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Chapter 1

G-Protein Coupled  
Hormone Receptors of the  
Hypothalamic-Pituitary-Gonadal 
Axis are Targets of Endocrine 
Disrupting Chemicals
Valentine Suteau, Patrice Rodien and Mathilde Munier

Abstract

Endocrine-disrupting chemicals have received significant concern, since they 
ubiquitously persist in the environment and are able to induce adverse effects 
on health, and more particularly on reproductive function. Most of the stud-
ies focused on nuclear hormone receptors as mediators of sex steroid hormones 
signaling. However, there are increasing evidences that peptides hormones of the 
Hypothalamo-Pituitary-Gonadal axis are targets of endocrine-disrupting chemicals 
(as Gonadotropin-Releasing Hormone, Follicle-Stimulating Hormone, Luteinizing 
Hormone…). The majority of these hormones act on G protein-coupled membrane 
receptors. This review summarizes the effects of endocrine-disrupting chemicals on 
homeostasis of peptides hormone of Hypothalamo-Pituitary-Gonadal axis and on 
their G protein-coupled membrane receptors signaling revealed by experimental, 
clinical, and epidemiological studies in human.

Keywords: G-protein coupled hormone receptors, hypothalamic-pituitary-gonadal 
axis, hormones, endocrine-disrupting chemicals

1. Introduction

Public concern of endocrine-disrupting chemicals (EDCs) has been rising since 
the 1990s. EDCs are defined 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)populations” [1–3]. EDCs are found 
in many products comprising plasticizers, personal care products, pesticides… [1]. 
Humans are constantly exposed to several different EDCs by ingestion, inhalation, 
and dermal contact. Some classes of EDCs have been studied in detail. Here, we 
selected three classes of EDCs based on knowledge of their effects on Hypothalamo-
Pituitary-Gonadal (HPG) axis: bisphenol A (BPA), phthalates and dichlorodiphe-
nyltrichloroethane (DDT). BPA is one of the most massively produced EDC with 
over three million tons manufactured annually [4]. It is used in food packaging, 
toys, resins used in canned, and medical equipment. Because its incomplete 
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polymerization and its release from polycarbonate at high temperature, exposure to 
BPA is important via food containers [5–7]. Phthalates are used as liquid plasticizers 
found in a wide range of products including plastics, coatings, toys, cosmetics, and 
medical tubing. They are classified in two groups: high molecular weight phthalates, 
such as diethylhexyl phthalte (DEHP), and low molecular weight phthalates, such 
as dibutyl phthalates (DBP) [8]. DDT, an organochlorine pesticide, was largely used 
after the Second World War for its insecticidal properties. Although it was banned 
in the 1970s in the Western World, it continues to be used in developing countries. 
DDT is a synthetic mixture of three isoforms: p,p’DDT, o,p’DDT and p,p’DDD. 
EDCs are originally thought to act through nuclear hormone receptors, such as 
estrogen receptor (ER) or androgen receptor (AR) [9]. During the last decade, we, 
and others, were interested in the effect of EDCs on G-protein-coupled hormone 
receptors (GPCRs). These studies have shown that there are chemical compounds 
in the environment capable of binding to GPCRs and disrupting the activity and 
intracellular signaling pathways of receptor. Moreover, EDCs may alter pathways 
involved in hormone biosynthesis and/or receptor signaling regulation. This review 
summarizes the effects of three classes of EDCs on hormones homeostasis and 
GPCRs signaling involved in the HPG axis. Several molecular mechanisms can be 
involved in the EDC effects on the HPG axis. All studies cited here were performed 
in human species.

2. GPCRs implicated in the HPG axis

The GPCRs are the largest family of cell-surface receptors with over 800 
members accounting for 4% of the encoded human genome [10]. About half of 
them have sensory functions, mediating olfaction, taste, light perception, and 
pheromone signaling. The other half (~350–400) are called endo-receptors, i.e. 
receptors that interact with endogenous ligands [11]. These receptors are involved 
in the detection of many extracellular stimuli (from photons or ions to large hor-
mones proteins). Thus, they have important roles in various physiological systems. 
Dysfunction of GPCRs contributes to many human diseases and GPCRs represent 
34% of all Food and Drug Administration-approved drugs [12].

GPCRs are characterized by a common structure with seven transmembrane 
helices with an extracellular N terminus and an intracellular C terminus [13]. The 
N-terminal portion, or transmembrane domain, constitute the ligand binding site 
while the C-terminal portion and the intracellular loops form a coupling domain 
with the intracellular effectors [14].

In the classical GPCR signaling pathway, after ligand binding, activated-GPCR 
binds the intracellular heterotrimeric G proteins, promoting the release of GDP 
from the Gα subunit, exchanged for GTP and the dissociation of the GTP-bound α 
subunit from βγ dimers. The activated G proteins can then transduce and amplify 
GPCR signals via second messengers to produce a variety of cell responses [15]. 
Briefly, Gαs activates adenylyl cyclases to catalyze the conversion of ATP to cAMP. 
Members of the Gαi family primarily inhibit cAMP production. The Gαq/11 fam-
ily converts phosphatidylinositol 4,5-bisphosphate to diacylglycerol and inositol 
1,4,5-trisphosphate to activate Protein Kinase C and increases intracellular Ca2+ 
levels. Approximately 10% of GPCRs can be coupled with different types of Gs 
subunit depending on cell type and context [16]. The second messengers then target 
other enzymes such as cAMP-dependent protein kinase A (PKA), GMP-dependent 
protein kinase G (PKG), Ca2+-dependent protein kinase C (PKC) or calcium-
sensitive enzymes. The Gβγ subunit can also activate a multitude of effectors 
(GRKs, ion channels, PI3K, phospholipases, MAP kinases) to induce a variety of 
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cellular effects [17]. G protein-mediated signaling is discontinued when the Gα 
subunit hydrolyzes GTP to GDP, due to its intrinsic GTPase activity. This then 
leads to the reassociation of Gα with Gβγ to form the inactive heterotrimer [14]. In 
addition to canonical signaling through heterotrimeric G proteins, some of GPCRs 
can use alternative modes of GPCR activation and initiate G protein–independent 
pathway. The main independent pathway involves a coupling with β-arrestin. 
Originally, β-arrestin was identified as an essential factor in the endocytosis and 
arrest of GPCR signaling induced by heterotrimeric G proteins. Today, other 
functions associated with β-arrestins are being studied and coupling to β-arrestins 
is increasingly described as “scaffolding” proteins involved in multiple G protein-
independent signaling pathways. Indeed, in addition to clathrin, β-arrestins are 
able to bind to many proteins involved in different signaling pathways (Src, ERK1/2 
and JNK3 kinases protein phosphatases, ubiquitin ligases…) [18]. The activation of 
β-arrestins signaling pathways can take place at the membrane but also in intracel-
lular after internalization [15]. Indeed, a growing amount of evidence suggests that 
several molecules have not been known to be regulated by G proteins, suggesting 
that β-arrestin-mediated signaling pathways may be functioning in parallel with 
G-protein-mediated pathways enhancing GPCR signaling pathways.

The Hypothalamo-Pituitary-Gonadal axis is active in the midgestational fetus 
and after birth at the minipuberty but is mainly reactivate at onset of puberty. Some 
receptors of the HPG axis belong to the subfamily of GPCR: gonadotropin-releasing 
hormone receptor (GnRHR), GPR54/Kisspeptin receptor, Neurokinin B receptor 
(NK3R), Prokineticin receptor (PROKR2), follicle stimulating hormone receptor 
(FSHR), human chorionic gonadotropin/luteinizing hormone receptor (hCG/LHR) 
and Relaxin Family Peptide Receptor 2 (RXFP2).

The GnRH, a neuropeptidic hormone, is secreted by hypothalamic GnRH-
expressing neurons into the portal blood vessels in rhythmic pulses [19]. It binds to 
a membrane receptor, the GnRH receptor, also known as the luteinizing hormone 
releasing hormone receptor (LHRHR), on pituitary gonadotropic cells and stimu-
lates the biosynthesis and secretion of LH and FSH [19]. GnRHR is predominantly 
coupled to the Gq-protein [20]. GnRH/GnRHR pathway constitutes the initial step 
in the HPG axis and controls reproduction in both sexes. GnRH loss-of-function 
mutations are associated to normosmic hypogonadotropic hypogonadism [21]. 
GnRH neurons appear to be directly regulated by Kisspeptin-1 (KISS1), with 
Neurokinin B (NKB) and Prokineticin 2 (PROK2). KISS1 is a peptidic hormone 
mostly expressed in the hypothalamus [22]. It activates GPR54/KISS1R, which 
results in the activation of phospholipase C via Gq [12]. GPR54 has been described 
in brain regions, including hypothalamus, but also in peripheral regions [22]. 
Kisspeptin/GPR54 pathway has a crucial role in the onset of puberty, the regula-
tion of sex hormone mediated secretion of FSH/LH, and in the control of fertility 
[22, 23]. Inactivating and activating mutations in KISS1 or GPR54 genes have 
been associated with hypogonadotropic hypogonadism and precocious puberty, 
 respectively [23].

Gonadal function is under pituitary control via the gonadotropin hormones: 
follicle stimulating hormone (FSH) and luteinizing hormone (LH) [24]. FSH and 
LH are synthesized and secreted by the pituitary gonadotropic cells and work 
together in the reproductive system. The human chorionic gonadotropin (hCG) is 
secreted by the placenta and controls ovarian function during gestation. LH and 
hCG share the same GPCR, the hCG/LHR. The FSH and hCG/LH receptor belong 
to the glycoprotein-hormone receptor family. Activation of the LH and FSH recep-
tor results in the production of intracellular cyclic AMP (cAMP) via Gαs proteins 
[25, 26]. However, FSHR and LHR can also couple to several other effectors such as 
Gαq and β-arrestin [26–28]. FSHR is expressed in Sertoli and granulosa cells in male 
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and female gonads, respectively, and is required for normal spermatogenesis and 
growth and maturation of ovarian follicles, as well as for estrogen production [29]. 
In women, LHR induces luteinization of granulosa cells, progesterone synthesis 
and corpus luteum maintenance during the luteal phase [30]. In men, LH stimulates 
testosterone production by Leydig cells [30].

Steroid hormones (estrogen, progesterone, and testosterone) secreted by the 
gonads, bind, and activate nuclear receptors. However, a membrane associated 
estrogen receptor (GPER) has been identified 15 years ago [31, 32]. Activation of 
GPER induces intracellular calcium mobilization, cAMP production and phos-
phorylation cascade involving ERK1/2, PKA, PI3K [33]. This receptor is implicated 
in many physiological functions: uterine proliferation, metabolism, cardiovascular, 
immune, and neural system.

More recently, the INSL3/RXFP2 system pathway was identified for its role in 
reproduction. Insulin-like peptide-3 (INSL3) belongs to the insulin/relaxin family 
of peptidic hormones [34, 35]. This hormone is mainly produced by testicular 
Leydig cells and the production is dependent on the state of Leydig cell differ-
entiation [34]. INSL3 is considered as a marker for Leydig cells function. Its best 
characterized role is in the control of testicular descent since INSL3 gene inacti-
vation males have bilateral cryptorchidism with testis remaining in abdominal 
position [36, 37].

3. Effects of EDCs on signaling of HPG axis G-protein coupled receptors

Effects of EDCs on the activity of HPG axis GPCR identified in the literature 
search are summarized in Table 1.

3.1 Hypothalamic hormones receptor

Currently, there are no data on the effects of EDCs on the activity of human 
hypothalamic hormone receptors. However, some studies have been conducted with 
animal models. Exposure to phthalates leads to a modulation of GnRHR expression 
(positive or negative depending on the studies) [50, 51], as well as an increase in its 
expression in rat uterus [52].

3.2 Gonadotropin hormones receptor

EDCs, like phthalates, increase the FSHR expression in human granulosa cells 
[38]. DDT has been shown to disturb the FSH induced-cAMP accumulation [39] 
and aromatase activity in human granulosa cells [40]. Recently, we showed that 
DDT behaves as an FSHR positive allosteric modulator [41]. DDT interacts with the 
receptor in the minor binding pocket in the transmembrane domain. DDT acts on 
the early steps of activation of the FSHR and induces an increase in FSH-stimulated 
cAMP production. Moreover, the binding of DDT enhances the FSHR response 
to hCG. The increased response to FSH in the presence of DDT and the gain of 
sensitivity to hCG may therefore by deleterious. In opposite, BPA is a FSHR negative 
allosteric modulator [41].

As for FSHR, EDCs, like BPA, disturbes the expression of hCG/LHR in human 
endometrial stromal cells [42]. In CHO-K1 cells stably transfected with hCG/LHR, 
DDT reduced the cAMP accumulation induced by hCG [39, 41] and hLH (Munier 
et al., Arch Toxicol, in revision). Moreover, DDT decreases the hCG- and hLH-
promoted β-arrestin 2 recruitment (Munier et al., Arch Toxicol, in revision). DDT 
seems to act as a negative allosteric modulator of the hCG/LHR signaling.
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GPCR EDC Study model Main results

FSHR DBP
[10−7 to 10−4 M]

Human granulosa 
cells

DBP increases FSHR 
expression

[38]

DDT
[10−7 to 10−4 M]

CHO-K1 - hFSHR DDT decreases cAMP 
production stimulated 
by FSH

[39]

DDE
[10−7 to 10−4 M]

Human granulosa 
cells from IVF

DDE potentiates the 
FSH induced aromatase 
activity

[40]

DDT
[10−7 to 10−5 M]

CHO-K1 - hFSHR DDT is an FSHR positive 
allosteric modulator

[41]

BPA
[10−5 M]

CHO-K1 - hFSHR BPA decreases cAMP 
production stimulated 
by FSH

[41]

hCG/
LHR

BPA
[10−6 M]

Human endometrial 
stromal cells

BPA decreases hCG/LHR 
expression

[42]

DDT
[10−7 to 10−5 M]

CHO-K1 - hCG/
LHR

DDT decreases cAMP 
production stimulated by 
hCG/LHR

[41]

RXFP2 DEHP
[10−9 to 10−5 M]

HEK293 - hRXFP2 DEHP increases cAMP 
production stimulated by 
INSL3

[43]

DBP
[10−9 to 10−5 M]

DBP increases cAMP 
production stimulated by 
INSL3

BPA
[10−11 to 10−7 M]

HEK293 - hRXFP2 BPA increased cAMP 
production stimulated by 
INSL3

DEHP + DBP + BPA
[10−10 to 10−6 M]

HEK293 - hRXFP2 DEHP+DBP + BPA 
mixture decreases cAMP 
production stimulated by 
INSL3

GPER BPA
[10−6 M]

Human breast 
cancer cells

BPA increases GPER 
expression

[44]

BPA
[10−12 to 10−9 M]

Human testicular 
seminoma cells

BPA promotes cellular 
proliferation via GPER 
activation

[45]

BPA
[10−9 to 10−5 M]

HEK293 - hGPER BPA is a GPER agonist 
and induces the Gs protein 
pathway

[46]

BPA
[10−9 to 10−5 M]

Human breast and 
lung cancer cells; 
cancer-associated 
fibroblasts

BPA induces ERK1/2 
activation and gene 
expression through 
GPER leading to cellular 
proliferation and 
migration

[47, 48]

BPA
[10−7 to 10−4 M]

Human granulosa 
cells

BPA induces apoptosis via 
GPER activation

[49]

o,p’-DDE
[10−7 to 10−6 M]

Human breast 
cancer cells

o,p’-DDE is a GPER 
agonist and induces the Gs 
protein pathway

[32, 46]

Table 1. 
Experimental studies studying the effect of EDC on HPG axis GPCR signaling.
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3.3 Insl3 receptor, RXFP2

Only one study has very recently focused on the effect if EDCs on receptor 
signaling to INSL3: RXFP2. In a cellular model of HEK293 transiently expressing 
human RXFP2, individually, BPA, DEHP and DBP potentiate the cAMP response 
to INSL3 [43]. Because of their ubiquity, BPA, DEHP and DBP are present in many 
human biological fluids, as the amniotic liquid. Furthermore, everyone is chroni-
cally exposed to mixtures of environmental chemical factors resulting in toxicologi-
cal interactions that cannot be predicted by reprotoxicological studies of single 
molecules. The combination of these three molecules, at concentrations found in 
human amniotic fluid, decreases the basal activity of RXFP2 as well as the response 
to INSL3. The structural similarity between FSHR and RXFP2 suggests that small 
hydrophobic molecules, like phthalates and BPA, could use the same binding sites 
as DDT in FSHR. The binding of one or two compounds to this site could lead to a 
stabilization of the active state of the receptor driving an increase of agonist activity 
[53]. In contrast, the binding of three compounds (DEHP+DBP + BPA) likely leads 
to a steric hindrance that may prevent the conformational changes necessary for the 
activation of RXFP2 and probably stabilize an inactive state. This study shows that 
in addition to individual EDC targets, HPG axis GPCRs can also be targeted by EDC 
cocktails.

3.4 Membrane sexual steroid hormones receptor

The G protein-coupled receptor (GPER/GPR30) is a membrane estrogen recep-
tor [31]. Gene inactivation of GPER in mice did not induce major modifications 
in reproductive function [54]. However, several studies show that this receptor 
has pro-oncogenic effects in hormone-dependent cancers. Although many EDCs 
exhibit low binding affinities to the nuclear ERs and often require relatively high 
concentrations (>1 μM) to affect genomic pathways, several studies have focused on 
non-genomic signaling mediated by GPER [55].

Various DDT derivatives and BPA bind to GPER with a Kd between 1 to 10 μM 
and are competitors of E2 [46]. The binding affinity of EDCs for GPER is higher 
than for the nuclear receptors. Nevertheless, low concentrations of o,p’DDE and 
BPA increased cAMP production by GPER [32, 45, 46]. BPA and phthalate (MEHP) 
also affect proliferation and migration in human cervical cancer cells [56], in 
human seminoma cells [45], human breast cancer cells and cancer-associated fibro-
blasts that lack nuclear ERs [47, 57] as well as the migration and invasion of lung 
cancer cells [48]. BPA modifies these cellular responses by modulating different 
intracellular signaling pathways (ERK1/2 or Akt phosphorylation, gene expression) 
through GPER activation. In opposite, GPER mediates BPA-induced intracellular 
stress generation (ROS production and calcium accumulation) and apoptosis 
(caspase activation and mitochondrial membrane potential decrease) in human 
granulosa cells [49]. Recently, it has also been shown that BPA increases GPER 
gene expression in breast cancer cell lines [44]. Finally, bisphenols AF and B, two 
substitutes of BPA, exert high estrogenic effects via GPER pathway at nanomolar 
concentrations [58, 59].

4. Effects of EDCs on the synthesis and secretion of HPG axis hormones

Effects of EDCs on the synthesis and secretion of HPG axis hormones identified 
in the literature search are summarized in Table 2.
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Study population EDC exposure Matrix/
biomarker

Main results

192 mother–child pairs 
from e-waste recycling 
town and 70 from 
control area

Free BPA in cord 
blood serum

Kiss gene 
expression in 
placenta

Higher BPA 
concentrations 
showed positive 
correlation with Kiss 
gene expression

[60]

73 girls with central 
precocious puberty and 
31 controls

Seven urinary 
phthalate 
metabolites 
concentrations

Serum 
kisspeptin

Positive correlation 
between kisspeptin- 
and mono-n-butyl 
phthalate

[61]

535 men (18–40 yr) 
living or not in pesticides 
contamined area.

Lipid-adjusted 
DDE and DDT 
concentrations

Serum FSH, 
LH, T, E2

Positive association 
between DDT or DDE 
with T

[62]

749 Swedish (fishermen 
and their pregnant wife)

p,p′-DDE serum 
level

Serum FSH, 
LH, T, E2

Positive association 
between DDE and 
FSH or LH

[63]

97 adult men living in 
nothern Thailand

plasma levels 
of DDT and its 
metabolites

Serum FSH, 
LH, T, E2

Negative association 
of E2 level with 
p,p’-DDE and positive 
association with 
o,p’-DDE

[64]

107 males exposed to 
DDT in Italy

Lipid-adjusted 
p,p’-DDE and 
p,p’-DDT serum 
concentration

Serum FSH, 
LH, T, E2

No association with 
serum hormone levels

[65]

604 adults (men and 
women) in Brazil areas 
exposed to pesticides

Serum 
concentrations 
of 19 pesticides 
including 
p,p’-DDT and 
o,p’-DDT

Serum FSH, 
LH, T, E2

In men, o,p’-DDT level 
was associated with 
lower T, in peri- and 
postmenopausal 
women, p,p’-DDT 
showed inverse 
associations with 
LH; No association 
in premenopausal 
women

[66]

234 mothers and their 
sons

Serum o,p’- and 
p,p’-DDT, 
p,p’-DDE from 
mothers during 
pregnancy or at 
delivery and their 
sons at 9 years.

Serum FSH, 
LH and T in 
sons at 12 years

Prenatal maternal 
DDT and DDE levels 
were associated with 
decreases in LH

[67]

45 girls with early breast 
development, 16 girls 
with early puberty, and 
33 girls with no signs of 
puberty

2,4-DDT and 
4,4’-DDE in 
the serum and 
adipose tissue 
samples.

Serum basal 
and stimulated 
LH and FSH 
level

Basal and stimulated 
LH were higher in girls 
with detectable serum 
DDE levels

[68]

308 young men Urinary BPA 
concentrations

Serum LH, 
T, E2

Higher urinary BPA 
concentrations were 
associated with 
increased serum T, E2, 
and LH

[69]

215 healthy young men 
(18–23 yr)

Urinary BPA 
concentrations

Serum FSH, 
LH, T, E2

Positive association 
between urinary BPA 
and LH levels

[70]
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Study population EDC exposure Matrix/
biomarker

Main results

560 men aged 
18–55 years

Urinary BPA 
concentrations

Serum FSH, 
LH, T

BPA was associated 
with increased serum 
levels of LH and FSH 
in male smokers, 
and with decreased 
serum levels of 
total T in men with 
BMI ≥ 25 kg/m2.

[71]

167 men from an 
infertility clinic

Urinary BPA 
concentrations

Serum FSH, 
LH, T, E2

Positive association 
between urinary BPA 
and serum FSH

[72]

244 mothers-child pairs Serum maternal 
total BPA 
concentration 
during second or 
third trimester

Serum FSH, 
LH, T, E2

No association with 
serum hormone levels

[73]

159 women with 
premature ovarian 
insufficiency and 186 
controls

Urinary 
concentrations 
of BPA

Serum FSH, 
LH

No association with 
serum hormone levels

[74]

106 BPA-exposed 
factories and 250 
unexposed female 
workers

Urinary 
concentrations 
of BPA

Serum FSH, 
LH, E2

Inverse association 
between BPA and FSH 
in unexposed group

[75]

143 healthy, 
premenopausal women

Urinary 
concentrations 
of BPA

Serum FSH, 
LH, E2

No association with 
serum hormone levels

[76]

172 peripubertal boys Urinary 
concentrations 
of BPA

Serum FSH, 
LH, T

No association with 
serum hormone levels

[77]

130 children with 
Attention-Deficit/
Hyperactivity Disorder 
and 68 controls (boys 
and girls)

Urine levels of 
phthalates and 
BPA

Serum FSH, 
LH, T, E2

Among boys with 
ADHD, MBzP and 
MEHP levels were 
positively correlated 
with T; among girls, 
MEP was positively 
correlated with LH 
and T

[78]

136 girls (6–9 yr) with 
early puberty and 136 
controls

Urinary BPA 
concentrations

Serum basal 
and stimulated 
LH and FSH 
level, E2

In early puberty 
group, negative 
correlation between 
BPA and peak FSH 
levels

[79]

479 pregnant women 
and their infants (boys 
and girls)

Urinary 12 
phthalate 
metabolites 
concentrations 
at gestational 
week 28

Serum T, LH, 
FSH during 
mini puberty

No association with 
serum hormone levels

[80]

302 Korean children and 
adolescents

Urinary 
and serum 
concentrations 
of DEHP, MEHP, 
DBP, MBP

Serum FSH, 
LH, T, E2

Positive correlations 
between serum DBP or 
MEHP, and E2 and/or 
LH in children.

[81]
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Study population EDC exposure Matrix/
biomarker

Main results

106 males and females 
(11–88 yr)

Urinary phthalate 
metabolites

Serum FSH, 
LH, T, E2

Positive associations 
between MEHP and 
FSH or T, MEOHP and 
FSH, LH or T, negative 
associations between 
MEHHP and LH, FSH 
or T

[82]

88 infertile men Urinary 
and serum 
concentrations 
of 11 phthalate 
metabolites

Serum FSH, 
LH, T

Negative associations 
between FSH and 
MiBP and MCMHP; 
positive association 
between T and 
phthalates metabolites.

[83]

599 infertile men Urinary 
concentrations 
of 8 phthalate 
metabolites

Serum FSH, 
LH, T, E2

Inverse associations 
between T and MiBP, 
FSH and MEHHP, 
positive relationship 
between E2 and MEP, 
%MEHP and FSH 
and LH

[84]

295 adult men Urinary 
concentrations 
of phthalate 
metabolites

Serum FSH, 
LH, T, E2

Negative association 
between MBzP and 
FSH

[85]

881 healthy men Urinary 
concentrations 
of 14 phthalate 
metabolites

Serum FSH, 
LH, T, E2

%MEHP was 
negatively associated 
with T and FSH

[86]

Male with 
cryptorchidism (421), 
hypospadias (109) or 
controls (425)

5cx-MEPP, 
7cx-MMEHP in 
amniotic fluid 
(11–21 weeks)

INSL3, T in 
amniotic fluid

Negative correlations 
between INSL3 and 
cx7-MMeHP and 
5cxMEPP

[87]

1066 Chinese men of 
reproductive age

Urinary 
concentrations 
of 14 phthalate 
metabolites

Serum levels 
of INSL3, FSH, 
LH, T

Negative association 
between INSL3 and 
MEHP; negative 
association between 
MBP and MiBP with T 
and LH

[88]

male partners of 
subfertile (n = 253) and 
fertile (n = 37) couples

11 phthalate 
metabolites in 
urine and semen

Serum levels 
of INSL3, FSH, 
LH, T, E2

Negative association 
between INSL3 and 
some urinary and 
seminal phthalate 
metabolites

[89]

case–control study of 
176 men (fertile and 
infertile)

Urinary 
concentrations 
of 11 phthalate 
metabolites

Serum levels 
of INSL3, FSH, 
LH, T, E2

inverse association 
MMP, MiBP, MEHP, 
MEHP% and T; MBzP 
and MEHP% were 
negatively associated 
with serum INSL3 
level

[90]

102 mother–child pairs Maternal serum 
concentration 
of MEHP 
(23–35 weeks of 
gestation

Cord blood 
INSL3, FSH, 
LH, T, E2 levels

Inverse associations 
between maternal 
MEHP and INSL3 in 
males

[91]
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4.1 Hypothalamus level

4.1.1 Kisspeptin

No data are available on the impact of DDT on Kisspeptin in epidemiological 
studies in humans.

