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Summary

The prevalence of overweight and obesity, as well as other metabolic
diseases such as metabolic syndrome (MetS), is increasing worldwide.
This continuous increase cannot be due to a single cause, but

everything suggests that multiple risk factors are involved.

The environmental obesogens hypothesis suggests that human
exposure to "obesogenic" EDCs may inappropriately interfere with
lipid homeostasis and metabolism and promote adipogenesis,
modifying both hormonal and neuronal signalling pathways, thereby
predisposing exposed individuals to increased fat mass and excess
weight. EDCs that not only increase adipose tissue mass but also result
in other metabolic dysfunctions which are also referred to as
metabolism disrupting chemicals (MDCs). Environmental obesogens
are defined as chemicals capable of increasing the quantity of
adipocytes (hyperplasia), promoting the fat storage in cells
(hypertrophy), affecting preadipocyte differentiation or function, and
initiating and/or deregulating basal metabolism and weight gain.
Obesogens might also act indirectly by disrupting energy balance
(promoting calorie storage), and altering appetite and satiety signals,
besides the central mechanisms that keep the body's response to daily

nutritional changes.

The list of chemicals with obesogenic potential has been growing
steadily in recent years, with humans being exposed to this multitude
of EDCs from a variety of sources. To date, current developments in
environmental epidemiology and toxicological risk assessment are
inadequate and unsatisfactory for evaluating the exposure to multiple
obesogenic EDCs, and for knowing their impact on human
development and health. Although there have been some attempts to

consider the combined effect of several chemicals or compounds which
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belong to the same chemical family, the methods available so far to
quantify the combined effect of exposure to multiple residues are still

scarce and not fully validated and conclusive.

Taking into account all of the above, the starting hypothesis of this
International Doctoral Thesis was that exposure to mixtures of EDCs
constitutes a risk factor for obesity, and that the development of
methodologies based on the measurement of the combined effect of
multiple obesogenic EDCs known to occur in human adipose tissue,
through in vitro assays, would serve as biomarker of combined effect

in metabolic diseases.

Therefore, the main objective of this International Doctoral Thesis
was to investigate human exposure to specific endocrine disrupting
chemicals (EDCs), specifically to those with obesogenic activities, by
analysing both the presence of these contaminants in the human
population and the individual and combined effect of residues (EDCs)
present in human adipose tissue, through the development of in vitro
biomarkers, which could be used as risk markers for obesity and other

metabolic diseases.
The specific objectives defined for this purpose were the following:

1. To develop and validate an in vitro human mesenchymal stem cell
model to assess the effect of obesogenic EDCs. This tool could serve as
a way to compare the potency of different obesogens, as well as to

identify new compounds with obesogenic activity.

2. To study ad hoc mixtures of environmental chemicals on the process
of adipogenesis, investigating the possibility of synergistic, additive or

even antagonistic effects of the individual components.
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3. To deepen into the knowledge on mechanisms and signaling
pathways through which obesogen-EDCs contribute to an obesogenic
phenotype (analyzing gene and protein expression of specific

adipogenic markers - PPARy, C/EBPaq, LPL and FABP4).

4. To evaluate the exposure to obesogens in adipose tissue samples
from adult hospitalized patients in Southern Spain, with normal weight
and obesity and to investigate the relationship between the
accumulated concentrations in adipose tissue and the risk of clinical

diagnosis of MetS.

5. To evaluate the developed total load biomarker ("0-Screen") in
adipose tissue samples from adult patients with normal weight and
obesity, and to investigate its possible association with obesity and

other metabolic disorders.

To answer the first three objectives, hASCs (human adipose-derived
stem cells) in vitro were exposed to different concentrations of
bisphenol-F (BPF), bisphenol-S (BPS) and bisphenol-A (BPA) (0.01-25
uM), individually and in combination (equimolar mixture of the three
bisphenols), during 7 and 14 days of adipocyte differentiation. The
effect of exposure on lipid accumulation and adipogenesis (Oil Red 0),
in addition to gene (mRNA) and protein (WB, western blot) expression
of the lipogenic markers PPARy, C/EBPa, LPL and FABP4 were

investigated.

The epidemiological study investigated the real exposure of the
population to persistent EDCs using the biological matrix for which
they have the greatest appetite, that is, adipose tissue; in particular,
visceral adipose tissue was selected, as it is the tissue associated with

the greatest risk of metabolic diseases. The possible associations

17



Summary

between pollutants and clinical diagnosis of MetS were also evaluated,
using both exposure biomarker information and clinical effect

biomarkers available for the study population.
The main results of this doctoral thesis are as follows:

Article #1 (Reina-Pérez et al,, 2021): Exposure of hASCs to BPF and
BPS promotes adipogenesis by altering adipocyte developmental
programming and increasing intracellular lipid accumulation. In
particular, cell exposure with BPF, at concentrations of 10 or 25 uM for
7 or 14 days, potentiates stem cell differentiation into adipocytes in a
dose-dependent manner, which is confirmed by verifying an increase
in the expression of selected adipogenic genes (PPARy, C/EBPa, LPL
and FABP4), as well as their corresponding proteins. Our results show
for the first time the obesogenic potential of BPF on human adipocyte
differentiation, and it corroborates the previous data obtained in

murine preadipocytes.

Article #2 (Reina-Pérez et al,, 2022): The equimolar ternary mixture
of the three bisphenols (BPF, BPS and BPA), interferes with the
programming of hASCs by increasing their ability to differentiate into
adipocytes. However, the obesogenic effect of the mixture differed
from that of the individual compounds by showing higher gene
expression levels than those obtained for the individual components of
the mixture. Exposure of the cells resulted in a dose-dependent effect
on lipid accumulation, while gene expression showed a non-monotonic
response, adopting a U-shape. This work is one of the few in vitro
studies that have investigated the combined obesogenic activity of
EDCs-obesogen mixtures on adipogenic differentiation, lipid
accumulation, gene expression and protein synthesis, in an attempt to

emulate real exposure situations in human population.
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Article #3 (Reina-Pérez et al., 2023): The Spanish adult population
continues to be exposed to persistent environmental pollutants
(persistent organic pollutants, POPs), with significantly higher levels of
organochlorine pesticides (OCPs) and polychlorinated biphenyls
(PCBs) in the group of patients studied with MetS compared to
individuals without this syndrome. Positive associations were found
between certain POPs and the clinical diagnosis of MetS or some of its
components. Specifically, higher levels of HCB and y-HCH were
associated with higher fasting glucose levels, higher blood pressure,
and increased risk of MetS, both in linear regression models and in
logistic models adjusted for age and sex. Exposure to the mixture of the
7 POPs found in adipose tissue is also positively and significantly

associated with MetS risk.

The increasing prevalence of MetS in the world makes necessary the
identification of preventable risk factors, besides stablishing
intervention measures to stop and reverse the progression of this
syndrome. Within this context, once the role of exposure to
environmental-obesogenic pollutants in metabolic disease has been
identified, more strictly regulations in their uses and applications
should be implemented. The participation of clinical professionals in
this area of research will be essential to deal with the environmental
health challenges that we are facing and will face through

precautionary measures.
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Resumen

Cada vez es mayor la prevalencia de sobrepeso y obesidad, ademas de
otras enfermedades metabdlicas como el sindrome metabdlico (MetS),
en el mundo. Este incremento continuo no puede ser debido a Unica
causa, sino que todo apunta a que serian multiples los factores de

riesgo implicados.

La hipétesis de los obesdégenos ambientales sugiere que la exposicion
humana a compuestos quimicos-disruptores endocrinos (EDCs)-
"obesogénicos" puede interferir inadecuadamente en la homeostasis
lipidica y el metabolismo y promover la adipogénesis, modificando las
vias de sefializacién hormonal y neuronal, predisponiendo asi a las
personas expuestas a un aumento de la masa grasa y sobrepeso. Los
obesogenos se definen como sustancias quimicas capaces de aumentar
la cantidad de adipocitos (hiperplasia), promover el almacenamiento
de grasa en las células (hipertrofia), afectar a la diferenciacién o
funcion de los preadipocitos e iniciar y/o desregular el metabolismo
basal y el aumento de peso. Los obesdgenos también pueden actuar
indirectamente alterando el equilibrio energético alterando las sefiales
de apetito y saciedad, asi como los mecanismos centrales que
mantienen la respuesta del organismo a los cambios nutricionales
diarios. Los EDCs que no solo aumentan la masa de tejido adiposo, sino
que también provocan otras disfunciones metabélicas, son conocidos

como sustancias quimicas disruptoras del metabolismo.

La lista de sustancias quimicas con potencial obesogénico no ha dejado
de crecer en los ultimos afios, y los seres humanos estan expuestos a
esta multitud de compuestos desde diversas fuentes. Los desarrollos
actuales en epidemiologia ambiental y evaluacion de riesgos
toxicoldgicos son inadecuados e insatisfactorios para evaluar la

exposicidon a multiples EDCs obesogénicos, y para conocer su impacto
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en el desarrollo y la salud humana. Aunque ha habido algunos intentos
de considerar el efecto combinado de varias sustancias quimicas
pertenecientes a la misma familia quimica, los métodos disponibles
hasta ahora para cuantificar el efecto combinado de la exposicion a
multiples residuos siguen siendo escasos, no estan totalmente

validados ni son concluyentes.

Teniendo en cuenta todo lo anterior, la hipotesis de partida de esta
Tesis Doctoral Internacional fue que la exposiciéon a mezclas de EDCs
constituye un factor de riesgo para la obesidad, y que el desarrollo de
metodologias basadas en la mediciéon del efecto combinado de
multiples EDCs obesogénicos almacenados en el tejido adiposo
humano, mediante ensayos in vitro, serviria como biomarcador del

efecto combinado en enfermedades metabdlicas.

Asi pues, el objetivo principal de esta Tesis Doctoral Internacional es
investigar la exposicion humana a varios EDCs, con actividad
obesogénica, analizando tanto la presencia de estos contaminantes en
el tejido adiposo humano, como el efecto individual y combinado de
estos contaminantes, mediante el desarrollo de biomarcadores in vitro,
que pudieran ser utilizados como marcadores de riesgo de obesidad y

otras enfermedades metabdlicas.
Los objetivos especificos definidos para este fin fueron los siguientes

1. Desarrollar y validar un modelo in vitro de células madre
mesenquimales humanas para evaluar el efecto de EDC obesogénicos.
Esta herramienta podria servir para comparar la potencia de
diferentes obeségenos, asi como para identificar nuevos compuestos

con actividad obesogénica.
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2. Estudiar mezclas ad hoc de sustancias quimicas ambientales sobre el
proceso de adipogénesis, investigando la posibilidad de efectos
sinérgicos, aditivos o incluso antagénicos de los componentes

individuales.

3. Profundizar en el conocimiento de los mecanismos y vias de
sefializacion a través de los cuales los obes6genos-EDCs contribuyen a
un fenotipo obesogénico, analizando la expresién génica y proteica de

marcadores adipogénicos especificos (PPARy, C/EBPa, LPL y FABP4).

4. Evaluar la exposicién a obesdgenos en muestras de tejido adiposo de
pacientes adultos hospitalizados en el sur de Espaiia, con peso normal
y obesidad e investigar la relacién entre las concentraciones

acumuladas en tejido adiposo y el riesgo de diagnédstico clinico de MetS.

5. Evaluar el biomarcador de carga total desarrollado ("0-Screen™) en
muestras de tejido adiposo de pacientes adultos con peso normal y
obesidad e investigar su posible asociaciéon con la obesidad y otros

trastornos metabdlicos.

Para dar respuesta a los tres primeros objetivos se utilizaron células
hASCs (células madre derivadas del tejido adiposo humano) in vitro
que se expusieron a diferentes concentraciones de bisfenol-F (BPF) y
bisfenol-S (BPS) y bisfenol-A (BPA) (0,01-25 pM), de manera individual
y combinada (mezcla equimolar de los tres bisfenoles), durante 7 y 14
dias de diferenciacién adipocitaria. Se investig6 el efecto de la
exposicidn sobre la acumulacién lipidica y la adipogénesis (tincién Oil
Red 0, ORO), ademas de la expresion génica (mRNA) y proteica
(western blot, WB) de los marcadores lipogénicos PPARy, C/EBPq, LPL
y FABP4.

25



Resumen

En el estudio epidemioldgico se investigd la exposicion real de la
poblacién a EDCs persistentes empleando para ello la matriz bioldgica
por la que tienen mas apetencia, el tejido adiposo; de forma particular
se selecciono el tejido adiposo visceral, por ser éste el tejido asociado
con un mayor riesgo de enfermedades metabdlicas. Se evalu6 también
las posibles asociaciones entre los contaminantes y el diagnoéstico
clinico de MetS, utilizando tanto la informacion de biomarcadores de
exposicién como de los biomarcadores de efecto clinicos disponibles

para la poblacion de estudio.
Los principales resultados de esta tesis doctoral son los siguientes:

Articulo #1 (Reina-Pérez et al., 2021): La exposicion de células hASCs
a BPF y BPS promueve la adipogénesis como se comprueba al alterar
la programacion del desarrollo de los adipocitos y aumentar la
acumulacion de lipidos intracelulares. De forma particular, la
exposicion celular con BPF, a concentraciones de 10 o 25uM durante 7
o 14 dias, potencia la diferenciacion de las células madre en adipocitos
de manera dosis-dependiente, lo que se confirma al comprobar un
incremento de la expresion de los genes adipogénicos seleccionados
(PPARy, C/EBPa, LPL y FABP4), asi como de sus proteinas
correspondientes. Se muestra por primera vez el potencial
obesogénico de BPF sobre la diferenciaciéon de adipocitos humanos,

corroborando datos previos obtenidos en preadipocitos murinos.

Articulo #2 (Reina-Pérez et al., 2022): La mezcla ternaria equimolar
de los tres bisfenoles (BPF, BPS y BPA), interfiere en la programacién
de las células hASCs, aumentando su capacidad para diferenciarse en
adipocitos. No obstante, el efecto obesogénico de la mezcla difiri6 del
de los compuestos individuales, mostrando niveles de expresion génica

mayores que los obtenidos para los componentes individuales de la

26



Resumen

misma. La exposicion de las células resulté en un efecto dosis-
dependiente en la acumulacién lipidica, mientras que la expresion de
los genes mostr6 una respuesta no monoténica, adoptando forma de U.
Este trabajo es uno de pocos estudios in vitro que han investigado la
actividad obesogénica combinada de mezclas de EDCs-obesdgenos
sobre la diferenciacién adipogénica, la acumulacién de lipidos, la
expresion génica y la sintesis proteica, en un intento de emular

situaciones de exposicion real en poblaciéon humana.

Articulo #3 (Reina-Pérez et al., 2023): La poblacién adulta espafiola
sigue expuesta a contaminantes ambientales persistentes (POPs), con
niveles de plaguicidas organoclorados (OCPs) y bifenilos policlorados
(PCBs) significativamente mayores en el grupo de pacientes
estudiados con MetS (MetS+) respecto a los individuos sin este
sindrome (MetS-). Se encontraron asociaciones positivas entre ciertos
POPs y el diagnostico clinico de MetS o de algunos de sus componentes.
Concretamente, niveles mas altos de HCB y y-HCH se relacionan con
niveles mas altos de glucosa en ayunas, con una presién arterial mas
elevada y con un mayor riesgo de MetS, tanto en los modelos de
regresion lineal como en los modelos logisticos ajustados por edad y
sexo. La exposicion de la mezcla de los 7 POPs encontrada en el tejido
adiposo se asocia también de manera positiva y significativa con el

riesgo de MetS.

La creciente prevalencia del MetS en el mundo, hace necesaria la
identificacion de factores de riesgo prevenibles, asi como el
establecimiento de medidas de intervencién para detener y revertir la
progresion de este sindrome. Dentro de este contexto se enmarca la
exposicién a contaminantes ambientales-obesogénicos, que una vez

identificados y entendido su papel en la génesis de la enfermedad,
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deberian ser regulados en sus usos y aplicaciones de forma mas
estricta. La participacion de los profesionales clinicos en esta area de
investigacién sera fundamental para acometer los desafios de salud
ambiental a los que hacemos y haremos frente con medidas

preventivas.
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Introduccion

TEJIDO ADIPOSO: funcion y desarrollo

El tejido adiposo es uno de los tejidos mas extensos del cuerpo humano,
representando aproximadamente el 20% del peso corporal total en
individuos sanos (Badimon et al., 2015); en torno al 10-20% en los
varones, y entre el 20-30% de su peso en las mujeres (Frithbeck, 2008).
La acumulaciéon de grasa difiere entre hombres y mujeres. Asi, se
deposita generalmente en la zona abdominal central en los hombres, lo
que se conoce como fenotipo androide u “obesidad tipo manzana”,
mientras que en la zona femoral y glitea lo hace en las mujeres, lo que
se conoce como fenotipo ginoide u “obesidad tipo pera” (Lee et al,,

2013).

El tejido adiposo es de origen mesenquimal y estd constituido por
diversos tipos de células, principalmente, adipocitos, ademas de por
componentes intercelulares, esto es, células vasculares estromales que
incluyen fibroblastos, preadipocitos, células endoteliales, células
mesoteliales, pericitos, células inmunitarias (macroéfagos, células T,
neutrofilos, linfocitos), e incluso células madre multi- y pluri-potentes
(Badimon et al,, 2015; Lee et al, 2013; Longo et al., 2019). Los
adipocitos se caracterizan por tener una gran vacuola citoplasmica
donde almacenan lipidos, principalmente triglicéridos (TG) y ésteres
de colesterol, y tienen un tamafio entre 20 y 200 pum (Badimon et al,,

2015; Frithbeck, 2008; Lee et al., 2013).

Se distinguen varios tipos de tejido adiposo, principalmente el tejido
adiposo blanco (visceral y subcutaneo) - el mayoritario -, el tejido
adiposo marrén y el tejido adiposo beige o brite (Choe et al.,, 2016; Lee
et al,, 2013; Lustig et al., 2022). El tejido adiposo blanco visceral esta
localizado entre los o6rganos internos de la cavidad abdominal,

rodeandolos, envolviéndolos y protegiéndolos. El tejido adiposo blanco
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subcutaneo, sin embargo, estd distribuido por todo el cuerpo, justo
debajo de la piel (Choe et al., 2016; Frithbeck, 2008; Lee et al., 2013;
Longo et al., 2019; Wajchenberg, 2000); mientras que el tejido adiposo
beige se concentra principalmente en las regiones cervico-

supraclavicular, perirrenal y paravertebral (Lee et al.,, 2013).

El tejido adiposo estad considerado como un 6rgano endocrino que
interviene en la regulacion de diversas funciones biol6gicas, ademas de
en la respuesta de diferentes tejidos (hipotalamo, pancreas, higado,
musculo esqulético, rifiones, endotelio, sistema inmune, etc.), mediante
una red de sefiales endocrinas, paracrinas y autocrinas (Friihbeck,
2008; Kershaw and Flier, 2004). Entre sus funciones principales
destacan el almacenamiento de energia, el metabolismo de hormonas
esteroides, la protecciéon y el aislamiento de drganos, ademas de
participar en la regulacion del sistema nervioso central, la respuesta
inmune, la respuesta de la presion arterial, inflamacién, angiongénesis
y apostosis, entre otras muchas funciones (Choe et al., 2016; Friihbeck,
2008). El tejido adiposo blanco, en concreto, ademas de actuar como
reservorio de energia y de células madre mesenquimales (Badimon et
al, 2015; Choe et al., 2016; Friithbeck, 2008; Wajchenberg, 2000), es
conocido por su papel clave en el metabolismo (Papalou et al,, 2019),
al sintetizar, secretar y liberar sustancias quimicas de diferente
naturaleza (compuestos peptidicos y no peptidicos, como por ejemplo
hormonas y proteinas) (Frithbeck, 2008; Wajchenberg, 2000). Al
conjunto de citoquinas (citocinas), hormonas y péptidos secretados
por los adipocitos se les denomina adipoquinas (o adipocinas)
(Badimon et al., 2015; Choe et al., 2016; Frithbeck, 2008). Entre estas
citoquinas destaca el factor de necrosis tumoral (TNFa, tumor necrosis
factor-a), implicado en la regulacion del tamafo de los adipocitos; la

interleuquina 6 (IL-6, interluekine-6), una citoquina proinflamatoria, y
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otros factores como el IGF-I (insulin-like growth factor-1), implicado en
la proliferacion y diferenciacion adipocitaria; y la monobutirina,
implicada en la vascularizacién del tejido adiposo (Friithbeck, 2008;

Wajchenberg, 2000).

El tejido adiposo contiene también receptores especificos de
hormonas. Los receptores nucleares son factores de transcripciéon
[sustancias end6genas (proteinas) que inician, estimulan o finalizan la
transcripcion genética (Lambert et al.,, 2018; Latchman, 1993)] que,
activados por ligandos (Zolezzi et al., 2017), intervienen mediando la
respuesta transcripcional a las hormonas en las células, regulando la
expresion de genes diana implicados en el metabolismo, desarrollo y
reproduccién (Kojima et al, 2019; McEwan, 2016). Entre estos
receptores de hormonas nucleares se encuentran los que controlan la
expresion de genes implicados en la diferenciacién de los adipocitos, la
adipogénesis, la distribucion de la grasa, el peso corporal y el
metabolismo (Griin, 2010; Heindel et al, 2022); entre los que se
encuentran, por ejemplo, los receptores de glucocorticoides (GRs,
glucocorticoid receptors), de androgenos (ARs, androgen receptors), de
estréogenos (ERs, estrogen receptors, ERa y ERB), de hormona del
crecimiento (GH), de hormonas tiroideas (TRs, thyroid receptors, TRa
y TR), de adenosina, PPARy (peroxisome proliferator-activated
receptor gamma), RXR (retinoid X receptor,), PXR (pregnane X
receptor) y CAR (constitutive androstane receptor), FXR (farnesoid X
receptor), AhR (aryl hydrocarbon receptor), e IR (insulin receptor)
(Heindel et al,, 2022; Lustig et al., 2022; Wajchenberg, 2000).

Entre los factores de transcripcion que los adipocitos-requieren para
promover su diferenciaciéon (adipogénesis) y metabolismo estan,

ademas de algunos de los ya mencionados anteriormente, receptores
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hormonales nucleares como el PPARy (considerado el regulador
principal de la adipogénesis), los GRs, las C/EBPs (CCAAT/enhancer-
binding proteins, entre ellos C/EBPa), y las UCPs (uncoupling proteins),
entre otros (Frithbeck, 2008; Heindel et al., 2022; Wajchenberg, 2000).

Entre las sustancias quimicas sintetizadas y secretadas por el tejido
adiposo blanco, encontramos también, algunas proteinas como la LPL
(lipoprotein lipase), estimulada por los glucocorticoides, que ejerce un
papel clave como reguladora del almacenamiento de TG (Friihbeck,
2008; Wajchenberg, 2000). También la ASP (acylation-stimulating
protein), que estimula la sintesis de TG; la CETP (cholesteryl-ester
transfer protein), que promueve el intercambio de los ésteres de
colesterol de los TG entre las proteinas plasmaticas; la RBP (retinol-
binding protein); la PAI-1 (plasminogen activator inhibitor-1),
relacionada con la coagulacién sanguinea y con la resistencia a la
insulina; la leptina, implicada en la hipertrofia del tejido adiposo que
controla el apetito (inhibiéndolo) y la saciedad (estimuldndola) al
actuar sobre los receptores hipotalamicos, ademas de estimular la
oxidacion lipidica, la biogénesis mitocondrial y aumentar el gasto
energético; la adiponectina, que promueve la oxidacién lipidica y
respuestas antiinflamatorias; la resistina, que estimula la obesidad; la
omentina que incrementa la accién de la insulina y, por tanto, regula
los niveles de glucosa en sangre; y la nesfatina, que regula el apetito
(Choe et al.,, 2016; Friihbeck, 2008; Wajchenberg, 2000). El tejido
adiposo blanco secreta también otras proteinas que intervienen en el
metabolismo de los lipidos, como por ejemplo la perilipina (perilipin)
que mantiene estables las gotas de grasa y evita la hidrélisis de los TG,
y la FABP4 (fatty acid binding protein 4), proteina que evita que los
acidos grados inhiban la hidrdlisis que lleva a cabo la enzima HSL

(hormone sensitive lipase) (Frithbeck, 2008).
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Entre los factores con funcidn endocrina, secretados por el tejido
adiposo, destaca la enzima aromatasa P450, por su papel en la sintesis
de estrogenos generados a partir de la aromatizacion de los
androgenos; el angiotensindgeno, por su implicacion sobre Ila
diferenciacion del preadipocito a adipocito; ademas de la leptina y

adiponectina ya mencionadas (Wajchenberg, 2000).

OBESIDAD y otras enfermedades metabolicas

La Organizacién Mundial de la Salud (OMS) (World Health
Organization-WHO) define la obesidad y el sobrepeso como una
acumulaciéon anormal o excesiva de grasa que incrementa el riesgo
dedesarrollar enfermedades no transmisibles (ENTs) (NCDs,
noncommunicable diseases); es decir, enfermedades crénicas de larga
duracién que se originan como consecuencia de factores fisiologicos,
conductuales, de comportamiento, ambientales y genéticos (World
Health Organization, 2022, 2021).

Otras alteraciones del tejido adiposo como cambios en su localizacidn,
tamafio (mayor ndimero de adipocitos, hiperplasia; mayor tamafio de
los adipocitos, hipertrofia), o recambio lipidico, pueden conllevar
también al desarrollo de obesidad y/o a resistencia a la insulina, entre
otras enfermedades metabolicas (Mejhert and Rydén, 2020). Asi, por
ejemplo, es la localizacion de la grasa en la zona abdominal, también
llamada obesidad central o visceral (grasa visceral), uno de los
componentes principales del desarrollo de sindrome metabdlico
(MetS, metabolic syndrome); nombre con el que se conoce a un grupo
de factores de riesgo que, cuando concurren juntos (tension arterial
elevada, glucemia elevada y dislipidemia), aumentan la probabilidad

de sufrir enfermedades cardiovasculares (ECVs) y/o diabetes tipo 2,
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entre otros problemas graves de salud (Badimon et al., 2015; Fahed et

al, 2022; Lam and LeRoith, 2019; Lee et al., 2013; Lustig et al., 2022).

Ademas de la grasa visceral (obesidad central), otros de los factores de
riesgo asociados a MetS son la hipertension arterial, la hiperglucemia
y la hiperlipidemia (Badimon et al., 2015; Diamanti-Kandarakis et al.,
2009; Fahed et al,, 2022; Grundy, 2016; Lam and LeRoith, 2019; World
Health Organization, 2022). Los componentes del MetS incluyen, por
tanto, un inadecuado perimetro de cintura [obesidad abdominal, que
varfa segun el pais y poblacién (etnia); concretamente, 294 cm en
hombres o 280 cm en mujeres seglin la Federacion Internacional de
Diabetes (IDF, International Diabetes Federation), o 2102 cm en
hombres o = 88 cm mujeres segiin la AHA/NHLBI (American Heart
Association/National Heart, Lung, and Blood Institute)]; una alta
presién arterial (sistélica 2130 mm Hg y/o diastélica 285 mm Hg),
niveles altos de glucosa plasmatica en ayunas (2100 mg/dL), niveles
altos de TG (2150 mg/dL), y niveles bajos de colesterol de
lipoproteinas de alta densidad (HDL, high density lipoproteins;
concretamente <40 mg/dL en hombres o <50 mg/dL en mujeres)
(Alberti et al, 2009; Grundy, 2016; Lam and LeRoith, 2019). Se
establece que la presencia simultanea en un individuo de al menos 3 de
estos 5 componentes conllevaria al diagnostico clinico de MetS (Alberti
etal,, 2009; Grundy, 2016; Lam and LeRoith, 2019). No obstante, otros
autores como Liu y colaboradores, consideran que un individuo es
metabdlicamente insano cuando concurren al menos 2 de los

componentes del MetS (Liu et al., 2022).

Hay suficiente evidencia también que demuestra que la hipertrofia de
los adipocitos del tejido adiposo blanco se asocia con resistencia a la

insulina y la diabetes tipo 2, mientras que la hiperplasia del tejido
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adiposo blanco no estaria asociada con tal riesgo (Choe et al., 2016;
Mejhert and Rydén, 2020). Esto se explicaria porque la hipertrofia
produce en el adipocito un menor almacenamiento de lipidos al reducir
la sensibilidad a la insulina, un menor recambio de lipidos, una mayor
secrecion de citoquinas inflamatorias, hipoxia, mayor muerte celular y
mayor infiltraciéon de leucocitos (Choe et al.,, 2016; Friithbeck, 2008;
Longo et al,, 2019; Lustig et al., 2022; Mejhert and Rydén, 2020).

Otro factor que también es causa del desarrollo de obesidad,
resistencia a la insulina y diabetes tipo 2 es una lipo6lisis basal
incrementada, es decir, mayor liberaciéon de acidos grasos en los
adipocitos hipertrofiados (Choe et al., 2016; Longo et al,, 2019), asi
como una lipogénesis alterada dando lugar a lipotoxicidad, como es el
caso del exceso de grasa del tejido adiposo blanco subcutdneo que pasa
al tejido adiposo blanco visceral y este a su vez a otros tejidos como
higado, musculo esquelético, corazén y pancreas (Badimon et al., 2015;

Lee etal., 2013; Longo et al., 2019).

Un marcador simple, muy utilizado, para determinar sobrepeso u
obesidad en la poblacién es el indice de masa corporal (IMC) (BMI, body
mass index), expresado en kg/m2. En adultos, un IMC 225 kg/m?, indica
sobrepeso, y un IMC =230 kg/m2 obesidad (World Health Organization,
2021). Se dispone, no obstante, de otros biomarcadores que permiten
identificar mas exhaustivamente el sobrepeso y la obesidad, como es
por ejemplo la circunferencia de la cintura o la relacién cintura/cadera,
como medida de la grasa abdominal (Alberti et al.,, 2009; Badimon et
al,, 2015; Gore etal.,, 2015a; Lee et al., 2013; Longo et al,, 2019; Noubiap
etal., 2022a; Schneider et al., 2010; Wajchenberg, 2000).

Recientemente la OMS ha publicado un informe donde se estima que

en Europa tienen sobrepeso u obesidad el 60% de los adultos y el 33%
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de los nifios mayores de 5 afos; cifras de prevalencia de sobrepeso y
obesidad entre las mas altas del mundo (Boutari and Mantzoros, 2022).
Concretamente en Europa se ha pasado de un 8,4% en 1980, a un 20%
en 2019 (Boutari and Mantzoros, 2022). En general, la obesidad
aumenta con la edad y alcanza su pico en el rango de los 50 a los 65
afios. No obstante, la prevalencia de obesidad en el mundo, ajustada
por edad, también se ha visto incrementada, pasando de un 4,6% en el
afio 1980, a un 14% en el 2019, siendo superior en las mujeres que en
los hombres (Boutari and Mantzoros, 2022). Ward y colaboradores
(2019) han estimado que, en el afio 2030, la mitad de la poblacién
adulta estadounidense tendra obesidad, y que 1 de cada 4 tendra

obesidad severa (IMC >35 kg/m?) (Ward et al., 2019).

Se distinguen dos tipos de obesidad: la obesidad metabédlicamente
insana (metabolically unhealthy obesity-MUQO) y la obesidad
metabdlicamente sana (metabolically healthy obesity-MHO). Esta
ultima se caracteriza por una expansion normal del tejido adiposo (en
particular del subcutdneo), una adipogénesis normal (reclutamiento y
diferenciacion de las células precursoras del tejido adiposo 6ptimos y
pocas células inmunitarias asociadas con la inflamacién), sensibilidad
a la insulina, ademas de una reducida lipdlisis basal, aumento de la
angiogénesis, normal oxidacién de las mitocondrias, y adecuada
secrecion de adiponectina y citoquinas antiinflamatorias (Choe et al.,
2016; Longo et al,, 2019; Lustig et al,, 2022). Ademas, los individuos
obesos metabdlicamente sanos no suelen desarrollar resistencia a la
insulina ni tienen alterados otros parametros metabdlicos (Choe et al.,
2016; Lustig et al, 2022). Sin embargo, los individuos obesos
“metabodlicamente insanos” suelen desarrollar resistencia a la insulina,
ademas de presentar algunos o todos los componentes del MetS, asi

como menor angiogénesis, mayor inflamacién (elevada infiltracién de
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macroéfagos y citoquinas proinflamatorias) y secrecién reducida de
adiponectina y aumentada de leptina y resistina (Badimon et al., 2015;
Choe et al, 2016; Longo et al., 2019; Lustig et al, 2022). De modo
general, no significa que la obesidad metabdlicamente sana no suponga
un problema, ya que su salud metabdlica evolucionara a un perfil no
saludable antes que en los individuos con un peso normal. Sin embargo,
esta distincion nos indica que hay distintos tipos de obesidad, los
cuales responden a diferentes caracteristicas anatémicas y

bioquimicas.

Los datos también indican que la prevalencia de adultos obesos,
metabolicamente insanos (definidos como aquellos individuos que
presentaban al menos 2 de los componentes del MetS), también ha
aumentado en la poblacién estadounidense (Lustig et al., 2022). La
tendencia entre los periodos 1999-2000 y 2017-2018 ha sido de un
aumento del 19% al 26,4% (Lustig et al., 2022). Otros trabajos indican
que el incremento en la prevelencia de MetS en esta poblacién podria
haber sido incluso mayor, pasando de un 25,3% en el periodo 1988-
1994, al 36,9% en 2015-2016 (Hirode and Wong, 2020; Moore et al,,
2017).

Un reciente meta-andlisis en el que se incluyeron 28 millones de
sujetos reclutados entre 1990 y 2018, indica que la prevalencia
mundial del MetS (y de sus componentes individuales), en poblacién
adulta de diferentes zonas geogréaficas y niveles socioecondmicos, es
también alarmantemente alta, variando entre el 12,5% y el 31,4%
segun la definicion de MetS que se aplique, la zona geografica o el nivel
socieconomico del pais (Noubiap et al., 2022a). El mismo grupo de
investigadores que realizaron el meta-analisis también han informado

de la prevalencia mundial de MetS en la poblacion infantil (6-12 afios)
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y adolescente (13-18 afios) en el afio 2020, obtenida mediante otra
revision sistematica (Noubiap et al., 2022b), se estima en el 2,8% (25,8
millones) entre los nifios y en el 4,8% (35,5 millones) en los
adolescentes. Los nifios en América Latina central presentan la
prevalencia mas alta, con un 8,2%, y los del noroeste de Europa la que
tiene la prevalencia menor, con un 1,4%. Los adolescentes con la
prevalencia mas alta (6,7%) se situan en paises angloparlantes de
renta alta, mientras que los de prevalencia mas baja (2,9%) lo hacen en

Asia oriental (Noubiap et al., 2022b).

En relaciéon alos componentes individuales del MetS, los resultados del
meta-analisis de Noubiap et al. (2022a) indican que la prevalencia
mundial de obesidad central (especifica por etnia) seria del 45,1%; del
34,9% para un perimetro de cintura inadecuado (=102 cm en hombres
y 288 cm en mujeres); del 42,6% para una preesion arterial alterada
(sistélica 2130 mm Hgy/o diast6lica 285 mm Hg); del 40,2% para altos
niveles de colesterol HDL (<40 mg/dL o <1,0 mmol/L en hombres y
<50 mg/dL o <1,3 mmol/L en mujeres); del 28,9% para niveles de TG
séricos (2150 mg/dL o = 1,7 mmol/L); y del 24,5% para la glucosa
plasmatica en ayunas (25,6 mmol/L) (Noubiap et al.,, 2022a). Otros
estudios recientes recogen también la elevada prevalencia de los
factores de riesgo metabdlicos del MetS, con resultados similares a los
anteriormente descritos (Antonio-Villa et al., 2022; Palmer and Toth,
2019; Peters et al,, 2019; Wang et al., 2021) y en la poblacién mundial
(Sun et al., 2022; B. Zhou et al,, 2017; Zhou et al,, 2021, 2016). En linea
con el incremento en la prevalencia de obesidad observado en las
ultimas décadas. Asi, por ejemplo, en EEUU, la prevalencia de diabetes
estandarizada por edad ha pasado de un 9,8% en 1999-2000 a un
14,3% en 2017-2018 (Wang et al, 2021), y la prevalencia de
hipertensién de un 31,8% en 1999-2000 a 48,5% en 2007-2008,
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permaneciendo estable en 53,8% hasta 2013-2014 y diminuyendo
ligeramente (43,7%) en el ultimo lustro (2017-2018) debido

fundamentalmente al uso de antihipertensivos (Muntner et al., 2020).

En resumen, es evidente que la prevalencia de sobrepeso y obesidad,
ademas de las enfermedades asociadas al MetS es cada vez mayor en el
mundo, lo que constituye un motivo de gran preocupacién y relevancia
en salud publica (Alberti et al.,, 2009; Boutari and Mantzoros, 2022;
Noubiap et al,, 2022a).

