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RESUMEN

El tejido 6seo es un tipo de tejido conectivo altamente especializado que com-
pone el esqueleto. Se caracteriza por tener una matriz extracelular rica en sales minera-
les, que le confieren una gran dureza y resistencia, ademas de fibras coldgenas que le
aportan elasticidad y flexibilidad. El tejido éseo estd compuesto por diferentes poblacio-
nes celulares tales como los osteoblastos, los osteocitos y los osteoclastos, que participan
en los procesos de formacién y remodelado éseo. Este tejido estd sometido a un proceso
continuo de renovacidon que tiene lugar ciclicamente a lo largo de toda la vida. Del co-
rrecto equilibrio fisioldgico entre ambos procesos dependerd el buen mantenimiento de
la salud dsea. Por ello, cualquier factor o agente enddgeno o exdgeno que afecte tanto a
la matriz extracelular como a alguna de estas poblaciones puede comprometer la salud
6sea. Las enfermedades dseas, tales como la osteoporosis, pero también otras como la
enfermedad periodontal o la artritis reumatoide, constituyen hoy una de las principales

preocupaciones en cuanto a salud publica a nivel global.

El osteoblasto, la célula responsable de la formacion y regeneracion ésea puede
ser objeto de caracterizacion atendiendo a pardmetros morfoldgicos, antigénicos y fun-
cionales. Entre sus funciones, ademas de la formacion de la matriz dsea mediante la se-
crecion de diversas moléculas implicadas en la misma (osteocalcina, proteinas morfoge-
néticas 6seas o fosfatasa alcalina, entre otras), quizas la mejor conocida, podemos enu-
merar otras relacionadas con el sistema inmune, como la capacidad fagocitica, la sintesis
de citoquinas o la expresidon de moléculas propias de las células presentadoras de antige-

nos, como son los antigenos de superficie CD54, CD80 o CD86.

Los disruptores endocrinos (EDCs) son sustancias externas que alteran la funcion
del sistema endocrino y causan efectos adversos en la salud relacionados con la infertili-
dad, la obesidad o la carcinogénesis. En este grupo de sustancias se incluyen diferentes
compuestos de origen animal, vegetal y sintético, asi como distintos residuos industriales.
Estas sustancias son persistentes y se encuentran ampliamente distribuidas en el medio

ambiente. La legislacién europea considera a los EDCs como sustancias extremadamente



preocupantes y exhorta a los estados miembros a reducir su uso y reemplazarlos por al-

ternativas mas seguras.

Se estima que alrededor de 1000 sustancias quimicas antropogénicas pueden te-
ner actividad endocrina, entre las cuales podemos resefiar por su extensa presencia los
ftalatos, bisfenoles, parabenos, entre otros. Estos compuestos se encuentran en produc-
tos cotidianos como latas de conserva, plasticos, detergentes, tickets de papel térmico,

etc.

En concreto, los bisfenoles (BPs) han recibido mucha atencion debido a su amplia
presencia en productos de consumo y su capacidad para alterar procesos fisiolégicos
esenciales. Su similitud estructural con los estrégenos les permite interferir con las mis-

mas vias de sefializacion endocrinas con las que estos interactuan.

El bisfenol A (BPA) es un compuesto organico utilizado en la producciéon de resi-
nas fendlicas, poliacrilatos y poliésteres, resinas epoxi y policarbonato. Se encuentra en
una amplia variedad de productos, como botellas de agua, biberones, productos médi-
cos, etc. El BPA se une a los receptores de estrégeno ejerciendo efectos agonistas y an-
tagonistas. Los efectos del BPA en el organismo incluyen alteraciones en el metabolismo,
neurodesarrollo, fertilidad, salud cardiovascular y aumento del riesgo de ciertos tipos de

cancer.

Debido a sus efectos nocivos, se han implementado regulaciones para reducir su
uso en productos destinados al contacto con alimentos y bebidas. Sin embargo, en susti-
tucion de este BP, se han disefiado otros compuestos analogos como el bisfenol S, el
bisfenol F o el bisfenol AF, entre otros. No obstante, existe controversia sobre la posibili-

dad de que causen efectos similares al BPA.

Estudios realizados en células de origen murino sugieren que el BPA podria mo-
dular la densidad mineral dsea alterando el normal funcionamiento del osteoblasto, a
través de la inhibicion de distintos factores de transcripcion o proteinas morfogenéticas

Oseas.



El objetivo principal de esta tesis doctoral fue analizar el efecto de algunos bisfe-
noles (bisfenol A, bisfenol S, bisfenol F y bisfenol AF) sobre la fisiologia del osteoblasto,

utilizando para ello cultivos primarios de osteoblastos humanos.

Los osteoblastos humanos fueron tratados con los bisfenoles mencionados du-
rante 24 horas, a la dosis de 10° M, 10® My 10”7 M. El estudio de la proliferacion celular
se realizd mediante la técnica del MTT y se analizd mediante espectrofotometria a una
longitud de onda de 570 nm. La induccion de apoptosis/necrosis se estudié mediante la
marcacion celular con anexina V y yoduro de propidio y se analizd usando un citdmetro
de flujo con laser de argdn a una longitud de onda de 488 nm. La determinacion del efecto
sobre el perfil antigénico de los osteoblastos se llevd a cabo mediante citometria de flujo
y con el uso de anticuerpos monoclonales marcados con fluorocromos. La actividad fos-
fatasa alcalina fue cuantificada mediante una técnica espectrofotométrica a una longitud
de onda de 405 nm. El estudio de la mineralizacion se llevd a cabo a los 7, 14 y 21 dias
mediante la técnica de la alizarina roja, y se cuantificé mediante espectrofotometria a
562 nm. La actividad fagocitica fue evaluada utilizando marcacion directa mediante el uso
bolitas de latex fluorescentes como particulas diana y cuantificada mediante citometria
de flujo. La expresidon genética de proteinas por el osteoblasto fue estudiada mediante la
técnica de la reaccion en cadena de la polimerasa de transcripcion inversa (o RT-PCR)
seguida de la técnica de la reaccién en cadena de la polimerasa en tiempo real o cuanti-

tativa (qPCR).

A partir de los resultados de este trabajo se evidencié que el bisfenol A reduce la
proliferacion y retrasa la maduracién celular in vitro de los osteoblastos humanos en cul-
tivo, disminuyendo la actividad fosfatasa alcalina, incrementando la expresion de CD54 y
CD80 y disminuyendo la mineralizacién. Esto se correlaciona con una reduccion en la ex-
presion génica de los marcadores osteogénicos ALP, Col-1, OSC, OSX, Runx2, BMP-2 vy
BPM-7. La capacidad fagocitica también se ve mermada. Por su parte, los andlogos del
BPA redujeron la proliferacién por una induccion de la apoptosis, a excepcién del BPAF

qgue no mostro efectos sobre la viabilidad celular. Todos redujeron la mineralizacion, asi



como la expresién de marcadores osteogénicos ensayados. Los efectos observados se

produjeron de manera dosis-dependiente.

Estos resultados sugieren que el BPA y sus analogos (BPS, BPF y BPAF) alteran los
distintos parametros estudiados en el osteoblasto, lo que supone un efecto adverso so-
bre esta poblacién celular la cual desempefia un papel clave en la formacion y reparacion
6sea. Esto a su vez podria modular la fisiologia del tejido éseo causando asi un impacto

nocivo sobre la salud dsea.



MARCO TEORICO

1. ELTEJIDO OSEO

El hueso es un tejido conectivo mineralizado altamente dindmico que responde a es-
timulos fisiolégicos, metabdlicos, estrés funcional y otros cambios ambientales. Entre las
funciones que lleva a cabo podemos citar la locomocion, el sostén y proteccién de otros
érganos y tejidos blandos, servir como depdsito de calcio y fosforo o dar albergue a la

médula dsea L.

El proceso de remodelacion dsea es altamente complejoy es fruto del equilibrio entre
los continuos procesos de formacién y resorcién dsea. Dichos procesos son modulados
por la conjuncién de varios factores de indole local y sistémica, como la accion de algunas

hormonas, citoquinas y quimiocinas, asi como la estimulacién biomecdnica 3.

A nivel histoldgico, el tejido éseo comprende un componente celular y una matriz
extracelular calcificada que se constituye de fibras y sales de calcio y fosforo, responsa-

bles de las principales propiedades de este tejido *.

1.1 Componente celular

Las células del tejido 6seo constituyen en torno al 10 % del volumen total del hueso.
Podemos establecer una clasificacion segun las funciones que realizan de manera espe-
cializada distinguiendo tres tipos: osteoblastos, osteocitos y osteoclastos. Estas poblacio-
nes celulares tienen su origen en dos linajes celulares diferentes: células madre mesen-
quimales (MSC), que se diferencian en células osteoprogenitoras y éstas a su vez en os-
teoblastos y osteocitos, y células madre hematopoyéticas de las que se originan los os-

teoclastos 34.



1.1.1 El osteoblasto

Los osteoblastos se ubican en la region cortical del hueso y suponen entre 4-6 % de
la poblacidn celular ésea >®. Su funcidn es la sintesis y secrecion de la matriz dsea o matriz
osteoide. Son células mononucleares de aspecto fusiforme que poseen citoplasma baso-
filo del que emergen prolongaciones citoplasmaticas ’. Presentan caracteristicas morfo-
l6gicas propias de las células con alta actividad biosintética, como un prominente reticulo
endoplasmatico rugoso y un aparato de Golgi bastante desarrollado, asi como vesiculas
secretoras y vacuolas cargadas con procoldgeno y proteoglicanos °. Mientras estan en
fase activa, los osteoblastos muestran una forma redondeada u oval. Una vez desempe-
Aada su funcion como célula formadora de hueso, el osteoblasto puede tener varios des-
tinos: puede quedar inactivo perdiendo su capacidad sintética, aplanarse y transformarse
en célula de revestimiento o lining cell cubriendo la superficie del hueso; puede continuar

con el proceso de calcificacién y convertirse en osteocito; o puede sufrir apoptosis &°.

1.1.1.1 Ontogenia del osteoblasto

Los osteoblastos tienen su origen en las MSC o células multipotentes. Las MSC tienen
una capacidad de proliferacién limitada y entran en proceso de senescencia tras un cierto
numero de divisiones cuando se reproducen en cultivo °. A partir de dichas MSC se for-
man células osteoprogenitoras que a su vez se diferenciaran en osteoblastos. Las células
osteoprogenitoras se ubican en el periostio, el endostio y los canales de Havers, en el
centro de las osteonas, donde permanecen en espera de estimulo para iniciar el proceso
de proliferacién y diferenciacién. Algunos factores responsables de dicho proceso son las
proteinas morfogenéticas dseas (BMP), factor de crecimiento transformante B (TGFp),
factor de crecimiento de fibroblastos (FGF), factor de crecimiento derivado de insulina

(IGF), factor de crecimiento derivado de plaquetas (PDGF) e interleuquinas (IL).



1.1.1.2 Diferenciacién

La diferenciacion de MSC en osteoblastos es un proceso altamente complejo que
puede estudiarse en cuatro fases: 1. compromiso del linaje; 2. proliferacion; 3. madura-

cion de la matriz extracelular y 4. mineralizacion de la matriz # (Figura 1).

Commitment Proliferation Maturation Mineralization Mature bone tissue
ALP Hon
COL1A1"en
OPN
ALPHen OCN ~
Osteoblastogenic markers ALP Low COL1A1H% ONN Apoptosis

COLIATE™ s, BSP o BSP

osx ATF4
Transcription factors Runx2 CREB CREB
SATB2 DLXS SATB2
2 @) (@ &
——

Bp S’ BWP S— Wnt ;_J
Signaling molecules Wnt Wnt FGF
o Osteoblast 7 Immature "™ Mature
MSC progenitor Tcr osteoblast osteoblast
Hh

Lining cells

Osteocyte
Bone

Fig. 1: Diferenciacién del osteoblasto (Amarasekara et al, 2021)".

El paso de una fase a otra estd condicionado por la expresion de genes y factores
especificos que regulan este proceso. Asi, durante la primera fase, el inicio de la diferen-
ciacion de MSC a osteoprogenitores estd condicionado por la expresién de BMP y de las
proteinas relacionadas con la via de sefializacion Wnt. En la segunda fase, los osteopro-
genitores expresan el factor de transcripcion Runx2 y colageno tipo 1 (Col-1). En la tercera
fase, y debido a la acciéon de hormona paratiroidea (PTH), se produce la expresién de
fosfatasa alcalina (ALP), y sialoproteina désea I, (BSP-Il), ademas de continuar la sintesis
de Col-1, induciendo todo ello la diferenciacidén del osteoprogenitor hacia la célula pre-
osteobldstica. En la uUltima etapa se produce el paso de pre-osteoblasto a osteoblasto
maduro debido a la influencia de IGF-1 y la prostaglandina E2 (PGE2). Los osteoblastos
maduros expresan osteocalcina (OSC), colagenasas y BSP-1 y BSP-Il. A toda esta bateria
de factores implicados se afiade la accidon de otros reguladores como: neurotransmisores,
hormonas (PTH, insulina), vitaminas (calcifediol), factores de crecimiento (BMP, IGF y
FGF), factores de transcripcion, citoquinas (IL-1, IL- 6, IL-11) e incluso la presion

mecanica 281213,



1.1.1.3 Identificacion

La identificacion del osteoblasto se lleva a cabo atendiendo a sus pardmetros morfo-

l6gicos, bioquimicos, antigénicos y genéticos.

1.1.1.3.1 Identificacion morfoldgica

El osteoblasto activo tiene forma cubica con un nucleo ubicado excéntricamente, ci-
toplasma de color azulado y un halo perinuclear. Los osteoblastos contactan con sus os-
teoblastos vecinos a través de prolongaciones citoplasmaticas. Cuando las células co-
mienzan a proliferar, adquieren una morfologia fusiforme. Ademas, los osteoblastos pre-
sentan un aparato de Golgi bien desarrollado, numerosas mitocondrias y un voluminoso
reticulo endoplasmatico, caracteristica propia de células con alta actividad biosintética.
También hay presentes en su interior proteinas del citoesqueleto relacionadas con la

morfologia de la célula, asi como con la movilidad y la unién celular 714,

1.1.1.3.2 Identificacién bioquimica

Los osteoblastos son capaces de secretar proteinas colagenas y no colagenas. Las pro-
teinas no coldgenas incluyen proteoglicanos, proteinas glicosiladas y proteinas y-carboxi-
ladas. Estas proteinas ejercen funciones muy diversas que van desde la regulacion del

depdsito y el recambio mineral dseo hasta la regulacion de la actividad celular °.

La OSC representa el 15 % de las proteinas no colagenas de la matriz dsea y es sinte-
tizada por los osteoblastos 1°. Dado que la concentracién de OSC aumenta tanto por la
actividad sintética de los osteoblastos como por la accion digestiva de los osteoclastos
sobre la matriz, actualmente es considerada un marcador de recambio 6seo en lugar de

un marcador especifico de formacién dsea >1>16,

La principal glucoproteina util para la caracterizacion bioquimica del osteoblasto es la

ALP. Podemos encontrar esta enzima tanto unida a la superficie de los osteoblastos,



como libre en el interior de la matriz mineralizada. La actividad de ALP propicia el au-
mento de la concentracién y posterior fijacion de calcio y fosfato durante el proceso de

mineralizacion dsea ’.

Los osteoblastos maduros también producen reguladores de la mineralizacion de la
matriz, como son las proteinas no coldgenas osteopontina (OPN) y BSP, ademas del li-
gando del receptor activador para el factor nuclear k B, mas conocido como RANKL 12,

que es necesario para la diferenciacion de los osteoclastos 1718,

La OPN es producida por los osteoblastos en diversas etapas de su ciclo vital *°, por
los osteocitos y también por los osteoclastos?. Ejerce tres funciones en el tejido dseo,
que son la regulacion de la adhesion celular; la regulacion de la funcidn osteoclastica y la

regulacion de la mineralizacion 1619722,

El coldgeno constituye una familia de proteinas presentes en la matriz extracelular de
los tejidos conectivos. Estd constituido por tres cadenas a dispuestas en una estructura
de triple hélice 23. El Col-1 representa en torno al 95 % del contenido total de coldgeno
del huesoy en torno al 80 % del total de proteinas de dicho tejido. El osteoblasto produce
esta proteina al final de la fase de proliferacién e inicio de la fase de maduracion de la

matriz dsea 2.

1.1.1.3.3 Identificacion antigénica

Los osteoblastos presentan un perfil antigénico especifico que facilita su identifica-
cion 22,

El CD10 es una glicoproteina de membrana ampliamente distribuida en los tejidos
animales implicada en la hidrdlisis de polipéptidos inflamatorios y vasoactiva 2°. EI CD10
se expresa en monocitos, macréfagos, granulocitos vy linfocitos B, entre otros 2/72°. Este
antigeno de superficie también puede ser identificado en células osteoblasticas 2>30-32,
El CD44 es una glicoproteina de superficie implicada en una amplia variedad de

actividades fisioldgicas, como la adhesion celular, la hematopoyesis, la modificacién tisu-

lar, la transicién epitelio-mesenquimal en células multipotenciales, asi como en células



metastasicas, entre otras 373>, Su expresién esta relacionada con la via de sefializacién

Wnt/B-catenina, especialmente relevante en la osteogénesis .

