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Abstract
Objective: Endocrine disrupting chemicals (EDCs) are present in many areas and materials of the
common life, and exposure to these chemicals can occur from products to personal care, from air
and food. This review aims to summarize the more recent epidemiological ﬁndings for the impact
of EDCs on endocrine system health in children, including effects in growth, metabolism, sexual
development, and reproduction.
Sources: The MEDLINE database (PubMed) was searched on August 24th, 2021, ﬁltering for EDCs,
endocrine disruptors, children, and humans.
Summary of the ﬁndings: Intrauterine exposure of EDCs can have transgenerational effects, thus
laying the foundation for disease in later life. The dose-response relationship may not always be
predictable as even low-level exposures that may occur in everyday life can have signiﬁcant
effects on a susceptible individual. Although individual compounds have been studied in detail,
the effects of a combination of these chemicals are yet to be studied to understand the real-life
situation where human beings are exposed to a “cocktail effect” of these EDCs. Epidemiological
studies in humans suggest EDCs’ effects on prenatal growth, thyroid function, glucose metabolism, obesity, puberty, and fertility mainly through epigenetic mechanisms.
Conclusions: EDCs cause adverse effects in animals, and their effects on human health are now
known and irrefutable. Because people are typically exposed to multiple endocrine disruptors,
assessing public health effects is difﬁcult. Legislation to ban EDCs and protect especially pregnant women and young children is required and needs to be revised and adjusted to new developments on a regular basis.
© 2021 Published by Elsevier Editora Ltda. on behalf of Sociedade Brasileira de Pediatria. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

This manuscript aims to review the mainly positive
albeit detrimental epidemiological ﬁndings for EDCs
effects, mainly on growth and pubertal development.
Studies evaluating EDCs’ impacts on the male reproduction system, thyroid function, and metabolism are also
reported.

Thousands of exogenous chemicals or a mixture of chemicals
were deﬁned as endocrine-disrupting chemicals (EDCs) due
to their ability to mimic or interfere with the endocrine system and metabolism, causing side effects on health. 1
EDCs mostly interfere with endocrine and metabolic
pathways during very sensitive periods of human development and, over the last decade, our knowledge on
their pathogenic mechanisms of action from wildlife to
humans,1,2 and their effects on health from pregnancy to
adulthood greatly improved.3-9
EDCs may alter endogenous hormones levels by interfering with synthesis, secretion, transport, action, and degradation through mechanisms involving the same hormones
receptors and signaling pathways (Figure 1). They may act
via classical nuclear receptors, nonnuclear steroid hormone
receptors, non-steroid receptors, orphan receptors, enzymatic pathways involved in steroid biosynthesis and/or
metabolism, and other mechanisms involved in endocrine
system function.2
The most studied EDCs with potential effects on human
health are plastics and plasticizers [bisphenol A (BPA) and
phthalates]. BPA is the most produced substance, and in
some consumer products, it is substituted by bisphenol F
(BPF) and bisphenol S (BPS).
Other common EDCs are industrial chemicals [dioxins,
dioxin-like polychlorinated biphenyls (PCBs)], pesticides
[dichloro-diphenyl-trichloroethane (p,p’-DDT) and its
metabolite dichloro-diphenyl-dichloroethylene (p,p’-DDE),
and hexachlorobenzene (HCB)], perﬂuoroalkyl and polyﬂuoroalkyl substances [PFASs - perﬂuorooctane sulfonate (PFOS)
and perﬂuorooctanoic acid (PFOA)], brominated ﬂame
retardants [BFRs - polybrominated diphenyl ethers (PBDEs)],
and polycyclic aromatic hydrocarbons (PAHs).1
Characteristics of the most commonly used EDCs are
brieﬂy reported in Table 1.

Figure 1

Methods
The authors of the present study retrieved studies investigating associations between exposure to the most common
EDCs and endocrine system health in children and adolescents. Selection criteria for literature research were text
availability (full text), article type (books and documents,
clinical trial, meta-analysis, randomized controlled trial,
review, and systematic review), language (English), publication date (5 years), species (humans), and age child (birth18 years).
Articles were systematically searched on August 24th,
2021 in the MEDLINE database (PubMed) using the following search terms: endocrine-disrupting chemicals OR
EDCs OR endocrine disrupt* adding (AND) prenatal growth
OR postnatal growth OR growth OR pubert* OR thelarche
OR pubarche OR reproductive system OR thyroid OR glucose metabolism OR obesity OR type 1 diabetes (T1D) to
previous search terms. A hand-screening of all reference
lists included in papers was performed to identify studies
missed in the primary search process. Papers were
reviewed and were included in this review if ECDs exposure levels were examined in relation to auxological outcomes, pubertal development characteristics, male
reproductive system alterations, thyroid dysfunction, and
impairment of glucose metabolism.
Overall, 219 papers were initially identiﬁed. After the
screening of titles and abstracts, a total of 142 articles were
discarded, leaving 77 articles to be analyzed (Figure 2).

Mechanism of action of EDCs.
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Table 1

Characteristics of the most common used EDCs.

EDCs/Characteristics

Factsheet

Exposure

Bisphenol A (BPA)

Used to make polycarbonate plastics and epoxy
resins, which are found in many plastic products
including food storage containers.
Use of this plasticizer for production of baby bottles was banned in EU and US since 2011 and 2012,
respectively.

Phthalates

Used to make plastics more durable and ﬂexible,
they are also found in some food packaging, cosmetics, children’s toys, and medical devices.