OBESIDAD: papel del medio ambiente y la exposicion a
xenobidticos

La obesidad estd considerada como una enfermedad multifactorial
(Heindel et al., 2022). Si bien se acepta que la causa principal de la
obesidad es un desequilibrio energético entre las calorias que
consumimos y las que gastamos mediante el ejercicio fisico y las
actividades de la vida cotidiana, los datos indican que la excesiva
ingesta de calorias y la insuficiente actividad fisica asociadas al estilo
de vida actual serian insuficientes para poder explicar las cifras de
sobrepeso u obesidad actuales y sus complicaciones metabdlicas
(Heindel et al., 2015b; Heindel et al., 2022). Los expertos indican que
otros factores, fundamentalmente ambientales y de estilo de vida,
deben estar interviniendo en el desarrollo de estas enfermedades, y
apelan al estudio de lo que se conoce con el término exposoma (Heindel

etal., 2022).

El concepto exposoma implica un cambio de perspectiva al tener en
cuenta los riesgos ambientales en la salud humana, incluyendo todas
las exposiciones ambientales a sustancias quimicas, bioldgicas y fisicas,

que ocurren como consecuencia de nuestro estilo de vida, de nuestra
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dieta, y/o del entorno en el que vivimos y trabajamos (factores
extrinsecos). El concepto exposoma incluye ademas factores bioldgicos
internos del individuo (factores intrinsecos) como su microbiota
intestinal, estado de inflamacidn y estrés oxidativo, o incluso la falta de
sueno (Catalan et al., 2022; Gao and Snyder, 2021; Griin and Blumberg,
2009; Heindel et al.,, 2022; Papalou et al., 2019; Vermeulen et al., 2020;
Wild, 2005).

En estalinea hay que tener en cuenta que el tejido adiposo es un érgano
que ademads de sintetizar y excretar hormonas y otras moléculas,
almacena sustancias de diversa naturaleza, fundamentalmente
compuestos quimicos lipofilicos y generalmente persistentes, con
tiempos largos de vida media, entre los que encontramos
contaminantes organicos persistentes (POPs, persistent organic
pollutants). De hecho, se ha llegado a afirmar que el tejido adiposo
posee un rol toxicoldgico, secuestrando POPs de la circulacion, con
objeto de reducir su llegada a drganos criticos, como por ejemplo el

cerebro o el higado (La Merrill et al,, 2013; Lee et al,, 2017).

Dentro de los POPs se incluyen diferentes compuestos quimicos entre
los que destacan los plaguicidas organoclorados (OCPs, organochlorine
pesticides), los bifenilos policlorados (PCBs, polychlorinated biphenyls)
y polibromados (PBBs, polybrominated biphenyls), ademas de dioxinas
y furanos, entre otros compuestos quimicos (Lee et al., 2017; Papalou
et al., 2019). Muchas de estas sustancias quimicas se comportan,
ademas, como disruptores endocrinos (EDCs, endocrine disrupting

chemicals) (Diamanti-Kandarakis et al., 2009).

Desde finales de los afnos 90 son varias las definiciones de compuestos
quimicos-disruptores endocrinos (EDCs) establecidas por diferentes

organismos publicos (Darbre, 2019; Zoeller et al., 2012). EIl concepto

42



Introduccion

de disruptor endocrino surge por primera vez en la Conferencia de
Wingspread organizada por el Fondo Mundial para la Naturaleza y
celebrada en Wisconsin (USA) en 1991 (Colborn and Clement, 1992).
En esta conferencia se define "disruptor endocrino”, como "una
sustancia quimica exdgena, o mezcla, que altera la estructura o la(s)
funcién(es) del sistema endocrino y causa efectos adversos en el
organismo o en su progenie, ademds de en poblaciones o
subpoblaciones" (Zoeller et al, 2012). Esta definicién, se ha ido
completando y modificando desde entonces, a medida que se ha ido
teniendo mas evidencia cientifica sobre el tema (Zoeller et al., 2012),
como por ejemplo a partir de las conclusiones de la reunién de
Weybridge (Inglaterra) en 1996 (European Commission et al., 1997).
Este conocimiento cientifico fue el que impulsé, ese mismo afio, la
creacidn del Comité Consultivo de Cribado y Ensayo de Sustancias con
actividad disruptora endocrina (Endocrine Disrupting Screening and
Testing Advisory Committee, EDSTAC), con el encargo de asesorar a la
Agencia de Protecciéon Medioambiental de los Estados Unidos (United
States Environmental Protection Agency, EPA), sobre estas “nuevas”
sustancias quimicas (Zoeller et al., 2012). También han proporcionado
definiciones de EDCs, la EPA, la Unién Europea o la OMS (Zoeller et al.,
2012). Asi, por ejemplo, la EPA define EDCs como “agentes exdgenos
que interfieren con la sintesis, secrecion, transporte, metabolismo,
unién o eliminacién de las hormonas naturales del organismo
responsables del mantenimiento de la homeostasis, reproduccion y
regulacion de los procesos de desarrollo” (Diamanti-Kandarakis et al.,
2009; Zoeller et al.,, 2012). Por su parte la Unién Europea los definen
como “sustancias exdgenas que causan efectos adversos para la salud
en un organismo intacto, o en su progenie, secundarios a cambios en la

funcion endocrina”; y la OMS como “sustancias o mezcla exégena que
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alteran la(s) funcion(es) del sistema endocrino y, en consecuencia,
causa efectos adversos en un organismo intacto, o en su progenie, 0 en
(sub)poblaciones” (Bergman et al, 2013; Zoeller et al, 2012).
Actualmente, la definicion mas generalizada es la propuesta por la
Sociedad de Endocrinologia, establecida en la primera edicién de la
Declaracién Cientifica de la Sociedad de Endocrinologia sobre las
sustancias quimicas-disruptores endocrinos, esto es: “los EDCs son
aquellas sustancias quimicas exdgenas, o mezclas de ellas, que
interfieren con cualquier aspecto de la accién hormonal” (Zoeller et al.,
2012); definicién que se vio corroborada en la segunda Declaraciéon
Cientifica de la Sociedad de Endocrinologia sobre estas sustancias

quimicas (Gore et al., 2015b).

Los EDCs afectan al sistema endocrino interfiriendo con las hormonas,
ya sea modificando su sintesis, secrecion, transporte, metabolismo,
eliminacion, homeostasis o accién bioldgica, o alterando la unién de las
hormonas a sus receptores u otras vias o mecanismos de sefializacidn,
generando efectos en diferentes sistemas como el endocrino o el
reproductivo  (Diamanti-Kandarakis et al, 2009; European
Commission, 2018; Flynn, 2011). Recientemente La Merrill y
colaboradores, han revisado la evidencia cientifica y resumido cuales
serfan las caracteristicas principales (KCs, key characteristics) que
definen un EDC (La Merrill et al, 2020). Los investigadores han
establecido en diez estas caracteristicas: 1: union o activacién de uno o
varios receptores hormonales; 2: antagonismo de los receptores de
hormonas, pudiendo inhibir o bloquear los efectos de las hormonas
endodgenas y, por tanto, actuar como antagonistas de estos receptores;
3: modulacién de la expresion de distintos receptores hormonales; 4:
alteracion de la transduccidn de senales, a través de receptores de

membrana, intracelulares y/o nucleares, atenuando o potenciando la
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accién hormonal; 5: modificaciones epigenéticas en las células al
interferir con la accién de las hormonas, entorpeciendo su capacidad
para alterar la expresion y/o acciéon de un receptor hormonal o la
transcripcidn de los genes que responden a las hormonas; 6: alteracion
de la sintesis de hormonas; 7: modificaciéon del transporte de las
hormonas; 8: modulacién de la distribucién, circulacién vy
concentracién de las hormonas a los (o en los) drganos y tejidos diana;
9: alteracion del metabolismo y/o eliminacién de las hormonas, y, en
consecuencia, la concentracion y actividad de las hormonas; y 10:
modificaciéon del destino de las células que producen las hormonas o
responden a las mismas, es decir, alteracién del nlimero, posicién y/o
estructura de las células que producen hormonas o que responden a
estas, afectando a la estructura y organizacién de los tejidos, al
interferir o estimular la proliferacion, diferenciacién, migracidn, y/o

muerte celular (La Merrill et al.,, 2020).

La evidencia, como se comentaba anteriormente, muestra que la
exposicion a los EDCs implica cambios en la unién, actividad y accion
sobre los receptores hormonales con repercusiones en la salud del
individuo expuesto (Amir et al,, 2021; Foulds et al,, 2017; Gore et al,,
2015a; Merrheim et al, 2020; Sakkiah et al, 2017). Entre los
receptores nucleares que pueden verse afectados por la accion de los
EDCs, encontramos ERs, ARs, progesterona, TRs, RXR, ademads de
receptores no nucleares como los receptores de membrana de
hormonas esteroideas, o receptores no esteroideos como los

receptores de neurotransmisores (serotonina, dopamina y

adrenalina), y de receptores “huérfanos” (orphan receptors) como el

AhR (Diamanti-Kandarakis et al., 2009). Cuando los EDCs se unen a los

receptores nucleares (NRs, nuclear receptors), pueden producir un
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efecto que activa la accién de los mismos (actividad agonista), pero
también inhibir su accién (antagonista), o incluso producir una accién

parcial (Flynn, 2011).

Exposicion humana a EDCs

La exposicion humana a EDCs puede ocurrir de manera diaria por
multiples vias de exposicién, ya que muchos de estos compuestos
quimicos son vehiculizados a través de la dieta, mediante la ingesta de
su residuo en alimentos y bebidas (via oral), a través de la via aérea al
respirar aire contaminado, pero también a través de la piel (via
dérmica). Asi, se han encontrado residuos de EDCs en la comida, en los
envases alimentarios, diferentes plasticos, productos de higiene
personal y cosméticos, ademads de en el aire exterior e interior de las

viviendas (Diamanti-Kandarakis et al., 2009; Papalou et al., 2019).

Los EDCs son, ademas, un grupo sustancias quimicas de muy diferente
origen, estructura y uso. IndicAbamos anteriormente que algunos EDCs
presentan gran estabilidad e inercia para reaccionar quimicamente,
por lo que retunen las caracteristicas 6ptimas para haber sido, y ser,
empleados en grandes cantidades y con gran libertad, sin especial
protecciéon medioambiental (Fernandez and Olea, 2014). Estos EDCs
son bien conocidos por su capacidad para acumularse y persistir en las
cadenas troéficas, como es el caso de los POPs, sobre los que, en la
mayoria de los casos, se han establecido medidas de control y/o
prohibicion (High Level Political Forum of United Nations on
Sustainable Development., 2022). Sin embargo, entre los EDCs también
es posible encontrar sustancias que parecen no bioacumularse, es
decir, no persisten ni se acumulan en el organismo humano, pero su
presencia como contaminantes en el entorno (agua, aire, alimentos,

utensilios) es tan frecuente que la exposiciéon diaria es inevitable

46



Introduccion

(Fernandez and Olea, 2014). Entre estos compuestos se encuentran
algunos fenoles, como bisfenol A (BPA, bisphenol A) utilizados en el
plastico policarbonato y las resinas epoxi, ftalatos (phthalates)
empleandos como plastificantes pero también en cosmética,
hidrocarburos aromaticos policiclicos (PAHs, polycylic aromatic
hydrocarbons) procedentes de procesos de combustién, parabenos
(parabens) usados como conservantes en alimentos y cosméticos por
su actividad como antimicrobianos y antiflingicos, asi como algunas
benzofenonas (benzophenones) o filtros UV presentes en diferentes
cremas solares, cosméticos y otros productos de consumo (Heindel et
al,, 2022; Papalou et al., 2019). Estos EDCs no persistentes (npEPs, non-
persistent environmental pollutants) no parecen bioacumularse, y
alcanzan el organismo humano, fundamentalmente a través de una
exposicién ambiental «de fondo» (dieta, agua, polvo, aire, cosméticos,
textiles), posiblemente en dosis bajas pero sostenidas en la mayor
parte de los casos (Diamanti-Kandarakis et al., 2009; Gore et al., 2015a;
Papalou et al,, 2019; Vandenberg et al., 2012). Los npEPs son general y
rapidamente metabolizados y excretados a través de la orina (Sgeborg
et al, 2014), aunque también pueden encontrarse en el tejido adiposo

(Artacho-Cordon et al,, 2019; Fernandez et al.,, 2007).

La exposicion humana a EDCs puede jugar un papel importante en la
etiologia de enfermedades cada vez mdas frecuentes en nuestra
sociedad, relacionandose con diferentes efectos perjudiciales para la
salud humana, incluso aunque la exposicion ocurra a bajas
concentraciones (Vandenberg et al.,, 2012). No obstante, el momento
en que ocurre esta exposicién parece determinar las consecuencias
sobre el individuo. Asi, por ejemplo, si la exposicion ocurre durante el
embarazo tendra resultados muy distintos a los esperados si tiene

lugar durante la etapa adulta del individuo. Ademas, el embrién/feto y
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el neonato son extremadamente sensibles a la exposiciéon a EDCs, y los
efectos adversos suelen ser mas graves que cuando la exposicién
ocurre en el individuo adulto (ACOG Committee Opinion, 2013;

Colborn et al., 1993; Gore et al,, 2015a; Heindel et al., 2015b).

El concepto de salud y enfermedad de los adultos, con base etiol6gica
y origen durante la etapa fetal o neonatal, surge a finales de los afios
80, cuando estudios sobre las condiciones nutricionales y ambientales
de las embarazadas se relacionaron con el aumento del riesgo de sufrir
enfermedades no transmisibles (metabolicas y cardiovasculares) a lo
largo de la vida; lo que se conoce como el origen fetal de las
enfermedades (Barker, 1995; Sallout and Walker, 2003), también
conocido como los Origenes del Desarrollo de la Salud y la Enfermedad
(DOHaD, Developmental Origins of Health and Disease) (Gore et al.,
2015a; Heindel et al., 2015b).

Entre los efectos nocivos relacionados con la exposicion a EDCs
destacan los relacionados con el sistema endocrino, el sistema inmune,
el sistema nervioso y el reproductivo, con enfermedades tan
prevalentes como por ejemplo la obesidad y la diabetes, entre otras
enfermedades metabdlicas y cardiovasculares, e incluso algunos tipos
de tumores hormonodependientes (Diamanti-Kandarakis et al., 2009;
Gore et al,, 2015a; La Merrill et al,, 2020). Al mismo tiempo, diversos
estudios en animales han confirmado el efecto que estas sustancias
quimicas antropogénicas-EDCs pueden ocasionar en el desarrollo, y en
particular sobre los sistemas reproductivos y endocrinos (World
Health Organization, 2012). Otro aspecto a destacar en la disrupcion
endocrina es la no existencia de un umbral de concentracién preciso
para el desarrollo del efecto, ya que éste es fundamentalmente

dependiente del momento hormonal del individuo expuesto, lo que

48



Introduccion

contribuye a que el nivel de exposicién pueda ser muy inferior al
reconocido como limite de seguridad para otros efectos toxicolégicos
distintos de la disrupcién endocrina (Fernandez and Olea, 2014; Gore

etal., 2015a).

Disruptores endocrinos obesogénicos y metabdlicos

Desde principios del siglo XXI se viene investigando la implicacién de
algunos EDCs en el aumento de obesidad en la poblacion. Fue Paula
Baillie-Hamilton (2002) la que formuld, tras analizar la correlacién
entre el aumento de la frecuencia de sobrepeso en la poblacién adulta
y el aumento de la produccién de sustancias quimicas industriales, la
hipétesis de la relacidn causal entre ambos acontecimientos (Baillie-
Hamilton, 2002). Poco después se acufia el término obesdgeno
(obesogens), propuesto por Griin y Blumberg en 2006 (Griin and
Blumberg, 2006), quienes definieron a los obeségenos como
“compuestos que regulan de forma inapropiada el metabolismo
lipidico y la adipogénesis promoviendo la obesidad” (Grin and
Blumberg, 2006); es decir, sustancias que favorecen la acumulacién y
almacenamiento de lipidos, incrementan la adipogénesis, y alteran la
diferenciacion y funcion de los adipocitos, modificando puntos clave de
la homeostasis metabdlica que conducen a la obesidad (Griin, 2010;
Griin and Blumberg, 2009; Janesick and Blumberg, 2012). Esta
definicién de obes6genos se ha ido ampliando con el paso de los afos,
a medida que ha ido creciendo la evidencia cientifica en este area de
conocimiento. Actualmente se considera obes6genos a los EDCs que
promueven el desarrollo de obesidad por diferentes mecanismos,
como por ejemplo: a) aumentando el nimero y tamafio de los
adipocitos (hiperplasia e hipertrofia), b) modificando el equilibrio

energético, incrementando el almacenamiento de calorias y/o
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alterando la tasa metabdlica basal, ¢) modificando la microbiota
intestinal, d) alterando el control hormonal del apetito y de la saciedad,
y/o e) transformando los circuitos cerebrales que controlan la ingesta
de alimentos y el gasto de energia (Heindel et al., 2015b). Por lo tanto,
la exposicion a EDCs obes6genos estd considerada como un factor de
riesgo de obesidad, pero también de enfermedades asociadas a ella,

como el MetS (Griin, 2010; Heindel et al., 2015b).

Los obesdgenos, de manera similar a otros EDCs, siguen sus mismas
carateristicas toxicolédgicas particulares; esto es, como por ejemplo su
capacidad de actuar a bajas dosis, o generar curvas dosis-respuesta no
monotonicas, dificultando la posibilidad de predecir lo que ocurre a
bajas dosis, una vez conocida la respuesta a las altas concentraciones
normalmente testadas en los ensayos toxicoldgicos regulatorios con
animales de experimentacion (Diamanti-Kandarakis et al., 2009; Griin
and Blumberg, 2009; Heindel et al, 2022; Papalou et al, 2019;
Vandenberg et al., 2012; Zoeller et al,, 2012).

Dentro de los EDCs también encontramos a los “disruptores
metabdlicos” (MDCs, metabolism-disrupting chemicals). El término
MDCs apareci6 con posterioridad al término obeségeno (Heindel et al.,
2015b). La diferencia entre ambos conceptos es su efecto en el
organismo. Asi, mientras la exposicién a MDCs se ha relacionado, en
general, con enfermedades metabdlicas (MetS o sus componentes,
obesidad abdominal, diabetes, hipertensién, y/o hiperlipidemia), la
exposicion a obesdgenos es mas especifica al asociarse inicamente con
obesidad, enfatizando los periodos de desarrollo (Heindel et al,
2015b). El término MDCs fue introducido por primera vez en la
Declaracion (Consenso) de Parma, en 2014 (Heindel et al., 2015b),

definiéndose como compuestos quimicos ambientales capaces de
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modificar el desarrollo del tejido adiposo al incrementar el nimero y/o
tamafio de las células grasas, y/o modificar la ingesta de alimentos y el
metabolismo, a través de efectos especificos, individuales o
combinados, en diferentes 6rganos, como por ejemplo el cerebro,
pancreas, tejido adiposo, higado, tracto gastrointestinal e incluso el

tejido muscular (Nadal et al., 2017).

Hasta el momento, la comunidad cientifica ha identificado mas de
veinte compuestos quimicos obesdgenos, que han demostrado su
actividad tanto en modelos in vitro, en lineas celulares murinas (células
3T3-L1) y células multipotentes (células madre mesenquimales, MSCs-
mesenchymal stem cells), como en modelos experimentales (Heindel et
al,, 2022; Kassotis et al., 2022). En la lista de obes6genos se incluyen
sustancias quimicas de diversa indole, como plastificantes, retardantes
de llama, productos agricolas (insecticidas, pesticidas), contaminantes
encontrados en el aire, o ingredientes para uso alimentario y en
cosmética (Heindel et al., 2022). Entre estos compuestos se incluye, por
ejemplo, BPA y sus andlogos como BPS (bisphenol S), TBBPA
(tetrabromobisphenol A) y TCBPA (tetrachlorobisphenol A); ftalatos
como el DEHP (di-2-ethylhexyl phthalate) y DBP (di-n-butyl phthalate);
el TBT (tributyltin); los PBDEs (polybrominated diphenyl ethers) y sus
sustitutos, los OPFRs (organophosphate flame retardants,); los POPs
(persistent organochlorined pollutants), como por ejemplo DDT
(dichlorodiphenyltrichloroethane) y su metabolito DDE
(dichlorodiphenyldichloroethylene), BHCH ([-hexachlorocyclohexane),
y HCB (hexachlorobenzene); los PCBs; los PFAS (per- and poly-
fluorinated alkyl substances) como el PFOA (perfluorooctanoic acid) y
el PFOS (perfluorooctane sulfonate); algunos parabenos como el MP

(methylparaben) y BP (butylparaben).
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Muchos obes6genos son también MDCs (Heindel et al., 2022). Como
ejemplos de MDCs persistentes encontramos algunos POPs, como DDT,
y algunos PCBs, PFAS (PFOS y PFOA), y el TBBPA. Como ejemplos de
MDCs no persistentes (npEPs) se encuentran el DES (diethylstilbestrol),
el BPA y algunos ftalatos como el DEHP (Nadal et al., 2017).

Las sustancias anteriores nombradas han sido catalogadas como
obesogenos dado que, entre los mecanismos de accién moleculares que
desencadenan, se incluye la activaciéon o antagonismo de diferentes
receptores nucleares y rutas de sefializacién metabdlica, entre los que
destacan, en mayor o menor medida, PPARy, C/EBPa, GR, LPL, SREBP-
1 (sterol regulatory element-binding protein), FAS (fatty acid synthase),
SCD-1 (stearoyl-CoA desaturase 1,), AhR, FABP4, TNFqa, IL-6,
adiponectina, insulina, leptina, POMC (pro-opiomelanocortin), ERs, TR3
(Heindel et al.,, 2022). La activacion o antagonismo de estos receptores
tienen efectos en cualquier tejido implicado en el control del
metabolismo como el tejido adiposo, higado, pancreas, cerebro y
musculo (Heindel et al., 2022; Zoeller et al., 2012), resultando en una
mayor cantidad y tamafio de los adipocitos, estrés oxidativo,
inflamacién, alteracion de los ritmos circadianos, cambios en la ingesta

de alimentos, adiccidn por la comida, etc. (Heindel et al., 2022).

Un buen ejemplo de obesdégeno es el caso del DES, un potente
estrogeno sintético ampliamente utilizado para tratar el aborto
espontaneo en los afios 40-70 del siglo pasado (Hatch et al., 2010;
Newbold et al, 2009, 2005; Papalou et al, 2019; Swan, 2000).
Diferentes modelos experimentales en los que se ha analizado el efecto
de la exposicion prenatal a DES, indican que los animales expuestos a
dosis bajas de DES no sufrian modificaciones de su peso corporal

durante el tratamiento, pero si evidenciaban aumento de peso en la

52



Introduccion

edad adulta (Hatch et al, 2010; Newbold et al, 2009, 2005). La
administracion de dosis altas de DES, en esa etapa del desarrollo,
causaba un descenso significativo del peso durante el tratamiento,
pero en la pubertad se observaba un incremento ponderal por
aumento del depoésito graso (Newbold et al, 2009), ademas del
incremento en los niveles de leptina, adiponectina, IL-6,y TG (Newbold
et al.,, 2009). Numerosos estudios epidemioldgicos parecen avalar la
relacién directa entre la exposicién a obesdgenos y efectos adversos
sobre el organismo humano. Asi, por ejemplo, la exposicién a OCPs,
como HCB y DDE, durante la etapa de desarrollo fetal, se han
relacionado con un mayor riesgo de que los hijos de las embarazadas
expuestas tengan un mayor peso durante la edad adulta (Karmaus et
al,, 2009; Smink et al., 2008; Vilahur et al., 2013); aunque no todos los
estudios han encontrado relacién con la exposicién a estos compuestos

obesogenicos persistentes (Govarts et al., 2012).

Algunos bisfenoles, utilizados en la fabricacién de polimeros plasticos,
como el policarbonato y las resinas epoxi, y como aditivos en otras
aplicaciones, también estan considerados como obeségenos
(Kursunoglu and Sarer Yurekli, 2022; Vandenberg et al., 2007). El
bisfenol mas conocido, producido y utilizado es el BPA, cuya
producciéon mundial entre 2010 y 2016 aument6 de 5 a 10 millones de
toneladas y se estima que haya alcanzado los 10,2 millones de
toneladas en el 2022 (Kursunoglu and Sarer Yurekli, 2022). A pesar de
que la actividad hormonal de BPA se conoce desde 1936 (Kursunoglu
and Sarer Yurekli, 2022), no ha sido hasta muy recientemente cuando
la ECHA (European Chemicals Agency) lo ha clasificado como disruptor
endocrino (ECHA, 2017) y obeségeno (Heindel et al., 2022; Kursunoglu
and Sarer Yurekli, 2022).
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Aunque las concentraciones detectadas de BPA, en los estudios de
biomonitorizacion humana, son cada vez menores, por las
restricciones europeas impuestas, por ejemplo, en Europa (2011), la
deteccién de algunos de sus sustitutos o analogos, como BPS y BPF
(bisphenol F), no deja de crecer (Karrer et al., 2019; Kursunoglu and
Sarer Yurekli, 2022). BPS ha sido también clasificado como obes6geno
por algunas de las agencias reguladoras (Heindel et al.,, 2022), sin
embargo, no ha ocurrido lo mismo con su homélogo BPF. Dada la
similitud estructual de ambos sustitutos respecto a BPA, al igual que la
semejanza en sus caracteristicas fisicoquimicas, pareceria plausible
esperar que ambos compuestos no sean alternativas seguras para la
poblacion (Carvaillo et al., 2019; Karrer et al.,, 2019; Rochester and
Bolden, 2015). Se requieren, no obstante, mas estudios de
biomonitorizacién que informen sobre la carga actual de estos y otros
compuestos quimicos ambientales obes6genos para conocer y evaluar
si esta exposicion humana se relaciona con algunas de las
enfermedades metabolicas prevalentes que no dejan de aumentar en

la poblacién.

BIOMARCADORES de exposicion y efecto

La biomonitorizacion humana (HBM, human biomonitoring) se define
como el método para evaluar la exposicién humana a sustancias
quimicas (biomarcadores de exposiciéon) mediante la medicién de
éstas, o sus metabolitos, en diferentes muestras biolégicas obtenidas
de la poblacién (Centers for Disease Control and Prevention, 2019).
Tiene, por tanto, la finalidad de cuantificar la carga total de la
exposicién y analizar su impacto en salud. Los estudios de HBM
proporcionan también informaciéon sobre la dosis interna de los

contaminantes, al tener en cuenta diversas rutas y fuentes de
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exposicién (Ganzleben etal., 2017). Son, por tanto, la base para estimar
la carga quimica corporal total. La carga corporal total viene, no
obstante, determinada por diferentes factores de caracter general del
compuesto quimico (concentracién, propiedades fisicoquimicas, o
momento de la exposicién), ademas de por factores individuales del
mismo (absorcién, metabolismo, tasa de excreciéon) (Sexton et al,

2004).

Los estudios de HBM permiten, por otra parte, i) abordar las tendencias
espaciales y temporales de las exposiciones a contaminantes
ambientales; ii) priorizar y regular los compuestos quimicos; iii)
verificar las dosis internas; iv) reducir, restringir, e incluso prohibir el
uso de determinados compuestos; asi como v) mejorar las
evaluaciones de riesgo quimico de las sustancias quimicas de interés

(Ganzleben et al., 2017).

En los estudios de HBM se pueden también utilizar biomarcadores de
efecto y susceptibilidad para evaluar como y en qué medida afecta la
exposicidn en la salud individual y colectiva (Mustieles et al., 2020;
Zare Jeddi et al., 2021). Un biomarcador de efecto se define como una
alteracion bioquimica, fisioldgica, conductual o de otro tipo, medible en
un organismo que, dependiendo de su magnitud, puede reconocerse
como asociada a una alteracion de la salud o enfermedad establecida
(National Research Council et al., 2006). Los biomarcadores de efecto
permiten, por tanto, evaluar los cambios que se han producido en la
composicién bioquimica o fisiolégica de un individuo, como
consecuencia de la exposiciéon humana a sustancias quimicas (National
Research Council et al,, 2006), permitiendo una evaluacién rapida de
posibles efectos, sin la necesidad de esperar décadas hasta el

desarrollo de enfermedades clinicas.
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La mayoria de la informacién generada hasta el momento, tanto en el
campo de la experimentacion, como de la clinica y la epidemiologia, e
incluso de la regulacién de las sustancias quimicas se basa
fundamentalmente en la evaluacion del riesgo de compuestos quimicos
estudiados uno a uno, sin tener en consideracion el efecto combinado
de mezclas complejas (Kortenkamp, 2008). Sin embargo, no podemos
olvidar, que la exposicion humana ocurre de manera conjunta a
multiples compuestos (Kortenkamp, 2014; Vandenberg et al., 2012). El
efecto combinado de mezclas de EDCs es una cuestiéon que atin no ha
sido resuelta, fundamentalmente debido a su complejidad, asi como a
la existencia de lagunas de conocimiento (Diamanti-Kandarakis et al,,
2009; Ganzleben et al,, 2017; Kortenkamp, 2014, 2008, 2007; Papalou
et al., 2019). Para resolver en parte algunas de estas lagunas, se ha
propuesto el desarrollo de biomarcadores de exposicion-efecto
(Kortenkamp, 2008), como por ejemplo el uso de ensayos de levadura,
u otros ensayos de transactivacion in vitro, ademas de ensayos in vivo
sobre efectos especificos (Christiansen et al., 2020; Kudtak et al., 2019;
Repouskou et al., 2020; Skledar and Masi¢, 2020; Yu et al,, 2019; R.
Zhou etal,, 2017).

En este sentido, nuestro grupo de investigacion ha sido pionero en el
desarrollo de biomarcadores de efecto combinado que han permitido
la estimacién cuantitativa del efecto de mezclas de compuestos
quimicos extraidas de matrices bioloégicas humanas (tejido adiposo,
placenta, sangre). Nuestra aproximacion se ha basado en el desarrollo
de ensayos biolégicos que evaluan la capacidad de inducir
proliferacién en células estrogeno- o andrégeno-dependientes,
mediada por la activiacion-inhibicion de receptores hormonales
nucleares, de estrogenos (ER) (Ibarluzea et al., 2004; Pastor-Barriuso

et al,, 2016), o de andrégenos (AR) (Arrebola et al, 2015b). Estos
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biomarcadores han sido aplicados con éxito en estudios
epidemiologicos de muy diferente indole, en los que la exposicién a
EDCs, (anti)estrogénicos o (anti)androgéncios, se ha cuantificado tanto
mediante la medida individual de residuos quimicos especificos, como
mediante la estimacién de la actividad bioldgica (proliferativa) del

extracto quimico tisular.

Aunque el estudio de mezclas resulta un reto, otros equipos de
investigacion, ademas del nuestro, han demostrado que es posible
predecir y analizar el efecto de las mezclas de EDCs, utilizando
diferentes aproximaciones toxicoldgicas, distintas a las anteriormente
comentadas (Kortenkamp, 2014, 2008, 2007). Ha sido demostrado,
también, que la exposicién a una mezcla de compuestos quimicos
induce un efecto adverso, incluso aunque la composiciéon de la mezcla
contenga concentraciones a las que, de manera individual, los
compuestos no producirian ningin efecto bioldgico, efecto conocido
como como “something from nothing”; escenario que simula mucho
mas la realidad de exposicion quimica humana (Kortenkamp, 2014;

Silva et al.,, 2002).

Es necesario, no obstante, seguir investigando tanto en el efecto
individual como en el combinado de las mezclas de compuestos
quimicos-obesogénicos a los que la poblaciéon humana esta expuesta,
ya que no hay aun estudios in vivo o in vitro que hayan analizado el
efecto obesogénico resultante de la exposicién a mezclas de EDCs. Es
de maximo interés, por lo tanto, investigar la respuesta, de la
exposicién a EDCs obesdgenos individuales, asi como de mezclas, y
analizar las implicaciones del efecto obtenido en diferentes tejidos y
organos (Diamanti-Kandarakis et al, 2009; Gore et al, 2015a;
Kortenkamp, 2014, 2007; Papalou et al., 2019; Vandenberg et al., 2012;
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Zoeller et al., 2012). Este fue el cometido que se quiso abordar en esta

Tesis Doctoral Internacional.
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Hypothesis and Rationale

The environmental obesogens hypothesis suggests that human
exposure to "obesogenic" EDCs may inappropriately interfere with
lipid homeostasis and metabolism and promote adipogenesis,
modifying both hormonal and neuronal signalling pathways, thereby
predisposing exposed individuals to increased fat mass and excess
weight. EDCs that not only increase adipose tissue mass but also result
in other metabolic dysfunctions are also referred to as metabolism
disrupting chemicals (MDCs) (Heindel et al., 2017). Environmental
obesogens are defined as chemicals capable of increasing the quantity
of adipocytes (hyperplasia), promoting the fat storage in cells
(hypertrophy), affecting preadipocyte differentiation or function, and
initiating and/or deregulating basal metabolism and weight gain.
Obesogens may also act indirectly by disrupting energy balance
(promoting calorie storage), altering appetite and satiety signals, as
well as central mechanisms that keep the body's response to daily
nutritional changes (Gupta et al.,, 2020; Heindel et al., 2015a; Janesick
and Blumberg, 2016).

The list of chemicals with obesogenic potential has been growing
steadily in recent years, with humans being exposed to this multitude
of EDCs from a variety of sources (Veiga-Lopez et al., 2018). To date,
current developments in environmental epidemiology and
toxicological risk assessment are inadequate and unsatisfactory for
evaluating the exposure to multiple obesogenic EDCs, and for knowing
their impact on human development and health (Legler et al., 2020).
Although there have been some attempts to consider the combined
effect of several chemicals or compounds belonging to the same
chemical family, the methods available so far to quantify the combined
effect of exposure to multiple residues are still scarce and not fully

validated and conclusive (Kortenkamp, 2014; Volker et al., 2022).
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Taking into account all of the above, the starting hypothesis of this
International Doctoral Thesis was that exposure to mixtures of EDCs
constitutes a risk factor for obesity, and that the development of
methodologies based on the measurement of the combined effect of
multiple obesogenic EDCs known to occur in human adipose tissue,
through in vitro assays, would serve as biomarker of combined effect

in metabolic diseases.
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Objective

The main objective of this International Doctoral Thesis was to
investigate human exposure to specific endocrine disrupting chemicals
(EDCs), specifically to those with obesogenic activities, by analysing
both the presence of these contaminants in the human population and
the individual and combined effect of residues (EDCs) present in
human adipose tissue, through the development of in vitro biomarkers,
which could be used as risk markers for obesity and other metabolic

diseases.
The specific objectives defined for this purpose were the following:

1. To develop and validate an in vitro human mesenchymal stem cell
model to assess the effect of obesogenic EDCs. This tool could serve as
a way to compare the potency of different obesogens, as well as to

identify new compounds with obesogenic activity.

2. To study ad hoc mixtures of environmental chemicals on the process
of adipogenesis, investigating the possibility of synergistic, additive or

even antagonistic effects of the individual components.

3. To deepen into the knowledge on mechanisms and signaling
pathways through which obesogen-EDCs contribute to an obesogenic
phenotype (analyzing gene and protein expression of specific

adipogenic markers -PPARy, C/EBPa, LPL and FABP4).

4. To evaluate the exposure to obesogens in adipose tissue samples
from adult hospitalized patients in Southern Spain, with normal weight
and obesity, and to investigate the relationship between the
accumulated concentrations in adipose tissue and the risk of clinical

diagnosis of MetS.

5. To evaluate the developed total load biomarker ("O-Screen") in

adipose tissue samples from adult patients with normal weight and
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obesity, and to investigate its possible association with obesity and

other metabolic disorders.
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Materials and Methods

Cell Culture
To carry out the in vitro studies that comprise an important part of this

PhD thesis, commercial human adipose-derived stem cell (hASC) line

was used; namely the Poietics™ Normal Human Adipose Derived Stem

Cells [PT-5006, Lot 0F4505], from Lonza (Switzerland). The hASCs are
cells capable of differentiating under controlled treatments into other
cell lineages, including chondrogenic, osteogenic, adipogenic and
neural lineages (Lim et al., 2014; Lonza, n.d.; Perrini et al., 2009). The
hASCs used were isolated from subcutaneous lipoaspirates from a
single non-diabetic adult, collected during elective liposuction surgical

procedures and cryopreserved at primary passage (Lonza, n.d.).

hASCs were cultured and expanded following the manufacturer’s
instructions together with published recommendations (Janderova et
al,, 2003; Ruiz-Ojeda et al.,, 2016). Briefly, cells were initially seeded in
25 cm? cell flasks (T25) at a density of one million, subsequently
expanded in 75 and 175 cm? cell flasks, incubated at 37 °C in a
humidified atmosphere containing 5% CO2. Cell culture growth
medium (GM) was comprised Advanced-Dulbecco’s Modified Eagle
Medium (advanced-DMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mM GlutaMAX, 100 U mL-1 penicillin, and 100 pg/mL
streptomycin, and replaced every 2-3 days. Cells were sub-cultured
using a mixture of 0.25% trypsin-EDTA and passaged up to a maximum
of 6 times. All products were supplied by Thermo Fisher Scientific

(Waltham, MASS).

Cells were exposed to different concentrations of specific obesogen-
EDCs (mainly bisphenols -BPA, BPF and BPS) and their ternary
combination (MIX), as an example of an environmental exposure

marker, to study their obesogenic potential and their effect on the
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adipogenic phenotype. All cell cultures were repeated at least three

times for each condition with multiple replicates.

