen receptor ERb,
altering gene expression in islets during development and
producing early hyperinsulinemia and hyperleptinemia.
This hyperinsulinemia appears to precede subsequent in-
sulin resistance and weight gain (89, 93) (Fig. 4).

Critically, phenotypic differences exist across these studies,
effects that may be partly dependent upon whether treatment
was performed during gestation or during gestation and lacta-
tion; however, common features in most studies using rodents
aged several months, include impaired glucose tolerance, insu-
lin resistance, hyperinsulinemia, decreased serum adiponectin,

Figure 2. Metabolic phenotype of adult male mice treated with bisphenols (BPs) and phthalates. The studies summarized in this review give a general
phenotype of insulin resistance and glucose intolerance along with hyperinsulinemia in the case of BPs and hypoinsulinemia in the case of phthalates.
Bisphenol-A (BPA) modifies food intake, body temperature, and locomotor activity, although the results are scarce and should therefore be taken with
caution. Both, BPs and phthalates, can induce dyslipidemia. Phenotypes have been better studied for BPA and the main end-points altered are specified
under each organ in the figure. In the case of skeletal muscle, there are very few BPA studies, and the results are taken from Ref. 69. Studies of the BPA
effect on adipocytes in adult rodents are not abundant either. In the figure, the results for adipocytes are from Ref. 24 and in the case of liver from Ref.
71. In general, the phenotype depends on age and sex, being more evident in males than in females, although more comparative studies between sexes
should be carried out. ER, estrogen receptor; PPARc, peroxisome proliferator-activated receptor gamma. Created with BioRender.com.
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dyslipidemia, and decreased b-cell mass, with modest or no
weight gain (Fig. 3A). The phenotype is sex-dependent, being
stronger in males, and age-dependent, starting around 4 mo of
age, with effects generally exacerbated by high-fat feeding.
Importantly, the effects of BPA in rodents have been validated
in larger animalmodels, such as sheep, which exhibit adipocyte
hypertrophy and increased inflammation, although, in contrast
to rodents, sheep show increased insulin sensitivity (94). In
Drosophila, BPA treatment increased glucose and trehalose lev-
els, insulin resistance, oxidative stress, and apoptosis (95).

Generally, it is assumed that BPA effects on offspring arise
from transplacental passage with direct impacts on develop-
ing fetal cells. However, metabolic alterations in the mother
caused by BPA could also be effectors of the ultimate off-
spring phenotype. Most likely, the final phenotype depends
on both parameters: direct effects of BPA on the fetus and
BPA-induced alterations in maternal metabolism during
pregnancy (81). This supposition, however, requires further
study. Note that BPA treatment during pregnancy also
changes GSIS and pancreatic b-cell mass inmothers, months
after delivery. This suggests that BPA exposure during preg-
nancy is a risk factor for T2D not only for offspring, but also
for mothers later in life (39).

Islets from male mice exposed to BPA in utero exhibit
increased GSIS, similar to that of high-fat diet (HFD)-fed
mice (85), reflecting an adaptation to insulin resistance due
to being overweight. Islets from BPA-treated mice on a HFD
exhibited reduced GSIS, below that of HFD-fed controls

(85). Other studies have described impaired GSIS in islets
up to two generations postexposure, F1 (offspring of
treated dams) and F2 (grandchildren of treated dams).
These islets exhibited mitochondrial dysfunction, and ani-
mals had reduced b-cell mass with greater b-cell death
compared with controls (87). Alteration of multiple genes
associated with mitochondrial function and inflammation
were also reported (87). Interestingly, the decreased b-cell
mass has been described up to the third generation (F3), imply-
ing that individuals not directly exposed to BPA exhibit effects
that must be inherited (96). This same group also showed that
while prolonged paternal postpubertal exposure does not
adversely affect offspring glucose homeostasis, paternal de-
velopmental BPA exposure can impair glucose tolerance in
female offspring, providing evidence that paternal expo-
sure to EDCs pose a risk to metabolic health in their prog-
eny (97). Recent results show that BPA exposure of
pregnant females causes obesity in the F2 generation, but
not in the F1 generation; this obesity phenotype is subse-
quently transmitted up to the F6 generation. This trans-
mission of obesity correlates with epigenetic changes in
sperm showing alterations in sites containing binding
motifs for the CCCTC-binding factor (CTCF) of the Fto
gene (98).