Dioxins

Not manufactured or produced intentionally. They
are created when other chemicals or products are
made (i.e. incineration processes). Being mainly
by-products of industrial practices (i.e. herbicide
production and paper bleaching) they are also
released into the environment during waste burning and wildﬁres.
PCBs were used to make electrical equipment like
transformers, in hydraulic ﬂuids, heat transfer ﬂuids, lubricants, and plasticizers.
Banned in 1979
Include herbicides for destroying weeds and other
unwanted vegetation, insecticides for controlling
a wide variety of insects, fungicides used to prevent the growth of molds and mildew, disinfectants for preventing the spread of bacteria, and
compounds used to control mice and rats.
p,p’-DDT is an insecticide used in agriculture. US
banned its use in 1972, but in some countries it is
still used to control mosquitoes that spread
malaria.
HCB is formed as a byproduct during the manufacture of other chemicals. Widely used as a pesticide
until 1965, concerns are due to its persistence in
the environment, potential to bioaccumulate, and
toxicity to humans and the environment.
A large, complex, and ever-expanding group of
man-made chemicals widely used to make various
types of everyday products including clothing, furniture, adhesives, food packaging, heat-resistant
non-stick cooking surfaces, and the insulation of
electrical wire.

Daily human exposure to BPA is through the diet, but air, dust, and
water are other possible sources of exposure. Exposure at low levels comes from eating food or drinking water stored in containers
that have BPA. Infants and young children may be exposed by
hand-to-mouth and direct mouth contact with materials containing BPA. Workers who manufacture products that contain BPA can
be exposed.
Eating and drinking foods that have contacted products containing
phthalates. Some exposure can occur from breathing phthalate
particles in the air. Phthalate particles in dust might be a greater
risk for children than for adults, because they touch many things
and then put their hands in their mouths.
People are exposed primarily by eating food, in particular animal
products. They are absorbed and stored in fat tissue and, therefore, accumulate in the food chain.

Dioxin-like polychlorinated biphenyls
(PCBs)
Pesticides
Dichloro-diphenyl-trichloroethane
(p,p’-DDT)
Dichloro-diphenyldichloroethylene
(p,p’-DDE)
Hexachlorobenzene
(HCB)

Per- and polyﬂuoroalkyl
substances (PFASs)
Perﬂuorooctanoic
acid (PFOA)
Perﬂuorooctane
sulfonate (PFOS)

Brominated ﬂame retardants (BFRs)
Polybrominated
diphenyl ethers
(PBDEs)

Used in many consumer and industrial products
since the 1970s, to decrease the ability of materials to ignite.
PBDEs do not chemically bind with products to
which they are added (furniture, electronics,
etc.), so they easily release from these products
and enter air and dust.

Polycyclic aromatic
hydrocarbons (PAHs)

Large family of environmental pollutants found in
high amounts as air pollutants in megacities.
Chemicals that occur naturally in coal, crude oil,
and gasoline. They are also produced when coal,
oil, gas, wood, garbage, and tobacco are burned.
High-temperature cooking will form PAHs in meat
and in other foods.
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Eating or drinking contaminated food, through the breathed air, or
by skin contact. All these chemicals remain in the environment
even though they are no longer manufactured. They enter the
food chain and build up in larger animals.
Because of the widespread use of agricultural chemicals in food
production, people are exposed to low levels of pesticide residues
through their diets. People may also be exposed to pesticides used
in a variety of settings including homes, schools, hospitals, and
workplaces.
Exposure to p,p’-DDT likely occurs by eating foods, including
meat, ﬁsh, and dairy products. p,p’-DDT exposure can also occur
by breathing or touching contaminated products. p,p’-DDT and p,
p’-DDE persist in body (fatty tissues store) and environment.Exposure to HCB is
via inhalation and dermally, through proximity to industries site
where it is produced as a byproduct. Exposure can also occur
through consuming foods tainted with HCB.

Concerns arise because they do not break down in the environment, can move through soils and contaminate drinking water
sources, bioaccumulate in ﬁsh and wildlife. So, they persist in the
environment and people are most likely exposed by consuming
contaminated water or food, using products made with PFASs, or
breathing air containing PFASs.
PFOA and PFOS were manufactured for the longest time, are the
most widespread in the environment and the most well-studied.
They are no longer made in the US, but they have been replaced
with alternative PFAS, such as GenX.
These chemicals can get into the air, water, and soil during their
manufacture; they can leak from products that contain them or
escape when the products that contain them break down. People
can be exposed to ﬂame retardants through a variety of ways,
including diet, consumer products in the home, car, airplane, and
workplace.
People can be exposed to PBDEs by eating contaminated foods,
especially those with a high fat content. Another source of exposure results from breathing contaminated air or swallowing contaminated dust. Working in industries that make these chemicals
or that make, repair, or recycle products containing these chemicals ﬂame retardants can result in exposure.
People are usually exposed to mixtures of PAHs. Breathing air contaminated (motor vehicle exhaust, cigarette smoke, wood smoke,
or fumes from asphalt roads) are common ways of exposure. People take in PAHs when they eat grilled or charred meats or foods or
foods on which PAHs particles have settled from the air.
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Figure 2 PRISMA ﬂow diagram. (From: Moher D, Liberati A, Tetzlaff J, Altman DG; The PRISMA Group. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 2009;6:e1000097. For more information, visit www.prismastatement.org).

Results

suggested that exposure to one or more EDCs groups was
associated with a higher risk of term low birth weight (LBW)
newborns [odds ratio (OR)=1.25]. The most speciﬁc EDCs
were PAHs, pesticides, phthalates, alkyl phenolic compounds, BFRs, and metals. The risk increased with the
increasing number of EDCs (OR=2.11 for exposure to 4
EDCs groups), suggesting a possible exposure-response relationship.4 Conversely, higher concentrations of persistent
organic pollutants (POPs) measured in newborn dried blood
spots were found to be positively associated with a slightly
higher risk of large for gestational age and higher birth
weight.13
A wide range of in utero exposure scenarios was revealed.
Combinations exhibiting higher levels of PBDEs and p,p’-DDE
were associated with lower birth weight, while combinations
with higher levels of PCBs and PFAS were associated with
increased birth weight.14 It was suggested that maternal
exposure to environmental contaminants (phthalates,
PFASs, PCB-153, and p,p’-DDE) might be independently associated with fetal growth. Mono(2-ethyl-5-hydroxyhexyl) and
mono(2ethyl-5-oxyhexyl) phthalates, PFOA, and p,p’-DDE
were found to be predictors for lower birth weight, while
mono(oxo-isononyl) phthalate was associated with higher