Interestingly, a study led on 262 mother–child pairs from China found a posi-
tive correlation between cord blood levels of BPA and KISS1 mRNA expression in 
placenta tissue [60].

For phthalates, linear regression analysis showed increasing trend for kisspeptin 
secretion with the concentration of urinary phthalates [61].

4.1.2 GnRH

No epidemiological or experimental studies are available on the possible link 
between EDC levels and GnRH concentration in human. This is probably explained 
by the pulsatile nature of its release and the lack of dosage in clinical practice. 
However, many effects of EDC on GnRH were observed in rodents [93].

4.2 Pituitary level

DDT is rapidly metabolized in the body to DDE. Thus, in epidemiological 
studies, DDE is dosed in the blood more often than DDT. In a cohort of men of 
reproductive age, statistically significant positive association was found between 
the serum level of DDE and LH or FSH [63]. However, others studies did not reveal 
any association between DDT and FSH or LH levels in adult men [62, 64, 65]. In 
peri and postmenopausal women, inverse correlation was found between serum 
DDT and LH [66]. Moreover, it has been shown that maternal exposure to DDT or 
DDE, assayed in prenatal serum, induced a reduction of plasma LH in teenage boys, 
not found for FSH [67]. A study also showed that the serum levels of LH (basal level 
and after GnRH stimulation) was significantly higher in girls with detectable serum 
DDE levels than in girls with undetectable DDE [68]. This difference was not found 
for FSH [68].

For BPA, studies found that higher urinary BPA concentration was associated 
with significantly higher concentrations of serum LH in healthy young men, with or 
without association with FSH [69–71]. However, these results were not confirmed in 
others cohorts of fertile men [73]. Conversely, another study found a positive correla-
tion between urinary BPA concentration and FSH level, without change in LH level in 
a cohort of infertile men [72]. In women, no association was found between urinary 
bisphenol A and LH or FSH levels in premenopausal women [74–76]. Moreover, no 

Study population EDC exposure Matrix/
biomarker

Main results

52 boys with 
cryptorchidism and 128 
control boys

Cord blood BPA 
concentration at 
birth

Cord blood 
INSL3 levels

Higher cord blood 
BPA concentrations 
were associated with 
reduced cord blood 
INSL3 levels

[92]

T: testosterone, E2: estradiol.

Table 2. 
Human biomonitoring studies addressing the relationship between EDC and hormones of HPG axis.
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association was found in healthy children for LH and FSH [77, 78]. A modest nega-
tive correlation was found between urinary BPA concentration and peak of GnRH-
stimulated FSH levels in girls with idiopathic central precocious puberty, without 
difference for LH levels [79].

Maternal phthalates exposure (urinary samples collected during second 
trimester) was not associated with serum LH level or FSH in offspring during 
mini-puberty in boys and girls [80]. However, positive correlations were observed 
between different phthalates and serum LH in prepubescent Korean children (for 
serum DBP or MEHP) [81], in girls with attention-deficit/hyperactivity disorder 
(for urinary MEP) [78] and in Chinese population (11–88 years, males and females) 
(for urinary MEHHP levels) [82]. In the same populations, either negative [82, 83] 
or no effects [78, 81] were observed on FSH level. In men, urinary phthalate 
metabolites were positively associated with LH and FSH levels [84] in one study 
while negative association between urinary phthalates concentrations and levels of 
FSH was found in American men (for MBzP) [85] and in Danish men (for MEHP or 
%MiNP) [86] without impact on LH.

Altogether, epidemiological data have linked exposure to EDC and LH and/
or FSH level but evidence were often inconclusive. The inconsistent findings may 
partly be due to differences in the characteristics and sizes of the cohorts and to the 
different EDC exposure levels among studies.

4.3 Gonadal level

4.3.1 Sexual steroid hormones

Many data are already available on the effect of endocrine disruptors on the 
secretion of sex steroids. Recent reviews list all available studies for DDT [93],  
BPA [93, 94] or phthalates [93, 95–97].

4.3.2 INSL3

No data are available on the impact of DDT on INSL3 in humans epidemiological 
studies.

Several studies showed that INSL3 was negatively impacted by putative phthal-
ate metabolites. The Diisononyl phthalate (DiNP) metabolite, cx7-MMeHP, and 
the DEHP metabolite, 5cxMEPP, showed significant negative correlations with 
INSL3 in amniotic fluid for weeks 11–22 [87]. Moreover, serum levels of INSL3 was 
negatively associated with urinary concentration of mono-2-ethylhexyl phthal-
ate (MEHP) and MBzP among large cohorts of chinese men of reproductive age 
[88–90]. In adjusted models, quartiles increases in phthalates metabolites correlated 
with significant decreases in plasma INSL3 levels [88–90]. It has also been shown 
that maternal serum MEHP concentration (from 23–35 weeks of gestation) was 
negatively correlated with INSL3 level in cord blood mainly in boys [91].

There is also an inverse correlation between BPA level and concentration of 
INSL3 [92]. Indeed, in a population of 180 boys born after 34 weeks of gestation 
(52 cryptorchid and 128 control), cord blood levels of free BPA correlated nega-
tively with INSL3 [92]. In this study, cord blood INSL3 level was also significantly 
decreased in the cryptorchid group compared with the control group [92].

Ex vivo studies on human testicular explant were performed, to study more 
precisely the effect of endocrine disruptors on the secretion of INSL3.

No data are available on the impact of DDT on INSL3 in humans experimental 
studies.
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The exposure of fetal testis (8–12 weeks) to BPA at 10−8 M and 10−5 M for 72 h 
[98], significantly depressed the basal INSL3 production compared with control. 
This treatment also reduced INSL3 mRNA level by more than 20% [99]. However, 
BPA did not modify hCG or hLH-stimulated INSL3 production [98]. Conversely, in 
human adult testes, BPA increased significantly INSL3 production by Leydig cells, 
at a low doses (10−9 M) [100]. Interestingly, its analogs, Bisphenol B and Bisphenol 
S also increased INSL3 production at 10−9 and 10−8 M. Moreover, BADGE, another 
bisphenol, dose dependently increased INSL3 after 48 h of exposure. In contrast, 
BPE dose dependently inhibited INSL3 levels [100].

For phthalates, di-(2-ethylhexyl) phthalate (DEHP) and mono-(2-ethylhexyl) 
phthalate (MEHP) exposition on organo-cultured adult human testis did not affect 
Leydig cell INSL3 concentrations [101].

5. Conclusions

Most epidemiological and experimental studies focus on the effect of EDCs 
on the expression and secretion of hormones, as well as on the activity of nuclear 
steroid receptors. However, a few experimental studies have shown that G protein-
coupled membrane receptors of the HPG axis are targets of EDCs as well. It can 
be pointed out that most of the studies analyzing the effects of EDCs on GPCRs of 
HPG axis have been performed with cell culture systems. In vitro models are valu-
able tools because they are easily manipulated. But the comparison of the effects of 
EDCs in wild-type and GPCRs- inactivated animal models could provide additional 
informations on the mode of action of these compounds.

Mechanisms of GPCR disruption by EDCs include: (1) changes in the expres-
sion; (2) interaction with transmembrane domain receptor; (3) modulation of 
intracellular signaling pathways.

The GPCRs of HPG axis, involved in diverse physiological functions, should be 
considered as possible contributors of the adverse effects of EDCs on reproduction. 
How their modulation by EDCs contributes to these deleterious effects should be an 
important field of investigations in the near future.
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Abstract

The hypothalamic–pituitary-gonadal (HPG) axis plays a crucial and integrative 
role in the mammalian endocrine regulation to maintain homeostasis. The HPG axis 
is primarily responsible for governing all the hormonal events related to reproduc-
tive activity. Endocrine-disrupting chemicals (EDCs) comprise a diverse group 
of naturally occurring and synthetic compounds that mimic and interfere with 
the endogenous chemical hormones. Epidemiological investigations have shown 
increasing evidence of altered development and detrimental effects on reproductive 
health during the past 50 years associated with endocrine disruptors affecting the 
HPG axis. The pleiotropic harmful effects of EDCs act through hormone-dependent 
downstream signaling pathways responsible for gonad development either through 
direct interaction with steroid hormone receptor or via epigenetic regulation. 
Hence, this chapter summarizes the biological plausibility of EDCs exposure and 
elucidates the mechanism of action underlying EDCs affecting the regulatory 
circuits of the mammalian HPG axis and reproductive function.

Keywords: endocrine disrupting chemicals, hypothalmic-pituitary-gonadal axis, 
reproduction, epigenetic, polycystic ovarian syndrome

1. Introduction

In the past decade, endocrine disruptor chemicals (EDCs) in human pathophysi-
ology have gained much more attention due to their ability to affect development 
and reproduction in humans and wildlife. In accordance with the US Environmental 
Protection Agency (EPA), EDCs can be defined as ‘exogenous agents that disrupt 
the hormone homeostasis by interfering with the synthesis, secretion, transport, 
metabolism, receptor binding or elimination of endogenous hormone [1–6]. EDCs 
comprise mainly heterogeneous compounds, including synthetic (chemical) and 
natural (plant products such as isoflavones) responsible for disrupting the hormone 
system. Endocrine disruptors may be found easily in almost every product used in 
our daily life, including detergents, plastic bottles, food, toys, pesticides, insecti-
cides, and flame retardants. The criteria proposed by the European Commission for 
being in the process of defining any compound as EDCs should at least exhibit three 
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characters: (1) an endocrine activity, (2) an adverse or deleterious endocrine medi-
ated effect in the exposed subject or its progeny or subpopulations (3) a plausible 
cause-effect relationship between the two [7, 8]. Most of the EDCs interfere with 
the endocrine system by binding the hormonal receptor or regulating genomic 
expression. Increasing evidence has documented that the highest risk is posed 
during early and postnatal development while forming organ and neural systems 
[9]. Sometimes, epigenetic changes (DNA methylation or acetylation) or histone 
modifications are also involved in endocrine disruption [10].

EDCs are highly heterogeneous and can be classified based on their origin: 
Industrial and household chemicals (dioxins, phthalates, polychlorinated biphenyls 
(PCBs), alkylphenols, plasticizers, fire retardants), agricultural (insecticides, 
pesticides, herbicides, fungicides, phytoestrogens), residential {bisphenol A (BPA), 
polybrominated biphenyls (PBBs), phthalates} and some pharmaceuticals agents 
{parabens, diethylstilbestrol (DES)} [3, 5, 11]. Heavy metals such as lead, mercury, 
cadmium, and arsenic are also included in the EDCs long list (Figure 1) [10, 12]. 
According to the Stockholm Convention (2001), both production and usage of 
persistent organic pollutants (POPs) was restricted [13]. Guidelines for a list of 
chemicals were developed to store and eliminate them, which was happened in 2008 
and 2014 [14]. Initially, almost twelve POPs were designated as “dirty dozen” due to 
their severe adverse effects on humans and the ecosystem. Hence, their production 
and use were banned. The dirty dozen included industrial chemicals, pesticides, 
and by-products such as aldrin, chlordane, dieldrin, endrin, dichlorodiphenyltri-
chloroethane (DDT), heptachlor, mirex, toxaphene, PCBs, hexachlorobenzene, 
polychlorinated dibenzo-p-dioxins, and polychlorinated dibenzofurans [9].

2. Human exposure and route of entry of EDCs

Endocrine-disrupting chemicals may exhibit various exposure routes to enter 
the human body. Generally, inhalation (e.g., Plasticizers), dietary intake (e.g., 
Foods), dermal absorption (e.g., Cosmetics), and embryonic exposure (e.g., 
Transfer from mother) represent the main exposure pathways (Figure 2) [5, 15]. 
Following any of these pathways, EDCs may enter the food chain and accumulate 
in different tissues [16]. Mostly EDCs are highly lipophilic in nature and hence 
accumulate in the adipose tissue having a long half-life. These aforementioned 

Figure 1. 
Sources and examples of EDCs.
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features explain the exact reasons for being the accumulation of EDCs for years in 
the adipose tissue. Humans and other top predators are at the top of the food chain. 
Hence, due to bioaccumulation and biomagnification, they may store many EDCs, 
ultimately leading to various adverse consequences. Even lifelong exposure or fetal 
or neonatal stage exposure may bring about cumulative or additive or synergic 
effects. Therefore, the timing of exposure is of utmost importance in evaluating 
adverse effects on the endocrine system.

Endocrine disruptors such as dioxins, PCBs, perfluorinated compounds, and 
DDT are commonly found in pesticide-contaminated soil or groundwater or indus-
trial waste quickly enter the human body via oral consumption of food or water. 
Some of the commonly used EDCs (DDT, vinclozolin, pyrethroids, chlorpyrifos) 
in households, agriculture, or public disease vector control may come in contact 
with human skin or through inhalation. In addition to this, cosmetics, personal care 
products, sunscreens, medications (triclosan, paraben, phthalates) that we apply 
on our skin are also responsible for their uptake into our body [17]. Professional 
workers using fungicides, pesticides, and chemicals are most prone and at high risk 
of EDCs exposure.

3. HPG axis: the central regulator

The mammalian reproductive cycles are mainly controlled by an intricate play 
between hypothalamus pituitary and gonads [18]. The hypothalamic Gonadotropin-
Releasing Hormone (GnRH) neurons regulate reproductive functions in all verte-
brates. The hypothalamic–pituitary-gonadal (HPG) axis plays a crucial role in the 
normal development of the reproductive system by controlling the ovarian as well 
as uterine cycles in females and also spermatogenesis in males [18, 19]. In response 
to GnRH release from the hypothalamus, pituitary gonadotropic cells synthesize 
and release Luteinizing Hormone (LH) and Follicle-Stimulating Hormone (FSH), 
which travel via the bloodstream to the target organs. LH and FSH are essential 
as regulators of both ovarian and testicular function. In males, LH stimulates 

Figure 2. 
Route of entries of EDCs.
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testicular Leydig cells to synthesize and secrete testosterone, which in turn main-
tains spermatogenesis in Sertoli cells through its paracrine action and exerts sexual 
and anabolic actions. While FSH acts on Sertoli cells to produce androgen-binding 
protein, which is critical for spermatogenesis initiation and ultimately augments 
sperm production [20]. In females, the production of GnRH, LH, and FSH via the 
HPG axis are similar, but the actions of these hormones are different. LH and FSH 
exert their function on the ovaries to promote follicular maturation, ovulation, 
corpus luteum development, and estrogen and progesterone production [21, 22]. 
These hormones also have a role in regulating the uterine (menstrual) cycle to 
prepare for ovulation and embryo implantation [23]. These gonadal steroid hor-
mones secreted by ovaries and testis can inhibit GnRH’s hypothalamic synthesis 
via a feedback loop, hence playing a vital role in regulating reproductive function. 
In most mammals, 17β- Estradiol, testosterone, and progesterone are the primary 
estrogen, androgen, and progestin, respectively, and each of their receptors are 
expressed abundantly in the hypothalamus (Figure 3) [24].

4. Molecular mechanisms of EDCs

It is widely known that EDCs molecule, either natural or synthetic, follows the 
classical mechanism of action to mimic or interfere with the action of an endocrine 
regulated network of vertebrates. This interference can happen through different 

Figure 3. 
Regulation of HPG axis.
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mechanisms, either through genomic or non-genomic actions. So before under-
standing the mechanism of endocrine disruption, we must have a clear picture of 
the endocrine system that relies on the synthesis and release of hormones from vari-
ous endocrine glands and its transport via the bloodstream to the required distant 
cells and tissues [25]. This process involves complex interacting signaling pathways 
and hormone receptors to control normal body function. Estrogen receptors (ERs) 
regulate the transcription of their target genes via multiple pathways, either directly 
or indirectly. Any changes in ER signaling may lead to adverse consequences such 
as hormone-dependent cancer, abnormal fetal growth and development, altered 
metabolism, and sometimes impaired fertility. Although the effect of EDCs is not 
limited to only the ligand-dependent ER signaling pathway, it is the best-studied 
of ER targeted endocrine disruption. ER in response to ligand signals through both 
genomic as well as a non-genomic pathway. Briefly, ER mediates its signal in the 
genomic pathway by binding directly to estrogen-responsive elements (ERE) or 
indirectly through coactivators such as SP-1 or AP-1. Although the best well-studied 
nuclear receptor cofactors belong to the p160 family of coactivators (e.g., SRC-1, 
SRC-2, and SRC-3) but the cofactor complex that mediates ER signaling is more 
complicated.

The non-genomic pathway has a rapid response as within minutes of ligand 
binding, signal transduction occurs. During estrogen ligand, a G-protein coupled 
receptor (GPCR-30) activates and mediates the signal independent of ERs 
and stimulates cAMP production, fluctuates intracellular calcium, or lead to 
MAPK or PI3K signaling cascades events. BPA and DES are extensively studied 
EDCs, which also induce rapid estrogen signaling via the non-genomic pathway 
(Figure 4).

Figure 4. 
Genomic and non-genomic pathway of estrogen signaling.
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Steroid hormones are a group of lipophilic molecules that regulate a wide variety 
of physiological functions starting from fetal life to adulthood [26]. All these steroid 
hormones are biosynthesized from cholesterol, including glucocorticoids, mineralo-
corticoids, progestin, estrogen, and androgen, regulating sexual and reproductive 
development. Steroidogenic enzymes involved in the steroid hormone biosynthe-
sis pathway are considered as the crucial targets for EDCs action. For example, 
Researches have demonstrated that exposure of Nonylphenol (NP) concentration 
10−4 to 10−1 M at several ages with multiple rat generations (N = 3-4 per group) can 
decrease P450scc activity in testes [27]. Phthalates exposure, which consists of a 
particular class of pesticides, inhibits testosterone synthesis in Leydig cells due to 
direct CYP17 inhibition and hence exerts anti-androgenic effects [28]. Furthermore, 
BPA of different concentrations (10−8 to 10−4 M) have been shown to inhibit the 
enzymatic activity of 3β-HSD, CYP17A1, and 17β-HSD3 in a dose-dependent manner 
in both human and rat testicular microsomes [29]. EDCs exposure also inhibits the 
activity of 5-α reductase, which is one of the main enzymes involved in dihydrotes-
tosterone production from testosterone and hence in the regulation of masculiniza-
tion of the external genitalia and the prostrate [30].

Aromatase (cyp19a) is known as the potential target action of EDC, and any 
modulation in its expression and function alters the estrogen production rate and 
hence disrupts the estrogen-dependent process [31]. A study suggested that BPA 
exposure in rat testis R2C Leydig cells stimulate aromatase activity and is correlated 
with upregulation in COX-2 in R2C cells [32].

In addition to steroidogenic enzymes and hormone metabolism, EDCs are 
also known to affect hormone-related receptor and their expression. EDCs, due 
to their similarity in structural features with the endogenous estrogen hormones, 
bind easily with the estrogen receptors and thus modify estrogen-responsive gene 
expression. EDCs that display binding with ERs include industrial bisphenolics, 
pharmaceutical chemicals, phytoestrogens, and organochlorine pesticides. 
Methoxychlor (MTX) and DDT are examples of organochlorine pesticides that 
exhibit estrogenic activity through binding with ERα and ERβ ligand-binding 
domains [33]. Thus, as reported, both pesticides adversely affect the female repro-
ductive trait by impairing normal follicle development and stimulating uterine 
proliferation [34]. The insecticide endosulfan has a similar estrogenic activity 
that causes ovarian regression in both in vitro and in vivo studies [35]. Endosulfan 
competes with estradiol for interacting with the estrogen receptor but with lower 
affinity and, in turn, affects sex-specific gene expression [36]. Endosulfan can 
also affect the male reproductive system by decreasing the gene expression of 
testis-related transcription factors (sox9a and wt1) [37]. BPA possesses a binding 
affinity for ERs subtypes (ERα and ERβ) and is categorized as a prototypical non-
steroidal ER [38].

It is also important to note that EDCs exhibit multiple hormone-binding actions 
regardless of their binding to hormonal receptors. For instance, DDT is an agonist 
for the estrogen receptor, but one of the metabolites of DDT shows anti-androgenic 
activity [39]. Similarly, BPA shows estrogenic and androgenic activity but exhibits 
an antagonist nature for thyroid hormone [40, 41].

5. Effect of EDCs on female reproductive system

The female reproductive system’s development is credited to folliculogenesis, 
where adverse biological effects of EDCs can be observed. The primordial follicles 
finally become primary, pre-antral, and the antral follicle. Environmental toxicants 
such as BPA, MTX, and phthalates may interfere at any developmental stage of the 
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aforementioned antral follicle growth and hinder the reproduction, sometimes 
causing infertility. BPA exposure during in-vitro studies has been shown to inhibit 
mouse antral follicle development [42]. Follicle growth is dependent on the prolif-
eration of theca and granulosa cells [43].

Estrogens are well-known as the gatekeepers of the female reproductive 
system. The sudden increase during puberty opens the gate to enter the reproduc-
tive life, and at menopause, the gate gets closed due to their decreased level. Thus, 
the environmental chemicals that behave as agonists or antagonists to estrogen 
hormone may play a role in precocious puberty, polycystic ovary syndrome, 
delay in menopause, and premature ovarian failure [44]. Increased growth of the 
endometrium and breast cancer are some of the unwanted side effects in females 
that can also occur due to EDCs exposure.

5.1 Puberty and breast development

The growing evidence of EDCs affecting puberty or early breast development 
in the female has dramatically increased. It has been observed from the studies 
that the age of menarche has been decreased from 16-17 years to less than 13 years 
[5]. The increased estrogen-to-androgen ratio due to overexpression of aromatase 
activity has been shown to cause early or premature breast development and 
sometimes gynecomastia in boys [45, 46].

5.2 Breast cancer

Breast cancer is a multifactorial disease [47] and mainly results from time-
related complex interactions between internal and external factors [48]. Although 
endogenous estrogen has a role in breast tumor genesis, but estrogen-mimicking 
exogenous EDCs such as PCBs, BPA, DES, and phthalates have substantial impacts 
on breast development during the perinatal period and also on carcinogenesis in 
adults [48]. Studies have reported that women with prenatal exposure to DES, 
a synthetic estrogen, have an increased risk of breast cancer in their later age 
(≥40 years) [49]. Perinatal BPA exposure at environmentally relevant concentra-
tion alters breast development in both outbred mice and rats. The mode of action 
of estrogen-mimicking EDCs is two-fold; firstly, their action is on the prolifera-
tion of stromal cells and, secondly, concerned with epigenetic mechanisms [50]. 
EDCs affect the stromal cells by interfering with the estrogen signal pathway. 
HOXB9 is a homeobox-containing gene that plays a vital role in mammary gland 
development and is associated with breast cancer. Reports have shown that BPA 
competes with ER and leads to activation of this gene through histone modifica-
tion and acetylation [50].

5.3 Uterine disease

Endometriosis and uterine fibroids are the most common female reproductive 
disorders, having an estimated combined incidence of up to 70% of women. Due 
to their cryptic nature, many women with either endometriosis or fibroids may 
remain asymptomatic or undiagnosed and are more likely caused due to environ-
mental endocrine-active compounds. For instance, non-human primates exposed 
to environmental contaminant TCDD (dioxin) have a higher endometriosis rate. 
The onset of fibroids occurs mainly after puberty, and this benign uterine tumor 
regresses after menopause. Fibroids are found to be more sensitive to the estrogen 
effect [51]. Hence, due to its dependency on estrogen for its growth, the role of 
environmental estrogen-mimicking EDCs in fibroid disease should be considered. 
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Several reports have documented that developmental exposure to EDCs such as 
MTX, PCBs, DDT, DES have been implicated in the development of uterine fibroid 
disease [52].

5.4 Primary ovarian failure (POF)

About 1% of the female population under 40 years of age suffers from POF, 
leading to other comorbidities related to reproductive disorder or early menopause 
[53]. The possible mechanism of POF development includes premature activation 
of the follicle, blockage of follicle maturation, and acceleration of apoptosis. Several 
cases of POF have been reported, and EDCs might have some association with 
its occurrence. Many EDCs are related to multi-oocyte follicles (MOF) mediated 
by EDCs-induced ERβ agonist action. Administration of BPA (0.1-1,000 μg/kg) 
to pregnant mice between the critical periods of differentiation (9th-16th day), 
ovarian cysts appeared in adulthood, which was significantly more in number in 
the group that received 1 μg/kg BPA [54]. Paraben is another example of EDC that 
affects folliculogenesis by stimulating anti-mullerian hormone (AMH) mRNA 
expression and inhibits the early stage of ovarian follicle in newborn rats [44]. 
Similarly, MTX inhibits folliculogenesis and increases AMH expression in the 
pre-antral and early-antral follicles [55]. Recent studies have demonstrated that 
neonatal exposure of DES (3 μg/kg) induces MOF [56].

5.5 Menstrual irregularity

Studies have shown that fetal and neonatal exposure to EDCs exposure in 
humans may interfere with hormonal regulation and result in irregular or long 
cycles of the menstrual cycle [57]. The irregularities in the menstrual cycle may 
ultimately reduce fecundity. In-utero exposure to estrogenic compounds such as 
phytoestrogens or BPA in an animal model such as adult mice increases estrous cycle 
duration. In comparison, perinatal exposure to BPA results in early suspension and 
irregular cyclic activity [58] that are likely due to a change in LH secretion’s hypo-
thalamic control and ovulation [59].

5.6 Polycystic ovarian syndrome (PCOS)

This disease is a more prevalent endocrine disorder in women, characterized 
by anovulation and hyperandrogenism. This syndrome is associated with a higher 

Reference Chemicals Organism Results

[5] EDCs Human Decreased age of menarche

[54] BPA Mice Induces PCOS

[44] Paraben Rats Inhibit early stage of ovarian follicle

[55] MTX Rats Increase the expression of AMH in the pre-antral and 
early-antral follicles

[56] DES Mice Induces MOF

[57] PBD, PCB Human Irregular menstrual cycle

[58] BPA Human Irregular menstrual cycle

[60] BPA Human Development of PCOS

Table 1. 
A summary of the remarkable studies on effects of EDCs on female reproductive systems.
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prevalence of obesity, insulin resistance, and other metabolic comorbidities. 
However, this disease’s pathogenesis is still not exact, but evidence shows that 
genetic and environmental factors such as EDCs may contribute to PCOS’s clinical 
development. BPA, a well-known estrogenic and androgenic endocrine disruptor, 
acts differently to interfere in reproductive functions. In vitro studies have shown 
that BPA exposure in rat ovarian thecal interstitial cells increases testosterone 
synthesis.

In contrast, in male rats, BPA competes with androgens to bind on sex 
hormone-binding globulin (SHBG), increasing serum-free androgen level. BPA 
exposure during neonatal conditions could lead to PCOS development. Besides, the 
estrogenic effect of environmental contaminant BPA enhances the risk of hyper-
tension, type2 diabetes, and dyslipidemia (Table 1) [60].