Multigenerational actions may involve epigenetic changes.
There are no epigenetic studies examining BPA effects on the
endocrine pancreas; however, such studies exist for obesity.
Progeny of BPA-exposed pregnant Agoutimice became yellow

Figure 3. Metabolic phenotype of off-
spring from bisphenol-A (BPA)-treated
mothers. A: the later-in-life phenotype of
P120–P180 has been best studied by
many different groups in mice and rats.
Common variables in most studies show
increased fat mass with little or no weight
gain alongwith insulin resistance, impaired
glucose tolerance, dyslipidemia, and hy-
perinsulinemia. The b-cells of these ani-
mals exhibit altered gene expression and
increased or decreased glucose-stimu-
lated insulin secretion (GSIS) depending
on the study, increased apoptosis, and
decreased b-cell mass. This phenotype is
more marked in males than in females
and occurs as well in the second and
third generation (87). B: early changes
from P0 to P30 consist of hyperinsulin-
emia and hyperleptinemia without modifi-
cation of insulin sensitivity or glucose
tolerance. These changes are associated
with increased b-cell mass from day P0
and a large number of gene expression
changes along with increased b-cell prolif-
eration, decreased apoptosis, and increased
b-cell mass at the early age of 1 mo (89).
GTT, glucose tolerance test; ITT, insulin toler-
ance test. Created with BioRender.com.
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and obese, with decreased DNA methylation of the agouti
gene (99). Early-life exposure to the pesticide DDT, as well as
relatively high doses of other EDCs, induced obesity in the
unexposed F3 generation (100, 101). Despite these findings,
the mechanisms by which epigenetic changes are transmitted
across generations are largely unknown. Interestingly, Bruce
Blumberg’s laboratory is beginning to uncover mechanisms
of epigenetic inheritance. They propose that the EDC tributyl-
tin (TBT; CAS 688-73-3) alters chromatin architecture and that
this altered structure may have the ability to self-reconstruct
in unexposed generations giving rise to epigenomic altera-
tions (40, 102). This model is able to explain DNA methyla-
tion, noncoding RNAs, and histone modifications, the three
major types of epigenomic modifications implicated as medi-
ators of epigenetic memory across generations after ancestral
EDC exposures (103).

Further studies are needed to understand the role of epige-
netic modifications particularly in the endocrine pancreas.

Type 1 diabetes mellitus.
More data on EDC effects on type 1 diabetes (T1D) pathoge-
nesis are urgently needed; however, data from the NOD
mouse model indicate that in utero and lactational BPA ex-
posure accelerates the spontaneous development of diabetes
in this model of T1D. This acceleration appears to arise from
immune systemmodulation early in life that promotes insu-
litis and diabetes development later in life (104, 105).

Interestingly, this effect was enhanced when BPA and
phthalate exposures were combined (106). Other studies
using NOD mice revealed sex-dependent effects, with BPA
accelerating T1D development in females but delayed it in
males. In this model, BPA promoted inflammation and
proinflammatory changes in the microbiome in females but
with opposite effects in female offspring (107), and induced
anti-inflammatory immune factors and decreased anti- and
proinflammatory gut microbiota in males (108). Using STZ-
induced diabetes as a T1Dmodel, BPA altered the expression
of genes regulating Ca2þ homeostasis, leading to endoplas-
mic reticulum stress and b-cell dysfunction (109); however,
another report using this model showed that BPA restored
the glucose intolerance and restored the insulin transcrip-
tional regulators Pdx1, Mafa, and NeuroD1 (110). Finally, BPA
effects were also investigated in a multiple, low-dose STZ-
induced T1D model that revealed BPA to act as a potentially
diabetogenic compound with immunomodulatory actions in
the context of T cell immunity (111).

Bisphenols other than BPA.
Although human exposure to BPA has been clearly impli-
cated in the development of diabetes, it is less clear that BPA
analogs, such as BPS and BPF, can alter glucose homeostasis.
However, several recent papers have shown that these BPA
substitutes have similar effects to BPA. In male zebrafish,
BPS significantly increased fasting blood glucose, decreased

Figure 4. Hypothetical model of how the
early phenotype induced by bisphenol-A
(BPA) may contribute to metabolic altera-
tions later in life. Bisphenol-A treatment of
pregnant mice exacerbates insulin resist-
ance in mothers (81) and can cross the pla-
cental barrier and produce effects in
fetuses. As a consequence of these BPA
actions, there is a modification of the
expression of genes involved in cell divi-
sion and function that should contribute
to early hyperinsulinemia, increased b-cell
mass and decreased glucose-stimulated
insulin secretion (GSIS) (89). This early hy-
perinsulinemia should contribute to weight
gain later in life, as well as glucose intoler-
ance, dyslipidemima, insulin resistance,
and fatty liver that have been demon-
strated in adult male mice in many different
studies. Created with BioRender.com.
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insulin levels, and altered the metabolism of the liver increas-
ing gluconeogenesis and glycogenolysis (112). A study of gesta-
tional BPS exposure in rats revealed increased glucose
tolerance, pancreatic b-cell proliferation, islets of smaller
area, and b-cell size, suggesting estrogen-like effects of BPS,
with males apparently more closely resembling females in
their responses to a glucose challenge (113). When comparing
different BPs, some studies suggest that BPS has strong obeso-
genic potential, whereas the BPF effects are subtler and poten-
tially in the opposite direction (114). In other studies, BPA,
BPF, and BPAF [4,40-(1,1,1,3,3,3-hexafluoropropane-2,2-diyl)
diphenol; CAS 1478-61-1] induced abnormal lipid and carbo-
hydrate metabolism in zebrafish by inducing cellular changes
in the gut. In addition, low doses of BPA and BPS disrupted
the normal expression of pancreas-associated genes (Pdx-1,
Foxa2, Ptfla, and Isl1) and the DNA methylation pattern of
selected genes in early zebrafish development (115).