Pre- and post-natal growth
Intrauterine life and early post-natal life represent the most
critical windows for child development. Fetal growth is regulated by complex interactions between maternal, placental, and fetal factors, which are still partially known.10
Insulin-like growth factor (IGF) system is a critical regulator
of growth and EDCs are able to interfere with IGF system.11
Exposure to EDCs during the early life stage can cause
epigenetic shifts besides other effects on protein content,
cell number, cell size, organ size, and function. These
changes can be transmitted over several generations as
"non-transmissible diseases".10
Epidemiological studies reported correlations between in
utero exposure to major EDCs and birth outcomes, but sometimes results were contradictory. EDCs and mixtures of
chemical substances were found in both mothers and placenta, so exposure to EDCs can be associated with fetal
growth restriction and premature birth.12
Pregnant women can be exposed to EDCs at work, and a
large-scale prospective study from 13 European cohorts
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birth weight.4 PCBs and p,p’-DDT/DDE serum levels were
measured in a German cohort of 324 pregnant women. The
birth length of newborns was negatively correlated with
increased maternal PCBs levels. Positive associations
between different maternal PCBs levels and post-natal
weight gain were observed. These results suggested that
maternal PCBs and p,p’-DDT exposure likely affects different aspects of offspring’s pre- and post-natal
growth.15 Studies reported conﬂicting results for PCBs,
because an association with LBW was demonstrated by
some authors but not by others.5
BPA exposure during pregnancy has huge impacts on the
fetus, causing changes in epigenetic programming, resulting
in disease onsets during childhood as well as adulthood.16
Combined exposures to BPA from dietary and non-dietary
sources during pregnancy may contribute to a tendency
towards fetal growth restriction.17 High levels of BPA in
maternal blood, urine, or amniotic ﬂuid were associated
with lower birth weight newborns. Exposure to unconjugated BPA during the 1st-trimester and the end of gestation
was associated with a gender-speciﬁc reduction in birth
weight. Moreover, it was demonstrated that exposure to BPA
was negatively correlated with intrauterine linear growth
since the increase of one logarithmic-transformed unit of
BPA/creatinine in the maternal urine concentration of BPA
during the 3rd-trimester was associated with a reduced
length of the femur. Furthermore, the increase of one logarithmic-transformed unit of BPA/creatinine in the prenatal
concentration of BPA was correlated with increased birth
weight.4
The effects of BPF and BPS on fetal growth in humans
are still unclear. Urinary concentrations of BPF and BPS
during some trimesters of the pregnancy were associated
with signiﬁcantly lower values of birth weight, length, or
ponderal index. Newborns in the 10th percentile of each
birth anthropometry measure had higher BPF, and BPS
exposures during pregnancy than newborns in the 90th
percentile of each outcome.18 Urinary BPA and BPF concentrations of pregnant women were negatively related
to birth length and positively related to ponderal index
in female infants.19 Conversely, in pregnant women,
higher BPS urinary concentrations were related to larger
fetal head circumference, higher weight, and lower risk
of being small for gestational age (SGA) at birth.20 Evidence on BPA-inﬂuence on pubertal height growth are
still lacking. An inverse association between urinary BPA
levels and height was observed in children. Height zscore signiﬁcantly decreased by 0.49 for the highest BPA
exposure levels compared with the lowest ones.21
Phthalate exposure during pregnancy may be associated
with increased odds of prematurity. Possible mechanisms
are interference with placental function and steroidogenesis, mainly in subjects with certain genetic mutations,
highlighting the gene-environment interaction.5 Differential
DNA methylation may link phthalate exposure in utero to
fetal growth, having a predictive value for offspring's obesity.22 Phthalates may have trimester-speciﬁc effects on
fetal growth and birth outcomes. It was demonstrated that,
among males, the 1st-trimester urinary bis-2-ethylhexyl
phthalate (DEHP) level was negatively related to fetal
growth, the 2nd-trimester DEHP was negatively related to
birth weight and length, and the 3rd-trimester DEHP was

positively associated with birth weight. Among females, the
1st-trimester DEHP was associated with increased birth
length.23
Genetic effects of pesticides were shown to result in
increased prematurity and preterm birth. Pesticide exposure
during the 2nd-trimester of pregnancy was negatively associated with weight, length, and head circumference at birth.
Increased incidence of SGA newborns was reported in mothers who were exposed to pesticides.1
Conversely, it was found that overall frequencies of exposure to household pesticides had no effects on birth weight
and length.24 Prenatal exposure to pesticides may differently inﬂuence birth outcomes.25
Pesticide exposure could be a risk factor for growth disorders in children living in agricultural areas. In children with
stunting (height for age z-score <-2 SDS), median IGF-1 levels were signiﬁcantly lower compared to controls, and both
high levels of pesticide exposure and low IGF-1 levels were
signiﬁcantly associated with stunting.26
Fetus is exposed to PFASs via active or passive placenta transfer, while newborns might be exposed via
breastfeeding or PFASs in the home environment. Human
epidemiological ﬁndings suggested possible associations
with fetal and postnatal growth, but data are still
controversial.5
A systematic review evaluated results from 14 studies.
In utero exposure to PFOA was associated with decreased
mean birth weight in most studies, but only some results
were statistically signiﬁcant.4 High concentrations of PFOS
and perﬂuorohexanesulfate measured in newborn dried blood
spots were demonstrated to be related to lower birth weight
z-scores compared to those with low concentrations.27
Increased serum maternal PFOS, PFOA, perﬂuorononanoic
acid, perﬂuorodecanoic acid, and perﬂuoroundecanoic acid
levels during pregnancy were associated with lower birth
weight and SGA at birth. However, associations were signiﬁcant only in girls.28
PBDEs interfere with the IGF-1 system secretion. A positive association was demonstrated between BDE-196 in
breast milk and IGF-I levels in cord serum, and negative correlations between IGF-1 and BDE-99 and 86 other
compounds.4
Epidemiological studies reported negative correlations
between PBDEs and birth weight in male newborns and positive correlations in female ones.4 A total of 19 PBDEs were
detected in maternal serum samples collected during the
3rd-trimester of pregnancy, and a negative association was
found with placental size and birth outcomes. Concentrations of BDE-207, -208, -209, and the sum of 19 PBDEs were
higher in fetal growth restriction newborns compared with
healthy ones.29 Evidence supporting that changes in placental DNA methylation might be part of the underlying biological pathway between prenatal PBDEs exposure and adverse
fetal growth were reported.30
Data on post-natal height growth are still lacking. Studies
reported data related to the possible association between
exposure to EDCs during pregnancy and both birth weight
and fast weight gain in early childhood, underlining the risk
to develop overweight and obesity and other diseases and
dysfunctions later in life due to altered “programming” in
utero, according to the Barker hypothesis of the “Developmental Origins of Health and Disease”.5
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Pubertal development