Adipogenic Differentiation

Differentiation was induced by seeding hASCs in 24-well plates
(Linbro, McLean, VA) at initial concentrations of 20,000 cells/cm?
(40,000 cells per well) in GM. When confluence was reached (two days
later), the GM was replaced by the differentiation medium (DM)
consisting of GM supplemented with 1 uM dexamethasone (DEX), 0.5
mM 3-isobutyl-1-methylxanthine (IBMX), 1.7 uM human insulin (INS),
and 0.1% dimethyl sulfoxide (DMSO) (vehicle) as negative control, or
by the aforementioned DM plus 1 uM rosiglitazone (ROSI) as positive
control (Janderova et al, 2003; Patel et al, 2003). Different
concentrations of the selected obesogens (BPA, BPF, BPS) were added
to DM, both individually or as mixture of these three bisphenols (MIX),
in a 1:1:1 ratio, and tested throughout the progressive maturation of
the adipocytes (7 and/or 14 days), constituting the experimental
conditions. The final DMSO concentration in both the individual
compounds and the mixture never exceeded 0.1% (v/v) of the culture
medium. The DM was replaced every 2-3 days during the adipogenic
differentiation. All differentiation products were supplied by Sigma
(Sigma-Aldrich, St. Louis, MO, USA) except for ICI 182,780 (Tocris Bio-

science, Bristol, UK).

hASCs were also used to elucidate possible mechanism of action of the
selected obesogens; that is, to test whether BPA, BPF, BPS and the MIX
induced adipogenesis through the regulation of adipogenic genes in an
estrogen receptor (ER)-dependent manner (Rochester and Bolden,
2015). To do that, an antagonist of ERa (ICI 182,780) was used
(Ohlstein et al., 2014). For this purpose, hASCs were cultured for 14
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days in the experimental conditions described above, DM containing
increasing concentrations of BPA, BPF, BPS and MIX with ICI 182,780
(100 nM), or in DM with 173-estradiol (E2) at 1 uM, or in DM with E2
plus ROSI (E2 + ROSI).

hASCs were not exposed to other NR antagonists such as
glucocorticoids receptor (GR) and PPARYy because the experimental
condicions used to differentiate hASCs into adipocytes contained DEX,

a glucocorticoid and ROSI that has affinity for PPARy.

Cell Viability

Percentage of viable cells was determined using the trypan blue test
following the protocol described by Strober (2015) ith slight
modifications. Succinctly, after 7 or 14 days of culture under the
aforementioned experimental conditions, cells were dissociated with
trypsin, resuspended in phosphate buffered saline (PBS), mixed with
trypan blue dye, and visually examined and counted in a Neubauer
chamber, using an Olympus IX51 inverted microscope with Olympus

TH4-200 lamp.

The viability assays were performed with multiple replicates for each

experimental condition.

Analysis of the adipogenic phenotype in the in vitro studies:
To determine the adipogenic phenotype, as well as to study the
obesogenic potential of the selected EDCs, the Oil Red O (ORO) staining,
as well as gene and protein expressions of specific adipogenic markers

(PPARy, C/EBPa, LPL and FABP4) was used.

i) Quantitative Oil Red O (ORO) Staining Assay
The analysis of adipogenic phenotype was verified with the

Quantitative Oil Red O Staining Assay. Thus, intracellular lipids, mainly
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triglycerides, were visualized by ORO staining and quantified by
spectrophotometric determination at day 7 and/or day 14 of
adipogenic differentiation (Janderova et al., 2003; Ramirez-Zacarias et
al,, 1992). Briefly, after exposure at the experimental conditions, cells
were washed with PBS and fixed in 4% paraformaldehyde for 1 h at
room temperature. After washing with milliQ-water and 60%
isopropanol, cells were stained with filtered ORO solution (0.5%, w/v)
in a milli-Q water (60/40, v/v) for 45 min, followed by washing with
60% isopropanol and again with milliQ-water. Cells were first
observed and photographed under a Leica microscope [Leica DMi8
microscope (Leica Microsystems, Wetzlar, Germany), with the Leica
Application Suite (LAS) X software], and the retained dye was extracted
with 100% isopropanol, measuring the optical density at a wavelength
of 520 nm with a microplate reader (BioTek HTX, Fisher Scientific,
USA). All aforementioned products were purchased from Thermo
Fisher Scientific (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
or Sigma Aldrich (Sigma-Aldrich, St. Louis, MO, USA), except for
paraformaldehyde (Electron Microscopy Science Hartfield, PA, USA).

The ORO staining assays were performed with multiple replicates for

each experimental condition.

ii) RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)

Total RNA was extracted from cells at the aforementioned
experimental conditions on day 7 and/or 14 of adipogenic
differentiation using the RNeasy Mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Genomic DNA was
eliminated using the RNase-Free DNase kit (Qiagen, Hilden, Germany)

following the manufacturer’s instructions. The final RNA concentration
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and quality (260/280 ratio) were determined with a NanoDrop2000
(Thermo Fisher Scientific, Waltham, MA, USA). Total RNA (1000 ng)
was transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-
Rad Laboratories, Hercules, CA, USA) in accordance with the
manufacturer’s instructions. qRT-PCR was used to measure the
expression levels of genes involved in the adipogenic process
[peroxisome proliferator-activated receptor gamma (PPARYy),
CCAT/enhancer-binding protein (C/EBPa), lipoprotein-lipase (LPL),
and fatty acid-binding protein 4 (FABP4)]. Hypoxanthine-guanine
phosphoribosyltransferase-1 (HPRT1) and B-actin (ACTB) used as
housekeeping genes (reference genes, internal control genes) for all
experiments. Primer pairs for each target gene, purchased from Bio-
Rad (Bio-Rad Laboratories, Hercules, CA, USA), were PPARy (Assay ID
qHsaCEDO0044425), C/EBPa (Assay ID qHsaCED0019045), LPL (Assay
ID qHsaCED0047106), FABP4 (Assay ID qHsaCED0057474), HPRT1
(Assay ID qHsaCID0016375), and ACTB (Assay ID ghsaLED0214042).
gRT-PCR was carried out with an ABI Prism 7900HT instrument
(Applied Biosystems, Foster City, CA) using SYBR Green PCR from Bio-
Rad (Bio-Rad Laboratories, Hercules, CA, USA). Quantification was
performed using the Qiagen Data Analysis Center (GeneGlobe Data
Analysis Center, Qiagen, Hilden, Germany) and stability of reference
genes was statistically validated for each sample in duplicate. The
2-AACt method was used to express the results as fold-changes and the
negative control as reference (Livak and Schmittgen, 2001; Schmittgen

and Livak, 2008).

The analyses of gene expression were performed in duplicate for each
sample. A 21.5-fold increase and decrease in gene expression was

considered as up-regulation and down-regulation, respectively.
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iii) Western Blot

Protein levels of selected genes were measured in cells cultured under
the different experimental conditions after 7 and/or 14 days of
adipogenic differentiation. Briefly, lysis was performed using cell lysis
buffer [10 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 100% glycerol (Sigma-Aldrich, St. Louis, MO, USA)], a protease
inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA), and f3-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). Samples were
placed on ice for 20 min. After centrifugation for 30 min at 13,000x g
and 4 °C, the protein content of the supernatant was quantified by the
DC Protein Assay, using 50 pg of protein sample mixed with 4X
Laemmli sample buffer containing 10% (-mercaptoethanol and milliQ-
water. Samples were separated with SDS-PAGE using TGX Any kD gel
and transferred onto a nitrocellulose membrane, which was incubated
in blocking buffer [5% non-fat milk in 1X Tris-buffered saline (TBS)
with 0.5% Tween 20 (TBS-T)] for 1 h at room temperature. Primary
antibodies to incubate blotted membrane for PPARy, C/EBPa, FABP4,
LPL, and HSC-70 (B6) were used with appropriate horseradish
peroxidase-labelled secondary antibodies (Table 1). Immunoreactive
signals were detected using the Clarity Western ECL Substrate Kit, and
membranes were digitally imaged with Image Reader LAS-4000 and
quantified by densitometry using Image] software. Protein levels were
represented as the fold-changes in expression relative to the control
(HSC-70). All these products were acquired from Bio-Rad (Bio-Rad
Laboratories, Hercules, CA, USA) or Sigma Aldrich (Sigma-Aldrich, St.
Louis, MO, USA).

The analyses of protein expression were performed in duplicate for

each sample.
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Table 1. Brief description of primary and secondary antibodies used in
western blot analysis

Peptide/Protein Manufacturer, Species Dilution
Target Catalog number P
Cell Signaling
PPARY Technology, 2435 1:1000 (5%
2 Cell Signaling BSA in 1X
5 C/EBPa Technology, 2841 | TBS with 0.5%
o - - Rabbit Tween 20
= FABPA Cell Signaling een 20)
i Technology, 3544
1S
g LPL Abcam, ab172953
a Santa Cruz
HSC-70 (B6) Biotechnology, SC- Mouse
7298
Goat Anti- 1:1000 (5%
3 Rabbit 1gG Anti- | non-fat milk in
S | (H+L)-HRp | BIO-RAD/ 708515 | poppit | 1X TBS with
= Conjugate 0.5% Tween
g Goat Anti- 20)
? Mouse 1gG
° (whole . Anti-
S molecule)— Sigma, Ad416 Mouse
3 Peroxidase
Conjugate
Study population

For the clinical study, a cross-sectional epidemiological study was
carried out, which constituted the second part of this doctoral thesis,
supported by two projects of the Instituto de Salud Carlos III and the
European Regional Development Fund/ERDF (FIS-PI113/02406 and
FIS-PI16/01812). The study population comprised 117 individuals
selected among patients undergoing a non-cancer surgical
intervention (hiatal hernia, umbilical hernia, inguinal hernia, para-
oesophageal hernia, achalasia and cholecystectomy), from both the
Endocrinology and Nutrition Unit and the Surgery Unit of the Hospital

Universitario Virgen de la Victoria (Malaga, Spain). The recruitment
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took place between 2013 and 2015. Exclusion criteria included
patients receiving blood glucose-lowering treatment, major
cardiovascular disease in the last 6 months before recruitment,
evidence of acute/chronic inflammatory disease (such us chronic
inflammatory bowel diseases, ulcerative colitis and Crohn's disease),
cancer patients and infectious diseases, as well as those who did not
signed the informed consent to participate in the study. The study was
approved by the Ethics Committee of Virgen de la Victoria University
Hospital and was conducted in accordance with the principles of the
Declaration of Helsinki. All participants gave their signed consent after

being fully informed of the goal and characteristics of the study.

Collection of human biological samples

Approximately 300 mg of visceral adipose tissue (VAT) and 10 mL of
blood were collected during surgery under fasting conditions. Blood
samples were immediately centrifuged for 5 min at 2,500 rpm and 4 °C
to separate the serum. Both serum and adipose tissue samples were
immediately coded and stored at —80 °C until chemical analysis. Once
all the fat samples had been collected, they were sent to the chemistry
laboratories of the ibs.GRANADA/University of Granada (Spain) for

analysis.

Adipose tissue sample extraction and chemical analysis
(exposure markers)

Concentrations of 17 POPs as markers of environmental exposure
were determined in 150 mg of adipose tissue as previously described
(Martinez Vidal et al., 2002; Moreno Frias et al,, 2004). Adipose tissue
samples were spiked with p-chlorobenzophenone as an internal
standard, and extracted following a two-step methodology, consisting

on a mechanical homogenization in n-hexane followed by a filtration
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through a glass column with 200 mg of alumina. Extracts were dried
under a continuous nitrogen stream and fractionated in duplicate by
high-performance liquid chromatography (HPLC). Residues of o,p’-
DDT, p,p’-DDE, HCB, a-HCH, B-HCH, y-HCH, aldrin, isodrin, endrin,
dieldrin, heptachlor, vinclozolin, endosulfan I and II and three PCBs
congeners (-138, -153, and -180) were quantified by gas
chromatography and mass spectrometry (GC-MS/MS) with an Agilent
7890A system and MS Agilent 7000 GC/MS (triple quadrupole) mass
spectrometer (Agilent Tehcnologies, Santa Clara, CA) after
reconstitution in 200 uL n-hexane (Arrebola et al., 2014). Procedural
laboratory blanks with solvents alone were tested and always yielded
a negative result. Laboratory fortified matrix samples at different
concentrations were used for quality control. Inter- and intra-day
variabilities were calculated by analyzing fortified samples within the
same day (repeatability) and on different days (intermediate
precision), respectively, always yielding values <20%. The limit of
detection (LOD) was determined as the smallest amount of the analyte
that gave a signal-to-noise ratio 23 and was set at 4 ng/mL for o,p"-DDT
and p,p-DDE, and 2 ng/mL for the rest of POPs. Concentrations below
theLOD were assigned half of the LOD.

Assessment of Metabolic Syndrome (MetS) and its
components in clinically diagnosed middle-aged adults
(effect markers)

The height and weight of the participants were recorded, calculating
the BMI as weight/height squared (Kg/m?2). Waist circumference (WC)
was measured at the nearest 0.1 cm using an inelastic tape (in a
standing position and after a gentle exhalation by trained staff using

standardized protocols. Systolic and diastolic blood pressures (SBP
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and DBP, respectively) were also measured. Blood pressure was
measured twice in the sitting position after a 5-min rest at 5-min

intervals, and the mean of the measurements was used.

Fasting glucose, TG and HDL cholesterol were quantified in serum
samples by using a Dimension autoanalyzer, Dade Behring Inc.

(Deerfield, IL) in the analytical unit of Virgen de la Victoria Hospital.

Following the International Diabetes Federation (IDF) working group
criteria, it was considered as clinical variables under study the 5
metabolic syndrome (MetS) components and their respective cut-off
points: fasting glucose (2100 mg/dL), TG (=150 mg/dL), HDL
cholesterol (<40 mg/dL in males and <50 mg/dL in females), blood
pressure (SBP 2130 mmHg and/or DBP 285 mmHg), and WC (294 cm

for males and = 80 cm for females in European populations).

Participants were classified as MetS+ when the presence of any 3 out
of these 5 MetS components was detected, while those participants
with less than 3 MetS components were included in the MetS- group

(Alberti et al., 2009).

Statistical Analysis
The statistical analyses performed are described in each of the

publications included in the results section.

Briefly, results of in vitro assays were expressed as means * standard

error of the mean (SEM). Significant differences in ORO staining results
and in gene and protein expression were evaluated with the non-

parametric Mann-Whitney U test.

In the clinical study, continuous variables were expressed using

arithmetic mean * standard deviation (SD), median and 25th-75th
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percentiles, and categorical variables as percentages. MetS
components were considered both as continuous (log-transformed)
and categorical variables, considering the cut-off points established in
the IDF working definition for the clinical diagnosis of MetS. POP
concentrations were natural-log transformed to reduce the skewness
of the distributions and the influence of extreme values, especially in
the context of a modest sample size. Spearman's correlation test was

used to assess relationships between POPs concentrations.

Associations between concentrations of POPs and MetS components
were examined using both linear and logistic regression analyses when
outcomes were coded as continuous or -categorical variables,
respectively. The linearity of the association between POP exposure
and MetS components was examined using generalized additive
models (GAMs), supporting the modeling of POP concentrations as
continuous variables. Also, linear regression models were performed
using dichotomized exposure variables (exposed vs. not exposed) for
those POPs with ~50% below LOD (HCB, o,p-DDT, y-HCH) in the
adipose samples. Logistic regression analyses were performed to
explore the influence of adipose tissue levels of selected POPs and the
risk of clinically-diagnosed MetS. All models were adjusted for age
(vears) and sex (male/female) as potential confounders. In addition, a

sensitivity analysis was performed further adjusting models by BMI.

The potential of POP mixture effect on MetS was assessed using
Weighted Quantile Sum Regression (WQS) (Carrico et al., 2015), which
combines the individual associations into a weighted index, and
estimates the specific weight of each chemical on the mixture. Further,
associations between each WQS index and the outcome were also

studied by using multivariable logistic regression adjusting for age, sex
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and BMI. The WQS analyses were performed with log-transformed
continuous pollutant concentrations, using a training set defined as a
40% random sample of the dataset, being the remaining 60% used for
model validation. The final weights were calculated using a total of

1000 bootstrap steps.

The found results (association between the specific POPs and MetS or
individual components of MetS) were interpreted taking into their
internal validity, consistency and coherence, the existing
epidemiological and toxicological evidence, and not exclusively
considering the statistical significance (Amrhein et al., 2019). Given the
hypothesis investigated in the epidemiological (cross-sectional) study
and the moderate number of comparisons tested, a post-hoc correction
for multiple comparisons did not perform to avoid a disproportionate
increase in the frequency of type II errors (Rothman, 2014). A
diagnosis of the models was conducted in order to ensure the

goodness-of-fit and the fulfilment of implementation conditions.

SPSS (IBM SPSS, Armonk, NY, USA) was used. Statistical significance
was defined as p <0.05.
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Highlights
e BPF and BPS promote intracellular lipid accumulation in hASCs.

» Expression of key adipogenic genes increases in response to BPF and
BPS.

¢ Our findings suggest that BPF and BPS are not safe alternatives to
BPA.

e The obesogenic potential of BPF in human adipogenesis is reported
for the first time.

Abstract

Bisphenol F (BPF) and bisphenol S (BPS) are increasingly used as
substitutes for bisphenol A (BPA), anendocrine disrupting
chemical (EDC) with obesogenic activity. We investigated the in
vitro effects of BPS and BPF on the adipogenesis of human adipose-
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derived stem cells (hASCs) exposed to different doses (0.01, 0.1, 1, 10
and 25 pM), stopping the adipogenic process at 7 or 14 days.
Intracellular lipid accumulation was quantified by the Oil Red O assay,
gene expression of peroxisome proliferator-activated receptor
gamma (PPARy), CCAT/enhancer-binding

protein (C/EBPa), lipoprotein-lipase (LPL) and fatty acid binding
protein 4 (FABP4), by quantitative real-time polymerase chain
reaction (QRT-PCR) and protein levels by Western Blot. hASCs with
BPF or BPS produced a linear dose-response increase in intracellular
lipid accumulation and in gene expression of the adipogenic markers,
confirmed by protein levels. Co-treatment ICI 182,780 significantly
inhibited BPF- but not BPS-induced lipid accumulation. Given the
affinity of bisphenols for diverse nuclear receptors, their obesogenic
effects may result from a combination of pathways rather than a single
mechanism. Further research is warranted on the manner in which
chemicals interfere with adipogenic differentiation. To our best
knowledge, this report shows for the first time the obesogenic
potential of BPF in hASCs.

Keywords

Endocrine disruptors; Adipogenesis; Bisphenol F (BPF); Bisphenol S
(BPS); Obesity; Bisphenol A (BPA)

Abbreviations

ACTB, B-actin; advanced-DMEM, Advance-Dulbecco Modified Eagle
Medium; BPA, bisphenol A; BPF, bisphenol F, 4,4'-methylenediphenol;
BPS bisphenol S, 4,4'-sulfonyldiphenol; C/EBPqa, CCAT/enhancer-
binding protein; DEX, dexamethasone; DM, differentiation medium;
DMSO, dimethyl sulfoxide; EDC, endocrine disrupting chemical; FABP4,
fatty acid binding protein 4; FBS, fetal bovine serum; GM, growth
medium; hASCs, human adipose-derived stem cells; INS, human
insulin; HPRT1, hypoxanthine-guanine phosphoribosyltransferase-1;
IBMX, 3-isobutyl-1-methylxanthine; LPL, lipoprotein-lipase; pg,
micrograms; pM, micromolar; mM, millimolar; ml, millilitre; min,
minutes; ng, nanograms; nm, nanometers; C-, negative control; ORO,
0il Red O; PPARY, peroxisome proliferator-activated receptor gamma;
PBS, phosphate buffered saline; C+, positive control; qRT-PCR,
quantitative real-time polymerase chain reaction; ROSI, rosiglitazone;
SEM, standard error of the mean; TBS, tris-buffered saline
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1. Introduction

The prevalence of obesity is increasing at an alarming rate worldwide
and poses a major public health challenge (Williams et al., 2015). Diet,
physical activity, and genetic predisposition are considered the main
triggers of the obesity pandemic; however, there is mounting evidence
that other factors, such as exposure to obesogenic endocrine
disrupting chemicals (EDCs), contribute to the development of obesity
and related metabolic disorders (Frank, 2016; Petrakis et al., 2017).

The obesogen hypothesis, based onin vitro,in vivo, and
epidemiological data, proposes a link between EDC exposure, mainly
at specific developmental stages, and increased body weight and
adiposity (Darbre, 2020; Griin and Blumberg, 2006; Heindel, 2019).
Obesogens were defined as synthetic chemical compounds that might
interfere ~ with  endogenous hormones, thereby favoring
obesity via several possible pathways: increasing the number of
adipocytes and/or fat storage/content of existing fat cells; altering the
energy balance towards calorie storage, reducing thermogenesis;
and/or disrupting signals that regulate appetite and satiety
mechanisms (Janesick and Blumberg, 2011). The concept of obesogens
was later extended to include “metabolic disruptors”, i.e, all synthetic
chemical compounds with potential to increase susceptibility to
obesity, diabetes, and/or related metabolic disorders (Heindel et al.
2017).

Bisphenol A (BPA) is currently used as a primary raw material in the
production of polycarbonate and epoxy resins, and food and beverages
are among the main sources of human exposure to this compound
(Ahmed and Atlas, 2016; Vandenberg et al., 2010). Evidence of the
health risks associated with BPA led to the proposal of structural
analogs such as BPF and BPS. BPF and BPS are used in the manufacture
of epoxy resins, polycarbonates, thermal papers, and infant feeding
bottles, among other products (Bjornsdotter et al., 2017; Usman and
Ahmad, 2016). Their concentration in food varies among countries,
among different foods, and among types of containers (Russo et al.
2019). The increased use of BPF and BPS in consumer products has
been followed by the detection of their residues and metabolites in
human biological matrices (Liu et al, 2018;Luo and Liu,
2016; Rochester and Bolden, 2015; Ye et al., 2015). According to the
most recent data from the USA, urinary concentrations of BPA, BPF,
and BPS range from 0.57 to 2.49 ug/L BPA, 0.14-1.11 pg/L BPF, and
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0.14-0.88 pg/L BPS in adults, and from 0.64 to 2.42 pg/L BPA, 0.14-
0.99 pg/L BPF, and 0.12-0.7 pg/L BPS in children and adolescents
(Vandenberg et al., 2007; Lehmler et al., 2018).

Various authors have suggested that some of the biological activities of
BPF and BPS are of a similar or even higher magnitude in comparison
to those of BPA (Eladak et al., 2015; Rochester and Bolden,
2015; Usman and Ahmad, 2016). Thus, BPS and BPF have been shown
to promote adipogenesis and intracellular lipid accumulation in vitro,
mainly in murine cell lines such as mouse 3T3-L1 preadipocytes
(Ahmed and Atlas, 2016; Drobna et al.,, 2019; Ramskov Tetzlaff et al.,,
2020). Both BPA analogs were also found to stimulate adipogenesis in
murine preadipocytes by disrupting the regulation of some crucial
adipogenesis-related genes (e.g., PPARy and C/EBPa) and adipogenic
markers (e.g., LPL and FABP4) (Ahmed and Atlas, 2016; Drobna et al.,
2019; Ramskov Tetzlaff et al., 2020).

Nevertheless, no consensus has yet been achieved on the action
mechanisms underlying the effect of BPA and its structural analogs on
murine and human adipogenesis. Identification of a predominant
mechanism is difficult because: a) these bisphenols bind to several
receptor families with distinct affinities and activities (Mustieles et al.
2015); b) in vitro models of adipogenesis in stem cells/preadipocytes
express various specific families of nuclear receptors with related
functions (Kassotis et al, 2017); and c) the effect of EDCs on this
process is influenced by the hormone cocktail selected for adipogenic
differentiation, among other methodological factors (Kassotis et al.
2017).

Despite the increasing use of these BPA substitutes, there has been
very little research on the obesogenic effect of BPF and BPS on human
adipogenesis (Boucher et al., 2016a, 2016b; Peshdary et al., 2020). The
objectives of this study were to investigate the effects of different
concentrations of BPF and BPS, some of them representing human
exposure, on adipogenesis in cultured human adipose-derived stem
cells (hASCs) and to evaluate the expression of genes and proteins
related to adipogenesis and lipid metabolism. A secondary objective
was to investigate certain mechanistic aspects underlying the
obesogenic effects of BPS and BPF in relation to the estrogen receptor.
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2. Materials and methods
2.1. Cell culture

Commercial hASCs were purchased from Lonza (Poietics™ Normal
Human ADSCs, PT-5006, Lot 0F4505, Lonza, Switzerland); they are
isolated from normal (non-diabetic) adult subcutaneous lipoaspirates
collected during elective surgical liposuction procedures and can be
differentiated under controlled treatments into many different
lineages, including chondrogenic, osteogenic, adipogenic, and neural
cells (Fraser et al., 2008; Janderova et al., 2003).

hASCs were pooled, cultured, and expanded following the
manufacturer's instructions and published recommendations (Ruiz-
Ojeda et al., 2016). Briefly, hASCs were grown and expanded in sterile
plastic dishes in growth medium (GM) of Advanced-Dulbecco's
Modified Eagle Medium (advanced-DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM GlutaMAX, 100 U ml-! penicillin, and
100 pg/ml streptomycin. Cells were initially seeded in 25 cm?2 cell
flasks (T25) at a density of one million and subsequently expanded in
75 and 175 cm?cell flasks incubated at 37°C in a humidified
atmosphere containing 5% CO;. Cell culture medium was replaced
every 2-3 days, and cells were passaged up to a maximum of 6 times.
Cells were sub-cultured using a mixture of 0.25% trypsin-EDTA. All
products were supplied by Thermo Fisher Scientific (Waltham, MASS).

2.2. Adipogenic differentiation

Differentiation was induced by seeding hASCs in 24-well plates
(Linbro, McLean, VA) at  initial concentrations of
20,000 cells/cm? (40,000 cells per well) in GM. When confluence was
reached, the GM was replaced by a differentiation medium (DM)
consisting of GM supplemented with 1 uM dexamethasone (DEX),
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1.7 uM human insulin
(INS), and 0.1% dimethyl sulfoxide (DMSO) (vehicle) as negative
control, or by the aforementioned DM plus 1 pM rosiglitazone (ROSI)
as positive control (Janderova et al., 2003). Different concentrations
of BPF or BPS (0.01, 0.1, 1, 10 and 25 uM) were added to the DM and
tested throughout the progressive maturation of the adipocytes,
constituting the experimental conditions.

hASCs were also cultured for 14 days in the DM containing increasing
concentrations of BPS and BPF (0.1, 1, 10 and 25 uM) with the ER
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antagonist ICI 182,780 (100 nM), with 17(-estradiol (Ez) at 1 uM, or
with E; plus ROSI (E; + ROSI) at the aforementioned concentrations.
All differentiation products were acquired from Sigma (Sigma-Aldrich,
St. Louis, MO) except for ICI (Tocris Bioscience, Bristol, UK). The DM
was replaced every 2-3 days during the adipogenic differentiation.

2.3. RNA isolation and quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from cells at days 7 or 14 of adipogenic
differentiation at the aforementioned experimental conditions (0.01,
0.1,1, 10 and 25 puM of BPF or BPS) using the RNeasy Mini kit (Qiagen,
Germany) according to the manufacturer's protocol. Genomic
DNA was eliminated wusing the RNase-Free DNase kit (Qiagen,
Germany), and the final RNA concentration and quality (260/280
ratio) were determined with a NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). Total RNA (1000 ng) was transcribed
into cDNA with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
CA) according to the manufacturer's instructions.

Differential gene expression levels of PPARy, C/EBPa, LPL,
and FABP4 were determined by qPCR using specific primer sequences.
Hypoxanthine-guanine phosphoribosyltransferase-1 (HPRT1) and (-
actin (ACTB) served as reference genes for all experiments. The primer
pairs for each target gene, obtained from Bio-Rad (Bio-Rad
Laboratories, CA), were PPARy (Assay ID
qHsaCEDO0044425), C/EBPa (Assay ID qHsaCED0019045), LPL (Assay
ID qHsaCED0047106), FABP4 (Assay ID
qHsaCEDO0057474), HPRT1 (Assay ID qHsaCID0016375),
and ACTB (Assay ID ghsaLED0214042). qRT-PCR was carried out with
an ABI Prism 7900HT instrument (Applied Biosystems, Foster City, CA)
using SYBR Green PCR from Bio-Rad (Bio-Rad Laboratories).
Quantification was performed using the Data Analyze Center
(GeneGlobe Data Analysis Center, Qiagen), and statistical validation of
the stability of the reference genes was calculated for each sample in
duplicate. Results are expressed as fold-changes calculated using the
2A~AACt method.

2.4. Western blot

After 7 and 14 days of adipogenic differentiation, protein samples from
cells cultured with BPF or BPS at 10 pM and 25 pM were lysed with cell
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lysis buffer [10 mM Tris-HCl pH 7.5, 150 mM NacCl, 2 mM EDTA, 1%
Triton X-100, 100% glycerol (Sigma-Aldrich, St. Louis, MO)], a protease
inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA), and 3-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO). Samples were placed
on ice for 20 min. Next, after centrifugation for 30 min at 13,000 g and
4 °C, the protein content of the supernatant was measured using the DC
Protein Assay (Bio-Rad Laboratories, CA). Samples were prepared with
50 pg of protein sample mixed with 4X Laemmli sample buffer (Bio-
Rad Laboratories, CA) containing 10% B-mercaptoethanol and milliQ-
water. Samples were separated with SDS-PAGE using TGX Any kD gel
(Bio-Rad Laboratories, CA) and were transferred onto
a nitrocellulose membrane (Bio-Rad Laboratories, CA). Membranes
were incubated in blocking buffer [5% non-fat milk in 1X Tris-buffered
saline (TBS) with 0.5% Tween 20 (TBS-T)] for 1h at room
temperature. Primary antibodies to incubate blotted membranes for
PPARy, C/EBPa, FABP4, LPL, and HSC-70 (B6) were used with
appropriate horseradish peroxidase-labeled secondary antibodies
(Supplementary Table 1). Immunoreactive signals were detected using
the Clarity Western ECL Substrate Kit from Bio-Rad Laboratories, and
membranes were digitally imaged with Image Reader LAS-4000 and
quantified by densitometry using Image] software. Protein levels were
represented as the fold-change in expression relative to the control
(HSC-70).

2.5. Cell viability

The trypan blue test was employed to determine the number of viable
cells following the protocol described by Strober with slight
modifications (Strober, 2015). After 7 or 14 days of adipogenic
differentiation at the aforementioned experimental conditions (0.01,
0.1,1,10 and 25 puM of BPF or BPS), cells were dissociated with trypsin,
resuspended in PBS, mixed with trypan blue dye, and then visually
examined and counted in a Neubauer chamber to determine the
percentage of viable cells under an Olympus IX51 inverted microscope
with Olympus TH4-200 lamp.

2.6. Quantitative Oil Red O staining assay

After 7 or 14 days of adipogenic differentiation, cells were fixed
with paraformaldehyde (Electron Microscopy Science Hartfield, PA)
and stained with Oil Red O (ORO) (Sigma-Aldrich, St. Louis, MO) to
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detect intracellular lipids following the method of Janderova et al. with
slight modifications (Janderova et al., 2003).

Mature adipocytes accumulate lipids, mainly triglycerides, which can
be visualized by ORO stain and quantified by spectrophotometric
determination of washed ORO staining (Ramirez-Zacarias et al., 1992).
Briefly, after exposure at the different experimental conditions, cells
were washed with phosphate buffered saline (PBS) and fixed in 4%
paraformaldehyde for 1 h at room temperature. After washing with
milliQ-water and 60% isopropanol (Sigma-Aldrich, St. Louis, MO), cells
were stained with filtered ORO (0.5%, w/v) in a milli-Q water solution
(60/40, v/v) for 45 min followed by washing with 60% isopropanol
and again with milliQ-water. Cells were first observed and
photographed under an Olympus [X71 inverted microscope with
Olympus TH4-200 lamp, and the retained dye was extracted with
100% isopropanol, measuring the optical density at a wavelength of
520 nm with a microplate reader (BioTek HTX, Fisher Scientific, USA).

2.7. Statistical analysis

Cell cultures were repeated at least three times for each condition with
multiple replicates. Analyses of gene and protein expression were
performed in duplicate for each sample. The viability assay and ORO
staining were performed with multiple replicates for each
experimental condition. Data were expressed as means * standard
error of the mean (SEM). Significant differences in ORO staining results
and in gene and protein expression were evaluated with the non-
parametric Mann-Whitney U test. SPSS version 22 (IBM SPSS, Armonk,
NY) was used for statistical analyses. Statistical significance was
defined as *p < 0.05.

3. Results
3.1. BPF and BPS alter the expression of adipogenesis-related genes

We first evaluated several genes related to adipogenesis and lipid
metabolism at day 14 of adipogenic differentiation in the presence of
0.1% DMSO vehicle (negative control), 1 pM ROSI (positive control), or
BPF or BPS at 0.01, 0.1, 1, 10 or 25 uM. RNA was extracted and
amplified for RT-qPCR analysis, and the selected genes were quantified
and expressed as fold-changes, taking the negative control as
reference.
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BPF and BPS treatments affected hASCs differentiation, enhancing
adipogenic effects. At day 14 of adipocyte differentiation, the results
showed a dose-dependent increase in both BPF and BPS treatments
(Fig. 1A-B). PPARy mRNA expression was significantly increased with
BPF treatments at 10 uM and 25 uM (1.72- and 2.06-fold, respectively),
and with BPS at 1 uM, 10 uM, and 25 uM (2.35-, 2.43- and 2.92-fold,
respectively) (Fig. 1A-B). In addition, both BPF and BPS treatments
produced a significant increase in C/EBPa expression at 1 uM, 10 puM,
and 25 uM (1.49-, 1.82- and 2.31-fold, and 1.46-, 2.13- and 2.18-fold,
respectively) (Fig. 1A-B). LPL gene expression was significantly
increased with 25 uM BPF (2.93-fold) and with 1 puM, 10 uM, and 25 uM
BPS (1.93-, 2.19-, and 2.98-fold, respectively) (Fig. 1A-B). Both BPF and
BPS produced a non-statistically significant increase in FABP4
expression except for 10 pM BPF (7.32-fold) (Fig. 1A-B).
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Fig. 1. Effect of BPF and BPS on the expression of adipogenic marker genes at day 14
of adipogenic differentiation. hASCs were differentiated into adipocytes, and the gene
expressions of PPARy, C/EBPa, LPL, and FABP4 were determined. mRNA levels were
normalized to HPRT1 and ACTB levels and expressed as fold-changes calculated using
the 27-AACt method. Data were expressed as the means + SEM of three independent
experiments with multiple replicates for each condition. Significant differences were
analyzed using the Mann-Whitney U test and were defined as *p < 0.05.

The same genes related to adipogenesis and lipid metabolism were
then evaluated at day 7 during adipogenic differentiation in the
presence of 0.1% DMSO vehicle (negative control), 1 uM ROSI (positive
control), or BPF or BPS at 10 or 25 pM. After 7 days of adipocyte
differentiation, only treatments (10 pM and 25 uM) with BPF or BPS at
either concentration displayed a similar pattern, with a significantly
increase in mRNA expression of PPARy, C/EBPa, LPL, and FABP4 (Fig.
2A-B). Specifically, BPF at 10 uM and 25 uM produced an increase in
mRNA expression that was, respectively, 3.62- and 4.12-fold higher
for PPARy, 3.05- and 2.83-fold higher for C/EBPa, 3.25- and 4.25-fold
higher for LPL, and 5- to 10-fold higher for FABP4 (Fig. 2A). Likewise,
BPS at 10 uM and 25 pM produced an increase in mRNA expression
that was, respectively, 3.19- and 3.91-fold for PPARYy, 2.68- and 3.2-fold
for C/EBPa, 3.02- and 3.87-fold for LPL, and 2.35- and 5.25-fold
for FABP4, respectively (Fig. 2B).
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Fig. 2. Effect of BPF and BPS on the expression of adipogenic marker genes at days 7 of

adipogenic differentiation. hASCs were differentiated into adipocytes, and the gene

expressions of PPARy, C/EBPa, LPL, and FABP4 were determined. mRNA levels were
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normalized to HPRT1 and ACTB levels and expressed as fold-changes calculated using
the 2A-AACt method. Data were expressed as the mean + SEM of three independent
experiments with multiple replicates for each condition. Significant differences were
analyzed using the Mann-Whitney U test and were defined as *p < 0.05.

3.2. Effects of BPF and BPS on protein levels of adipogenic markers

After 14 and 7 days of adipogenic differentiation in different
experimental conditions [cell exposure to negative control (0.1%
DMSO), positive control (1 uM ROSI), or BPF or BPS at 10 or 25 uM],
protein levels of the selected key adipogenic markers were analyzed to
determine the possible effect of these bisphenols. Protein expression
was quantified by Western Blot analysis and expressed as fold-changes
with the negative control as reference.