6. Effect of EDCs on male reproductive system

A large number of studies reported the toxic effects of environmental contami-
nants on male reproductive health. Numerous EDCs present in our environment 
may have a causative role in testicular dysgenesis syndrome (TDS) in humans. 
Impaired spermatogenesis, decrease in semen quality, sperm anomalies, hypospa-
dias, ectopic testes, cryptorchidism, and testicular cancer are important risk factors 
responsible for the symptoms of developmental disorder, TDS and ultimately caus-
ing male infertility. During the normal condition, a functional hormonal feedback 
loop regulates and ensures proper homeostasis. Sometimes, at the time of sexual 
development, exposure to certain chemicals may disrupt this tightly-regulated 
hormonal balance. Even short-term exposures can also have adverse effects and may 
cause infertility [61].

6.1 Semen and sperm quality

Semen parameters are used to measure sperm quality and are sometimes con-
sidered indicators of compromised male fertility [62]. Recently, the adverse health 
effects of the male reproductive system, especially due to BPA’s estrogenic property, 
have attracted much more attention. BPA is well-known as a testicular toxicant in 
animal models as it results in decreased sperm quality and motility, oxidative stress 
increases, and alters steroidogenesis [42]. Few studies were done in occupationally 
exposed men, and infertile men have also reported a negative correlation between 
semen quality and urinary BPA levels. The underlying mechanism may be related to 
increased oxidative stress and disruption in the steroidogenesis pathway [63].

Functional anomalies of sperm may play a crucial role in male infertility. As 
reported, in comparison with fertile controls, infertile men have higher seminal 
reactive oxygen species (ROS) levels; hence studies have suggested ROS might have 
some role in male infertility. Sperm cells do not contain any cytoplasmic defense 
enzymes that can serve as ROS scavengers. Therefore, a change in lipid peroxidation 
(LPO) impairs the plasma membrane fluidity and integrity and ultimately leading 
to loss of sperm function and movement. Exposure to carbaryl causes low LPO 
concentrations with an increase in ROS and hence may be associated with altered 
semen quality, especially sperm motility [64].

Furthermore, BPA was also associated with DNA damage, lower sperm count, 
abnormal sperm morphology, and motion [65]. Regarding the hormonal level, BPA 
caused higher FSH, lower inhibin B level, and a lower estradiol-to-testosterone 
ratio [65]. In a study comprising 375 fertile men, BPA was further associated with 
decreased free androgen index and higher testosterone level [66].



Hot Topics in Endocrinology and Metabolism

32

Mixtures of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans 
(PCDFs), shortly named ‘dioxins’, produce adverse health effects reported in 
several studies. For instance, A study have reported a potential association between 
chemical dioxins exposure and semen quality. Exposed men have a higher percent-
age of oligospermia and abnormal sperm morphology [67].

6.2 Testicular cancer, cryptorchidism and hypospadias

Testicular cancer is the most common disorder found in most young men in 
many countries. A worldwide trend can be observed towards the increasing number 
of testicular cancers. Exposure to environmental contaminants such as phthalates 
causes low semen quality, which ultimately may coincide with the development 
of cryptorchidism, testicular cancer, and hypospadias. The combination of the 
three aforementioned disorders of the male reproductive system can be termed as 
“so-called” testicular TDS. Experimental and epidemiological evidence has dem-
onstrated that TDS is an outcome of interference during embryonal physiological 
programming and gonadal development in fetal life [68, 69]. EDCs such as phthal-
ates, vinclozolin, polybrominated diphenyl ethers (PBDE), and acetaminophen 
have shown a significant etiopathogenetic role towards the onset of TDS [10]. 
Despite all these studies, the exact contribution and mechanism behind pesticide 
and EDC exposure towards testicular cancer development have not been elucidated 
to date. However, genetic and environmental factors have been documented for the 
reduced sperm count and disease formation (Table 2) [70].

7. Effect of EDCs on fetal and neonatal stages

Although adult exposure towards EDCs is an essential factor, the duration of 
EDCs exposure in fetus and neonate is also of primary concern. It plays a crucial 
factor in determining its fate. For instance, Due to early EDCs exposure, develop-
ment is compromised because EDCs at the neonatal stage are extremely sensitive 
and affect the same brain regions, circuits, hormone-sensitive pathways, and 
receptors like the endogenous hormones. Such effects have been reported for 
several EDCs across various species and have profound detrimental consequences 
in developing organisms compared to adults [71, 72]. The extreme sensitivity of 

Reference Chemicals Organism Results

[42] BPA Human Decreased sperm quality and motility, altered 
steroidogenesis

[63] BPA Rat Disrupted steroidogenic pathway

[64] Carbaryl/naphthalene 
and chlorpyrifos

Human Altered semen quality, sperm motility

[65] BPA Human Lower sperm count, abnormal sperm 
morphology, higher FSH, lower inhibin B level, 
lower estradiol-to-testosterone ratio

[67] Dioxin Human Higher percentage of oligospermia and 
abnormal sperm morphology

[10] Phthalate, Vinclozolin, 
PBDE

Human TDS

Table 2. 
A summary of the remarkable studies on effects of EDCs on male reproductive systems.
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developing fetus and neonate has been described briefly in a chapter titled “The 
Fragile Fetus” by Howard Bern [73]. All those protective mechanisms present 
in adults like DNA Repair Mechanism, detoxifying enzymes, liver metabolism, 
competent immune system, and the blood–brain barrier are not fully developed or 
functional during the fetus or neonatal stage. Even the metabolic rate of develop-
ing organisms is much higher than adults, which may be the cause of increased 
toxicity due to environmental contaminants exposures. Numerous reports have 
documented that developmental exposure to EDCs can lead to various adverse 
effects in adults and sometimes cause tumors in endocrine tissues and adverse 
reproductive consequences in males and females [74]. Pieces of evidence have 
stated that exposure to environmental triggers such as EDCs during critical stages 
in fetal sex differentiation and development in utero disrupts reproductive organ 
differentiation and sometimes leading to intersex variation (IV) conditions. IV 
can be defined as a morphological and physiological anomaly where an individual 
is born with a congenital condition such as ambiguous genitalia/ hermaphrodite 
or pseudohermaphroditism etc. [75]. The most evident case for endocrine disrup-
tion in utero that may lead to the onset of adult disease in the newborn is prenatal 
exposure to DES. Between 1958 and 1976, doctors prescribed synthetic estrogen to 
pregnant women to prevent miscarriages and premature delivery. It was almost a 
4-6million pregnancies that were treated with DES in the US alone. In 1971, DES 
was linked with a rare gynecologic neoplasm in female offspring of DES-exposed 
pregnancies [76]. Subsequent studies have documented the link between mater-
nal treatment with DES and cervicovaginal cancer in DES-exposed daughters, 
usually in their late teens or early 20s. This was the first evidence of transplacental 
carcinogenesis in humans [51]. Additionally, the offspring of DES-exposed 
mothers also had functional and anatomical abnormalities of the uterus and 
fallopian tubes.

8. Effect of EDCs on epigenetic regulations

The epigenetic modifications can be defined as “heritable and reversible 
chemical modifications of chromatin, resulting in an adjustment of its activ-
ity without a change in the underlying DNA sequence [77]. Notably, epigenetic 
effects are mediated by those transcription factors that enhance or repress any 
specific genes’ transcription. The well-studied epigenetic modifications include 
DNA methylation at the cytosine base, post-translational modification of histone 
proteins (histone acetylation and deacetylation), and non-coding RNAs. Post-
translational modification of histone protein at specific amino acids, for instance, 
lysine, may alter chromatin’s structure and function. Generally, acetylation of 
histone at lysine position results in activation of transcription by relaxing the 
chromatin structure, while methylation of lysine depending on the position may 
lead to activation or repression of gene expression. However, deacetylation may 
lead to transcriptional repression or silencing of the genes. Non-coding RNA is the 
transcript of gene sequences that do not code for proteins but regulate its expres-
sion in a cis or trans manner mainly involved in some unique functions such as 
genomic imprinting, X-chromosome inactivation, and developmental patterning 
and differentiation [70].

The most commonly studied epigenetic mechanism is the EDCs effect on the 
enzymes that regulate epigenetic patterning, especially the DNA methyl trans-
ferase (DNMTs). The endocrine disruptor, Vincolozolin, an androgen receptor 
antagonist, induced increased expression of dnmt mRNA expression in an in-vivo 
model through an AR-mediated pathway [78]. Studies have reported that DES 
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can activate immediately early genes such as c-myc, c-jun, c-fos, and lactoferrin, 
which are upregulated during childhood [53]. This activation is possible due to 
the promoter region’s hypomethylation of the lactoferrin gene in the adult uterus 
[79]; however, no such patterns were observed when an adult was exposed during 
adulthood at the same interval. Upon prenatal exposure to DES, tet1 mRNA 
expression was significantly decreased in mouse uterus and the same response 
found in zebrafish gonads upon BPA exposure [21, 80, 81]. Exposure to EDCs 
during development could alter the perturbation of the genome’s epigenetic 
patterning and may result in adult-onset disease. The epigenetic changes in the 
ovary have been reported for the organochlorine pesticide MTX. In a study, MTX 
exposure from embryonic to postnatal days caused hypermethylation in the 
ERβ promoter regions by performing DNA methylation analysis using bisulfite 
sequencing and methylation-specific PCR [82].

9. Conclusion

Research over the last few years exploited the adverse effects of EDCs, which 
were lesser-known. Some of them were heavily used in the past decade, and some 
are just enlisted their names on the list of ‘emerging pollutants,’ and altogether, 
they are creating an unhealthy world to live on for us as well as for other animals. 
This chapter summarizes the harmful effects of EDCs exposure on male and female 
reproductive physiology and also elucidates the possible mechanism of actions. 
Though numerous articles and reports regarding these EDCs’ toxicological effects 
are available today, still very little is known about their mechanism of action in our 
body. The poor understanding of their underlying mechanism in hampering one’s 
endocrine system keeps us at bay to fight against it. Be it your morning toothpaste or 
your hair nourishing shampoo, and you cannot escape from the exposure of EDCs 
in your daily life. Even processed foods have EDCs in them. Scientists predict that 
there are many more of this kind of chemical whose effects are yet to be evaluated. 
Many countries’ government bodies are actively monitoring the situations and tak-
ing actions accordingly alongside the scientists who are tirelessly working to find out 
ways to nullify the adverse effects. We can follow the recent resources available in 
the public domains and choose a healthy way to live to minimize the EDCs exposure. 
Extra care should be taken in choosing your packaged food materials, cosmetics, 
plastic made equipment, cooking utensils, fruits, and vegetables. Finally, emphasis 
should be on the betterment of regulatory systems for introducing new, untested 
chemicals alongside the continuous use of chemicals already proved for being EDCs. 
Utmost care should be taken for pregnant women and infants, who are most vulner-
able to EDCs exposure.
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Environmental Obesogens and 
Human Health
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Abstract

Obesity is an alarming public health concern that contributes to a substantially 
increased risk of multiple chronic disorders, including diabetes. As per WHO data, 
in 2016, almost 39% adult population of the world is overweight, 13% of them 
were obese. There is prominent evidence on the involvement of environmental 
endocrine-disrupting chemicals, termed obesogens, in the prevalence of this 
growing worldwide pandemic, obesity. The exaggerated effect of obesogens on 
endocrine disruption, lipid metabolism and homeostasis, adipocyte functioning, 
impaired thermogenesis, inflammation, epigenetics, and overall human health will 
be covered in this chapter. This chapter will discuss the environmental obesogen 
hypothesis, the epidemiological and experimental evidence of obesogens, its 
chemical characteristics, and possible mechanism of actions. It will also focus on 
some recent indications of obesogens and their correlation in COVID-19 disease 
pathogenesis. This chapter will try to conclude with strategies for identifying the 
underlying mechanisms of obesogens within model systems and the human body, 
including future directions.
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1. Introduction

1.1 Endocrine-disrupting chemicals

As defined by the US Environmental Protection Agency (EPA) [1], an 
 endocrine-disrupting chemical (EDCs) is “an exogenous agent that interferes 
with synthesis, secretion, transport, metabolism, binding action, or elimination 
of natural blood-borne hormones that are present in the body and are responsible 
for homeostasis, reproduction, and developmental process.” Diamanti-Kandarakis 
et al. [2] among thousands of human-made chemicals, almost 1000 chemicals may 
have endocrine-disrupting properties [3]. Initially, it was thought that EDCs deploy 
their actions mainly through various nuclear hormone receptors like estrogen 
receptors (ERs), progesterone receptors (PRs), androgen receptors (ARs) and thy-
roid receptors. However, as research progressed on EDCs and their mechanism of 
actions, it is now known that they can also act on non-nuclear receptors, nonsteroid 
receptors, orphan receptors and other enzymatic pathways related to metabolism, 
cancer and other physiological processes [2].
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As the compounds classified under EDCs are from dispersed heterogeneous 
sources, they can be divided into two major classes, synthetic and natural. Synthetic 
EDCs include industrial solvents and their byproducts [dioxins, polychlorinated 
biphenyls (PCBs), polybrominated biphenyls (PBBs), alkylphenols etc.], agricul-
tural pesticides [methoxychlor (MTX), chlorpyrifos, dichlorodiphenyltrichloroeth-
ane (DDT)], fungicides, herbicides, insecticides, plasticizers [phthalates, bisphenol 
A (BPA)] and pharmaceuticals [diethylstilbestrol (DES)] whereas, phytoestrogens 
(genistein, coumestrol etc.) are grouped under natural sources of EDCs. Humans 
are exposed to the broad range of EDCs mainly through the dietary intake (fish, 
meat, dairy and poultry products) and to some extent by inhalation and dermal 
uptake [2, 4]. Mostly EDCs are highly lipophilic, and they tend to get accumulated 
in the adipose tissues [5, 6]. They can accumulate in human and other large mam-
mals’ fatty tissues through biomagnification and bioaccumulation as they are the 
top predators in the food chain [7]. Due to their long half-life, they remain stored 
in the adipose tissues for years. Persistent Organic Pollutants (POPs) are the best 
example of long term accumulations in human tissues [8]. However, plasticizers like 
BPA have a very short estimated half-life of about four hours. Instead of bioac-
cumulation, they generally get excreted via urine [9]. Still, BPA has a very adverse 
effect on the human endocrine system due to their continuous exposure throughout 
the days [10].

Among the vast range of chemicals under EDCs, some are referred to as 
“obesogens” as they promote or induce weight gain in individuals by altering 
endocrine pathways involved in metabolism, energy homeostasis and appetite. 
The phthalates, perfluorinated compounds, BPA, dioxins, and some pesticides 
showed obesogenic potentials [11, 12]. Though their mechanism of action is 
not very well understood, some report indicated that these chemicals might act 
through Peroxisome proliferator-activated receptor gamma γ (PPAR-γ), a ligand-
activated transcription factor, has a role in various cellular functions as well as 
glucose homeostasis, lipid metabolism, and prevention of oxidative stress [13, 14]. 
Some suggest they may act via the thyroid axis, as the thyroid hormone is a crucial 
regulator of metabolism [15, 16]. Hence, this field is relatively new and emerging in 
EDC’s research and needs further studies.

2. Environmental obesogen hypothesis

The prevalence of obesity and associated diseases like type 2 diabetes, cardiovas-
cular diseases, metabolic syndromes and cancers are progressively increasing at an 
alarming rate in recent years. Globally the cases of obesity have nearly tripled since 
1975. As per a WHO report, in 2016, 13% of adults aged 18 or more are obese world-
wide. A more recent report stated that approximately thirty-eight million children 
(under five years) are obese. In simple language, obesity can be defined as an 
“abnormal or excessive fat accumulation that may impair health” [17]. The measure 
of obesity is generally done by body mass index (BMI), defined as a person’s weight 
in kilograms divided by the square of his/her height in meters (kg/m2). A BMI of 
30 or greater falls within the obese range; the limit changes to 25 or more in Asian 
populations [18, 19]. It is a widely accepted fact that the primary cause of obesity 
is the imbalance between calory intake and energy expenditure. However, obesity 
is a complex disease caused mainly by endocrine disruption, which also involves 
interaction between genetic and environmental factors.

The Obesogen Hypothesis suggests that environmental chemicals, character-
ized as “obesogens,” induce obesity by enhancing the engagement, differentiation 
and size of adipocytes, by altering metabolic setpoints or modifying the hormonal 
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control of appetite and satiety [20]. Many EDCs are obesogens in nature and found 
abundantly in our environment, which may induce adipogenesis and lipid accumu-
lation in the tissues. About 50 of such compounds have been identified to date [20]. 
Various mechanisms of action of the obesogens are discussed later in this chapter.

3. Chemical characteristics of obesogens

Obesogens have peculiar characteristics which make them potential to interfere 
with various endocrine and metabolic pathways. They are believed to be xenohor-
mones as they imitate or partially resemble natural hormones and have unwanted 
physiological effects. They can bind to endocrine receptors present on the cell 
membrane, cytosol, or nucleus, thereby altering their natural functions [21]. Along 
with the structural similarities with native hormones, their ability to do this also 
relies on its lipophilicity and small molecular weight. Partition coefficient, half-life 
and molecular weight are the three main components of xenohormones. A partition 
coefficient (P) is “the ratio of the concentration of a substance in one medium or 
phase (C1) to the concentration in a second phase (C2) when the two concentra-
tions are at equilibrium; that is, partition coefficient = (C1/C2)equal.” [22]. This is 
how the distribution efficiency of a chemical is measured between two mediums. 
Here in obesogen’s case, it is between the tissue and blood. A compound’s octanol–
water partition coefficient expresses that (KOW), referred to the ratio of a chemical’s 
concentration in the octanol phase to its concentration in the aqueous phase of a 
two-phase octanol/water system [23]. It is an essential measure of its lipophilicity 
of a chemical. The bioaccumulation and toxicity of a chemical largely depend upon 

Source Obesogens Chemical characteristics

Log KOW Biological 
Half-life

Mol. weight

Industrial BPA 3.32 21.3 +/− 7.4 h [26] 228.29 g/mol

Bisphenol S (BPS) 1.65 6.8 ± 0.7 h [27] 250.27 g/mol

BDE-47 6.76 [28] 664 days [29] 485.79 g/mol

3,3′,4,4′-Tetrachlorobiphenyl 
(PCB-77)

6.72 1.2 Months [30] 292 g/mol

bis(2-ethylhexyl) phthalate 
(DEHP)

7.6 12 hours [31] 390.6 g/mol

Dioxin 6.8 5.8 years [32] 322 g/mol

Perfluorooctanoic acid 4.81 12.6 days 414.07 g/mol

Pesticides/
insecticides

Dichlorodiphenyl-
trichloroethane (DDT)

6.91 7 years [33] 354.5 g/mol

Tributyltin (TBT) 3.1–4.1 
[34]

23–30 days [35] 290.1 g/mol

Atrazine 2.61 10.8–11.2 hours 
[36]

215.68 g/mol

Pharmaceuticals Diethylstilbestrol (DES) 5.07 2–3 days [37] 268.3 g/mol

Nicotine 1.17 2 h [38] 162.23 g/mol

Note: All values are acquired from the PubChem database otherwise mentioned.

Table 1. 
Chemical characteristics of some obesogens.
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KOW. As being organic, obesogens are naturally lipophilic compound, which means 
they have a higher KOW value. More the value of the KOW of a compound, the more 
will be its tendency to accumulate in the adipose tissues [24].

Now, coming to the half-life, the biological half-life of a chemical is the time it 
takes to break down or eliminate half of the chemical’s quantity from the body. In 
the body, a longer biological half-life implies longer endurance. Ideally, obesogens 
have longer biological half-lives means a short exposure can have life-long conse-
quences [25]. The last of the three properties, molecular weight, refers to the size of a 
compound molecule. Small molecules can diffuse more readily through adipocytes. 
However, many large molecules having high molecular weight can give rise to smaller 
metabolites which may have a similar effect to obesogens [24]. The bioaccumulation 
and the binding affinity for the receptors largely depend upon these three criteria. 
Many obesogens perfectly fit into these criteria. Moreover, some of them are also 
resistant to degradation [e.g. 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47)] [21]. A 
summary of some well-known obesogens with their characteristics is listed in Table 1.

4. Mechanisms of action of obesogens

Though the mechanism of obesogens’ actions in inducing obesity is not very 
clear, some studies suggest few mechanisms by which obesogen could act. This 
disruption of lipid homeostasis by obesogen may involve several mechanisms, some 
of which are as follows (Figure 1):

Figure 1. 
Mechanisms of obesogen actions.
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1. increasing the adipocytes number,

2. increasing the size of the adipocytes,

3. altering endocrine regulation of adipose tissue development,

4. changing hypothalamic regulation of appetite and satiety

5. altering basal metabolic rate and energy homeostasis

6. altering insulin sensitivity at the organ level

4.1 PPARγ-RXR mediated

Obesogens generally disturb the endocrine system by interfering with PPARγ 
and other hormone receptors like estrogen receptor, androgen receptors and 
glucocorticoid receptors. PPARγ is one of the primary regulators of adipogenesis. 
It is highly expressed in adipose tissues and induce differentiation of adipocytes 
by promoting lipogenic enzymes. Along with adipogenesis, it activates genes 
involved in maintaining energy balance. Upon activation, PPARγ forms a het-
erodimer complex with nuclear receptor 9-cis retinoic acid receptor (RXR) an 
act as promoters for the genes required for storage of fatty acid and repression of 
lipolysis. That is why this PPARγ:RXR heterodimer is called the “master regulator 
of adipogenesis” [39]. Obesogen tributyltin (TBT) acts as a ligand and show high 
binding affinity with PPARγ and nuclear receptor RXR. By activating PPARγ and 
RXR, it might promote adipogenesis and lipid dysbiosis [40, 41]. Obesogens like 
spirodiclofen and quinoxyfen activate PPARγ while others like fludioxonil acti-
vate RXR [13]. Phthalates are also known activators of PPARγ, as they are shown 
to promote 3 T3-L1 cells to adipocytes differentiation [42]. Obesogen can increase 
the amount of adipose tissue by increasing the size as well as numbers of adipo-
cytes. They can induce the Mesenchymal Stem Cells (MSCs) to differentiate into 
preadipocytes and adipocytes [43]. In vitro assays show numerous compounds 
with obesogenic properties can induce the Mesenchymal Stem Cells (MSCs) to 
differentiate into preadipocytes and adipocytes via PPARγ dependent pathways. 
TBT exposure to 3 T3-L1 preadipocytes induces them to differentiate into white 
adipose tissues (WAT) [44]. Bisphenol A (BPA), combined with insulin, can 
accelerate the conversion of 3 T3-L1 fibroblasts to adipocytes [45]. Even prenatal 
exposure to TBT in mouse shows preferential differentiation of MSCs towards the 
adipose lineage [43] (Figure 2).

From the studies available so far, it is evident that any ligand which can bind to 
PPARγ can induce adipogenesis and can be called obesogens. However, as human 
adipose tissue stores many of them, they can have a more significant cumulative 
effect. These additive effects are not well studied yet.

4.2 Other receptor-mediated

Obesogens are reported to act via other hormone receptors like estrogen recep-
tor, androgen receptors and glucocorticoid receptors. Many studies have reported 
that they act via the nuclear hormone receptor-mediated pathways. Molecular cross 
talks with other signaling pathways have also been reported. Steroid hormones have 
an essential role in lipid storage and disposition of body fat. Estrogen based hor-
mone replacement therapy is prescribed to women at their menopause to remodel 
their adipose depot. Foetal or neonatal exposure to phytoestrogens may induce 
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obesity in later stages of life. Well-known phytoestrogen genistein, commonly 
found in soy-based foods, affects adipose tissue deposition in a dose-dependent and 
gender-specific manner [46].

Neonatal exposure of DES to female mice led to weight gain in adulthood. 
However, this effect can be sex-biased. While some EDCs may act directly via cellular 
steroid receptors by inducing estrogen synthesis, other EDCs may act indirectly. It is 
established that adipose tissue is a site of estrogen synthesis. The adipocyte cytoplasm 
contains the enzyme cytochrome P450 aromatase, which plays a vital role in convert-
ing estrogen from androgen. It is now reported that several EDCs can impair intracel-
lular aromatase activity [47]. This action may raise intracellular estrogen levels in 
adipocytes and lead to obesity irrespective of the sexes [48]. It is reported that TBT 
can directly reduce the activity of the aromatase enzyme in adipose tissue at high 
doses, leading to reduced estradiol levels and down-regulation of the ER target genes. 
TBT also has an inhibitory effect on 11β-hydroxysteroid dehydrogenase 2, which leads 
to reduced inactivation of cortisol. It is believed that increased glucocorticoid levels 
could influence adipocyte differentiation and regulation of metabolism [40].

Some obesogens, especially the persistent organic pollutants (POPs), act via 
the ligand-activated transcription factor aryl hydrocarbon receptor (AhR). AhR 
activates xenobiotic-metabolizing enzyme cytochrome P450s. They can promote 
adipogenesis indirectly by changing PPARγ expression.

4.3 Other mechanisms

In some recent studies, researchers found that they are not linked to activation 
of any nuclear hormone receptors; instead, they followed some novel mechanisms, 
which make their mechanism of action more complex. Those include epigenetic 
modifications, impairment of thermogenesis and dysbiosis in gut microbiota. 
Some of these mechanisms will be discussed in the following sections. Some recent 

Figure 2. 
PPARγ-RXR mediated action of obesogens.
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studies correlated COVID-19 pandemic to the obesogenic exposures, that is also 
being discussed in this chapter.

4.3.1 Epigenetic modifications

Epigenetics is defined as the study of heritable changes in phenotype resulting 
from environmentally influenced modifications of genome. Epigenetic modifica-
tion can alter gene expression during development and cellular differentiation in 
response to environmental factors such as chemical contaminants. These modifica-
tions include DNA methylation at cytosine residues of 5′ to guanine sites (CpG 
sites), chemically modifying histone proteins and noncoding RNAs interference 
[49]. DNA methylation was considered a key mechanism responsible for adult 
diseases with developmental origins [50]. DNA methylation changes are responsible 
for the transgenerational effects of exogenous exposed individuals to chemicals and 
nutrition deficits [51]. For instance, the obesogen pesticide TBT induced changes 
in DNA methylation and histone modification invitro. Various reports have docu-
mented the environmental chemicals, including obesogens, led to an epigenetic 
modification in vivo and obesogen phenotype even in unexposed generations. TBT 
exposure in 3 T3-L1 mice preadipocytes invitro resulted in increased adipocyte dif-
ferentiation along with decreased DNA methylation levels. Increased differentiation 
level towards the adipogenic lineage was observed in adipose-derived stromal cells 
(ADSCs) isolated from TBT exposed mice perinatally but at the cost of decreased 
osteogenesis. ADSCs exposed to TBT were associated with increased adipogenesis 
marker genes, such as PPARγ target gene Fapb4, where methylation level decreased 
in the promoter region. However, PPARγ mRNA levels were increased, but DNA 
methylation at its promoter region had no effects [43]. A possible reason for this 
lack of epigenetic regulation might be that EDC exposure during differentiation 
process causes DNA histone demethylation. Ultimately, PPARγ, which is under the 
control of H3K27me3, causes the gene to be promptly up-regulated. Importantly, 
prenatal exposure to TBT has been recently shown to cause the transgenerational 
inheritance of adiposity. It remains to be determined whether these transgenera-
tional effects are related to permanent changes in DNA methylation profiles or 
other epigenetic processes.