Asimismo, los osteoblastos expresan CD54, CD80, CD86 y HLA-DR, marcadores
propios de células presentadoras de antigenos y activadoras de linfocitos T. Este hecho

refuerza la hipdtesis de la relacidn existente entre el sistema inmune y el tejido dseo ¥’.

La expresién de estos marcadores no es constante, sino que puede verse modificada
en funcion del grado de maduracién celular o por la presencia de citoquinas y factores
de crecimiento, como ocurre con CD54, CD80, CD86 y HLA-DR. Esto hace pensar que
existe un pool de antigenos cuya expresion es modulable en contraposicion a otro grupo

de antigenos constitutivos cuya expresion se mantiene mas o menos constante 323841,

1.1.1.3.4 Identificacién génica

La osteogénesis es un proceso mediado por multiples factores externos que activan
la expresion de proteinas de sefializacion especificas de los osteoblastos y los factores de
transcripcion implicados en su diferenciacion. Uno de los mas relevantes es Runx2, que
en el osteoblasto se une a una regién especifica del nucleo activando la sintesis de
OSC #2. Este factor de transcripcion se expresa en todos los osteoblastos y su expresion
estd limitada a estructuras esqueléticas, no siendo expresado por los tejidos blandos. El
déficit de Runx2 se asocia con malformaciones dseas debido a una detencién en el pro-
ceso madurativo de los osteoblastos, como ocurre en la disostosis cleidocraneal *=*>. No
se conoce con certeza el mecanismo por el que se regula la expresién de Runx2, aunque

parece ser que el TGFB, BMP-2 y BMP-7 regulan positivamente su expresion .

Ademas de OSC y Runx2, existe una serie de proteinas propias del proceso de dife-
renciacion. Runx2 potencia la expresion de osterix (OSX), un factor de transcripcién esen-
cial para el compromiso y diferenciacién de las MSC hacia el osteoblasto maduro. OSX
ademas, induce la expresion de ALP, OPN, BSP y Col-1 **. ALP y OSC se expresan en torno
al dia 14 tras el inicio de la diferenciacién de MSC. Entre los dias 14 y 21, el Col-1 se va

expresando de manera creciente. El CD44, Runx2 y PTH se expresan de manera constante



durante todo el proceso de maduracién #’. La BSP y la OPN, ambas proteinas propias de

la matriz dsea, son consideradas marcadores de maduracion osteobldstica tardia 1148,

1.1.1.4 Funciones del osteoblasto

1.1.1.4.1 Sintesis de la matriz dsea

La principal funcion del osteoblasto es la formacion de la matriz dsea y la regulacién
de la mineralizacién de la misma #°. La formacién de la matriz orgénica estd mediada por
la secrecién de diversas moléculas como son proteinas colagenas (principalmente Col 1),
proteinas no coldgenas (OSC, OSN, BSP Il y OPN) y proteoglicanos (decorina y biglicano).
Una vez se ha conformado la matriz osteoide, se inicia el proceso de mineralizacién, que
concluye con la formacion de cristales de hidroxiapatita confiriendo al hueso su rigidez y

resistencia 4°°1.

1.1.1.4.2 Regulacion de la osteoclastogénesis

Para el mantenimiento de una buena salud dsea es preciso que exista un equilibrio
constante entre el proceso de formacion ésea y el proceso de resorcidon. Dicho balance
estd influenciado por la accion de estimulos hormonales, quimicos y sistémicos. No obs-
tante, también es precisa una adecuada coordinacion entre las respectivas poblaciones

celulares responsables de ambos procesos 17223,

La regulacion de la osteoclastogénesis tiene lugar debido a la accién paracrina de los
osteoblastos, que influye sobre la actividad osteoclastica mediante la accién de diversas
citoquinas. El factor estimulante de colonias de macréfagos (M-CSF) producido por los
osteoblastos actla sobre los pre-osteoclastos, promoviendo su proliferacion y diferen-
ciacion 4. La accion del RANKL, sintetizado por los osteoblastos, sobre su receptor, que
es sinterizado por los pre-osteoclastos, induce la maduracion de esta poblacidon

celular °>.



1.1.1.4.3 Funciones endocrinas

El hueso puede comportarse como un érgano endocrino gracias a la secrecién de
moléculas que ejercen actividad hormonal, como la FGF23, sintetizada por los osteocitos
e implicada en la homeostasis del fosfato °. La OSC, ademds de las funciones previa-
mente expuestas, cuando se encuentra en su forma infracarboxilada ejerce actividad en-
docrina, mostrando una alta afinidad por el pancreas y el tejido adiposo. En concreto,
cuando actula sobre el pancreas, es capaz de influir sobre el metabolismo de la insulina'y

la glucemia °7°7>9,

1.1.1.4.4 Otras funciones del osteoblasto

A las funciones previamente descritas debemos afiadir algunas relacionadas con el
sistema inmune, como son la capacidad fagocitica, la estimulacion de linfocitos T o la

sintesis de citoquinas %972,

1.1.2 Osteocitos

Los osteocitos son la poblacidn celular mas abundante del tejido éseo, suponiendo
un 90-95% del mismo °3. Tienen su origen ontogénico en MSC previa diferenciacion a
osteoblasto y posteriormente a osteocito. Los osteocitos se encuentran incrustados en la
matriz dsea y presentan una morfologia dendritica formando una extensa red que per-

mite la comunicacién intercelular 4.

Los osteocitos estan directamente implicados en la sensibilidad mecdanica. Poseen la
capacidad de traducir los estimulos mecdanicos en actividad bioldgica por un efecto pie-
zoeléctrico mediante mecanismos que implican moléculas como PGE?2, ciclooxigenasa-2,
Runx2 u dxido nitroso %%, Ademds, los osteocitos actlan sobre la homeostasis del calcio,

pudiendo incluso inducir la resorcién del hueso por accion de la PTH 4,



1.1.3 Osteoclastos

Los osteoclastos son células multinucleadas que se originan a partir de células mono-
nucleares del linaje de células madre hematopoyéticas ©’, y cuya diferenciacion es esti-
mulada por la accién de varias citoquinas como el M-CSF, secretado por osteoprogenito-
res y osteoblastos, y el RANKL, secretado por osteoblastos y osteocitos y células
estromales ®870, La regulacion de su actividad estd mediada por la accion de varios fac-
tores y citoquinas como RANKL, OPG, IL-1, IL-6, PTH, 1,25-dihidroxivitamina D y calcito-
nina #6759 Estos factores promueven la activacion de factores de transcripcion y la ex-

presion génica en los osteoclastos >>7°.

Durante el remodelado 6seo, los osteoclastos producen la fase de resorcion 7. Esta
degradacién del tejido dseo se produce en dos fases: en primer lugar, los osteoclastos
liberan hidrogeniones al medio extracelular que acidifican el drea a destruir y, posterior-
mente, liberan catepsina K que digiere la fraccion proteica de la matriz, compuesta prin-

cipalmente de Col-1 677273,

1.2 Matriz dsea

La matriz 6sea representa el 90 % del volumen total de hueso. Se compone de una
matriz mineral o inorgdnica (70 %), una matriz orgdnica (20 %), lipidos (< 3 %) y agua (5-
10 %). Estos elementos se combinan formando una estructura que dota al hueso de la

rigidez y resistencia propias de este tejido .

1.2.1 Matriz inorgdanica

El componente mineral del hueso representa el 65 % de la masa 6sea. Se compone
principalmente de calcio, fosfato y carbonato (en proporciones de 10:6:1) que se combi-
nan formando cristales de hidroxiapatita [Cai0(POa4)s(OH)2]. En menor medida encontra-
mos sodio, potasio, magnesio manganeso, fluor, zinc, citrato, bario y estroncio 3’4, Esta

composicion otorga al hueso su resistencia mecanica.



1.2.2 Matriz organica

La matriz orgdnica o sustancia osteoide representa un tercio de la masa ésea. Esta
formada fundamentalmente por proteinas, entre las que destaca el Col-1 (90 %). La ma-
triz organica juega un papel crucial en la fisiologia dsea, lo cual se hace patente ante pa-
tologias asociadas al coldgeno como la osteogénesis imperfecta ’2. La matriz orgédnica se
compone de proteinas coldgenas, proteinas no coldgenas; factores de crecimiento y pro-

teoglicanos 7°.

1.2.3 Colageno

El 90 % de la matriz estd constituida por coldgeno “®. El coldgeno es una proteina
constituida por tres cadenas polipeptidicas alfa, que se unen mediante puentes de hidro-
geno formando una estructura en a hélice ?3. El Col-1 proporciona algunas de las carac-
teristicas mecanicas del hueso, su elasticidad y tenacidad ’®. No tiene gran afinidad por

el calcio, por lo que son otras las proteinas implicadas en el depdsito mineral.

Ademas de colageno, la matriz organica se compone de proteinas no colagenas, pro-

teoglicanos y factores de crecimiento.

1.2.4 Proteinas no coldgenas

Las proteinas no colagenas intervienen en la conformacién del hueso y en la minera-
lizacion de la matriz, al promover el depdsito de minerales para la formacion de los cris-
tales de hidroxiapatita. La mayor parte son glicoproteinas tales como la OSC, OPN, BSP,

fibronectina, fosfoproteinas, trombospondina, entre otras 72.

La OSC es una pequefia proteina gamma carboxilada de la matriz sintetizada por os-
teoblastos y plaguetas. El cido y-carboxi-glutdmico es un aminodacido que se une al calcio
y que precisa de la presencia de vitamina K para su sintesis. La OSC supone el 15 % de las

proteinas no coldgenas. Su principal funcién es la de promover la sintesis de la matriz 2.



Sus niveles plasmaticos se consideran como uno de los marcadores bioquimicos del re-

cambio dseo.

Son también glicoproteinas las proteinas llamadas SIBLINGS (Small Integrin-Binding
Ligand, N-linked Glycoprotein): la OPN, fibronectina, la trombospondina, vitronectinay la
BSP, implicadas en la adhesién celular a la matriz. Ejercen un rol en la regulacion de la
formacidén de cristales de hidroxiapatita y, ademas, son indispensables para la correcta
actividad de las células destructoras del tejido dseo, pues actian de anclaje entre los
osteoclastos y la matriz 6sea 1?%72, La BSP es capaz de inducir la nucleacidn de cristales
de hidroxiapatita. Ademas, puede unirse al colageno potenciando la calcificacion de la

matriz 7.

1.2.5 Proteoglicanos

Constituyen el 10 % de las proteinas no colagenas. Destacan el hialuronano y condroi-
tinsulfato, que actian en los albores de la morfogénesis dsea, y el biglicano y decorina,

mas caracteristicos de la fase final del proceso de formacién “2.

1.2.6 Factores de crecimiento

Son las BMP, la familia del TGFB, IL-1, IL-6, IGF, PDGF, entre otros ’°. Intervienen en

la diferenciacién, crecimiento y proliferacion de las células del tejido dseo.

1.3 Remodelado dseo

El hueso es un tejido dindmico que estd sometido de manera permanente y continua
a un proceso de remodelacion. Dicho proceso es el resultado de la actividad de los osteo-
blastos y osteoclastos respectivamente 8. Para su estudio puede ser dividido en tres fa-

ses: fase de resorcion, fase reversa y fase de formacion &',



e Fase de Resorcion: el inicio de esta fase viene marcado por la accion de la PTH,
gue promueve la migracion y diferenciacién de pre-osteclastos hacia el area del
hueso que va a ser degradada. Factores como el RANKL, M-CSF vy el factor qui-
miotactico de monocitos (MCP-1) actuan como mediadores osteoclastogénicos
en el desarrollo de esta fase 249982, A través de reacciones de acidificacion y pro-
tedlisis de la matriz 6sea vy los cristales de hidroxiapatita se producird la resorcidon

6sea, formando un valle conocido como laguna de Howship 823,

e Fase reversa: tras la resorcidon del tejido, dard comienzo la fase reversa o de tran-
sicion, en que las “lining cells”, llevan a cabo la digestién del coldgeno residual en
las lagunas de Howship mediante catepsinas o colagenasas activadas, preparando

asi la superficie ésea para la accion de los osteoblastos °.

e Fase de formacién: el proceso de creacién del nuevo tejido éseo se lleva a cabo
por la accidon de los osteoblastos y tiene lugar en dos etapas bien diferenciadas:
la formacién y maduracion de la matriz osteoide, y la mineralizacion de dicha ma-
triz. Una vez sustituido todo el tejido destruido por los osteoclastos por tejido
nuevo, se da por concluida la fase de formacion. Tras esto, la superficie dsea se
recubre de células de revestimiento aplanadas y la zona en cuestidon permanece

en reposo hasta iniciar un nuevo ciclo de remodelacién llegado el momento.

El equilibrio entre los procesos de formacion y destruccion del hueso es la base de la
remodelacion dsea. Es fundamental que exista una adecuada coordinacién entre la acti-
vidad de osteoblastos y osteoclastos, a lo que llamamos mecanismo de acoplamiento.
Durante la fase resortiva, este sistema de comunicacién viene regulado por distintos fac-
tores que son liberados por los osteoblastos, tales como IGF, TGFB, BMP, FGF y PDGF 84
86_Si bien, es el eje OPG/RANKL/RANK el principal complejo responsable de la regulacion
del remodelado éseo. EI RANKL se expresa fundamentalmente en la superficie de MSC,
pre-osteoblastos y células T. La unién entre RANK, expresado por pre-osteoclastos, y su
ligando RANKL, estimula la activacion y diferenciacion de esta poblacion celular. La OPG
tiene la capacidad de interactuar con RANKL y evitar que se una a RANK, lo que le permite

bloquear este complejo y prevenir la diferenciacion y funcion de los osteoclastos 88187,



A medida que comprendemos mejor las complejas interacciones entre la fisiologia
celular y los factores ambientales, se ha vuelto evidente que ciertos compuestos quimi-
cos pueden tener un impacto significativo en la salud dsea y en los procesos reguladores
del sistema endocrino. En este sentido, los osteoblastos, como células clave en la forma-
cion y remodelacion del hueso, se encuentran en la primera linea de exposicion a sustan-
cias que por cualquier mecanismo puedan alterar el sistema endocrino; compuestos qui-
micos que han despertado gran interés debido a su potencial para afectar negativamente

la fisiologia celular y la homeostasis hormonal.



2. DISRUPTORES ENDOCRINOS

2.1 Antecedentes histoéricos

Los disruptores endocrinos (EDCs), también conocidos como alteradores endocrinos,
son toda aquella sustancia exdégena o mezcla de sustancias que altera la funcion del sis-
tema endocrino y consecuentemente causa efectos adversos en la salud de un organismo

intacto o en su progenie o en sus poblaciones o subpoblaciones 8.

Desde los afos 40 del siglo pasado es conocida la capacidad de algunas moléculas
para interferir en el normal funcionamiento del sistema endocrino, como cuando se em-
pezd a emplear el dietilestilbestrol para la prevencién del aborto espontédneo 8. No fue
hasta 1991 que se acufid el término de disruptor endocrino, durante la Conferencia de
Wingspread (Wisconsin, EE.UU.) en la que un grupo de expertos en endocrinologia y sa-
lud reproductiva se reunieron para evaluar las causas de ciertos problemas de salud ob-
servados en estudios epidemioldgicos, incluyendo trastornos de la reproduccién e incre-
mento de determinados tipos de cancer hormono-dependientes; llegandose a discutir la
posible implicacién de ciertos compuestos quimicos en la etiologia de dichas

patologias .

En 1993, Sharpe y Skakkebaek plantean la hipdtesis de que el incremento observado
en la incidencia de malformaciones genitales masculinas congénitas podria estar relacio-
nado con el nivel de exposicidn a estrogenos intra-Utero 1. Seguiin plantearon, sutiles va-
riaciones en la concentracion de estrogenos durante la etapa fetal podrian dar lugar a
dichas patologias. Dicha hipdtesis apuntaba como posible factor causal la exposicién am-
biental a contaminantes con actividad endocrina y descartaba la alteracion genética
como explicacidon a dicho incremento. Si bien, ambos factores podrian actuar de manera

sinérgica.



2.2 Clasificacién y criterios definitorios

Entre las sustancias clasificadas como disruptores endocrinos encontramos: hormo-
nas, compuestos con origen vegetal (fitoestrogenos), plaguicidas, algunos compuestos
usados en la fabricacion de plasticos y diversos articulos de consumo frecuente, asi como
subproductos y residuos industriales. Su caracter persistente y su facilidad de difusion los

hacen altamente ubicuos.

Para que una sustancia sea considerada un alterador endocrino, esta debe cumplir TO-

DOS los criterios siguientes 92:

- Mostrar un efecto adverso en un organismo intacto o en su progenie.

- Tener un modo de accidon endocrino, es decir, altera el funcionamiento del sis-
tema endocrino.

- Que el efecto adverso sea una consecuencia del modo de accién endocrino.

- Que las alteraciones endocrinas, que pudieren afectar a humanos y/o a cualquier

otro grupo de animales, puedan ser reversibles o irreversibles.

En lo que respecta al medio ambiente, se han reportado efectos posiblemente rela-
cionados con las alteraciones endocrinas en diversos organismos (peces, crustaceos, an-

fibios, pajaros, mamiferos) 2.