Studies suggested that in utero exposure to p,p’-DDT, p,
p’-DDE, and HCB, may increase the risk for rapid weight gain
in infancy and high body mass index (BMI) later in childhood
and adolescence.31
Association between in utero POPs exposures and major
risk factors for the adult cardio-metabolic syndrome was
reported. HCB exposure in the 3rd-tertile was associated
with higher BMI, and weight-to-height ratio z-score and a
continuous increase in HCB levels were associated with
higher body fat %, systolic and diastolic blood pressure zscore, cardio-metabolic-risk score, and lipid biomarkers.32
Prenatal exposure to mixtures of persistent EDCs (PFASs,
PCBs, and pesticides) may inversely affect post-natal body
size. EDCs mixture at the 75th percentile compared to the
50th percentile was associated with a 0.15 lower weight-forage z-score. Weakly inverse associations were also seen for
height-for-age and BMI-for-age z-scores.33
Gender-speciﬁc and trimester-speciﬁc relationships
between DEHP exposure and fetal and birth offspring
growth data were longitudinally conﬁrmed at 6, 12, and
24 months.23
Obesity in children was reported to be induced by phthalate exposure during pregnancy. Some maternal urinary
phthalate’s metabolites were strongly associated with BMI zscores, waist circumference z-scores, and body fat % in children of different ages. In the 12-year-old population, in
utero levels of diethyl-phthalate, dibutyl-phthalate, and
DEHP metabolites were positively associated with overweight or obesity.34
Associations between maternal phthalate levels and
changes of auxological data were longitudinally measured.
During infancy, females with detectable levels of mono-(3hydroxybutyl) phthalate or mono-carboxy-iso-octyl phthalate (MCiOP) grew on average 0.73 cm and 0.66 cm less than
those with undetectable levels, respectively. Participants in
the middle tertile of mono-ethyl phthalate (MEP) grew
0.57 cm less than those in the lowest tertile. Analyzing data
from 2 to 10 years of age, females with detectable monobenzyl phthalate and middle/upper tertile of mono-(2ethyl-5-carboxypentyl) phthalate levels were 1.19 and
0.99 cm taller than those with undetectable and in the lowest tertile, respectively. At 20-years of follow-up, associations between maternal serum phthalate metabolite levels
and deviation from mid-parental height were not found.
Similar results were reported for weight and BMI z-score.35
Maternal serum PFASs concentrations, particularly PFOA,
resulted inversely associated with longitudinal measures of
infant/child anthropometry from 4 weeks to 2 years of
age,36 but these data were not found by others.27 Considering discrepancies between studies, the impact of PFAS on
health is not yet clear, but it deserves further investigation.
Umbilical cord serum BDE-153 and -154 concentrations
were related to reduced adiposity measures at seven years
of age.37
Exposure during critical periods of development may
have consequences. Future studies should conﬁrm these
ﬁndings, and it is important to evaluate EDCs that were
never studied in experimental and epidemiological research.
Current knowledge on placental and fetal growth, as well as
in utero programming of metabolism and endocrine function, highlights the need for the implementation of preventive measures for exposure.8

Pubertal development is characterized by activation of the
hypothalamus-pituitary-gonadal and hypothalamus-pituitary-adrenal axis, which are regulated by inhibitory and
stimulatory factors.38 As 20 40% of the variation of pubertal
timing and progression are not genetically dependent, and
other key factors are involved in its regulation, concerns
rose on the potential role of EDCs (Table 2). 5,6
In humans, it is difﬁcult to provide evidence on causal
relationships between EDCs exposure and changes in pubertal timing, but they seem to play an important role in pubertal dysregulation through central actions on the
hypothalamus or peripheral actions on breast and gonads.
Other problems are the concomitant exposure to low doses
of tens or hundreds of chemicals and the delay between
exposure to EDCs during early childhood and observation of
potential consequences on pubertal timing.8
Several EDCs act as agonists of estrogen receptors (ERs)
or antagonists of androgen receptors, while progestin receptors represent potential targets for many chlorinated EDCs.
EDCs can mimic the physiological effect of estrogens and
androgens and can cause hyper-stimulation of hormonal
pathways. Moreover, they can bind to intracellular receptors
and block the function of endogenous hormones, having
anti-estrogenic or anti-androgenic effects.8
Epidemiological researches were conducted in geographical areas where accidental exposure to speciﬁc chemicals
occurred and suggested that EDCs act by determining an
advance but also a delay in puberty.
The ubiquitous use of BPA results in great exposure to its
known estrogenic-like action. Most of the cross-sectional
studies have shown that serum and urinary BPA levels were
higher in girls with central precocious puberty (CPP) than in
controls, suggesting a possible role of BPA in the disease
onset.8
Exposure to BPA might be one of the underlying factors of
early breast development in pre-pubertal girls. Urinary concentrations of BPA were signiﬁcantly higher in girls with premature thelarche compared to the healthy ones, and weak
positive correlations with uterus volume, estradiol, and
luteinizing hormone were found in girls with premature
thelarche.6,8
The association between the age of menarche and urinary
BPA levels was analyzed. Girls with intermediate BPA levels
were less likely to develop early menarche than those with
lower levels (OR=0.57). Association between BPA exposure
and delayed menarche was also suggested. Girls with intermediate and high levels of BPA, compared to those with
undetectable levels, were more likely to have delayed menarche.8 Conﬂicting results from studies do not allow to
clearly deﬁne the role of BPA in alterations of pubertal
development timing.
Although mechanisms by which phthalates act as EDCs are
not yet well known. Clinical studies suggested anti-androgenic, agonist and antagonist action on ERs. Low and high
exposure to phthalates could alter pubertal development in
both genders, and effects were either early or delayed
puberty.39
A possible correlation between exposure to phthalates
and early breast development in girls was suggested in the
early 1980s due to a progressive trend towards premature
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Table 2