4.3.2 Impairment of thermogenesis

Recent advances found in understanding adipocyte function was the presence 
of thermogenic brown adipose tissue (BAT) in adult human beings in a dispersed 
manner, not as found in concentrated discrete depots in human infants. Another 
discovery of white adipose tissue can also be induced to produce thermogenic fat 
called beige or brite fat. Increased mitochondria production is responsible for 
differentiation of both bona fide brown adipocytes and beiging of white adipocytes. 
This thermogenesis relies on the capacity to dissipate energy in the form of heat 
through uncoupling of cellular oxidative phosphorylation and ATP synthesis via 
Uncoupling protein 1 (UCP1) or sometimes through shivering. Some of the evi-
dence has documented how some obesogens impede the production and function 
of thermogenic adipocytes. For instance, perinatal exposures to DDT in mice have 
long term-effects on thermogenesis regulation in their female offspring. When 
female offspring reached up to 6 months of age, they showed reduced energy 
expenditure & ultimately decreased thermogenesis capacity. However, no change 
in their physical activity was observed. Thermogenesis impairment was due to the 
decreased expression of PPAR-γ co-activator 1α (Ppargc1a), a master regulator 
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for thermogenesis related genes and type 2 iodothyronine deiodinase (DiO2) (the 
enzyme that catalyzes thyroid hormone T4 to convert into T3 which stimulates BAT 
thermogenesis) [52]. Secondly, Shoucri and his colleagues [49] found that TBT or 
rexinoids have inhibited adipocytes’ production. Other EDCs increase thermogen-
esis by changing mRNA and protein levels of UCP-1. Adult mice exposed to PFOA 
and PFOS through diet (containing 0.02% w/w) for ten days exhibited BAT mito-
chondria activation for increased oxidative capacity and protein levels of UCP-1, 
resulting in decreased depots size of adipose tissue. PFOA exposure (80–40 μM) 
during in-vitro experiments activates UCP1 similarly as fatty acids. These examples 
indicate how obesogens influence obesity by impairing thermogenesis during the 
in-vitro and in vivo study. This intriguing area of obesogen epidemic and their 
mechanism remains to be elucidated. Through their Horizon 2020 programme, 
the European Union has funded several grants to establish new assays to assess 
EDCs effects on metabolic-end points and identify those chemicals that affect 
 thermogenesis [53].

4.3.3 Gut microbiota dysbiosis

The gut microbiome is defined as “the totality of microorganisms, bacteria, 
viruses, protozoa, and fungi, and their collective genetic material present in the 
gastrointestinal tract” by molecular biologist Joshua Lederberg. Obesogen exposure 
could lead to obesity by altering the gut microbiome, a relatively novel mechanism 
which leads to obesity. It is well understood that obesity is correlated with gut 
microbiome composition [54]. Some experimental data shows that the transplant 
of gut microbe from obese mice can induce obesity in lean mice [55]. Conversely, 
the gut microbiome transplant from lean donors improved the metabolic disorder 
condition in obese mice [56]. It is evident from several experimental data that 
many obesogens induce the gut microbiome dysbiosis in zebrafish [57], mice [58] 
and human [59]. In mice, gut microbial dysbiosis was associated with increased fat 
accumulation or impaired lipid metabolism after exposure to triphenyl phosphate. 
Tributyltin exposure induces gut microbiome dysbiosis with increased body weight 
gain and dyslipidemia in mice [58]. Though, it is not yet apparent whether this 
metabolic disruption is a result of the gut microbiota dysbiosis or not.

Additionally, some microbial metabolites have also been reported as AhR ago-
nists and antagonists [60, 61], as we are already aware that activating AhR inhibits 
adipogenesis. In contrast, inhibition of the activity leads to obesity and fatty liver 
disease. Two basic dietary emulsifiers, carboxymethylcellulose and P-80, were 
reported to initiate intestinal inflammation and gut microbiota dysbiosis, which 
led to metabolic disorder and increased body weight in mice [62]. These pieces of 
evidence suggest that inducing obesity via gut microbiota dysbiosis is possibly a 
potent mechanism for the obesogens to follow. However, to get more clues, this field 
needs to be studied further extensively.

4.3.4 Obesogens and COVID-19

The current outbreak of novel coronavirus has emerged as a worldwide pan-
demic in the past year, which is related to the Severe Acute Respiratory Syndrome 
Coronavirus (SARS-CoV) in 2003 and the Middle East Respiratory Syndrome 
Coronavirus (MERS-CoV) in 2012 [63]. Interestingly, a study in 2003 found 
a positive correlation between air pollution and extreme SARS in the Chinese 
population. Patients with SARS from regions with a high air pollution index 
(API) were twice as likely as those from regions with low APIs to die from SARS 
[64]. A finding based on US population found that long-term exposure to air 
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pollution resulted in a 6% rise in cardiopulmonary mortality risk. Some of these 
pollutants are potent obesogenic [65].

Human studies have even shown nitrogen dioxide (NO2), one of the compo-
nents of air pollution, is correlated with higher fasting serum lipids among obese 
individuals, indicating that obesity can worsen the effects of air pollution [66]. 
Animal studies have also shown that air pollution particles’ sensitivity early in life 
will contribute to increased visceral obesity, insulin tolerance, and inflammation, 
signaling NO2’s function as an endocrine disruptor [67]. Since COVID-19 is similar 
to SARS in causing respiratory disease, exposure to NO2 can increase the mortality 
rate of patients with COVID-19. However, future studies are needed to validate this 
relationship.

5. Transgenerational effects

One of the most intriguing results in EDCs field came when a series of reports were 
published by Skinner and colleagues showing EDCs, including DDT and MTX, induce 
transgenerational obesogenic effects. During F1 generation, prenatally exposed 
individuals with anti-androgenic fungicide vinclozolin or estrogenic pesticide MTX 
were associated with disease in various organs in their F4 generation [68]. Similarly, 
when pregnant mice (FO generation) were exposed to environmentally relevant doses 
(nM) of TBT through drinking water, then effects on obesity were observed in F1-F3 
descendants of exposed animals [69]. Notably, in a similar experiment, the pharma-
cological obesogen, Rosiglitazone, which can activate PPARγ, could not produce the 
same transgenerational obesity effects suggesting that different pathways in addition 
to PPARγ were required to generate transgenerational phenotype [69].

In addition to TBT effects on obesity, Skinner lab has shown several environ-
mental chemicals such as plasticizer (BPA, DEHP, DBP) [70], pesticides MTX [71], 
a mixed hydrocarbon mixture (jet fuel JP-8) [72] and the widely used pesticide 
DDT [73], induced transgenerational obesity in a rat model as observed in F3/
F4 offspring of ancestral prenatal or perinatal obesogen exposed-FO individuals 
[71–73]. Although molecular mechanisms underlying transgenerational inheritance 
of obesity are currently controversial, researchers belonging to the EDC field 
believe that these obesogen effects are inherited in an epigenetic manner. This point 
has got stronger resistance in the genetics sphere [74].

6. Epidemiological evidence of obesogens

6.1 Human cohort studies

Epidemiological studies are of considerable significance for the association of 
disease effects with exposure to obesogens. Few cohort-based studies are avail-
able to date on the effect of obesogens in human populations. Since a considerable 
amount of evidence indicate that prenatal exposures predispose patients to obesity, 
epidemiological research concentrates on obesogenic measurements throughout 
pregnancy. Increase in child adiposity in multiple birth cohorts was associated with 
prenatal exposure to PFAS. At the same time, sexual dimorphism was sometimes 
linked with it [75–79]. A metapopulation analysis, including ten cohorts, suggests 
a 25% and 0.1 unit increase in weight and BMI, respectively, per ng/ml of PFOA 
concentration in maternal blood [80].

A research found that rising concentrations of maternal urinary phthalate 
during gestation doubled the risk of the offspring becoming overweight or obese 
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[81]. Cohort research on the impact of prenatal BPA exposure has also been cor-
related with increased waist circumference, BMI, and risk of obesity [82]. Studies 
of prenatal exposure to phthalates and bisphenols have not shown a consistent 
association with measures of childhood adiposity compared to studies of prenatal 
exposure to PFAS [83]. Two studies on the American population showed an associa-
tion between serum concentrations of PFAS and weight gain irrespective of sexes 
[84]. PFAS, particularly perfluorooctane sulfonate (PFOS) and perfluorononanoic 
acid (PFNA), were linked with alteration in metabolic rate [85].

Few studies have explored the longitudinal impacts on postnatal growth of pre-
natal exposure to other chemicals. Evidence risen over the past five years indicates 
that exposure to phthalates leads to adult weight gain, with most research con-
ducted in women. Some studies by the Women’s Health initiative reported a strong 
correlation between urine concentrations of phthalate metabolites and weight gain 
[86]. Again, it is to be considered that the effect of a single chemical mostly reflects 
the epidemiological studies conducted. However, naturally, obesogens ploy cumu-
lative effect as mixtures. The WAT is the depot of obesogens in the human body. 
More studies should be designed to estimate the accumulative effect of mixtures 
in future.

6.2 In vitro models

In vitro models have several advantages over other model systems. Taking 
human cells lines for the study can be of great significance considering the physi-
ological relevance. For screening new chemicals for potential obesogenic properties, 
in vitro studies are generally conducted before animal models. Several cell lines are 
used to study the obesogenic impacts of several compounds. Among the in vitro 
models, mouse embryo pre adipocyte 3 T3-L1 has been used extensively to check 
the effects of obesogens like TBT [87], BPA [88], BPS [89], genistein [90], phthal-
ate [91], nonylphenol [92] and so on. Other cell lines include C2C12 (mice muscle 
cells) [93], HELA (human cervical cancer cells) [93], HEK293C (human embryonic 
kidney cells) [94], HepG2 (human liver carcinoma cells) [95], hASCs (human 
adipose-derived stem cells) [96], C57BL/6 (mice bone marrow stromal cells) [97], 
hESCs (human embryonic-derived stem cells) [98] etc.

6.3 In vivo models

Though animal models are not recommended to study certain chemicals’ obe-
sogenic potential, they do not mimic the human physiological systems. Still, in vivo 
model systems have certain advantages over in vitro systems as whole-body kinetics 
and systemic effects can be studied using animal models. Complex linked pathways 
involving multiple organs, including adipose tissue, liver, pancreas, muscle, brain, 
etc., regulate metabolism and weight. In understanding the role of chronic inflam-
mation and hormone interference, in vivo experiment is particularly relevant. The 
most widely used animal model for the study of obesogens is rodents. Multiple 
obesogens including TBT [69], BPA [99], triphenyltin [100], DEHP [101], DES 
[102], polycyclic aromatic hydrocarbons, DDT, and nicotine, have been defined 
as murine models. Mice are identical biologically and anatomically to humans and 
share many common diseases. It is incredibly useful for diseases with an inflamma-
tory condition, such as obesity, as animal models can mimic complex inflammatory 
responses. A transgenic model like obese or lean bodied mice can also be created 
by manipulating required genes. Other commonly used in vivo models include rats 
[103], zebrafish [104] and drosophila [105]. Many insights into possible obesogens 
and various modes of action were provided using in vivo models to investigate 
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endocrine disruption. They may not replicate human physiology, as discussed 
earlier. Mice exposed to a specified amount of one particular molecule over weeks 
sometimes does not reflect a chronic variable exposure in humans to multiple 
chemicals over the years. In detecting obesogens and discerning mechanisms of 
action, animal models play an essential role. However, they should be combined 
to draw the most reliable conclusions with knowledge from in vitro studies and 
epidemiological studies.

7. Strategies for change and future directions

The obesity epidemic first continues in the US and afterwards expands 
worldwide; therefore, it becomes a dire need to understand the predisposition 
and related disorders’ mechanisms. It becomes of utmost importance to study 
the extent to which the obesogen exposure influences obesity in humans and 
establishes the risk factors related to obesity. The risk factors include oxidative 
stress, inflammation, disrupted circadian rhythms, mitochondrial dysfunction and 
dietary composition. These interactions may be critical in the effects of obesogen 
exposure. Evidence documented in the obesogen research area shows that their 
effect mainly depends on the level and timing of exposure, especially critical 
windows of exposure during fetal development. Hence, it is crucial to reduce or 
avoid exposure to obesogens, specifically during pregnancy. However, there is 
no technique to determine if the individuals have been exposed to any obesogens 
during their development. It will be a “Holy grail” to identify biomarkers of 
exposure in obesogen research and establish links among obesogen exposure and 
other factors related to obesity. The obesogen hypothesis opened a new field into 
obesity by linking EDCs research with developmental disease origin. The obesogen 
hypothesis is still in the dearth of research. It requires more studies in the mecha-
nism, developmental time windows and diet interaction. The effects of obesogens 
are related to epigenetics.

However, we still need more research to understand the mechanism and how 
the effects get transmitted to forthcoming generations. For instance, how does the 
obesogen exposure of pregnant Fo female mice lead to obesity in upcoming F3 and 
F4 unexposed males? There is an extreme lack of data on how obesogen exposure 
programs adipose tissue dysfunctional that could readily store but not mobilize 
fat. The obesogen sphere is almost 15 years old only. Much has been studied 
related to potential effects of EDCs and obesogens. The most substantial evidence 
for chemical obesogens existence may be the variety of pharmaceuticals that 
have the side effects of making patients obese. Several international and national 
workshops have been held to understand the potential role of EDCs in obesity 
and related metabolic disorders [53]. Thus, various policies and strategies should 
investigate the magnitude of environmental obesogenic pollutants on the obesity 
epidemic and the regulatory actions required on such chemicals to improve 
public health.

8. Conclusion

The majority of evidence that indicates the role of EDCs in driving obesity 
provides a mechanistic explanation of the obesity epidemic and a management 
strategy. The role of exogenous chemicals in growing rates of obesity through gene 
expression regulation (such as PPARs), hormone changes, and inflammation is 
supported by ample evidence. While overeating, combined with lack of exercise, 
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is undoubtedly a significant contributor to the increase in obesity that can be 
addressed by decreased calorie intake and increased exercise, it may be that reduc-
ing exposure to obesogenic EDCs may also contribute to reducing obesity in the 
population, especially during the early stages of life. More knowledge of obesogenic 
pathways will improve prophylactic and therapeutic strategies. The extensive 
exposure of the human population to so many EDCs with obesogenic action needs 
evaluation. In vitro models are useful screening devices for detecting and testing 
obesogenic mechanisms, notably, changes in gene expression or molecular path-
ways. Improvements to these models will improve human extrapolation in vitro 
to in vivo as well. However, animal models remain a valuable and typically physi-
ologically precise method for studying obesogenic inter-organ pathways, including 
hormone interference and inflammation. More epidemiological studies should 
be made to confirm in vitro and in vivo animal models and provide unparalleled 
insight into human obesogen exposures and effects. Integrating the data collected 
from all three of these model systems would result in better-informed choices of 
compounds that can be used to replace obesogens in food production, packaging, 
etc. It will, essentially, reduce the economic burden of obesity.

Acknowledgements

All authors thank Banaras Hindu University, India, for providing necessary 
resources and support to write the present chapter with the support from University 
Grant Commission (UGC)-Junior Research Fellowship to AM, PG and AS. This 
work received no external funding from any agency.

Conflict of interest

The author declares that there is no conflict of interest.

Author contributions

All authors listed have made a substantial contribution to this chapter. 
Moreover, special thanks to PG for writing some sections and proofreading the 
whole manuscript. Thanks to RKS for reviewing the manuscript before the final 
submission.



55

Environmental Obesogens and Human Health
DOI: http://dx.doi.org/10.5772/intechopen.96730

Author details

Archisman Mahapatra, Priya Gupta, Anjali Suman and Rahul Kumar Singh*
Department of Zoology, Molecular Endocrinology and Toxicology Lab (METLab), 
Institute of Science, Banaras Hindu University, Varanasi, India

*Address all correspondence to: rks.rna@gmail.com

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



56

Hot Topics in Endocrinology and Metabolism

[1] EPA, (n.d.). https://www.epa.gov/.

[2] E. Diamanti-Kandarakis, J.-P. 
Bourguignon, L.C. Giudice, R. Hauser, 
G.S. Prins, A.M. Soto, R.T. Zoeller, A.C. 
Gore, Endocrine-disrupting chemicals: an 
Endocrine Society scientific statement., 
Endocr. Rev. 30 (2009) 293-342. https://
doi.org/10.1210/er.2009-0002.

[3] P. Andrea C. Gore, P. David Crews, P. 
Loretta L. Doan, M. Michele La Merrill, 
PhD, P. Heather Patisaul, M. Ami Zota, 
ScD, INTRODUCTION TO ENDOCRINE 
DISRUPTING CHEMICALS (EDCs) 
A GUIDE FOR PUBLIC INTEREST 
ORGANIZATIONS AND POLICY-
MAKERS, Endocr. Soc. (2014).

[4] A.C. Gore, V.A. Chappell, S.E. 
Fenton, J.A. Flaws, A. Nadal, G.S. Prins, 
J. Toppari, R.T. Zoeller, EDC-2: The 
Endocrine Society’s Second Scientific 
Statement on Endocrine-Disrupting 
Chemicals., Endocr. Rev. 36 (2015) 
E1–E150. https://doi.org/10.1210/
er.2015-1010.

[5] J.J. Heindel, R. Newbold, T.T. Schug, 
Endocrine disruptors and obesity., Nat. 
Rev. Endocrinol. 11 (2015) 653-661. 
https://doi.org/10.1038/nrendo.2015.163.

[6] R.M. Sargis, Metabolic disruption in 
context: Clinical avenues for synergistic 
perturbations in energy homeostasis 
by endocrine disrupting chemicals., 
Endocr. Disruptors (Austin, Tex.). 3 
(2015) e1080788. https://doi.org/10.108
0/23273747.2015.1080788.

[7] P. Balaguer, V. Delfosse, M. Grimaldi, 
W. Bourguet, Structural and functional 
evidences for the interactions between 
nuclear hormone receptors and endocrine 
disruptors at low doses, Comptes Rendus 
- Biol. 340 (2017) 414-420. https://doi.
org/10.1016/j.crvi.2017.08.002.

[8] P.D. Darbre, Endocrine Disruptors 
and Obesity., Curr. Obes. Rep. 6 

(2017) 18-27. https://doi.org/10.1007/
s13679-017-0240-4.

[9] R.W. Stahlhut, W. V Welshons, S.H. 
Swan, Bisphenol A data in NHANES 
suggest longer than expected half-life, 
substantial nonfood exposure, or both., 
Environ. Health Perspect. 117 (2009) 
784-789. https://doi.org/10.1289/
ehp.0800376.

[10] A.M. Calafat, X. Ye, L.-Y. Wong, 
J.A. Reidy, L.L. Needham, Exposure of 
the US population to bisphenol A and 
4-tertiary-octylphenol: 2003-2004., 
Environ. Health Perspect. 116 (2008) 
39-44. https://doi.org/10.1289/ehp.10753.

[11] C. Casals-Casas, B. Desvergne, 
Endocrine disruptors: from 
endocrine to metabolic disruption., 
Annu. Rev. Physiol. 73 (2011) 
135-162. https://doi.org/10.1146/
annurev-physiol-012110-142200.

[12] F. Grün, B. Blumberg, Perturbed 
nuclear receptor signaling by 
environmental obesogens as emerging 
factors in the obesity crisis., Rev. Endocr. 
Metab. Disord. 8 (2007) 161-171. https://
doi.org/10.1007/s11154-007-9049-x.

[13] A. Janesick, B. Blumberg, 
Minireview: PPARγ as the target of 
obesogens., J. Steroid Biochem. Mol. 
Biol. 127 (2011) 4-8. https://doi.
org/10.1016/j.jsbmb.2011.01.005.

[14] M. Chandra, S. Miriyala, M. 
Panchatcharam, PPARγ and Its Role 
in Cardiovascular Diseases., PPAR 
Res. 2017 (2017) 6404638. https://doi.
org/10.1155/2017/6404638.

[15] R.T. Zoeller, Environmental 
chemicals impacting the thyroid: 
targets and consequences., Thyroid. 17 
(2007) 811-817. https://doi.org/10.1089/
thy.2007.0107.

[16] M. Boas, K.M. Main, U. Feldt-
Rasmussen, Environmental chemicals 

References



57

Environmental Obesogens and Human Health
DOI: http://dx.doi.org/10.5772/intechopen.96730

and thyroid function: an update., Curr. 
Opin. Endocrinol. Diabetes. Obes. 16 
(2009) 385-391. https://doi.org/10.1097/
MED.0b013e3283305af7.

[17] WHO, WHO report, (n.d.). https://
www.who.int/news-room/fact-sheets/
detail/obesity-and-overweight.

[18] CDC, About adult BMI, (2017). 
https://www.cdc.gov/healthyweight/
assessing/bmi/adult_bmi/index.html.

[19] S. Wan Siang Cheong, Gen Re, 
Overweight and Obesity in Asia, 
Underwrit. Focus. (2014).

[20] J.J. Heindel, B. Blumberg, 
Environmental Obesogens: Mechanisms 
and Controversies., Annu. Rev. 
Pharmacol. Toxicol. 59 (2019) 
89-106. https://doi.org/10.1146/
annurev-pharmtox-010818-021304.

[21] L.N. Vandenberg, T. Colborn, 
T.B. Hayes, J.J. Heindel, D.R.J. Jacobs, 
D.-H. Lee, T. Shioda, A.M. Soto, F.S. 
vom Saal, W. V Welshons, R.T. Zoeller, 
J.P. Myers, Hormones and endocrine-
disrupting chemicals: low-dose effects 
and nonmonotonic dose responses., 
Endocr. Rev. 33 (2012) 378-455. https://
doi.org/10.1210/er.2011-1050.

[22] P.M. Schlosser, Inhalation Exposure 
and Absorption of Toxicants, Compr. 
Toxicol. (2010) 75.

[23] H. Cumming, C. Rücker, Octanol-
Water Partition Coefficient Measurement 
by a Simple (1)H NMR Method., ACS 
Omega. 2 (2017) 6244-6249. https://doi.
org/10.1021/acsomega.7b01102.

[24] E. Jackson, R. Shoemaker, N. Larian, 
L. Cassis, Adipose Tissue as a Site of 
Toxin Accumulation, Compr. Physiol. 
(2017) 1085-1135. https://doi.org/https://
doi.org/10.1002/cphy.c160038.

[25] Y.-M. Lee, K.-S. Kim, D.R.J. Jacobs, 
D.-H. Lee, Persistent organic pollutants 
in adipose tissue should be considered in 

obesity research., Obes. Rev. an Off. J. Int. 
Assoc. Study Obes. 18 (2017) 129-139. 
https://doi.org/10.1111/obr.12481.

[26] H. Choudhury, T. Harvey, W.C. 
Thayer, T.F. Lockwood, W.M. Stiteler, 
P.E. Goodrum, J.M. Hassett, G.L. 
Diamond, Urinary cadmium elimination 
as a biomarker of exposure for 
evaluating a cadmium dietary exposure-
-biokinetics model., J. Toxicol. Environ. 
Health. A. 63 (2001) 321-350. https://
doi.org/10.1080/15287390152103643.

[27] J. Oh, J.W. Choi, Y.-A. Ahn, S. 
Kim, Pharmacokinetics of bisphenol 
S in humans after single oral 
administration., Environ. Int. 112 
(2018) 127-133. https://doi.org/10.1016/j.
envint.2017.11.020.

[28] H. Liu, S. Tang, X. Zheng, Y. 
Zhu, Z. Ma, C. Liu, M. Hecker, DM V 
Saunders, J.P. Giesy, X. Zhang, H. Yu, 
Bioaccumulation, biotransformation, 
and toxicity of BDE-47, 6-OH-BDE-47, 
and 6-MeO-BDE-47 in early life-stages 
of zebrafish (Danio rerio)., Environ. Sci. 
Technol. 49 (2015) 1823-1833. https://
doi.org/10.1021/es503833q.

[29] D.F. Staskal, J.J. Diliberto, M.J. 
DeVito, L.S. Birnbaum, Toxicokinetics 
of BDE 47 in female mice: effect of dose, 
route of exposure, and time., Toxicol. 
Sci. 83 (2005) 215-223. https://doi.
org/10.1093/toxsci/kfi018.

[30] M.O. Milbrath, Y. Wenger, C.-W. 
Chang, C. Emond, D. Garabrant, B.W. 
Gillespie, O. Jolliet, Apparent half-lives 
of dioxins, furans, and polychlorinated 
biphenyls as a function of age, body fat, 
smoking status, and breast-feeding., 
Environ. Health Perspect. 117 (2009) 
417-425. https://doi.org/10.1289/
ehp.11781.

[31] PubChem, https://pubchem.
ncbi.nlm.nih.gov/compound/Bis_2-
ethylhexyl_-phthalate, (n.d.). https://
pubchem.ncbi.nlm.nih.gov/compound/
Bis_2-ethylhexyl_-phthalate.



Hot Topics in Endocrinology and Metabolism

58

[32] L. Magos, W. J. Hayes, Jr. and E. 
R. Laws, Jr. Handbook of pesticide 
toxicology volume 1: General principles; 
Volumes 2 and 3: Classes of pesticides. 
Academic Press, San Diego, 1991. 
1576 pp., $395.00, J. Appl. Toxicol. 12 
(1992) 75-76. https://doi.org/https://doi.
org/10.1002/jat.2550120118.

[33] T. Woodruff, M.S. Wolff, D.L. 
Davis, D. Hayward, Organochlorine 
exposure estimation in the study of 
cancer etiology., Environ. Res. 65 
(1994) 132-144. https://doi.org/10.1006/
enrs.1994.1026.

[34] European Commission, 2005.

[35] International Programme on 
Chemical Safety as accessed on 8 Feb, 
2021, (n.d.). http://www.inchem.org/
documents/pims/chemical/pimg018.htm.

[36] USD of H. And, H. Services, 
PH Service, A. for T. Substances, 
and D. Registry, ToxGuideTM for 
Atrazine, 2003.

[37] C.E. Reed, S.E. Fenton, Exposure 
to diethylstilbestrol during sensitive 
life stages: a legacy of heritable health 
effects., Birth Defects Res. C. Embryo 
Today. 99 (2013) 134-146. https://doi.
org/10.1002/bdrc.21035.

[38] International Programme on 
Chemical Safety as accessed on 8 Feb, 
2021, (n.d.). http://www.inchem.org/
documents/pims/chemical/nicotine.htm.

[39] P. Tontonoz, B.M. Spiegelman, 
Fat and beyond: the diverse biology of 
PPARgamma., Annu. Rev. Biochem. 77 
(2008) 289-312. https://doi.org/10.1146/
annurev.biochem.77.061307.091829.

[40] F. Grün, H. Watanabe, Z. 
Zamanian, L. Maeda, K. Arima, R. 
Cubacha, D.M. Gardiner, J. Kanno, 
T. Iguchi, B. Blumberg, Endocrine-
disrupting organotin compounds are 
potent inducers of adipogenesis in 
vertebrates., Mol. Endocrinol. 20 (2006) 

2141-2155. https://doi.org/10.1210/
me.2005-0367.