Analysis of the selected adipogenic markers showed alterations in
PPARy, C/EBPa, LPL and FABP4 protein levels after 14 days of
adipocyte differentiation in their presence at both bisphenol
concentrations (Fig. 3A-D). In the presence of BPF at 10 uM and 25 pM,
there were small but significant increases in protein levels of PPARy
(1.17- and 1.68-fold, respectively) and C/EBPa (1.1- and 1.26-fold,
respectively) (Fig. 3B). In the presence of 25 uM BPS, there was a small
but significant increase in PPARy protein levels (1.12-fold). BPS
treatments at both 10 uM and 25 pM produced a small but significant
decrease in C/EBPa protein levels (Fig. 3D). However, no protein levels
of PPARy, C/EBPa, LPL, or FABP4 could be quantified at 7 days of
adipocyte cell differentiation in the presence of BPF or BPS at either
concentration (data not shown).
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Fig. 3. Effect of BPF and BPS on protein expression of several adipogenic markers.
hASCs were differentiated into adipocytes at the aforementioned concentrations, and
protein levels were determined by Western blot (A and C) and densitometry (B and D)

at day 14 of cell differentiation. Data were expressed as means + SEM of three

independent experiments, performed in duplicate. Significant differences were
evaluated using the Mann-Whitney U test and defined as *p < 0.05.
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3.3. Effects of BPF and BPS on hASCs viability

The effects of BPF and BPS on cell viability were evaluated during
adipogenesis under different experimental [7 days (10 and 25 pM) and
14 days (0.01, 0.1, 1, 10 and 25 pM)] and control (negative and
positive) conditions using the trypan-blue assay. Potential toxicity
(86% and 71% viability at days 7 and 14, respectively) was only
observed in hASCs with BPF at the highest concentration studied
(25 uM) (Supplementary Fig. 1A-B).

3.4. BPF and BPS promote adipogenesis in hASCs in a dose-dependent
manner

The effects of BPF and BPS on adipocyte differentiation and lipid
accumulation were evaluated by differentiating hASCs into adipocytes
in the presence of 0.1% DMSO (negative control), 1 uM ROSI (positive
control), or 0.01, 0.1, 1, 10, or 25 uM BPF or BPS throughout the
differentiation process. At 7 or 14 days of culture, adipogenic
differentiation was confirmed by the morphological observation of
intracellular lipid droplet accumulation, and cells were fixed and
stained with ORO (Supplementary Fig. 2). The cells were then treated
with isopropanol, and the retained dye was quantified
by spectrophotometry at 520 nm. There was a statistically significant
increase in the accumulation of intracellular lipids under both
experimental conditions (positive control with ROSI and BPF or BPS in
a dose-dependent manner) at both 7 and 14 days of the differentiation
process (Fig. 4A-B). The maximal response was observed with 25 uM
BPF (2.16 + 0.001) or 25 uM BPS (1.862 + 0.002) at day 14 (Fig. 4B).
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Fig. 4. Effect of BPF and BPS on intracellular lipid accumulation in hASCs. Lipid
accumulation in hASCs was quantified by ORO staining assay (absorbance at 520 nm)
at days 7 (A) and 14 (B and C). Data were expressed as means #* standard error of the
mean (SEM) from three experiments with multiple replicates under each experimental
condition. Significant differences were analyzed using the Mann-Whitney U test and
defined as *p < 0.05.

It was also tested whether BPF and BPS promoted adipogenesis via an
ER-mediated pathway. hASCs were differentiated for 14 days under
the previously described culture conditions in the presence of 100 nM
ICI (estrogen antagonist). Treatment with ICI alone did not
significantly affect lipid accumulation. The addition of 100 nM ICI
inhibited adipogenesis at all tested concentrations of BPF (38.4% at
25 pM) but not with BPS treatment, as histochemically demonstrated
by ORO quantification of mature adipocytes (Fig. 4C
and Supplementary Fig. 1A-B). Treatment of cells with estradiol had
no effect on lipid accumulation (data not shown).

4., Discussion

This in vitro study examined the impact of BPF and BPS, proposed as
industrial alternatives to BPA, on the lipid accumulation and
adipogenesis of hASCs. Treatment with BPF for 7 or 14 days at
concentrations of 10 or 25 pM interfered with the developmental
programming of hASCs, enhancing their capacity to differentiate into
adipocytes and accumulate intracellular lipid droplets, as previously
observed after treatment with BPA (Ahmed and Atlas, 2016; Boucher
et al., 2014; Choi et al., 2020; Héliés-Toussaint et al., 2014; Martinez et
al., 2020; Ohlstein et al., 2014; Ramskov Tetzlaff et al., 2020; Wang et
al., 2017) and BPS (Ahmed and Atlas, 2016; Boucher et al., 2016a; Choi
et al, 2020;Hélies-Toussaint et al, 2014;Martinez et al,
2020; Ramskov Tetzlaff et al., 2020; Wang et al., 2017). These effects
were dose-dependent and supported by the upregulation of specific
adipogenic genes and related protein levels. To our best knowledge,
this is the first report on the obesogenic potential of BPF in human
adipocytes.

The potential adverse obesogenic effects of BPS and BPF remain
understudied (Gonzalez et al., 2019). BPF and BPS have mainly been
assessed in murine cell lines, especially in 3T3-L1 (Ahmed and Atlas,
2016; Choi et al., 2020; Hélies-Toussaint et al., 2014; Martinez et al.,
2020; Masuno et al., 2002; Masuno et al., 2005; Ramskov Tetzlaff et al.,
2020). However, the current trend in toxicology is towards human cell
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models. A very small number of studies have already investigated BPS-
induced adipogenesis in human adipocytes (Boucher et al,
2016a, 2016b; Peshdary et al., 2020; Wang et al., 2017) or inin
vivo bioassays (Ivry Del Moral et al., 2016); however, no research has
been conducted on the potential effects of BPF on human adipogenesis.
Thus, recent studies, including our work, are providing new insights
using hASCs, suggesting that their utilization may provide a closer view
of human adipogenesis. Importantly, while 3T3-L1 cells are already
committed preadipocytes, hASCs can differentiate into many cell lines,
more accurately reflecting the fate of embryonic stem cells (Linehan et
al., 2012; Ohlstein et al., 2014; Wang et al., 2017).

Selection of the range of concentrations for our experiments was based
on previous studies of bisphenols in murine and human cell lines and
of human exposure to these compounds. Our aim was to compare
whether the previously described results could also be replicated in
hASCs at the same range of concentrations tested for the selected
bisphenols [1fM to 80 uM] (Ahmed and Atlas, 2016; Liu et al.,
2019; Martinez et al., 2020). Thus, our results support the findings of
Martinez et al. (2020) on obesogenic activity at 32 uM concentration of
BPS and BPF in a 3T3-L1 preadipocyte cell line. We also aimed to
compare the effect of BPS and BPF at the same doses as used for BPA
in differentin vitro studies, usually at micromolar concentrations,
given that a meaningful comparison can best be achieved by testing
similar concentrations (Boucher et al., 2014, 2016a, 2016b; Choi et al.,
2020; Ohlstein et al., 2014; Peshdary et al., 2020; Ramskov Tetzlaff et
al., 2020; Verbanck et al, 2017; Wang et al., 2017). Interestingly, a
recent meta-analysis confirming the obesogenic actions of BPA in
rodent models (Wassenaar et al., 2017) suggested that micromolar
concentrations of bisphenols tested in cell models can correctly
identify obesogenic compounds of concern.

With the aim of identifying the molecular pathways involved in
differentiation process, we evaluated genes related to adipogenesis
and lipid metabolism on days 7 and 14 of differentiation at different
concentrations (0.01, 0.1, 1, 10 and 25 pM) of both bisphenols. Our
study focused on PPARy,a central transcriptional regulator of
adipogenesis that is commonly described as the only nuclear
receptor that is necessary and sufficient for its activation (Ahmed and
Atlas, 2016; Kassotis and Stapleton, 2019; Lefterova and Lazar,
2009; Luo and Liu, 2016). We also selected for investigation C/EBPa,

102



Results

an important transcriptional factor considered as marker of the mid-
stage of differentiation (Kassotis and Stapleton, 2019; Lefterova and
Lazar, 2009;Luo and Liu, 2016), and LPL and FABP4, standard
differentiation gene markers expressed in the mature stage (Bernlohr
et al., 2002; Kassotis and Stapleton, 2019; Lefterova and Lazar,
2009; Luo and Liu, 2016).

At day 14 of differentiation, the mRNA expression pattern of these
transcription factors was similar for both bisphenol compounds.
Specifically, treatments with BPF and BPS produced a significant dose-
response increase in PPARy expression (10, 25 pM and 1, 10 and
25 pM, respectively) and C/EBPa expression (1, 10 and 25 uM). The
gene expression of LPL, the late differentiation marker, showed a
significant increase with 25 pM BPF and with 1 pM, 10 uM and 25 uM
BPS. Both BPF and BPS produced a non-statistically significant increase
in FABP4 expression, with the exception of 10 uM BPF. In the same
line, Peshdary et al. (2020) reported that 25 uM BPS for 12 days of
differentiation significantly increased FABP4 and LPL mRNA
expressions (11-fold and 3.2-fold, respectively) in humans
preadipocytes. However, Wang et al. (2017) found that the treatment
of hASCs with 10 uM BPS did not increase the expression of either
adipogenic gene (FABP4 or PPARY) after 14 days of treatment.

Based on the results on day 14, hASCs were treated during 7 days of
the differentiation process with BPF at only 10 uM or 25 uM, finding a
significantly upregulated mRNA expression
of PPARy, C/EBPqa, and LPL (between 3- and 4-fold) and of FABP4 (5-
and 10-fold). BPS treatments showed the same pattern
for PPARy, C/EBPa and LPL, but the increase in FABP4levels was
slightly smaller (2.5- and 5-fold). These results are consistent with
previous findings in human progenitor cells (Boucher et al.,
2016a; Peshdary et al., 2020) and in 3T3-L1 murine preadipocytes
(Ahmed and Atlas, 2016; Ramskov Tetzlaff et al., 2020).

Adipogenesis-related gene expressions observed after 14 days of
exposure to the higher concentration of BPF may be related to a
decrease in cell viability, which could impact on their mRNA levels.
Indeed, this treatment (25 pM for 14 days) was found to be slightly
cytotoxic in the cell viability assay. These results are in agreement with
the data obtained in murine preadipocytes (Choi et al., 2020; Héliés-
Toussaint et al., 2014; Martinez et al., 2020; Ramskov Tetzlaff et al.,
2020).
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Analysis of protein levels at the end of the hASC differentiation process
(day 14) showed a significant dose-dependent increase in the protein
expression of PPARy after BPF treatment (Boucher et al., 2014). By
contrast, BPS treatment had no appreciable effect on protein
expression levels in the present study. However, a previous study with
human preadipocytes exposed to 10 uM or 25 uM BPS showed a
significantincrease in LPL and FABP4 levels at day 14 of differentiation
(Boucher et al., 2016a). Further comparisons are not possible because
of the scarcity of in vitro human studies relating protein expression to
BPS and the absence of such studies on BPF. However, various authors
have described the effect of BPF and/or BPS on 3T3-L1 preadipocytes.
For instance, Ahmed and Atlas (2016) found a significant dose-
dependent increase in FABP4 and LPL protein expression at 6 days of
differentiation with BPS at concentrations ranging from 0.01 to 50 uM
BPS, and Martinez et al. (2020) reported a significant increase in
PPARy, C/EBPa, and FABP4 protein levels at day 8 of differentiation
after treatment with 32 uM BPS. Choi et al. (2020) also reported a
significant increase in PPARy, C/EBPa, and FABP4 protein expression
after 10 days of treatment with 20 uM BPF or BPS. However, analysis
of these adipogenic markers was unable to identify any protein at day
7 of differentiation. Likewise, no PPARy was detected by Western blot
in human mesenchymal stem cells by Janderova et al. (2003), among
others, in contrast to its abundance in murine cell lines (Choi et al.
2020).

Intracellular lipid quantification using ORO as adipogenesis marker is
a widely validated procedure, but it cannot elucidate whether an
increase in lipid is primarily due to a larger number of hASCs
undergoing adipogenesis and/or to a hypertrophic effect in already-
differentiated adipocytes (Ramirez-Zacarias et al, 1992). Previous
observations are confirmed by the present findings of a dose-
dependent increase in lipid accumulation in hASCs exposed to 10 uM
or 25 pM of BPF or BPS for 7 or 14 days during the differentiation
process. These results suggest that both bisphenols are potential
obesogens, promoting obesity by increasing the number and/or size of
fat cells (Griin and Blumberg, 2007). Similar results in hASCs were
found for BPS by Boucher et al. (2016a) and by Wang et al. (2017),
although the Ilatter study did not observe a dose-dependent
relationship.
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Previous studies indicated that the adipogenic effect of BPA is
exerted via ER activation because this effect is blocked by the
competitive ER antagonist ICI 182,780, representing a potential mode
of action underlying the association between BPA and obesity
(Ohlstein et al., 2014; Mustieles et al., 2020). We tested here whether
the adipogenic effects of BPF and BPS are also mediated in an ER-
dependent manner. The obesogenic capacity of BPF in human ASCs
was inhibited by treatment with ICI at all concentrations tested;
surprisingly, however, this treatment had no such effect on the capacity
of BPS under these study conditions. Treatment with ICI alone did not
significantly affect lipid accumulation.

Our group previously explored the agonistic and antagonistic activities
of BPS and BPF, among other BPA congeners, by using a panel of in
vitro bioassays to detect different steroid receptor-mediated activities
(Molina-Molina et al., 2013). As in the case of BPA, we found that BPF
and BPS also bind to both ERa and ER, triggering classical nuclear-
initiated estrogenic pathways, but differ in their estrogenic potency in
the order BPA > BPF > BPS. In addition, whole cell competitive binding
assays yielded IC50 values of 401 + 126 nM (BPA), 1452 + 261 nM
(BPF), and 3452 + 878 nM (BPS). Unlike BPF, BPS was more active in
ER( versus ERa (Molina-Molina et al., 2013). We conclude that the
capacity of these compounds to act as estrogen agonists derives not
only from their receptor binding but also from their ligand polarity
and solvation binding  energy, @ among  other physicochemical
properties (see Supplemental material), which may explain the
differences in activity between BPS and BPF (Marroqui et al.,
2021; Molina-Molina et al., 2013).

With regard to potential mechanisms, our results suggest that an
estrogenic mode of action may mainly mediate the obesogenic effects
of BPF but not those of BPS. It has previously been observed that BPS
can exert obesogenic effects via PPARy activation (Ahmed and Atlas,
2016; Boucher et al., 2016). Using a murine adipogenic model, Ahmed
and Atlas (2016) found that BPS but not BPA competitively inhibited
rosiglitazone-activated PPARy, indicating that the interaction with
PPARYy differs between BPS and BPA. Boucher et al. also reported that
the obesogenic effects of BPS were mainly mediated via direct
activation of the nuclear receptor PPARy in human hASCs, proposing
that GR had a coactivation function in this context (Boucher et al.
2016a). Discrepancies in the action mechanisms described by studies
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may be attributable to differences in the composition of differentiation
cocktails and in the experimental conditions. Further studies are
needed to verify whether the effects of BPF are predominantly
mediated via an ER-dependent pathway and those of BPS through
PPARYy activation. Given the affinity of bisphenols for diverse receptors
and enzymes, their in vitro and in vivo obesogenic effects likely result
from a combination of pathways rather than from a single mechanism.
Further research is warranted on the manner in which chemical
mixtures interfere with adipogenic differentiation.

In summary, BPS and BPF showed a similar transcriptional profile and
therefore a relatively similar adipogenic potential, as indicated by
other studies (Boucher et al, 2016b; Hélies-Toussaint et al.,
2014; Ramskov Tetzlaff et al., 2020; Wang et al., 2017). According to
the present study, both compounds also significantly upregulate the
mRNA expression of specific adipogenic genes at days 7 and 14 of
differentiation. As in the case of BPA, both BPF and BPS increase
adipocyte differentiation by promoting the gene expression of PPARY,
C/EBPq, LPL, and FABP4 (Ahmed and Atlas, 2016; Boucher et al.,
2014; Masuno et al.,, 2005; Ohlstein et al., 2014; Wang et al., 2013).

Limitations of ourin vitro study include the inability to directly
extrapolate findings to humans. This is due to: the supra-physiological
concentrations of hormones in the hormone cocktail needed for
adipogenic differentiation; the lack of discrimination between
adipocyte hyperplasia and hypertrophy; and the difficulty of
identifying the hormonal mechanisms that underlie the impact of
bisphenols on adipocyte biology. Additionally, there is a need to
improve comparability among studies by standardizing the protocols
used for human adipocyte differentiation (Scott et al., 2011). Results
for the adipogenic properties of environmental chemicals can vary
among cell lines and experimental protocols (Kassotis etal., 2017), and
responses can be influenced by the composition and concentration of
hormones in the DM cocktail and by the frequency of its replacement
(Boucher etal.,, 2016a; Ohlstein etal., 2014; Patel et al., 2003; Peshdary
et al., 2020; Wang et al, 2013,2017). Study strengths include the
timely evaluation of BPF and BPS; the utilization of a human model of
adipogenesis, improving the relevance to biological effects in human
populations; the selection of hASCs from the same donor in all
experiments, avoiding genetic variability; and the assessment of gene
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expression and protein levels at two stages of adipocyte
differentiation, providing a broader perspective.

Scant information is available on human exposure to BPS and BPF. BPF
and BPS levels in the general population are lower than BPA levels
because the utilization of BPA has not been completely restricted.
However, the incorporation of these BPA replacements is increasing
yearly and will likely reach current levels of BPA in the near future
(Lehmler et al., 2018; Liu et al., 2018; Rochester and Bolden, 2015; Ye
etal.,, 2015).

5. Conclusion

These findings indicate that both BPF and BPS promote human
adipogenesis by disrupting the developmental programming of
adipocytes and increasing the accumulation of intracellular lipids,
supporting their obesogenic potential. However, additional research is
required to confirm the effects of BPF and to elucidate the mechanisms
underlying the actions of BPS and BPF. This information adds to the
growing body of evidence suggesting that BPF and BPS may not be safe
alternatives to BPA.
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Abstract

Bisphenol A (BPA) and its substitutes, bisphenol F (BPF) and S (BPS),
have previously shown in vitro obesogenic activity. This study was
designed to investigate their combined effect on the adipogenic
differentiation of human adipose-derived stem cells (hASCs). Cells
were exposed for 14 days to an equimolar mixture of bisphenols (MIX)
(range 10 nM-10 pM). Oil Red staining was used to measure
intracellular lipid accumulation, quantitative real-time polymerase
chain reaction (qRT-PCR) to study gene expression of adipogenic
markers (PPARy, C/EBPa, LPL, and FABP4), and Western Blot to
determine their corresponding proteins. The MIX promoted
intracellular lipid accumulation in a dose-dependent manner with a
maximal response at 10 uM. Co-incubation with pure antiestrogen (ICI
182,780) inhibited lipid accumulation, suggesting that the effect was
mediated by the estrogen receptor. The MIX also significantly altered
the expression of PPARy, C/EBPq, LPL, and FABP4 markers, observing
a non-monotonic (U-shaped) dose-response, with maximal gene
expression at 10 nM and 10 pM and lesser expression at 1 pM. This
pattern was not observed when bisphenols were tested individually.
Exposure to MIX (1-10 pM) also increased all encoded proteins except
for FABP4, which showed no changes. Evaluation of the combined
effect of relevant chemical mixtures is needed rather than single
chemical testing.
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1. Introduction

Evidence of the contribution of excessive and/or dysfunctional adipose
tissue to the development of obesity-related diseases, including
metabolic syndrome and cancer [1], has prompted a rapid increase in
research on adipose tissue function. Adipocytes are key regulators of
whole-body energy homeostasis, and numerous novel regulators of
adipose tissue differentiation and function have been identified
[2,3,4,5]. The morphology of adipose tissue is defined by the number
and size distribution of its adipocytes. Tissue with numerous small
adipocytes is associated with a hyperplastic morphology, and tissue
with a small number of large adipocytes is associated with a
hypertrophic morphology [2,6]. Increased adipocyte size in both
visceral and subcutaneous adipose tissue has been associated with
insulin resistance, diabetes, and cardiovascular disease, among other
adverse effects [6].

Adipose tissue both stores lipids and acts as an endocrine organ that
synthesises and secretes hormones; however, it can also accumulate
lipophilic environmental chemical compounds known as endocrine
exogenous substances that interact with endogenous hormones at
multiple levels; a) interacting, activating, and antagonising hormonal
receptors; b) altering hormone receptor expression and signal
transduction in hormone-responsive cells; c) inducing epigenetic
modifications in hormone-producing or hormone-responsive cells;
and d) altering the synthesis of hormones, their transport across cell
membranes, their distribution and/or circulating levels, their
metabolism or clearance, and the fate of hormone-producing or
hormone-responsive cells [10,11]. There is increasing evidence of an
association between exposure to some EDCs, designated as obesogens,
and obesity-related diseases. These obesogens include both persistent
organic pollutants (POPs) and non-persistent compounds such as
bisphenols [12,13,14]. EDCs interact with multiple nuclear hormone
receptors, producing an imbalance in the hormonal system [5].
Adipocyte physiology is regulated by nuclear hormone receptors, and
several of these have emerged as molecular targets of various EDCs [4].
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Bisphenol A (BPA), a well-known EDC, is frequently detected in both
the environment and humans [15]. However, its prohibition in multiple
products in 2011, when the first European BPA restrictions became
effective [16], led manufacturers to start replacing BPA with its
analogues [e.g., bisphenol F (BPF), bisphenol S (BPS)] in similar
structure applications (thermoplastics, polycarbonate plastics, and
epoxy resins), increasing human exposure to these substitute
chemicals. For example, a recent European study showed that the
average cumulative exposure to unconjugated BPA had decreased from
3.8 ng/kgbw/day to 2.1 ng/kg bw/day before and after the restrictions
in 2011 [17]. However, despite the increased detection of BPF and BPS,
they have not yet reached the levels of BPA still found in human
biological samples because utilisation of the latter has not been totally

Adverse health impacts of environmental chemicals are still assessed
substance-by-substance, neglecting, for example, that humans are
simultaneously exposed to mixtures of bisphenols. Evaluating their
combined exposure effects is difficult but needed, and in vitro methods
are potential tools enabling a better understanding of the underlying
mechanisms of mixture effect [22].

In vitro and in vivo studies have supported the so-called “something
from nothing” effect, i.e., the significant effect of mixtures of chemicals
that are individually at a non-detectable or “no-observed effects
concentration” (NOEC) [23,24,25,26,27,28]. Most research on mixtures
of EDCs has addressed their activity on nuclear receptors (mainly
estrogenic and androgenic receptors) and their toxic reproductive and

However, there have been scant in vivo or in vitro studies of the
adipogenic activity of ad hoc mixtures of EDCs [34,35,36].

One of the most studied mechanisms of action, and for which a greater
number of scientific studies are available, is related to the affinity and
agonist (and/or antagonist) activity of bisphenols, BPA (to a greater
extent), and its analogues BPF and BPS (to a lesser extent), on the

Our group recently demonstrated the effects of individual exposure to
BPF and BPS on the adipogenesis and lipid metabolism of human
adipose tissue-derived stem cells (hASCs) and on the expression of
related genes and proteins [43]. We hypothesised that different
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mechanisms of action might cause interactions during combined
exposure, which could lead to unpredictable effects of combined
exposure [44]. The objective of the present investigation was to use a
similar approach to study the ternary mixture of BPA, BPF, and BPS and
determine their combined in vitro effect on adipogenic differentiation
in hASCs. A secondary objective was to evaluate the role of estrogenic
pathways in the action mechanism of the ad hoc bisphenol mixture.

2. Materials and Methods
2.1. Cell Culture

A commercial hASC cell line isolated from a single healthy non-diabetic
adult through subcutaneous lipoaspirate, collected during elective
surgical liposuction procedures (Poietics™ Normal Human ADSCs, PT-
5006, Lot 0F4505, Lonza, Switzerland), was cultured and expanded
following the manufacturer’s recommendations under previously
reported conditions [43,45]. In total, six hASC vials with the same
reference and lot number were used to carry out all experiments. In
brief, cells were seeded, incubated, and expanded in growth medium
(GM) at 37 °C in a humidified atmosphere containing 5% CO2. The GM
comprised Advanced-Dulbecco’s Modified Eagle Medium (advanced-
DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM
GlutaMAX, 100 U mL-! penicillin, and 100 pg/mL streptomycin. The
culture medium was replaced every 2-3 days, and cells were passaged
up to 6 times. Cells were subcultured using a mixture of 0.25% trypsin-
EDTA. All products were supplied by Thermo Fisher Scientific (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Adipogenic Differentiation

Differentiation was induced as previously described by Reina-Pérez et
al. [43]. Briefly, hASCs were seeded in 24-well plates at initial
concentrations of 40,000 cells per well in GM. When confluence was
reached (2 days), the GM was replaced with a differentiation medium
(DM) consisting of GM supplemented with 1 pM dexamethasone (DEX),
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1.7 puM human insulin,
and 0.1% dimethyl sulfoxide (DMSO) (vehicle) as negative control, or
by the DM plus 1 uM rosiglitazone (ROSI) as positive control. Individual
BPA, BPF, BPS, and the mixture of the 3 compounds (MIX) at a ratio of
1:1:1, were tested. All individual bisphenols dissolved in DMSO were
mixed to produce a standard stock solution at different concentrations

120



Results

(0.01, 0.1, 1, and 10 mM) (Table S1). The final DMSO concentration in
both the individual compounds and the mixture never exceeded 0.1%
(v/v) of the culture medium [46]. All experimental conditions were
finally diluted in DM and tested at concentrations of 0.01, 0.1, 1, and 10
UM during adipogenic differentiation of hASCs for 14 days [47].

hASCs were also cultured in DM containing individual bisphenols and
MIX at 0.01, 0.1, 1, and 10 pM in the presence of the ER antagonist ICI
182,780 (100 nM). The DM was replaced every 2-3 days during the
adipogenic process. All differentiation products were supplied by
Sigma (Sigma-Aldrich, St. Louis, MO, USA) except for ICI 182,780
(Tocris Bioscience, Bristol, UK).

2.3. Quantitative Oil Red O Staining Assay

At 14 days of adipogenic differentiation, Oil Red O (ORO) staining was
performed to quantify the accumulation of intracellular lipids, mainly
triglycerides, in mature adipocytes obtained from all controls and
under different experimental conditions (0.1, 1, and 10 uM with or
without ICI 182,780 at 100 nM). Briefly, cells were washed with
phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde
(Electron Microscopy Science Hartfield, PA, USA) for 1 h at room
temperature. After washing with milliQ-water and 60% isopropanol,
cells were stained with a filtered ORO solution (0.5%, w/v) in milliQ-
water (60/40,v/v) for 45 min, followed by washing with 60%
isopropanol and again with milliQ-water. Cells were first observed and
photographed under a Leica DMi8 microscope (Leica Microsystems,
Wetzlar, Germany) with the Leica Application Suite (LAS) X software,
and the retained dye was extracted with 100% isopropanol, measuring
the optical density at a wavelength of 520 nm with a microplate reader
(BioTek HTX, Fisher Scientificc Waltham, MA, USA) [48]. All
aforementioned products were purchased from Thermo Fisher
Scientific (Gibco, Thermo Fisher Scientificc Waltham, MA, USA) or
Sigma Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

2.4. RNA Isolation and Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

On day 14 of adipogenic differentiation, total RNA was extracted from
cells using the RNeasy Mini kit supplied by Qiagen (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The RNase-
Free DNase kit supplied by Qiagen (Qiagen, Hilden, Germany) was used

121



Results

to eliminate genomic DNA, following the manufacturer’s instructions.
The final RNA concentration and quality (260/280 ratio) were
determined with a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA, USA) was used to transcribe 1000 ng of
total RNA into cDNA, following the manufacturer’s instructions.

RT-qPCR was used to measure the expression levels of genes involved
in the adipogenic process, including peroxisome proliferator-activated
receptor gamma (PPARy), CCAT/enhancer-binding protein (C/EBPa),
lipoprotein-lipase (LPL), and fatty acid-binding protein 4 (FABP4).
Hypoxanthine-guanine phosphoribosyltransferase-1 (HPRT1) and (-
actin (ACTB) served as control or housekeeping genes for all
experiments. Primer pairs for each target gene were PPARy (Assay ID
qHsaCEDO0044425), C/EBPa (Assay ID qHsaCED0019045), LPL (Assay
ID qHsaCED0047106), FABP4 (Assay ID qHsaCED0057474), HPRT1
(Assay ID qHsaCID0016375), and ACTB (Assay ID ghsaLED0214042),
all acquired from Bio-Rad (Bio-Rad Laboratories, Hercules, CA, USA).
RT-qPCR was carried out with an ABI Prism 7900HT instrument using
SYBR Green PCR (Bio-Rad Laboratories, Hercules, CA, USA). The Qiagen
Data Analysis Center (GeneGlobe Data Analysis Center, Qiagen, Hilden,
Germany) was used for the quantification. The stability of reference
genes was statistically validated for each sample in duplicate,
employing the 2-2A¢t method to express the results as fold-changes and
using the negative control as reference [49].

2.5. Western Blot

At 14 days of adipogenic differentiation, protein levels of selected
genes were measured in cells cultured under the different
experimental conditions (0.01, 0.1, 1, and 10 uM MIX). Briefly, lysis was
performed using cell lysis buffer [10 mM Tris-HCl pH 7.5, 150 mM NacCl,
2mM EDTA, 1% Triton X-100, 100% glycerol (Sigma-Aldrich, St. Louis,
MO, USA)], a protease inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA), and 3-mercaptoethanol (Sigma-Aldrich, St. Louis,
MO, USA), and samples were then placed on ice for 20 min [43]. After
centrifugation for 30 min at 13,000x g and 4 °C, the protein content of
the supernatant was quantified by DC Protein Assay, using 50 pg of
protein sample mixed with 4X Laemmli sample buffer containing 10%
[-mercaptoethanol and milliQ-water. Samples were separated with
SDS-PAGE using TGX Any kD gel and transferred onto a nitrocellulose
membrane, which was incubated in blocking buffer [5% non-fat milk
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in 1X Tris-buffered saline (TBS) with 0.5% Tween 20 (TBS-T)] for 1 h
at room temperature. Primary antibodies to incubate blotted
membrane for PPARy, C/EBPa, FABP4, LPL, and HSC-70 (B6) were
used with appropriate horseradish peroxidase-labelled secondary
antibodies (Table S2). Immunoreactive signals were detected using the
Clarity Western ECL Substrate Kit, and membranes were digitally
imaged with Image Reader LAS-4000 and quantified by densitometry
using Image] software. Protein levels were represented as the fold-
changes in expression relative to the control (HSC-70). All these
products were acquired from Bio-Rad (Bio-Rad Laboratories, Hercules,
CA, USA) or Sigma Aldrich (Sigma-Aldrich, St. Louis, MO, USA).

2.6. Cell Viability

The number of viable cells was determined using the trypan blue test
described by Strober with slight modifications [50]. Briefly, after 14
days of culture under the aforementioned experimental conditions
(0.01, 0.1, 1, and 10 uM of MIX), cells were dissociated with trypsin,
resuspended in PBS, mixed with trypan blue dye, visually examined,
and counted in a Neubauer chamber to determine the percentage of
viability under each experimental condition. An Olympus IX51
inverted microscope with Olympus TH4-200 lamp was used.

2.7. Statistical Analysis

Cell cultures were repeated at least three times for each condition with
multiple replicates. Analyses of gene and protein expression were
performed in duplicate for each sample. The viability and ORO staining
assays were carried out with multiple replicates for each experimental
condition. Data were expressed as means * standard error of the mean
(SEM). Significant differences in assay results were evaluated using the
non-parametric Mann-Whitney U test. A 21.5-fold increase and
decrease in gene expression was considered as up-regulation and
down-regulation, respectively. SPSS version 23 (IBM SPSS, Armonk,
NY, USA) was used for statistical analyses, considering * p < 0.05 as
significant.

3. Results

3.1. The Bisphenol Mixture Promotes Intracellular Lipid Accumulation in
a Dose-Dependent Manner
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hASCs were differentiated into mature adipocytes under the following
experimental conditions for 14 days: negative control (0.1% DMSO-
vehicle), positive control (1 uM ROSI), BPA, BPS, BPF, or bisphenol
mixture at concentrations of 0.01, 0.1, 1, or 10 pM. Adipogenic
differentiation was confirmed morphologically by the accumulation of
intracellular lipid droplets. A dose-dependent increase in intracellular
lipid accumulation of mature adipocytes was observed, with a
maximum response at 10 pM but with different potencies, in the order
BPS (1.422 + 0.004) > BPF (1.322 £ 0.007) > MIX (1.134 + 0.005) > BPA
(1.126 £ 0.005) (Figure 1 and Figure S1, Table S3).
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Figure 1. Effect of BPA, BPS, BPF, or a mixture of three bisphenols (BPA, BPS, and BPF)
on intracellular lipid accumulation in human adipose-derived stem cells (hASCs). Lipid
accumulation was quantified by Oil Red O staining assay (at 520 nm) after 14 days in
the presence of 0.01, 0.1, 1, or 10 pM. Lipid content was normalised using the negative
control and expressed as fold-changes. Data were expressed as means + SEM from
three independent experiments with multiple replicates for each experimental
condition. BPA, bisphenol A; BPF, bisphenol F; BPS, bisphenol S; MIX (BPA, BPF, and
BPS); C-, negative control.

hASCs were also treated under the same experimental conditions in the
presence of the antiestrogen ICI 182,780 at a fixed concentration of
100 nM. Lipid accumulation was also studied for both individual
bisphenols and the bisphenol mixture. The intracellular lipid
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accumulation of mature adipocytes (by ORO staining assay) was
significantly reduced at most of all tested concentrations of the
bisphenol mixture (15%, 17.3%, 21.2%, and 13% at 0.01, 0.1, 1, and 10
uM, respectively; range: 79-87%) (Figure 2, Table S3), finding lipid
accumulation inhibition ranging from 80 to 88%. Similar results were
found for BPA, with higher inhibition rates (50 to 60%) with BPF but
no inhibition with BPS, as demonstrated by ORO results for mature
adipocytes (Figure 2, Table S3). Treatment with ICI alone did not
significantly affect lipid accumulation (data not shown).
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Figure 2. Lipid accumulation in mature adipocytes was quantified by ORO staining
assay (absorbance at 520 nm) after 14 days of hASCs differentiation in the presence of
BPA, BPS, BPF, or the mixture, with or without 100 nM ICI 182,780. Lipid content was
normalised using the negative control and expressed as fold changes. Data were
expressed as means * SEM from three independent experiments with multiple
replicates for each experimental condition. Significant differences were analysed using
the Mann-Whitney U test and defined as * p < 0.05 respect to negative control, and
** p < 0.05 respect to the experimental condition without ICI. BPA, bisphenol A; BPF,
bisphenol F; BPS, bisphenol S; MIX (BPA, BPF, BPS); C-, negative control.
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3.2. The Bisphenol Mixture Alters the Expression of Adipogenesis-Related
Genes in a Non-Monotonic Manner

hASC treatment with the bisphenol MIX (0.01, 0.1, 1, and 10 uM)
significantly increased the mRNA expression of PPARy, C/EBPa, LPL,
and FABP4 genes, observing a non-monotonic dose-response in all
cases. In this way, PPARy mRNA expression was increased 2.85-fold at
0.01 uM, 1.26-fold at 1 uM, and 2.75-fold at 10 uM (Figure 3A). C/EBP«a
and LPL expressions showed the same pattern (2.2-, 1.93-, 0.56-, and
3.17-fold, and 2.98-, 2.90-, 0.83, and 3.67-fold, respectively, at 0.01, 0.1,
1, and 10 pM MIX) (Figure 3A). The highest increase was in FABP4
mRNA expression (5.22-,3.36-, 2.81-, and 19.34-fold, at 0.01, 0.1, 1, and
10 uM of MIX, respectively) (Figure 3A).
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Figure 3. (A) Effect of the mixture of three bisphenols (BPA, BPS, and BPF), and (B)
effect of individual compounds, on the expression of the adipogenic marker genes
PPARy, C/EBPa, LPL, and FABP4 at 14 days of adipogenic differentiation in hASC
cultures. mRNA levels were normalised using the levels of control genes (HPRT1 and
ACTB) and expressed as fold changes by the 2-24Ct method. Data were expressed as
means * SEM of three independent experiments with multiple replicates for each
condition. Significant differences were analysed using the Mann-Whitney U test and
defined as * p < 0.05. ACTB, B-actin; C/EBPa, CCAT/enhancer-binding protein; FABP4,
fatty acid-binding protein 4; HPRT1, hypoxanthine-guanine
phosphoribosyltransferase-1;  LPL, lipoprotein-lipase; =~ PPARy, peroxisome
proliferator-activated receptor gamma; MIX (BPA, BPF and BPS); C-, negative control;
C+, positive control.

The same genes were evaluated on day 14 in the presence of BPA, BPF,
or BPS. Results indicate that the effect of the mixture differs from those
of individual components (Figure 3B, Table S4).
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3.3. The Bisphenol Mixture Alters Protein Levels of Selected Adipogenic
Markers

hASC treatment with the bisphenol MIX (0.01, 0.1, 1, and 10 puM)
increased the levels of proteins encoded by PPARy, C/EBPq, and LPL at
the higher concentrations used (1 and 10 pM) (Figure 4A,B).
Specifically, a slight but significant increase was observed in LPL
protein levels (1.16-fold) at 1 pM MIX (Figure 4B) and in C/EBPa and
LPL protein levels (1.22- and 1.44-fold, respectively) at 10 pM MIX
(Figure 4B). FABP4 protein levels did not differ from negative control
results at any of the tested concentrations of MIX. At the lowest MIX
concentrations tested (0.01 and 0.1 pM) the control protein bands
(HSC70) were detected for the conditions studied but not for selected
adipogenic markers (PPARy, C/EBPa, LPL, and FABP4) (Figure S2).
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Figure 4. Effect of a mixture of three bisphenols (BPA, BPS, and BPF) on the protein
expression of the adipogenic markers PPARy, C/EBPa, LPL, and FABP4. Protein levels
were determined by Western Blot (A) and densitometry (B) after 14 days of hASCs
differentiation in the presence of MIX at 1 and 10 pM. Protein levels were normalised
using protein control levels (HSC70) and expressed as fold changes. Data were
expressed as means * SEM of three independent experiments, performed in duplicate
for each condition. Significant differences were evaluated using the Mann-Whitney U
test and defined as * p < 0.05. C-, negative control; C+, positive control.