El grado en el que los disruptores endocrinos influyen en las especies depende de
factores tales como:

- Laintensidad o magnitud de la exposicion

- Laduracién de la exposicién

- Lafrecuencia con que se produce la exposicién

- Elmomento concreto del ciclo vital en que se produce la exposicidon



2.3 Legislacion

El Reglamento (CE) n2 1907/2006, denominado Reglamento REACH (Registro, Evalua-
cién, Autorizacion y Restriccion de sustancias y mezclas quimicas) considera los disrupto-
res endocrinos como sustancias extremadamente preocupantes, dandoles la misma con-
sideracién que a las sustancias quimicas clasificadas como carcindgenas, mutdgenas y
reprotoxicas 3. El objetivo de la reglamentacion comunitaria relativa a las sustancias qui-
micas es que se reduzca el uso de las sustancias extremadamente preocupantes y que

finalmente sean sustituidas por otras alternativas mas seguras °2.

Desde el afio 2018 la Comision Europea ha incorporado el requerimiento de evaluar
y determinar las propiedades de alteracién endocrina de las sustancias activas. Para ello,
tras consultar con la Autoridad Europea de Seguridad Alimentaria (EFSA) y la Agencia Eu-
ropea de Sustancias y Mezclas Quimicas, se establecieron los criterios cientificos para la
determinacion de las propiedades de alteracién endocrina buscando garantizar un ele-
vado nivel de proteccién de la salud humana y animal y del medio ambiente 4. Las sus-
tancias activas que tengan propiedades de alteracién endocrina no se aprobaran excepto
cuando se demuestre que el riesgo de exposicion a la sustancia activa es desdefiable o
cuando existan pruebas de que la sustancia activa es esencial para prevenir o controlar

un grave peligro para la salud humana o animal o el medio ambiente.

En el ambito de los disruptores endocrinos, la Estrategia de Sostenibilidad para las
Sustancias quimicas (2021) , plantea diferentes acciones, entre ellas reforzar el marco
juridico de la UE, para garantizar que dichos disruptores se reconozcan a tiempo y se
minimice la exposicion de seres humanos y medio ambiente, adoptando un enfoque pre-
ventivo dirigido a evitar el uso de los disruptores endocrinos en los productos de con-
sumo e identificando los disruptores endocrinos como sustancias extremadamente preo-
cupantes en el marco del Reglamento REACH de manera directa, como un criterio

propio %°.



2.4 Difusidén y exposicion

Segln el informe del Programa de las Naciones Unidas para el Medio Ambiente
(PNUMA) y la Organizacién Mundial de la Salud (OMS), la lista de disruptores endocrinos
identificados es extensa y crece cada afio a medida que aumentan los estudios en este
campo %, Se estima que en torno a 1000 sustancias quimicas de origen antropogénico
podrian producir alteracién endocrina °¢. Algunos de los EDCs con mayor presencia y
difusién son: ftalatos, bisfenoles, sustancias perfluoroalquiladas y polifluoroalquiladas
(PFAS), retardantes de llama bromados y organofosforados, DDT, bifenilos policlorados,
parabenos, triclosan, estireno, etc. Los compuestos quimicos identificados como EDCs se
encuentran presentes en ciertos productos de uso cotidiano: en el revestimiento de las
latas de conserva °/°8; en el plastico con el que estdn fabricados los biberones °°; en el
espermicida con que se impregnan los preservativos '%; en los selladores odontolégicos
y en algunos materiales de uso sanitario °17193; en detergentes industriales 1%; en filtros
solares 19°1%; en cosméticos y en pesticidas %’ o en el papel térmico utilizado en los

tickets 108,

La exposicion a EDCs es generalizada, posiblemente por una etiologia multifactorial
como la variedad y abundancia de estos, su facilidad de transporte por via aérea o acua-
tica o su baja biodegradabilidad, lo que es causa a su vez de la bioacumulacion en la ca-
dena trofica. Todo ello hace pensar que la exposicion humana a los EDCs es masiva, con-
tinua y universal, aunque en dosis bajas. La via de entrada de los contaminantes hormo-
nales es también variada (piel, alimentos, o respiracién), pero debido a su acumulacion
en la cadena alimentaria, la via digestiva es la principal ruta de exposicién para el

hombre 109,110

A medida que aumenta la conciencia sobre los posibles efectos adversos de los EDCs
en la salud humana, se ha prestado una atencidn significativa a un grupo particular de
compuestos quimicos: los bisfenoles. Los bisfenoles, en particular, han emergido como
una clase prominente de EDCs debido a su amplia presencia en productos de consumo
comun, como plasticos, revestimientos de alimentos, utensilios y envases alimentarios.

Estos compuestos quimicos han despertado preocupacién debido a su capacidad para



alterar procesos fisiolégicos esenciales y, mas especificamente, para imitar o interferir
con las rutas de sefializacion hormonal. Debido a que presentan una estructura similar a
los estrégenos, han sido implicados en multiples efectos adversos sobre la salud. Por lo
tanto, es esencial investigar en detalle los efectos especificos de los bisfenoles, con el fin
de comprender mejor los riesgos asociados a la exposicion a estos y desarrollar estrate-

gias adecuadas para mitigarlos.



3. BISFENOLES

3.1 Bisfenol A

3.1.1 Antecedentes

El bisfenol A (BPA, 4,4'-isopropilidendifenol; nimero de registro CAS 80-05-7) (Figura
2) es un compuesto organico compuesto por dos anillos fendlicos conectados por un
puente metilo, con dos grupos funcionales metilo unidos al puente. El BPA se utiliza como
material para la produccion de resinas fendlicas, poliacrilatos y poliésteres, y principal-
mente para la produccion de resinas epoxi y plasticos de policarbonato 1. Fue sinteti-
zado por primera vez por el quimico ruso Aleksandr Pavlovich Dianin en 1891 y se conocié

su actividad como disruptor endocrino en 1936 112,

Fig.2: Estructura quimica del BPA

3.1.2 Caracteristicas fisico-quimicas

El BPA tiene un punto de fusion relativamente alto, de alrededor de 158°C, es decir,
se solidifica a temperaturas relativamente bajas y es estable a temperaturas normales.
Tiene un peso molecular de 228,29 g/mol y es soluble en solventes organicos; sin em-

bargo, es practicamente insoluble en agua. El BPA se puede polimerizar para producir

policarbonato. '3

3.1.3 Propiedades industriales

El BPA es uno de los compuestos con mayor volumen de produccion a nivel mundial,

con cifras de en torno a ocho millones de toneladas anuales, estando China a la cabeza



de su produccidon y con una previsién de casi 10 toneladas de fabricacién para el afio
2025 4. De ese total producido, una parte se libera al medio ambiente 1. Pese a ello,
la concentracién de BPA libre en la naturaleza no es tan alta como podria imaginarse dado
gue, cuando se expone al aire, sufre fotooxidacién y degradacion, lo que conduce a una

vida media baja 1%

Debido a su propiedad de resistir altas temperaturas (hasta 145°C) e impactos, los
policarbonatos tienen diversas aplicaciones, como botellas de agua, biberones, juguetes,
papel térmico, electrodomésticos y productos médicos, papel térmico, etc. Las resinas
epoxi se utilizan como recubrimientos protectores internos para envases de alimentos y
bebidas, adhesivos, pinturas y barnices. No sélo esta presente en los envases de alimen-
tos y bebidas, sino también en algunos materiales dentales 192, Los productos pldasticos

en los que con mayor probabilidad la presencia de BPA es elevada son aquellos marcados

en su parte inferior por el cédigo RICn?2 3, 6 o 7 (Figura 3).
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Fig. 3: Codigos de identificacion de resinas de plastico. ISO 1043.

3.1.4 Exposicién humana al BPA

El BPA puede desprenderse de los envases de policarbonato y solubilizarse; el calor y
el pH del medio aceleran la hidrdlisis del enlace éster que une los monémeros de BPA, lo
que conduce a una liberacion de BPA con la consiguiente exposicion humana 6. Se con-
sidera que es la alimentacion la principal fuente de exposicion al BPA. En este sentido,
autores como Liao et al. informaron que el 75 % de los 267 alimentos analizados me-
diante cromatografia liquida de alto rendimiento y espectrometria de masas en tandem
(HPLC-MS/MS), tenian bisfenoles en concentraciones que oscilaban entre 0,10 ng/g y
1130 ng/g '¥’. Ademds, se ha observado que la concentracion de BPA es mayor en los

alimentos enlatados que en los alimentos frescos 8. Es tal el nivel de exposicion que



algunos autores sefialan que entre el 90y el 95 % de la poblacién de Estados Unidos tiene

niveles detectables de BPA en orina 1197121,

3.1.5 Efectos sobre la salud

Tradicionalmente, el BPA se ha considerado un xenoestrogeno débil, dado que tiene
una menor afinidad por los receptores nucleares de estrégenos que el 17-B estradiol, asi

como una baja actividad transcripcional tras la activacion de estos 12,

Los receptores de estrégenos (RE) se dividen en dos subtipos alfa y beta. Los RE-a
estan presentes predominantemente en endometrio, cdncer de mama, estroma ovarico
e hipotdlamo. Los RE-B, por su parte, se expresan en rifidn, cerebro, pulmdn, corazon,
intestino, prdstata, células endoteliales y tejido dseo 22, El BPA se une selectivamente al
RE-ay al RE-B, aunque presenta mayor afinidad por el RE-B. Esta unién al dominio ligando
no se realiza de la misma forma en que lo hace el estradiol, por lo que los efectos intra-
celulares seran presumiblemente diferentes. En algunos tipos celulares, el BPA presenta
una actividad agonista a través de RE- y una actividad mixta agonista y antagonista a

través del RE-q 1227124,

Existe un tercer tipo de receptor nuclear, el RE-y, recientemente descrito y para el
cual aln no se conoce una funcién especifica, siendo ademas huérfano de ligando natural
en el organismo. Este receptor se une de manera muy especifica y con alta afinidad al
BPA 25126 Algunos estudios apuntan a que el BPA puede promover efectos similares a
los estrégenos incluso a dosis bajas, por medio de vias no-cldsicas que todavia no cono-
cemos en profundidad, como podria ser la del RE-y 1212° Estas interferencias con las
vias de sefializacién endocrina se producen durante el periodo fetal, neonatal y en la edad

adulta.

El BPA interacciona e interfiere con varias vias de sefializacion celular mediadas por
receptores de membrana y receptores nucleares como los RE previamente descritos, los
receptores de peroxisoma-proliferador-activado gamma, los receptores del factor de cre-

cimiento epidérmico o el factor nuclear eritroide 2, ejerciendo un efecto disruptivo sobre



procesos tales como la carcinogénesis, el crecimiento y proliferacidn celular, la migracion
celular, la apoptosis o la resistencia a los farmacos anticancerosos 2’7130, Esto se asocia
con patologias cardiovasculares, endocrino-metabdlicas, reproductivas, neoplasicas y de-
generativas (Figura 4). También parece promover una desregulacion epigenética en la
expresion de ciertas proteinas y marcadores relacionados con el metabolismo energé-

tico, ejerciendo un efecto obesogénico 1.
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Fig. 4: Esquema del mecanismo molecular de accidn del BPA (Cimmino et al., 2020) 2°.

3.1.6 Regulacién normativa

Numerosos estudios publicados hasta la fecha muestran que el BPA tiene multiples
efectos nocivos para la salud, produciendo alteraciones sobre el metabolismo, el neuro-
desarrollo, la fertilidad, la salud cardiovascular o la incidencia de ciertos tipos de cancer,
entre otros 1141151327136 por e[|, Ia EFSA ha ido reduciendo la cantidad de ingesta diaria
admisible de dicho compuesto, llegdndose a reducir a 4 ug/kg/dia en 2015 8. Con res-
pecto al agua de consumo humano, la dltima normativa en nuestro pais respecto a los
criterios técnico- sanitarios establece un limite tolerable de 2.5 pg/L., cifra mucho menor
a la de otros contaminantes regulados como el arsénico, el cianuro o el uranio (R.D.
3/2023 de 10 de enero, por el que se establecen los criterios técnico-sanitarios de la ca-

lidad del agua de consumo, su control y suministro) *37.



Algunos gobiernos nacionales y transnacionales, como Canadd o la Union Europea
(UE), tras conocer que los niveles de BPA eran mas elevados en fetos, bebes y nifios afec-
tando al desarrollo neuronal 124138 han vetado el uso de BPA en los biberones y chupetes
de plastico **°. En 2018, la UE introdujo limites mas estrictos para el uso de BPA en ma-
teriales destinados a estar en contacto con alimentos, derivados de la modificacion de la
ingesta diaria admisible establecida por la EFSA. Desde ese mismo afio, el BPA esta prohi-
bido en botellas y envases de plastico que contienen alimentos para bebés y nifios me-

nores de tres afios 0.

3.1.7 Analogos

En este sentido y debido a la mayor concienciacion por parte de la poblacién de la
conveniencia de optar por los productos “BPA free”, la industria ha reaccionado fabri-
cando productos con férmulas que no contienen BPA; sin embargo, que sean libres de
BPA no significa que estén exentos de actividad estrogénica, dado que en la fabricacion
de estos productos se permuta el BPA por moléculas andlogas a este como el Bisfenol S
(BPS), el Bisfenol F (BPF) o el Bisfenol AF (BPAF), que quedan fuera de la limitacién apli-
cada al BPA, al no existir evidencia sobre su peligrosidad **'#1. No obstante, se ha de-
mostrado que son tan activos desde el punto de vista hormonal como el BPA 1221417143 ¢
incluso, estudios experimentales sugieren que su efecto podria no diferir mucho del atri-

buido al BPA 135142144,

3.2 Bisfenol S

El bisfenol S (BPS; 4,4-sulfonildifenol; nimero de registro CAS 80-09-1) (Figura 5) es
un compuesto organico utilizado como sustituto del BPA. Es un sélido cristalino incoloro
a temperatura ambiente y se encuentra en forma de polvo blanco. Su masa molar es de
250.27 g/mol, tiene un punto de fusion de 240.5 °C. También tiene una densidad de 1,36
g/cm?3. El BPS es soluble en solventes organicos e insoluble en agua. Es estable bajo con-
diciones normales de temperatura y presion, y no reacciona con acidos, bases o agentes

oxidantes. Quimicamente, el BPS ha sido modificado para contener un grupo sulfona en



lugar de un grupo carbonilo en su estructura. Esta modificacién le da al BPS una mayor

estabilidad térmica y quimica en comparacion con el BPA 14
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Fig.5: Estructura quimica del BPS

Si bien el BPS ha sido considerado una alternativa prometedora al BPA debido a su
menor toxicidad relativa, algunos estudios apuntan que el BPS no esta exento de efectos
adversos, ya que también muestra una actividad endocrina similar, alterando la capaci-

147

dad reproductiva 1#¢, la funcién cardiovascular **’, inhibiendo la actividad del sistema in-

148

mune *8 y ejerciendo efectos obesogénicos*®; lo que subraya la necesidad de una eva-

luacidn cuidadosa de los riesgos asociados con su uso en productos de consumo.

3.3 Bisfenol F

El bisfenol F (BPF; 4,4'-metilendifenol; nimero de registro CAS 620-92-8) es otro de
los compuestos orgdnico perteneciente a la familia de los bisfenoles cuyo uso se ha ex-
tendido en sustitucién del BPA. El BPF tiene una estructura similar al BPA, pero con dos
grupos metilo en lugar de dos grupos metoxi en los anillos fendlicos (Figura 6). Las carac-
teristicas fisicas y quimicas del BPF son similares a las del BPA, aunque el BPF es menos
soluble en agua y mas estable térmicamente que el BPA. Su peso molecular es de 200.23

g/mol. Tiene un punto de fusion de 162.5 °C, y una densidad de 1,2 g/cm?3 >0,

/ -\
HO O O oH o

Fig.6: Estructura quimica del BPF




A pesar de su similitud con el BPA en relacidn con sus caracteristicas fisicas y quimicas,
el BPF tiene una estructura quimica ligeramente diferente al BPA, lo que le confiere una
mayor estabilidad térmica y resistencia a la degradaciodn. Las caracteristicas toxicoldgicas
del BPF no estan tan bien estudiadas como las del BPA, pero se ha demostrado que el
BPF tiene efectos endocrinos similares al BPA, actuando como un agonista débil de los
receptores de estrogenos y andrégenos. El BPF también puede interferir con el metabo-
lismo de los esteroides y la funcién tiroidea, asi como inducir estrés oxidativo y dafio ge-
nético en las células. Algunos estudios han sugerido que el BPF puede tener efectos ad-
versos sobre el desarrollo embrionario y el crecimiento, la reproduccién, el sistema ner-

vioso y el sistema inmunoldgico 1361421517153,

3.4 Bisfenol AF

El bisfenol AF (BPAF; 2,2-Bis(4-hidroxifenil)hexafluoropropano; nimero de registro
CAS 1478-61-1) es un analogo del bisfenol A (BPA) que se utiliza como mondmero para
la sintesis de polimeros y resinas. El BPAF tiene una estructura similar al BPA, pero con
dos grupos trifluorometilo sustituyendo a los grupos hidroxilo en las posiciones 2 y 2' de

los anillos fendlicos (Figura 7).