Effects of EDCs on the pubertal development and reproductive system.1,6

EDC

BPA

Phthalates

Dioxins

PCBs

Pesticides
p,p’-DDT
p,p’-DDE

PFASs

BFRs
PBDEs

Possible mechanism

- ER agonist
- Anti-androgenic action
- Inhibition of apoptotic activity in
breast
- Increased number of progesterone
receptor positive epithelial cells
- Non-genomic activation of ERK1/2
- Reduced sulfotransferase
inactivation of estradiol
- ER agonist/antagonist
- Anti-androgenic action
- Decreases testosterone synthesis

Mechanism of action not fully
clariﬁed.- ER agonist
- Anti-androgenic action
- Interfere with sex-steroid synthesis
- Inhibition of cyclooxygenase2 via
AhR
- Estrogen agonist
- Estrogen antagonist
- Anti-androgenic action
- Anti-androgenic action
- Estrogen-like action
- Anti-progestin action
- Induction of aromatase enzyme
- Reduced insulin-like factor
- Estrogenic action
- Anti-androgenic action

Possible clinical condition
Males

Females

- Cryptorchidism
- Prostate cancer
- Testicular cancer in fetus

- CPP
- Delayed menarche
- Breast cancer

- Delayed pubarche
- Reduced AGD
- Reduced Leydig cell function
- Hypospadias
- Cryptorchidism
Intrauterine exposure to both
phthalates and BPA: early
pubertal development in overweight/obese males
- Cryptorchidism

- Early thelarche
- CPP
Intrauterine exposure to both
phthalates and BPA: delayed
pubertal development in normal-weight females

- Prostate cancer

- Early onset of menarche
- Delayed puberty

- Cryptorchidism
- Infertility

- Precocious/early puberty
- Infertility
- Risk for breast cancer

- Reduced AGD
- Precocious/early puberty
- Delayed puberty

- Precocious/early puberty

- Estrogen-like action
(prenatal exposure)
- Androgen-like action
(postnatal exposure)

- Delayed thelarche
- Endometriosis
- Breast cancer

- Early menarche
(prenatal exposure)
- Early pubarche
(perinatal exposure)

AGD, anogenital distance; AhR, aryl hydrocarbon receptor; AR, androgen receptor; BFRs, brominated ﬂame retardants; BPA, bisphenol A;
CPP, central precocious puberty; p,p’-DDE, dichloro-diphenyl-dichloroethylene; p,p’-DDT, dichloro-diphenyl-trichloroethane; ER, estrogen receptor; ERK1/2, extracellular signal-regulated kinase 2; PBDEs, polybrominated diphenyl ethers; PCBs, dioxin-like polychlorinated
biphenyls; PFASs, perﬂuoroalkyl and polyﬂuoroalkyl substances.

thelarche found in Puerto Rico. Higher blood levels of phthalates were demonstrated in girls with premature thelarche,
and measurable values of phthalates were found in 68% of
girls with premature thelarche compared to 14% of healthy
controls.6,8
A potential anti-androgenic effect of phthalates was suggested because the highest quartile of urinary phthalates
excretion was associated with pubarche delay. Although
some studies did not ﬁnd a difference in phthalate metabolites urinary levels between girls with CPP and controls, in
others, plasma and urinary levels of phthalates were

demonstrated to be signiﬁcantly higher in girls with CPP
compared to those with precocious pseudo-puberty and the
healthy ones.8
In young girls, it was demonstrated that menarche age
was much earlier the higher were levels of urinary phthalates measured several years before.40
In utero exposure to some phthalate’s metabolites and
BPA was associated with delayed puberty in females, especially in normal-weight ones, and with early puberty in
males, especially in overweight/obese ones, underlining
that body weight may interfere in such associations.41
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and through breastfeeding. Menarche was found to be one
year earlier in girls who were exposed in utero to high concentrations and who were breastfed than in girls not
exposed or exposed only in utero but not through breastfeeding (11.6 vs. 12.2-12.7 years, respectively). Perinatal
exposure was associated with early pubarche in breastfed
girls.6,8 These results support the hypothesis that pubertal
development may be inﬂuenced by pre- and post-natal exposure to organo-halogen compounds. Since menarche and
breast development are estrogen-dependent, while pubic
hair development is independent of estrogen levels, these
data suggest that PBBs may act through different pathways.
Relationships between prenatal and childhood exposure
to PBDEs and alterations in pubertal development timing
were also studied. Serum concentrations of four PBDEs (BDE47, -99, -100, -153) were measured in blood collected from
mothers during pregnancy, and pubertal onset was evaluated
in their 9-years old children followed until 13 years of age.
Prenatal PBDEs concentrations were associated with delayed
menarche in females [relative risk (RR) early menarche = 0.5]
and early pubarche in males (RR early pubarche = 2.0).6,8
Data are contradictory but suggest that BFRs have estrogenic
and androgenic properties and that exposure to these chemicals can have an impact on pubertal development.
A possible link between apparently innocuous topical
use of essential oils and onset of pre-pubertal male
gynecomastia and premature thelarche was suggested
due to their estrogenic and anti-androgenic properties
demonstrated in vitro.46
The onset of puberty can be disrupted by exposure to
EDCs, mainly phthalates and BPA, and delayed or precocious
onset of puberty was described. EDCs can affect processes
underlying pubertal development, but the authors still need
to better understand which are times in life when EDCs
exposure is crucial to determine changes in pubertal physiology and how this may affect fertility later in life.