3.4. Effects of Bisphenols Mixture on hASC Viability

No cell cytotoxicity was observed in hASCs at any concentration (0.01,
0.1, 1, or 10 uM). At least 90% cell viability was obtained under all
experimental conditions (Figure S3).

4. Discussion

An equimolar mixture of BPA, BPF, and BPS interfered with the
differentiation programming of hASCs into adipocytes and altered
their intracellular lipid accumulation, as previously described for each
that the effect of the mixture differed from that of the individual
components. Furthermore, this ternary bisphenol mixture affected the
expression of genes involved in the adipogenesis process, but in a non-
monotonic dose-response manner, not observed when analysing
bisphenols individually. To our best knowledge, this is the first in vitro
study to investigate the combined obesogenic activity of a mixture of
three known endocrine disruptors (BPA and its analogues BPF and
BPS) on the adipogenic differentiation, lipid accumulation, gene
expression, and protein synthesis of stem cells derived from human
adipose tissue.

The potential obesogenic effect of each individual bisphenol (BPA, BPF,
and BPS) has been widely demonstrated in in vivo and in vitro studies
[43,51,52,53,54,55,56,57]. In this way, in vitro studies have assessed
the effects of these bisphenols on the adipogenic differentiation of
murine 3T3-L1 cells, committed to being preadipocytes

adipogenesis [43,51,52,53,54,55]. Individually, all three bisphenols
interfered with the developmental programming of hASCs, enhancing
their differentiation into adipocytes and accumulation of intracellular
lipid droplets [43,51,52,53,55,63,64]. Most of the effects shown were
dose-dependent and corroborated by the up-regulation of specific
adipogenic genes and their corresponding proteins [43,54]. However,
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there is still some heterogeneity in the responses of many metabolism-
disrupting chemicals in adipogenic differentiation studies. In previous
studies, binary bisphenol mixtures (BPA+BPF and BPA+BPS) were
found to exert potentially synergistic cytotoxic effects
on Ctenopharyngodon Idella kidney cells [65]. A synergistic effect was
also observed for mixtures of three components of BPA and BADGE
analogues [65]. Some in vitro studies revealed additive effects of binary
and multicomponent mixtures of bisphenols on estrogen and androgen
receptor activity [25,47]. Likewise, an in vitro study on their genotoxic
activity found that mixtures of bisphenols increased the gene
expression of pivotal metabolic enzymes CYP1A1 and UGT1A1 by
HepG2 cells in an additive manner [30]. In this sense, Backhaus and
Faust suggested that since cases of more than additive mixtures effects
seem to be rare, to consider additivity as precautious first tier,
regardless of the mechanisms of action of the mixture components
[22].

The present study contributes new evidence on the combined effect of
bisphenol mixtures, drawing attention to the potentially hazardous
effects of the coexistence of certain bisphenols in the environment [31].
Interestingly, we observed that some of the effects depended on
concentrations but in a paradoxical manner. For instance, the
adipogenic gene expression was stimulated at both high (10 pM) and
low (10 nM) MIX concentrations, but the effect was always lower at
intermediate concentrations (1 uM). The concentrations tested in this
study were selected because they have been used in in vitro studies of
these bisphenols in human cell lines [43,63,66,67] and are considered
environmentally relevant [18,19,20,21]. No in vitro data are available
on human cell lines treated with similar concentration mixtures for
comparisons; however, the non-monotonic U-shaped response
observed for some of the genes in the present study was also described
by Wang and co-workers [68].

Elucidation of the precise signalling pathways altered by exposure to
environmental contaminants will help to identify and understand
chemicals that pose a threat to metabolic health. In the present study,
we have investigated some of the molecular pathways involved in the
differentiation process, evaluating genes related to adipocyte
development and lipid metabolism. The selected genes were PPARY,
the master regulator gene of adipogenesis [58,69]; C/EBPa, a mid-stage
marker [69,70]; and LPL and FABP4, late markers of adipocyte
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maturation [69,71]. The mRNA expression pattern of each gene was
also assessed. In comparison to the results recently published by our
group for the individual bisphenols in the mixture at the same
concentration range and under the same culture conditions [43], the
gene expression was generally higher (1- to 20-fold for MIX, 1- to 4-
fold for BPF, 1- to 3-fold for BPS, and 1- to 8-fold for BPA) (Figure 3A,B).

Statistically significant increases were also observed in protein levels
of PPARy, C/EBPq, and LPL at 14 days of hASCs differentiation in the
presence of the mixture at concentrations of 1 and 10 uM (Figure 4).
PPARy, C/EBPa, and LPL protein levels were generally higher when
treated at a concentration of 10 uM with the mixture of bisphenols
(BPA, BPF, and BPS) than when treated with each individual bisphenol
atthe same concentration: 1- to 1.5-fold for MIX, 1- to 1.35-fold for BPF,
and 1- to 1.1-fold for BPS. However, Western Blot results showed no
effect on FABP4 protein levels at these concentrations, as previously
reported for individual treatments with BPF and BPS at 10 uM [43],
indicating perhaps that higher gene expression would be needed to
obtain quantifiable levels of this protein, as shown by its positive
control.

Previous studies have shown that the adipogenic effect of BPA is
exerted, at least in part, through ER activation, as this effect can be
blocked by the ER antagonist ICI 182,780 [15,53], as is confirmed in
this work. This mode of action would therefore represent one of the
underlying pathways between bisphenols exposure and obesity risk
[53]. The obesogenic capacity of BPF was also inhibited by ICI at all
concentrations tested but had no such effect on BPS under these study
conditions, as reported [43]. Similarly, in their zebrafish reporter gene
assay on the in vitro effect of individual bisphenols on ERs (ERa, ER(31,
and ERB2), Le Fol et al. [72] also found that ICI 182,780 at 1 uM blocks
the effect of BPA and BPF but not of BPS. Estrogen receptor pathways
do not emerge as the main activation pathway for BPS, which could
exert its obesogenic effects via PPARy activation [51,58]. In this regard,
Schaffert et al. recently investigated the mode of action of BPA and four
of its substitutes during the differentiation of human preadipocytes
[73]. BPA, BPS, and BPF disrupted crucial metabolic functions and
insulin signalling at low and environmentally relevant concentrations,
and the effects were mediated via the inhibition of PPARy. Previously,
Boucher et al. observed that BPS promotes the adipogenic
differentiation of primary human preadipocytes and induces lipid
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accumulation via PPARy pathway [51,52]. Overall, given that
adipogenesis involves the timely expression of various Kkey
transcription factors (PPARy, GR, C/EBPq, ER, etc.) and bisphenols
have an affinity for several receptors and enzymes, it is highly likely
that their obesogenic effects result from a combination of multiple
pathways [41,69].

The estrogenic activity of bisphenols mixtures remains underexplored
[25,47]. In this work, we investigated whether the adipogenic capacity
of the bisphenols mixture could be blocked by the competitive ER
antagonist ICI 182,780. According to the present results, the presence
of 100 nM ICI for 14 days induced inhibition of intracellular lipid
accumulation in hASCs treated with the mixture at all tested
concentrations (Figure 2, Table S3). The inhibition was not
concentration-dependent and differed from that found with the
individual components of the mixture. In our study, the inhibitory
action of ICI on the bisphenol mixture could not be predicted from in
vitro data on the action of each individual bisphenol. Other authors
reported that binary mixtures of BPA, BPF, and/or BPS had similar
effects on various ERs [74]. It has been proposed that when individual
environmental pollutants act via the same mechanism of action (e.g.,
ER activation), the effect of their mixture can be predicted according to
a concentration addition model [25].

Study limitations include: the difficulty in identifying the molecular
mechanisms underlying the impact of bisphenols on adipocyte biology;
the lack of discrimination between hyperplasia and hypertrophy in
mature adipocytes; and the influence on the results of the
characteristics of the selected human mesenchymal stem cell line,
given the wide variability according to the sex, ethnicity, and
physiological status of donors (in the present case, a single donor).
Furthermore, these in vitro results cannot be directly extrapolated to
humans, and the proportions of BPA, BPF, and BFS in the ad hoc
mixture do not necessarily reflect detectable levels in the environment.
On the other hand, all hASCs studied were from the same donor,
avoiding genetic variability, and the relevance of findings to humans
was enhanced by using hASCs as a model of adipogenesis. Strengths
also include the contribution of new evidence on the combined effect
of mixtures of bisphenols, highlighting the potentially harmful impact
of the co-presence of certain bisphenols and derivatives in the
environment.
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It is necessary to implement standardised adipogenic differentiation
protocols to improve the consistency of results. Kassotis et al. recently
published a comprehensive assessment of inter-laboratory
reproducibility, analysing factors contributing to the variability in
responses to these chemical contaminants [75]. Human mesenchymal
stem cell and pre-adipocyte models require further validation to
improve the translation of this knowledge to human metabolic health.
Scientific knowledge can also be improved by combining traditional in
vitro models with new assessment techniques such as three-
dimensional and co-culture techniques that allow the analysis of
environmentally relevant levels of exposure [76].

5. Conclusions

Humans are simultaneously exposed to complex mixtures of different
bisphenols, among numerous environmental EDCs. This study sheds
some light on mixtures of bisphenols’ obesogenic effects on human
adipose-derived stem cells. A ternary mixture of bisphenols altered
lipid accumulation and the mRNA expression of genes and proteins of
adipogenesis markers at 14 days of differentiation, inducing changes
that differed from the individual effects of each bisphenol. Evaluation
of the combined effect of relevant EDC mixtures is needed rather than
single chemicals testing, and in vitro methods allow a better
understanding of the underlying molecular mechanisms. Further
studies should be performed to identify the causal mechanism
underlying the observed effects.
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Highlights

¢ HCB and y-HCH fat levels were associated with metabolic syndrome
and its components.

e HCB and y-HCH were positively associated with blood pressure and
glucose levels.

e HCB, o,p"-DDT, p,p-DDE and y-HCH were correlated with increased
waist circumference.

e Higher fat HCB levels were inversely associated with HDL cholesterol
levels.

Abstract

Introduction: Although often overlooked in clinical settings,
accumulation of persistent organic pollutants (POPs) in visceral
adipose tissue (VAT) is thought to be a relevant risk factor for
metabolic syndrome (MetS).

Methods: One hundred and seventeen patients undergoing non-
oncological surgery were randomly recruited and classified as MetS+ if
presented 3 out of the 5 MetS components: waist circumference (WC),
systolic and diastolic blood pressure (SBP and DBP, respectively),
serum glucose, insulin, triglycerides (TG) and high-density lipoprotein
(HDL) cholesterol levels, according International Diabetes Federation
(IDF) criteria. Seventeen organochlorine pesticides (OCPs) and
polychlorinated biphenyls (PCBs) were measured in adipose tissue
samples. Linear, logistic and weighted quantile sum regression (WQS)
models regression models, adjusted for age and sex, were performed.

Results: One third of the participants were males (36.8%) with a
median age of 44 years, showing clinical evidences of MetS (35.0%).
Adjusted linear regression models showed that WC correlated
positively with all OCP concentrations. Higher fasting serum glucose
levels were related to higher HCB and y-HCH concentrations. The
remaining OCPs and PCBs were not associated with this MetS
component. HCB was inversely associated with HDL cholesterol levels,
while PCB-180 was positively associated. HCB and y-HCH
concentrations were positively correlated with DBP and SBP levels.
PCB-138 was also positively associated with SBP. Adjusted logistic
models revealed that exposure to HCB and y-HCH were associated with
increased odds of MetS [ORs (95% CI) = 1.53 (1.22-1.92) and 1.39
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(1.10-1.76) respectively; p< 0.01]. No associations were observed for
the remaining POPs. WQS models showed a positive and significant
mixture effect of POPs on the odds of MetS (exp[beta] = 2.34; p<0.001),
with y-HCH (52.9%), o,p’-DDT (26.9%) and HCB (19.7%) driving the
association.

Conclusions: Our findings support that POPs in VAT, specifically HCB
and y-HCH, are associated with both isolated components and
clinically-diagnosed MetS.

Keywords

Adipose tissue, metabolic syndrome (MetS), endocrine disruptors,
persistent organic pollutants (POPs), hexachlorobenzene (HCB),
hexachlorohexane (HCH)

Abbreviations

Adipose tissue (AT), Adult Treatment Panel III (ATPIII), American
Association of Clinical Endocrinologists (AACE), body mass index
(BMI), diastolic blood pressure (DBP),
dichlorodiphenyltrichloroethane (DDT), gas chromatography and
mass spectrometry (GC-MS/MS), hexachlorobenzene (HCB),
hexachlorohexane (HCH), high-density lipoprotein (HDL), high-
performance liquid chromatography (HPLC), International Diabetes
Federation (IDF), limit of detection (LOD), metabolic syndrome (MetS),
metabolism-disrupting chemicals (MDCs), organochlorine pesticides
(OCPs), o,p™dichlorodiphenyltrichloroethane (o,p’-DDT), p,p”*-
dichlorodiphenyldichloroethylene (p,p-DDE), persistent organic
pollutants (POPs), polychlorinated biphenyls (PCBs), standard
deviation (SD), systolic blood pressure (SBP), triglycerides (TG), type-
2 diabetes (T2D), visceral adipose tissue (VAT), waist circumference
(WC), weight/height squared (kg/m?2), World Health Organization
(WHO)

1. Introduction

Metabolic syndrome (MetS) describes a complex cluster of adverse
health conditions (also named ‘MetS components’) that substantially
increases the risk of other chronic diseases such as heart failure, type-
2 diabetes (T2D) or non-alcoholic fatty liver disease (Mustieles and
Arrebola, 2020). In spite of several subsets of criteria proposed by
different international organizations [Cholesterol Education
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Program's Adult Treatment Panel III (ATPIII), World Health
Organization (WHO), and American Association of Clinical
Endocrinologists (AACE)], the working definition for MetS
classification used worldwide was proposed in 2009 by the
International Diabetes Federation (IDF). It included 5 MetS
components: fasting glucose, triglycerides (TG) and high-density
lipoprotein (HDL) cholesterol, as well as blood pressure and waist
circumference (WC), considering that the presence of any 3 out 5 MetS
components constitutes a clinical diagnosis of MetS (Alberti et al.
2009). Although the trends of elevated TG and blood pressure have
decreased in the last decade, mainly due to increased prescription of
anti-hypertensives and lipid modifying agents (Shin et al., 2018), some
reports that have assessed the prevalence of MetS, for example in the
United States, have found an increase over the years (from 25.3% in
1988-1994 to 36.9% in 2015-2016) (Hirode and Wong, 2020; Moore
etal.,2017). This is particularly relevant given the enormous economic
costs derived from MetS patients as well as the healthcare expenditure
associated to POP exposure (Pérez-Carrascosa etal., 2022, 2021).

It remains unclear which factors trigger the development of MetS,
although all indicates that MetS has a multifactorial origin (Fahed et al.
2022; Lam and LeRoith., 2019). In this regard, it has been suggested
that, in addition to unhealthy lifestyle factors (excessive calorie intake
and sedentary lifestyle), body fat distribution, birth weight, smoking
habits during pregnancy and maternal weight would be important
determinants (Fahed etal.,, 2022; Gonzalez-Jiménez etal., 2015; Miiller
et al., 2012). Also, human exposure to some environmental chemicals
has been linked to the development of some metabolic disorders such
as obesity and T2D, those classified as ‘metabolism-disrupting
chemicals’ (MDCs) (Heindel et al.,, 2015; Nadal et al., 2017; Sun et al,,
2022). These MDCs include persistent organic pollutants (POPs), a
wide group of synthetic chemicals [including organochlorine
pesticides (OCPs) such as dichlorodiphenyltrichloroethane (DDT) and
its  metabolite p,p’-dichlorodiphenyldichloroethylene  (p,p"-DDE),
hexachlorobenzene  (HCB), hexachlorohexane  (HCH), and
polychlorinated biphenyls (PCBs)], with a tendency to bioaccumulate
in fat compartments, given their lipophilicity and high environmental
persistence (Bokobza et al., 2021; La Merrill et al., 2013). Adipose
tissue (AT) is therefore regarded as the main reservoir of these
compounds, accounting for all routes and sources of exposure and
representing a stable and long-term reservoir of these chemicals
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(Artacho-Cordén et al., 2015b; Bokobza et al., 2021; Jackson et al.,
2017; Kohlmeier and Kohlmeier, 1995; La Merrill et al., 2013). Despite
the fact that the production, handling and disposal of POPs was banned
or severely restricted in most countries starting in the early 1970s,
levels of POPs are currently still detected in biological samples of most
humans, worldwide (Artacho-Cordén et al, 2015a; Bergonzi et al.,
2011; Bjerregaard-Olesen et al., 2017; Bjérvang et al., 2021; Centers
for Disease Control and Prevention, 2017; Fernandez-Rodriguez et al.,
2015).

Contrary to the traditional consideration of AT as a simple energy store
depot, its relevant immunological and endocrine roles have been
acknowledged during the last decades (Kershaw and Flier, 2004). In
fact, AT dysfunction has been demonstrated to be the main precursor
of MetS (Fahed et al., 2022, van Greevenbroek et al., 2016). Although
the exact mechanisms of action for the development of MetS are not
fully understood, hormonal imbalance (Banos et al., 2011), chronic
low-grade inflammation (Esser et al., 2014), altered redox status
(Hohn et al., 2016; Seillier et al., 2015; Spanidis et al., 2016) and
mitochondrial dysfunction in AT (Fahed et al, 2022;Grundy,
2016; Kim and Lee, 2014), may play a crucial role. In this regards,
exposure to POPs might interfere with the endocrine system (Griinfeld
and Bonefeld-Jorgensen, 2004) and it has been also related to
inflammatory responses (Pandolfi et al., 2016; Rolle-Kampczyk et al.,
2020), macromolecule oxidation (Artacho-Cordén et al., 2016), and
mitochondrial dysfunction (Kim et al, 2019). Although mounting
research suggests a relevant role of POP exposure in the development
of MetS, the relationship between POPs exposure and MetS has not
been fully elucidated. Many of the epidemiological studies that
assessed POPs exposure did so in serum samples (Lee et al
2007,2011,2014; Tomar et al., 2013), which may be influenced by
point exposures or altered by AT dynamics (Mustieles and Arrebola,
2020). Furthermore, most of the investigations that have observed
relationships between AT POP concentrations and risk of MetS
components (Arrebola et al, 2015, 2014;Mustieles et al.,
2017; Pestana et al., 2014; Tawar et al., 2022; Valvi et al., 2020), often
did not include clinical diagnoses of MetS as an outcome (Mustieles et
al., 2017). The recent systematic review byLamat et al
(2022) indicates that the occurrence of MetS would be linked to
visceral adiposity, supporting that the influence of adiposity may be a
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very important factor for the influence of POP exposure on MetS
(Mustieles et al., 2017).

Therefore, given the relevance of visceral adiposity disruption of AT
physiology in the development of MetS, the aim of this study was to
evaluate the relationship between cumulative POP concentrations in
AT and the presence of individual MetS components, as well as to
assess the risk of clinically diagnosis of MetS in a hospitalized adult
population from Southern Spain.

2. Materials and methods
2.1. Study population and sample collection

The population of this cross-sectional clinical study consisted of 117
middle-aged adults selected from among patients undergoing non-
oncologic surgery (mostly hiatal hernia, umbilical hernia, inguinal
hernia, para-oesophageal hernia, achalasia and cholecystectomy), in
both the Endocrinology and Nutrition Unit and the Surgery Unit at the
Virgen de la Victoria University Hospital (Malaga, Spain).

The recruitment took place between 2013 and 2015. Exclusion criteria
included patients receiving blood glucose-lowering treatment, major
cardiovascular disease in the last 6 months before recruitment,
evidence of acute/chronic inflammatory disease (such us chronic
inflammatory bowel diseases, ulcerative colitis and Crohn's disease),
cancer patients and infectious diseases, as well as those who did not
signed the informed consent to participate in this study.
Sociodemographic data was recorded during recruitment. The height
and weight of the participants were recorded, and body mass index
(BMI) as weight/height squared (kg/m?), was calculated. All
participant data were extracted from medical records.

Approximately 300 mg of visceral adipose tissue (VAT) and 10 mL of
blood were collected under fasting conditions during surgery. Blood
samples were immediately centrifuged for 5 min at 2500 rpm and 4 °C
to separate the serum. Both serum and AT samples were immediately
coded and stored at =80 °C until chemical analysis. Blood samples were
used to determine clinical biomarkers of MetS.

The study was approved by the Ethics Committee of Virgen de la
Victoria Hospital before all participants were informed of the objective
and characteristics of the study and gave their signed consent. The
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study was conducted in accordance with the Declaration of Helsinki,
and all the information collected was anonymized. Once all the fat
samples had been collected, they were sent to the chemistry
laboratories of the ibs. GRANADA/University of Granada (Spain) for
analysis.

2.2. Adipose tissue sample extraction and chemical analyses

Concentrations of 17 POPs were determined in 150 mg of AT, as
previously described (Martinez Vidal et al., 2002; Moreno Frias et al.,
2004). AT samples were spiked with p-chlorobenzophenone as
internal standard, and extracted following a two-step methodology,
consisting on a mechanical homogenization in n-hexane followed by a
filtration through a glass column with 200 mg of alumina. Extracts
were dried under a continuous nitrogen stream and fractionated in
duplicate by high-performance liquid chromatography (HPLC).
Residues of o,p-DDT, p,p-DDE, HCB, a-HCH, B-HCH y-HCH, aldrin,
isodrin, endrin, dieldrin, heptachlor, vinclozolin, endosulfan I and II
and PCBs (congeners -138, -153, and -180) were quantified by gas
chromatography and mass spectrometry (GC-MS/MS) with an Agilent
7890 A system and MS Agilent 7000 GC/MS (triple quadrupole) mass
spectrometer (Agilent Tehcnologies, Santa Clara, CA) after
reconstitution in 200 pL n-hexane (Arrebola et al., 2014; Moreno Frias
et al., 2004). Procedural laboratory blanks with solvents alone were
tested and always yielded a negative result. Laboratory fortified matrix
samples at different concentrations were used for quality control
procedures. Inter- and intra-day variabilities were calculated by
analyzing fortified samples within the same day (repeatability) and on
different days (intermediate precision), always yielding values < 20%,
respectively. The limit of detection (LOD) was determined as the
smallest amount of the analyte that gave a signal-to-noise ratio 23 and
was set at4 ng/mL for o,p’-DDT and p,p’-DDE, and 2 ng/mL for the rest
of POPs. Concentrations below the LOD were assigned half of the LOD.

2.3. Assessment of MetS components and clinical diagnosis of MetS

Waist circumference (WC) was measured at the nearest 0.1 cm using
an inelastic tape in a standing position and after a gentle exhalation by
trained clinicians using standardized protocols. Fasting glucose, TG
and HDL cholesterol levels were quantified in serum samples by using
a Dimension autoanalyzer, Dade Behring Inc. (Deerfield, IL) in the
analytical unit of Virgen de la Victoria Hospital. Diastolic and systolic
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blood pressures (DBP and SBP, respectively) were also measured.
Blood pressure was measured twice in a sitting position after a 5-min
rest at 5-min intervals, and the mean of both measurements used.

Following the IDF working group criteria, the following 5 MetS
components were considered and their respective cut-off points:
fasting glucose (2100 mg/dL), TG (2150 mg/dL), HDL cholesterol
(<40 mg/dL in males and <50 mg/dL in females), blood pressure [SBP
2130 mmHg and/or DBP 285 mmHg], and WC (294 cm for males and
>80 cm for females from European population). In addition,
participants were classified as MetS+ when the simultaneous presence
of 3 of the above 5 MetS components was detected. Those participants
with less than 3 MetS components were included in the MetS- group
(Alberti et al., 2009).

2.4. Statistical analyses

Description of continuous variables was performed using arithmetic
mean + standard deviation (SD), median and 25th-75th percentiles,
while categorical variables were expressed as percentages.

Individual MetS components were considered as continuous, but also
as categorical variables considering the cut-off points established in
the IDF working definition for the clinical diagnosis of MetS (MetS +/-)
(Alberti etal., 2009). POP concentrations were natural-log transformed
to reduce the skewness of the distributions and the influence of
extreme values, especially in the context of a modest sample size.
Spearman's correlation test was used to assess relationships between
POPs concentrations (Fig. 1). Continuous outcomes were also log-
transformed. The linearity of the relationship between POP exposure
and MetS components was examined using generalized additive
models (GAMs), supporting the modelling of POP concentrations as
continuous variables (Fig. S1). Thus, associations between
concentrations of selected POPs (HCB, o,p’-DDT, p,p’-DDE, y-HCH, PCB-
138, PCB-153 and PCB-180) and MetS components were examined
using both multivariable linear and logistic regression analyses when
outcomes were coded as continuous or -categorical variables,
respectively. Linear regression models were also performed using
dichotomized exposure variables (exposed vs. not exposed) for those
POPs with ~50% below LOD (HCB, o,p’-DDT, y-HCH) in the adipose
samples. Furthermore, logistic regression analyses were performed to
explore the influence of AT levels of selected POPs on the risk of
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clinically-diagnosed MetS. All models were adjusted for age (years) and
sex (male/female) as potential confounders. In addition, a sensitivity
analysis was performed further adjusting models by BMI.

HCB
p,p'-DDE
o',p-DDT
v-HCH
PCB-138
PCB-153
PCB-180

HCB p,p'-DDE  0'p-DDT  y-HCH  PCB-138 PCB-153 PCB-180

p< 0.001 for all comparisons

Spearman
correlation

1.0 05 025 0.1 00 -01 -0.25

Fig. 1. Correlation heatmap for POP concentrations in adipose tissue samples.

The potential POP mixture effect on MetS was assessed using Weighted
Quantile Sum Regression (WQS) (Carrico et al., 2015), which combines
the individual associations into a weighted index, and estimates the
specific weight of each chemical on the mixture. Associations between
each WQS index and the outcome were further studied by using
multivariable logistic regression adjusting for age, sex and BMI. The
WQS analyses were performed with log-transformed continuous
pollutant concentrations, using a training set defined as a 40% random
sample of the dataset, being the remaining 60% used for model
validation. The final weights were calculated using a total of 1000
bootstrap steps. On the basis of our hypothesis and the associations
found in the models for individual chemicals, the WQS index was
calculated for a priori assumed positive associations.

The results were interpreted taking into their internal validity,
consistency and coherence, the existing epidemiological and
toxicological evidence, and not exclusively considering the statistical
significance (Amrhein et al., 2019). Given the hypothesis investigated
in this work, and the moderate number of comparisons tested, we did
not perform a post-hoc correction for multiple comparisons to avoid a
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disproportionate increase in the frequency of type Il errors (Rothman
2014). Diagnosis of the models was performed in order to ensure the
goodness of fit and the fulfilment of implementation conditions. The
significance level was setat 0.05 (two-sided), and data were stored and
processed using SPSS 20.0 (IBM, Chicago, IL).

3. Results

3.1. Characteristics of the study population and adipose tissue
concentrations of selected POPs

Table 1 summarizes the characteristics of the study population. A total
of 41 participants (35.0%) had a clinical diagnosis of MetS (i.e., showed
at least 3 components of MetS established by the IDF classification).
More than one third of the sample population was male (36.8%) and
the median age across the entire study population was 44 years, with
older individuals in the MetS+ group relative to the MetS- group
(50 vs. 42 years, p =0.04). As expected, compared with the MetS-
group, participants in the MetS+group showed higher BMI
(34.2 kg/m2vs. 30.5 kg/m?, respectively; p<0.01) and WC
(121.0 cm vs. 95 cm, respectively; p <0.01). Median TG and HDL
cholesterol concentrations were 160.0 mg/dL and 44.0 mg/dL in the
MetS+ group, respectively, whereas lower median concentrations of
92.5 mg/dL and 53.0 mg/dL for TG and HDL cholesterol, respectively,
were detected in the MetS- group (p < 0.01 in both cases). As for blood
pressure, median DBP and SBP were 85.0 mmHg and 140.0 mmHg in
the MetS+ group and 76.0 mmHg and 119.0 mmHg in the MetS- group,
respectively (p < 0.01 in both cases). Considering the IDF cut-off points,
84 out of the 117 participants (68.3%) showed elevated WC, 56
(45.5%) elevated blood pressure, 37 (30.1%) reduced HDL cholesterol,
45 (36.6%) elevated serum TG levels and 17 (13.8%) had elevated
fasting blood glucose (data not shown in the tables).

Detection levels and concentrations of OCPs and PCBs in VAT are also
shown in Table 1. Median concentrations of HCB and y-HCH were
45ng/g tissue and 11.4ng/g tissue, respectively, showing
significantly higher concentrations in the MetS+ group (28.6 ng/g
tissue and 34.4 ng/g tissue, respectively) than in the MetS- group
(median concentrations of both chemicals were below the LOD).
Median concentration of o,p-DDT and p,p-DDE were 6.6 ng/g tissue
and 49.9 ng/g tissue, showing non-significant differences between
MetS groups. Finally, levels of PCBs were 21.2 ng/g tissue, 26.8 ng/g
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tissue and 10.0 ng/g tissue for PCB-138, PCB-153 and PCB-180,
respectively, with similar median levels in both groups.

3.2. Associations between adipose tissue levels of POPs and MetS
components

Table S2 and Table 2 shows unadjusted and adjusted (sex and age)
linear regression analyses assessing the influence of POP burden on
each individual MetS component (considered as continuous variables),
respectively. WC was positively correlated with concentrations of all
OCPs, either in the unadjusted analysis or in the multivariate models
adjusted. None of the PCB congeners were associated with WC. Higher
fasting blood glucose levels were associated with higher HCB and y-
HCH concentrations, while the rest of OCPs and PCBs were not
associated with this MetS component. Exposure to HCB was inversely
associated with HDL cholesterol levels after adjusting, while PCB-180
and HDL cholesterol were positively associated. Concentrations of HCB
and y-HCH in VAT were positively correlated with TG in the unadjusted
analyses and borderline associated in the adjusted models [exp([)
(95%CI) = 1.04 (1.00-1.09), p=0.07 for HCB and 1.04 (0.99-1.10)
p=0.09 for y-HCH]. DBP and SBP levels were positively associated
with exposure to HCB and y-HCH, both in the unadjusted and in the
multivariate analysis. PCB-138 was also positively associated with SBP
after adjusting. Similar results were found for HCB, o,p-DDT, and y-
HCH (POPs around 50% detection) when the assessment was
performed between exposed vs. not exposed subjects (Table S3). GAMs
analyses confirmed the presence of linear relationships for POPs and
MetS components (Figure S1).

Additionally, unadjusted (Table S4) and adjusted logistic regression
analyses were performed to explore the role of the cumulative POP
concentrations in the VAT on the odds of each individual MetS
component (considered as categorical variables) (Table 3). Exposure
to HCB and y-HCH consistently showed a positive association for
elevated WC and blood pressure, while the association with elevated
TG was only detected in the unadjusted analysis. HCB exposure was
also associated with higher odds of reduced HDL and borderline
associated with elevated blood glucose [OR (95%CI) = 1.22 (0.98-
1.53), p=0.08]. Intriguingly, an inverse relationship was found
between exposure to p,p-DDE and the odds of elevated TG in the
adjusted models.
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Table 1. Characteristics of the study population (N=117)

Age (yr)
Sex*

Male

Female
BMI (kg/m?)
Fasting blood glucose (mg/dL)
Triglycerides (mg/dL)
HDL cholesterol (mg/dL)
Diastolic blood pressure (mmHg)
Systolic blood pressure (mmHg)

Waist circumference (cm)

Adipose tissue concentration of POPs (ng/g tissue)

Organochlorine pesticides (OCPs)
HCB
p,p'-DDE
0,p'-DDT
y-HCH

Total (N=117) MetS + (N=41) MetS - (N=76)
DF >
%) Mean SD Percentiles Mean SD Percentiles Mean SD Percentiles value
25 50 75 25 50 75 25 50 75
47.14 14.37 38.00 44.00 58.75 50.83 15.22 38.00 50.00 65.00 45.12 13.56 36.00 42.00 53.00 0.040
0.217
43 12 31
(36.8%) ’ ’ T (29.3%) ) ) ) © o (408%) ) ) )
74 29 45
(632%) ’ ’ T (70.7%) ) ) ) T (592%) ) ) )
35.25 12.96 2411 32.05 44.27 39.76 11.56 31.14 34.22 50.81 32.82 13.09 23.15 30.45 38.73 0.005
100.76 24.09 89.00 94.00 102.00 114.98 32.24 9250 104.00 133.00 92.88 12.68 87.00 92.00 96.25 <0.001
130.75 65.04 83.00 11500 156.00 180.52 59.45 13290 160.00 21450 103.18 50.06 71.25 9250 126.25 <0.001
50.44 12.57 41.00 50.00 58.25 45.44 11.13 37.50 44.00 52.50 53.25 12.52 45.00 53.00 61.00 0.001
79.59 11.50 70.00 80.00 87.00 85.33 10.58 80.00 85.00 90.00 76.25 10.73 70.00 76.00 83.00 <0.001
128.70 2150 11275 12500 146.00 140.97 21.01 125.00 140.00 153.00 121.55 18.44  110.00 119.00 134.00 <0.001
106.60 25.73 88.00 102.00 123.00 127.60 23.64 109.00 121.00 151.00 100.28 24.98 82.25 95.00 109.00 <0.001
49.6 36.52 65.31 <LOD 4.47 46.05 65.94 87.14 2.55 28.55 85.85 20.64 4266 <LOD <LOD 17.84  <0.001
62.6 22893 67267 <LOD 49.89 21139 33725 108522 <LOD 5483 257.13 17050 248.72 <LOD 49.66 23582 0.202
56.1 15.88 36.46 <LOD 6.59 12.25 21.81 49.56 <LOD 7.33 16.05 12.67 26.76  <LOD 6.42 11.44 0.197
54.5 41.62 80.50 <LOD 11.44 40.94 68.99 113.24 5.83 34.42 70.29 26.85 50.53 <LOD <LOD 3146 0.006
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Polychlorinated biphenyls (PCBs)

PCB-138 78.0 50.77 137.73 5.77 21.18  50.29 79.07 222.82 9.92 28.63  58.97 3551 46.75 4.42 18.86  46.24
PCB-153 79.7 61.17 161.72 6.02 26.79  59.09 92.29 260.59 10.24 3145  84.88 44.38 58.46 5.56 22.94  59.06
PCB-180 62.60  35.98 107.15 <LOD 9.95 40.93 52.57 173.03 <LOD 12.05  45.07 27.03 39.47 <LOD 7.99 40.04

0.103
0.127
0.220

* N (%); BMI: body mass index; DF: Detection frequency; HDL: high density lipoprotein; mean: arithmetic mean; SD: standard deviation
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Table 2. Multivariate linear regression analyses between MetS components and log-transformed adipose tissue POP _concentration

(ng/g tissue)

Waist circumference (cm)
HCB

p,p'-DDE

o,p'-DDT

y-HCH

PCB-138

PCB-153

PCB-180

Fasting blood glucose (mg/dL)
HCB

p,p'-DDE

o,p'-DDT

y-HCH

PCB-138

PCB-153

PCB-180

Triglycerides (mg/dL)
HCB

p,p'-DDE

o,p'-DDT

y-HCH

PCB-138

PCB-153

PCB-180

HDL cholesterol (mg/dL)
HCB

Adjusted Modela

Adjusted Modelb

B exp(B) Cl195% p-value B exp(B) Cl195% p-value
0.08 1.08 1.06 1.10 <0.001 0.06 1.06 1.00 1.02 0.236
0.03 1.03 1.01 1.05 0.003 -0.07 0.94 0.99 1.00 0.112
0.06 1.06 1.02 1.10 0.002 -0.02 0.98 0.98 1.01 0.635
0.07 1.07 1.05 1.10 <0.001 0.07 1.07 1.00 1.02 0.172
0.03 1.03 1.00 1.06 0.074 -0.06 0.94 0.98 1.00 0.143
0.01 1.01 0.98 1.04 0.609 -0.07 0.93 0.98 1.00 0.077
-0.02 0.98 0.96 1.01 0.233 -0.05 0.95 0.98 1.00 0.213
0.02 1.02 1.00 1.04 0.020 0.06 1.06 0.98 1.03 0.611
0.00 1.00 0.99 1.02 0.660 -0.06 0.94 0.98 1.01 0.523
0.02 1.02 0.99 1.05 0.308 0.01 1.01 0.97 1.03 0.888
0.02 1.02 1.00 1.04 0.028 0.08 1.08 0.99 1.03 0.487
0.01 1.01 0.99 1.04 0.418 0.03 1.03 0.98 1.03 0.772
0.01 1.01 0.98 1.03 0.556 0.05 1.05 0.98 1.03 0.640
0.01 1.01 0.98 1.03 0.573 0.12 1.12 0.99 1.04 0.261
0.04 1.04 1.00 1.09 0.072 0.05 1.05 0.96 1.07 0.641
-0.03 0.97 0.94 1.02 0.223 -0.22 0.80 0.92 1.00 0.030
-0.02 0.98 0.91 1.05 0.545 -0.13 0.88 0.88 1.02 0.166
0.04 1.04 0.99 1.10 0.089 0.07 1.07 0.96 1.08 0.556
-0.04 0.96 0.90 1.02 0.189 -0.19 0.83 0.89 1.00 0.067
-0.05 0.95 0.89 1.01 0.080 -0.20 0.82 0.89 1.00 0.049
-0.05 0.96 0.90 1.01 0.112 -0.14 0.87 0.91 1.02 0.194
-0.03 0.97 0.95 0.99 0.012 -0.05 0.96 0.97 1.02 0.689
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p,p'-DDE 0.00 1.00 0.98 1.02 0.986 0.14 1.16 0.99 1.04 0.149
o,p'-DDT 0.00 1.00 0.96 1.04 0.842 0.10 1.10 0.98 1.06 0.289
y-HCH -0.02 0.98 0.96 1.01 0.142 0.05 1.05 0.98 1.03 0.663
PCB-138 0.02 1.02 0.99 1.06 0.133 0.25 1.29 1.01 1.07 0.011
PCB-153 0.03 1.03 1.00 1.06 0.087 0.22 1.25 1.00 1.06 0.027
PCB-180 0.03 1.03 1.00 1.06 0.046 0.17 1.19 1.00 1.05 0.096
Diastolic Blood Pressure (mmHg)