Cellular Studies

In recent years, the need for urgent regulatory policies
concerning EDCs has given rise to integrative strategies for
identifying potential EDCs altering lipid and/or glucose ho-
meostasis (5, 27). To this end, in vitro studies from human/
mouse/rat-derived cell lines as well as primary cultures have
become vitally important not only for their time and cost
savings but also because of their power to predict EDC’s en-
docrine modes of action (116, 117). Herein, we summarize the
main results of different cell studies that have evaluated the
effect of BPs on b-cell function.

As previously mentioned, pancreatic b-cells control glu-
cose homeostasis via GSIS as well as insulin biosynthesis
and storage, all of which depend on electrical activity,
Ca2þ signaling, mitochondrial activity, and expression of
identity genes (72, 118, 119). In addition, endoplasmic retic-
ulum and oxidative stress as well as disrupted mitochon-
drial activity are associated with b-cell death (120–122).
Alterations in any of these variables by BPs or other EDCs
could promote b-cell dysfunction, a hallmark of both T1D
and T2D (123, 124).

Effects of bisphenols on b-cell function.
Several studies have assessed the impact of BPA on GSIS.
Among them, only a few have also studied the effects of BPS
and BPF. Since the effects of BPs change depending on treat-
ment duration, it is crucial to differentiate between what
would correspond to acute or short-term versus long-term
treatment. We consider acute or short-term exposures as
those between 0 and 4 h, and long-term exposures as those
between 12 and 72 h.

Most groups have reported that BPs increase insulin secre-
tion at basal and stimulatory glucose concentrations [here-
after referred to as basal insulin secretion (BIS) (2.6–5.6 mM
glucose) or glucose-stimulated insulin secretion (GSIS) (6.7–
20 mM glucose), respectively], following acute or short-term
exposures and with doses of EDCs ranging from 1 nM to 100
μM, in primary mouse islets, INS-1E and b TC-6 cell lines (70,
125–128). In addition, it has been observed that 1 nM BPA
blocked KATP channel activity following 3 to 7 min of BPA
treatment while augmenting glucose-induced intracellular
Ca2þ oscillations, a set of responses tightly associated with

enhanced GSIS (127, 129, 130). KATP channel inhibition was
also seen with BPS and BPF exposure for 10 min along with
increased GSIS (126).

In contrast with these reports, two studies described no
effects on GSIS following with 2-h BPA exposure in INS-1
832/13 or isolated Wistar rat islets (131, 132), although one
reported an increase in BIS at 10 and 100 nM (132).

In summary, short-term treatments point to rapid BPs-
induced insulinotropic effects, with the vast majority of the
studies using environmentally relevant concentrations (133).
Importantly, this action likely arises from rapid nongenomic
responses leading to KATP inhibition and increased intracel-
lular Ca2þ signaling (127, 129, 130).

Long-term exposures show more heterogeneous results.
Regarding BPA, five studies reported increases in BIS, GSIS,
or insulin content at concentrations within the nanomolar
range (from 1 nM to 438 nM) after 24–48 h of treatment using
MIN-6, b TC-6, and INS-1 cells as well as mouse and rat pan-
creatic islets (76, 118, 126, 131, 134–136). In the human EndoC-
bH1 cell line, however, BPA induced no effects at 24 h, but
increased GSIS at 72 h at doses from 10 nM to 1 μM (118, 137).
Notably, some of these increases occurred without altering
insulin content (126). In contrast, at similar or slightly
higher BPA concentrations, five papers reported reduced
GSIS or insulin content using the same cell types report-
ing long-term increases in GSIS (70, 125, 134, 136, 138). It
is notable that some of these effects exhibited nonmono-
tonic dose responses, specifically with higher doses in
the lM range decreasing GSIS, whereas lower doses in the
picomolar and nanomolar range increased GSIS (70, 136).
BPS and BPF increased GSIS at 1 nM and 1 μMafter 48 h with-
out altering insulin content in mouse pancreatic b-cells
(126); however, BPS also produced decreased GSIS and insu-
lin content at doses as low as 100 pM in MIN-6 and 1 nM in
EndoC-bH1 after 24 h and 48 h of exposure, respectively;
BPF showed no effects (118).