[41] A. le Maire, M. Grimaldi, D. 
Roecklin, S. Dagnino, V. Vivat-Hannah, 
P. Balaguer, W. Bourguet, Activation of 
RXR-PPAR heterodimers by organotin 
environmental endocrine disruptors., 
EMBO Rep. 10 (2009) 367-373. https://
doi.org/10.1038/embor.2009.8.

[42] L. Yin, K.S. Yu, K. Lu, X. Yu, Benzyl 
butyl phthalate promotes adipogenesis 
in 3T3-L1 preadipocytes: A High Content 
Cellomics and metabolomic analysis., 
Toxicol. In Vitro. 32 (2016) 297-309. 
https://doi.org/10.1016/j.tiv.2016.01.010.

[43] S. Kirchner, T. Kieu, C. Chow, S. 
Casey, B. Blumberg, Prenatal exposure 
to the environmental obesogen 
tributyltin predisposes multipotent 
stem cells to become adipocytes., Mol. 
Endocrinol. 24 (2010) 526-539. https://
doi.org/10.1210/me.2009-0261.

[44] X. Li, J. Ycaza, B. Blumberg, The 
environmental obesogen tributyltin 
chloride acts via peroxisome proliferator 
activated receptor gamma to induce 
adipogenesis in murine 3T3-L1 
preadipocytes., J. Steroid Biochem. 
Mol. Biol. 127 (2011) 9-15. https://doi.
org/10.1016/j.jsbmb.2011.03.012.

[45] H. Masuno, T. Kidani, K. Sekiya, K. 
Sakayama, T. Shiosaka, H. Yamamoto, K. 
Honda, Bisphenol A in combination with 
insulin can accelerate the conversion of 
3T3-L1 fibroblasts to adipocytes., J. Lipid 
Res. 43 (2002) 676-684.

[46] M. Penza, C. Montani, A. Romani, 
P. Vignolini, B. Pampaloni, A. Tanini, 
M.L. Brandi, P. Alonso-Magdalena, 
A. Nadal, L. Ottobrini, O. Parolini, 
E. Bignotti, S. Calza, A. Maggi, P.G. 
Grigolato, D. Di Lorenzo, Genistein 
affects adipose tissue deposition in a 
dose-dependent and gender-specific 
manner., Endocrinology. 147 (2006) 
5740-5751. https://doi.org/10.1210/
en.2006-0365.



59

Environmental Obesogens and Human Health
DOI: http://dx.doi.org/10.5772/intechopen.96730

[47] S.A. Whitehead, S. Rice, Endocrine-
disrupting chemicals as modulators 
of sex steroid synthesis., Best Pract. 
Res. Clin. Endocrinol. Metab. 20 
(2006) 45-61. https://doi.org/10.1016/j.
beem.2005.09.003.

[48] G. Williams, Aromatase 
up-regulation, insulin and raised 
intracellular oestrogens in men, induce 
adiposity, metabolic syndrome and 
prostate disease, via aberrant ER-α and 
GPER signalling., Mol. Cell. Endocrinol. 
351 (2012) 269-278. https://doi.
org/10.1016/j.mce.2011.12.017.

[49] BM. Shoucri, B. Blumberg, Impact 
of Environmental Obesogens, Child. 
Obes. (2016) 219-234. https://doi.
org/10.1201/9781315370958-21.

[50] S. Ho, W. Tang, Techniques used 
in studies of epigenome dysregulation 
due to aberrant DNA methylation: 
an emphasis on fetal-based adult 
diseases., Reprod. Toxicol. 23 (2007) 
267-282. https://doi.org/10.1016/j.
reprotox.2007.01.004.

[51] T.T. Schug, A. Janesick, B. Blumberg, 
J.J. Heindel, Endocrine disrupting 
chemicals and disease susceptibility, J. 
Steroid Biochem. Mol. Biol. 127 (2011) 
204-215. https://doi.org/10.1016/j.
jsbmb.2011.08.007.

[52] A. Nadal, I. Quesada, E. Tudurí, 
R. Nogueiras, P. Alonso-Magdalena, 
Endocrine-disrupting chemicals and the 
regulation of energy balance, Nat. Rev. 
Endocrinol. 13 (2017) 536-546. https://
doi.org/10.1038/nrendo.2017.51.

[53] M.K. Lee, B. Blumberg, Trans-
generational effects of obesogens, Basic 
Clin. Pharmacol. Toxicol. 125 (2019) 
44-57. https://doi.org/https://doi.
org/10.1111/bcpt.13214.

[54] P.J. Turnbaugh, F. Bäckhed, L. 
Fulton, J.I. Gordon, Diet-induced 
obesity is linked to marked but 
reversible alterations in the mouse 

distal gut microbiome., Cell Host 
Microbe. 3 (2008) 213-223. https://doi.
org/10.1016/j.chom.2008.02.015.

[55] P.J. Turnbaugh, R.E. Ley, M.A. 
Mahowald, V. Magrini, E.R. Mardis, 
J.I. Gordon, An obesity-associated gut 
microbiome with increased capacity for 
energy harvest., Nature. 444 (2006) 
1027-1031. https://doi.org/10.1038/
nature05414.

[56] A. Vrieze, E. Van Nood, F. Holleman, 
J. Salojärvi, R.S. Kootte, J.F.W.M. 
Bartelsman, G.M. Dallinga-Thie, M.T. 
Ackermans, M.J. Serlie, R. Oozeer, 
M. Derrien, A. Druesne, J.E.T. Van 
Hylckama Vlieg, V.W. Bloks, A.K. Groen, 
H.G.H.J. Heilig, E.G. Zoetendal, E.S. 
Stroes, W.M. de Vos, J.B.L. Hoekstra, 
M. Nieuwdorp, Transfer of intestinal 
microbiota from lean donors increases 
insulin sensitivity in individuals with 
metabolic syndrome., Gastroenterology. 
143 (2012) 913-6.e7. https://doi.
org/10.1053/j.gastro.2012.06.031.

[57] A.N. Buerger, D.T. Dillon, J. Schmidt, 
T. Yang, J. Zubcevic, C.J. Martyniuk, 
J.H.J. Bisesi, Gastrointestinal dysbiosis 
following diethylhexyl phthalate 
exposure in zebrafish (Danio rerio): 
Altered microbial diversity, functionality, 
and network connectivity., Environ. 
Pollut. 265 (2020) 114496. https://doi.
org/10.1016/j.envpol.2020.114496.

[58] J. Zhan, X. Ma, D. Liu, Y. Liang, 
P. Li, J. Cui, Z. Zhou, P. Wang, Gut 
microbiome alterations induced by 
tributyltin exposure are associated with 
increased body weight, impaired glucose 
and insulin homeostasis and endocrine 
disruption in mice., Environ. Pollut. 266 
(2020) 115276. https://doi.org/10.1016/j.
envpol.2020.115276.

[59] K.-P. Lai, Y.-T. Chung, R. Li, H.-T. 
Wan, C.K.-C. Wong, Bisphenol A 
alters gut microbiome: Comparative 
metagenomics analysis., Environ. 
Pollut. 218 (2016) 923-930. https://doi.
org/10.1016/j.envpol.2016.08.039.



Hot Topics in Endocrinology and Metabolism

60

[60] U.-H. Jin, S.-O. Lee, G. Sridharan, K. 
Lee, L.A. Davidson, A. Jayaraman, R.S. 
Chapkin, R. Alaniz, S. Safe, Microbiome-
derived tryptophan metabolites and their 
aryl hydrocarbon receptor-dependent 
agonist and antagonist activities., Mol. 
Pharmacol. 85 (2014) 777-788. https://
doi.org/10.1124/mol.113.091165.

[61] J. Ji, H. Qu, Cross-regulatory Circuit 
Between AHR and Microbiota., Curr. 
Drug Metab. 20 (2019) 4-8. https://
doi.org/10.2174/1389200219666180
129151150.

[62] B. Chassaing, O. Koren, J.K. 
Goodrich, A.C. Poole, S. Srinivasan, 
R.E. Ley, A.T. Gewirtz, Dietary 
emulsifiers impact the mouse gut 
microbiota promoting colitis and 
metabolic syndrome., Nature. 519 
(2015) 92-96. https://doi.org/10.1038/
nature14232.

[63] A. Mahapatra, P. Gupta, R.K. Singh, 
An Overview of Sars-Cov-2 Features, 
Replication, Pathophysiology and 
Therapeutic Approaches, COVID-19 
Pandemic Updat. 2020. (2020) 29-53. 
https://doi.org/10.26524/royal.37.3.

[64] Y. Cui, Z.-F. Zhang, J. Froines, J. 
Zhao, H. Wang, S.-Z. Yu, R. Detels, 
Air pollution and case fatality of 
SARS in the People’s Republic of 
China: an ecologic study., Environ. 
Health. 2 (2003) 15. https://doi.
org/10.1186/1476-069X-2-15.

[65] F. Nappi, L. Barrea, C. Di Somma, 
M.C. Savanelli, G. Muscogiuri, F. Orio, 
S. Savastano, Endocrine Aspects of 
Environmental “Obesogen” Pollutants., 
Int. J. Environ. Res. Public Health. 
13 (2016). https://doi.org/10.3390/
ijerph13080765.

[66] J.S. Kim, Z. Chen, T.L. Alderete, C. 
Toledo-Corral, F. Lurmann, K. Berhane, 
F.D. Gilliland, Associations of air 
pollution, obesity and cardiometabolic 
health in young adults: The Meta-
AIR study., Environ. Int. 133 (2019) 

105180. https://doi.org/10.1016/j.
envint.2019.105180.

[67] Z. Zheng, X. Xu, X. Zhang, A. 
Wang, C. Zhang, M. Hüttemann, L.I. 
Grossman, L.C. Chen, S. Rajagopalan, 
Q. Sun, K. Zhang, Exposure to ambient 
particulate matter induces a NASH-like 
phenotype and impairs hepatic glucose 
metabolism in an animal model., J. 
Hepatol. 58 (2013) 148-154. https://doi.
org/10.1016/j.jhep.2012.08.009.

[68] MD. Anway, A.S. Cupp, M. 
Uzumcu, M.K. Skinner, Epigenetic 
transgenerational actions of endocrine 
disruptors and male fertility., Science. 
308 (2005) 1466-1469. https://doi.
org/10.1126/science.1108190.

[69] R. Chamorro-García, M. Sahu, R.J. 
Abbey, J. Laude, N. Pham, B. Blumberg, 
Transgenerational inheritance of 
increased fat depot size, stem cell 
reprogramming, and hepatic steatosis 
elicited by prenatal exposure to the 
obesogen tributyltin in mice., Environ. 
Health Perspect. 121 (2013) 359-366. 
https://doi.org/10.1289/ehp.1205701.

[70] M. Manikkam, R. Tracey, C. 
Guerrero-Bosagna, M.K. Skinner, Plastics 
derived endocrine disruptors (BPA, 
DEHP and DBP) induce epigenetic 
transgenerational inheritance of 
obesity, reproductive disease and sperm 
epimutations., PLoS One. 8 (2013) 
e55387. https://doi.org/10.1371/journal.
pone.0055387.

[71] M. Manikkam, M.M. Haque, 
C. Guerrero-Bosagna, E.E. Nilsson, 
M.K. Skinner, Pesticide methoxychlor 
promotes the epigenetic transgenerational 
inheritance of adult-onset disease 
through the female germline., PLoS One. 
9 (2014) e102091. https://doi.org/10.1371/
journal.pone.0102091.

[72] R. Tracey, M. Manikkam, C. 
Guerrero-Bosagna, M.K. Skinner, 
Hydrocarbons (jet fuel JP-8) induce 
epigenetic transgenerational inheritance 



61

Environmental Obesogens and Human Health
DOI: http://dx.doi.org/10.5772/intechopen.96730

of obesity, reproductive disease 
and sperm epimutations., Reprod. 
Toxicol. 36 (2013) 104-116. https://doi.
org/10.1016/j.reprotox.2012.11.011.

[73] M.K. Skinner, M. Manikkam, 
R. Tracey, C. Guerrero-Bosagna, 
M. Haque, E.E. Nilsson, Ancestral 
dichlorodiphenyltrichloroethane 
(DDT) exposure promotes epigenetic 
transgenerational inheritance of obesity, 
BMC Med. 11 (2013) 228. https://doi.
org/10.1186/1741-7015-11-228.

[74] E. Whitelaw, Disputing Lamarckian 
epigenetic inheritance in mammals., 
Genome Biol. 16 (2015) 60. https://doi.
org/10.1186/s13059-015-0626-0.

[75] A.P. Starling, J.L. Adgate, R.F. 
Hamman, K. Kechris, A.M. Calafat, D. 
Dabelea, Prenatal exposure to per- and 
polyfluoroalkyl substances and infant 
growth and adiposity: the Healthy 
Start Study., Environ. Int. 131 (2019) 
104983. https://doi.org/10.1016/j.
envint.2019.104983.

[76] TI. Halldorsson, D. Rytter, L.S. 
Haug, B.H. Bech, I. Danielsen, G. 
Becher, T.B. Henriksen, S.F. Olsen, 
Prenatal exposure to perfluorooctanoate 
and risk of overweight at 20 years of age: 
a prospective cohort study., Environ. 
Health Perspect. 120 (2012) 668-673. 
https://doi.org/10.1289/ehp.1104034.

[77] J.M. Braun, A. Chen, ME Romano, 
A.M. Calafat, G.M. Webster, K. Yolton, 
B.P. Lanphear, Prenatal perfluoroalkyl 
substance exposure and child adiposity at 
8 years of age: The HOME study., Obesity 
(Silver Spring). 24 (2016) 231-237. 
https://doi.org/10.1002/oby.21258.

[78] T.J. Hartman, A.M. Calafat, A.K. 
Holmes, M. Marcus, K. Northstone, 
W.D. Flanders, K. Kato, E. V Taylor, 
Prenatal Exposure to Perfluoroalkyl 
Substances and Body Fatness in Girls., 
Child. Obes. 13 (2017) 222-230. https://
doi.org/10.1089/chi.2016.0126.

[79] A.M. Mora, E. Oken, S.L. Rifas-
Shiman, T.F. Webster, M.W. Gillman, 
A.M. Calafat, X. Ye, S.K. Sagiv, 
Prenatal Exposure to Perfluoroalkyl 
Substances and Adiposity in Early 
and Mid-Childhood., Environ. Health 
Perspect. 125 (2017) 467-473. https://doi.
org/10.1289/EHP246.

[80] P. Liu, F. Yang, Y. Wang, Z. Yuan, 
Perfluorooctanoic Acid (PFOA) 
Exposure in Early Life Increases Risk of 
Childhood Adiposity: A Meta-Analysis 
of Prospective Cohort Studies., Int. J. 
Environ. Res. Public Health. 15 (2018). 
https://doi.org/10.3390/ijerph15102070.

[81] J.P. Buckley, S.M. Engel, J.M. 
Braun, R.M. Whyatt, J.L. Daniels, M.A. 
Mendez, D.B. Richardson, Y. Xu, A.M. 
Calafat, M.S. Wolff, B.P. Lanphear, 
A.H. Herring, A.G. Rundle, Prenatal 
Phthalate Exposures and Body Mass 
Index Among 4- to 7-Year-old Children: 
A Pooled Analysis., Epidemiology. 27 
(2016) 449-458. https://doi.org/10.1097/
EDE.0000000000000436.

[82] D. Valvi, M. Casas, M.A. Mendez, 
A. Ballesteros-Gómez, N. Luque, S. 
Rubio, J. Sunyer, M. Vrijheid, Prenatal 
bisphenol a urine concentrations and 
early rapid growth and overweight 
risk in the offspring., Epidemiology. 24 
(2013) 791-799. https://doi.org/10.1097/
EDE.0b013e3182a67822.

[83] L.G. Kahn, C. Philippat, S.F. 
Nakayama, R. Slama, L. Trasande, 
Endocrine-disrupting chemicals: 
implications for human health., 
Lancet. Diabetes Endocrinol. 8 (2020) 
703-718. https://doi.org/10.1016/
S2213-8587(20)30129-7.

[84] B.E. Blake, S.M. Pinney, E.P. 
Hines, S.E. Fenton, K.K. Ferguson, 
Associations between longitudinal 
serum perfluoroalkyl substance 
(PFAS) levels and measures of thyroid 
hormone, kidney function, and body 
mass index in the Fernald Community 
Cohort., Environ. Pollut. 242 (2018) 



Hot Topics in Endocrinology and Metabolism

62

894-904. https://doi.org/10.1016/j.
envpol.2018.07.042.

[85] G. Liu, K. Dhana, J.D. Furtado, J. 
Rood, G. Zong, L. Liang, L. Qi, G.A. 
Bray, L. DeJonge, B. Coull, P. Grandjean, 
Q. Sun, Perfluoroalkyl substances and 
changes in body weight and resting 
metabolic rate in response to weight-
loss diets: A prospective study., PLoS 
Med. 15 (2018) e1002502. https://doi.
org/10.1371/journal.pmed.1002502.

[86] M. V Díaz Santana, S.E. Hankinson, 
C. Bigelow, S.R. Sturgeon, R.T. Zoeller, 
L. Tinker, J.A.E. Manson, A.M. 
Calafat, J.R. Meliker, K.W. Reeves, 
Urinary concentrations of phthalate 
biomarkers and weight change among 
postmenopausal women: a prospective 
cohort study., Environ. Health. 18 
(2019) 20. https://doi.org/10.1186/
s12940-019-0458-6.

[87] A. Pereira-Fernandes, C. Vanparys, 
T.L.M. Hectors, L. Vergauwen, D. 
Knapen, P.G. Jorens, R. Blust, Unraveling 
the mode of action of an obesogen: 
mechanistic analysis of the model 
obesogen tributyltin in the 3T3-L1 
cell line., Mol. Cell. Endocrinol. 370 
(2013) 52-64. https://doi.org/10.1016/j.
mce.2013.02.011.

[88] F. Ariemma, V. D’Esposito, D. 
Liguoro, F. Oriente, S. Cabaro, A. Liotti, 
I. Cimmino, M. Longo, F. Beguinot, 
P. Formisano, R. Valentino, Low-Dose 
Bisphenol-A Impairs Adipogenesis 
and Generates Dysfunctional 3T3-L1 
Adipocytes., PLoS One. 11 (2016) 
e0150762. https://doi.org/10.1371/
journal.pone.0150762.

[89] M.Á. Martínez, J. Blanco, J. Rovira, V. 
Kumar, J.L. Domingo, M. Schuhmacher, 
Bisphenol A analogues (BPS and BPF) 
present a greater obesogenic capacity in 
3T3-L1 cell line., Food Chem. Toxicol. an 
Int. J. Publ. Br. Ind. Biol. Res. Assoc. 140 
(2020) 111298. https://doi.org/10.1016/j.
fct.2020.111298.

[90] J.E. Davis, D. Hastings, Trans-
criptional Regulation of TCF/LEF and 
PPARγ by Daidzein and Genistein in 
3T3-L1 Preadipocytes., J. Med. Food. 21 
(2018) 761-768. https://doi.org/10.1089/
jmf.2017.0136.

[91] W. Qi, Q. Xu, Y. Xu, Z. Wang, L. 
Yang, S. Guo, Y. Shi, T. Zhao, L. Zhou, 
L. Ye, Effect of Notch pathway on lipid 
accumulation induced by mono-2-
ethylhexyl phthalate on 3T3-L1 cells., 
Ecotoxicol. Environ. Saf. 208 (2021) 
111472. https://doi.org/10.1016/j.
ecoenv.2020.111472.

[92] H. Masuno, S. Okamoto, J. Iwanami, 
K. Honda, T. Shiosaka, T. Kidani, K. 
Sakayama, H. Yamamoto, Effect of 
4-nonylphenol on cell proliferation and 
adipocyte formation in cultures of fully 
differentiated 3T3-L1 cells., Toxicol. 
Sci. 75 (2003) 314-320. https://doi.
org/10.1093/toxsci/kfg203.

[93] C.H. Hurst, D.J. Waxman, Activation 
of PPARalpha and PPARgamma by 
environmental phthalate monoesters., 
Toxicol. Sci. 74 (2003) 297-308. https://
doi.org/10.1093/toxsci/kfg145.

[94] A.M. Temkin, R.R. Bowers, M.E. 
Magaletta, S. Holshouser, A. Maggi, P. 
Ciana, L.J. Guillette, J.A. Bowden, J.R. 
Kucklick, J.E. Baatz, DD. Spyropoulos, 
Effects of Crude Oil/Dispersant 
Mixture and Dispersant Components 
on PPARγ Activity in Vitro and in 
Vivo: Identification of Dioctyl Sodium 
Sulfosuccinate (DOSS; CAS #577-11-
7) as a Probable Obesogen., Environ. 
Health Perspect. 124 (2016) 112-119. 
https://doi.org/10.1289/ehp.1409672.

[95] Z. Sun, H. Cao, Q.S. Liu, Y. 
Liang, H. Fiedler, J. Zhang, Q. Zhou, 
G. Jiang, 4-Hexylphenol influences 
adipogenic differentiation and hepatic 
lipid accumulation in vitro., Environ. 
Pollut. 268 (2021) 115635. https://doi.
org/10.1016/j.envpol.2020.115635.

[96] J.K. Hartman, T. Beames, B. Parks, 
D. Doheny, G. Song, A. Efremenko, 



63

Environmental Obesogens and Human Health
DOI: http://dx.doi.org/10.5772/intechopen.96730

M. Yoon, B. Foley, C. Deisenroth, 
P.D. McMullen, R.A. Clewell, An 
in vitro approach for prioritization 
and evaluation of chemical effects 
on glucocorticoid receptor mediated 
adipogenesis., Toxicol. Appl. Pharmacol. 
355 (2018) 112-126. https://doi.
org/10.1016/j.taap.2018.05.016.

[97] L. Ivry Del Moral, L. Le Corre, 
H. Poirier, I. Niot, T. Truntzer, J.-F. 
Merlin, P. Rouimi, P. Besnard, R. 
Rahmani, M.C. Chagnon, Obesogen 
effects after perinatal exposure of 
4,4′-sulfonyldiphenol (Bisphenol S) 
in C57BL/6 mice., Toxicology. 357-358 
(2016) 11-20. https://doi.org/10.1016/j.
tox.2016.05.023.

[98] R.Y. Wang, R.D. Abbott, A. 
Zieba, F.E. Borowsky, D.L. Kaplan, 
Development of a Three-Dimensional 
Adipose Tissue Model for Studying 
Embryonic Exposures to Obesogenic 
Chemicals., Ann. Biomed. Eng. 
45 (2017) 1807-1818. https://doi.
org/10.1007/s10439-016-1752-x.

[99] A. Brulport, D. Vaiman, M.-C. 
Chagnon, L. Le Corre, Obesogen effect 
of bisphenol S alters mRNA expression 
and DNA methylation profiling in 
male mouse liver., Chemosphere. 241 
(2020) 125092. https://doi.org/10.1016/j.
chemosphere.2019.125092.

[100] J. Watt, J.J. Schlezinger, Structurally-
diverse, PPARγ-activating environmental 
toxicants induce adipogenesis 
and suppress osteogenesis in bone 
marrow mesenchymal stromal cells., 
Toxicology. 331 (2015) 66-77. https://doi.
org/10.1016/j.tox.2015.03.006.

[101] Y. Yang, F. Sun, H. Chen, H. Tan, L. 
Yang, L. Zhang, J. Xie, J. Sun, X. Huang, 
Y. Huang, Postnatal exposure to DINP 
was associated with greater alterations 
of lipidomic markers for hepatic 
steatosis than DEHP in postweaning 
mice., Sci. Total Environ. 758 (2021) 
143631. https://doi.org/10.1016/j.
scitotenv.2020.143631.

[102] T.O. Owuor, M. Reid, L. Reschke, 
I. Hagemann, S. Greco, Z. Modi, K.H. 
Moley, Maternal obesogenic diet induces 
endometrial hyperplasia, an early 
hallmark of endometrial cancer, in a 
diethylstilbestrol mouse model., PLoS 
One. 13 (2018) e0186390. https://doi.
org/10.1371/journal.pone.0186390.

[103] J.F.P. de Araújo, P.L. Podratz, G.C. 
Sena, E. Merlo, L.C. Freitas-Lima, 
J.G.M. Ayub, A.F.Z. Pereira, A.P. Santos-
Silva, L. Miranda-Alves, I. V Silva, 
J.B. Graceli, The obesogen tributyltin 
induces abnormal ovarian adipogenesis 
in adult female rats., Toxicol. Lett. 295 
(2018) 99-114. https://doi.org/10.1016/j.
toxlet.2018.06.1068.

[104] A. Lyssimachou, J.G. Santos, A. 
André, J. Soares, D. Lima, L. Guimarães, 
C.M.R. Almeida, C. Teixeira, L.F.C. 
Castro, M.M. Santos, The Mammalian 
“Obesogen” Tributyltin Targets Hepatic 
Triglyceride Accumulation and the 
Transcriptional Regulation of Lipid 
Metabolism in the Liver and Brain 
of Zebrafish., PLoS One. 10 (2015) 
e0143911. https://doi.org/10.1371/journal.
pone.0143911.

[105] Z. Yu, J. Shen, Z. Li, J. Yao, W. 
Li, L. Xue, L.N. Vandenberg, D. Yin, 
Obesogenic Effect of Sulfamethoxazole 
on Drosophila melanogaster with 
Simultaneous Disturbances on Eclosion 
Rhythm, Glucolipid Metabolism, and 
Microbiota., Environ. Sci. Technol. 
54 (2020) 5667-5675. https://doi.
org/10.1021/acs.est.9b07889.





65

Chapter 4

Critical Analysis of Human 
Exposure to Bisphenol A and 
Its Novel Implications on Renal, 
Cardiovascular and Hypertensive 
Diseases
Rafael Moreno-Gómez-Toledano, María I. Arenas, 
Sandra Sánchez-Esteban, Alberto Cook, Marta Saura  
and Ricardo J. Bosch

Abstract

Bisphenol A (BPA), an endocrine disruptor involved in synthesizing numerous 
types of plastics, is detected in almost the entire population’s urine. The present 
work aims to estimate daily exposure to BPA by systematically reviewing all articles 
with original data related to urinary BPA concentration. This approach is based on 
human pharmacokinetic models, which have shown that 100% of BPA (free and 
metabolized form) is eliminated only in a few hours through urine. Several exten-
sive population studies and experimental data have recently proven a significant 
association between urinary excretion of BPA and albuminuria, associated with 
renal damage. Our team’s previous work has shown that low-dose BPA can promote 
a cytotoxic effect on renal mouse podocytes. Moreover, BPA administration in mice 
promotes kidney damage and hypertension. Furthermore, preliminary studies 
in human renal cells in culture (podocytes) strongly suggest that BPA might also 
promote kidney damage. Overall, the present review analyzed BPA exposure data 
from mammalian cell studies, experimental animal models, and several human 
populations. Studying principal cohorts calculated the exposures to BPA globally, 
showing a high BPA exposure suggesting the need to decrease BPA exposure more 
effectively, emphasizing groups with higher sensitivity as kidney disease patients.