HCB 0.02 1.02 1.00 1.03 0.028 0.05 1.05 0.99 1.02 0.677
p,p'-DDE 0.00 1.00 0.98 1.01 0.881 -0.11 0.90 0.98 1.01 0.297
o,p'-DDT 0.01 1.01 0.99 1.04 0.277 0.03 1.03 0.98 1.03 0.772
v-HCH 0.02 1.02 1.00 1.04 0.033 0.10 1.10 0.99 1.03 0.421
PCB-138 0.02 1.02 1.00 1.04 0.077 0.15 1.16 0.99 1.03 0.157
PCB-153 0.02 1.02 1.00 1.04 0.099 0.19 1.21 1.00 1.04 0.077
PCB-180 0.01 1.01 0.99 1.03 0.469 0.19 1.21 1.00 1.04 0.089
Systolic Blood Pressure (mmHg)

HCB 0.02 1.02 1.00 1.03 0.044 -0.05 0.95 0.98 1.01 0.668
p,p'-DDE 0.00 1.00 0.99 1.02 0.575 -0.05 0.95 0.98 1.01 0.604
o,p'-DDT 0.02 1.02 1.00 1.05 0.077 0.07 1.08 0.99 1.04 0.409
v-HCH 0.02 1.02 1.01 1.04 0.014 0.09 1.09 0.99 1.03 0.440
PCB-138 0.02 1.02 1.00 1.05 0.032 0.17 1.19 1.00 1.04 0.078
PCB-153 0.02 1.02 0.99 1.04 0.172 0.15 1.16 1.00 1.04 0.123
PCB-180 0.00 1.00 0.98 1.02 0.731 0.17 1.18 1.00 1.03 0.112

aAdjusted for age (yr) and sex (male/female); bAdjusted for age (yr) and sex (male/female) and BMI (body mass index); Cl: confidence interval
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Table 3. ORs (95%CI) of the risk of MetS components according to adipose tissue POP concentration (ng/g tissue)

Elevated waist circumference (= 94 cm men or > 80 cm women)
HCB

p,p'-DDE

o,p'-DDT

vy-HCH

PCB-138

PCB-153

PCB-180

Elevated fasting blood glucose (=100 mg/dL)
HCB

p,p'-DDE

o,p'-DDT

vy-HCH

PCB-138

PCB-153

PCB-180

Elevated triglycerides (= 150 mg/dL)

HCB

p,p'-DDE

Adjusted Modela

Adjusted Modelb

OR Cl195% p-value OR Cl195% p-value
192 135 273 <0.001 063 031 129 0.207
1.06 085 131 0.625 042 021 083 0.012
145 094 222 0.092 0.74 033 166 0.461
178 128 248 0.001 090 050 164 0.730
117 086 159 0.322 081 046 143 0.473
1.02 075 139 0.896 082 046 146 0.506
085 063 115 0.294 097 058 164 0.912
122 098 153 0.081 1.05 081 137 0.701
099 081 121 0.921 090 072 112 0.332
1.01 070 1.47 0.947 0.87 059 1.30 0.500
120 093 153 0.159 1.03 078 136 0.829
093 0.68 127 0.637 084 061 1.17 0.315
092 068 125 0.584 0.88 064 122 0.450
096 0.72 1.28 0.784 1.01 075 136 0.951
117 095 145 0.137 122 094 158 0.135
077 0.62 0.9 0.014 0.73 058 092 0.007
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o,p'-DDT
vy-HCH
PCB-138
PCB-153
PCB-180
Reduced HDL cholesterol (<40 mg/dL in men or <50 mg/dL in women)
HCB
p.p'-DDE
o,p'-DDT
vy-HCH
PCB-138
PCB-153
PCB-180
Elevated blood pressure (SBP >130mmHg and/or DBP >85mmHg)
HCB
p.p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180

0.76
1.19
0.77
0.77
0.87

1.28
1.07
1.24
1.15
0.86
0.87
0.81

1.27
1.01
1.20
1.39
1.24
1.11
1.03

0.52
0.95
0.57
0.57
0.66

1.04
0.89
0.89
0.92
0.65
0.67
0.63

1.02
0.84
0.85
1.09
0.94
0.85
0.80

1.10
1.51
1.04
1.03
1.15

1.57
1.28
1.72
1.43
1.12
1.13
1.05

1.59
1.22
1.70
1.79
1.64
1.45
1.33

0.145
0.136
0.086
0.082
0.336

0.022
0.497
0.197
0.221
0.264
0.301
0.112

0.034
0.924
0.295
0.009
0.128
0.450
0.826

0.72
1.22
0.75
0.77
0.88

1.06
0.95
1.06
0.94
0.73
0.81
0.83

0.95
0.89
0.99
1.16
1.19
1.15
1.24

0.49
0.93
0.56
0.57
0.67

0.83
0.77
0.74
0.73
0.54
0.61
0.63

0.71
0.71
0.66
0.87
0.87
0.85
0.92

1.07
1.60
1.02
1.03
1.16

1.37
1.16
1.52
1.22
1.00
1.08
1.10

1.27
1.10
1.48
1.54
1.62
1.55
1.66

0.105
0.145
0.069
0.076
0.358

0.629
0.617
0.760
0.636
0.049
0.154
0.196

0.726
0.284
0.959
0.315
0.268
0.374
0.152

andiusted for age (yr) and sex (male/female); bAdjusted for age (yr) and sex (male/female) and BMI (body mass

index); CI: confidence interval
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3.3. Associations between chronic adipose tissue POPs concentrations
and MetS risk

The risk for MetS according to AT concentrations of each POP is shown
in Table 4. Both unadjusted (Table S5) and adjusted logistic models for
age and sex revealed that the exposure to HCB and y-HCH was
associated with increased odds of MetS [ORs (95%CI) = 1.53 (1.22-
1.92) and 1.39 (1.10-1.76), respectively; p <0.01]. No associations
with MetS were observed for the remaining contaminants analyzed in
AT samples. When BMI was included as an additional variable, the
previously found associations were attenuated in all models (Table
2, Table 3, Table 4), probably because BMI is in the causal pathway
between POPs and MetS.

Table 4. ORs (95%CI) of the risk of MetS according to adipose tissue POP
concentration (ng/qg tissue)

Adjusted Modela Adjusted Modelb
OR 1C95% p-value | OR 1C95% p-value
HCB 153 122 192 <0.001 |136 105 176 0.021

p,p'-DDE 098 0.82 1.18 0.849 0.86 0.70 1.06 0.163
0,p'-DDT 1.25 0.89 175 0.199 1.07 0.74 1.53 0.736
vy-HCH 139 110 1.76 0.006 120 0.92 1.56 0.174
PCB-138 115 0.87 152 0.316 1.06 0.78 1.43 0.716
PCB-153 115 0.87 151 0.323 1.12 0.84 1.50 0.449
PCB-180 1.06 0.82 137 0.676 113 0.86 1.50 0.377

andiusted for age (yr) and sex (male/female); bAdjusted for age (yr) and sex
(male/female) and BMI; CI: confidence interval

3.4. Mixture associations between chronic adipose tissue POPs
concentrations and MetS risk

The combined effect of POPs on MetS, assessed using WQS, showed that
WQS index for the seven POPs was positively and significantly
associated with MetS, in both the adjusted model for age and sex [(exp
[beta] = 2.34; p < 0.001)], as well as in the model adjusted for age, sex
and BMI [(exp [beta] = 2.44; p = 0.016)] (Table 5). Concentrations of y-
HCH (52.9%), o,p"-DDT (26.9%) and HCB (19.7%) drove the mixture
effect in the model adjusted for age and sex; while y-HCH (47.6%), PCB-
180 (26.2%), o,p-DDT (21.7%) and PCB-153 (4.5%) drove the mixture
effect in the model adjusted for age, sex and BMI.
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Table 5. Estimation of the mixture effect of POPs on the risk of MetS using WQS

Adjusted for age (yr) and sex (male/female) Adjusted for age (yr), sex (male/female) and BMI
exp(Beta) Standard Error p-value exp(Beta) Standard Error p-value
2.34 0.25 <0.001 244 0.37 0.016
% %
y-HCH 52.9 y-HCH 476
o,p'-DDT 26.9 PCB-180 26.2
HCB 19.7 o,p'-DDT 21.7
p,p'-DDE 0.33 PCB-153 4.53

% shows individual contributions to the WQS index; BMI: body mass index; MetS: metabolic syndrome;
POPs: persistent organic pollutants; WQS: Weighted Quantile Sum Regression

4. Discussion

This cross-sectional epidemiological study shows that VAT
concentrations of HCB and y-HCH, are associated with a greater risk of
clinically-diagnosed MetS in an adult hospital population. Participants
with higher VAT concentrations of these two chemical compounds also
showed higher risk for several MetS components when considered
individually. Hence, considering IDF cut-off points, HCB and y-HCH AT
concentrations were associated with elevated WC and blood pressure.
Moreover, HCB concentrations were also related to lower HDL
cholesterol levels. Consistently, linear positive associations were
further detected between both HCB and y-HCH levels in VAT and WC,
fasting blood glucose, DBP, SBP and TG, while HCB was inversely
associated with HDL cholesterol levels. PCBs in VAT were not
associated with greater risk of MetS or any MetS component in our
study, except for PCB-138 whose concentration was positively
associated with SBP levels. WQS models further showed a positive and
significant mixture effect of POPs on MetS, with y-HCH (52.9%), and
HCB (19.7%) being two of the main drivers of the association, in line
which what was reported in the systematic review and meta-analysis
of Lamat et al. (2022).

Our data show that VAT levels of both HCB and y-HCH were positively
associated with the prevalence of MetS. These results confirm previous
articles published by our team in a prospective study in the Granada
province (Southern Spain). For example, Mustieles et al.
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(2017) investigated AT concentrations of OCPs and PCBs in 387
hospitalized adults in relation to the prevalence of being “metabolically
compromised” (defined as having =1 diagnosis of the following
diagnosis: T2D, hypertension, hypertriglyceridemia or low HDL
cholesterol), identifying HCB and -HCH) as the main contributors in
cross-sectional analyses. Interestingly, those participants without any
MetS component at baseline were followed during 10 years on average,
and again AT HCB and (-HCH levels at baseline were found to be
longitudinally associated with the risk of being metabolically
compromised (Mustieles et al., 2017). Our current study, performed in
a similar population in the neighbouring province of Malaga,
complements these results showing that VAT concentrations of HCB
and y-HCH are not only associated with single MetS components, but
with the risk of clinically-diagnosed MetS, strengthening the weight of
evidence. In other words, this study reinforces the clinical relevance of
POP-metabolism associations found in population studies. In line with
our results, it has been interestingly reported that living in close
proximity to environmental sources of POPs is associated with a
statistically significant 39.2% increase in MetS-related hospitalizations
in a population-based semi-ecological study based on zip codes of
residence (Sergeev and Carpenter, 2011).

Few previous investigations have investigated the relationship
between POP AT concentrations and risk of MetS components using
either cross-sectional, longitudinal (Arrebola et al.,
2015, 2014; Dirinck etal.,, 2015, 2016; Lee etal., 2012, 2014; Mustieles
et al., 2017; Penell et al., 2014), or combined designs (Dirinck et al.
2014; Mustieles et al., 2017). Thus, some studies using cross-sectional
design reported increased risk for MetS related to serum POP exposure
(Aminov and Carpenter, 2020; Gasull et al,, 2018; Lee et al., 2014; Park
et al, 2010;Rosenbaum et al, 2017), yielding similar
conclusions. Tomar et al. (2013) and Kim et al. (2018) detected
increased serum levels of 3-HCH among those MetS patients. Lee et al.
(2007) also revealed that patients with detectable serum levels of -
HCH had higher risk for MetS compared with patients with 3-HCH
levels below LOD. However, Pestana et al. (2014) found no statistically
significant differences between AT y-HCH levels and MetS prevalence,
although they did detect a positive association when POP exposure was
considered as the sum of single chemicals. Regarding PCBs, we
observed non-significant higher concentrations of PCBs in patients
with MetS. Similarly, Dirinck et al. (2016) found that MetS+ patients
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had significantly higher serum concentrations of PCB-153, -138 and
-180, and the sum of these PCBs (ZPCBs) than MetS- patients.

We also explored the influence of POP exposure in the prevalence of
individual MetS components. It was observed that HCB and y-HCH
levels in VAT was related to higher blood pressure and/or
hypertension risk, in line with previous findings (Arrebola et al.,
2015; Lee et al., 2007; Park et al., 2010). Similarly, other authors have
also found positive associations between any POP and hypertension.
For instance, Henriquez-Hernandez et al. (2014) found positive
associations between serum p,p-DDE and hypertension, and
between p,p’-DDE and blood pressure (systolic and diastolic) in
subjects not taking anti-hypertensive drugs. However, other studies
have reported inverse associations between hypertension and
exposure to HCH congeners (Pestana et al., 2014; Valera et al., 2013).
Regarding HDL cholesterol, we also detected an inverse relationship
between HCB concentrations and HDL cholesterol, either when HDL
cholesterol was considered as a continuous variable and after using
IDF cut-off point. Similarly, another study found inverse associations
between HDL cholesterol levels and concentrations of HCB, in both
Caucasian and African American residents of Alabama (Aminov et al.
2014), although a study carried out in northern Europe reported no
association between HCB and changes in HDL cholesterol over a 5-year
follow-up (Penell et al, 2014). Inversely, significant quadratic
association between HDL cholesterol and HCB was found by Arrebola
et al. (2014). Concerning the elevated serum TG, other MetS
component, we found no statistically significant associations between
the studied POPs and TG, unlike Arrebola et al. (2014) that found
quadratic associations between TG and PCB-138 and -180. Increased
WC comprises another MetS component with different cut-off point
depending on the sex and population/country. Following this
definition, we observed elevated WC among those participants with
higher HCB and y-HCH levels. Consistently, positive associations were
found for WC and HCB and y-HCH levels, as well as p,p"-DDE and o,p*-
DDT, which is in line with previous findings (Lee et al.
2012,2007; Tawar et al, 2022). We did not observe statistically
significant risk with the exposure to POPs for increased fasting plasma
glucose, another MetS component. Nevertheless, other groups have
reported positive associations between fasting plasma glucose and
some POPs. For instance, Tawar et al. (2022) found the VAT levels of 6-
HCH, p,p’-DDT, heptachlor and endrin, were positively and
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significantly correlated with fasting plasma glucose. In this line, other
groups also observed positive associations between fasting plasma
glucose and serum levels of different PCB congeners [PCB-153, -138
and -180, and the sum of PCBs (XPCBs = PCB-153 + PCB-138 + PCB-
180)] (Dirinck etal.,2014; Mehta etal., 2021), as well for DDE, HCB and
various PCBs (Aminov and Carpenter, 2020). Overall, while the
associations between different POPs and specific single MetS
components are rather heterogenous in the scientific literature, the
associations between these chemical pollutants and the risk of MetS
are more consistent. This may be explained by the fact that POPs seem
to show a complex interplay with different metabolic organs including
AT, the liver, the pancreas and other critical organs (Heindel et al.
2015). Thus, clinically-diagnosed MetS may better reflect the final
expected outcome of POPs exposure compared to isolated components.

POPs may contribute to MetS by: 1) promoting obesity through
different mechanisms including increased fat accumulation, decreased
thermogenesis and disruption of satiety signals; and 2) by altering
metabolic signalling in AT and other crucial metabolic organs (e.g.,
liver, pancreas) and not necessarily mediated through an increase in
fat increase (Aaseth et al., 2022; Mustieles and Arrebola, 2020). At a
molecular level, POPs may interact with different nuclear receptors
involved in adipogenesis and metabolism such as peroxisome-
proliferator activated receptors (PPARs) and estrogenic receptors
(ERs) among others (Heindel et al., 2015; Mrema et al., 2013; Pereira-
Fernandes et al, 2014), as well as with the protein and gene
expressions of endoplasmatic stress and pro-inflammatory markers
(Tawar et al., 2022). The best-known mechanism of action of some
obesogenic POPs is the alteration of PPAR-y, considered the main
regulator of adipogenesis and lipid homeostasis (Gore et al.
2015). Zhangetal. (2015) also reported a POP-induced modification of
gut microbiota-host metabolic homeostasis via activation of the AhR.

The mechanisms of action linking POP exposure to MetS are not fully
elucidated, but probably involve endocrine disruption, oxidative
stress/inflammation and epigenetic mechanisms, which can lead to
insulin resistance, as well as the secretion of adipokines and
inflammatory cytokines (Artacho-Cordén et al, 2016; Desai et al.,
2015; Griinfeld and Bonefeld-Jorgensen, 2004; Mrema et al,
2013; Mustieles et al.,, 2021; Pandolfi et al., 2016), recently reviewed
by Aaseth et al. (2022). In the last decade, additional pathways have
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been identified, which might also lead to MetS thorough mitochondrial
dysfunction (Kim and Lee, 2014), among other mechanisms. All of
them contribute to a greater or lesser extent to dysfunctional AT due
to POPs exposure. In addition to these typical changes, exposure to
POPs has been linked to altered lipid metabolism (lipolytic and
lipogenic processes) and altered adipokines involved in energy balance
(e.g., leptin and adiponectin) (Bays et al., 2013; Cano-Sancho et al.,
2017). Recently, Valvi et al. (2020) analyzed the levels of 18 POPs in
abdominal AT from 11 obese adolescents, in addition to potentially
altered biological pathways, by untargeted plasma metabolomics
assessment. The results found showed high correlations between POPs
and metabolic alterations in the pathways of amino acid, lipid and fatty
acid metabolism, and carbohydrate metabolism (Valvi et al., 2020). A
recent meta-analysis by Lamat et al. (2022) has reported that HCH
would be involved in oxidative dysregulation, altering cytochrome
P450, glutathione-S-transferase and glucose-6-phosphate
dehydrogenase activities, increasing the risk of MetS compared to
other POPs. Previous studies of our team also support the involvement
of y-HCH in the oxidative microenvironment of AT (Artacho-Corddn et
al, 2016; Mustieles et al., 2021). Future studies should explore
potential modes of action linking POP exposure to MetS, especially
using multidisciplinary approaches including combined in vitro, in
vivo and observational designs.

Several limitations should be acknowledged in this study. Firstly, the
sample size was limited, although it was sufficient to yield statistically
significant associations. Moreover, our hospital-based population
might not be entirely representative of the general population. It is also
important to note the cross-sectional design of this study, which only
allow us to highlight potential associations, and reverse causality
cannot be ruled out, since it was not possible to explore the temporal
link between exposure and outcome. Another shortcoming of this
study was the limited adjustment for potential confounders (mainly
age and sex). Other known potential confounders, such as food intake,
physical activity, smoking or alcohol, were not available in the clinical
database, nor was the fat content of biopsies determined. Furthermore,
mechanisms of action were not addressed in this study. Nevertheless,
several mechanistic studies conducted in animals support our findings
(Hong et al, 2015;Howell and Mangum, 2011; Mulligan et al.,
2017; Ruzzin et al., 2010). Among the strengths of this study was the
examination of the associations between exposure and clinically
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diagnosed MetS. Additionally, we evaluated the influence of POPs on
each related MetS components, considering them as continuous and
clinical diagnostic components (according to IDF cut-off points).
Although the continuous outcomes allowed to increase the statistical
power to detect associations, the binary results facilitated the clinical
interpretation of the magnitude of the associations found. In addition,
the coherence between both types of modelling (continuous vs. binary)
could be interpreted as a greater degree of confidence in the
associations described.

In contrast to previous studies addressing the influence of circulating
POP levels in MetS, we have analyzed the contribution of visceral
adipose POP levels on the development of MetS. Ample research points
to AT being a central factor in POP toxicity (Barrett, 2013; La Merrill et
al, 2013), and the recent systematic review ofLamat et al.
(2022) supports that the onset of MetS would be linked to visceral
adiposity. Moreover, by using AT samples, we were able to partially
counteract the possibility of reverse causality, more plausible by
measuring POPs in serum samples, due to the so-called disease
progression bias (Porta, 2014). AT is also the preferred reservoir for
POP accumulation, and concentrations in this matrix can be considered
indicative of long-term exposure (Crinnion W], 2009; Kohlmeier and
Kohlmeier, 1995; Mustieles and Arrebola, 2020).

Although the results found in this study may only indicate an
association between POP exposure and MetS risk, and not causation, it
is of interest to highlight that a previous study by our team also
identified HCB and y-HCH levels in AT as predictors of MetS
components, both in the cross-sectional and longitudinal designs of
that study (Mustieles et al., 2017). Moreover, even using different
approaches (clinical vs. population-based population), different
analytical laboratories, and different study areas [the province of
Malaga in the current study vs. the province of Granada in Mustieles et
al. (2017)], similar conclusions have been obtained, supporting the
epidemiological literature with this hypothesis.

Our findings shed light on the potential of POPs accumulated in the AT
to trigger the risk of MetS, as well as most of the MetS components. It
is necessary to recognize the increasing prevalence of the MetS in the
world, and therefore, the need to identify preventable risk factors and
establish intervention measures to halt and potentially reverse the
progression of this syndrome (Saklayen, 2018).
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Efecto obesogénico de bisfenoles presentes en la poblacion
La Iniciativa Europea de Biomonitorizacién Humana (HBM4EU), en la
que nuestro grupo de investigacion ha participado, confirma que la
mayoria de los europeos tienen en su organismo concentraciones
cuantificables de algunos contaminantes ambientales-obeségenos,
como por ejemplo BPA, prohibido o restringido en ciertas aplicaciones
en la Unién Europea desde 2011 (Bousoumah et al., 2021; Colorado-
Yohar etal,, 2021; Meslin et al., 2022; Ougier et al., 2021). Los datos de
HBM4EU indican, ademds, que algunos europeos tienen
concentraciones altas de algunos de estos contaminantes, y que al
menos la mitad de los europeos investigados estan expuestos, no so6lo
a BPA, sino también a otros bisfenoles sustitutos de BPA, cada vez mas
usados, como por ejemplo BPS y BPF (Bousoumah et al, 2021;
Colorado-Yohar et al., 2021; Meslin et al., 2022; Ougier et al., 2021).

Dada la evidencia, cada vez mayor, del riesgo para la salud humana que
implica la exposicion a contaminantes ambientales-obesdgenos, como,
BPA, en esta Tesis Doctoral Internacional nos planteamos investigar
como hipdtesis de trabajo si la exposicion a EDCs-obeségenos
contribuye al desarrollo de la obesidad, ademas de otras enfermedades

metabdlicas asociadas a ella, como el MetS.

En el momento de proponer el plan de investigacién de esta Tesis
Doctoral Internacional ya era conocido el efecto obesogénico in vitro
de BPA (Ahmed and Atlas, 2016; Boucher et al,, 2016b, 2014; Desai et
al.,, 2018; Masuno et al.,, 2005, 2002; Ohlstein et al.,, 2014; Ramskov
Tetzlaff et al, 2020), pero eran pocos los trabajos que habian
investigado el efecto obesogénico de algunos de sus sustitutos
mayoritarios, como BPF (Martinez et al., 2020; Ramskov Tetzlaff et al.,

2020) y BPS (Ahmed and Atlas, 2016; Boucher et al,, 2016a, 2016b;
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Martinez et al., 2020; Peshdary et al., 2020; Ramskov Tetzlaff et al.,
2020), y ain menos los que habian profundizado en el desarrollo de
metodologias que permitieran estudiar el efecto combinado de la
exposicidn conjunta a estos contaminantes, analizando, por ejemplo, el
efecto de mezclas reales de obesdgenos presentes en matrices

humanas.

Para abordar el objetivo de esta Tesis Doctoral Internacional,
investigamos en primer lugar el efecto de la exposicidn individual de
los sustitutos de BPA seleccionados, BPF y BPS, sobre la diferenciacion
de células madre mesenquimales derivadas del tejido adiposo humano
(hASCs). Nuestro propdsito era profundizar en el conocimiento de los
mecanismos mediante los cuales los EDCs-obesogénicos alteran la
regulacion del proceso de la adipogénesis, promoviendo el desarrollo

de obesidad, y, por ende, el MetS.

Para ello, células madre mesenquimales humanas hASCs se expusieron
a estos dos sustitutos (BPF y BPS) en un rango de concentraciones que
incluian las detectadas en muchas matrices bioldgicas humanas como
orina, suero y leche humana (10 nM-25 uM) (Dualde et al.,, 2019; Gao
et al,, 2021; Jin et al,, 2020; Kang et al., 2020; Karrer et al., 2019;
Lehmler et al,, 2018; Liu et al., 2018; Niu et al,, 2021, 2017; Rochester
and Bolden, 2015; Song et al.,, 2019; Usman and Ahmad, 2016; Ye et al,,
2015). Se planearon dos disefios experimentales, uno primero
exponiendo a las células a estos contaminantes de manera individual
durante 7 dias, lo que corresponderia a la etapa temprana de la
diferenciacion adipocitaria; y un segundo disefio de exposiciéon mas
prolongada, durante 14 dias, para con ello analizar la etapa tardia o
madura de la diferenciaciéon adipocitaria (Ambele et al., 2016). Las

células hASCs también se expusieron a una mezcla ternaria compuesta
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por la combinacién equimolar (1:1:1) de los tres bisfenoles, BPA, BPF
y BPS, como posible ejemplo “real” de exposicion humana a esta clase
de compuestos. En este caso, la exposiciéon a la mezcla también se
realizo durante 14 dias, con objeto de investigar el efecto combinado
de la mezcla sobre los mismos objetivos: alteracién de la adipogénesis

y efecto sobre la acumulacion de lipidos en los adipocitos.

Los resultados obtenidos revelaron que la exposicién de las células
hASCs, tanto a BPF como a BPS, de forma individual, a las mayores
concentraciones testadas (10 pM y 25 pM), interferia con la
programacion de la diferenciacion celular, de manera que las células
hASCs acumulaban mas lipidos intracelulares, aumentando Ia
diferenciacion de las células, y, por tanto, se obtenia un mayor niimero
de adipocitos. Los adipocitos obtenidos presentaban, ademads, gotas

lipidicas de mayor tamafio (articulo #1, Reina-Pérez et al., 2021).

Concretamente, el tratamiento con BPF a concentraciones 10 uM y 25
UM, durante 7 y 14 dias, aumenté la capacidad de las células hASCs para
diferenciarse en adipocitos y acumular gotas de lipidos intracelulares,
como ya se habia observado previamente tras el tratamiento de las
mismas células con BPA (Dong et al., 2018; Ohlstein et al., 2014). Los
efectos obtenidos sobre la adipogénesis fueron dependientes de la
dosis y se corroboraron por la regulacion al alza de los marcadores
adipogénicos seleccionados (articulo #1, Reina-Pérez et al., 2021). Asi,
una mayor diferenciacién de las células madre hacia adipocitos se
correspondi6 con alteraciones en los niveles proteicos y en la
expresion génica de los marcadores adipogénicos PPARy, C/EBPq, LPL
y FABP4. Especificamente, tras 14 dias de diferenciacion y en presencia
de BPF a 10 pM y 25 pM, se observaron incrementos moderados pero

significativos en los niveles proteicos de PPARy (1,17-y 1,68- veces) y
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de C/EBPa (1,1- y 1,26- veces), respectivamente. Tras 14 dias de
diferenciacion y en presencia de BPS a 25 uM, se observo también un
aumento similar y significativo de los niveles de proteina PPARy (1,12
veces). El tratamiento con BPS, tanto a 10 uM como a 25 uM, indujo, sin
embargo, una reduccion pequefia pero significativa, de los niveles de
proteina C/EBPa (articulo #1, Reina-Pérez et al.,, 2021). Hay que tener
en cuenta que cuando consideramos la evolucién temporal, al acelerar
el desarrollo de los adipocitos estos presentan mas PPARy y a la vez

menos C/EBPa.

No fue posible cuantificar los niveles proteicos de PPARy, C/EBPaq, LPL
o FABP4, en el disefio experimental de 7 dias de diferenciacién, en
ninguna de las concentraciones testadas, probablemente porque este
marco temporal era excesivamente corto para detectar niveles
proteicos de los marcadores seleccionados, algunos de ellos
marcadores tardios de diferenciacion. Asi, por ejemplo, mientras que
C/EBPaq, es un factor de transcripcion implicado en la etapa intermedia
de la diferenciacion del adipocito (Kassotis and Stapleton, 2019;
Lefterova and Lazar, 2009; Luo and Liu, 2016); FABP4 y LPL son
marcadores adipogénicos en la etapa madura (tardia) de la
diferenciacion del adipocito (adipogénesis) (Bernlohr et al., 2002;
Kassotis and Stapleton, 2019; Lefterova and Lazar, 2009; Luo and Liu,
2016). Hubiéramos esperado, sin embargo, cuantificar al menos los
niveles proteicos de PPARy, considerado como dnico y fundamental
receptor nuclear, necesario y suficiente para iniciar la adipogénesis
(Ahmed and Atlas, 2016; Kassotis and Stapleton, 2019; Lefterova and
Lazar, 2009; Luo and Liu, 2016). Pero, este hallazgo (1a no deteccién de
expresion proteica con el Western Blot en el dia 7) fue también
encontrado por Janderova et al (2003) con células madre

mesenquimales humanas y la proteina PPARy.
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Otros grupos de investigacion habian confirmado con anterioridad lo
ya observado en esta Tesis Doctoral Internacional, principalmente
para BPA y unos pocos para BPS, pero la mayoria de los trabajos lo
habian hecho con disefios experimentales en adipocitos murinos,
principalmente con células 3T3-L1 (Ahmed and Atlas, 2016; Choi et al,,
2020; Drobna et al.,, 2019; Héliés-Toussaint et al., 2014; Martinez et al.,
2020; Masuno et al.,, 2005, 2002; Ramskov Tetzlaff et al.,, 2020); en
algunos ocasiones en adipocitos humanos (Boucher et al., 2016a,
2016b, 2014; Ohlstein et al.,, 2014; Peshdary et al., 2020; Ramskov
Tetzlaff et al., 2020; Wang et al., 2017), e incluso mediante estudios in
vivo (Drobna et al,, 2019; Gao et al., 2020; Ivry Del Moral et al., 2016;
Wang et al,, 2017). Sin embargo, ninguin trabajo con anterioridad habia
estudiado el efecto obesogénico de BPF. Por tanto, hasta donde
sabemos, este es el primer trabajo que evidencia el potencial
obesogénico in vitro de BPF sobre la diferenciaciéon de adipocitos a
partir de células madre humanas (articulo #1, Reina-Pérez et al,
2021).

Ademas de investigar el efecto de la exposicién individual de los
sustitutos de BPA seleccionados (BPF y BPS), sobre la diferenciacién
de células (hASCs), queriamos saber qué sucedia si las células se
exponian a una mezcla de bisfenoels fabricada ad hoc ya que, hasta ese
momento, no se habian publicado estudios in vitro con mezclas de
contaminantes quimicos-obeso6genos. Por ello, células mesenquimales
humanas hASCs se expusieron, siguiendo las mismas condiciones
experimentales a los trabajos de exposicion individual, a una mezcla
ternaria equimolar de BPA, BPF y BPS (articulo #2, Reina-Pérez et al.,
2022). En estas condiciones, se encontraron diferencias en los
resultados de la acumulacién lipidica y la expresion génica y proteica

al comparar la exposicién individual a dos de los componentes de la
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mezcla y la exposicién combinada de los tres (BPA+BPF+BPS). Asi, por
ejemplo, se observé una mayor diferenciacion de las células, esto es, un
mayor nimero de células madre evolucionaron a adipocitos, y éstos
presentaban un mayor contenido lipidico, con gotas de mayor tamaro.
Ademas, cuando se analizd la expresion génica y proteica de los
marcadores seleccionados, la respuesta observada no fue monoténica
como la obtenida en los ensayos individuales, sino con cambios de fase

adoptando forma de U (articulo #2, Reina-Pérez et al., 2022).

El rango de concentraciones seleccionado en los estudios in vitro
llevados a cabo en este trabajo, tanto de exposicion individual como
combinada, se decidi6 tras consultar estudios previos con lineas
celulares, tanto murinas como humanas, ademas de estudios
epidemiolodgicos descriptivos sobre exposicién humana y ambiental a
estos disruptores metabo6licos (Ahmed and Atlas, 2016; Boucher et al.,
2016b, 20164a, 2014; Choi et al,, 2020; Dong et al., 2018; Harnett et al.,
2021a, 2021b; Lehmler et al,, 2018; Liu et al,, 2018; Martinez et al.,
2020; Ohlstein et al., 2014; Peshdary et al., 2020; Ramskov Tetzlaff et
al,, 2020; Rochester and Bolden, 2015; Verbanck et al., 2017; Wang et
al, 2017; Ye et al,, 2015). La intenci6n era que pudiéramos comparar
los resultados obtenidos con los hallados en otros trabajos,
fundamentalmente con aquellos realizados en células hASCs (Ahmed
and Atlas, 2016; Boucher et al,, 2014, 2016a, 2016b; Choi et al., 2020;
Martinez et al., 2020; Ohlstein et al,, 2014; Peshdary et al.,, 2020;
Ramskov Tetzlaff et al.,, 2020; Verbanck et al., 2017; Wang et al.,, 2017).

Para cuantificar la acumulacién lipidica, esto es, las gotas de lipidos
intracelulares contenidas en los adipocitos, se utiliz6 la tincién ORO,
técnica validada y utilizada como marcador de adipogénesis. Sin

embargo, esta técnica no esta exenta de algunas limitaciones ya que no
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permite conocer si el aumento lipidico es debido a una mayor
hipertrofia y/o por el contrario es consecuencia de un aumento del
ndmero de adipocitos (Ramirez-Zacarias et al., 1992). Los resultados
obtenidos en esta Tesis Doctoral Internacional indican que, tras la
exposicion de las células alos compuestos individuales ensayados (BPS
y BPF), se obtenia un aumento significativo, dosis-dependiente de la
acumulacion lipidica, tanto tras la exposicion de las hASCs durante 7
dias, como tras la exposiciéon durante 14 dias de diferenciacion.
También la exposicion a la mezcla de bisfenoles supuso un incremento
de la acumulacion lipidica dependiente de la dosis (0,01, 0,1, 1, o 10
uM), y significativo a 1 y 10 uM, fundamentalmente tras 14 dias de
exposicién. Estos resultados confirman el potencial obesogénico de los
bisfenoles individuales analizados, y de la mezcla ad hoc preparada,
propuesto por Griin and Blumberg (2009) como criterio de
clasificacién de un EDC-obesogénico. No obstante, algunos de nuestros
resultados difieren respecto a otros trabajos previos publicados,
concretamente en lo que se refiere a la dependencia o no de las dosis

testadas (Boucher et al., 2016a; Wang et al., 2017).

Como siguiente etapa de este trabajo de Tesis, quisimos profundizar en
los mecanismos de accion mediante los cuales los EDCs-obesogénicos
ejercen su accion. En este sentido, el receptor de estrégenos (ER) ha
sido propuesto como responsable principal del efecto que ejercen
algunos de estos contaminantes sobre la adipogénesis, como por
ejemplo BPA. Asi, la evidencia cientifica indica que la co-exposicion de
células madre mesenquimales humanas a BPA junto con el
antiestrogéno ICI 182,780 (ICI, fulvestrant) inhibe la diferenciacién de
las células a adipocitos (Ohlstein et al., 2014). Este compuesto es un
potente antagonista del ER. Cuando en el protocolo in vitro seguido en

esta Tesis se afiadi6 ICI, es decir, cuando las células se expusieron a los
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bisfenoles de manera individual o combinada junto con ICI,
encontramos que la co-exposicion con el antiestrégeno inhibia el efecto
obesogénico de BPA y BPF contrarrestando la diferenciacién, mientras
que no limitaba el efecto de BPS. Estos resultados indicarian que la
unién al ER seria uno de los eventos clave responsables del efecto
adipogénico total o parcial de BPA, BPF y de la mezcla, pero no de BPS,
que actuaria mediante otros mecanismos de accion, posiblemente a
través del receptor PPARY (figura 4C, articulo #1, Reina-Pérez et al.,
2021; figura 2, articulo #2, Reina-Pérez et al,, 2022). Estos mismos
hallazgos han sido corroborados también mediante otros disefios
experimentales, por ejemplo, utilizando genes reporters de peces cebra

(zebrafish reporter gene assays) (Le Fol et al., 2017).