Several groups have more deeply studied the molecular
mechanisms responsible for the complex actions of these
chemicals on the pancreatic b-cell. As mentioned, insulin
secretion and biosynthesis are largely dependent on electri-
cal activity, maturation state, and mitochondrial activity, all
of which rely on protein and gene expression as well as ion
channel activity. BPA and BPS modify the expression of
identity or function-related genes in rodents as well as in the
EndoC-bH1 human cell line, sometimes with opposite
effects. Downregulation or upregulation of these genes
depends on the cell type and treatment duration. The most
frequently altered genes are Snap-25 (exocytosis), Pdx1 (iden-
tity, maturation, and survival), and Hnf1a (differentiation)
(70, 118, 136). In addition, reductions in voltage-gated Naþ ,
Kþ , and Ca2þ ion channel expression have been observed
with BPA, BPS, and BPF with nanomolar doses (1 nM for
BPA/BPS, 100 nM and 1 lM for BPF) upon 48 h of exposure.
Importantly, decreased gene expression occurs concomi-
tantly with reduced Naþ , Kþ , and Ca2þ currents, resulting
in altered overall electrical activity, as indicated by increased
burst duration, action potential amplitude after hyperpolar-
ization, and area-under-the-curve (72, 118, 126).

BPs also affect mitochondrial ATP production, with 24–48
h of BPA exposure at 1 nM to 2 μM resulting in decreased
ATP content, mRNA expression of mitochondrial function
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genes, and cytochrome c oxidase (COX) (a mitochondrial
function marker) in mouse and rat islets or INS-1 and b TC-6
cell lines (70, 134–136, 138).

Overall, BPs have the capacity to alter b-cell gene expres-
sion, electrical activity, and mitochondrial function, all of
which impact insulin biosynthesis and GSIS (Fig. 1C).

Bisphenols effects on b-cell viability and proliferation.
Another feature of BPs is their ability to affect b-cell viability
that is directly related to dose and exposure duration such
that higher doses or incubation times often led to an
enhanced b-cell death (70, 118, 125, 135–142). The concentra-
tions used across the different studies comprise low or envi-
ronmentally relevant doses (pM to nM) and high doses (μM),
in mouse/rat islets, mouse/rat cell lines, and human cell
lines. With 24-h exposure, effects are observed in INS-1E and
MIN-6 cells at picomolar concentrations (137), and in the
nanomolar range for BPF in EndoC-bH1 cells (118). In con-
trast, one study did not find decreases in cell viability at
nanomolar concentrations of BPA after 72 h of incubation of
INS-1 cells (125).

Concomitant and likely related to apoptotic effects was
the induction of endoplasmic reticulum and cellular stress
markers (Fig. 1C). Briefly, BPA augmented Bax/Bcl-2 ratio,
CHOP, Apaf-1 protein, cleaved caspases, cytosolic cyto-
chrome C, NF-κb, pERK1/2, and ceramides levels; it also
altered the endoplasmic reticulum chaperones expression,
including glucose-regulated protein (GRP)78, GRP94, and
heat shock protein (HSP)70, in the nM-μM range upon 24–
48 h of exposure (70, 128, 134, 135, 138, 140, 142, 143).
Endoplasmic reticulum dysfunction and mitochondrial
failure are tightly associated with each other since these
two organelles communicate with each other via mito-
chondria-associated membranes, and have important roles
in intracellular Ca2þ signaling, cell viability, mitochondrial
network integrity, and lipid biosynthesis among other path-
ways (119, 144). Remarkably, BPs alter mitochondrial activity
by means of loss of mitochondrial membrane potential, mi-
tochondrial fragmentation [through decreased transcription
factor A, mitochondrial (Tfam)], and increased expression of
Ucp-2 and decreased expression of Ogdh (134, 136, 138). In
addition, BPA increases reactive oxygen species (ROS) and
antioxidant mitochondrial genes (135, 137, 139, 141). All of
these mitochondrial disruptions were produced in the same
dose and time range as those used tomeasure cell viability.

Misfolded human islet amyloid polypeptide (hiAPP) indu-
ces membrane permeabilization and ROS in b-pancreatic
cells and is common in T2D. It has been reported that high
doses of BPA (7.5 to 150 lM) accelerated hiAPP misfolding
when INS-1 cells were incubated with hiAPP, and that BPA
increased hiAPP-induced ROS production and cell apoptosis
in a synergistic dose-dependent manner (139). Conversely,
other BP analogues [BPAF, BPAP (4-[1-(4-hydroxyphenyl)-1-
phenylethyl]phenol; CAS 1571-75-1], TBBPA, TCBPA (2,6-
dichloro-4-[2-(3,5-dichloro-4-hydroxyphenyl)propan-2-yl]
phenol; CAS 79-95-8) in doses ranging from 1 lM to 10 μM
upon 24 h of exposure attenuated hiAPP aggregation and
its membrane disruptive effects. In this case, none of the
bisphenols (BPB (4-[2-(4-hydroxyphenyl)butan-2-yl]phenol;
CAS 77-40-7), BPF, BPS, BPAF, TBBPA, TCBPA) affected cell
viability under these specific conditions (145).

In contrast to BPA, little is known about the possible apo-
ptotic effect of other BPs. In one study, low doses of BPS and
BPF modified mitochondrial activity and induced apoptosis
(118), whereas another showed no effect of these compounds
(145).