Keywords: bisphenol A, systematic review, human, urine, estimated daily intake

1. Introduction: brief historical overview

Bisphenol A is the perfect example of the double edge of industrial develop-
ment. On the one hand, thanks to BPA, we have countless plastic objects with 
excellent physical properties at low prices; on the other hand, increasing exposure 
to this kind of xenobiotic compounds could be a severe health risk to the general 
population.
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BPA is a phenolic compound widely distributed due to its multiple uses as an 
additive and plasticizer in plastic polymers’ manufacture [1]. This compound can 
be found in various everyday items, such as food containers, toys, dental supplies, 
electronic devices, and even clothing [2–6].

The BPA problem presents a particular and curious situation: BPA is a compound 
whose properties as an estrogen modulator were already determined 84 years ago by 
medical researchers at the University of London [7], but its use increased substan-
tially last decades. The discoverer’s idea was to commercialize a compound that could 
treat female pathologies. Finally, they succeeded with Diethylstilbestrol, a substance 
with much greater potency than BPA, and was introduced in the 1940s [8].

It took about 50 years since the Russian chemist Dianin synthesized it in 1891 
[9, 10] until the BPA began to be used in the industrial manufacturing of epoxy 
resins. Still, due to its incredible versatility, BPA quickly achieved great importance 
in the American industry. In the mid-1970s, the BPA was considered a part, directly 
or indirectly, of all major US industries [8]. In parallel, Schnell’s contributions in 
1956 demonstrated BPA’s potential role in producing polycarbonates [11, 12]. Due 
to its unique combination of physical properties, this type of compound has had a 
significant impact on the world industry, as have epoxy resins. Today they are still 
used in numerous applications, such as in the automotive or LED sector [12]. In 
fact, there is a tendency to increase its consumption in the coming years, as can be 
seen in the Asian market, where there has been a substantial increase in the demand 
for polycarbonates in the last ten years [13]. It is expected to continue growing in 
the years to come, as observed in the American market [14].

2.  Novel role of BPA in renal, cardiovascular and hypertensive diseases; 
latest discoveries

2.1 BPA in the renal system

BPA is a compound widely studied for its estrogenic properties within the field 
of fertility and sexual organs. However, other organs, such as the kidney and liver, 
may have the highest exposure ranges. In the kidney’s case, BPA concentration 
has been positively correlated with a greater predisposition to kidney pathologies 
[15–17] or clinical signs associated with kidney diseases, such as increased albumin-
uria or decreased glomerular filtration rate [18–21].

Our group has worked on BPA’s possible action on the renal system in recent 
years, using different cell and animal models. The first steps were carried out on 
a renal cell line of immortalized mouse podocytes. It was possible to observe how 
the chronic treatment of BPA exerts a cytotoxic effect on the cells. The admin-
istration of 10 and 100 nM doses for nine days exerted loss of cell viability and 
increased apoptosis (as assessed by MTT and TUNEL, respectively). These effects 
were accompanied by an increase in the synthesis of molecules classically involved 
in the pathogenesis of glomerulosclerosis, such as the cyclin-dependent kinase 
inhibitor p27kip1, the TGF-β system, and collagen IV. Furthermore, in these cells, 
BPA reduced the synthesis of nephrin and podocin, proteins of the filtration slits 
involved in proteinuria and podocyte survival mechanisms. As would be expected 
from these in vitro results, the kidneys of animals treated with BPA developed 
hypertrophy, hyperfiltration, and proteinuria. Along with the increased renal 
expression of p27kip1, TGF-β, and collagen IV, mesangial expansion and a decrease 
in the number of podocytes due to apoptosis were also seen. Electron microscopy 
showed hypertrophy of podocytes and pedicles. It should be noted that even when 
animals treated with BPA did not develop hyperglycaemia, their kidneys showed 
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structural and functional changes similar to those that occur in the initial stages of 
diabetic nephropathy (DN) (Figure 1) [22, 23].

Secondly, the possible effects of BPA on an immortalized human podocyte cell 
line were explored. We observed that BPA promotes a novel type of podocytopathy 
characterized by an impairment of cell adhesion by altering adhesion and cytoskel-
eton proteins’ expression.

By using transcriptomics, proteomics, western-blot, and immunocytochem-
istry, it was possible to determine that BPA at low doses promotes a reduction 
in the expression of numerous structural or adhesion proteins, such as tubulin, 
vimentin, podocin, cofilin-1, vinculin, E-cadherin, nephrin, and VCAM-1, as well 
as an increase in the expression of proteins that negatively participate in adhesion 
mechanisms, such as Tenascin-C [24].

Since podocytes do not replicate in adults, the resulting podocytopenia after the 
urinary loss of podocytes might promote glomerulosclerosis. Collectively all available 
data suggest that BPA could participate in the pathogenesis and progression of renal 
diseases. It is essential to mention that these experimental results are supported by 
epidemiological studies conducted in the populations of New York [25], Shanghai [19], 

Figure 1. 
Notable evidence from cell and animal models. A) TUNEL technique performed in mouse podocytes. Note the 
significant increase in the number of apoptotic cells in the cells treated with BPA. B) Hypertensive effect of 
BPA administered to animals in drinking water. C) Reduction in the number of glomerular podocytes (labelled 
with WT-1) of the mice treated with intraperitoneal (IP) BPA. D) Increased number of apoptotic kidney cells 
(TUNEL) of mice treated with IP BPA. E) Adhesion assay in human podocytes. A reduction of up to 50% was 
observed in cells treated with BPA. F) Podocin immunocytochemistry in human podocytes. A significant loss of 
labelling is evidenced in cells treated with BPA. * or @ means p-value < 0,05; ** or @@ means p < 0,01; *** or 
@@@ means p < 0,001; **** or @@@@ means p < 0,0001. Figure made with our own results published in the 
Journal of Cellular Physiology [22], FASEB Journal [27] and Scientific Reports [24].
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and Seoul [26], which describe an association between human exposure to BPA and an 
increase in proteinuria and hypertension.

2.2 BPA in the cardiovascular system

Further studies demonstrated that animals treated with BPA developed arterial 
hypertension and endothelial dysfunction in a dose-dependent manner (Figure 1). 
Microarray analysis of gene expression in murine endothelial cells treated with BPA 
demonstrated the activation of genes involved in vascular regulation, such as angio-
tensin II and calcium-calmodulin kinase II (CaMKII). This event was subsequently 
observed in vivo as well. The activation is responsible for the endothelial dysfunc-
tion and hypertension induced by BPA, given that CaMKII activation promotes the 
enzymatic uncoupling of endothelial nitric oxide synthase. This phenomenon leads 
to oxygen free radicals’ production instead of nitric oxide, a primary vasodilator, 
and endothelial protector. Moreover, this increased production of oxygen free radi-
cals indicates that BPA, and inducing hypertension, could participate in vascular 
damage mechanisms and atherosclerotic lesions’ progression [23, 27]. Besides, 
recent data demonstrated the cardiotoxic effect of BPA by a mechanism that 
involved activation of the RIP 3-CamKII necroptotic pathway leading to endothelial 
cell death. Decreased endothelial barrier function and weakening of the coronary 
vascular wall in the setting of hypertension may cause ventricular hemorrhages, 
cardiac and lung congestion, which ultimately led to heart failure [28].

3.  BPA exposure in the general population. Identification of groups with 
higher exposure

3.1 Pharmacokinetics of BPA

The heterogeneous distribution of BPA results in the ability to enter the body 
in multiple ways. The main entry route is considered oral, through the ingestion 
of food or beverages containing BPA [29, 30]. However, there are other routes like 
inhalation (air or dust) [31–34], dermal (cosmetics, thermal tickets) [35–37], and it 
has even been hypothesized with the ocular [38] and sublingual routes [35, 39]. It is 
estimated that between 85 and 100% of the BPA ingested can be absorbed through 
the intestine. Thanks to its capacity to cross biological barriers, it has been observed 
that BPA has the potential to distribute itself through any fluid and biological tis-
sue, even crossing the transplacental or blood–brain barrier [29, 40, 41]. In the case 
of the dermal route, it has been determined that the ability of BPA to enter the body 
is lower, with percentages less than 10% [42, 43]. For its part, the sublingual route 
(of great importance in the elements used in dentistry) seems that it could become 
more efficient than the intestinal entry [39].

BPA’s metabolism is marked by phase II reactions, biochemical mechanisms 
capable of modifying its structure to facilitate its excretion [44]. BPA is metabo-
lized towards glucuronidation or sulfonation in the intestine and the liver  
[41, 45, 46], but the metabolic capacity can be seriously reduced in diseases such 
as obesity or diabetes [47]. Glucuronidation is the majority reaction, mediated 
by uridine diphosphate glucuronosyltransferase (UGT) [44, 48]. It has also been 
suggested that a part of the BPA that reaches the intestine could be degraded to 
p-cresol by the intestinal microbiota, thus generating uremic toxins [49]. Another 
possible route studied has been hydroxylation to catechol, followed by a trans-
formation to o-quinone. This route, like the previous one, can generate toxicity 
associated with oxidative stress [50].
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Pharmacokinetic studies in rodents have determined that BPA is excreted in 
urine and feces [29, 51, 52]. It has been observed that BPA is excreted exclusively 
through the urine in non-human primates and humans [41, 53, 54]. This phenom-
enon makes it much easier to make a rough estimate of the degree of exposure by 
BPA’s urinary quantification. The inter-species differences observed are attributed 
to a possible higher enterohepatic recirculation in rodents [29, 51, 52]. However, 
there is evidence that contradicts this hypothesis [55].

3.2 Calculation of BPA exposure in the general population

As mentioned above, thanks to pharmacokinetic studies in humans [41, 53, 54], 
it is accepted that 100% of BPA is eliminated via the urinary tract, which can be 
used to determine the degree of daily exposure to this compound quickly. For this 
reason, we proceed to evaluate the question of the degree of global exposure through 
a systematic review of principal cohorts in the world. To estimate human exposure 
to BPA, we first collected data published by one of the world’s largest cohorts: the 
National Health and Nutrition Examination Survey (NHANES). NHANES is a 
survey research program conducted by the US National Center for Health Statistics 
(NCHS), with more than 72,000 patients studied between 2003 and 2016 [56].

After extracting all the data and unifying them, 18,244 urinary BPA concentra-
tions were obtained. A non-parametric distribution was obtained after performing 

Continent N Population group (cohort / city) GM

America 18,244 General population [Own study*] 1.77

Asia 6,003 General Population (KoNEHS) [57] 1.13

America 5,476 General Population (CHMS) [58] 1.6

Asia 3,455 General Population (Shanghai) [19] 0.82

Asia 2,535 Pregnant (Wuhan) [59] 0.9

America 2,477 General Population (Ex-R study) [60] 1.96

America 2,318 General Population (HOPE) [61] 2.52

Asia 2,044 General Population (KRIEFS) [62] 1.83

Europe 1,996 Pregnant (SELMA) [63] 1.53

America 1,933 Pregnant (MIREC) [64] 0.9

America 1,868 Pregnant (PROTECT) [65] 2.02

Europe 1,764 Pregnant (Elfe) [66] 0.69

Asia 1,625 General Population (KEEP) [67] 0.71

America 1,543 Pregnant (LifeCodes) [68] 1.18

Europe 1,396 Pregnant (Generation R) [69] 1.68

Europe 1,146 General Population (DESIR) [70] 1.78

Europe 1,084 Pregnant (HELIX) [71] 3.38

Oceania 420 General Population (Brisbane) [72] 2.61

Africa 210 General Population (Giza) [73] 0.68

Note that two results have been included with a reduced sample size to include Oceania and Africa. Meaning of 
abbreviations: K, kids; A, adults; GM, geometric mean (or corrected median).
*Own study corresponds with NHANES 2003 – 2016 cohort.

Table 1. 
Representative data from the main cohorts in the world.
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the normality tests, for which the geometric mean (GM) was calculated, obtaining 
a result of 1.77 ng/ml. A systematic review of urinary BPA was then carried out to 
select from among all the publications with the most representative cohorts from 
each continent and the largest number of people. Using the keywords: Bisphenol 
AND (urine OR urinary) in the reference search engines Pubmed and Web of 
Science, a total of 999 and 2,025 results were obtained, respectively. Once the 
duplicates were eliminated, a total of 2,414 publications remained. After screening 
by title/abstract, a total of 756 publications were selected. Finally, after reading 
in-depth, 447 articles were selected whose pages describe urinary concentrations 
of BPA in some population groups, either general or specific, such as patients 
with various pathologies, pregnant women, the elderly, or workers subjected to 
occupational exposure. All data from the 447 academic articles were collected and 
analyzed carefully. According to the country, population group, and sample size, 
the primary world cohorts were selected from all of them, obtaining 16 cohorts 
whose sample sizes exceed 1000 individuals from America, Asia, and Europe 
(Table 1). A result of Oceania and another from Australia was also included due to 
representability. All of them expressed the concentration of BPA in ng/ml except 
one of them, which expressed it in μg per gram of creatinine (μg/g creat.) [71]. 
Therefore, it was modified by calculating the average creatinine concentration in 
adults using the NHANES cohort’s data and the other two major cohorts, KoNEHS 
and CHMS [74, 75].

We consider that in the study of urinary BPA, where the results follow non-
parametric distributions, the values that should be analyzed would correspond 
to the GM or the median. To determine if both values can be unified, they were 
examined using linear regression, observing that they were always in the same 
range, and the variation between them was relatively small. The equation of a line 
was Y = 0.9855 * X, and R2 = 0.9919. For this reason, the decision was reached to 

Country N Population GM Units nM

Iran
China
China
USA

132
74
72
525

Gen.Pop. [76]
Oc.Exp. [77]
Oc.Exp. [78]
Oc.Exp. [79]

232.6
199.13
158.41

107

ng/ml
μg/g creat.
μg/g creat.

ng/ml

1,018.88
872.27
693.9
468.7

Country N Population Median Units nM

China
China
USA
China

72
74
525
198

Oc.Exp. [78]
Oc.Exp. [77]
Oc.Exp. [79]
Oc.Exp. [80]

238.78
180.59

108
84.6

μg/g creat.
μg/g creat.

ng/ml
μg/g creat.

1,045.95
791.06
473.08
370.58

Country N Population P95 Units nM

China
USA
France
Belgium

74
112
254
72

Oc.Exp. [77]
Pregnant [81]
Pregnant [82]

ICU patients [83]

23,979.51
250.06
115.4
113.7

μg/g creat.
ng/ml
ng/ml
ng/ml

105,039.69
1,095.36

505.5
498.05

Country N Population MAX Units nM

China
USA
China
France

74
525
28

390

Oc.Exp. [77]
Oc.Exp. [79]
Oc.Exp. [84]
Oc.Exp. [85]

264,219.38
32,900

1,934.85
1,915

μg/g creat.
ng/ml
ng/ml
ng/ml

1,157,384.82
144,114.94

8,475.4
8,388.45

Meaning of abbreviations: Gen.Pop., General population; Oc.Exp., Occupational Exposure.

Table 2. 
Higher urinary BPA values determined according to the geometric mean (GM), median, 95th percentile (P95), 
or maximum value (MAX).
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use the GM, preferably, but if it was not recorded, use the median corrected with 
the equation obtained.

Next, the urinary BPA was averaged, considering each cohort’s sample size, 
obtaining a final result of 1.55 ng/ml (with a sample size of 57,537 individuals). 
Once the average concentration determined in the general population’s urine has 
been established, the next step will be carried out on the highest values found in the 
systematic review to determine interest groups to study BPA exposure.

As reflected in Table 2, it is clear that workers subjected to occupational expo-
sure are the ones who are likely to find a more significant entry of BPA into their 
bodies. The highest values observed, both of the median and the maximum value 
(MAX), correspond entirely to people subjected to occupational exposure, such as 
workers in the plastics industry. The highest GM value stands out, as it corresponds 
to the general Iranian population. An in-depth study would be necessary to be 
able to discern the problem that underlies this study area. Interestingly, unusually 
high 95th percentile values can also be seen in pregnant women and intensive care 
patients. It is likely that consumable medical supplies, such as catheters or hemodia-
lyzers, could increase BPA exposure due to their plastic composition. Bearing this in 
mind, and in keeping with the discoveries described in basic research, the study and 
analysis of BPA exposure in patients undergoing hemodialysis is crucial.

4. Systematic review of BPA exposure in hemodialysis patients

After describing the latest advances in the BPA-kidney paradigm investigation, 
the need to include kidney patients as a group of special vulnerability to exposure 
to BPA is evident. Thereof, there is a point of convergence in the final stages within 
the different pathologies or stages: the need for dialysis due to the kidney’s reduced 
functionality. Interestingly, there is evidence that the use of surgical medical equip-
ment can increase exposure to compounds such as BPA due to the composition of its 
materials. Therefore, we will analyze the urinary concentration of BPA in patients 
undergoing hemodialysis procedures to estimate the daily exposure to which they 
are subjected. The systematic review methodology was used again, using the 
keywords: bisphenol AND (dialysis OR hemodialyzer OR hemodiafiltration OR 
hemodialysis OR dialyzer).

Thirty-eight results were obtained in Pubmed and 50 in Web of Science. After 
eliminating duplicates, a total of 66 documents were obtained. Once the first 
screening by title/abstract was done to look for BPA concentrations in patients 
undergoing hemodialysis, a total of 20 publications were accepted. After carefully 
studying the text, ten publications were selected1. Of these, only 1 quantifies the 
urinary BPA concentration in dialysis patients [87] and 9 in serum [15, 86–94].

The publication by Schöringhumer et al., which quantifies urinary BPA, obtains 
concentrations between 0.4 and 2.6 ng/ml within the same range as the general 
population [87], equivalent to 1.75–11.39 nM. In general terms, low exposure would 
be considered. Still, considering the in vitro model results and the patient’s pathol-
ogy, it could pose an added risk for kidney disease evolution. In the case of publica-
tions that study BPA in serum, some show values similar to those observed in the 
general population’s urine. Among them, we can find the publications of Kanno et al.  
(5.3 ± 0.3 ng/ml), Murakami et al. (values between 1.48 ± 1.41 and 6.62 ± 3.09), 
Sajiki et al. (values between 0.179 ± 0.263 and 0.642 ± 1.443), Shen et al. (1.01) or 
Turgut et al. (5.57 ± 1.2) [88, 90, 92–94]. Higher values have the publications of 
Quiroga et al. (high flux hemodialysis: 7.5 ± 3.5; online hemodiafiltration: 6.7 ± 2.5) 

1 Those publications without relevant data, reviews, and conference communications were discarded.
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and Krieter et al. (10 ± 6.6) [15, 91]. Finally, Bosch-Panadero et al. and Mas et al. 
describe serum BPA values in patients undergoing conventional dialysis that range 
from 52.73 ± 60.6 to 163.03 ± 155.84. Also, they quantify serum BPA concentrations 
in patients undergoing online hemodiafiltration from 8.79 ± 7.97 to 23.42 ± 20.38) 
[86, 89]. These high values would be equivalent to 230.98–714.14 nM in the case of 
conventional dialysis and 38.50–102.59 nM in online hemodiafiltration.

5. Systematic review of occupational exposure to BPA

The alarming data described in the previous pages denote the need to study 
occupational exposure. To this end, we proceeded to use two academic reference 
search engines, Pubmed and Web of Science, using the following keywords: 
Bisphenol AND (workers OR occupational exposure OR exposure workplace), 
obtaining a total of 658 publications (once repeated results were eliminated). Of 
all of them, 25 publications were adapted to the search. Only publications with 
urinary BPA (or blood) concentrations were selected in workers with high expo-
sure or themselves before and after their work shift. Of the 25 studies selected for 
their affinity with the topic of interest, we can distinguish three subgroups: In the 
first (G1)2, BPA concentrations can be observed well above the average, and with 
significant differences between the study groups. In the second group (G2)3, there 
are concentrations higher than the mean in a range closer to it, while in the third 
group (G3), the range of concentrations is within the range of values of the general 
population.

5.1 G1: extremely high BPA concentrations

From a quantitative perspective, within G1, the most interesting publication 
is Liu et al. [95]. It compares BPA concentrations in people with potential occu-
pational exposure versus controls, obtaining substantially different values. The 
median values (interquartile range, IR) between exposed workers vs. controls are 
685.9 (43.7–3671.8) vs. 4.2 (0–15.9) μg/g creat. Other equally interesting values are 
Tian et al. [78] and Song et al. [77]. Firstly, they determine geometric mean (GM) 
values (standard deviation, SD) between exposed subjects vs. control of 158.41 
(17.92) vs. 0.84 (6.53) μg/g creat., reaching in the second publication, the values 
of 199.13 (19.65) vs. 0.77 (6.33) μg/g creat. Song et al.’s publication determine the 
highest maximum urinary BPA concentration, reaching the value of 264,219.38 μg/g 
creat., (264.22 mg/g creat.).

The next publications to consider are two by Hines et al. [79, 96], where they 
study exposure to BPA in different factories before and after the work shift. In 
them, essential differences can be appreciated, showing, to cite an example of each 
article, a GM (SD) in pre-shift vs. post-shift of 6.2 (4.3) vs. 130 (10) μg/sample or 
26.6 (5.74) vs. 178 (6.2) μg/g creat. These groups show arithmetic mean (SD) values 
of 15 (22) vs. 2300 (5800) μg/sample and 115 (252) vs. 812 (2330) μg/g creat. The 
maximum BPA value is also very striking, reaching 32,900 ng/ml. We will continue 
with the study of publications with high BPA values, Xiao et al. [97], and the two 
publications by Li et al. [98, 99]. They show differences between exposed workers 
vs. control, showing medians of 101.94 vs. 0 ng/ml of serum in the first case and 

2 All those publications with geometric means or medians greater than 50 (ng/ml, μg/g creat., μg/urine 
sample, or ng/ml of plasma) have been selected.
3 We have selected those publications with values of geometric means/medians lower than 50 and higher 
than 8 (at least four times above the global mean).
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57.9 vs. 1.2 and 53.7 vs. 1.2 μg/g in the other two. Finally, it is important to mention 
the works of He et al. [80] and Wang et al. [84]. In the first, they find pre-shift vs. 
post-shift differences of 84.6 vs. 111 μg/g creat. (median) and 4630 vs. 5400 μg/g 
creat. (AM). In the second publication, they quantify urinary BPA concentrations 
in workers of an epoxy resin factory, with a GM (SD) of 55.73 (5.48) and a maxi-
mum value of 1934.85 ng/ml.

5.2 G2: elevated BPA concentrations

Within G2, where the concentrations are not so high, articles such as those by Li 
et al. [100] or Miao et al. [101, 102]. In them, differences between exposed vs. con-
trol are determined, observing medians (IR) of 38.7 (6.3–354.3) vs. 1.4 (0.0–17.9) 
μg/g creat. in the first case, AM (SD) of 36.23 (7.69) vs. 1.38 (6.89) μg/g creat. in the 
second, and GM (95% confidence interval, CI) of 22.2 (12.4–39.8) vs. 0.9 (0.7–1.1) 
μg/g creat. in the latter. The same pattern can be observed in the work of Ndaw et al.  
[85], where higher values are observed in cashiers exposed to thermal tickets vs. 
controls, determining a GM (SD) of 8.58 (2.83) vs. 3.52 (2.35). For their part, 
Zhuang et al. [103] carried out a slightly different approach since they determined 
differences between workers of an epoxy resin company with a working time 
greater than five years versus those in the company for less than five years. The 
median values observed reflected a significant increase in workers with a longer 
working time (27.18 vs. 9.73 ng/ml serum). Finally, the work of Heinälä et al. [104] 
is also included in this group, where the pre-shift vs. post-shift urinary concentra-
tion is studied, quantitatively highlighting the GM of the heat-sensitive paper 
producing company, 18.7 vs. 39.4 ng/ml, or from the liquid paint producer, 4.6 vs. 
10.3 ng/ml of urine.

5.3 G3: “normal” range but with significant differences

The third group, G3, despite being in the range that we have determined as 
general, corresponding to the majority of the population, also presents interesting 
differences. Among them, the works of Zhou et al. [105] and Kouidhi et al. [106] 
stand out. Their comparison between exposed subjects vs. controls found values 
corresponding to the median of 3.198 vs. 0.276 ng/ml serum in the first and 3.81 vs. 
0.73 ng/ml urine in the second. The same study line is the oldest academic article 
of the review, published by Hanaoka et al. in 2002 [107]. They determined very few 
differences between workers in the bisphenol diglycidyl ether (BADGE) industry 
vs. controls, with medians of 1.06 vs. 0.52 μmol/mol creat. Similarly, He et al. [108] 
determine few differences between exposed workers and their families, determin-
ing a GM of 1.41 ng/ml in exposed men, compared to 0.58 in their women or 0.78 
in their children under 20 years of age. Waldman et al. [109] and González et al. 
[110] also show low GM values. The first measures BPA’s urinary concentrations 
in firefighters, engineers, captains, or battalion commanders, determining a GM 
of 1.58 ng/ml. In the second, they determine BPA’s concentration in workers of an 
incinerator of hazardous waste, determining a GM of 0.68 in men and 1.2 ng/ml in 
women. Thayer et al. [111] and Lee et al. [36] carried out two publications focusing 
on cashiers exposed to thermal tickets. The first determines GM (SD) in pre-shift 
vs. post-shift cashiers of 1.89 (3.63) vs. 2.76 (3.53) μg/g creat., being 1.25 (1.79) in 
controls that do not work as cashiers. The second publication finds subtle differ-
ences only in those cashiers who do not wear gloves, observing GM values pre- vs. 
post-shift of 0.4 vs. 0.9 ng/ml in cashiers without gloves, and 0.44 vs. 0.49 ng/ml 
in tellers with gloves. Finally, it remains to mention the work of Hehn et al. [112], in 
which analyzing the data from the American health program NHANES according to 
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the possible potential exposure. They determine GM values in women with prob-
able vs. unlikely exposure of 5.45 vs. 2.16 ng/ml, thus as of 2.85 vs. 2.59 ng/ml in 
men’s case.

6. Tolerable daily intake (TDI); calculations and extrapolations

Tolerable Daily Intake (TDI) is “the maximum amount of a contaminant which 
can be eaten every day over a whole lifetime without incurring appreciable risk to 
health” [113]. Currently, the European Food Safety Authority (EFSA) estimates 
it at 4 μg/kg BW/day [31]. The TDI calculated by EFSA is based on the studies of 
Tyl et al. [114], in which the concentration limit at which no adverse effects were 
observed, NOEL or NOAEL, was determined. They used concentrations from 0.03 
to 50 and 600 mg/kg BW/day (0.018–3500 ppm) in mice of different generations. 
They only observed renal effects (increase in organ weight) at the highest dose 
(600 mg/kg BW/day), thereby determining the NOEL at the next lower dose they 
used, which corresponds to 50 mg/kg BW/day. Thus, based on the renal NOEL/
NOAEL and due to the presumption of limitations in the use of the parameter, the 
EFSA calculates the equivalent “Benchmark dose” (BMD). The equivalent concen-
tration, in which it is estimated that there is an alteration in kidney weight in 10% 
of the treated animals, is 9 mg/kg. After applying a correction factor to estimate 
the equivalent dose in humans, a concentration of about 600 μg/kg is obtained. 
Finally, an uncertainty factor of 150 is applied to obtain the final result of 4 μg/kg 
BW/day [31].