It was found that the age at menarche was slightly
delayed in girls with higher prenatal exposure to phthalate
metabolites. According to the sum of phthalate metabolites,
signiﬁcantly later age at menarche was found in subjects at
the middle tertile concentration compared to those at the
lowest tertile.35 Higher phthalate concentrations were also
reported to be associated with earlier menarche among
overweight or obese girls.42 These results show discrepancies between different phthalates and different analyzed
pubertal outcomes. The role of childhood phthalate exposure on early breast development requires further study,
and it is difﬁcult to carry out human studies and to interpret
results.
Dioxins act through aryl hydrocarbon receptors (AhR).
Exposure to dioxins was associated with delayed puberty in
boys and delayed thelarche in girls because of anti-estrogenic effects. The slow progression of breast development
towards the adult stage was demonstrated in girls, and it
was associated with the high activity of dioxins.1,6,8
Data concerning pesticides derives from ﬁndings of precocious or early puberty in children migrated because of international adoptions and previously exposed to p,p’-DDT
insecticide in their origin country during pregnancy and
post-natal period. Migration can stop the exposure to p,p’DDT, and precocious puberty can develop indirectly, following the suspension of sex steroids and their environmental
analogs negative feedback, and directly, as a consequence
of accelerated hypothalamic maturation secondary to sex
steroids action.6,8
Studies demonstrated that the earlier was the onset of
menarche in girls, the higher was the in utero exposure to p,
p’-DDE.8
Possible mechanisms of action of the p,p’-DDE include
both anti-androgenic and estrogenic-like effects and the
induction of aromatase enzyme. Published results are conﬂicting because no association was also demonstrated
between p,p’-DDE exposure, neither intrauterine nor postnatal through breast milk, and timing of pubertal development, Tanner staging, and age of menarche.1
The authors need further information on the relationship
between exposure to multiple pesticides and the onset of
idiopathic premature thelarche in girls, mainly from areas of
intensive agriculture practice.
Evidence on the potential impact of prenatal PFASs exposure on long-term reproductive health is still lacking, but
gender-speciﬁc alterations of pubertal timing with different
prenatal exposure to PFASs were suggested.43 Data on later
age of menarche with higher levels of prenatal PFOA exposure were reported,1 but no association between prenatal
PFASs exposures and age at menarche was also demonstrated.44 These results need to be conﬁrmed because the
role of these compounds as complex mixtures remains
largely unknown.45
Exposure to PBDEs during the peripubertal period seems
to interfere with pubertal development. An association
between high serum PBDEs concentrations and earlier menarche age was demonstrated. From 1st- to 4th-quartile of
total PBDEs concentrations, the rate of menarche occurrence before 12 years of age was higher in girls with the
greater PBDEs exposure.6,8
Effects of BFRs on pubertal development were evaluated
in girls exposed to polybrominated biphenyls (PBBs) in utero

Male reproductive system
EDCs can affect the male reproductive system by anti-androgenic and estrogenic effects (Table 2).
Hypospadias and cryptorchidism were related to EDCs
since the ﬁrst studies led to the hypothesis of the testicular
dysgenesis syndrome. EDCs seem to act on the tubular part
of the testicle, which does not develop regularly and is at
subsequent risk of cancer, and the endocrine part with consequent lower production of testosterone and other endocrine factors necessary to ensure the normal testicular
descent in the scrotum and the normal penile formation.47
Clinically, it is important to evaluate the anogenital distance
(AGD), which is a sensitive index of prenatal androgens
action, inﬂuenced by exposure to chemicals with anti-androgenic activity during the critical developmental period of
the fetal testis.48
Maternal serum BPA concentration at 10-17 weeks of gestation was positively associated with congenital or postnatal acquired cryptorchidism.49
The authors still need more powerful evidence to conﬁrm
the effects of prenatal phthalate exposure on hypospadias.
Its increased prevalence may be the result of exposure to
these EDCs having estrogenic or anti-androgenic properties.
A high rate of hypospadias was reported in children whose
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mothers were exposed to phthalate during the 1st-trimester
of pregnancy.50
Concentrations of di-isononyl phthalate metabolites in
amniotic ﬂuid samples during the 2nd-trimester of pregnancy
were associated with an increased likelihood of hypospadias
(OR = 1.69).51
An inverse association between maternal urinary phthalate metabolite levels and AGD was demonstrated in boys but
not in girls.1,52
Dioxins may have estrogenic effects through the interaction of the dioxin-AhR nuclear translocator complex
with ERs. Higher dioxin levels in breast milk and dibutyltin
concentrations in the placenta were associated with
cryptorchidism.1
Levels of chlorinated pesticides were found to be higher
in the breast milk of mothers with cryptorchid boys, and
high prenatal exposure to p,p’-DDE and PCBs has a higher
risk of cryptorchidism.1 An increased risk of hypospadias
was found among children of women with serum p,p’-DDE
concentrations at the highest quartile (OR=1.65) compared
to women in the 1st-quartile during the 14th week of
pregnancy.53
Maternal exposure to PFASs was associated with shorter
AGD in boys, providing evidence that they can affect male
genital development.54
Male reproductive disorders are increasing in prevalence,
which may reﬂect environmental inﬂuences on fetal testicular development. Epidemiological studies generated conﬂicting results and were often limited by the small sample
size and/or measurement of chemical exposures outside the
most relevant developmental window.

and prenatal exposure on thyroid hormones in newborns
remain unclear, but the fall of TSH levels may potentially
delay their development.
Maternal serum 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) concentrations at higher quartiles were associated
with lower free triiodothyronine in children, compared to
the lowest quartile. A positive association between maternal
serum TCDD and TSH concentrations in children with high
thyroid antibody status was also found. Prenatal exposure to
TCDD may alter thyroid function later in life, and populations with additional thyroid stress may be particularly
susceptible for in utero exposure to thyroid disrupting
chemicals.61
Exposure to PFASs can alter circulating thyroid hormone
levels. In infants, higher concentrations of PFASs mixture
were associated with lower total thyroxine levels. Combined
effects of prenatal exposure to multiple PFAS on maternal
and neonatal thyroid function was supposed, but the direction and magnitude of these effects may vary across each
PFASs.62
PBDEs structurally resemble thyroid hormones. Children
with high exposure to BDE-47 during the prenatal period or
toddler age had signiﬁcantly lower mean TSH levels compared to children with low BDE-47 exposure throughout early
life.63
EDCs are able to alter the normal thyroid homeostasis. If
this occurs in the most critical period of fetal development,
damage to normal psycho-intellectual maturation can occur.