CF3; CF3

Fig. 7: Estructura quimica del BPAF

Es un sdlido cristalino blanco o ligeramente amarillo, con un punto de fusion de
162 °Cy una densidad de 1.4 g/cm?. Su peso molecular es de 336.23 g/mol. Es soluble en
disolventes organicos como el etanol, el acetato de etilo y el cloroformo, pero practica-

mente insoluble en agua 4.

Es un compuesto aromatico con dos grupos fendlicos que pueden actuar como

aceptores o donantes de protones 4. Debido a la presencia de los atomos de fltor, el



BPAF es mas estable y menos reactivo que el BPA frente a agentes oxidantes, reductores,
acidos y bases. Muestra una estabilidad térmica moderada y puede soportar temperatu-
ras relativamente altas sin descomponerse. Se usa como agente de entrecruzamiento
para algunos fluoroelastdmeros y como mondémero para poliimidas, poliamidas, poliés-

teres, copolimeros de policarbonato y otros polimeros >>71>7,

Mientras que el BPA tiene una alta afinidad por el RE-y, el BPAF no parece unirse
de manera notable al mismo. Sin embargo, el BPAF tiene una mayor afinidad por los RE-
a y RE-B que el BPA, y puede activar o inhibir su actividad dependiendo del contexto
celular, lo que le confiere una mayor actividad estrogénica, por lo que puede alterar el
metabolismo, la reproduccién, el desarrollo, el sistema nervioso y el sistema
inmunitario 12122136143 También puede alterar la expresiéon de genes relacionados con
el metabolismo, la inflamacidn, el desarrollo y la diferenciacion celular 1°81>°, Ademds de
su alta afinidad por los RE, la preocupacién por este EDC radica en su capacidad para
persistir en los ecosistemas debido a su baja biodegradabilidad y alta adsorcién a las par-
ticulas organicas e inorgdnicas, lo que le permite bioacumularse en los tejidos de los or-
ganismos acudticos y terrestres por presentar una elevada lipofilia y una baja

excrecion 160,

Es conocido que los BPs poseen actividad estrogénica o antiestrogénica en funcién de la
poblacion celular sobre la que ejerzan su accion alterando el normal funcionamiento del
sistema endocrino. Sin embargo, la mayor parte de los estudios se han llevado a cabo en
otras poblaciones celulares y no han evaluado el impacto que estas moléculas pueden
tener en el tejido dseo humano, no hallandose en la literatura cientifica evidencia sufi-
ciente respecto a la posible influencia de dichas sustancias sobre pardmetros de diferen-
ciacion/maduracién celular y los mecanismos de accién que subyacen al efecto que estos

EDCs ejercen sobre el hueso, lo cual hace que su estudio sea de interés.
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JUSTIFICACION

La evidencia cientifica muestra la presencia de los BPs, un tipo de EDC, en los distintos
tejidos y fluidos corporales, atribuyéndoseles efectos nocivos para la salud. Algunos es-
tudios han mostrado que el BPA puede alterar algunos pardmetros funcionales del osteo-
blasto; si bien, los datos se limitan a un nimero muy escaso de estudios, que solo analizan
algunos aspectos del osteoblasto y han sido realizados en osteoblastos de origen murino.
Con respecto a otros BPs (BPF, BPS y BPAF), utilizados como sustitutos del BPA a nivel
industrial, desconocemos la existencia de estudios que analicen su posible impacto sobre
el osteoblasto. Por ello, consideramos que, dada la presencia continuada de EDCs como
los BPs en el organismo desde edades muy tempranas, es pertinente investigar la activi-
dad que presentan los BPs (BPA, BPS, BPF y BPAF) mediante analisis in vitro sobre distin-
tos parametros celulares de los osteoblastos humanos, lo cual podrd interferir con la ca-

lidad 6sea a largo plazo.



HIPOTESIS

Los EDCs como los BPs (BPA, BPF, BPS y BPAF), tienen un efecto nocivo sobre la fisiologia
del osteoblasto, al alterar parametros como el crecimiento celular, la diferenciacion/ma-
duracién, la sintesis de fosfatasa alcalina, la expresién de antigenos de superficie; asi
como la expresion génica de proteinas implicadas en los procesos de diferenciacién/ma-

duracién del osteoblasto cuando las células se ven expuestas a dichas sustancias.



OBJETIVOS

OBJETIVO GENERAL

Analizar el efecto de los distintos BPs (BPA, BPS, BPF y BPAF) sobre la fisiologia del osteo-

blasto, utilizando para ello cultivos primarios de osteoblastos humanos.

OBJETIVOS ESPECIFICOS

Estudiar in vitro el efecto del BPA sobre el crecimiento vy viabilidad celular, la capacidad
fagocitica, la actividad ALP, la mineralizacion, el perfil antigénico (CD54, CD80y CD86), la
capacidad fagocitica y la expresion génica de los marcadores osteogénicos ALP, Col-1,

OSC, Runx2, OSX, BMP-2 y BMP-7 en osteoblastos humanos primarios.

Determinar en osteoblastos humanos primarios en cultivo el efecto de los analogos del
BPA (BPS, BPF y BPAF) sobre el crecimiento, y viabilidad celular, la actividad ALP y la mi-

neralizacion.

Analizar in vitro el efecto de los andlogos del BPA (BPS, BPF y BPAF) sobre la expresion
génica de los marcadores osteogénicos ALP, Col-1, OSC, Runx2, OSX, BMP-2 y BMP-7 en

osteoblastos humanos primarios.



RESULTADOS Y DISCUSION

OBJETIVO 1

Estudiar in vitro el efecto del BPA sobre el crecimiento y viabilidad celular, el perfil anti-
génico, la capacidad fagocitica, la actividad ALP, la mineralizacion y la expresidon génica

de ALP, Col-1, OSC, Runx2, OSX, BMP-2 y BMP-7 en osteoblastos humanos primarios.

Abstract

Background: Bisphenol A (BPA) is an endocrine disruptor that is widely present in the
environment and exerts adverse effects on various body tissues. The objective of this
study was to determine its repercussions on bone tissue by examining its impact on se-
lected functional parameters of human osteoblasts.

Methods: Three human osteoblast lines were treated with BPA at doses of 10, 10, or
107 M.

Results: At 24 h post-treatment, a dose-dependent inhibition of cell growth, alkaline
phosphatase activity, and mineralization were observed. The expression of CD54 and
CD80 antigens was increased at doses of 10 and 10°® M, while the phagocytic capacity
and the expression of osteogenic genes (ALP, COL-1, OSC, RUNX2, OSX, BMP-2, and BMP-
7) were significantly and dose- dependently reduced in the presence of BPA.
Conclusions: According to these findings, BPA exerts adverse effects on osteoblasts by
altering their differentiation/maturation and their proliferative and functional capacity,
potentially affecting bone health. Given the widespread exposure to this contaminant,
further human studies are warranted to determine the long-term risk to bone health

posed by BPA.

Keywords: Bisphenol A; osteoblast; bone tissue; cellular viability; cellular differentiation



1. Introduction

Bisphenol A (BPA), or 4,4'-(Propane-2,2-diyl) diphenol, is a chemical compound used
as a major component in the manufacture of polycarbonate plastics, epoxy resins, and
other polymeric materials, as well as in certain paper products. This material is employed
in the manufacture of products of daily use in the home, including food containers, bot-
tles, utensils, CDs, pens, and toys, among others. It is also used as a coating for food cans,
water tanks, as an adjuvant in dental treatments, or as a material for medical devices.
However, it is considered that the main route of entry into the human body for BPA is
through food as a result of its contact with food containers or utensils 3. BPA is consid-
ered to be one of numerous endocrine disruptors, i.e., exogenous chemical substances
that can hamper the functioning of hormones by binding to their receptors and/or inter-
fering in their transportation due to their resemblance to the natural hormones #°. In this
way, BPA can directly bind to different nuclear receptors, such as steroid and xenobiotic
receptors (SXRs) &8, In particular, the structural similarity between BPA and 17-B-estra-
diol (E2) allows it to act on the organism by binding to estrogen receptors a and B (ERa
and ERB). BPA also binds to the non-classical estrogen receptor ERy °.

In addition, BPA has demonstrated the ability to interact with androgen, glucocorti-
coid, and thyroid hormone receptors 1°. In terms of pharmacokinetics, after absorption,
BPA is rapidly metabolized to several inactive metabolites and free BPA is excreted mainly
in the urine. Free BPA has been detected in the urine of adults and children, as well as in
the serum of pregnant women, umbilical cord serum, and breast milk *°. Thus, it has the
ability to cross the blood-placental barrier and affect the intrauterine development of
embryos and fetuses .

BPA is involved in the regulation of cancer cell proliferation, migration, invasion, and
apoptosis. It is also implicated in anti-cancer drug resistance through several signaling
pathways activated by BPA binding to nuclear and membrane receptors such as ERa/B/Yy,
androgen receptor, and insulin-like growth factor-1 receptor (IGF-1R), among others 1°.

Interaction with these receptors also appears to be responsible for BPA toxicity on the



reproductive system, interfering with breast formation, germ cell maturation, or placen-
tal adhesion to the endometrium. It could also affect inflammatory and immune re-
sponses by disrupting different cell signaling pathways mediated by cytokines and various
immune cells, such as T and B lymphocytes, macrophages, mast cells, natural killers, or
dendritic cells 2.

BPA is known to act on two bone tissue populations, osteoblasts and osteoclasts. In
the case of osteoblasts, the bone-forming cells, BPA has been found to inhibit their pro-
liferative capacity. Thus, the in vitro treatment of osteoblasts of murine origin with BPA
inhibited their proliferation and induced apoptosis, alkaline phosphatase (ALP) synthesis,
calcium nodule formation, and the expression of RUNX2, Osterix, and B catenin genes
413,14 With regard to osteoclasts, the cells responsible for bone resorption, in vitro BPA
treatment has been associated with signs of apoptosis and inhibition of their maturation
14 There- fore, some studies suggest that BPA exposure can disrupt bone homeostasis in
both the adult and the fetus *>. However, we must point out that the data are not con-
clusive since there are very few studies in human osteoblasts and the exact mechanism
of action of BPA on this cell population is unknown.

The objective of this study was to explore the effect of BPA on selected osteoblast
parameters by treating human osteoblasts obtained by primary culture with different
BPA doses and determining the effect on their growth, differentiation/maturation, and

function.

2. Results

2.1 Effect of BPA on Growth and Cellular Viability

Figure 1-A depicts the results obtained for the proliferative capacity of cultured
human
osteoblasts after 24 h of treatment with BPA doses of 10, 10®, or 107 M, showing an
inhibitory effect on their capacity at all doses (p < 0.0001). The reduction versus controls
ranged between 11.60 % and 17.53 %, obtaining the greatest effect at the highest dose
(10°M). The apoptosis/necrosis assay showed that treatment with BPA increased the

percentage of apoptotic cells in a dose-dependent manner, inhibiting the percentage of



viable cells. No changes were observed in relation to the percentage of necrotic cells

(Figure 1-B).
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Fig. 1. Effect of BPA at different doses (10, 10, or 107 M) on osteoblast growth and
cellular viability in primary cell lines after 24 h of incubation. (A) Effect cellular prolifera-
tion. (B) Effect on induction of apoptosis/necrosis. Data are expressed as means * stand-

ard deviation. Significant differences *:p < 0.05; **: p <0.001.

2.2 Effect off BPA on Antigenic Profile

The flow cytometry results depicted in Figure 2 show that the expression of CD54
and CD80 antigens was significantly increased versus controls after 24 h treatment with
BPA at doses of 10 and 10°® M but was not modified at the lowest dose. No significant

change in the expression of CD86 antigen was observed after treatment with any dose.
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Fig. 2. Expression of CD54, CD80, and CD86 in cells treated for 24 h with BPA (107, 107,
or 1077 M) Data are expressed as percentage expression with respect to control + stand-

ard deviation. Significant differences *: p < 0.05; **: p < 0.001.



2.3 Effect of BPA on ALP Synthesis

Data depicted in Figure 3 show that the ALP activity of osteoblasts was significantly
reduced after 24 h of treatment with BPA at all doses (107>, 107, and 1077 M), obtaining

the greatest effect at the highest dose.
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Fig. 3. ALP activity of primary cell lines after 24 h of treatment with BPA at different doses
of 107, 1075, or 1077 M. The activity was determined in cell lysates and normalized to
total cellular protein (U/mg of proteins). Data are reported as means + standard devia-

tion. Significant differences * p < 0.05.

2.4 Effect of BPA on In Vitro Mineralization

Figure 4 depicts the results for nodule mineralization of the osteoblasts obtained
at 7, 14, and 21 days after culture with BPA at doses of 107, 107°, and 10~ M for 24 h.
No change in mineralization versus controls was observed at day 7 post-treatment, but

there was a significant dose-dependent inhibition of mineralization at days 14 and 21.
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Fig. 4. Quantitative study of mineralization of primary cell lines through nodule for-

mation, after culture in osteogenic medium supplemented with BPA (107, 107, or



1077 M). Data are reported as means of absorbance + standard deviation. Significant dif-

ferences * p < 0.05; ** p <0.001.

2.5 Effect of BPA on Phagocytic Capacity

Figure 5 shows that the phagocytic capacity of osteoblasts cultured for 24 h with
BPA (107,107, or 1077 M) was significantly inhibited versus controls in a dose-dependent
manner.
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Fig. 5. Phagocyte capacity of osteoblasts cell lines after treatment with BPA at different
doses of 107, 107, or 107 M determined by means of flow cytometry. The data are
expressed as the mean of the percentage of cells positive for phagocytosis with respect

to control group + standard deviation. Significant differences * p < 0.05; ** p < 0.001.

2.6 Effect of BPA on Gene Expression

In general, gene expression of the studied osteogenic markers decreased in human
osteoblasts cultured in the presence of BPA for 24 h (Figure 6). Treatment significantly
reduced the expression of COL-1, RUNX2, OSX, and BMP-7 at all three doses but only
reduced the expression of ALP, OSC, and BMP-2 at the higher doses (107 and 107°M).
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Fig. 6. Expression of osteoblast genes (ALP, COL-1, OSC, RUNX2, OSX, BMP-2, and BMP-
7) treated for 24 h with BPA at doses of 107, 107%, or 10~ M. The data are expressed as
the mean of expression percentage with respect to control group + standard deviation.

Significant differences *: p < 0.05, **: p < 0.001.

3. Discussion

In this in vitro study, treatment with BPA inhibited the proliferative capacity by apop-
tosis induction and cell differentiation of human osteoblasts obtained by primary culture
and modified their antigen and gene expression. Given the key role of osteoblasts in bone
physiology, these results suggest that BPA exerts adverse effects on bone, in line with
reports of the negative impact of this endocrine disruptor on many other human tissues
161718 These findings are in line with previous observations in mouse '* and human fetal
19 osteoblast cell lines. This is the first study to examine these effects in human osteo-
blasts obtained by primary culture.

BPA demonstrated a dose-dependent inhibitory effect on osteoblast proliferative ca-
pacity by inducing apoptosis at doses of 10™, 107°, and 10~/ M. Hwang et al., 2013, also
observed that BPA at concentrations of 2.5-12.5 uM inhibited the growth of MC3T3-E1
mouse cells by apoptosis, which was stimulated at 24 h by caspase activation; however,
they detected no effects on cell viability at a concentration of 0.5 uM, the lowest dose
studied. In their study of the human fetal osteoblast cell line hFOB1.19, Thent et al. (2018)
reported that a concentration of 12.5 pg/mL BPA was necessary to reduce cell viability
by 50 % at 24 h. Cadmium, another endocrine disruptor, also demonstrated an anti-pro-
liferative effect on human osteoblasts at 24 h of treatment 2°. Given that osteoblasts are
responsible for generating new bone tissue in the complex and continuous process of
bone remodeling, inhibition of their proliferative capacity may have severe conse-
quences, potentially leading to the loss of bone mass and density 212223,

The results obtained for ALP activity and mineralization also indicate a negative effect
of BPA on bone matrix formation. ALP synthesis increases concentrations of calcium and
phosphorus in the bone matrix, and its reduction would be involved in the inhibition of
mineralization detected at 14 and 21 days of treatment ?*. Contradictory results have
been obtained for the MC3T3-E1 mouse cell line, with one study finding that BPA treat-

ment reduced ALP activity and calcium nodule formation ' and another that it increased



ALP activity and bone mineralization 2°. Mineralization provides bone with rigidity and
resistance, and its alteration can therefore have a negative impact on bone density and
quality 2.

In the present study, BPA treatment was associated with a decreased expression of
CD54 and CD80 surface antigens, which can also be modulated by cytokines, growth fac-
tors, platelet-rich plasma, bacterial lipopolysaccharides, phenolic compounds, and cer-
tain pharmaceuticals; reduced expression of these markers has been associated with the
maturation/differentiation of osteoblasts and their elevated expression with suppression
of their differentiation 2728 2% 30 These alterations in the expression of CD54 and CD80
are consistent with the inhibition by BPA of ALP synthesis and mineralization in osteo-
blasts, which suggests a suppression of their maturation. BPA was also found to inhibit
the phagocytic capacity of osteoblasts, which is known to be altered by their in vitro treat-
ment with non-steroidal anti-inflammatory drugs, laser radiation, or phenolic compounds
27,28,29.