To determine if the population is exposed to a high or low BPA concentration, 
the estimated daily intake (EDI) must finally be calculated. Exposure levels are 
expressed as a mass (nanograms or micrograms) per kg of weight per day. For this 
reason, it is necessary to multiply the urinary concentration of BPA in ng/ml by the 
average volume of urine (in ml) excreted per day and divide this number by the 
average weight measured in kilograms (reference values extracted from academic 
literature [115]). When taking the average value between adult men and women, 
a value of 1400 ml per day is obtained. The publication itself also shows the refer-
ence values for body weight, expressed in kg. When taking the same average as that 
applied to the urinary volume, adults’ average weight would correspond to a value 
of 66.5 kg. In this way, as reflected in Table 3, the main EDIs were calculated.

Statistical 
parameter

Population Value (ng/ml) μg/kg BW/day

GM General population [own work] 1.55 0.03

AM Conventional dialysis [86] 52.73 to 155.84 1.11 – 3.28

AM Online hemodiafiltration [86] 8.79 to 23.42 0.19 – 0.49

Median Occupational Exposure [78] 243.08 5.12

MAX Occupational Exposure [77] 268,975.33 5.662.64

P95 Pregnant woman [81] 250.06 5.26

P95 ICU patients [83] 113.7 2.39

Note that the maximum occupational exposure value reaches 5.66 mg/kg BW/day (1000 times higher than TDI). 
Abbreviations: GM, geometric mean; AM, arithmetic mean; MAX, maximum value; P95, 95th percentile.

Table 3. 
Most relevant values in the systematic review.
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7. Discussion

In the first place, an interesting element to consider resides in the pharma-
cokinetics models since they add modifications to BPA in order to determine it 
efficiently and without contamination by HPLC. After the first model made by 
Volkel et al. [41], where they used d(16)-bisphenol A, successive authors have 
emulated this methodology in order to accurately measure the pharmacokinetics of 
administered BPA [54, 55, 116–119]. However, deuterium modification of drugs is 
used today to reduce toxicity by redirecting metabolic pathways [120]. Perhaps the 
possibility that not all BPA is excreted in urine should be reconsidered with this in 
mind. We know that mice excrete BPA in feces; however, there are no publications 
in the literature that quantify BPA in human feces, although the presence of micro-
plastics in them has recently been demonstrated [121].

Secondly, since it is described that BPA is a hydrophobic molecule, but with 
slight aqueous solubility and with the capacity to cross all types of biological tis-
sues [29, 41, 122], it is possible their bioaccumulation in the organism. To do this, 
Richard W. Stahlhut’s team determined BPA concentrations as a function of fasting 
time. Surprisingly, BPA levels did not decrease rapidly with fasting time, suggesting 
that there may be non-food exposure or bioaccumulation in body tissues [123].

Thirdly, another critical element is the possible non-monotonic effects of BPA 
on various organs and tissues [124–126]. This non-monotonicity can significantly 
affect at low concentrations, below the current TDI, in the same way that it has 
been shown to happen with certain hormonal stimuli. In her review, Vanderberg 
[124] determined that non-monotonic dose–response curves (NMDRCs) are typical 
in the literature related to BPA, occurring in greater than 20% of all experiments 
and at least one endpoint in more than 30% of all studies examined [124]. Going 
a little deeper into the non-monotonic effects works such as that of Angle et al. 
demonstrate the existence of multimodal dose–response curves [127]. Recent data 
suggest that the non-monotonic effect of BPA could depend upon the target tissue. 
In our studies in mice, we observed that while BPA induces hypertension in a dose-
dependent manner, it affects renal podocytes in a classical non-monotonic response 
curve [22, 23, 27]. In multimodal curves, increases and decreases are observed, and 
variations in the maximum response depending on the type of tissue [127] may 
further complicate the correct assessment of BPA’s presumed safety concentrations 
currently found in the population.

Throughout this chapter, an average urinary BPA value for the general popula-
tion has been determined using a systematic methodology to serve as a reference. 
Similarly, the analysis of the different statistical parameters shown in the publi-
cations determined population groups of special interest, such as workers with 
occupational exposure, pregnant women, or intensive care patients. With the 
latest discoveries in the BPA-nephro-vascular system paradigm, all this provides 
a sufficient basis to place kidney patients in the critical spotlight. The systematic 
review has determined relatively high BPA plasma values in patients undergoing 
hemodialysis, which could be a potentiating element for its worsening. In this way, 
the need to modify the materials used in specific treatments to reduce exposure 
to this endocrine disruptor is determined, thus avoiding some patients’ possible 
deterioration. Similarly, the high values of urinary BPA in various publications 
related to occupational exposure show the need to improve personal protective 
equipment and working conditions in specific sectors related to the manufacture 
or recycling of plastics, since concentrations should not be detected urinary 
levels high enough to reach the micromolar or even nanomolar range. Although 
we have indeed normalized the existence of endocrine disruptors in the general 
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population’s urine, which is a worrying fact, we should ensure that they are at the 
lowest possible threshold.

EFSA determines that the TDI is at four μg/kg BW/day, which is justified with 
experimental animal models. However, as in vitro experiments have shown, BPA 
can exert very different actions in murine and human cells, although with similar 
consequences, converging on the possibility of kidney damage. It remains to be 
determined whether it would be necessary to review the coherence of the calcula-
tions and extrapolations, taking into account the observed inter-species differences.

8. Conclusions

• Novel data suggest that human exposure to bisphenol A is associated with 
renal, cardiovascular, and hypertensive diseases.

• The inter-species differences observed in the basic research models show inter-
esting evidence to rethink the institutions’ calculations that determine the TDI.

• The use of modified molecules in the pharmacokinetic models and the absence 
of studies in feces (and the presence of microplastics) suggest the possibility 
that not all BPA is excreted in the urine, which would mean that the concentra-
tions described would be below the actual exposure.

• The development of the systematic review using the premise of pharmaco-
kinetic studies shows a relatively low general exposure, but with population 
groups of interest, such as workers with occupational exposure and patients 
from the hospital environment.

• The data obtained and the novelties in basic research provide sufficient evi-
dence to consider the patient with kidney disease as one of the priority groups 
in which their exposure should be reduced, possibly by modifying the medical 
material’s composition.
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Chapter 5

Consequences of COVID-19 
Pandemic Including Endocrine 
and Metabolic Impacts
Hassan M. Heshmati

Abstract

A pandemic is an epidemic that spreads globally. Coronavirus disease 2019 
(COVID-19) caused a major pandemic that affected human health and activities 
around the world since the beginning of 2020 and became a major international 
emergency. Through multiple paths, COVID-19 pandemic influenced life at 
individual, familial, societal, and environmental levels and led to a global eco-
nomic recession. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is the virus responsible for the disease. It invades the target cells by binding to 
angiotensin-converting enzyme 2 (ACE2). Endocrine and metabolic systems can be 
implicated in COVID-19 infection. Subjects with several comorbidities (e.g., hyper-
tension, diabetes, and obesity) are more likely to be infected and are at a higher 
risk for complications and death from COVID-19. Wearing mask, social distancing, 
home confinement, and isolation have been recommended and implemented in 
several countries to curb the spread of the outbreak. Vaccination remains the best 
protective measure. Different vaccines are now available and have been used. The 
worldwide impact of COVID-19 pandemic may last several years.

Keywords: pandemic, COVID-19, consequences, endocrine and metabolic systems

1. Introduction

A pandemic is an epidemic that spreads globally, crosses international  
boundaries, and affects large number of people (Figure 1) [1, 2].

Through multiple mechanisms (e.g., infection and confinement/isolation), 
pandemics can influence life at individual, familial, societal, and environmental 
levels [3].

COVID-19 pandemic became a global health and economic crisis of the 21st 
century, representing one of the most profound medical, societal, and economic 
challenges in modern times [4–7]. Endocrine and metabolic systems can be 
involved in COVID-19 infection [8–48]. Diabetes and obesity negatively impact 
immune system and increase the risk of infection and morbidity/mortality due to 
COVID-19 [8–12, 14, 23–25, 31, 33–37].

Multiple COVID-19 vaccines are now available and have been used world-
wide [49–53].
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2. Pandemics

2.1 History of pandemics

Numerous pandemics have occurred throughout the history of mankind, the 
most recent being the COVID-19 pandemic [1, 2, 4–6].

Important pandemics that occurred over the last 1,500 years are reported 
in Table 1 (non-exhaustive list). The deadliest pandemics were the Plague of 
Justinian, the Black Death, and the Spanish Flu.

2.2 Consequences of pandemics

Through multiple paths (e.g., infection and confinement/isolation), pandemics 
can influence life at individual, familial, societal, and environmental levels [3].

At the individual level, there are health consequences (e.g., infection caused by 
the pathogen, metabolic diseases, mental disorders, impact on pre-existing condi-
tions, and eventually death), financial challenges (mainly due to unemployment), 
and educational consequences (due to remote learning).

At the familial level, the prolonged presence of parents and children at home can 
promote domestic violence.

At the societal level, the limitation of social life and activities will have major eco-
nomic consequences for several businesses (e.g., agriculture, restaurant, hotel, store, 
airline, cruise, convention, concert, sport event, museum, movie, and theater).

Figure 1. 
Pandemics affect large number of people in multiple countries.

Pandemic Name Pathogen Vector Date Mortality

Plague of Justinian Yersinia pestis Fleas 541–750 Up to 100,000,000

Black Death Yersinia pestis Fleas 1347–1351 Up to 200,000,000

Spanish Flu H1N1 virus Avian 1918–1919 Up to 100,000,000

Asian Flu H2N2 virus Avian 1957–1958 Up to 4,000,000

Hong Kong Flu H3N2 virus Avian 1968–1969 Up to 4,000,000

Swine Flu H1N1 virus Pigs 2009–2010 Up to 250,000

COVID-19 SARS-CoV-2 Unknown 2019-present At least 4,362,000*

*As of August 17, 2021.

Table 1. 
Important pandemics over the last 1,500 years (non-exhaustive list).
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At the environmental level, the confinement may have some health benefits, 
at least for short term, due to a reduction in air pollution mainly secondary to the 
decrease in circulating cars and flying planes. This can also positively impact the life 
of animals and plants.

3. COVID-19 pandemic

3.1 Virus

In January 2020, Chinese authorities announced the isolation of a new type of 
coronavirus, SARS-CoV-2, following the occurrence in December 2019 of several 
pneumonia cases of unknown etiology. On March 11, 2020, the World Health 
Organization (WHO) declared COVID-19 a pandemic.

COVID-19 is caused by one of the coronaviruses in the family of Coronaviridae. 
The virus belongs to genera Betacoronavirus and is the seventh coronavirus 
known to cause human diseases. It is a spherical or pleomorphic enveloped, non-
segmented, single-stranded, positive-sense RNA virus. The genome of the virus 
is composed of 29,903 nucleotides. The virus is made up of four main structural 
proteins: spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins 
(Figure 2) [4–6, 14, 25, 29, 38, 54, 55].

SARS-CoV-2 evolves over time and like other viruses is subject to mutations. 
The mutated virus is referred to as a variant of the original virus. Several variants 
of SARS-CoV-2 have been reported (e.g., Alpha, Beta, Delta, Epsilon, Eta, Gamma, 
Iota, Kappa, Lambda, Theta, and Zeta). They were initially detected in countries 
like the United Kingdom (UK), South Africa, Brazil, and India. Some variants are 
more transmissible and aggressive and may be more resistant to the current vac-
cines. The Delta variant has created serious concerns in several countries, especially 
in the USA where it became the dominant variant affecting adults, adolescents, and 
children, and causing spike in hospitalizations.

Figure 2. 
SARS-CoV-2.
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3.2 COVID-19 origin, mode of transmission, and action

The exact origin of SARS-CoV-2 has been subject of multiple debates and 
speculations (bats to humans through Huanan Seafood Market or release from 
a research laboratory, in Wuhan, Hubei Province, China). According to the 
former director of Centers for Disease Control and Prevention in the United 
States of America (USA), the virus most likely originated from the Wuhan 
research laboratory. The accidental or intentional release of the virus remains to 
be established.

Human-to-human transmission occurs mainly by direct contact or by drop-
lets spread by infected subjects through cough or sneeze. The virus can survive 
in the environment from a few hours to a few days, depending on the condi-
tions. The nose, mouth, and ocular mucosa are the major way of transmission 
(Figure 3).

The virus uses the host cell membrane protein receptors to enter and infect 
the cell. The most well-described cell membrane protein receptor is ACE2 (a 
zinc metalloprotease). First, the virus spike protein binds to ACE2. Then, there 
is an internalization of ACE2 with a subsequent reduction of cell surface ACE2 
enzymatic activity [14, 25, 29, 38, 55]. ACE2 is expressed in several organs 
including endocrine glands. It is abundant in the epithelia of the lung and 
intestine. Infected cells undergo apoptosis or necrosis and trigger inflammatory 
responses.

3.3 COVID-19 diagnostic tests

The Food and Drug Administration in the USA has approved two tests 
for diagnosing COVID-19 infection. The antigen test detects certain proteins 
in the virus. The polymerase chain reaction test detects genetic material of 
the virus. For both tests, the fluid sample is collected using a nasal swab 
(Figure 4).

Figure 3. 
Mode of transmission of SARS-CoV-2.
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3.4 COVID-19 consequences

Through infection and confinement/isolation, COVID-19 can influence life at 
individual, familial, societal, and environmental levels (Figure 5) [3].

3.4.1 Individual

3.4.1.1 Health consequences

3.4.1.1.1 Global health

COVID-19 has placed a significant burden upon healthcare worldwide. COVID-19 
can target different systems that express ACE2 (respiratory, cardiovascular, neurologi-
cal, gastrointestinal, endocrine, others). Although lung has been reported to be one 
of the most affected organs, the contribution of intestinal involvement to the clinical 

Figure 4. 
COVID-19 diagnostic tests use a nasal swab to collect fluid sample.

Figure 5. 
COVID-19 pandemic led to confinement/isolation.
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course of the disease and its treatment (through gut microbiota) has been highly specu-
lated [54]. All age groups may be affected. The disease is more severe in men [11, 12].

COVID-19 is associated with alterations in the host immunological status including 
an increase in pro-inflammatory cytokines. The surge of pro-inflammatory factors 
(“cytokine storm”) may cause host organ damage such as lung damage resulting in 
severe respiratory failure [8, 38]. Subjects infected with COVID-19 can be asymptom-
atic, have mild symptoms recovering within 1 to 2 weeks, or be severely affected (e.g., 
severe pneumonia and cardiogenic shock) with the ultimate risk of death. Common 
symptoms include fever, dry cough, dyspnea, arthralgia, myalgia, ageusia (loss of taste), 
and anosmia (loss of smell). COVID-19 symptoms can sometimes last several months. 
The damage to the lungs, heart, and brain can increase the risk of long-term symptoms 
(long haulers). Older subjects (> 65 years), black subjects, smokers, and subjects with 
immunodeficiency, cardiac and respiratory diseases, cancer, hypertension, diabetes, 
obesity, and dyslipidemia are considered high-risk populations [8–12, 14, 23–25, 31, 
33–37, 39]. Among COVID-19 mortality cases in Wuhan, China, the main associated 
comorbidities were hypertension (54%), diabetes (42%), and cardiac disease (19%) [9].

The public health recommendations during the COVID-19 pandemic 
resulted in social distancing and home confinement/isolation. More than 4 
billion people worldwide have experienced the COVID-19 mobility restriction. 
The life in home confinement and self-isolation for a long period has significant 
negative health consequences due to alterations in lifestyle (eating behavior and 
physical activity) and mental status, and the impact on pre-existing diseases  
[3, 21, 22, 31, 32, 40, 42, 56–58].

The changes in lifestyle (e.g., unhealthy diet and reduced physical activity) which 
affect both adults and children, can lead to weight gain (overweight or obesity). 
Sedentarism can cause a very rapid loss of muscle mass (up to 10% after 30 days) with 
degenerative changes of the neuromuscular system and reduced cardiorespiratory fit-
ness [21]. The confinement and isolation, especially if associated with unemployment 
and financial challenges, can negatively influence psychological health, and promote 
anxiety and depression, especially in women [3, 40, 57, 58]. It may also impact access 
to health care (e.g., medications, physicians, and hospital beds) for the management 
of pre-existing medical conditions (e.g., heart disease, cancer, and diabetes) [3].

Death can result from direct consequences of the viral infection, mental compli-
cations of confinement/isolation with the risk of suicide, or aggravation of pre-
existing diseases (Figure 6).

Figure 6. 
Death from COVID-19 pandemic affected millions of people worldwide.
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The extent of death from COVID-19 pandemic as of August 17, 2021 is reported 
in Table 2. African countries had a low mortality rate, at least at the beginning of 
the pandemic, that can be explained in part by the existence of less indoor activities 
(less exposure to the virus) and younger population.

Between March and October 2020, COVID-19 became the third leading 
cause of death in the USA (after heart disease and cancer) for persons aged 45 to 
84 years [7].

For several months and mainly due to political reasons, the magnitude and gravity 
of COVID-19 pandemic were not taken seriously in the USA at federal and some state 
levels. According to the former COVID-19 task force coordinator, with an appropriate 
management and policy, hundreds of thousands of lives could have been saved.

3.4.1.1.2 Endocrine and metabolic systems

Several endocrine and metabolic systems can be impacted by COVID-19 infec-
tion (Figure 7) [8–48]. Findings in this area are evolving and long-term effects of 
COVID-19 infection remain unknown.

Country Total Population Infected Subject Mortality

World Around  
7,900,000,000

At least  
207,173,000

At least  
4,362,000

USA Around  
333,000,000

At least  
36,385,000

At least  
615,000

Brazil Around  
214,000,000

At least  
20,350,000

At least  
568,000

India Around  
1,395,000,000

At least  
32,225,000

At least  
431,000

Mexico Around  
130,000,000

At least  
3,091,000

At least  
248,000

Peru Around  
33,000,000

At least  
2,132,000

At least  
197,000

Russia Around  
146,000,000

At least  
6,621,000

At least  
171,000

UK Around  
68,000,000

At least  
6,267,000

At least  
130,000

Italy Around  
60,000,000

At least  
4,440,000

At least  
128,000

Colombia Around  
51,000,000

At least  
4,864,000

At least  
123,000

Indonesia Around  
277,000,000

At least  
3,871,000

At least  
118,000

France Around  
65,000,000

At least  
6,311,000

At least  
111,000

Argentina Around  
46,000,000

At least  
5,080,000

At least  
108,000

Table 2. 
Extent of infection and death from COVID-19 pandemic in 12 countries ranked by descending order of death 
(WHO data, as of August 17, 2021).
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3.4.1.1.2.1 Hypothalamus, pituitary

The hypothalamus and pituitary tissues do express ACE2 and can theo-
retically be targeted by SARS-CoV-2. However, there are no solid data on 
 hypothalamic–pituitary dysfunction in subjects affected by COVID-19  
[8, 10, 12, 14].

In subjects with treated diabetes insipidus, the priority should be to avoid 
hyponatremia [8].

Management of pituitary tumors without signs of emergency (e.g., visual 
deterioration and apoplexy) can be differed for several months [16].

3.4.1.1.2.2 Thyroid

ACE2 receptors have been located in the thyroid. Data on thyroid involve-
ment during COVID-19 infection are relatively limited [8, 10, 12, 14, 17, 18]. 

Figure 7. 
Different endocrine systems can be impacted by COVID-19 infection.
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In severe cases of COVID-19, subjects may present with nonthyroidal illness 
syndrome [17]. Several cases of onset of subacute thyroiditis have been reported 
in subjects with COVID-19 infection [12, 14]. COVID-19 can be a precipitat-
ing factor for the initiation or relapse of Graves’ disease [8, 10]. In subjects 
receiving antithyroid drugs, because symptoms of agranulocytosis (a rare side 
effect of antithyroid drugs) can overlap with COVID-19, special attention is 
needed [12].

Diagnostic procedures and surgery for thyroid nodules can be postponed in most 
cases [8, 30]. The timing of surgery should be carefully decided for subjects with 
thyroid cancer [19, 30].

3.4.1.1.2.3 Parathyroid

Data on parathyroid disorders and COVID-19 infection are relatively rare. In 
case of hyperparathyroidism, surgery can be postponed without major clinical 
impact [20].

3.4.1.1.2.4 Adrenal

ACE2 is expressed in the adrenal gland. Impaired adrenocortical response has 
been reported in subjects with COVID-19 infection consistent with central adrenal 
insufficiency [15].

Subjects with Cushing’s disease or syndrome may be at higher risk of COVID-19 
infection since excess cortisol production has immunosuppressive effect [8, 12]. 
Medical treatment is recommended as first-line therapy for most of these subjects 
during the COVID-19 pandemic.

Adrenal insufficiency may create a potentially increased risk of acquiring 
COVID-19 infection as this condition is associated with impaired immunity. 
Subjects with adrenal insufficiency may be at higher risk of medical complica-
tions and increased mortality in case of COVID-19 infection. If COVID-19 
infection is suspected in subjects with adrenal insufficiency, a prompt increase 
in dose of the replacement therapy is indicated to avoid adrenal crisis [8, 10, 
12–14]. Subjects with known adrenal insufficiency and COVID-19 may require 
parenteral glucocorticoid treatment with careful monitoring of serum potassium 
[12, 13].

3.4.1.1.2.5 Pancreas

ACE2 is expressed in pancreas (both exocrine and endocrine pancreas). Physical 
inactivity leads to insulin resistance and systemic inflammation with subsequent 
metabolic consequences [21, 22]. COVID-19 infection, through multiple mecha-
nisms, may impair the function of the endocrine pancreas and promote or aggravate 
diabetes [10, 14, 23].

Chronic hyperglycemia in subjects with diabetes negatively impacts immune 
system and increases the risk of infection and morbidity/mortality due to COVID-19 
(Figure 8) [8–12, 14, 23–25]. It is important to maintain a good glycemic control in 
subjects with diabetes to reduce the risk of COVID-19 infection. In case of COVID-19 
infection, the outpatient plasma glucose goal is 72–144 mg/dL with a hemoglobin A1c 
goal less than 7%. Plasma glucose should be monitored at least twice a day. Insulin is 
the preferred treatment in hospitalized subjects with the use of continuous glucose 
monitoring [12].
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3.4.1.1.2.6 Testis

There is a high level of ACE2 expression in the testis (e.g., Sertoli cells, Leydig 
cells, and spermatogonia). COVID-19 infection may cause Sertoli cells, Leydig cells, 
and seminiferous tubules damages resulting in low serum testosterone levels and 
altered sperm quality [10, 12, 14, 26–28].

Men with COVID-19 are exposed to worse outcome than women, possibly due to 
sex differences in immune response [11, 12].

3.4.1.1.2.7 Ovary

ACE2 is expressed in the ovary. However, data on ovarian function and 
COVID-19 infection are limited [12, 14]. COVID-19 infection may disturb the 
female reproductive system and cause menstrual disorder, infertility, and fetal 
distress [29].

3.4.1.1.2.8 Adipose tissue

Adipose tissue expresses ACE2. The unhealthy diet and reduced physical activity 
promoted by confinement can lead to overweight or obesity, especially in high-
income countries/families [31, 32]. Low-income countries/families are exposed to 
food insecurity, malnutrition, and weight loss [31].

With higher adipose tissue mass, more receptors (ACE2) would be available 
for SARS-CoV-2, exposing subjects to COVID-19 [10]. Subjects with over-
weight/obesity may experience a more serious COVID-19 infection through 
several mechanisms (e.g., inflammation, impaired immunity, mechanical lung 
dysfunction, impact of comorbidities, and vitamin D deficiency) (Figure 9) 
[8–11, 14, 31, 33–37]. These subjects require weight reduction using the appro-
priate tools as indicated (e.g., diet, exercise, drug, medical device, and bariatric 
surgery) [36, 37, 59–62]. All precautions should be taken to avoid infection. 
Subjects with obesity and COVID-19 who require treatment in intensive care 
units present challenges in their management (e.g., difficulty for moving, for 
intubating, and for obtaining diagnostic imaging) [8].

Figure 8. 
COVID-19 pandemic can promote diabetes or be aggravated by diabetes.
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3.4.1.1.2.9 Lipids

The “cytokine storm” caused by COVID-19 produces an immune-mediated 
inflammatory dyslipidemia (e.g., decreased high-density lipoprotein cholesterol 
and low-density lipoprotein cholesterol, increased triglycerides, and increased 
lipoprotein oxidation) [38].

Dyslipidemia is one of the most common comorbidities in the general popula-
tion and in subjects with COVID-19. It can potentially increase the severity and 
mortality of COVID-19. This increased risk is more pronounced with older age, 
male gender, and presence of hypertension [39].

3.4.1.1.2.10 Nutrition (calories, macronutrients, electrolytes, vitamins) and exercise

During COVID-19 confinement, a healthy lifestyle is essential (Figure 10). An 
optimal nutrition (e.g., calories, macronutrients, electrolytes, and vitamins) is 

Figure 9. 
COVID-19 pandemic can promote overweight/obesity or be aggravated by overweight/obesity.

Figure 10. 
Healthy lifestyle is essential during COVID-19 pandemic.
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important, especially for boosting the immune system [21, 31, 33, 40–44, 47, 48]. 
It is recommended to reduce the daily energy intake by 15–25% with more energy 
during breakfast and less energy during lunch and dinner.

Diet should be balanced and contain fruits, vegetables, whole grains, low-fat 
dairy products, and olive oil, with adequate hydration. The consumption of sugar, 
saturated fat, and salt should be reduced. COVID-19 infected-subjects, especially 
those who are hospitalized, are at risk of malnutrition and need adequate nutri-
tional support [8].

Electrolytes and trace elements play an important role in the management of 
COVID-19. The severity of COVID-19 is associated with lower serum concentra-
tions of sodium, potassium, and calcium. It is important to assess the levels of 
electrolytes and trace elements throughout the course of the disease to establish 
appropriate corrective actions [45, 46].

Vitamins are important in the prevention of viral infection. Subjects at risk of or 
with respiratory viral infection should receive vitamin C and vitamin D. Particular 
attention should be paid to the treatment of subjects with hypovitaminosis D [8, 11, 12].

Safe handling of food, from production to consumption, is critical to reduce the 
risk of viral dissemination.

Daily exercise (e.g., low to medium-intensity exercise) is essential for prevent-
ing the negative impact of inactivity and improving health [21, 40].

COVID-19 has caused a major disruption in the management of subjects with 
endocrine and metabolic disorders. The services offered by healthcare systems must 
adapt rapidly. Outpatient management with remote advice and support services 
need to be organized [23, 30]. Routine in-person appointments are not recom-
mended in order to avoid crowds in waiting rooms [9]. Elective surgical procedures 
should be postponed when possible.