Several studies point to BPs affecting b-cell proliferation.
It has been observed that 10 lM BPS and BPF increase cell
proliferation in BxPC3 (b-pancreatic tumor cell line) after
24 h (145). Boronat-Belda et al. (93) found increased cell pro-
liferation of mouse islet b-pancreatic cells treated with 1, 10,
and 100 nM BPA for 48 h. Of the three doses, 1 nM was the
only one that increased neonatal mouse b-cell proliferation.
In addition, 1 nM BPA and 10 lM BPS for 24 h also increased
cell proliferation; however, higher doses of BPA or BPS (100
lM) negatively affected cell confluence and induced cytotox-
icity in INS-1E cells (143). Negative effects on cell growth rate
were also reported in b TC-6 cells after treatment with 2, 20,
100, and 200 nMBPA for 24 h, resulting in reduced cell num-
ber in G1, S, and G2/M phases and increased apoptosis in G0/
G1 phase (135). This variety of effects on cell proliferation
could also be explained by the opposing effects of ERa and
ERb, but further evidence would be needed to draw defini-
tive conclusions regarding the in vitro effects of BPs on cell
proliferation (146).

PHTHALATES

Overview of Phthalates

Phthalates are a group of chemicals widely used in a range
of cosmetic, personal care, medical, and food packaging
products (147). Phthalates are not covalently bound to plas-
tics and therefore may leach out and act as EDCs based on
their capacity to interact with several nuclear receptors.
Some phthalates bind to estrogen receptors, making them
weakly estrogenic, while other phthalates antagonize andro-
gen receptor signaling, thus altering reproduction (148).
Some high molecular weight phthalates antagonize thyroid
receptors and affect metabolism (149). Several phthalates al-
ter the function of different peroxisome proliferator-acti-
vated receptors (PPARs), receptors with major roles in lipid
metabolism and energy homeostasis (150). Phthalates acti-
vate the aryl hydrocarbon receptor, which is essential for
xenobiotic metabolism, and phthalates may also affect liver
X receptors that are important regulators of cholesterol, fatty
acid, and glucose homeostasis (151). Phthalates are classified
into two groups based on their molecular weight. Low-mo-
lecular-weight phthalates (LMW, contain ester side-chain
lengths of one to four carbons), include DMP (dimethyl ben-
zene-1,2-dicarboxylate; CAS 131-11-3), DEP (diethyl benzene-
1,2-dicarboxylate; CAS 84-66-2), DBP (dibutyl benzene-1,2-
dicarboxylate; CAS 84-74-2), and DIBP (bis(2-methylpropyl)
benzene-1,2-dicarboxylate; CAS 84-69-5), whereas high-mo-
lecular-weight phthalates (HMW, ester side-chain lengths of
five or more carbons) include diethylhexyl phthalate (DEHP;
bis(2-ethylhexyl) benzene-1,2-dicarboxylate; CAS 117-81-7),
DOP (dioctyl benzene-1,2-dicarboxylate; CAS 117-84-0), and
DINP (bis(7-methyloctyl) benzene-1,2-dicarboxylate; CAS
28553-12-0). Phthalates are used in personal care products
and cosmetics as fragrance carriers and solvents; HMW
phthalates are added to polyvinyl chloride (PVC) plastic to

ENDOCRINE DISRUPTORS IN PLASTICS AND b-CELL DYSFUNCTION

E496 AJP-Endocrinol Metab � doi:10.1152/ajpendo.00068.2023 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo (178.085.198.048) on May 16, 2024.

http://www.ajpendo.org


increase durability and flexibility in food processing and
packaging materials, building materials, and medical devi-
ces (152). Ingestion is the main route of exposure in humans,
with the following derivatives frequently found in urine:
diethyl phthalate (DEP), DEHP, dibutyl phthalate (DBP),
butylbenzyl phthalate (BBP; benzyl butyl benzene-1,2-dicar-
boxylate; CAS 85-68-7) and di-i-butyl phthalate (DiBP) (153).
Among the HMW, DEHP is highly abundant in plastics, espe-
cially in food contact materials (154). DEHP together with
BBP, DBP, DIBP, and DCHP (dicyclohexyl benzene-1,2-dicar-
boxylate; CAS 84-61-7) are added to increase flexibility, trans-
parency, durability, and longevity, and they have been
classified as substances of very high concern by Registration,
Evaluation, Authorisation and Restrictions of Chemicals
(REACH) regulation of the European Union (https://echa.
europa.eu/hot-topics/phthalates). A distinguishing feature
of these compounds is that they are rapidly metabolized and
excreted in urine, confirming widespread exposure to these
compounds (155, 156). It should be noted that some phthal-
ate metabolites are biologically active as well (157).
Phthalates have short half-lives in vivo; however, continu-
ous and high human exposures to these compounds man-
date examining their effects on health using long-term
exposure frameworks.