BPA treatment also inhibited the expression of ALP, COL-1, OSC, RUNX2, OSX, BMP-
2, and BMP-7, osteogenic markers related to osteoblastogenesis and osteoblast function
31 The presence of BPA was previously found to inhibit the expression of RUNX2 and OXS
and the Wnt/B-catenin signaling pathway in the MC3T3-E1 mouse cell line, suggesting
the inhibition of osteoblast differentiation and therefore of bone formation 4. The re-
duced expression of RUNX2 and OSX observed in the present study would be related to
a change in differentiation, while the reduced expression of ALP, COL-1, OSC, BMP-2, and
BMP-7 would indicate a negative effect not only on the maturation of osteoblasts but
also on their functional capacity.

Caution should be taken in evaluating the potential clinical relevance of these in vitro
results. Nevertheless, similar findings have led to confirmation of the clinical impact of
BPA exposure on other body tissues, such as adipose tissue, placenta, sperm, and mam-
mary glands, among others 3233, There is an urgent need to develop novel approaches to
the prevention and therapy of bone disease, especially osteoporosis, considered a pan-
demic by the WHO 3* and largely attributed to an imbalance in bone remodeling >3, In
this sense, some authors have shown that olive leaf extracts, rich in phenolic compounds
such as hydroxytyrosol or oleuropein, have effects against metabolic disorders induced

by BPA by improving the antioxidant defense system and regulating important activities



of pathways signaling 3’. Hence, further research is warranted to verify the effect of BPA
exposure on osteoclasts and osteoblasts, which mediate the resorption and formation of

bone, respectively.

4. Materials and Methods

4.1. Chemical

BPA (C15H1602) was purchased from Sigma-Aldrich (Co., St. Louis, MO, USA) and
dissolved in dimethyl sulfoxide (DMSQ); the final concentration of DMSO never exceeded

0.05 %.

4.2. Primary Human Osteoblasts

Primary human osteoblasts were obtained from bone chips gathered during rou-
tine mandibular osteotomy or lower wisdom tooth extraction in healthy patients at the
Clinic of the School of Dentistry of the University of Granada. All study procedures were
carried out in accordance with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. All participants signed informed consent for participation
in the study, which was approved by the Ethical Committee of the University of Granada
(Reg. No. 523/CEIH/2018). Bone samples were independently processed, with thorough
washing of fragments four times in phosphate-buffered saline (PBS, pH 7.4) to remove
bone marrow and periosteum remains. The bone fragments were then seeded into cul-
ture flasks and cultured according to a previously reported protocol 3. Finally, three pri-

mary osteoblast cell lines were established.

4.3, Treatments

The osteoblast cells obtained were treated for 24 h with BPA at doses of 107 M,

107° M, or 1077 M; untreated cells served as controls.



4.4. Cell Proliferation

The MTT method was used to determine cell proliferation 3°. Osteoblasts were
seeded at 1 x 10% cells/mL per well into a 96-well plate (Falcon, Becton Dickinson Lab-
ware, Franklin Lakes, NJ, USA) and cultured at 37 °C in a humidified atmosphere of 95 %
airand 5 % CO2 for 24 h in Dulbecco’s Modified Eagle medium (DMEM) (Invitrogen Gibco
Cell Culture Products, Carlsbad, CA) with 20 % fetal bovine serum (FBS) (Gibco, Paisley,
UK). The medium was then replaced with DMEM containing BPA at doses of 107>, 107°,
or 1077 M. At 24 h, the medium was replaced with phenol-red-free DMEM containing 0.5
mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St.
Louis, MO, USA) and incubated for 4 h. Cellular reduction of the MTT tetrazolium ring
resulted in the formation of a dark-purple water-insoluble deposit of formazan crystals.
After incubation, the medium was aspirated and DMSO was added to dissolve the form-
azan crystals. Absorbance was measured with a spectrophotometer at 570 nm (Sun-

riseTM, Tecan, Mannedorf, Switzerland).

4.5. Apoptosis and Necrosis Analysis

Cultured human osteoblast cells treated with 107>, 107, or 10~ M for 24 h and
untreated control cells were detached from the culture flask, washed, suspended in 300
uL PBS, and then labeled with annexin V and Pl (Immunostep S.L., Salamanca, Spain),
incubating 100 uL aliquots of the cell suspension with 5 pL annexin V and 5 ulL Pl for 15
min at room temperature in the dark. Cells were then washed, suspended in 500 pL PBS,
and immediately analyzed in a flow cytometer with argon laser (Facs Vantage Becton
Dickinson, Palo Alto, Santa Clara, CA, USA) at a wavelength of 488 nm to determine the
percentage of fluorescent cells. We calculated the percentage of annexin-positive (apop-

totic) cells and Pl-positive (necrotic) cells from counts of 2000-3000 cells °.

4.6. Antigenic Phenotype

The antigenic phenotype was studied by flow cytometry at 24 h of culture with
107, 107°, or 10~ M BPA; untreated cells served as controls. Cells were detached from

the culture flask with 0.4 % (w/v) EDTA solution, washed, and suspended in PBS at 2 x



10* cells/mL. Cells were labeled by direct staining with monoclonal antibodies (MAbs)
CD54 (ICAM-1 MAb [MEM-111], FICT), CD80 (human CD80 [B7-1, BB1], FICT) and CD86
(human CD86 [B7-2, B70], FICT) from Invitrogen, Thermo Fisher Scientific, Madrid, Spain.
Cells were then analyzed by flow cytometry (FASC Canton II, SE Becton Dickinson, Palo

Alto, CA) as described by ?’.

4.7. ALP Activity

ALP activity was quantified using a colorimetric assay (diagnostic kit 104-LL;
Sigma) as described by 2°. Primary osteoblasts cultured in non-osteogenic medium and
treated with BPA at the above-reported doses or untreated (controls) were seeded at 1
x 10* cells/mL per well into 24-well plates and cultured for 24 h under standard condi-
tions. Standards of p-nitrophenol (0 to 250 umol/L) were prepared from dilutions of a
1000 umol/L stock solution and assayed in parallel. Next, cells were lysed with 0.1 % (v/v)
Triton X-100 at 37 °C, and the cell lysate was removed in a known volume of buffer con-
taining 10 mM Tris-HCl pH 7.8 and 0.5 mM MgCl,. ALP activity was determined using the
p-nitrophenyl phosphate (p-NPP) liquid substrate system (Sigma), which measures the
formation of yellow p-NP from p-NPP as catalyzed by ALP. Briefly, 50 pL of cell lysate
solution was added to the ALP substrate and incubated at 37 °C for 45 min; next, 50 plL
of NaOH 0.1 mol/L was added in each sample to stop the enzymatic reaction, and a final
absorbance measurement was taken at 405 nm with an ELx800 spectrophotometer (Bi-
oTek, Winooski, VT, USA). Total protein content was estimated by the Bradford method
using a protein assay kit from Bio-Rad Laboratories (Nazareth-Eke, Belgium). ALP activity
was expressed as U/mg protein. Results of each assay were compared with those for un-

treated cells grown under the same conditions.

4.8. Mineralization Assay

Cells were cultured in DMEM with ascorbic acid (0.05 mM) and B-glycerol phos-
phate (5 mM). At 7, 14, and 21 days, the plate with cells and the precipitated calcium
incorporated in the cell matrix were stained with alizarin red S (2 %). The dye present in

mineralization nodules was extracted for 15 min with 10 % (w/v) cetylpyridinium chloride



in 10 mM sodium phosphate (pH 7.0). The extracted stain was then transferred to a 96-
well plate and the absorbance at 562 nm was measured with a spectrophotometer

(ELx800, BioTek) as previously described 1.

4.9. Phagocytic Activity

Flow cytometry was used to study the phagocytic activity of osteoblasts cultured
for 24 h with BPA (107, 107°, or 107 M) or without BPA (controls). Cells were detached
from the culture flask using a solution of 0.05 % (w/v) trypsin and 0.02 % (w/v) EDTA,
washed, and suspended in complete culture medium with 10 % (v/v) FBS at 2 x
10* cells/mL. Cells were labeled by direct staining with labeled latex beads, incubating
100 L of cell suspension with 2 L of carboxylated FICT-labeled latex beads with diame-
ter of 2 um (Sigma Aldrich, St Louis, MO, USA) for 30 min at 37 °C in darkness. Cells were
washed, suspended in 1 mL of PBS, and immediately analyzed in a flow cytometer (FASC
Canton Il, SE Becton Dickinson, Palo Alto, Santa Clara, CA, USA). Results were expressed

as the percentage of cells positive for phagocytosis with respect to control group.

4.10. Gene Expression Analysis

Gene expression was determined by real-time polymerase chain reaction (RT-
gPCR) as described by [42]. After 24 h of culture with or without BPA (controls), cells were
detached from the culture flask using 0.05 % trypsin-EDTA solution (Sigma) and individu-
ally harvested. Messenger RNA (mRNA) was extracted by a silicate gel technique in the
QiagenRNeasy extraction kit (Qiagen Inc., Hilden, Germany), which includes a DNAse di-
gestion step. The amount of extracted mRNA was measured by UV spectrophotometry
at 260 nm (Eppendorf AG, Hamburg, Germany), determining contamination with proteins
according to the 260/280 ratio. An equal amount of RNA (1 pg of total RNA in 40 pL of
total volume) was reverse-transcribed to cDNA and amplified by PCR using the iScript™
cDNA Synthesis Kit (Bio-Rad laboratories, Hercules, CA, USA), following the manufac-
turer’s instructions.

Primers were designed using the NCBI-nucleotide library and Primer design (Table

1) to detect mRNA of ALP, COL-1, OSC, RUNX2, OSX, BMP-2, and BMP-7. All were matched



to the mRNA sequences of target genes (NCBI Blast software). Final results were normal-
ized as proposed by Ragni et al. (2013). Quantitative RT-PCR (RT-gPCR) was performed
using the SsoFast™ EvaGreen® Supermix Kit (Bio-Rad laboratories) in accordance with the
manufacturer’s protocols. Samples were amplified in 96-well microplates in an IQ5-Cycler
(Bio-Rad laboratories) using an annealing temperature (specific for each gene) ranging
from 60 °C to 65 °C and an elongation temperature of 72 °C over 40 cycles. PCR reactions
were carried out in a final volume of 20 pL, with 5 pL of cDNA sample and 2 uL of each
primer. For the negative control, water was used instead of mRNA samples. Standard
curves were constructed for each target gene by plotting Ct values against log cDNA di-
lution. After each RT-PCR, a melting profile was created and agarose gel electrophoresis
of each sample was carried out to rule out nonspecific PCR products and primer dimers.
The relative quantification of gene expression was determined using the comparative Ct
method. For each gene, the mRNA concentration was expressed in ng of mMRNA per aver-
age ng of housekeeping MRNAs. The cDNA from individual cell experiments was analyzed
in triplicate RT-PCR studies. The data were expressed as the percentage of expression

with respect to control group.

Gene | Sense primer Antisense primer Amblicon (bp)

ALP 5'-CCCATATTCCCTGCACTTTG-3’ 5’ -ACCTTGACCTCTCAGCCTCA-3’ 195
Col-1 | 5'-CCTCATCGCAGGAGAAAAAG-3' | 5'-CCCTGAAGTGACTGGGGTAA-3' 169

0sC 5’ -CCTGGTCCAGACCACAGAGT-3" | 5 -TGGAGATTTTGGGAGTACGG-3’ 194
Runx2 | 5'-CCTTGCTGCTCTACCTCCAC-3' 5’ -CACACAGGATGGCTTGAAGA-3’ 197

0SX 5" -TGCCTAGAAGCCCTGAGAAA-3" | 5’ -TTTAACTTGGGGCCTTGAGA-3’ 205
BMP-2 | 5'-TCGAAATTCCCCGTGACCAG-3' 5’ -CCACTTCCACCACGAATCCA-3’ 142
BMP-7 | 5" -CTGGTCTTTGTCTGCAGTGG-3' | 5'-GTACCCCTCAACAAGGCTTC-3' 202

Table 1. Primer sequences for the amplification of cDNA by real-time PCR.

4.11. Statistical Analysis

SPSS version 24.0 (IBM SPSS, Armonk, NY, USA) was used for the statistical analy-

sis. Each experiment was performed in triplicate for each culture. Results were expressed



as means * SD, and the Kolmogorov—Smirnov test was applied to evaluate the normality
of variable distributions. One-way analysis of variance (ANOVA) was performed, applying
the Bonferroni correction. p < 0.05 was considered significant. All data were analyzed in

relation to the control group.

5. Conclusions

These in vitro findings confirm the significant adverse effects of BPA on human
osteoblasts. Exposure inhibits their growth, differentiation, and function through de-
creases in ALP synthesis and mineralization and changes in antigen expression and phag-
ocytic capacity, closely related to alterations in gene expression. These results support
the need to prevent the exposure of humans to this toxic pollutant, which is widely pre-
sent in the environment and the home 3243, Our results contribute to explaining the in-
crease in the prevalence of bone pathologies, such as osteoporosis, as a consequence of
the high exposure of the population to this endocrine disruptor. However, further in vitro
and in vivo research is needed to verify the repercussions of long-term exposure to BPA

on bone health.
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OBJETIVO 2

Determinar in vitro el efecto de los analogos del BPA (BPS, BPF y BPAF) sobre el creci-
miento, y viabilidad celular, la actividad ALP y la mineralizacién en osteoblastos humanos

primarios.

Abstract

Bisphenol A (BPA) analogs, like BPA, could have adverse effects on human health
including bone health. The aim was to determine the effect of BPF, BPS and BPAF on the
growth and differentiation of cultured human osteoblasts. Osteoblasts primary culture
from bone chips harvested during routine dental work and treated with BPF, BPS, or BPAF
for 24 h at doses of 10-5, 10-6, and 10-7 M. Next, cell proliferation was studied, apop-
tosis induction, and alkaline phosphatase (ALP) activity. In addition, mineralization was
evaluated at 7, 14, and 21 days of cell culture in an osteogenic medium supplemented
with BP analog at the studied doses. BPS treatment inhibited proliferation in a dose-de-
pendent manner at all three doses by inducing apoptosis; BPF exerted a significant inhib-
itory effect on cell proliferation at the highest dose alone by an increase of apoptosis;
while BPAF had no effect on proliferation or cell viability. Cell differentiation was ad-
versely affected by treatment with BPA analogs in a dose-dependent, observing a reduc-
tion in calcium nodule formation at 21 days. According to the results obtained, these BPA
analogs could potentially pose a threat to bone health, depending on their concentration

in the organism.

Keywords Bisphenol F - Bisphenol S - Bisphenol AF - Osteoblast - Cellular viability - Cellular

differentiation.

1. Introduction



Exposure to bisphenol A (BPA) has been associated with numerous diseases (e.g., can-
cer, obesity, and reproductive health disorders) due to its action as an endocrine disrup-
tor 1. This highly ubiquitous toxin is found in a wide range of items of daily use, being
commonly employed in the manufacture of containers, utensils, and food packaging,
among many other products . Hence, humans are in virtually continuous contact with
this molecule >2. Evidence of the elevated toxicity and environmental ubiquity of BPA has
prompted measures aimed at its elimination. These included prohibition by the European
Commission of its utilization in baby bottles ® and thermal paper °. A recent European
Food Safety Authority (EFSA) draft opinion has proposed to lower the tolerable daily in-
take of BPA from 4 ug/kg/day to 0.04 ng/kg/day, therefore potential health risks need to
be addressed !!. Legislative action and consumer pressure have led to the widespread
replacement of BPA by its analogs, including BPF, BPS, and BPAF. However, these have
been reported to have comparable endocrine disrupting effects to those of BPA, with
similar possible health repercussions 2714,

Endocrine disruptors can interfere with bone homeostasis by causing a hormonal im-
balance, by exerting a direct toxic effect on osteoblasts, or by triggering osteoclastic ac-
tivity 1°. Estrogens play a major role in bone tissue regulation mechanisms, and bi-
sphenols act as xenoestrogens. They can therefore be responsible for hormonal imbal-
ances with potential repercussions for the structural and functional properties of bone
tissue °. Various studies have reported that cell physiology is altered by the interaction
of BPA with the estrogenic and xenobiotic receptors of osteoblasts and osteoclasts 17721,
However, there has been scant research on the effect of BPA on osteoblasts, and studied
cell populations have been varied, including murine osteoblasts 22, human fetal osteo-
blasts *° and, very recently, human osteoblasts obtained by primary culture 23. In this last
study, BPA inhibited the proliferative capacity of osteoblasts at doses ranging from 107
M to 10”7 M by inducing apoptosis. It also inhibited mineralization by reducing alkaline
phosphatase (ALP) synthesis and the consequent formation of calcium nodules. At mo-
lecular level, BPA inhibited the gene expression of osteogenic markers closely related to
osteoblastogenesis and osteoblast function, i.e., RUNX2, OXS, OSC, ALP, COL-1, BMP-2,
and BMP-7 23,

The objective of this in vitro study was to determine the effect of BPF, BPS, and BPAF

on the growth and differentiation of human osteoblasts.