3.4.1.2 Financial consequences

Unemployment may cause financial challenges at the individual level and this 
can affect both physical and mental health (Figure 11) [31, 40]. Between February 
and May 2020, the number of unemployed Americans rose by more than 14 million.

Figure 11. 
Unemployment caused by COVID-19 pandemic may lead to individual financial challenges.
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3.4.1.3 Educational consequences

For the current generation of young people (children and adolescents), the 
disrupted education due to remote learning and lack of in-person classes during an 
extensive period of confinement and social distancing can negatively impact the 
quality of education and social skills (Figure 12).

3.4.2 Familial

During the enforced COVID-19 home confinement, there is an important 
decrease in the amount of familial/social activities (e.g., interactions with other 
individuals and entertainment), associated with a lower life satisfaction [63].

Confinement, isolation, and prolonged presence of parents and children 
expose to the risk of domestic violence. Children and their mothers are particularly 
vulnerable (Figure 13) [64].

Figure 12. 
The switch to remote learning during COVID-19 pandemic may impact the quality of education and social 
skills of the current generation of students.

Figure 13. 
The confinement following COVID-19 pandemic can promote domestic violence.
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3.4.3 Societal

COVID-19 pandemic led to a global economic recession [40]. According to a 
report released by the World Bank, in 2020, the world economy probably shrank by 
4.3% (equivalent of $3.9 trillion).

The financial burden of COVID-19 is mainly due to confinement and limita-
tion of social life. These restrictions lead to the limitation or closing of several 
businesses (with the subsequent increase of unemployment) affecting the income 
from agriculture, restaurant, hotel, store, airline, cruise, convention, concert, 
sport event, museum, movie, and theater (non-exhaustive list) and causing 
health issues, all contributing to a decrease in productivity and an increase in 
national debt.

Reducing social inequalities should become a priority for all countries to build 
resilience during the pandemic.

The pandemic also impacted medical research for hospitals and pharmaceutical 
companies by creating limitations in implementation and conduct of clinical trials 
in different countries, especially when in-person visits are necessary.

3.4.4 Environmental

The lockdown measures of COVID-19 pandemic caused a temporary reduction 
in global air pollution secondary to the decrease of anthropogenic activities (e.g., 
less circulating cars and flying planes) (Figure 14) [65–67].

Most polluted cities are located in Asia, especially in India, China, and Pakistan. 
Results of a study using satellite observations at the continental scale from January 
to May 2020 showed a substantial decrease in the concentrations of nitrogen diox-
ide (maximum reduction of 33% in East Asia), sulfur dioxide (maximum reduction 
of 41% in East Asia), and aerosol optical depth (maximum reduction of 37% in 
South Asia) during the lockdown period of 2020 compared to their averages for the 
baseline period (2015–2019) over all continents [65].

According to WHO, ambient air pollution was responsible for 4.2 million 
deaths worldwide in 2016 (mainly from respiratory infection, chronic obstruc-
tive  ulmonary disease, ischemic heart disease, stroke, and lung cancer). 
Any reduction in global air pollution, even for a short period of time, may 

Figure 14. 
The confinement due to COVID-19 pandemic temporarily reduced air pollution by decreasing the 
anthropogenic activities.
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theoretically have some health and financial benefits for humans. It can also be 
beneficial for  animals and plants.

3.5 COVID-19 prevention

3.5.1 General precautions

In many locations affected by COVID-19 infection, wearing mask, social 
distancing, and lockdown (with the possibility to work from home) became manda-
tory to prevent the expansion of the disease in the general population and the 
subsequent medical challenges for the healthcare system (Figure 15). In addition, 
subjects were encouraged to wear gloves when appropriate and do careful hand 
washing, especially before eating and drinking.

Politicization of wearing mask in some countries (e.g., USA) created medical 
challenges in the control of the pandemic.

3.5.2 Vaccination

Vaccination is the cheapest and most effective way to protect against COVID-19 
infection. Vaccine development is a lengthy process that usually takes 10–15 years, 
but development of COVID-19 vaccines followed a very fast pace mainly due to 
collaborative efforts of research institutions and active engagement of regulatory 
agencies.

Several vaccine candidates have been investigated by various companies in 
different countries using multiple vaccine platforms (e.g., live-attenuated, inacti-
vated, protein subunit, virus-like particle, replicating viral vector, non-replicating 
viral vector, DNA, and mRNA) [49–53]. Several vaccines were designed to use the 
SARS-CoV-2 spike protein or part of it as the immunogen. As of August 17, 2021, 21 
COVID-19 vaccines have been approved or authorized for emergency use by at least 
1 country. In the USA, Pfizer/BioNTech vaccine was first authorized for emergency 
use in subjects aged 16 years and older and later for adolescents aged 12 to 15 years. 
A partial list of the approved/authorized vaccines is reported in Table 3. Several 
clinical trials of additional COVID-19 vaccines are currently ongoing (44 trials in 
Phase 1, 59 trials in Phase 2, and 29 trials in Phase 3).

Figure 15. 
Wearing mask is a simple but very efficient way to protect against COVID-19 infection.
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As of August 17, 2021, the number of COVID-19 vaccine doses administered 
was more than 4,452,000,000. In most locations, the vaccination prioritized the 
healthcare workers, old subjects, and subjects with comorbidities. The mRNA vac-
cines need to be stored and transported at very low temperatures. This requirement 
may prevent effective distribution of these vaccines to areas with limited avail-
ability of specialized freezers. Viral spread will continue to cause significant health 
and economic issues until a sufficient number of subjects are vaccinated and herd 
immunity is achieved (Figure 16).

Figure 16. 
There is a need to vaccinate a minimum number of subjects worldwide against COVID-19 to reach herd 
immunity.

Company Type of Vaccine Number of Country  
Approval/Authorization

Oxford/AstraZeneca (UK) Non-replicating viral vector 121

Pfizer/BioNTech (USA/Germany) mRNA 97

Gamaleya (1) (Russia) Non-replicating viral vector 71

Moderna (USA) mRNA 68

Sinopharm Beijing (China) Inactivated 60

Janssen (USA) Non-replicating viral vector 59

Serum Institute of India (India) Non-replicating viral vector 45

Sinovac (China) Inactivated 39

Gamaleya (2) (Russia) Non-replicating viral vector 12

Bharat Biotech (India) Inactivated 9

CanSino (China) Non-replicating viral vector 8

Table 3. 
Top 11 COVID-19 vaccines approved/authorized by at least 1 country ranked by descending order of number of 
country approval/authorization (as of August 17, 2021).
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COVID-19 vaccines have a high efficacy (up to 95%) by providing significant 
protection against severe disease, hospitalization, and death. The duration 
of immunity after the first full vaccination is unknown. COVID-19 vaccine 
boosters are most likely necessary for all vaccinated subjects. In the USA, 
very recently, Pfizer/BioNTech and Moderna received authorization for an 
extra dose of vaccine in immunocompromised subjects. Some of the currently 
available vaccines provide partial to complete protection against SARS-CoV-2 
variants.

COVID-19 vaccines are overall safe and well tolerated. Subjects may develop 
minor side effects (e.g., swelling, redness, and pain at injection site, fever, 
headache, tiredness, muscle pain, chills, and nausea) lasting usually 1 or 2 days 
after the injection. In rare cases, subjects may develop anaphylaxis, myocarditis/
pericarditis, and thrombosis. Long-term side effects of COVID-19 vaccines 
are currently unknown. Limited data are available regarding vaccine safety in 
pregnancy.

There are a significant number of subjects with vaccine hesitancy 
for a variety of reasons including concerns about the unknown or undis-
closed side effects of the vaccines, absence of full vaccine approval, 
 ignorance, misinformation, selfishness, and political influence (mainly in 
the USA).

3.6 COVID-19 treatment

The standard management of COVID-19 infection is based on 
 supportive treatment with lung-protective ventilation and dexamethasone. 
Several drugs have also been investigated and used for the treatment of  
 COVID-19  infection. They include antiviral agents (e.g., remdesivir) and 
 monoclonal  antibodies (e.g., casirivimab + imdevimab and sotrovimab)  
(Figure 17) [68].

Figure 17. 
Several drugs to treat COVID-19 infection are currently used or under investigation.
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4. Life with COVID-19 pandemic

The COVID-19 pandemic may last several years and can cause dramatic changes 
in society, affecting our lives for generations to come. The precautions necessary 
to avoid infection or transmission of the virus may stay in effect for a long period. 
This has significant impact on life at different levels (e.g., family, profession, 
gathering, traveling, hand shaking, hugging, kissing, and love making). The new 
normal, even at a very personal level, may be very different and somehow odd 
(Figure 18).

5. Conclusions

COVID-19 pandemic became a global health and economic crisis of the 21st 
century. It represents one of the most profound medical, societal, and economic 
challenges in modern times.

The pandemic caused substantial morbidity and mortality. Almost all organs 
and biological systems are directly or indirectly impacted by COVID-19. The pres-
ence of diabetes and obesity contributes to a worse prognosis of COVID-19 infec-
tion due to impaired immune function.

Wearing mask, social distancing, home confinement, and isolation have been 
recommended and implemented in most countries to curb the spread of the out-
break. Mass quarantine leads to major health and social consequences.

Several efficient and safe vaccines are now available and have been used 
worldwide.
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Figure 18. 
The new normal after COVID-19 pandemic may look odd but necessary.
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Chapter 6

Estrogen as a Contributing Factor 
to the Development of Lipedema
Sara Al-Ghadban, Mary L. Teeler and Bruce A. Bunnell

Abstract

Lipedema is an underdiagnosed painful adipose tissue disorder that occurs 
almost exclusively in women, with onset manifesting at puberty or at times of hor-
monal change. Unlike many fat disorders, diet and exercise have little to no impact 
on the prevention or progression of this disease. Estrogens control the distribution 
of body fat and food intake, regulate leptin expression, increase insulin sensitivity, 
and reduce inflammation through signaling pathways mediated by its receptors, 
estrogen receptor alpha (ERα) and ERβ. This review will focus on understand-
ing the role of estrogen in the pathogenesis of the disease and envisage potential 
hormonal therapy for lipedema patients.

Keywords: lipedema, adipose tissue, estrogen, adipogenesis, inflammation

1. Introduction

Lipedema is a chronic underrecognized adipose tissue (AT) disorder distinguished 
by the symmetrical accumulation of painful fat in the lower body, predominantly in 
the thighs. The clinical presentation of lipedema resembles that of obesity, lymph-
edema, and other AT disorders, so it is often misdiagnosed and mistreated [1–4]. 
Lipedema is diagnosed by a thorough physical examination in conjunction with 
the patient’s family and medical histories. Healthcare providers identify lipedema 
through the following criteria: bilateral and symmetrical distribution of subcutaneous 
fat predominantly in the legs that excludes the hands or feet, minimal pitting edema 
and a negative Stemmer’s sign which can indicate edema followed by a set of detailed 
criteria that characterize regionalization of fat accumulation and pain, time of change 
in fat distribution, and diet resistance to discern the type and stage of the patient.

There are five different types of lipedema, which are based upon the regions of 
prominent fat deposition. Type 1: the fat builds up in the buttocks and hip; Type 2: 
the fat spreads from the buttocks to the knees with fat folds around the inside of 
the knee; Type 3: the fat extends to the hips and ankles, the feet are not affected; 
Type 4: the fat is increased in the upper arms sparing the wrist and Type 5: the fat 
accumulates in the lower legs only [2, 5, 6]. Patients may present with more than 
one type depending on the progression of the disorder. Additionally, patients pres-
ent at three different stages, depending on the severity of fat accumulation and the 
onset of other symptoms [2, 5–7]. Stage 1: the skin is smooth with small fat lobules; 
Stage 2: the skin has indentations with pearl-sized fat nodules and Stage 3: the skin 
has large extrusions with overhanging fat causing tissue deformities. Lymphedema 
may also develop collaterally at any stage of the disorder but does not alone qualify 
a case of lipedema [2]. Unlike many AT disorders, lipedema is largely irresponsive 
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to lifestyle interventions such as diet and exercise, but liposuction and decongestive 
therapy are effective treatment options [1]. While neither are curative, liposuction 
is widely accepted as the better treatment option for its ability to provide long-term 
improvement to appearances, functionality, mobility and bruising while reducing 
edema, spontaneous pain, sensitivity to pressure. Combined decongestive therapy 
(CDT) such as pre- or post-operative lymphatic drainage or use of compression 
garments in recovery weeks may be conducted in support of the procedure [2, 4].

Lipedema predominantly affects females and often manifests during time of 
hormone fluctuations, during puberty, childbirth, or menopause [7, 8], indicating 
that estrogen and estrogen signaling play a role in the pathogenesis of lipedema 
via direct impacts on adipocytes and immune cells, and/or secondary effects on 
the brain control centers [9, 10]. However, the exact mechanism(s) of action 
remain unclear [11, 12]. Although lipedema is a common disease (11% of women 
worldwide), no data are yet available to demonstrate the prevalence of lipedema in 
pre- and post-menopausal or pregnant women. In addition, cases of lipedema in 
males are very rare; however, men who develop lipedema tend to have high levels 
of estrogen but low testosterone levels [2, 5, 6]. Understanding the mechanisms of 
the life-long transitions of estrogen levels and interactions with AT will define the 
pathogenesis of lipedema more thoroughly while identifying novel diagnostic and 
treatment options.

This review will describe the potential role of estrogen in the development of 
lipedema. The effect(s) of estrogens on the immune system will be described, the 
association of estrogen signaling on tissue adipogenesis and inflammation will be 
explored and the application of estrogen as a potential therapy in preventing the 
progression of this disease will be discussed.

2. Estrogens and estrogen receptors in lipedema

Estrogens are hormones that regulate adipose tissue metabolism by controlling 
food intake, energy expenditure and body distribution. Estrogens have widespread 
effects on several organs around the body and therefore play a role in a variety of 
physiological functions and disorders. Estrogens can act on receptors in both the 
cytoplasm and the plasma membrane to mediate protein expression involving cell 
proliferation and metabolism [12]. Estrogens are present in three forms: estrone 
(E1), estradiol (E2), and estriol (E3). Estradiol is the most extensively studied, as it 
plays key roles in reproductive phase functioning and a large variety of chronic dis-
orders. There are three receptors that have distinct presences and functions around 
the body. Alterations in estrogen activity or the absence of estrogen receptors (ER) 
results in the accumulation of subcutaneous adipose tissue (SAT), a phenomenon 
observed in lipedema patients [5, 9, 13, 14]. Szél et al. hypothesized that alteration 
in ERs is involved in the regulation of appetite and weight gain which might explain 
why lipedema patients accumulate fat and have difficulty losing it with diet and 
exercise [10]. Furthermore, Yi et al. showed that estrogen regulates the expression 
of leptin, a hormone that controls hunger and body weight, in adipocytes via ERs 
[15] supporting the hypothesis that lipedema is a hormonal disease.

Estrogen exerts its function through the estrogen receptor alpha (ERα) and beta 
(ERβ). Both ERα and ERβ receptors appear in significantly high concentrations 
in SAT of premenopausal women, as signaling from estrogens mediates adipose 
deposition throughout the body [9, 16]. However, ERα expression is reduced in 
the SAT of clinically obese females and postmenopausal women treated with 
estradiol compared to their normal-weight counterparts [14, 17, 18]. Interestingly, 
Erβ, which serves an antagonistic role on ERα-mediated gene expression, is highly 
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expressed in postmenopausal women in comparison to premenopausal women [19]. 
Such findings raise the question of whether a correlation of the concentrations of 
estrogen receptors in adipose tissue could elucidate a similar relationship between 
estrogen receptor concentrations in lipedema AT. Additionally, a study conducted 
by Gavin et al. discovered described that the concentration of ERα is decreased 
and ERβ concentration is increased in the lower extremities of overweight patients, 
associating the variable concentrations to sexual dimorphisms in regionalized fat 
deposition for individuals [20]. As discussed earlier, fat accumulates in the lower 
extremities of lipedema patients, implying a potential role of ER in its pathogenesis. 
Furthermore, Dieudonné and colleagues evaluated the expression of ERs in preadi-
pocytes and adipocytes in a cohort of lean subjects and determined that males and 
females statistically share similar levels of both ERα and ERβ within intraabdominal 
AT (IAT) and SAT [14]. Females have slightly higher concentrations of ERα and ERβ 
globally than males. However, when induced with estradiol, expression of ERα in 
the SAT in females increased significantly more than in IAT. In these same condi-
tions, the SAT in females have a significantly increased expression of ERβ while 
all other levels of ERβ (IAT in females, SAT and IAT in males) remained the same. 
Cases of increased regionalized lipid accumulation are closely correlated to estrogen 
deficiency [21–24]. In contrast, in an estrogen-sufficient state, excess fat is stored in 
the gluteal-femoral region, rather than the abdominal region. One mechanism has 
been postulated as a factor in this association is the acute administration of estro-
gens to postmenopausal women which reduced basal lipolysis in SAT, particularly in 
the femoral region, further supporting a role for estrogens in regional fat deposition 
in lipedema patients [25].

The third estrogen receptor, G protein-coupled estrogen receptor (GPER) is 
expressed on the membrane at lower concentrations in adipose tissue but nonethe-
less, with several important effects. GPER has been widely studied in regulation of 
body weight, inflammation, insulin sensitivity, and metabolic dysfunction [26–29]. 
Several studies demonstrated that mice lacking GPER demonstrate an increase in 
adiposity (mass and adipocyte size) and decrease in energy expenditure compared 
to their wild type mice [29–31]. Studies have also shown that the lack of GPER or 
ERα expression in mice show similar characteristic of metabolic syndrome such 
as inflammation, obesity, glucose intolerance and insulin resistance [26, 31–34]. 
Although the actions of estrogens on GPER have not yet been fully elucidated, 
examining the crosstalk between ERs and estrogen will help understand their func-
tion in the development of lipedema.

2.1 Estrogen and adipogenesis

Estrogens have been shown to play a role in gender and regional adiposity. 
Several studies revealed that women have ~10% more early stage preadipocytes 
in abdominal SAT and ~35% more in femoral SAT [35, 36]. However, only ERα is 
expressed in preadipocytes, suggesting a role for estrogen in adipogenesis that is not 
mediated by the antagonistic mechanisms of ERα and ERβ [16]. Lacasa et al. found 
the mechanisms involved by which estrogen stimulates preadipocyte prolifera-
tion, supporting a role of estrogen in adipogenesis [13, 37]. However, Eaton et al. 
postulated that local adipocyte-produced estrogen may play a role in preventing 
preadipocyte differentiation based on data from two studies where treatment of 
preadipocytes with estrogen, both in vitro and in vivo, inhibited adipogenesis and 
lipogenic gene expression [13, 38]. The distribution of preadipocytes and adipocytes 
along with the expression of estrogen receptors on differentiated adipocytes could 
play a role in the pathogenesis of lipedema, as regionalized and sexually distinct 
adipocyte hypertrophy is one of the central defining characteristics of the disorder.
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Activation of ERα, ERβ, and GPER on adipocytes elicit an intranuclear response, 
causing up or down-regulation in the expression and activity of proteins such as leptin 
and lipoprotein lipase (LPL), which are involved in lipid regulation in the body [39, 
40]. Through this regulation of protein expression, estrogen partially mediates weight 
control and lipogenesis-lipolysis mechanisms. Moreover, several studies have shown 
that estrogen treatment altered the expression of several genes involved in lipogenesis. 
A study conducted by Homma et al. revealed a negatively controlled estrogen response 
element in the LPL gene, indicating that estrogen decreases activity of LPL, a protein 
that regulates lipid uptake by adipocytes and leads to lipogenesis, which inhibits adi-
pose deposition [41]. Another study has shown that estrogen stimulates the expression 
of leptin in human breast tissue [42]; thus, estrogen might play an important in the 
regulation of adipose tissue. We have shown that leptin gene expression is increased in 
adipocytes differentiated in vitro from adipose-derived stem cells obtained from obese 
lipedema patients compared to the same cells from healthy controls [43]; however, 
the effect of estrogen on the expression of leptin in lipedema has yet to be deter-
mined. Additionally, ERβ has been shown to be a negative regulator of peroxisome 
proliferator-activated receptor γ (PPARγ), a key transcription factor highly expressed 
in AT and controls the expression of LPL, glucose transporter type 4 (Glut 4) and 
leptin; thus, a decrease in ERβ expression increases adipogenesis which is detected in 
lipedema SAT [43]. However, further studies will be needed to study the correlation 
between the loss of ERs expression and the increase adiposity in AT disorders.

2.2 Estrogen and inflammation

Estrogen exerts regulatory effects on the immune system through ER-dependent 
and independent pathways [44], which can be both positive and negative depend-
ing on a wide array of factors such as the level of estrogen, expression of ERs, cell 
types and the environment [45]. Lipedema AT is characterized by hypertrophic 
adipocytes and activated immune cells such as macrophages and mast cells [46–48]; 
thus, direct, and indirect cellular interaction through auto- and paracrine secretions 
of inflammatory cytokines via the ER signal transduction pathway have an immense 
impact on the tissue function [7, 19, 35]. Several studies have shown that a decrease 
in estrogen levels results in increased expression of pro-inflammatory cytokines, 
including interleukins (IL)-6, IL1-β and Tumor Necrosis Factor-alpha (TNF-α) as 
is the case with women undergoing menopause or oophorectomy [49]. On the other 
hand, in the case of pregnant women or in women taking ectopic estrogens, sup-
pressed immune responses are observed [48]. Hence, as estrogen levels fluctuate in 
lipedema patients during their lifetime, the inflammatory signals in the tissue may 
as well. This correlation between estrogen levels and onset of inflammation could 
provide insight into the pathophysiology of lipedema-associated inflammation.

3. Potential hormonal therapy

Estrogen is widely known as a central regulator of fat metabolism and regional 
deposition. In premenopausal women, estrogen is synthesized in the ovaries during 
menstruation [19]; however, it is depleted as they age. In adipose tissue, androgens 
are aromatized into estrogens to restore hormonal levels and prevent the progres-
sion of hormonal-related diseases [17, 19, 50]. One study found increased aromatase 
activity in a group of obese individuals, supporting a correlation between this shift 
of hormone production and metabolic disease [51]. However, estrogen deficiency or 
depletion, such as in the case of ovariectomy, polycystic ovary syndrome (PCOS), 
or the lack of a functional aromatase gene, causes weight gain which is  associated 
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with comorbidity, cardiovascular disease, and other diseases; thus, hormone 
replacement therapy (HRT) was shown to be an effective treatment [52–57]. In the 
context of AT, administration of exogenous estradiol to premenopausal women 
decreases LPL activity in AT of the lower extremities, which are primarily affected 
in lipedema [58]. However, another study conducted by Lindberg et al. found that 
the treatment of postmenopausal women with oral ethinyl estradiol (50 μg/day) for 
three weeks increased adipose tissue LPL activity in femoral adipocytes [59]. Other 
studies expand on this, finding that estrogen treatment of adipocytes decreased 
the expression of genes related to adipogenesis and lipogenesis such as PPAR-γ 
and LPL [19, 38, 58]. Furthermore, administering estrogen resulted in a significant 
decrease in LPL activity in adipose tissue [52]. Similarly, Pederson et al. discovered 
that estrogen treatment almost doubled insulin binding affinity in rat adipocytes. 
Control rats had 11% weight gain in 7 days whereas estrogen treated rats gained only 
4% in the same period. Adipocytes were significantly larger in control rats com-
pared to adipocytes from estrogen substituted rats. Interactions of estrogens with 
androgens to mediate these processes were also discovered, with two studies observ-
ing the effects of HRT that further substantiate an association between androgens 
and weight gain [54, 60]. Davis et al. reported that administering androgens with 
estrogens in hormone replacement therapy seemed to antagonize or reduce the 
effects of estrogens on fat deposition and weight loss. Likewise, Gamberini et al. 
reported administration of antiandrogens with the typical estrogen dosage results 
in more efficient weight loss. While the effects of androgens in lipedema cases have 
been underdefined in this literature review, the pathophysiological effect of andro-
gen therapy implies a treatment option for cases of lipedema. Clinical research has 
also found that women receiving estrogen HRT have relatively increased protection 
from metabolic syndrome and decreased AT deposition in the intra-abdominal 
region [13, 61–64]. Additionally, as mentioned above, post-menopausal clinical 
subjects developed high levels of inflammatory cytokines had associated decreases 
in such levels following estrogen treatments [13]. All these data confirm that the 
physiological impact of estrogen is altered as females passes through reproductive 
benchmarks, and thus estrogen may be a potential treatment of Lipedema patients.

Furthermore, it has been proposed that activation of ERα can induce the brown-
ing of white adipocytes, referred to as beiging, through induction of lipolysis medi-
ated by adipose tissue triglyceride lipase [65]. It is known that premenopausal women 
have more brown adipose tissue (BAT) and are more sensitive to brown adipose 
tissue activation than men or postmenopausal women. Selective activation of ERα by 
pyrazole triol (selective ERα agonist) increased markers of beiging in vitro [65]. The 
results of this study indicated that selective activation of ERα in adipocytes can induce 
beiging through the induction of adenosine monophosphate-activated protein kinase 
(AMPK) mediated lipolysis providing free fatty acids as an energy source to activate 
Uncoupling protein (UCP)-1 [66]. Another study conducted Yepuru et al. demon-
strated that activation of ERβ increases mitochondrial function and energy expendi-
ture; thus, ERβ ligands have anti-obesity and antimetabolic disease effects [67] and 
might be more beneficial than estradiol treatment which unselectively activates both 
ERs. In vitro and in vivo studies have suggested that selective ERβ ligand reduces the 
expression of genes associated with white adipose tissue and promote the expression 
of genes associated with brown adipose tissue. This ligand additionally increases the 
mitochondrial oxygen consumption without an increase in physical activity [68]. 
Additional research is needed to gain insight into whether selectively activating of one 
estrogen receptor over another confers more benefits than activating both unselec-
tively. Given these results on the selective activation of estrogen receptors, there is an 
increased effort to characterize specific molecular pathways to induce white adipose 
tissue browning; thus, presenting another potential treatment for lipedema patients.
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4. Conclusion

Lipedema is a severe chronic adipose tissue disorder that affects women world-
wide. Although the pathophysiology of the disease has not been fully elucidated, 
several lines of evidence have suggested estrogen dysfunction may be central to the 
development of lipedema. The loss of estrogen can additionally induce cardiovascu-
lar disease and create an insulin resistant dyslipidemia state that can have long term 
implications on the metabolic profile of a patient. Thus, studying the role played by 
estrogen in the processes are involved in the pathogenesis, AT inflammation, fibro-
sis, and angiogenesis, will provide researchers insights into the mechanism involved 
in the development of the disease and will help direct future study on hormonal 
therapy as a form of treatment for lipedema. Through these efforts, the correlation 
revealed between hormones and adipogenesis in AT will lead to evaluate lipedema 
as a hormonal disease.
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