Thyroid function

Metabolic diseases [i.e. insulin resistance (IR), obesity,
diabetes, metabolic syndrome, etc.) are among the most
prominent health outcomes of human exposure to
EDCs.3,4 Prenatal exposure to low concentrations of EDCs
has an impact on cardio-metabolic risk factors in preschool children.64
EDCs act on cellular function via interaction with steroid
receptors and nuclear transcription factors, impairment of
endocrine signaling transduction, and epigenetic mechanisms. Mechanisms through which “obesogens” EDCs contribute to the etiology of obesity are the direct promotion of
adipogenesis increasing both the number and the size of adipocytes with proliferator-activated receptor gamma (PPARg)
activation, promotion of the signal of adipose cell lines to
the detriment of other cell lines, greater differentiation of
the pre-adipose tissue towards the adipose tissue through
activation of PPARg, and promotion of a greater deposition
of fat and potential epigenetic mechanisms that favor activation of transcription factor of adipogenic genes. Many
EDCs accumulate in adipose tissue, and this can lead to
interactions and changes in the endocrine activity of adipose
tissue and homeostatic systems underlying weight control.3,4
“Obesogens” EDCs are risk factors for type 2 diabetes and
lead to the dangerous combination of obesity and diabetes.
Certain EDCs may directly cause IR and defects in insulin
(INS) production and secretion without signiﬁcantly affecting the weight. EDCs can disrupt body glucose homeostasis
by affecting both INS- and glucagon-secretory cells.65
Human studies evaluating EDCs effects on the pathogenesis
of T1D are controversial, but this is one of the ﬁelds

Metabolic diseases

Thyroid hormones are essential for normal brain development and regulation of metabolism. EDCs can affect this
process, and thyroid disruption can occur at any level of the
hypothalamus-pituitary thyroid axis, including thyroid hormones synthesis (BPA, phthalates, PCBs, PBDEs, and perchlorate), release (phthalates, PCBs, and PBDEs), transport
(phthalates, PCBs, and dioxins), and metabolism (BPA, PCBs,
and dioxins). The action of thyroid hormones on target tissues can also be disrupted by EDCs (PCB and PBDEs). 4,55,56
In vitro and in vivo studies reported the ability of bisphenols to disrupt thyroid function.57 Antagonism with thyroid
receptors (TRs) affecting the TRs-mediated transcriptional
activity, direct action of bisphenols on gene expression at
the thyroid and the pituitary levels, competitive binding
with thyroid transport proteins, and induction of toxicity in
several cell lines are main mechanisms leading to thyroid
dysfunction.58
A higher late pregnancy maternal BPA exposure was associated with higher thyroid-stimulating hormone (TSH) levels
in female newborns and higher free thyroxine (FT4) levels
during childhood in males.59 The impact of BPA on thyroid
hormone levels in newborns was also reported as uncertain,
so this remains an important ﬁeld of research in the next
years.5
In newborns exposed to multiple phthalate metabolites
during pregnancy, levels of cord serum TSH and FT4 were
found to be signiﬁcantly negatively associated with cord
serum phthalate levels.5,60 Effects of cord blood phthalates
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of islet autoimmunity and T1D. Interaction between human
leukocyte antigens risk genotype and pre-natal PFAS exposure was highlighted as to play a potential role in altered
lipid proﬁles in newborn infants at-risk of developing T1D.76
Obesity is a multifactorial disease caused by an altered
balance between food intake and physical activity and inﬂuenced by genetic predisposition and environmental factors.
Evidence indicate that exposures to EDCs during pre-natal,
early infancy, and pubertal times are able to cause abnormal
distribution of adipose tissue, its excess, and subsequent
metabolic complications. The authors need more conclusive
data on relationships between EDCs and metabolism.

requiring further studies due to the increasing incidence of
T1D worldwide.7
In utero exposure to POPs seems to determine permanent physiological changes inﬂuencing birth weight, predisposing to subsequent weight gain. POPs have direct
effects on INS signaling leading to IR that causes adipose
tissue inﬂammation.3
A relationship between gestational levels of BPA and central adiposity during early childhood was found.66 Urinary
BPA levels were associated with a greater risk of central obesity67 and a positive association of dietary exposure to BPA
and total bisphenols with being overweight/obese was found
in adolescent girls.68
Studies have shown that acute treatment with BPA causes
temporary hyperinsulinemia, whereas long-term exposure
suppresses adiponectin release and aggravates IR, obesityrelated syndromes, and the development of diabetes.4,5
BPA exposure during pre-natal period was associated with
increased blood pressure in girls and plasma glucose in
boys.69 Adolescents with polycystic ovary syndrome were
found to have signiﬁcantly higher BPA levels when compared
with the control group.70
A systematic review and meta-analysis demonstrated a
signiﬁcant association between phthalates and their metabolites concentrations with BMI, BMI z-score, waist circumference, and low-density lipoprotein cholesterol, triglyceride,
and glycaemia.71
Maternal urinary concentrations of MEP, MCiOP, and propylparaben during pregnancy were associated with
increased BMI z-score and overweight/obesity status. Higher
pre-natal exposures to cumulative biomarker mixtures also
trended with greater childhood adiposity.72
PFOA and PFOS exposure increased the risk of cardiovascular diseases more than other PFASs.73 In children, both
BMI-for-age-and-sex z-score and triceps skinfold z-score
were found to increase per logarithmic-unit increase in
maternal serum PFOS concentrations. Increased odds for
child overweight/obesity for each logarithmic-unit increase
in maternal serum PFOS levels (OR=2.04) was found. Similar
associations were also detected between maternal serum
PFOA concentrations and child overweight/obesity.74
In T1D, the autoimmune process involving ß-cells could
be potentially triggered by environmental contaminants,7
such as PFASs. In children and adolescents, PFOS levels were
reported to be higher in patients at T1D onset compared to
controls.75 High pre-natal exposure to PFASs was found to
alter lipid proﬁles in newborns which may increase the risk
Table 3