2. Material and methods

2.1. Chemical

BPF, BPS and BPAF supplied by Sigma-Aldrich (St Louis, MO, USA), supplied by
Sigma-Aldrich (Co., MO), was dissolved in dimethyl sulfoxide (DMSO). The final DMSO

concentration was always < 0.05 %.

2.2 Primary Human Osteoblasts

Primary human osteoblasts were taken from bone chips harvested during routine
mandibular osteotomy or lower wisdom tooth extraction in healthy individuals at the
Clinic of the School of Dentistry of the University of Granada. Three patients were re-
cruited for this trial from which three primary human osteoblasts cell lines were estab-
lished. Each cell line was cultured independently. All participants signed informed con-

sent to participation in the study.

2.3 Treatments

The osteoblast cells obtained were treated for 24 h with BPF, BPS, or BPAF at

doses of 10° M, 10° M, or 10”7 M; untreated cells were used as controls.

2.4 Cell Proliferation Assay

Cell proliferation was determined by MTT colorimetric assay (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma) as described lllescas-Montes et al,
2017. In brief, cells were cultured in 96-well plates at a concentration of 1x104 cells/mL
and were synchronized for 24 h in DMEM supplemented with 2 % FBS. After treatment,
cells were added to medium without phenol red and with MTT and incubating them for
4 h at 379C in humidified atmosphere (95 % air 5 % CO2). After incubation, the formazan
crystals were dissolved by adding dimethyl-sulfoxide, and the absorbance was measured

at 570 nm using a spectrophotometer (SunriseTM, Tecan, Mannedorf, Switzerland). The



results were expressed as a percentage of the absorbance with respect to the control

group.

2.5 Apoptosis and necrosis analysis

Cultured human osteoblast cells treated with different BPs at a concentration of
10° M, 10° M, or 107 M for 24 h and untreated control cells. Apoptosis and necrosis
were studied as described 4. The results were expressed as the percentage of cells an-

nexin-positive (apoptotic) and propidium iodide-positive (necrotic).

2.6 ALP Activity

Primary human osteoblasts were grown to confluence with culture medium sup-
plemented with 10 mM B-glycerophosphate and 50 ug/mL of ascorbic acid to stimulate
differentiation. After 6 days, cells were incubated with doses 10”7 to 10> M of BPS, BPF
and BPAF for 48 h. Cells were lysed with 0.1 % Triton X-100. Untreated cells were used as
controls. ALP activity was quantified with a colorimetric assay (Diagnostic kit 104-LL,
Sigma, St. Louis, MO) using p-nitrophenyl phosphate as a substrate, as described Garcia-
Recio et al., 2022. Total protein content was estimated by the Bradford method. The re-
sults of each assay were compared with those for untreated cells grown under the same

conditions and expressed as percentage of U/mg protein in relation to control group.

2.7 Mineralization Assay

Cells were cultured in DMEM with ascorbic acid (0.05 mM) and B-glycerol phosphate
(5 mM), supplemented with the different doses (10> M, 10° M, or 10”7 M) of BPs tested
or unsupplemented (control group). The plate with cells and precipitated calcium added
to the cell matrix was stained with alizarin red S (2 %) at 7, 14, and 21 days. After extrac-
tion of the dye present in mineralization nodules for 15 min with 10 % (w/v) cetylpyri-
dinium chloride in 10 mM sodium phosphate (pH 7.0), the extracted stain was transferred
to a 96-well plate, and the absorbance was measured at 562 nm with a spectrophotom-

eter (ELx800, Biotek) as previously reported 23.



3. Results

3.1 Effect of BPF, BPS, and BPAF on osteoblast growth.

The impact of BPF, BPS, and BPAF on osteoblast growth was evaluated by the study
in parallel of their effects on cell proliferation and apoptosis/necrosis induction.
Figure 1 depicts the data obtained for human osteoblast proliferation after 24 h of culture
in the presence of 10, 10, or 10”7 M of the studied bisphenols. The proliferative capac-
ity of osteoblasts was significantly inhibited after BPS treatment at all three doses (p<
0.001) and after BPF treatment at the highest dose (10> M) (p< 0.001), but it was not

significantly affected by BPAF treatment at any dose.
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Fig. 1. Effect of different doses (10™° M, 10® M, or 10”7 M) of BPS, BPF, or BPAF on oste-
oblast proliferation in primary cell line after 24 h of incubation. Data are expressed as
means + standard deviation.

Results of the apoptosis/necrosis study are exhibited in Table 1. BPS treatment at
doses of 10, 10, and 107 M significantly increased the percentage of apoptotic cells
but did not affect the percentage of necrotic cells. BPF treatment significantly increased
the percentage of apoptotic cells at a dose of 10°M alone (p< 0.034), and necrotic effects
were not detected. Percentages of apoptotic and necrotic cells were not significantly

modified by treatment with BPAF at any of these doses.

% Necrosis % Apoptosis % Viable cells

X SD p X SD p X SD p




Control 2.63 1.069 | - 7.6 1375 | - 89.767 | 1.858 | -

S 10° |1 0.1 0.117 | 26.6 4.453 | 0.000* | 72.4 4.424 | 0.000*

10° |1 0.173 ] 0.115 | 12.567 | 0.666 | 0.048* | 86.433 | 0.265 | 0.141

107 | 1.73 0.503 | 0.283 | 12.867 | 2.248 | 0.039* | 85.403 | 2.663 | 0.092

F 10° | 1.3 0.265 | 0.064 | 12.6 0.603 | 0.034* | 86.1 0.850 | 0.064

10° | 1.1 0.520 | 0.039 | 7.933 2.926 | 0.869 90.967 | 2.689 | 0.161

107 | 1.833 | 0.907 | 0.233 | 8.7 3.477 | 0.589 89.467 | 4.331 | 0.929

AF | 10° ] 0.933 | 0.351 | 0.099 | 6.633 1.106 | 0.411 92.411 | 0.709 | 0.052

10° [ 0.967 | 0.115 | 0.113 | 7.833 1.790 | 0.839 91.2 1.955 | 0.270

107 ] 0.867 | 0.306 | 0.094 | 8.533 1.070 | 0.427 90.6 0.781 [ 0.501

Table 1. Results of apoptosis/necrosis assay in primary human osteoblast lines treated
for 24h with BPS, BPF, or BPAF at doses of 10 M, 10® M, or 10”7 M. Data are reported

as meansztstandard deviation. SD: (standard deviation). *: p < 0.05

3.2 Effect of BPF, BPS, and BPAF on the synthesis of alkaline phosphate.

Figure 2 depicts the ALP activity of human osteoblasts at 24 h of treatment with doses
of 102, 10, and 107 M of BPF, BPS, or BPAF. As observed, treatment with BPF inhibited
enzymatic activity at the three studied doses. However, treatment with BPS and BPAF

only produced significant changes at the higher doses (10°and 10° M).
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Fig. 2. ALP activity of primary cell line after 24 h of treatment with BPS, BPF, or BPAF at

doses of 10° M, 10 M, or 10”7 M. Activity was measured in cell lysates and normalized

to total cellular protein (U/mg protein). Data are reported as means+standard deviation.



3.3 Effect of BPF, BPS, and BPAF on mineralization in vitro.

Mineralization was measured at 7, 14, and 21 days of culture in osteogenic medium
culture supplemented with BPF, BPS, or BPAF at doses of 10, 10, or 10”7 M. The results
depicted in Figure 3 show no significant change in mineralization versus controls at 7 or
14 days of treatment but a significant inhibition at 21 days, due to a reduced formation

of calcium nodules with all three doses of BPF or BPS and the higher doses of BPAF (107

-6
and 10° M).
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Fig. 3. Quantitative study of mineralization (nodule formation) after culture of primary
osteoblast line in osteogenic medium supplemented with BPS, BPF, or BPAF (10> M, 10°

®M, or 107 M). Absorbance data are reported as means +standard deviation.

4. Discussion

BPA analogs have widely replaced BPA as apparently non-toxic alternatives in the fab-
rication of utensils and containers, especially in the food industry. However, their innoc-
uous status is currently under debate. In this study of cultured human osteoblasts, BPA
analogs BPS, BPF, and BPAF were found to adversely affect their physiology, altering their
growth, ALP synthesis, and mineralization in a dose-dependent manner.

According to the present findings, the proliferation of cultured human osteoblasts is
significantly inhibited by 24 hours of treatment with BPS at doses of 10, 10, or 107 M
and with BPF at the highest dose (10 M), and this inhibition is related to their induction
of apoptosis. Treatment with BPAF at the same doses had no effect on the growth of this

cell population. Our research group previously reported that BPA itself (at doses of 10>,



10, or 10”7 M) inhibits the proliferation of cultured human osteoblasts by inducing apop-
tosis 23, in agreement with observations of its adverse effect on the growth of mouse %2
and human fetal '° osteoblasts (MC3T3-E1 and hFOB1.19 lines, respectively).

Treatment with each analog was found to dose-dependently inhibit ALP synthesis and
mineralization, altering the differentiation and function of this cell population. The same
inhibitory effects were reported in mouse osteoblasts treated with BPA at doses of 2.5
and 12.5 uM but not 0.5 uM [22] and in BPA-treated human osteoblasts at even the low-
est doses tested (10 and 107 M) 3.

It has been demonstrated that both BPS and BPF can bind to estrogen receptors and
exert similar estrogenic and antiandrogenic activities to those of BPA, with BPF having
less potent effects in comparison to BPA or BPS. Accordingly, both BP analogs have evi-
denced steroidogenic activity, teratogenicity, genotoxicity, carcinogenicity, and meta-
bolic effects 2?7 also observed the negative repercussions of BPS and BPF on the biolog-
ical function of humans and rodents, and Rochester and Bolden (2015) described the
toxicity of BPS as equivalent to that of BPA. Since then, in vitro and in vivo studies have
verified the adverse effects of BPS exposure on reproductive, endocrinal, and nervous
systems in animals and humans, which may even include the triggering of oxidative stress
12,26,28-31 BPF exposure has adverse health effects via similar mechanisms to those ob-
served for BPA and BPS, altering signaling pathways involved in lipid metabolism and ad-
ipogenesis 283233 and causing DNA damage 333%. However, it was recently found that nei-
ther BPA nor BPA impairs the viability or differentiation of cultured murine osteoclasts
(RAW 264.7 line) at doses of 0.1, 1, or 10 uM 3>,

Likewise, in vitro and in vivo research findings have shown that BPS and BPF have a
similar metabolism and biological fate to that of BPA 2?7, Food is currently considered
the predominant source of human exposure to BPS, with a relatively small contribution
from personal care products. BPS and BPF are detected in urine (but rarely in other hu-
man matrices) at a lower concentration than that of BPA, which may be attributable to
the longer time period of exposure to BPA 3033, Although the percutaneous absorption of
BPS is lesser, its lower biotransformation efficiency results in a plasma clearance rate two-
fold lower than that of BPA. This negative effect should be considered when evaluating

the consequences of replacing BPA with BPS 337, The above evidence suggests that the



presence of these analogs in the blood may have the same consequences for bone tissue
as observed for other tissues and systems.

The health effects of exposure to BPAF are less well known. It has been found to in-
crease oxidative stress in erythrocytes to an even greater degree than observed after BPA
or BPS treatment 3839 In the same way, BPAF proved to be a more potent endocrine
disruptor than BPA in in vivo studies of different species, such as zebra-fish and rat 404!
and was found to compromise the reproductive health of mice, in both in vitro and in vivo
studies 443,

Molecular studies have attributed differences in toxic effects among different bi-
sphenols (BPA, BPAF, and BPS) to variations in their affinities and binding sites. Multiple
sites with variable binding affinities have been described in the androgen receptor for
these bisphenols, indicating the availability of modified binding surfaces on this receptor
for co-regulating interactions #4.

In the present study of human osteoblasts, BPF and BPS affected both their growth
and differentiation, while BPAF altered their differentiation alone, through the dose-de-
pendent inhibition of ALP synthesis and mineralization. These data suggest that BPA an-
alogs can impair bone health, although further research is needed to verify these effects.
Our results are in line with the need to reduce the intake of BPs, as stated by EFSA in its
latest report 1. And on the other hand, the use of these BPs in industry, given that an
increase in the presence of BPs, including those studied in this work, has been observed
in the environment #>46,

According to these results, BPF and BPS adversely affect the viability, differentiation,
and function of cultured human osteoblasts in a dose-dependent manner, whereas ex-

posure to BPAF only alters their ALP synthesis and mineralization.
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OBJETIVO 3

Analizar in vitro el efecto de los andlogos del BPA (BPS, BPF y BPAF) sobre la expresifion
génica de ALP, Col-1, OSC, Runx2, OSX, BMP-2 y BMP-7 en osteoblastos humanos prima-

rios.

Abstract

Bone effects attributed to bisphenols (BPs) include the inhibition of growth and
differentiation. This study analyzes the effect of BPA analogs (BPS, BPF, and BPAF) on the
gene expression of osteogenic markers RUNX2, Osterix (OSX), bone morphogenetic pro-
tein-2 (BMP-2), BMP-7, alkaline phosphatase (ALP), collagen-1 (COL-1), and osteocalcin
(OSC). Human osteoblasts were obtained by primary culture from bone chips harvested
during routine dental work in healthy volunteers and were treated with BPF, BPS, or BPAF
for 24 h at doses of 10, 10, and 10”7 M. Non-treated cells were used as controls. Real-
time PCR was used to determine the gene expression of osteogenic markers RUNX2, OSX,
BMP-2, BMP-7, ALP, COL-1, and OSC. The expression of all studied markers was inhibited
in the presence of each analog; some markers (COL-1; OSC, BMP2) were inhibited at all
three doses and others only at the highest doses (10 and 10® M). Results obtained for
the gene expression of osteogenic markers reveal an adverse effect of BPA analogs (BPF,
BPS, and BPAF) on the physiology of human osteoblasts. The impact on ALP, COL-1, and
OSC synthesis and therefore on bone matrix formation and mineralization is similar to
that observed after exposure to BPA. Further research is warranted to determine the
possible contribution of BP exposure to the development of bone diseases such as oste-

0oporosis.

Keywords: Bisphenol S; bisphenol F; bisphenol AF; osteoblast; gene expresion



1. Introduction

The term Endocrine Disruptor (EDC) indicates a set of chemicals with a specific effect
on the endocrine system that interferes with receptor-mediated hormone activity. EDCs
are substances capable of altering cellular metabolism and causing long-term toxic effect.
This group includes molecules of natural origin or synthetic compounds 2. Bisphenols
are compounds that are widely found in nature as they are used in the manufacture of
plastics and resins. Since they are EDCs, they can imitate or block hormone receptors,
altering the concentration and metabolism of hormones and exerting adverse effects at
different levels of the organism 3. Due to widespread exposure and concern that BPA was
a toxicant affecting, among other areas, reproductive health, health authorities urged
manufacturers to abandon the use of BPA and introduce similar safer chemicals. BPA an-
alogues (BPF, BPS, and BPAF) were designed to replace BPA in the manufacture of certain
materials and utensils, especially those in contact with food or used in the home, avoiding
the known toxicity of this compound. However, various studies have found that the tox-
icity of these analogs is similar to that previously observed for BPA 48,

BPA has a harmful effect on bone tissue since it can interact via estrogenic receptors
with the two main bone tissue populations, osteoblasts and osteoclasts, possibly com-
promising bone health 1. BPA inhibits the growth of murine (MC3T3-E1 cell line) ° and
human fetal (hFOB 1.19 cell line) osteoblasts ° and human osteoblasts obtained by pri-
mary culture from bone implants 1. This growth inhibition results from apoptosis induc-
tion, which compromises cell viability in a dose-dependent manner. BPA can also affect
the function of this cell population by inhibiting alkaline phosphatase (ALP) synthesis and
therefore the mineralization process 19712, BPA treatment has been found to alter the
gene expression of RUNX2, Osterix (OSX), B catenin, Collagen-1 (COL-1), osteocalcin
(OSC), and bone morphogenetic proteins (BMPs) 2 and 7 (BMP-2 and BPM-7) ®71113 and
the expression of these osteogenic markers is associated with the differentiation and
maturation and therefore functional capacity of osteoblasts 4.

Given that the presence of BPA has been found to modulate the growth and function
of human osteoblasts, the objective of this study was to determine the effect of osteo-
blast culture with BPF, BPS, or BPAF on the gene expression of RUNX2, ALP, OSX, COL-1,
OSC, BMP-2, and BMP-7.



2. Results

Quantitative RT-PCR (g-RT-PCR) results for the gene expression of osteoblasts after
24 h of culture with BPS, BPF and BPAF at doses 10, 10® and 10”7 M were compared

with results for untreated control cells.