Human Studies

Urinary phthalates levels are associated with T2D risk in
middle age women (158–160). Phthalate metabolites were
positively associated with T2D in the general adult popula-
tion in Korea (161), adult males (but not in females) residing
in Shanghai (162), and in middle-aged women in the Nurses’
Health Study (NHS), NHSII cohorts (163), and SWAN study
(160). In adolescents, urinary DEHP levels are associated
with insulin resistance in the 2003–2008 NHANES (164),
whereas urinary DINP in the 2009–2012 NHANES (165)
and male adolescents with higher concentrations of MnBP
(2-butoxycarbonylbenzoic acid; CAS number: 131-70-4)
and MiBP [2-(2-methylpropoxycarbonyl)benzoic acid; CAS
30833-53-5] were associated with more components of the
metabolic syndrome, including insulin resistance (166). A
recent meta-analysis corroborates the positive association
between phthalates and T2D (167), and the burden of dia-
betes in middle-age women due to phthalates has been
estimated to be 20,500 annual new-onset cases in Europe
with e607 million in associated costs (168), and 1,300 an-
nual cases in the United States with $91.4 million in associ-
ated costs (169).

Animal Studies

Rodent studies indicate that DEHP exposure causes
reductions in pancreatic insulin content as well as changes
in pancreatic b-cell morphology, leading to reductions in
b-cell mass and alterations in blood glucose levels (170).
Furthermore, exposure to phthalates increased body weight
alone [DEHP, (171)] or in combination with a high fat diet, in
this case inducing a fatty liver [BBP, (172)]. The effect of
DEHP on glucose levels indicates that prolonged exposure in
mice and rats increased fasting glucose levels, decreased
serum insulin levels, and caused alterations in glucose tol-
erance (172–176) (Fig. 2). It should be noted that the effect

of phthalates on glucose homeostasis decreases with time,
likely due to induction of cytochrome P-450 and other
enzymes capable of metabolizing them and accelerating
their degradation (177). DEHP or diheptyl phthalate (DHP;
diheptyl benzene-1,2-dicarboxylate; CAS 3648-21-3) adminis-
tration also decreased plasma triglyceride levels (178, 179).
Surprisingly, phthalate treatment in the NOD mouse model
of T1D produced no effect on insulitis or T1D onset (106).

Cellular Studies

The effects of phthalates on insulin secretion have been
analyzed in mouse MIN6 cells, rat INS-1 cells, and the
human cell lines EndoC-bH1 and 1.1B4. With acute exposure,
high concentrations of DEHP (100 lM) applied for 2 h in
INS-1 832/13 cells increased BIS, whereas GSIS was unaf-
fected (132). In INS-1E cells, 100 μM MiBP, MnBP, or MEHP
increased GSIS after 2 h of treatment (125). Given that there
are few data about the acute effects of phthalates, more stud-
ies are required to better understand the rapid actions of
these EDCs on b-cell secretory function and the potential
mechanisms involved.

Studies using longer exposures (24–72 h) have generally
documented inhibitory effects of phthalates [e.g., MBP (2-
(butoxycarbonyl)benzoic acid; CAS 131-70-4), DEHP, DBP,
and MEHP (2-(2-ethylhexoxycarbonyl)benzoic acid; CAS
4376-20-9] on BIS and GSIS after exposure to nanomolar con-
centrations (118, 180) and micromolar concentrations (118,
125, 180–183). At low nanomolar and micromolar concentra-
tions, DEHP decreased GSIS in MIN6 cells and reduced insu-
lin content at 1 lM (118). Nanomolar and micromolar
concentrations of MEHP andMBP also reduced BIS and GSIS
from INS-1 cells (180). This effect was accompanied by
reduced expression of Ins-1, Ins-2, and Pdx-1, suggesting
impaired insulin synthesis and reduced b-cell identity. In
contrast, exposure of INS-1E cells to nanomolar concentra-
tions of MiBP, MnBP, or MEHP did not significantly modify
GSIS (125). DBP at micromolar ranges also inhibited both in-
sulin synthesis and secretion from INS-1 cells and induced
the downregulation of Glut-2 expression and increased Pdx-1
expression (181). The inhibitory effect of phthalates such as
DEHP and/or DBP on b-cell function might be also related to
altered mitochondrial function and increased oxidative and/
or endoplasmic reticulum stress (181–183). However, given
that most of these studies also observed reduced b-cell sur-
vival at similar concentrations, especially those in themicro-
molar range, it is likely that impaired b-cell secretion under
these conditions may also be related to activation of proa-
poptotic pathways or cytotoxic effects. In any case, results
from rodent cell lines generally indicate that phthalates neg-
atively impact b-cell insulin secretion.

In human cell lines, long-term exposure to DEHP for 72 h
did not affect insulin release in human EndoC-bH1 cells
(118). However, exposure for 7 days led to reduced GSIS at 1–
100 nM, whereas 1 μM increased secretion, suggesting non-
monotonic behavior. Moreover, DHEP decreased insulin
content at 10–100 nM. Treatment of human 1.1B4 cells with
nanomolar concentrations of MEP (2-ethoxycarbonylbenzoic
acid; CAS 2306-33-4) for 24 and 72 h produced divergent
effects on BIS and GSIS depending on doses and durations of
exposure, revealing a high complexity of MEP actions on
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these cells (184). Therefore, although these few studies show
that these phthalates also impair b-cell secretory function,
further studies are required to clarify the complexity of
phthalate actions in human cell lines.