Las diferencias encontradas respecto a la capacidad de los bisfenoles
analizados para actuar como agonistas completos o parciales del ER
podrian estar en parte justificadas por sus diferentes caracteristicas
fisico-quimicas, respecto a polaridad, y energia de unién de solvatacién
(Marroqui et al., 2021), como ya fue previamente evidenciado por

nuestro grupo de investigaciéon (Molina-Molina et al., 2013).

También se ensayd, como trabajo de Tesis, la actividad de la mezcla de
bisfenoles en presencia del antiestrégeno ICI. En este caso la inhibicion
de la adipogénesis fue distinta a la encontrada con los compuestos
individuales, y los resultados obtenidos no fueron posibles de predecir
a partir de los resultados in vitro obtenidos con la exposicién a los
compuestos individuales que componen la mezcla (figura 2, articulo
#2, Reina-Pérez et al., 2022). El efecto tampoco fue dosis dependiente.
No fue posible comparar los resultados obtenidos con datos de

estudios previos, ya que son muy pocos los trabajos que habian
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investigado hasta el momento el efecto de mezclas de EDCs sobre esta

via de accion (Park et al., 2020; Skledar and Masi¢, 2020).

Sin embargo, son muchos los trabajos que se han centrado en el estudio
de la afinidad y actividad (agonista y/o antagonista) de unién de los
bisfenoles sobre los ERs (Delfosse et al., 2012; Gore et al., 20153,
2015b; Grimaldi et al., 2019; Karrer et al., 2019; Molina-Molina et al.,
2013; Riu et al,, 20114, 2011b; Skledar and Masi¢, 2020). No obstante,
a pesar de tratarse de un mecanismo frecuentemente estudiado de
accidn estrogénica de BPA, y algunos de sus analogos y sustitutos, ain
no ha sido dilucidado los mecanismos mas precisos responsables del
efecto de estos obesdgenos sobre la adipogénesis. El proceso de
adipogénisis debe involucrar, por tanto, otras vias, como la
desencadenada por BPS, cuyo mecanismo principal propuesto seria a
través de PPARy (Ahmed and Atlas, 2016; Boucher et al.,, 20164,
2016b), aunque probablemente intervengan otras dianas moleculares
(Schaffert et al.,, 2021). De hecho, la opcién mas probable es que los
compuestos individuales y sobre todo las mezclas de EDCs-obeségenos
actien a través de varios mecanismos de accion, principalmente
relacionados con PPARy, ER y GR, sin excluir otros mecanismos

alternativos (Kassotis and Stapleton, 2019; Molina-Molina et al., 2013).

Es por ello que en este trabajo de Tesis Doctoral Internacional se
investigaron algunas otras dianas moleculares que podrian estar
implicadas en este proceso, seleccionando para ello algunos genes, que
segun la literatura cientifica tienen un papel clave en la adipogénesis,
como el PPARy, C/EBPa, FABP4 y LPL. Por ejemplo, PPARy esta
considerado el Unico y fundamental receptor nuclear, necesario y

suficiente para iniciar la adipogénesis (Ahmed and Atlas, 2016;
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Kassotis and Stapleton, 2019; Lefterova and Lazar, 2009; Luo and Liu,
2016).

La expresién de los marcadores lipogénicos seleccionados en las
células en cultivo, difirié segiin la exposicién individual o combinada
(MIX). Asi, la expresion génica, en general, fue mayor cuando las células
se expusieron a la mezcla, alcanzandose valores de hasta veinte veces
superiores a los basales, significativamente mayores que cuando se
procedio ala exposicion a compuestos individuales, que resultaron ser
de hasta 4 veces mas para BPF, hasta 3 veces mas para BPS y hasta 8
veces mas para BPA (figuras 3A y 3B, articulo #2, Reina-Pérez et al,,
2022). En concreto, en el disefio de exposiciéon mas largo, 14 dias, el
incremento significativo en la expresién de los genes estudiados fue
similar que tras la exposicion individual de BPF y BPS (figuras 1Ay 1B,
articulo #1, Reina-Pérez et al, 2021) en linea con los resultados
publicados por Peshdary et al. (2020), pero en direccién opuesta a los
resultados del trabajo de Wang et al. (2017) que indican que no hubo
cambios significativos en la expresion génica (PPARy y FABP4). En el
disefio de exposiciéon mas corto, 7 dias, en general también observamos
un incremento significativo de la expresion de los genes seleccionados,
tanto tras la exposicion de BPF como BPS a 10 y 25 pM, excepto para la
expresion de FABP4 cuando las células fueron expuestas a BPS 10 uM
(figuras 2A y 2B, articulo #1, Reina-Pérez et al.,, 2021). Los resultados
obtenidos (BPS a dia 7) estan en la misma linea que los publicados por
otros grupos de investigacion que han trabajado con preadipocitos
murinos 3T3-L1 (Ahmed and Atlas, 2016; Ramskov Tetzlaff et al,,
2020).

Un aspecto importante a mencionar es que, cuando las células se

expusieron a BPF (25 pM) durante 14 dias, encontramos cierta

196



Discusion

toxicidad (71%) en el ensayo de viabilidad celular, lo que pudo influir
en la expresion génica. Otros trabajos también han referido toxicidades
en preadipocitos murinos expuestos a BPA (Héliés-Toussaint et al.,
2014; Martinez et al., 2020). No se evidencid citotoxicidad en los
ensayos de viabilidad celular que se hicieron para el resto de las
condiciones experimentales llevadas a cabo en esta Tesis Doctoral

Internacional (BPA, BPF, BPS y MIX).

En cuanto a la expresion génica en el estudio de mezcla de bisfenoles,
encontramos una mayor expresion de marcadores lipogénicos tanto a
la concentraciéon mas baja (10 nM) como a la mas alta (10 pM), asi como
una menor expresion a la concentracidn intermedia (1 uM). Es decir,
los niveles de expresion génica se relacionaron de forma no
monotoénica (no lineal) con la dosis, concretamente en forma de U
(figura 3, articulo #2, Reina-Pérez et al., 2022). A pesar de que no hay
estudios in vitro disponibles que hayan investigado el efecto de mezclas
de bisfenoles a concentraciones similares en lineas celulares humanas
para poder realizar comparaciones, la respuesta no monoténica en
forma de U encontrada en nuestro trabajo ha sido previamente descrita
para la expresién de algunos de los genes estudiados; concretamente
para PPARy y LPL en un trabajo llevado a cabo por Wang et al. (2013)
con preadipocitos viscerales humanos expuestos a BPA (10 nM, 1y 80

UM durante 14 dias).

También se analizaron en este trabajo de Tesis los niveles de proteina
de los genes seleccionados, tanto a los 7 como a los 14 dias de
diferenciacion adipocitaria. Tras 14 dias de ensayo, observamos que
los bisfenoles a nivel individual causaron un incremento en los niveles
proteicos de los marcadores lipogénicos. Asi, se alcanzaron

incrementos estadisticamente significativos y dosis dependiente para
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PPARy, C/EBPa y LPL, tras la exposicion a BPF y BPS a 10 y 25 uM. En
el estudio de mezclas, también se observé un incremento para LPL tras
la exposicion a la mezcla a 1 y 10 pM. También fue significativo el
incremento en los niveles de las proteinas FABP4 tras la exposicion a
BPF 10 uM y a BPS 25 uM, asi como los niveles de C/EBPa tras la
exposicion al MIX a 10 uM (figura 3, articulo #1, Reina-Pérez et al.,
2021; figura 4, articulo #2, Reina-Pérez et al., 2022). No son muchos
los trabajos que hayan publicado los niveles de proteinas de los genes
seleccionados, pero los resultados obtenidos estan en linea con los
pocos encontrados tanto en lineas celulares murinas como en humanas
(PPARY, Boucher et al., 2014; PPARy, C/EBPa y FABP4, Martinez et al.,
2020; FABP4 y LPL, Ahmed and Atlas, 2016). No coinciden, sin
embargo, con otros trabajos (LPL y FABP4, Boucher et al., 2016a).

Como deciamos anteriormente, no fue posible cuantificar los niveles
proteicos de PPARy, C/EBPa, LPL o FABP4, en el disefio experimental
de 7 dias de diferenciacion, en ninguna de las concentraciones testadas.
Igualmente, Janderova et al. (2003) tampoco detectaron proteina

PPARy en el dia 7 en células madre mesenquimales humanas.

Entre las limitaciones de los estudios in vitro realizados en esta Tesis
Doctoral Internacional cabe destarcar en primer lugar, la imposibilidad
de extrapolar los resultados a lo que ocurre en la poblaciéon debido
fundamentalmente a que para favorecer la diferenciacién adipogénica
de las hASCs se emplea un coctel hormonal suprafisiolégico,
totalmente diferente a lo que ocurre en el individuo. Ademas, aunque
las concentraciones de los ensayos individuales se seleccionaron
teniendo en cuenta los datos de exposicion humana y ambiental, las
concentraciones empleadas para preparar la mezcla ad hoc no

necesariamente representan estos niveles. Otras de las limitaciones
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serfa la no determinacién de hiperplasia e hipertrofia de los adipocitos
en los ensayos realizados, y, por ultimo, la dificultad de identificar los
mecanismos hormonales y moleculares que subyacen en la exposicion
y efecto tanto de los compuestos individuales como de la mezcla
estudiados. Hay que tener en cuenta, asimismo, la variabilidad en las
respuestas adipogénicas segin el tipo de compuesto quimico
estudiado y segun la linea celular utilizada (Kassotis et al., 2017), asi
como la concentracion hormonal y la composiciéon del céctel de
diferenciacion adipogénica, ademds de la frecuencia de remplazo del
coctel durante el proceso de diferenciacion (Boucher et al., 2016a;
Ohlstein et al., 2014; Patel et al., 2003; Peshdary et al., 2020; Wang et
al,, 2013, 2017).

En este sentido en los ultimos afios se esta haciendo un esfuerzo por
estandarizar los protocolos de diferenciacién adipogénica entre
distintos laboratorios para posibilitar una mejor comparacién de los
estudios que evalian el efecto adipogénico de sustancias quimicas

(Kassotis et al., 2021).

Entre las fortalezas de los estudios in vitro en esta Tesis Doctoral
Internacional cabe destacar, en primer lugar, que el estudio del efecto
sobre la adipogénesis se ha planteado tanto tras de la exposicion de
compuestos individuales como a mezclas complejas, y que se han
programado exposiciones durante un periodo de tiempo idéneo que
cubre desde la etapa temprana hasta la madura de la diferenciacién
adipogénica. En segundo lugar, es importante resaltar la utilizacion de
una linea celular humana (hASCs) en un intento de entender mejor lo
que puede estar ocurriendo en la clinica humana. En este sentido, es
necesario indicar que la selecciéon de las células hASCs utilizadas en

todos los experimentos realizados en esta Tesis Doctoral Internacional,
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procedian de un inico donante para evitar la variabilidad genética. Los
resultados de diferenciacion, se completaron, ademas, con el andlisis
de la expresion génica y proteica de marcadores especificos de
diferenciacion en un intento de dilucidar algunos de los mecanismos
implicados en este proceso. El estudio de mezclas realizado aporta
nuevas pruebas sobre el efecto combinado de mezclas de compuestos
quimicos, utilizando los bisfenoles a modo de ejemplo, evidenciando la
dificultad a la hora de predecir el efecto de las mezclas a partir de

actividad biolégicas individuales.

Enresumen, los resultados de esta Tesis Doctoral Internacional indican
que los bisfenoles BPF y el BPS presentan un perfil transcripcional y un
potencial adipogénico similares a los ya mostrados por BPA en otros
estudios. La mezcla de bisfenoles ensayada (BPA+BPF+BPS) mostré
igualmente un perfil transcripcional y un potencial adipogénico,
aunque diferente al de sus componentes individuales. Por lo tanto,
BPA, BPS, BPF o su mezcla poseen capacidad para aumentar la
diferenciacion adipocitaria de células mesenquimales humanas al
incrementar la expresion génica de marcadores especificos (PPARy,

C/EBPa, LPL y FABP4).

Efecto obesogénico y disruptor metabdlico de compuestos
persistentes en un estudio clinico

Como segundo bloque de objetivos de esta Tesis Doctoral nos
planteamos investigar cudl era la exposicién real de la poblacién a
EDCs persistentes empleando para ello la matriz biolégica por la que
tienen mas apetencia, el tejido adiposo; de forma particular se
selecciond el tejido adiposo visceral, por ser éste el tejido asociado con
un mayor riesgo de enfermedades metabdlicas (Jackson et al., 2017;

Kim et al, 2019; Lamat et al., 2022).
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En su dia nuestro grupo de investigacion ya describié la presencia de
BPA en tejido adiposo (Fernandez et al., 2007), hecho del mayor interés
ya que se trata de un compuesto quimico considerado no persistente
desde el punto de vista ambiental (non-persistent environmental
pollutants, npEPs). Actualmente, aunque haya consenso en que BPA y
otros npEPs son metabolizados y excretados en orina en horas/dias,
nuestro grupo ha mostrado, en no pocos casos, que también estan
presentes en aquellas matrices biolégicas que informan de la
exposicién a contaminantes a medio y/o largo plazo, como es el tejido
adiposo, lo que podria reflejar una cierta acumulacién transitoria en
tejidos especificos (Artacho-Cordén et al, 2017, 2018, 2019;
Fernandez et al., 2007).

Las caracteristicas fisicoquimicas de los POPs, alta lipofilidad y
persistencia, favorecen su acumulacién en los compartimientos grasos
de los organismos. Es por ello que el tejido adiposo es considerado
como una matriz biolégica que representa la carga corporal a estas
sustancias quimicas a lo largo de la vida, actuando como principal
reservorio de los mismos (Artacho-Cordén et al,, 2015; Bokobza et al.,
2021; Crinnion, 2009; Jackson et al,, 2017; Kohlmeier and Kohlmeier,
1995; La Merrill et al,, 2013; Mustieles and Arrebola, 2020).

En este trabajo de Tesis Doctoral investigamos la presencia y
concentraciéon de varios EDCs-persistentes. Ademas de describir la
exposicidn, nos propusimos también evaluar las posibles asociaciones
entre POPs y el diagndstico clinico de MetS, utilizando tanto la
informacién de biomarcadores de exposicion como de los
biomarcadores de efecto clinicos disponibles para la poblacién de

estudio (articulo #3, Reina-Pérez et al., 2023).
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Planteamos para ello un estudio transversal con 117 adultos de
mediana edad, seleccionados entre pacientes sometidos a cirugia no
oncologica en el Hospital Universitario Virgen de la Victoria (Malaga,
Espafia). El reclutamiento se realiz6 entre 2013-2015. Como
biomarcadores de exposicion seleccionamos los 17 compuestos
persistentes o,p-DDT, p,p”-DDE, aldrina, isodrina, endrina, dieldrina,
heptacloro, vinclozolina, endosulfan I y II, a-HCH, -HCH, y-HCH, HCB,
y tres PCBs, congéneres -138, -153 y -180, que se midieron en tejido
adiposo visceral. Como biomarcadores clinicos de efecto se
seleccionaron todos aquellos considerados en el diagnostico del MetS,
es decir, niveles de glucosa en ayunas, TG y colesterol HDL medidos en
muestras de sangre recogidas en ayunas antes de la intervencidn
quirudrgica, asi como medidas de tensién arterial, y antropométricas
(perimetro abdominal, IMC, etc.), obtenidas de la historia clinica. Los
participantes se clasificaron en base a la presencia o ausencia de
sindrome metabolico segiin presentaran o no de forma simultanea, 3

de los 5 componentes anteriormente comentados (Alberti et al., 2009).

Los resultados del estudio transversal volvieron a mostrar (en
comparacion con poblaciones reclutadas en décadas anteriores), que
la presencia de POPs en el tejido adiposo visceral de una poblacién del
sur de Espafia, sigue siendo frecuente, y que la exposicién ocurre a mas
de un compuesto, a pesar de que en nuestro pafs, al igual que en otros
muchos, estos compuestos quimicos estan prohibidos o se ha limitado
enormemente su uso desde hace ya mas de tres décadas (Artacho-
Cordon et al., 2015a; Bergonzi et al,, 2011; Bjerregaard-Olesen et al.,
2017; Bjorvang et al, 2021; Centers for Disease Control and
Prevention, 2017; Ferndndez-Rodriguez et al.,, 2015). Los resultados
obtenidos coinciden, ademas, con los descritos por muchos otros

trabajos de la literatura cientifica realizados en otras poblaciones y

202



Discusion

muestras biolégicas (Artacho-Cordén et al., 2015a; Bergonzi et al,
2011; Bjerregaard-Olesen et al., 2017; Bjorvang et al., 2021; Centers for
Disease Control and Prevention., 2017; Ferndndez-Rodriguez et al.,

2015).

Las concentraciones encontradas en las muestras de tejido adiposo
analizadas indicaron que los niveles de OCPs y PCBs eran
significativamente mayores en el grupo de pacientes MetS+ (28,6 ng/g
de tejido y 34,4 ng/g de tejido, respectivamente) respecto al grupo
MetS-, donde todas las sustancias quimicas se encontraron por debajo
del LOD. También se pudieron evidenciar asociaciones positivas entre
ciertos POPs y el diagnéstico clinico de MetS o algunos de sus
componentes individuales (articulo #3, Reina-Pérez et al., 2023).
Especificamente, los modelos de regresion lineal ajustados por edad y
sexo mostraron que todos los OCPs medidos se asociaban
positivamente con el perimetro de cintura. Ademas, niveles mas altos
de HCB y y-HCH se relacionaron con concentraciones mas altas de
glucosa en ayunas, con una presién arterial mas elevada y con un
mayor riesgo de MetS. Los niveles de HCB se relacionaron ademas
inversamente con los niveles de colesterol HDL, mientras que la
concentracion de PCB-180 se asocio6 positivamente. PCB-138 también

se asoci6 positivamente con la presion arterial.

Los modelos logisticos ajustados por edad y sexo indicaron igualmente
la asociacion entre los niveles de HCB y al y-HCH y una mayor
probabilidad de padecer MetS [OR (IC95%): 1,53 (1,22-1,92) y 1,39
(1,10-1,76) respectivamente; p< 0,01]. No se observaron asociaciones
entre MetS y el resto de OCPs. Se encontraron asociaciones similares,
cuando la exposicidn a los contaminantes se categorizé por frecuencia

de deteccion (detectados vs. no detectados), ajustando por edad y sexo.
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Una de las fortalezas de este trabajo es que ademas se comprobd que
no so6lo es importante investigar el efecto de la exposiciéon a
contaminantes individuales, sino que el efecto combinado de todos
ellos puede aportar igualmente informacién del mayor interés. Asi, los
modelos WQS, considerando los siete OCPs, mostraron que la
exposicién de la mezcla encontrada en el tejido adiposo se asociaba de
manera positiva y significativa con el riesgo de MetS, tanto en el modelo
ajustado por edad y sexo [(exp [beta] = 2,34; p< 0,001)], como en el
modelo ajustado por edad, sexo e IMC [(exp [beta] = 2,44; p= 0,016)].
Las concentraciones de y-HCH, o,p"-DDT y HCB eran responsables del
efecto de la mezcla en un 52,9%, 26,9% y 19,7%, respectivamente, en
el modelo ajustado por edad y sexo; mientras que y-HCH (47,6%), PCB-
180 (26,2%), 0,p"-DDT (21,7%) y PCB-153 (4,5%) lideraban el modelo
ajustado por edad, sexo y e IMC.

Los resultados hallados en este estudio transversal son coincidentes
con otros estudios transversales y longitudinales previos que
evaluaron la exposicién a POPs, empleando habitualmente muestras de
suero, y el riesgo de MetS o de alguno de sus componentes (Aminov et
al,, 2014; Aminov and Carpenter, 2020; Dirinck et al., 2016; Gasull et
al,, 2018; Henriquez-Hernandez et al., 2014; Kim et al,, 2018; Lee et al,,
2007, 2014; Park et al,, 2010; Rosenbaum et al.,, 2017; Tomar et al,,
2013; Valera et al,, 2013). Muchos de estos trabajos se han incluido en
la reciente revision sistematica y meta-analisis de Lamat et al. (2022),
realizada con el objetivo de establecer la relacién entre la exposicion a
plaguicidas y MetS. El meta-analisis muestra que la exposicion global a
plaguicidas aumenta el riesgo de MetS en un 30% (IC95: 22%-37%),
correspondiendo a los OCPs un 23% del riesgo de MetS (14-32%). Al
igual que los resultados de nuestro estudio transversal, en el meta-

analisis de Lamat et al. (2022), HCH se relaciona con un aumento del
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53% del riesgo de MetS (28-78%) y la exposicién a HCB con un 40%
(0,01-80%) (Lamat et al., 2022).

Los resultados obtenidos en el estudio transversal también estan en
consonancia con estudios previos llevados a cabo por nuestro grupo de
investigacion en otras areas geograficas de Espafia, como por ejemplo
en la provincia de Granada (Arrebola et al., 2015a, 2014; Mustieles et
al, 2017). Asi, por ejemplo, Mustieles et al. (2017) investigaron las
concentraciones en tejido adiposo de OCPs y PCBs en 387 adultos
hospitalizados, en relacién con la prevalencia de estar
"metabodlicamente comprometido”, definido como tener =1
diagnostico de algunos de los componentes del MetS, y los siguieron en
el tiempo una media de diez afios. Curiosamente encontraron que
aquellos participantes sin ningin componente de MetS al inicio del
estudio, pero con mayores niveles de HCBy 3-HCH en su tejido adiposo,
tenian un mayor riesgo de estar metabolicamente comprometidos a lo
largo de los diez afios siguientes (Mustieles et al, 2017). Nuestro
estudio actual, realizado en una poblacién similar de la vecina
provincia de Malaga, complementa estos resultados mostrando que las
concentraciones de HCB y y-HCH no s6lo se asocian con componentes
individuales del MetS, sino con el riesgo de MetS diagnosticado
clinicamente, reforzando el peso de la evidencia y la relevancia clinica

de estas exposiciones ambientales.

Estudios previos que utilizaron disenos transversales también
encontraron un mayor riesgo de MetS asociado a la exposiciéon a POPs
medidos en muestras de suero (Aminov and Carpenter, 2020; Gasull et
al, 2018; Lee et al., 2014; Park et al,, 2010; Rosenbaum et al.,, 2017),
con conclusiones similares a las encontradas en nuestro trabajo. Asi,

por ejemplo, Tomar et al. (2013) y Kim et al. (2018) detectaron un
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aumento de los niveles séricos de 3-HCH entre aquellos pacientes con
MetS (Kim et al., 2018; Tomar et al,, 2013). Por su parte, Lee et al.
(2007) indicaron que los pacientes con niveles séricos detectables de
-HCH tenian un mayor riesgo de padecer MetS, en comparacién con
aquellos con niveles de 3-HCH inferiores al LOD (Lee et al., 2007). Sin
embargo, Pestana et al (2014) no encontraron diferencias
estadisticamente significativas entre los niveles en tejido adiposo de y-
HCH y la prevalencia de MetS, aunque si encontraron una asociacién
positiva cuando la exposicion a POPs se consider6 como la suma de
sustancias quimicas individuales cuantificadas en las muestras de

suero de los participantes (Pestana et al.,, 2014).

Respecto a los niveles de PCBs, en nuestro estudio transversal no
observamos concentraciones significativamente mas altas en los
pacientes con MetS+, al contrario de lo descrito por Dirinck et al
(2016) que indicaron que los pacientes con MetS+ tenian niveles

séricos significativamente mas altos de PCB-153 (Dirinck et al., 2016).

También exploramos en esta Tesis Doctoral la influencia de la
exposicién a POPs en la prevalencia de componentes individuales del
MetS. Como se ha comentado antes, observamos que los niveles de HCB
y Y-HCH estaban relacionados con un mayor riesgo de hipertensidn, en
consonancia con hallazgos previos (Arrebola et al, 2015a; Lee et al,,
2007; Park et al., 2010). En la misma linea, otros autores también han
encontrado asociaciones positivas entre POPs e hipertension, como
por ejemplo, Henriquez-Hernandez et al. (2014), que describieron
asociaciones positivas entre niveles séricos de p,p"-DDE y presion
arterial (e hipertensién) en sujetos sin medicaciéon con

antihipertensivos. Sin embargo, otros estudios describieron
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asociaciones inversas entre hipertension y exposicion a HCH (Pestana

etal,, 2014; Valera etal., 2013).

En nuestro trabajo detectamos una relaciéon inversa entre las
concentraciones de HCB y colesterol HDL (tanto cuando la variable se
consideré de forma continua como dicotémica). De forma similar,
Aminov et al. (2014), encontraron asociaciones inversas entre los
niveles de colesterol HDL y las concentraciones de HCB, tanto en
residentes caucasicos como afroamericanos de Alabama (Aminov et al.,
2014). Sin embargo, otros estudios no encontraron asociaciones entre
HCB y cambios en los niveles de colesterol HDL en una cohorte de
seguimiento (Penell et al., 2014). Con respecto a los TG séricos
elevados, el trabajo de esta Tesis no encontré asociaciones
estadisticamente significativas entre este componente MetS y los
contaminantes seleccionados, a diferencia del estudio de Arrebola et al.
(2014) que si evidenciaron asociaciones con PCB-138 y PCB-180. Si
observamos, por el contrario, un aumento del perimetro de la cintura
entre los participantes con niveles mas elevados de HCB y y-HCH.
Analogamente, también se hallaron asociaciones positivas entre el
perimetro de la cintura y los niveles de HCB y y-HCH, lo que concuerda
con hallazgos anteriores (Lee et al,, 2012, 2007; Tawar et al., 2022).
Otros grupos han informado también de asociaciones positivas entre
los niveles de glucosa en ayunas, y OCPs; como por ejemplo, Tawar et
al. (2022) que encontraron correlaciones positivas con las
concentraciones de p,p"-DDT, §-HCH, heptacloro y endrina, al igual que
otros estudios (Aminov and Carpenter, 2020; Dirinck et al., 2014;

Mehta et al,, 2021).

En resumen, mientras que las asociaciones entre los distintos POPs y

los componentes individuales del MetS son bastante heterogéneas en
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la bibliografia cientifica, las asociaciones entre estos contaminantes

quimicos y el riesgo de MetS son mas consistentes (Heindel et al,,

2015b).

La heterogeneidad en los resultados entre estudios podria deberse a
diferentes razones, como por ejemplo el tipo de matriz biolégica donde
se analizan los contaminantes, la diversidad en las poblaciones
estudiadas, asi como el disefio de estudio, o el diagnéstico de la
enfermedad estudiada. Las diferencias en las asociaciones descritas
también podrian explicarse por el hecho de que los POPs parecen
mostrar una compleja interaccion con diferentes 6rganos metabélicos
tales como el tejido adiposo, higado y pancreas, ademas de otros

organos criticos implicados en el metabolismo (Heindel et al., 2015b).

Son varios los mecanismos de accién mediante los cuales los POPs
pueden contribuir al riesgo de MetS. En primer lugar, los POPs
promueven la obesidad desde los mismos adipocitos, como por
ejemplo, el aumento de la diferenciacién adipogénica y la acumulaciéon
lipidica, descrito en los primeros trabajos de esta Tesis Doctoral
Internacional, la disminucién de la termogénesis y la variacién de las
senales de saciedad, o alterando la sefializaciéon metabdlica en el tejido
adiposo u otros érganos (Aaseth et al., 2022; Mustieles and Arrebola,
2020). Pueden actuar también a nivel molecular uniéndose a algunos
receptores nucleares implicados en la adipogénesis y metabolismo
(Gore et al., 2015a; Heindel et al., 2015b, 2015a; Jackson et al.,, 2017;
Mrema et al., 2013; Pereira-Fernandes et al., 2014; Zhang et al., 2015),
modificando la expresién génica y proteica de marcadores especificos
(Tawar etal., 2022), como también indican los resultados de esta Tesis.

Méas aun, los POPs también interfieren con el desarrollo de los
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adipocitos a través de modificaciones epigenéticas (van den Dungen et
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Figura 1. Posibles mecanismos subyacentes a los efectos adipogénicos de los POPs en

adipocitos (Aaseth et al,, 2022).

Otros de los modos de acciéon y eventos claves propuestos en la
literatura cientifica ligando la disfuncién del tejido adiposo al MetS
(Fahed etal, 2022; van Greevenbroek et al., 2016), son: el desequilibrio
hormonal (Banos et al., 2011), la inflamacién crénica de bajo grado
(Esser etal, 2014), el estado redox alterado (Hohn et al., 2016; Seillier
et al., 2015; Spanidis et al., 2016) y/o la disfuncién mitocondrial en el
tejido adiposo (Fahed et al., 2022; Grundy, 2016; Kim and Lee, 2014).
De esta forma los POPs afectarian al sistema endocrino (Griinfeld and
Bonefeld-Jorgensen, 2004), a las respuestas inflamatorias (Pandolfi et
al, 2016; Rolle-Kampczyk et al, 2020), a la oxidacion de
macromoléculas (Artacho-Corddn et al,, 2016) e incluso a la disfuncion

mitocondrial (Kim et al., 2019).
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Los mecanismos de accién responsable de entre la asociacion
exposicion a POPs y MetS han sido recientemente revisados por Aaseth
et al. (2022). Los autores de la revision indican que es el conjunto de
las alteraciones endocrinas, estrés oxidativo, inflamacién junto con
mecanismos epigenéticos, lo que puede dar lugar a resistencia a la
insulina, ademas de provocar la secrecién de adipoquinas y citocinas
inflamatorias especificas, y que todos estos posibles mecanismos
participan, en mayor o menor medida, en la disfuncion del tejido
adiposo producida por estos contaminantes (Artacho-Cordén et al.,
2016; Desai et al, 2015; Griinfeld and Bonefeld-Jorgensen, 2004;
Mrema etal.,, 2013; Mustieles et al., 2021; Pandolfi et al., 2016). Algunos
autores afiaden otras posibilidades como son los cambiossobre la
lipolisis y lipogénesis, asi como en el metabolismo de los aminoacidos
y de los hidratos de carbono, ademas de en las adipocinas que
intervienen en el balance energético (Bays et al., 2013; Cano-Sancho et

al, 2017; Valvi et al., 2020).

La revision sistematica y meta-andlisis de Lamat et al. (2022) sugiere a
su vez, que, aunque los mecanismos de los POPs no han sido
dilucidados por completo, parece que concretamente el HCH
interviene en la desregulaciéon oxidativa al alterar las actividades del
citocromo P450, la glutatién-S-transferasa y la glucosa-6-fosfato
deshidrogenasa (Lamat et al., 2022). Estudios previos de nuestro
equipo también apoyan la implicacion del y-HCH en el microambiente

del tejido adiposo (Artacho-Corddn et al., 2016; Mustieles et al., 2021).

La mayoria de los trabajos publicados en la literatura cientifica se han
centrado en la medida de POPs, en muestras séricas, que han
relacionado con MetS, limitando la comparacién con los hallazgos

encontrados en este estudio transversal. Es por ello, que son necesarias
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mas investigaciones que exploren el papel de estos contaminantes
ambientales-obesdgenos en el desarrollo de MetS y cada uno de sus
componentes, especialmente mediante estudios de cohortes
prospectivas que utilicen el tejido adiposo como matriz biolégica de
referencia para evaluar la exposicion. El punto clave es que los POPs
séricos pueden variar debido a exposiciones dietéticas puntuales, a
cambios de peso recientes, e incluso aumentar el flujo desde el tejido
adiposo a sangre circulante debido a la progresion de la enfermedad
metabodlica. La medida de POPs en tejido adiposo, por el contrario,
puede contrarrestar estos posibles sesgos (Mustieles and Arrebola,
2020). Son necesarios, ademdas estudios que incluyan disefios
combinados (in vitro, in vivo y observacionales), que permitan
investigar los modos de accién implicados en la relacién entre POPs y
MetS, y de este modo aumentar la plausibilidad bioldgica de las

asociaciones observadas.

Es necesario comentar, por ultimo, las limitaciones que presenta el
estudio transversal realizado. En primer lugar, su tamafio de muestra
limitado, asi como el reducido ajuste por variables de confusién, que
no impidieron, sin embargo, encontrar algunas asociaciones
estadisticamente significativas y coherentes con los estudios
toxicologicos y epidemiolégicos previos. En segundo lugar, la
poblacién de estudio particular seleccionada, ya que se trata de una
poblaciéon hospitalaria no representativa de la poblacién general.
Tercero, por su disefio transversal que s6lo permite determinar
asociaciones potenciales, no permitiendo descartar la causalidad
inversa. No se pudo ademas tener en cuenta otros factores de confusion
de interés, como la ingesta de alimentos, la actividad fisica, el
tabaquismo o la ingesta de alcohol, al no estar disponibles en la base de

datos clinica, ni tampoco fue posible determinar del contenido graso de
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las muestras de tejido adiposo. Tampoco se investigaron los
mecanismos de acciéon implicados en las asociaciones encontradas, sin
embargo, la estancia internacional desarrollada por la doctoranda en
el grupo de investigacién del profesor Patrick Balaguer, ha permitido
profundizar en el estudio de la especificidad (actividad agonista,
antagonista y/o parcial) de diversos EDCs, entre ellos, BPA, BPF y BPS
por los receptores nucleares PPARa, PPARB/& y PPARy, utilizando

lineas celulares “reporteras” (reporter cell lines).

Entre las fortalezas del estudio se encuentran las asociaciones
similares descritas entre exposicion, ya sea individual y combinada, a
POPs y diagnostico clinico MetS (segun los criterios de la IDF), lo que
aporta coherencia y consistencia a los resultados encontrados.
Pudimos evaluar, ademas, la influencia de varios POPs en cada uno de
los componentes del MetS. Nuestro trabajo refuerza ademas la idea de
considerar al tejido adiposo como matriz éptima como biomarcador de
exposicién (Crinnion, 2009; Kohlmeier and Kohlmeier, 1995; Mustieles
and Arrebola, 2020), al aparecer como un factor principal de toxicidad

ejercida por los POPs (Barrett, 2013; La Merrill et al., 2013).

Como ultimo objetivo de esta Tesis Doctoral Internacional nos
planteamos evaluar la carga total obesogénica en muestras de tejido
adiposo de pacientes adultos, con peso normal y sobrepeso/obesidad,
e investigar su posible asociaciéon con trastornos metabdlicos,
mediante el biomarcador in vitro "0-Screen". Es decir, consistiria en
realizar extracciones cromatograficas de las muestras de tejido
adiposo, aislando mezclas reales de POPs y otros compuestos, testando
su efecto obesogénico en el modelo in vitro desarrollado. Aunque la
herramienta in vitro necesaria para este ensayo ha sido desarrollada y

validada [articulos #1 y #2, (Reina-Pérez et al, 2022, 2021)], sin
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embargo, el periodo de tiempo cubierto por el contrato FPU no ha sido
suficiente para poder finalizar este objetivo, dejando esta labor como
perspectiva de futuro para el grupo que apoya esta Tesis Doctoral

Internacional.

Esta Tesis Doctoral ha abordado el estudio, mediante ensayos in vitro,
de algunos EDCs-obesdgenos especificos, como biomarcadores de
exposicidn, sobre la adipogénesis, permitiendo identificar la capacidad
de actuar como obesdgeno de uno de los principales sustitutos de BPA,
esto es BPF, al igual que ya se habia establecido para otros sustitutos
como BPS (Heindel et al, 2022). También ha puesto de nuevo de
manifiesto la necesidad de no limitarse al analisis del efecto biolégico
de los compuestos quimicos tomados uno a uno, sino de hacerlo en
forma de mezclas extraidas de tejidos y fluidos bioldgicos o creadas ad
hoc, como por ejemplo la ensayada en esta Tesis. Nuestro grupo de
trabajo tiene una experiencia muy particular en la generaciéon de
informacién sobre el efecto hormonal a partir de los datos obtenidos
de la medida de los niveles de exposicidn en muestras bioldgicas, como
es el caso del tejido adiposo de individuos con muy diferente patologias
(Artacho-Cordén et al., 2019, 2018; Echeverria et al., 2021; Mustieles
etal,, 2017). El efecto combinado de mezclas de compuestos quimicos,
tan complejo de llevar a cabo, y por ello, tan poco estudiado, ha sido
abordado, con éxito a nuestro entender en esta Tesis, y alienta a seguir
realizando estudios in vitro de combinaciones de EDCs como via para
contribuir al escaso conocimiento sobre los efectos en salud humana

producidos por la exposicidn real a compuestos quimicos ambientales.