2.1. RUNX2

RUNX2 gene expression was significantly and dose-dependently reduced by treat-
ment with each BP (BPF, BPS, or BPAF) at each dose except for BPAF, which produced no

significant change in expression at the lowest dose (10”7 M) (Figure 1).
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Fig. 1. Expression of RUNX2 in primary human osteoblasts treated for 24 h with bisphenol
S, Fand AF (107, 10, or 10 M). The assay was performed in triplicate with each of the
three primary human osteoblast cell lines. Data are expressed as percentage expression
with respect to control + standard deviation. Significant difference * p < 0.05;

** < 0.001.

2.2. BMP-2 and BMP-7

Gene expression of both BMP2 and BMP7 was significantly and dose-dependently
decreased by treatment with each BP at each dose except for the lowest dose of BPS

(107 M), which produced no significant change in expression (Figure 2).
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Fig. 2. Expression of BMP2 (A) and BMP7 (B) in primary human osteoblasts treated for
24 h with bisphenol S, F and AF (107, 106, or 10> M). The assay was performed in tripli-
cate with each of the three primary human osteoblast cell lines. Data are expressed as
percentage expression with respect to control + standard deviation. Significant differ-

ences * p <0.05; ** p <0.001.

2.3. 0OSX

OSX gene expression was significantly and dose-dependently reduced by treatment

with each dose of each BP except for BPAF, which had no significant effect at any dose

(Figure 3).
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Fig. 3. Expression of OSX in primary human osteoblasts treated for 24 h with bisphenol S, F
and AF (107, 10, or 10> M). The assay was performed in triplicate with each of the three
primary human osteoblast cell lines. Data are expressed as percentage expression with re-

spect to control + standard deviation. Significant differences * p < 0.05; ** p < 0.001.



2.4, ALP

ALP gene expression was significantly and dose-dependently reduced by treatment
with each dose of BPF and BPS but was only significantly decreased by treatment with

the highest dose of BPAF (Figure 4).
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Fig. 4. Expression of ALP in primary human osteoblasts treated for 24 h with bisphenol
S, Fand AF (107, 10, or 10> M). The assay was performed in triplicate with each of the
three primary human osteoblast cell lines. Data are expressed as percentage expression
with respect to control + standard deviation. Significant differences * p < 0.05;

** < 0.001.

2.5.0SC

OSC gene expression was significantly and dose-dependently decreased by each BP

at each dose (Figure 5).
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Fig. 5. Expression of OSC in primary human osteoblasts treated for 24 h with bisphenol
S, Fand AF (107, 10°%, or 10> M). The assay was performed in triplicate with each of the
three primary human osteoblast cell lines. Data are expressed as percentage expression
with respect to control + standard deviation. Significant differences * p < 0.05;

** < 0.001.



2.6. COL-1

Col-1 gene expression was significantly and dose-dependently reduced by treat-

ment with each dose of BPF and BPS, but BPAF produced a significant change in expres-

sion at the higher doses alone (10, and 10° M) (Figure 6).
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Fig. 6. Expression of Col-1 in primary human osteoblasts treated for 24 h with bisphenol

S, Fand AF (107, 10, or 10> M). The assay was performed in triplicate with each of the

three primary human osteoblast cell lines. Data are expressed as percentage expression

with respect to control + standard deviation. Significant differences * p < 0.05;

** < 0.001.

3. Discussion

In this study, human osteoblasts cultured for 24 h in the presence of BPA analogs

(BPF, BPS, or BPAF) underwent significant changes in the gene expression of RUNX2, OXS,

OSC, ALP, COL-1, BMP-2, and BMP-7, osteogenic markers with key roles in osteoblast

maturation and function >/, Culture with these BPA analogs was found to inhibit the

expression of these markers in a dose-dependent manner.

Mesenchymal cell-based osteogenic differentiation is regulated by various transcrip-

tional factors (e.g., RUNX-2/Cbfa, BMP, and OSX) that are essential for regulating the

genes involved in the production of bone extracellular matrix proteins (e.g., ALP, COL-I,

bone sialoprotein [BSP], OSC, and osteopontin [OPN]) and for inducing bone mineraliza-



tion 20, RUNX-2/Cbfa, BMP, and OSX genes participate in the formation and differenti-
ation of osteoblasts by activating signals that favor the production of molecules closely
related to bone metabolism 172!, Each stage of osteoblast functional differentiation (pro-
liferation, bone matrix synthesis, and mineralization) is associated with certain cell mark-
ers . Specifically, OSX and RUNX2 are expressed in immature osteoblasts and maintain
their expression throughout the osteogenic lineage 2?2, while BMP-2 and BMP-7 are
both related to osteoblast formation and differentiation 272, and the major inhibition of
their expression can halt the differentiation process ?’. In the present study, the presence
of BPF, BPS, or BPAF was found to inhibit the gene expression of BMP-2, BMP-7, RUNX2,
and OSX.

Comparison with published findings on the expression of osteogenic markers by hu-
man osteoblasts cultured in the presence of BPA ! shows that culture with BPS has sim-
ilar effects but that culture with BPF inhibits a larger number of osteogenic markers at all
three doses (10, 10°® and 10”7 M). In the case of BPAF, higher doses are required to alter
the expression of these osteogenic markers, while the expression of OSX is not changed
at any of the three doses assayed. Given the functional involvement of these markers in
the osteoblast lineage, not only BPA but also its analogs BPF, BPS, and BPAF may com-
promise osteoblast differentiation and maturation. This could have undesirable repercus-
sions on the complex process of bone development, as these markers play a crucial role

in the molecular mechanism of osteogenesis.

The observation of a decrease in the expression of RUNX2, OXS, and BPMs in human
osteoblasts cultured in the presence of BPF, BPS, or BPAF helps to explain the reduced
expression of the osteogenic markers ALP, OSC, and COL-1, which play a major role in the
formation and mineralization of the bone tissue extracellular matrix. ALP is a metalloen-
zyme that hydrolyzes monophosphate esters at alkaline pH (8 - 10), thereby releasing the
inorganic phosphorus required for bone mineralization 28. ALP is expressed at an early
stage of osteoblast differentiation, being present on the cell surface and in bone matrix
vesicles. Its expression is subsequently reduced during osteoblast maturation, when
other genes (e.g., OSC) are upregulated 2°. OSC is a gene of late expression that encodes

the homonymous peptide hormone synthesized by osteoblasts, which is the main non-



collagen bone tissue protein. It contributes to bone conformation and mineralization by
favoring the ordered deposit of minerals through regulation of the amount and size of
hydroxyapatite crystals. Hence, the main function of OSC is the regulation of matrix syn-
thesis 331, Finally, COL-1, which is the most abundant protein of the bone matrix, is syn-
thetized by mature osteoblasts and plays a structural role. Its expression is observed in
nodules mineralized in vitro and mainly in the mature matrix of bone in vivo. COL-1 is
considered an osteoblast-specific marker, despite being expressed by cells that are not

of osteogenic lineage 3.

Bone remodeling is an active process crucial to adult bone homeostasis that involves
a balanced coordination of bone formation and resorption to maintain bone mass and
systemic mineral homeostasis. Therefore, the balance of this process guarantees bone
health, and any factor that alters it, whether endogenous or exogenous, compromises
bone health. Under normal conditions, 5-10 % of the total bone is renewed every year.
In bone remodeling, the osteoclasts resorb a certain amount of bone and the osteoblasts
form the osteoid matrix and mineralize it to fill the cavity previously created. It is there-
fore a complex process in which cellular and molecular components are closely related.
The cells closely involved (osteoclasts, preosteoblasts and osteoblasts) are governed by
a series of molecular signals that will allow the normal functioning of the bone and the
maintenance of bone mass. When this process loses its balance, bone pathology appears,

either by excess (osteopetrosis) or by defect (osteoporosis) 3334,

The effect on the gene expressions of ALP, COL-1, and OSC of culture with the three
BPs under study suggest that these compounds have a negative impact on the bone ex-
tracellular matrix, similar to the reported effects of BPA at osteoblast level. This effect on
the expression of these markers is closely related to the inhibition of mineralization and
ALP activity observed in human osteoblasts cultured in osteogenic medium in the pres-
ence of BPA 1. Human exposure to bisphenols is widespread in the general population
and specifically in workers handling these substances . The ubiquity of BPs, indicates
that this exposure occurs through food intake, drinking water, by contact of skin with
thermal paper or dust inhalation 36739, It has been observed that 75 % of 267 foods tested,

had bisphenols in concentrations ranging from 0.10 ng/g fresh weight to 1130 ng/g fresh



weight *. Moreover, the presence of these bisphenols has been determined in human
urine, serum and breast milk samples %3, The reported presence of Bisphenol ana-
logues of BPA in human biological samples coupled with the close structural similarity to
BPA suggests a possible adverse effect on the organism as described for BPA which has
already been documented in other tissues. In this regard, our findings suggest that life-
time exposure to BPs could represent a possible risk factor for the development of oste-
oporosis, a disease of increasing prevalence #*. Given the importance of the potential
risks of exposure to these BPs, it is necessary to study in depth the impact of these mol-

ecules on bone tissue, both in vitro and in vivo.

4. Material and Methods

4.1. Chemicals

BPF, BPS, and BPAF were obtained from Sigma-Aldrich (St Louis, MO, USA) and dis-

solved in dimethyl sulfoxide (DMSO) to a final DMSO concentration of < 0.05 %.

4.2. Isolated and primary culture of Human Osteoblasts

Primary human osteoblasts were obtained from trabecular bone chips harvested
during routine mandibular osteotomy or third molar extraction in healthy individuals at
the Clinic of the School of Odontology of our university. Three patients were recruited for
this trial from which three primary human osteoblasts cell lines were established. All in-
dividuals signed their informed consent to participation in the study, which was approved
by the university research ethics committee (Reg. No. 523/CEIH/2018). Osteoblasts were
isolated, characterized, and cultured as described by Garcia-Martinez et al., (2011) and
Melguizo-Rodriguez et al. (2018) *>4. Bone fragments were washed thoroughly in phos-
phate-buffered saline solution (PBS, pH 7.4) and were seeded onto culture dishes (Falcon
Labware, Oxford, UK). Then they were covered with complete culture medium [Dulbec-
co's-modified Eagle medium (DMEM; Invitrogen Gibco Cell Culture Products, Carlsbad,
CA) supplemented with 100 IU/ml penicillin (Lab ERN SA, Barcelona, Spain), 50 pg/ml

gentamicin (Laboratorios Normon SA, Madrid, Spain), 2.5 ug/ml amphotericin B (Sigma,



St Louis, MO), 1 % glutamine (Sigma, St Louis, MO, USA), and 2 % HEPES (Sigma, St Louis,
MO, USA) and 20 % fetal bovine serum (FBS; Gibco, Paisley, UK)].

Cells were kept in a humidified atmosphere of 95 % air and 5 % CO; and at 37 °C.
After reaching confluence (2-3 weeks), cells were detached from the culture flask with a
solution of 0.05 % trypsin (Sigma, St Louis, MO, USA) and 0.02 % ethylene-diamine
tetraacetic acid (EDTA; Sigma, St Louis, MO, USA) and were washed and suspended in

complete culture medium with 20 % FBS.

4.3, Treatments

Osteoblasts obtained were treated for 24 h with BPS, BPF, or BPAF (Sigma-Aldrich)

at doses of 10, 10, or 107 M; untreated cells were used as controls.

4.4. Effect of BPF, BPS, and BPAF on the gene expression of human osteoblasts

Real-time polymerase chain reaction (RT-PCR) was used to determine the effect
of BPs on the gene expression of cultured human osteoblasts. After 24 h of culture with
the BP at the corresponding dose, an 0.05 % trypsin-EDTA solution (Sigma) was used to
detach the cells. The Qiagen RNeasy kit (Qiagen Inc., Hilden, Germany) was used for
mMRNA extraction in accordance with kit instructions. The amount of mMRNA extracted was
measured by UV spectrophotometry at 260 nm (Eppendorf AG, Hamburg, Germany), and
contamination with proteins was determined according to the 260/280 ratio. Next, 1 pg
MRNA from osteoblasts cultured with each BP at each dose was brought to a total volume
of 40 pl reverse-transcribed to cDNA and amplified by PCR using the iScriptTM cDNA
Synthesis Kit (Bio-Rad laboratories, Hercules, CA, USA) in accordance with the manufac-

turer’s instructions #’.

RT-PCR primers were designed using the NCBI nucleotide library and Primer3-de-
sign to detect mRNA of Runx-2, OSX, ALP, OSC, Col-I, BMP-2, or BMP-7 (Table 1). Ubiquitin
C (UBC), peptidylprolyl isomerase A (PPIA), and ribosomal protein S13 (RPS13) were used

as stable housekeeping genes to normalize the results %8



Quantitative RT-PCR (g-RT-PCR) was carried out with the SsoFastTM EvaGreen®
Supermix Kit (Bio-Rad laboratories), placing cDNA samples in 96-well microplates and us-
ing 1Q5-Cycler (Bio-Rad laboratories) to amplify the genetic information. More than 40
cycles were carried out with annealing temperatures ranging from 60 to 65 °C and an
elongation temperature of 72 °C. PCR reactions were performed in a total volume of 20
UL, including 5 pL from cDNA samples and 2 plL from the primer. Standard curves were
constructed for each gene by plotting Ct values against log cDNA dilution. Nonspecific
PCR products and primer dimers were then excluded by creating a melting profile and
performing agarose gel electrophoresis. mMRNA concentrations for each gene were ex-
pressed as ng of mRNA per average ng of housekeeping mRNA #°. This assay was per-

formed in triplicate.

Gene | Sense primer Antisense primer

ALP 5'-CCCATATTCCCTGCACTTTG-3’ 5’ -ACCTTGACCTCTCAGCCTCA-3’

Col-1 | 5" -CCTCATCGCAGGAGAAAAAG-3’ | 5' -CCCTGAAGTGACTGGGGTAA-3'

OSC | 5'-CCTGGTCCAGACCACAGAGT-3' | 5' -TGGAGATTTTGGGAGTACGG-3’

Runx2 | 5" -CCTTGCTGCTCTACCTCCAC-3' 5’ -CACACAGGATGGCTTGAAGA-3’

OSX | 5'-TGCCTAGAAGCCCTGAGAAA-3" | 5' -TTTAACTTGGGGCCTTGAGA-3’

BMP-2 | 5'-TCGAAATTCCCCGTGACCAG-3' 5’ -CCACTTCCACCACGAATCCA-3’

BMP-7 | 5" -CTGGTCTTTGTCTGCAGTGG-3" | 5'-GTACCCCTCAACAAGGCTTC-3'

Table 1. Primer sequences for the amplification of osteoblasts’ cDNA by RT-PCR.

4.5. Statistical Analysis

MRNA levels were expressed as means + SD. The normality of variable distributions
was checked with the Kolmogorov—-Smirnov test. Data were analyzed using ANOVA with
Bonferroni corrections for multiple comparisons. Three cell lines of primary culture hu-
man osteoblasts were employed for all experiments, performing at least three experi-
ments in all assays. SPSS 22.0 (IBM, Chicago, IL, USA) was used for data analyses, consid-

ering p < 0.05 to be significant in all tests.



5. Conclusions

This in vitro study demonstrates that BPA analogs (BPF, BPS, and BPAF) exert adverse
effects on the expression of osteogenic markers involved in bone development and may
inhibit the formation and mineralization of the bone matrix, with a potentially negative
impact on the biomechanical properties of bone. The effects observed for these BPA an-
alogs (BPF, BPS, and BPAF) were not substantively different from those previously re-
ported for BPA itself, suggesting that the utilization of these analogs should be subject to
comparable supervision and control measures. Further research is warranted to deter-
mine the possible contribution of BP exposure to the development of bone diseases such

as osteoporosis.

6. References

1. Rudel, R.A.; Perovich, L.J. Endocrine Disrupting Chemicals in Indoor and Outdoor
Air.  Atmospheric Environment 2009, 43, 170-181, doi:10.1016/j.at-
mosenv.2008.09.025.

2. Rochefort, H. Endocrine Disruptors (EDs) and Hormone-Dependent Cancers: Cor-
relation or Causal Relationship? Comptes Rendus Biologies 2017, 340, 439445,
doi:10.1016/j.crvi.2017.07.007.

3. Abraham, A.; Chakraborty, P. A Review on Sources and Health Impacts of Bis
phenol A. Rev Environ Health 2020, 35, 201-210, doi:10.1515/reveh-2019-0034.

4, Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A Systematic Review and Compar-
ison of the Hormonal Activity of Bisphenol A Substitutes. Environ Health Perspect
2015, 123, 643-650, doi:10.1289/ehp.1408989.

5. Rosenfeld CS Neuroendocrine Disruption in Animal Models Due to Exposure to
Bisphenol A Analogues. Frontiers in neuroendocrinology 2017, 47,
doi:10.1016/j.yfrne.2017.08.001.

6. Pelch, K.; Wignall, J.A.; Goldstone, A.E.; Ross, P.K.; Blain, R.B.; Shapiro, AJ.,;
Holmgren, S.D.; Hsieh, J.-H.; Svoboda, D.; Auerbach, S.S.; et al. A Scoping Review

of the Health and Toxicological Activity of Bisphenol A (BPA) Structural Analogues



10.

11.

12.

13.

14.

15.

and Functional Alternatives. Toxicology 2019, 424, 152235,
doi:10.1016/j.tox.2019.06.006.

den Braver-Sewradj, S.P.; van Spronsen, R.; Hessel, E.V.S. Substitution of Bi-
sphenol A: A Review of the Carcinogenicity, Reproductive Toxicity, and Endocrine
Disruption Potential of Alternative Substances. Crit Rev Toxicol 2020, 50, 128-
147, doi:10.1080/10408444.2019.1701986.