Phthalates effects on b-cell viability.
The impact of phthalates on cell death and viability has been
assayed in studies treating cells from 24 h to 7 days and
include various cell models, including mouse MIN6 cells, rat
INS-1 cells, human EndoC-bH1, and human 1.1B4 cells, as
well as primary rat b-cells. Most studies reported decreased
cell viability at nanomolar (180) and micromolar concentra-
tions of phthalates such as DEHP, MEHP, MBP, and DBP
(125, 181–183, 185–187). Al-Abdulla et al. (118) found that,
while DEHP produced a limited impact on MIN6 cells at
nanomolar concentrations, the viability decreased at micro-
molar doses. Similarly, no effect was found in INS-1 cells af-
ter exposure to nanomolar concentrations of MiBP, MnBP,
and MEHP (125). At 30 μM, DEHP and DBP induced apopto-
sis in INS-1 cells, resulting in increased expression of apopto-
tic proteins such as Bax and caspases 3, 8, and 9 along with
decreased expression of antiapoptotic proteins such as Bcl-2
(182). This treatment also led to increased ROS production
(182). Indeed, a similar pattern of altered apoptosis-related
protein expression augmented ROS production or oxidant
levels and disrupted antioxidant defenses has been reported
in several studies examining INS-1 cell exposure to phtha-
lates, including DEHP, DBP, MEHP, and MBP (181–183, 187).
Thus, oxidative stress might be a key process mediating the
actions of phthalates on b-cell death and viability. It has also
been reported that the detrimental effects of DBP and DEHP
on INS-1 cell survival might be related to impaired PI3K/AKT
signaling (182) as well as activation of endoplasmic reticulum
stress (183). In primary rat b-cells, DBP-induced decreases in
cell viability were associated with augmented STAT1 phos-
phorylation and downregulation of the transcription factor
FoxM1 (186). Furthermore, MEHP increased lysosomal mem-
brane permeability and cathepsin B release, leading to
pyroptosis (inflammatory programmed cell death) and also
affected autophagy in INS-1 cells (185). Thus, several mecha-
nisms and signaling pathways appear to be involved in the
deleterious effects of phthalates on b-cell survival in animal
cell models.

In contrast to the aforementioned results in rodents, MEP
had no impact on cell viability in human 1.1B4 cells at nano-
molar concentrations (184). Indeed, MEP augmented cell pro-
liferation after 72 h of exposure. In the case of human EndoC-
bH1 cells, Al-Abdulla et al. (118) reportedmodest DEHP effects
on cell viability at 1–100 nM and 1 μM. Therefore, although
more studies are required, phthalates modestly affect human
b-cell survival, at nanomolar levels.

EFFECTS ON OTHER ISLETS OF
LANGERHANS CELL TYPES

Unfortunately, the effect of endocrine disruptors on non-b
islet cells is grossly understudied, with only a few publica-
tions on the glucagon-secreting a-cell. The a-cell is special-
ized to produce and secrete glucagon when plasma glucose
levels are low, representing the first line of defense against
hypoglycemia. Like other islet cell types, they behave

plastically during periods when a-cell mass and function are
needed, such as pregnancy, when estrogens and other hor-
mones likely play a role (188). The effect of bisphenols and
phthalates in a-cell viability and function has been studied
mainly in the a-TC1-9 mouse cell line. At pico- and nanomo-
lar range concentrations, BPA decreases aTC1-9 cell viability
(189, 190) in a pathway that involves ROS production and,
likely, estrogen receptors since these effects are abolished by
the pure antiestrogen ICI182,780 (190). Other BPs such as
BPS and BPF also decreased aTC1-9 cell viability (189). There
are few studies using animal models; however, rats treated
with 4.5 lg/L of BPA in drinking water exhibited increased
a-cell apoptosis (75).

BPA was shown to acutely decrease low glucose-induced
Ca2þ signaling in a-cells within intact islets of Langerhans
(191). Impacts on low glucose-induced glucagon secretion,
however, differ across studies and experimental conditions.
BPA did not modify glucagon release after 48 h of incubation
(190); however, secretion was decreased with 10 nM exposure
for 24 h (189). Other BPs such as BPF and BPS decreased glu-
cagon secretion as well as the expression of several genes
involved in a-cell identity and secretion, including Foxo 1
(189), which is known to play an important role in a-cell
function (192). Interestingly, at concentrations of 100 nM
and 1 lM, the phthalate DEHP also decreased glucagon
secretion (189). Studies of phthalate actions in animal mod-
els are scarce; however, treatment of zebrafish embryos with
MEHP reduced a-cell area (193). These results reveal that
glucagon-releasing a-cells may represent an important but
underappreciated target of EDCs. It would be interesting
to study the possibility that these EDCs alter the paracrine
effects among, a, b, and the rest of cells of the islet of
Langerhans. Therefore, more information on the effects of
EDCs on the non-b-cells of the islet is urgently needed to
better understand the role of these chemicals in modulat-
ing glucose homeostasis.