Se ha profundizado, ademas en los mecanismos subyacentes al efecto
generado por la exposicién a contaminantes ambientales, mediante

estudios in vitro, analizando la expresién de algunos genes
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adipogénicos (PPARy, C/EBPa, LPLy FABP4)y estrogénicos (ERa) junto
con los niveles de sus proteinas, como posibles biomarcadores de
efecto tempranos de esta exposicion. La implementacién de
biomarcadores de efecto, como los considerados en esta Tesis
Doctoral, considerados como una actividad bioldgica que puede
medirse en ensayos in vitro, permitiria afladir nueva informacioén en la
deteccién temprana y/o en el diagnéstico clinico de algunas
enfermedades (Vinggaard et al,, 2021). Los ensayos in vitro permiten
ademas medir el efecto completo al tener en cuenta los efectos
combinados de la mezcla, permitiendo la identificacion de sustancias
quimicas responsables del efecto, tanto conocidas como desconocidas

(chemicals of emerging concern, CECs) (Vinggaard et al., 2021).

Esta Tesis Doctoral ha completado la informacién experimental con un
estudio epidemioldgico en el que se han establecido asociaciones entre
algunos EDCs-persistentes (fundamentalmente HCB y y-HCH) con el
diagnostico del MetS y/o sus componentes individuales. Sin embargo,
hay que tener en cuenta que los EDCs investigados en los ensayos in
vitro no han sido los mismos que los analizados en el estudio
epidemioldgico, y hubiera sido ideal haber complementado la
informacién in vitro con la epidemioldgica. Este trabajo se esta
actualmente realizando dentro de nuestro grupo de investigacién. Es
necesario, por tanto, continuar investigando y realizando mas trabajos
que nos permitan establecer conclusiones mas sélidas sobre el efecto
de la exposicion a compuestos quimicos ambientales (EDCs) en la salud

humana.

Para finalizar es interesante proponer algunas perspectivas de futuro
a tener en cuenta. Los resultados del programa de biomonitorizacion

europeo HBM4EU indican que la exposicién humana a algunos
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contaminantes persistentes como los PFAS, y no persistentes, va en
aumento (Richterova et al,, 2023; Rosolen et al., 2022). Por ello, es
necesario seguir profundizando mediante estudios in vitro, en el efecto
individual y combinado de diferentes EDCs-obesogénicos, mediante
protocolos estandarizados de diferenciacion adipogénica, con lineas
celulares de adipocitos humana, que permitan obtener comparabilidad
y fiabilidad en los resultados entre unos trabajos y otros de similares
caracteristicas. Asi se ha indicado recientemente en el trabajo de
(Kassotis et al., 2021) en el que intervinieron varios laboratorios,
donde se resalta la importancia que tiene la reproducibilidad entre
laboratorios, asi como la estandarizacién de protocolos de
diferenciacion adipogénica, cuando se lleva a cabo una evaluacién
detallada de la reproducibilidad y se analizan los factores que
intervienen en la variabilidad de las respuestas a la exposicion de
compuestos quimicos disruptores del metabolismo (MDCs, metabolism
disrupting chemicals) para incrementar la fiabilidad en los resultados
hallados (Kassotis et al, 2021). Estos modelos resultan muy
prometedores para extrapolar los conocimientos sobre la salud

metabdlica de la poblacion.

El conocimiento cientifico mejorara sin duda combinando los modelos
tradicionales in vitro con nuevas técnicas de evaluacion como por
ejemplo los ensayos en 3D y de co-cultivo para evaluar la exposicion a
mezclas de compuestos adipogénicos y, por tanto, con potencial
obesogénico (Kassotis et al., 2022). Es necesario, ademas, reconocer la
creciente prevalencia del MetS en el mundo y, por lo tanto, la necesidad
de identificar los factores de riesgo prevenibles, asi como establecer
medidas de intervencion para detener y revertir la progresion de este

sindrome (Saklayen, 2018). La participaciéon de los profesionales
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clinicos en esta drea de investigacion sera fundamental para acometer

los desafios de salud ambiental a los que hacemos y haremos frente.
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Conclusion #1

La exposicion de células hASCs a bisfenol-F (BPF) y bisfenol-S (BPS)
promueve la adipogénesis como se comprueba al alterar la
programacién del desarrollo de los adipocitos y aumentar la
acumulacion de lipidos intracelulares. De forma particular, la
exposicién celular con BPF, a concentraciones de 10 o 25 uM durante
7 o 14 dias, potencia la diferenciacién de las células madre en
adipocitos de manera dosis-dependiente, lo que se confirma al
comprobar un incremento de la expresién de los genes adipogénicos
seleccionados (PPARy, C/EBPa, LPL y FABP4), asi como de sus
proteinas correspondientes. Nuestros resultados muestran por
primera vez el potencial obesogénico de BPF sobre la diferenciacion de
adipocitos humanos, corroborando datos previos obtenidos en

preadipocitos murinos.

Por su parte, como ya habian indicado estudios previos, nuestros
propios resultados demuestran que la exposicion de células hASCs a
BPS resulta en un perfil transcripcional y un potencial adipogénico
similar a BPF, tanto en los ensayos de diferenciaciéon de 7 como de 14
dias. De esta forma, la exposicion celular a concentraciones de 10 o 25
uM de BPS aumenta la diferenciacion de las células madre en
adipocitos al promover, igualmente, la expresion de los genes PPARy,

C/EBPa, LPL y FABP4,y de los niveles proteicos correspondientes.

Los hallazgos encontrados en los estudios in vitro indican, por tanto,
que el potencial obesogénico, evidenciado tanto para BPF como para
BPS, los hacen inviables como alternativas seguras a la toxicidad del

bisfenol-A (BPA).
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Conclusion #2

La mezcla ternaria equimolar de los tres bisfenoles [bisfenol-F (BPF),
bisfenol-S (BPS) y bisfenol-A (BPA), interfiere en la programacién de
las células hASCs, aumentando su capacidad para diferenciarse en
adipocitos. No obstante, el efecto obesogénico de la mezcla difirié del
de los compuestos individuales, mostrando niveles de expresién génica
mayores a los obtenidos para los componentes individuales de la
misma. La exposicion de las células resulté en un efecto dosis-
dependiente en la acumulacioén lipidica, mientras que la expresion de
los genes mostré una respuesta no monoténica, adoptando forma de U.
Este trabajo es uno de pocos estudios in vitro que han investigado la
actividad obesogénica combinada de mezclas de EDCs-obesdgenos
sobre la diferenciacién adipogénica, la acumulacion de lipidos, la
expresion génica y la sintesis proteica, en un intento de emular

situaciones de exposicidn real en poblacién humana.

Conclusion #3

Los resultados descritos en esta Tesis Doctoral Internacional indican
que el potencial obesogénico de BPF y de la mezcla de obesdégenos
ensayada, esta mediado por la unidn al receptor de estrégenos, que se
presenta como un evento clave responsable del efecto adipogénico
parcial, o total, obtenido. Interesantemente, el efecto obesogénico de
BPS estaria parcialmente mediado por otros mecanismos de accidn,
posiblemente a través del receptor PPARy. No obstante, la explicacion
mas plausible es que los obes6genos actiien a través de una
combinacion de mecanismos de accion, principalmente relacionados
con los receptores PPARy, ER y GR, entre otras posibles vias de

sefializacion.
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Cuando se estudiaron algunas de las dianas moleculares implicadas en
el proceso de adipogénesis, como son PPARy, C/EBP«, FABP4 y LPL, se
comprobd que la expresion in vitro de estos marcadores lipogénicos
difiere segin se trate de exposicion individual o combinada de
contaminantes. En general, la expresion génica fue mayor cuando las
células se expusieron a la mezcla de bisfenoles, alcanzandose valores
de hasta veinte veces superiores a los basales. Este estimulo fue
significativamente mayor que el observado cuando se analiz6 la
exposicién a compuestos individuales, que resultaron ser de hasta 4
veces mas para BPF, hasta 3 veces mas para BPS y hasta 8 veces mas
para BPA, respecto a los valores basales. Los niveles de expresion
génica se relacionaron, ademas, de forma no-monoténica con la dosis,

adoptando las curvas dosis-respuesta una forma de U.

Conclusion #4

La frecuencia de los POPs detectados en las muestras de tejido adiposo
visceral obtenidos en el estudio clinico transversal, indica que la
poblaciéon adulta espafiola sigue expuesta a estos compuestos
ambientales persistentes, a pesar de haber sido prohibidos desde hace
varias décadas. Las concentraciones encontradas en las muestras
indicaron ademas que los niveles de OCPs y PCBs son
significativamente mayores en el grupo de pacientes con sindrome
metabdlico (MetS) (concentraciones medianas: 28,6 ng/g de tejido y
34,4 ng/g de tejido, respectivamente) que en los individuos sin este
sindrome (con concentraciones por debajo del limite de

cuantificacién).

Se han puesto de manifiesto asociaciones positivas entre ciertos POPs
ya sea con el diagnoéstico clinico de MetS o algunos de sus componentes.

De forma particular, los modelos de regresion lineal ajustados por edad
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y sexo muestran que todos los OCPs medidos se asocian positivamente
con el perimetro de cintura. Ademas, niveles mas altos de HCB y y-HCH
se relacionan con concentraciones mas altas de glucosa en ayunas, con
una presion arterial mas elevada y con un mayor riesgo de MetS. Los
niveles de HCB se relacionan inversamente con los niveles de colesterol
HDL, mientras que la concentracion de PCB-180 se asoci6
positivamente. Los modelos logisticos ajustados por edad y sexo
indican igualmente la asociacion entre los niveles de HCB y al y-HCH

con una mayor probabilidad de padecer MetS.

Nuestros propios resultados sugieren que no s6lo es importante
investigar el efecto de la exposicidn a contaminantes individuales, sino
que el efecto combinado de todos ellos puede aportar informacién del
mayor interés clinico. Asi, los modelos de mezclas WQS mostraron que
la exposicion de lamezcla de los 7 POPs encontrada en el tejido adiposo
se asocia de manera positiva y significativa con el riesgo de MetS, tanto
en el modelo ajustado por edad y sexo, como en el modelo ajustado por
edad, sexo e IMC. Las concentraciones de y-HCH (53%), o,p-DDT
(27%) y HCB (20%) eran responsables del efecto de la mezcla en el
modelo ajustado por edad y sexo; mientras que y-HCH (48%), PCB-180
(26%), o,p-DDT (28%) and PCB-153 (5%) lideraban el modelo

ajustado por edad, sexo y e IMC.

La creciente prevalencia del MetS en el mundo, hace necesaria la
identificacion de factores de riesgo prevenibles, asi como el
establecimiento de medidas de intervencién para detener y revertir la
progresion de este sindrome. Dentro de este contexto se enmarca la
exposicién a contaminantes ambientales-obesogénicos, que una vez
identificados y entendido su papel en la génesis de la enfermedad,

deberian ser regulados en sus usos y aplicaciones de forma mas
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estricta. La participacion de los profesionales clinicos en esta area de
investigacion serad fundamental para acometer los desafios de salud
ambiental a los que hacemos y haremos frente con medidas

preventivas.
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Conclusion #1

Exposure of hASCs to bisphenol-F (BPF) and bisphenol-S (BPS)
promotes adipogenesis by altering adipocyte developmental
programming and increasing intracellular lipid accumulation. In
particular, cell exposure with BPF, at concentrations of 10 or 25 uM for
7 or 14 days, potentiates stem cell differentiation into adipocytes in a
dose-dependent manner, confirmed by an increase in the expression of
selected adipogenic genes (PPARy, C/EBPa, LPL and FABP4), as well as
their corresponding proteins. Our results show for the first time the
obesogenic potential of BPF on human adipocyte differentiation,

corroborating previous data obtained in murine preadipocytes.

On the other hand, as previous studies had already indicated, our own
results demonstrate that exposure of hASCs to BPS results in a
transcriptional profile and adipogenic potential similar to BPF, both in
the 7- and 14-day differentiation assays. Thus, cell exposure to
concentrations of 10 or 25 uM of BPS enhances stem cell differentiation
into adipocytes by promoting, likewise, the expression of PPARy,

C/EBPa, LPL and FABP4 genes and corresponding protein levels.

The findings found in the in vitro studies indicate, therefore, that the
obesogenic potential, evidenced for both BPF and BPS, make them

unfeasible as safe alternatives to bisphenol-A (BPA) toxicity.

Conclusion #2

The equimolar ternary mixture of the three bisphenols [bisphenol-F
(BPF), bisphenol-S (BPS) and bisphenol-A (BPA), interferes with the
programming of hASCs, increasing their ability to differentiate into
adipocytes. However, the obesogenic effect of the mixture differed
from that of the individual compounds, showing higher gene

expression levels than those obtained for the individual components of
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the mixture. Exposure of the cells resulted in a dose-dependent effect
on lipid accumulation, while gene expression showed a non-monotonic
response, adopting a U-shape. This work is one of the few in vitro
studies that have investigated the combined obesogenic activity of
EDCs-obesogen mixtures on adipogenic differentiation, lipid
accumulation, gene expression and protein synthesis, in an attempt to

emulate real exposure situations occurring in human populations.

Conclusion #3

The results described in this International Doctoral Thesis indicate that
the obesogenic potential of BPF and the mixture of obesogens tested
are mediated by binding to the estrogen receptor, which is presented
as a key event responsible for the partial or total adipogenic effect
obtained. Interestingly, the obesogenic effect of BPS would be partially
mediated by other mechanisms of action, possibly through the PPARy
receptor. However, the most plausible explanation is that these
obesogens act through a combination of mechanisms, mainly related to

PPARYy, ER and GR receptors, among other possible action modes.

When some of the molecular targets involved in the process of
adipogenesis, such as PPARy, C/EBPa, FABP4 and LPL, were studied, it
was found that the in vitro expression of these lipogenic markers
differed according to individual or combined exposure to pollutants. In
general, gene expression was higher when cells were exposed to the
bisphenol mixture, reaching values up to twenty times higher than
basal. This stimulus is significantly greater than that observed when
exposure to individual compounds was analyzed, which were up to 4-
fold higher for BPF, up to 3-fold higher for BPS and up to 8-fold higher

for BPA, compared to baseline values. The gene expression levels were
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also non-monotonically related to dose, with the dose-response curves

adopting a U-shape.

Conclusion #4

The frequency of POPs detected in the visceral adipose tissue samples
obtained in the cross-sectional clinical study indicates that the Spanish
adult population is still exposed to these persistent environmental
compounds, despite the fact that they were banned for several decades.
The concentrations found in the samples further indicate that the
levels of OCPs and PCBs are significantly higher in the group of patients
with metabolic syndrome (MetS) (median concentrations: 28.6 ng/g
tissue and 34.4 ng/g tissue, respectively) than in individuals without

this syndrome (with concentrations below the limit of quantification).

Positive associations between certain POPs and either the clinical
diagnosis of MetS or some of its components have been shown.
Notably, linear regression models adjusted for age and sex show that
all measured POPs are positively associated with waist circumference.
In addition, higher levels of HCB and y-HCH are related to higher fasting
glucose levels, higher blood pressure and higher risk of MetS. HCB
levels were inversely related to HDL cholesterol levels, whereas PCB-
180 concentration was positively associated. Logistic models adjusted
for age and sex likewise identified associations between HCB and y-

HCH levels and an increased likelihood of MetS.

Our own results suggest that it is not only important to investigate the
effect of exposure to individual contaminants, but that the combined
effect of all of them may provide information of major clinical interest.
Thus, WQS mixture models showed that exposure to the mixture of the
7 POPs found in adipose tissue is positively and significantly associated

with the risk of MetS, both in the model adjusted for age and sex, and
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in the model adjusted for age, sex and BMI. Concentrations of y-HCH
(53%), o,p"-DDT (27%) and HCB (20%) drove the mixture in the age-
and sex-adjusted model; whereas y-HCH (48%), PCB-180 (26%), o,p -
DDT (28%) and PCB-153 (5%) drove the age-, sex- and BMI-adjusted

model.

The increasing prevalence of MetS in the world makes necessary the
identification of preventable risk factors, besides stablishing
intervention measures to stop and reverse the progression of this
syndrome. Within this context, once the role of exposure to
environmental-obesogenic pollutants in metabolic disease has been
identified, more strictly regulations in their uses and applications
should be implemented. The participation of clinical professionals in
this area of research will be essential to deal with the environmental
health challenges that we are facing and will face through

precautionary measures.
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Annexes

Supplementary Material. Article #1

Supplementary Table 1. Brief description of primary and secondary antibodies

used in western blot

i i Manufacturer,
Pept_llgje/Protem Species Dilution
arget Catalog number
PPARy Cell Signaling Technology, 2435
o 1:1000 (5 % BSA in
C/EBPa Cell Signaling Technology, 2841 1X TBS with 0.05 %
Tween 20)
Rabbit
FABP4 Cell Signaling Technology, 3544
1:1000 (5 % non-fat
LPL Abcam, ab172953 milk in 1X TBS with
0.05 % Tween 20)
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Supplementary Fig. 1. Effect of BPF and BPS on the viability of hASCs at days 7
and 14 during adipogenic differentiation. hASCs were differentiated for 7 (A) and
14 days (B), and their viability was assessed by trypan blue assay. Data were
expressed as means + SEM from three experiments with multiple replicates for each

experimental condition.
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A
C-

0.1 uM BPF 1 uM BPF 10 uM BPF 25 uM BPF

C+ 0.1 uM BPS 1M BPS 10 uM BPS 25 uM BPS
B
C- 0.1 uM BPF 1 uM BPF 10 uM BPF 25 uM BPF

C+ 0.1 uM BPS 1 uM BPS 10 uM BPS 25 uM BPS

Supplementary Fig. 2. hASCs visualized by Oil Red O staining assay at day 14 of adipogenic differentiation.
(Fig.2A at 20X and Fig.2B at 40X). C-, negative control; C+, positive control.
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Supplementary Table 2. Physicochemical properties of BPA, BPF and BPS

Common Molecular Molecular Dissociation
name Abbreviation Systematic name formula Structure weight Solubility log P Constants
less than 1 mg/mL at 70.7° F
(NTP, 1992); 5.26e-04 M; In
water, 300 mg/L at 25 °C; In
2,2-bis(4-hydroxyphenyl)propane or water solubility, 120 mg/L at 25
I H 9 9. °C; Insoluble in water; Very _
4'_4 dihydroxy-2,2 soluble in ethanol, ether, IS_.%gZF')_Io
Bisphenol A | BPA diphenylpropane or 4-[2-(4- | c15H1602 228.29 g/mol benzene, alkali; soluble in acetic | 9 | pka=9.6
hvdroxypheny!)propan-2- acid; Soluble in aqueous alkaline
Y yp y)p P solution,  alcohol, acetone; 3.32
yllphenol slightly  soluble in  carbon
tetrachloride; 0.12 mg/mL at 25
°C; Solubility in water, g/100ml:
0.03 (very poor)
' H '_
Allj,z.lhmedthylene(;i!ph;nol | otch 4.4 soluble in ethanol, ether, | LogP= pKal = 7.55
| roxydiphenylmethane or i i : DU
Bisphenol F | BPF ydroxydipheny C13H1202 20023 g/mol | Shloroform, alkali; slightly | 2.91; log | [\o5 _ 10 g0 5t
4_[(4_ soluble in DMSO; insoluble in | Kow = 25 °C
carbon disulphide 291
hydroxyphenyl)methyl]phenol
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Bisphenol S BPS

4,4'-sulfonyldiphenol ~ or bis(4-
hydroxyphenyl)sulfone or 4-
(4-

hydroxyphenyl)sulfonylphenol

C12H1004S

250.27 g/mol

insoluble in water; Soluble in
ethanol, ether; slightly soluble in
benzene, DMSO

log Kow

(est)

pKa = 8.2 at 25
°C (est)

References:

National Center for Biotechnology Information. PubChem Compound Summary for CID 6623, Bisphenol A. https://pubchem.ncbi.nIm.nih.gov/compound/Bisphenol-A.

Accessed Mar. 18, 2021.

National Center for Biotechnology Information. PubChem Compound Summary for CID 12111, 4,4'-Methylenediphenol. https://pubchem.ncbi.nIm.nih.gov/compound/4_4 -

Methylenediphenol. Accessed Mar. 18, 2021.
National Center for Biotechnology Information. PubChem Compound Summary for CID 6626, 4,4'-Sulfonyldiphenol. https://pubchem.ncbi.nlm.nih.gov/compound/4 4 -

Sulfonyldiphenol. Accessed Mar. 18, 2021.
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Table S1. Standard stock solutions of a mixture of three bisphenols (BPA, BPF, and BPS)

Mixture of three bisphenols (MI1X)

1.5 mL of M1X 0.01 mM

500 pL of BPA 0.01 mM + 500 pL of BPF 0.01 mM + 500 pL of BPS 0.01 mM

1.5 mL of MIX 0.1 mM

500 pL of BPA 0.1 mM + 500 pL of BPF 0.1 mM + 500 pL of BPS 0.1 mM

1.5mL of MIX1mM

500 pL of BPA 1 mM + 500 pL of BPF 1 mM + 500 pL of BPS 1 mM

1.5 mL of MIX 10 mM

500 pL of BPA 10 mM + 500 pL of BPF 10 mM + 500 pL of BPS 10 mM

Table S2. Brief description of primary and secondary antibodies used in Western Blot

Peptide/Protein Manufacturer, Species Dilution
Target Catalog number P
Cell Signaling Technology,
2 PPARy " s Y
% Cell Signaling Technolo 1:1000 (5% BSA in 1X
3 C/EBPa g 28941 9y TBS with 0.5% Tween
= ¢ Rabbit 20)
g: FABP4 Cell Signaling Technology,
> 3544
£ LPL Abcam, ab172953
T HSC-70 (B6) Santa Cruz Biotechnology, SC- Mouse
7298 1:1000 (5% non-fat
Goat Anti-Rabbit 1gG . : milk in 1X TBS with
>g : -
§ 2 (H+L)-HRP Conjugate BIO-RAD, 1706515 Anti-Rabbit 0.5% Tween 20)
€S Goat Anti-Mouse IgG
= (whole molecule)— Sigma, A4416 Anti-Mouse
@ < Peroxidase Conjugate
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Table S3. Intracellular lipids assessed by Oil Red O bioassay in hASCs after 14 days

BPA BPF BPS Mixture
0.01 pM 0.1 pM 1M 10 pM 0.01 pM 0.1 pM 1M 10 pM 0.01 pM 0.1 pM 1M 10 pM 0.01 pM 0.1 pM 1M 10 pM
No 1.050 = *1.101 = 1.049 + *1.126 1.010 £ 0.970 + 1.023 £ *1.322 + 1.030 + 1.046 = *1.268 + *1.422 + 1.050 = 1.025 + *1.066 = *1.134 =
ICI 0.003 0.004 0.002 +0.005 0.003 0.008 0.009 0.007 0.003 0.004 0.005 0.004 0.003 0.004 0.001 0.005
icl 0.880 + *0.886 0.923 + 0.955 + 0.560 + *0.569 *0.599 *0.667 = 1.159 + 1.164 = *1.319 + *1.539 + 0.842 + *0.848 *0.840 = *0.986 +
0.003 0.003 0.004 0.003 0.001 +0.001 +0.001 0.002 0.009 0.009 0.011 0.013 0.004 +0.004 0.004 0.004
% 88.00 80.49 87.97 84.74 55.44 58.63 58.50 50.45 114.75 1113 104.07 108.20 84.20 82.71 78.82 86.97

Cells were exposed to BPA, BPF, BPS or the mixture of the three bisphenols. Lipid content was normalized using the negative control and expressed as fold-changes. Differences
were analyzed using the Mann-Whitney U test and defined (*p<0.05). BPA, bisphenol A; BPF, bishpenol F; BPS, bisphenol S; ICI 182,780. % inhibition percentage.

Table S4. Gene expression of the adipogenic markers PPARy, C/EBPa, LPL, and FABP4, in hASCs after 14 days of adipogenic
differentiation

BPA BPF BPS Mixture

0.01 pM 0.1 ptM 1M 10 pM 0.01 pM 0.1 pM 1M 10 pM 0.01 pM 0.1 pM 1M 10 pM 0.01 pM 0.1 pM 1M 10 pM
PPAR-y *1.40 *1.19 *1.35 *1.09 1.73 1.34 1.42 *1.72 1.04 1.23 *2.35 *2.43 *2.85 *1.84 *1.26 + *2.75+

+0.09 +0.070 +0.250 +0.240 +0.062 +0.295 +0.199 +0.113 +0.185 +0.004 +0.008 +0.094 +0.342 +0.151 0.09 1.09

C/EBPa *1.70 *1.48 0.78 *0.65 1.62 1.34 *1.49 *1.82 0.63 1.44 *1.46 *2.13 *2.2 *1.93 *0.56 *3.17
+0.120 +0.100 +0.350 +0.290 +0.081 +0.427 +0.297 +0.148 +0.173 +0.031 +0.037 +0.181 +0.295 +0.169 +0.100 +0.156

LPL *0.44 *4.540 *2.16 *2.10 1.71 1.52 1.85 1.97 *1.90 1.77 *1.93 *2.19 *2.98 *2.90 0.83 *3.67
+0.220 +0.360 +0.300 +0.300 +0.099 +0.050 +0.301 +0.193 +0.251 +0.041 +0.324 +0.148 +0.265 +0.140 +0.208 +0.180

FABP4 *6.47 *6.30 *3.19 *5.11 0.95 111 131 3.83 1.83 1.01 1.92 3.06 *5.22 *3.36 *2.81 *19.34
+0.100 +0.590 +0.160 +0.440 +0.431 +0.180 +0.274 +0.409 +0.118 +0.281 +0.296 +0.374 +0.238 +0.193 +0.127 +0.210

Cells were exposed to BPA, BPF, BPS or the mixture of the three bisphenols. Data were expressed as fold-changes + SEM of three independent experiments with multiple
replicates for each condition. Significant differences were analyzed using the Mann-Whitney U test and defined as *p<0.05. BPA, bisphenol A; BPF, bishpenol F; BPS,
bisphenol S.
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Figure S1. hASCs visualized by Oil Red O staining assay after 14 days of adipogenic
differentiation. Human adipose derived stem cells were cultured in the presence of a mixture of
three bisphenols (MIX: BPA, BPS and BPF) at different concentration (0.1, 1, or 10 pM MIX)
and visualized at 20X under Leica DMi8 microscope (Leica Microsystems). hASCs, human

adipose-derived stem cells.

Control - 0.01 pM MIX 0.1 pM MIX Control +

Day 14
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Figure S2. Western Blot of the control protein (HSC70) at the lowest concentrations of the mixture
tested (0.01 and 0.1 uM). After 14 days of hASCs differentiation, protein levels of HSC70 were as-
sessed to normalize the selected adipogenic markers. MIX, mixture of three bisphenols (BPA, BPF

and BPS).
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Figure S3. Effect of the mixture of three bisphenols (BPA, BPS, and BPF) on the viability of
hASCs after 14 days of adipogenic differentiation. hASCs were differentiated in the presence
of different concentrations of the mixture, and trypan blue assay was used to assess their
viability. Cell viability (%) was expressed as means + SEM from three independent experiments
with multiple replicates for each experimental condition. BPA, bisphenol A; BPF, bisphenol F;
BPS, bisphenol S; C—, negative control; C+, positive control; hASCs, human adipose-derived
stem cells; MIX, mixture of three bisphenols (BPA, BPF and BPS); SEM, standard error of the
mean.
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Supplementary Table 1. Adipose tissue concentrations of selected POPs (ng/g tissue)

HCB
p.p'-DDE
o,p'-DDT
PCB-138
PCB-153
PCB-180

o-HCH
p-HCH
y-HCH
ALDRIN
ISODRIN
ENDRIN
DIELDRIN
HEPTACHLOR
VINCLOZOLINA
ENDOSULFAN-I
ENDOSULFAN-I1

N(%)>LOD  Mean sD Percentiles
25 50 75
61 (49.6%) 36.52 65.31 <LOD 5.26 49.31
77 (62.6%) 228.93 672.67 <LOD 51.00 236.20
69 (56.1%) 15.88 36.46 <LOD 6.68 12.74
96 (78.0%) 50.77 137.73 6.16 22.71 53.35
98 (79.7%) 61.17 161.72 6.39 27.82 64.31
77 (62.6%) 35.98 107.15 <LOD  9.96 4254
0 (0.0%) <LOD - <LOD <LOD <LOD
22 (17.9%) 4.50 13.91 <LOD <LOD <LOD
67 (54.5%) 41.62 80.50 <LOD 13.16 42.21
0 (0.0%) <LOD - <LOD <LOD <LOD
0 (0.0%) <LOD - <LOD <LOD <LOD
0 (0.0%) <LOD - <LOD <LOD <LOD
0 (0.0%) <LOD - <LOD <LOD <LOD
2 (1.6%) <LOD 3.39 <LOD <LOD <LOD
0 (0.0%) <LOD - <LOD <LOD <LOD
1 (0.8%) <LOD 1.19 <LOD <LOD <LOD
12 (9.8%) <LOD 2.66 <LOD <LOD <LOD

0,p’-DDT: o,p'-dichlorodiphenyltrichloroethane; p,p"-DDE: p,p’-dichlorodiphenyldichloroethylene;

HCB: hexachlorobenzene; HCH: hexachlorohexane; LOD: limit of detection; Mean: arithmetic mean;
PCB: polychlorinated biphenyl; POPs: persistent organic pollutants; SD: standard deviation
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Supplementary Table 2. Bivariate linear regression analyses between MetS components

and log-transformed adipose tissue POP concentration (ng/q tissue)

Waist circumference (cm)
HCB
p,p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180
Fasting blood glucose (mg/dL)
HCB
p.p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180
Triglycerides (mg/dL)
HCB
p,p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180
HDL cholesterol (mg/dL)
HCB
p.p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180
Diastolic Blood Pressure (mmHg)
HCB
p.p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180
Systolic Blood Pressure (mmHg)
HCB
p.p'-DDE
o,p'-DDT
y-HCH
PCB-138
PCB-153
PCB-180

Unadjusted Model

B exp(B) 95% CI p-value
0.06 1.06 1.04 1.08 <0.001
0.02 1.02 1.00 1.04 0.021
0.06 1.06 1.03 1.10 0.001
0.05 1.05 1.03 1.07 <0.001
0.01 1.01 0.99 1.04 0.303
0.00 1.00 0.97 1.03 0.915
-0.02 0.98 0.96 1.00 0.110
0.03 1.03 1.01 1.05 0.002
0.01 1.01 1.00 1.03 0.168
0.01 1.01 0.98 1.04 0.587
0.03 1.03 1.01 1.05 0.001
0.02 1.02 1.00 1.04 0.081
0.02 1.02 1.00 1.04 0.134
0.01 1.01 0.99 1.04 0.161
0.06 1.06 1.02 1.11 0.006
0.00 1.00 0.97 1.04 0.847
-0.04 0.96 0.89 1.03 0.254
0.07 1.07 1.02 1.12 0.003
0.01 1.01 0.95 1.06 0.800
0.00 1.00 0.95 1.05 0.929
0.00 1.00 0.95 1.05 0.915
-0.02 0.98 0.96 1.00 0.098
0.01 1.01 0.99 1.03 0.519
-0.01 0.99 0.95 1.03 0.671
0.00 1.00 0.97 1.02 0.766
0.03 1.03 1.00 1.06 0.067
0.03 1.03 1.00 1.06 0.060
0.03 1.03 1.00 1.05 0.053
0.02 1.02 1.00 1.03 0.021
0.00 1.00 0.99 1.01 0.911
0.01 1.01 0.99 1.04 0.285
0.02 1.02 1.00 1.03 0.028
0.02 1.02 1.00 1.03 0.088
0.01 1.01 1.00 1.03 0.131
0.01 1.01 0.99 1.02 0.558
0.02 1.02 1.01 1.04 0.004
0.01 1.01 1.00 1.03 0.098
0.02 1.02 0.99 1.05 0.218
0.03 1.03 1.01 1.04 <0.001
0.03 1.03 1.01 1.05 0.001
0.02 1.02 1.01 1.04 0.013
0.02 1.02 1.00 1.03 0.101

ClI: confidence interval
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Supplementary Table 3. Linear regression analyses between MetS components and
dichotomized log-transformed adipose tissue POP concentration (ng/q tissue) (detected vs.

non-detected)

Unadjusted Model Adjusted Modela

B Cl195% p-value B Cl195% p-value
Waist circumference (cm)
HCB 023 015 0.30 0.000 027 019 035 0.000
0,p’-DDT 0.14 005 0.22 0.002 0.13 0.04 0.22 0.005
vy-HCH 0.16 0.07 0.24 0.000 0.24 015 0.33 0.000
Fasting blood glucose (mg/dL)
HCB 0.08 0.01 0.15 0.029 0.06 -0.02 0.3 0.152
o,p'-DDT -0.01 -0.09 0.06 0.751 0.00 -0.07 0.08 0.934
vy-HCH 012 0.05 0.19 0.001 0.09 0.01 0.8 0.023
Triglycerides (mg/dL)
HCB 019 0.02 0.37 0.032 0.11 -0.07 0.30 0.223
0,p'-DDT -0.12 -0.30 0.06 0.181 -0.08 -0.26 0.11 0.407
y-HCH 023 0.05 040 0.013 012 -0.08 0.32 0.252
HDL cholesterol (mg/dL)
HCB -0.08 -0.17 0.01 0.079 -0.12 -0.22 -0.03 0.010
o,p'-DDT 0.02 -0.07 0.12 0.651 0.03 -0.06 0.3 0.510
y-HCH -0.01 -0.10 0.09 0.878 -0.06 -0.17 0.04 0.224
Diastolic Blood Pressure (mmHg)
HCB 0.07 002 0.13 0.010 0.08 0.01 0.14 0.015
o,p'-DDT 0.04 -0.02 0.10 0.221 0.04 -0.02 0.10 0.212
vy-HCH 0.07 0.02 0.13 0.011 0.09 0.02 0.16 0.012
Systolic Blood Pressure (mmHg)
HCB 0.09 0.03 0.15 0.005 0.07 0.00 0.3 0.042
o,p'-DDT 0.03 -0.04 0.09 0.387 005 -0.02 0.11 0.147
y-HCH 012 0.06 0.18 0.000 0.10 0.03 0.17 0.006

aAdjusted for age (yr) and sex (male/female); Cl: confidence intt
aAdjusted for age (yr) and sex (male/female)
Cl: confidence interval. MetS: metabolic syndrome; POPs: persistent organic pollutants; HCB, o,p -DDT,
and y-HCH (POPs around 50% detection)
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Supplementary Table 4. ORs (95%CI) of the risk of MetS components according to

adipose tissue POP concentration (ng/g tissue)

Elevated waist circumference (= 94 cm men or > 80 cm women)
HCB

p,p'-DDE

0,p'-DDT

vy-HCH

PCB-138

PCB-153

PCB-180

Elevated fasting blood glucose (=100 mg/dL)
HCB

p,p'-DDE

0,p'-DDT

y-HCH

PCB-138

PCB-153

PCB-180

Elevated triglycerides (= 150 mg/dL)

HCB

p,p'-DDE

0,p'-DDT

vy-HCH

PCB-138

PCB-153

PCB-180

Reduced HDL cholesterol (<40 mg/dL in men or <50 mg/dL in women)
HCB

p,p'-DDE

0,p'-DDT

vy-HCH

PCB-138

PCB-153

PCB-180

Elevated blood pressure (SBP >130mmHg and/or DBP >85mmHg)
HCB

p,p'-DDE

0,p'-DDT

vy-HCH

PCB-138

PCB-153

PCB-180

Unadjusted Model

OR 95% ClI p-value
193 138 270 <0.001
113 093 1.37 0.210
135 090 203 0.148
176 132 234 <0.001
122 093 159 0.153
1.07 083 1.39 0.603
092 072 118 0.516
129 104 159 0.020
1.07 089 129 0.463
093 065 133 0.678
129 104 160 0.022
1.08 083 141 0.555
1.07 083 1.38 0.605
1.10 0.87 1.38 0.446
1.24 101 151 0.036
089 075 1.05 0.168
071 049 102 0.064
128 104 157 0.018
095 075 121 0.694
096 076 120 0.698
1.04 084 129 0.747
124 103 150 0.026
1.06 090 125 0.492
125 091 173 0.165
112 092 135 0.257
0.86 068 1.09 0.225
087 069 1.09 0.229
0.83 067 1.02 0.079
125 102 153 0.033
1.03 087 121 0.772
116 083 163 0.381
130 106 159 0.011
124 097 159 0.088
113 090 143 0.301
1.07 086 132 0.52

Cl: confidence interval; MetS: metabolic syndrome; POPs: persistent organic pollutants; SBP, DBP:

systolic and diastolic blood pressure, respectively.
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Supplementary Table 5. ORs (95%Cl) of the risk of MetS according to adipose tissue POP

concentration (ng/g tissue)

HCB
p.p'-DDE
o,p'-DDT
vy-HCH
PCB-138
PCB-153
PCB-180

Unadjusted Model

OR 95% CI p-value
1.55 126 1.92 <0.001
1.05 0.89 124 0.539
1.15 0.84 1.58 0.392
142 116 1.75 0.001
1.24 0.97 1.59 0.083
1.23 0.97 1.56 0.093
1.14 092 141 0.235

ClI: confidence interval
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Diastolic Blood Pressure
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Supplementary Figure 1. Generalized additive models (GAMS) for the relationship between
adipose tissue POPs concentrations and MetS components.
A: waist circumference (cm); B: fasting blood glucose (mg/dL); C: triglycerides (mg/dL); D:
HDL cholesterol (mg/dL); E: diastolic blood pressure, and F: systolic blood pressure (mmHg)
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