Conclusions
EDCs represent an emerging global health problem requiring
urgent attention and action, and several challenges remain
in the understanding of their role in the development of
endocrine diseases at any age. Despite difﬁculties to translate what happens in wildlife to humans and limitations due
to conﬂicting results from studies related to confounding
factors, EDCs’ effects on human health are now irrefutable,
and this topic is of particular interest for pediatricians. Identifying a direct relationship between EDCs exposure and disease outcomes is complex because of the exposure to low
doses of hundreds of EDCs since in utero. Moreover, the
years-lag time between exposure and appearance of diseases must be considered to interpret studies.
A debate is still open on how to classify a chemical as an
endocrine disruptor, how to obtain biomarkers of exposure,
and how to conﬁrm its possible negative effect on human
health. To better understand the reasons for this debate and
difﬁculties encountered in researches on EDCs, it is useful to
keep in mind several limitations (Table 3).1,5
Humans are usually exposed to a mixture of chemicals
and the authors need to keep in mind their active metabolites and the “cocktail effects” on the complex endocrine
milieu. Exposure to low-dose mixtures of EDCs characterizes
environmental conditions in humans and wildlife, inducing
disrupting effects.4 The authors need more information on
potential new chemical compounds exposures for which the
authors have limited information and that were not previously of concern for environmental health scientists and regulators. Probably, the suspect screening must be increased
to identify the presence of poorly characterized EDCs in
maternal and umbilical cord blood samples. Further

Difﬁculties and limitations in researches on EDCs.1,5

It is difﬁcult to translate what happens in wildlife to humans
A direct relationship between EDCs exposure and a disease outcome cannot be established, especially when the lag time is of years
Age and gender groups react differently; intrauterine life is the most “critical windows” period
Exposure to low doses of EDCs could induce disrupting effects that may be not dose dependent
Humans are exposed to different EDCs over time, to a mixture rather than to single compound
EDCs may have transgenerational effects probably mediated by epigenetic mechanisms that transfer these effects to the next
generations that had not direct exposure to chemicals
EDCs are not pure agonists or antagonists of a single hormone receptor or pathway
Bioavailability differs among EDCs and depends on their property to bind binding proteins, metabolism, excretion, storage in speciﬁc tissues (i.e. fat), and slow release over time
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novel technologies for the early detection of EDCs. Integrated together, all interdisciplinary studies and researches
(experimental methods, high throughput omics technologies, epidemiology and human biomonitoring studies, and
advanced computational models) could provide useful
insights to regulatory efforts to better characterize suspected EDCs, and their connection to health outcomes.
In this review, the most common EDCs and their main
adverse effects on the endocrine system during childhood
and adolescence have been summarized. Further studies are
needed to clarify which EDCs can mainly act on epigenetic
processes, and a better knowledge of EDCs effects on health
is crucial for a future regulatory strategy for prevention of
EDCs’ exposure to ensure good health in children today, in
future generations, and in the environment.

investigations are needed to better understand where these
chemicals might be coming from, how exposures may affect
human health outcomes, and how to eventually prevent the
development of diseases.77
Regulatory measures were taken in the EU, US, and member states restricted the use of certain EDCs. Substituents
to regulated compounds were used, but there are still
uncertainties concerning the safety of these substituents
and more generally concerning new or poorly studied
compounds.
EDCs can be identiﬁed in human biological ﬂuids like
serum, urine, and breast milk, but their quantiﬁcation is still
difﬁcult. There is a lack of tests predicting metabolic outcomes useful to evaluate the impact of EDCs exposure on
health, particularly in infants. Exposure to EDCs could
induce disrupting effects that may not be dose-dependent,
so endogenous hormonal actions at one dosage do not necessarily predict effects at another. Why some EDCs produce
non-traditional dose-response curves is still not understood.
The authors need reliable chemical analyzes on different
biological matrices and valid, reproducible, efﬁcient, and
sensitive techniques to quantify speciﬁc EDCs and their
metabolites in human biological ﬂuid.
Lastly, EDCs are not pure agonists or antagonists of a single hormone receptor or pathway. This translates to complex
and sometimes seemingly inconsistent actions of EDCs in
experimental models when trying to compare results to
endogenous hormone or pharmaceutical actions.
A lot of data has arisen relative to the effects of EDC
exposure on growth, puberty, reproductive system, thyroid
function, obesity, and its metabolic complications. Many of
the reviewed studies present signiﬁcant limitations, including lack of replication, limited sample sizes, retrospective
design, publication biases, and inadequate matching of
cases and controls. Further long-term studies performed on
the wide number of subjects are necessary to address questions on which EDCs mainly affect each endocrine system
and how the authors can reduce relevant exposures. Phenomena such as bio-accumulation and trans-generational
inheritance are clear obstacles to research, and new strategies in these regards should be pursued. Research areas in
progress should include the development of new models and
tools to better understand how EDCs work, new high
throughout assays to identify substances with endocrine-disrupting activity, and new assessments and biomarkers of
exposure and toxicity.
In conclusion, animals and in vitro research over the past
decade improved the understanding of EDCs’ actions on
endocrine physiology and pathophysiology. Despite much
more information is now available on mechanisms of action,
and the authors know the importance of the critical windows
of exposure, it is difﬁcult to assess the full impact of human
exposure to EDCs because adverse effects develop latently
and manifest at later ages. Although the overall evidence on
a pathogenic role for EDCs in the modulation of some endocrine diseases is compelling, data related to pre- or postnatal exposure are still scarce, so it is difﬁcult to draw deﬁnitive conclusions. The challenge is to understand which
these EDCs are, how they change, which are the doses that,
interfering with the body with synergistic effects, can trigger illnesses that continue throughout life. There is an
urgent need for novel biomarkers, detectors, or assays using
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