SUMMARY AND CONCLUSIONS

Globally, the prevalence of diabetes mellitus is increasing
rapidly with �10% of adults, or 537 million people, currently
living with the disease and low- and middle-income coun-
tries increasingly affected. Furthermore, another 541 million
adults have glucose intolerance, placing them at high risk for
type 2 diabetes (https://diabetesatlas.org/). In this review, we
have summarized a significant number of cross-sectional ep-
idemiological studies as well as meta-analyses that support
the role of exposure to BPs and phthalates in increasing the
prevalence of diabetes among adults. Newer longitudinal
studies have confirmed a role for BPA in altering glucose ho-
meostasis and promoting the development of T2D. Few data
are available regarding the possible role of other BPs in
dysglycemia.

Importantly, T2D prevalence in children and adoles-
cents is also rising in many countries due to increasing
rates of overweight and obesity. While reliable data for this
group are scarce, T2D is expected to become a serious pub-
lic health problem in younger populations (https://www.
idf.org/61-about/550-diabetes-in-children-and-adolescents.
html). Epidemiological studies associate T2D and over-
weight/obesity with exposure to BPs and phthalates in
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children and adolescents, pointing to a possible role in the
increased prevalence of T2D at younger ages.

Animal studies support the epidemiological evidence
and illuminate the importance of dose, timing, age, and
sex in determining EDC-dependent metabolic pheno-
types. Exposure to BPA during adulthood decreases insulin
sensitivity in most cases and produces hyperinsulinemia or
hypoinsulinemia depending on the timing of exposure. These
animals exhibited alterations in serum concentrations of
other hormones, including leptin and adiponectin, as well as
dyslipidemia. The phenotype may be more severe in males
than in females, although most studies did not seriously
consider sex differences and were only performed in
males. There is a clear need to study the phenotype in both
sexes. Reversibility has not been systematically studied,
and although it is usually assumed in cases of adult EDC
exposure as with other hormones (194), whether this is
true is unknown.

Exposure during pregnancy, or during pregnancy and lac-
tation, clearly predisposes the offspring to impaired glucose
homeostasis. In most studies, around six months of age,
males of BPA-treatedmothers develop insulin resistance, hy-
perinsulinemia, hyperleptinemia, decreased adiponectin,
dyslipidemia, and decreased b-cell mass. Not all studies
included females, but those that did found no metabolic
phenotype. Weight gain did not occur in most studies or
occurred inconsistently across doses; thus the metabolic dis-
ruption is not directly dependent on weight gain. It should
be noted that most studies did not include an analysis of fat
mass. When we studied animals exposed during gestation to
BPA during the first month of life, we found that on the first
day of life they had greater b-cell area, and at day 30 mice
had nonfasting hyperinsulinemia without alterations in glu-
cose tolerance or insulin sensitivity. It is interesting to con-
sider that hyperinsulinemia could be an early change that
drives the altered metabolic phenotype later in life, namely
insulin resistance (89, 195) and weight gain (196, 197) (Fig. 4).

Cellular studies clearly suggest that b-cells are an impor-
tant primary target for BPs and phthalates. Treatment with
both chemicals alters GSIS as well as b-cell viability and cell
proliferation in some studies. Although the mechanisms are
incompletely understood, they include altered gene expres-
sion and ion channel function, which modifies electrical ac-
tivity and calcium signaling. Both classes of EDCs alter the
expression of genes involved in b-cell function and differen-
tiation, which play an important role in maintaining func-
tional pancreatic b-cell mass, especially in response to
nutritional stress (22). It is plausible that disruption of path-
ways leading to adaptation by BPs and/or phthalates acceler-
ates the onset of T2D (Fig. 1). Although less studied, the
effect of BPs and phthalates on the glucagon-producing pan-
creatic a-cell, namely a decrease in glucagon secretion, prob-
ably contributes to an impaired glucose homeostasis.

In conclusion, the data summarized in this review indi-
cate that BPs and phthalates are associated with diabetes
risk. Results for these two classes of nonpersistent pollutants
along with those recently reviewed for persistent organic
pollutants (31) show that b-cells are primary targets of EDCs.
There is a high interest in the European Union in developing
new tests to identify EDCs that may lead to obesity and dia-
betes. The work being developed within the Horizon 2020

European Union funded projects, GOLIATH, OBERON, and
EDCMET (116, 117, 198), should accelerate the development
of screening protocols using human b-cells (118, 137) to iden-
tify EDCs with diabetogenic action. These findings also sup-
port global efforts to negotiate a legally binding treaty (45)
that would reduce the production and consumption of plas-
tics and toxic chemicals used in plastic materials such as
phthalates and bisphenols.

SUPPLEMENTAL DATA
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