Shambhari, A. ’Afifah; Abd Hamid, Z.; Budin, S.B.; Shamsudin, N.J.; Taib, I.S. Bi-
sphenol A and Its Analogues Deteriorate the Hormones Physiological Function of
the Male Reproductive System: A Mini-Review. Biomedicines 2021, 9, 1744,
doi:10.3390/biomedicines9111744.

Hwang, J.K.; Min, K.H.; Choi, K.H.; Hwang, Y.C.; Jeong, |.-K.; Ahn, K.J.; Chung, H.-Y.;
Chang, J.S. Bisphenol A Reduces Differentiation and Stimulates Apoptosis of Oste-
oclasts and Osteoblasts. Life Sciences 2013, 93, 367-372,
doi:10.1016/j.1fs.2013.07.020.

Thent, Z.C.; Froemming, G.R.A,; Ismail, A.B.M.; Fuad, S.B.S.A.; Muid, S. Employing
Different Types of Phytoestrogens Improve Bone Mineralization in Bisphenol A
Stimulated Osteoblast. Life Sciences 2018, 210, 214-223,
doi:10.1016/j.1fs.2018.08.057.

Garcia-Recio, E.; Costela-Ruiz, V.J.; Melguizo-Rodriguez, L.; Ramos-Torrecillas, J.;
Garcia-Martinez, O.; Ruiz, C.; de Luna-Bertos, E. Repercussions of Bisphenol A on
the Physiology of Human Osteoblasts. Int J Mol Sci 2022, 23, 5349,
doi:10.3390/ijms23105349.

Thent, Z.C.; Froemming, G.R.A.; Muid, S. Bisphenol A Exposure Disturbs the Bone
Metabolism: An Evolving Interest towards an Old Culprit. Life Sci 2018, 198, 1-7,
doi:10.1016/j.1fs.2018.02.013.

Chin, K.-Y.; Pang, K.-L.; Mark-Lee, W.F. A Review on the Effects of Bisphenol A and
Its Derivatives on Skeletal Health. Int J Med Sci 2018, 15, 1043-1050,
doi:10.7150/ijms.25634.

Long, F. Building Strong Bones: Molecular Regulation of the Osteoblast Lineage.
Nat Rev Mol Cell Biol 2011, 13, 27-38, d0i:10.1038/nrm3254.

Capulli, M.; Paone, R.; Rucci, N. Osteoblast and Osteocyte: Games without Fron-

tiers. Arch Biochem Biophys 2014, 561, 3—12, doi:10.1016/j.abb.2014.05.003.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Roeder, E.; Matthews, B.G.; Kalajzic, I. Visual Reporters for Study of the Osteoblast
Lineage. Bone 2016, 92, 189-195, doi:10.1016/j.bone.2016.09.004.

Komori, T. Molecular Mechanism of Runx2-Dependent Bone Development. Mol
Cells 2020, 43, 168-175, doi:10.14348/molcells.2019.0244.

Salazar, V.S.; Gamer, L.W.; Rosen, V. BMP Signalling in Skeletal Development, Dis-
ease and Repair. Nat Rev  Endocrinol 2016, 12, 203-221,
doi:10.1038/nrendo.2016.12.

Komori, T. Regulation of Proliferation, Differentiation and Functions of Osteo-
blasts by Runx2. Int J Mol Sci 2019, 20, E1694, doi:10.3390/ijms20071694.

Chan, W.C.W.; Tan, Z.; To, M.K.T.; Chan, D. Regulation and Role of Transcription
Factors in Osteogenesis. Int J Mol Sci 2021, 22, 5445, doi:10.3390/ijms22115445.
Xu, B.; Wang, X.; Wu, C.; Zhu, L.; Chen, O.; Wang, X. Flavonoid Compound Icariin
Enhances BMP-2 Induced Differentiation and Signalling by Targeting to Connec-
tive Tissue Growth Factor (CTGF) in SAMP6 Osteoblasts. PLoS One 2018, 13,
0200367, doi:10.1371/journal.pone.0200367.

Gomathi, K.; Akshaya, N.; Srinaath, N.; Moorthi, A.; Selvamurugan, N. Regulation
of Runx2 by Post-Translational Modifications in Osteoblast Differentiation. Life Sci
2020, 245, 117389, doi:10.1016/j.1fs.2020.117389.

Beederman, M.; Lamplot, J.D.; Nan, G.; Wang, J.; Liu, X.; Yin, L.; Li, R.; Shui, W.;
Zhang, H.; Kim, S.H.; et al. BMP Signaling in Mesenchymal Stem Cell Differentiation
and Bone Formation. J Biomed Sci Eng 2013, 6, 32-52,
doi:10.4236/jbise.2013.68A1004.

Bayat, M.; Momen Heravi, F.; Mahmoudi, M.; Bahrami, N. Bone Reconstruction
Following Application of Bone Matrix Gelatin to Alveolar Defects: A Randomized
Clinical Trial. Int J Organ Transplant Med 2015, 6, 176—181.

Seo, S.-J.; Bark, CW.; Lim, J.-H.; Kim, Y.-G. Bone Dynamics in the Upward Direction
after a Maxillary Sinus Floor Elevation Procedure: Serial Segmentation Using Syn-
chrotron Radiation Micro-Computed Tomography. Int J Nanomedicine 2015, 10
Spec Iss, 129-136, doi:10.2147/1JN.S88282.

Kelly, M.P.; Vaughn, O.L.A.; Anderson, P.A. Systematic Review and Meta-Analysis

of Recombinant Human Bone Morphogenetic Protein-2 in Localized Alveolar



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ridge and Maxillary Sinus Augmentation. J Oral Maxillofac Surg 2016, 74, 928—
939, d0i:10.1016/j.joms.2015.11.027.

Lin, G.-H.; Lim, G.; Chan, H.-L.; Giannobile, W.V.; Wang, H.-L. Recombinant Human
Bone Morphogenetic Protein 2 OQutcomes for Maxillary Sinus Floor Augmentation:
A Systematic Review and Meta-Analysis. Clin Oral Implants Res 2016, 27, 1349—
1359, d0i:10.1111/clr.12737.

M, M. Mechanism of Bone Mineralization. Cold Spring Harbor perspectives in
medicine 2018, 8, doi:10.1101/cshperspect.a031229.

Siller, A.F.; Whyte, M.P. Alkaline Phosphatase: Discovery and Naming of Our Fa-
vorite Enzyme. J Bone Miner Res 2018, 33, 362—-364, do0i:10.1002/jbmr.3225.
Karpen, H.E. Mineral Homeostasis and Effects on Bone Mineralization in the Pre-
term Neonate. Clin Perinatol 2018, 45, 129-141, doi:10.1016/j.clp.2017.11.005.
Vimalraj, S. Alkaline Phosphatase: Structure, Expression and Its Function in Bone
Mineralization. Gene 2020, 754, 144855, doi:10.1016/j.gene.2020.144855.
Kalajzic, I.; Kalajzic, Z.; Kaliterna, M.; Gronowicz, G.; Clark, S.H.; Lichtler, A.C;
Rowe, D. Use of Type | Collagen Green Fluorescent Protein Transgenes to Identify
Subpopulations of Cells at Different Stages of the Osteoblast Lineage. J Bone
Miner Res 2002, 17, 15-25, doi:10.1359/jbmr.2002.17.1.15.

Siddiqui, J.A.; Partridge, N.C. Physiological Bone Remodeling: Systemic Regulation
and Growth Factor Involvement. Physiology (Bethesda) 2016, 31, 233-245,
doi:10.1152/physiol.00061.2014.

Li, H.; Xiao, Z.; Quarles, L.D.; Li, W. Osteoporosis: Mechanism, Molecular Target
and Current Status on Drug Development. Curr Med Chem 2021, 28, 1489-1507,
doi:10.2174/0929867327666200330142432.

Bousoumah, R.; Leso, V.; lavicoli, I.; Huuskonen, P.; Viegas, S.; Porras, S.P.; Santo-
nen, T.; Frery, N.; Robert, A.; Ndaw, S. Biomonitoring of Occupational Exposure to
Bisphenol A, Bisphenol S and Bisphenol F: A Systematic Review. Science of The
Total Environment 2021, 783, 146905, doi:10.1016/j.scitotenv.2021.146905.
Liao, C.; Liu, F.; Guo, Y.; Moon, H.-B.; Nakata, H.; Wu, Q.; Kannan, K. Occurrence
of Eight Bisphenol Analogues in Indoor Dust from the United States and Several
Asian Countries: Implications for Human Exposure. Environ Sci Technol 2012, 46,

9138-9145, d0i:10.1021/es302004w.



37.

38.

39.

40.

41.

42.

43.

44,

Liao, C.; Liu, F.; Kannan, K. Bisphenol s, a New Bisphenol Analogue, in Paper Prod-
ucts and Currency Bills and Its Association with Bisphenol a Residues. Environ Sci
Technol 2012, 46, 6515-6522, doi:10.1021/es300876n.

Liao, C.; Kannan, K. Concentrations and Profiles of Bisphenol A and Other Bi-
sphenol Analogues in Foodstuffs from the United States and Their Implications for
Human  Exposure. J Agric Food Chem 2013, 61, 4655-4662,
doi:10.1021/jf400445n.

Lane, R.F.; Adams, C.D.; Randtke, S.J.; Carter, R.E. Chlorination and Chloramination
of Bisphenol A, Bisphenol F, and Bisphenol A Diglycidyl Ether in Drinking Water.
Water Research 2015, 79, 68—78, doi:10.1016/j.watres.2015.04.014.

Li, J.; Wu, C.; Zhao, H.; Zhou, Y.; Cao, G.; Yang, Z.; Hong, Y.; Xu, S.; Xia, W.; Cai, Z.
Exposure Assessment of Bisphenols in Chinese Women during Pregnancy: A Lon-
gitudinal Study. Environ Sci  Technol 2019, 53, 7812-7820,
doi:10.1021/acs.est.9b01281.

Gonzdlez, N.; Cunha, S.C.; Monteiro, C.; Fernandes, J.0.; Marques, M.; Domingo,
J.L.; Nadal, M. Quantification of Eight Bisphenol Analogues in Blood and Urine
Samples of Workers in a Hazardous Waste Incinerator. Environ Res 2019, 176,
108576, doi:10.1016/j.envres.2019.108576.

Jin, H.; Zhu, J.; Chen, Z.; Hong, Y.; Cai, Z. Occurrence and Partitioning of Bisphenol
Analogues in Adults” Blood from China. Environ Sci Technol 2018, 52, 812-820,
doi:10.1021/acs.est.7b03958.

Lehmler, H.-J.; Liu, B.; Gadogbe, M.; Bao, W. Exposure to Bisphenol A, Bisphenol
F, and Bisphenol S in U.S. Adults and Children: The National Health and Nutrition
Examination Survey 2013-2014. ACS Omega 2018, 3, 6523-6532,
doi:10.1021/acsomega.8b00824.

Salari, N.; Ghasemi, H.; Mohammadi, L.; Behzadi, M.H.; Rabieenia, E.; Shohaimi,
S.; Mohammadi, M. The Global Prevalence of Osteoporosis in the World: A Com-
prehensive Systematic Review and Meta-Analysis. J Orthop Surg Res 2021, 16,
609, doi:10.1186/s13018-021-02772-0.



45.

46.

47.

48.

49.

Garcia-Martinez, O.; Diaz-Rodriguez, L.; Rodriguez-Pérez, L.; De Luna-Bertos, E.;
Reyes Botella, C.; Ruiz, C.C. Effect of Acetaminophen, Ibuprofen and Methylpred-
nisolone on Different Parameters of Human Osteoblast-like Cells. Arch Oral Biol
2011, 56, 317-323, doi:10.1016/j.archoralbio.2010.10.018.

Melguizo-Rodriguez, L.; Costela-Ruiz, V.J.; Manzano-Moreno, F.J.; Illescas-Mon-
tes, R.; Ramos-Torrecillas, J.; Garcia-Martinez, O.; Ruiz, C. Repercussion of Non-
steroidal Anti-Inflammatory Drugs on the Gene Expression of Human Osteoblasts.
Peer) 2018, 6, 5415, doi:10.7717/peerj.5415.

Melguizo-Rodriguez, L.; Illescas-Montes, R.; Costela-Ruiz, V.J.; Ramos-Torrecillas,
J.; de Luna-Bertos, E.; Garcia-Martinez, O.; Ruiz, C. Antimicrobial Properties of Ol-
ive Oil Phenolic Compounds and Their Regenerative Capacity towards Fibroblast
Cells. J Tissue Viability 2021, 30, 372—-378, doi:10.1016/j.jtv.2021.03.003.

Ragni, E.; Vigano, M.; Rebulla, P.; Giordano, R.; Lazzari, L. What Is beyond a QRT-
PCR Study on Mesenchymal Stem Cell Differentiation Properties: How to Choose
the Most Reliable Housekeeping Genes. J Cell Mol Med 2013, 17, 168-180,
doi:10.1111/j.1582-4934.2012.01660.x.

Manzano-Moreno, F.J.; Ramos-Torrecillas, J.; Melguizo-Rodriguez, L.; lllescas-
Montes, R.; Ruiz, C.; Garcia-Martinez, O. Bisphosphonate Modulation of the Gene
Expression of Different Markers Involved in Osteoblast Physiology: Possible Impli-
cations in Bisphosphonate-Related Osteonecrosis of the Jaw. Int J Med Sci 2018,

15, 359-367, d0i:10.7150/ijms.22627.



CONCLUSIONES

1.

La exposicion al BPA altera diferentes pardmetros de los osteoblastos humanos
en cultivo al inhibir el crecimiento celular por induccién de apoptosis. A nivel de
la diferenciacion y/o maduracion celular, disminuye la sintesis de ALP e inhibe el
proceso de mineralizacién. Igualmente, el BPA conduce a la modulacién de la ex-
presion de los antigenos CD54 y CD8&O, a la inhibicidn de la capacidad fagocitica y
a alteraciones en la expresién de los marcadores osteogénicos ALP, Col-1, OSC,

Runx2, OSX, BMP-2 y BMP-7.

Los estudios in vitro realizados muestran que los osteoblastos humanos en pre-
sencia del BPA a las dosis de 10, 10%y 107 M presentan una alteracion impor-
tante en la fisiologia de esta poblacién celular, la cual desempefia un papel fun-

damental en el mantenimiento de la salud dsea.

El estudio de los andlogos del BPA (BPS, BPF y BPAF) muestra que el BPS inhibe la
proliferacion a las distintas dosis ensayadas (10, 10®y 10”7 M) de manera dosis
dependiente, mientras que el BPF solo la inhibe a la dosis méas elevada (10). No
mostrando efecto sobre la proliferacidn la presencia de BPAF. La inhibicién obser-
vada en el crecimiento esta en relacion con la induccion de apoptosis. A nivel de
la diferenciacion y/o maduraciéon del osteoblasto los tres analogos del BPA ensa-

yados inhibieron la sintesis de ALP y de la mineralizacion.

El BPF, el BPS y el BPAF inhiben la expresion de los principales marcadores osteo-
génicos implicados en el desarrollo éseo (ALP, Col-1, OSC, Runx2, OSX, BMP-2 y
BMP-7), ejerciendo un efecto adverso sobre el osteoblasto al estar dichos marca-
dores estrechamente relacionados con la formacidon y mineralizacién de la matriz

Osea.



5.

Los efectos observados del BPA y sus andlogos sobre el osteoblasto revelan que
estos andlogos no estan exentos de efectos adversos, lo que aconseja que su uti-
lizacion debe estar sujeta a medidas de supervision y control comparables a las
aplicadas al BPA. Por otra parte, nuestros datos alertan de que la elevada sobre
exposicion a estos EDCs puede estar contribuyendo a la prevalencia de patologias
dseas, como su consecuencia de la alteracion que dichas sustancias producen en

la fisiologia del osteoblasto.



ABREVIATURAS

ALP: Fosfatasa alcalina

BMP: Proteina morfogenética dsea

BPA: Bisfenol A

BPAF: Bisfenol AF

BPF: Bisfenol F

BPS: Bisfenol S

BSP: Sialoproteina dsea

CAS: Chemical Abstract Service

CE: Consejo Europeo

Col-1: Colageno tipo 1

DDT: Diclorodifeniltricloroetano

EDC: Disruptor endocrino

EFSA: Autoridad Europea de Seguridad Alimentaria
FGF: Factor de crecimiento de fibroblastos

HPLC: Cromatografia liquida de alta eficacia

IGF: Factor de crecimiento insulinico

IL: Interleuquina

M-CSF: Factor estimulante de colonias de macrofagos
MS: Espectrometria de masas

MSC: Célula madre mesenquimal

OPN: Osteopontina

OSC: Osteocalcina

OSX: Osterix

PDGF: Factor de crecimiento derivado de plaguetas
PFAS: Sustancias perfluoroalquiladas/polifluoroalquiladas
PGE2: Prostaglandina E2

PTH: Parathormona

RANK: Receptor activador del factor nuclear k B

RANKL: Ligando del RANK.



RD: Real Decreto

RE: Receptor de estrogenos

RIC: Codigo Identificador de Resina

SIBLING: Small Integrin-Binding Ligand, N-Linked Glycoprotein
TGFB: Factor de crecimiento transformante beta

UE: Unidn Europea



