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RESUMEN

Los fetos y los neonatos masculinos presentan mayor vulnerabilidad inmunolégica
en comparacion con los femeninos, lo que posiciona en una situacién de mayor
riesgo a los varones ante el desarrollo de infecciones durante el periodo perinatal.
Esta diferencia en el riesgo inmunologico podria atribuirse, al menos parcialmente,
a la regulacion diferencial que ejercen los esteroides sexuales sobre el
metabolismo de la vitamina D (VD). Esta afirmacion se construye a partir de
evidencias que indican que el calcitriol, el metabolito mas activo de la VD,
fortalece la respuesta inmunoldgica innata particularmente al inducir
transcripcionalmente al péptido antimicrobiano catelicidina en la placenta humana.
La biodisponibilidad del calcitriol depende de la expresion de CYP27B1 y
CYP24A1, citocromos involucrados en su sintesis y degradacion, respectivamente.
Sin embargo, los efectos de la testosterona sobre la regulacion placentaria de
estas enzimas y su efecto biologico final sobre el blanco inmunoldgico
dependiente del calcitriol, la catelicidina, aun no han sido estudiados. En este
trabajo demostramos que la testosterona inhibe significativamente la expresion de
CYP27B1 mientras que estimula la de CYP24A1 en los trofoblastos en cultivo.
Estos efectos se acompafiaron de la activacion de CREB a través de un
mecanismo independiente de AMPc pero dependiente del receptor de
andrégenos. Acorde a lo anterior, los cotiledones placentarios masculinos
mostraron menor expresion génica basal de CYP27B1 y de catelicidina en
comparacion con cotiledones femeninos (P < 0.05). Ademas, la concentracién de
testosterona en sangre venosa umbilical fue mayor en los neonatos masculinos (P
= 0.007) mientras que la concentracion de catelicidina fue menor (P = 0.002). En
conjunto, estos resultados sugieren que las placentas masculinas producen menos
catelicidina debido a la menor biodisponibilidad de calcitriol. Por lo tanto, se
propone que las diferencias dependientes del sexo que se observaron en el
metabolismo de la vitamina D contribuyen en la respuesta fetal ante las

infecciones, lo que podria parcialmente explicar por qué los fetos varones
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presentan mayor vulnerabilidad inmunolégica. Nuestros resultados sugieren
también que la hiperandrogenemia fetal podria afectar adversamente el
metabolismo placentario de la vitamina D, independientemente del sexo del feto,

repercutiendo en la respuesta inmunologica.

Los resultados obtenidos de esta tesis doctoral se publicaron como articulo
original en la revista indexada Journal of Steroid Biochemistry & Molecular Biology
en el 2016 con el titulo “Evidence of sexual dimorphism in placental vitamin D
metabolism: Testosterone inhibits calcitriol-dependent cathelicidin expression”
(Anexo 1).



ABSTRACT

Male fetus and neonates show increased immune vulnerability compared to
females, which results in a higher risk of perinatal infections. These differences
could partially be due to sex steroids differential modulation of vitamin D
metabolism; since calcitriol, the most active vitamin D metabolite, regulates
immune responses and transcriptionally induces the antimicrobial peptide
cathelicidin in the human placenta. Calcitriol availability depends on the expression
of the citochromes CYP27B1 and CYP24A1 which are involved in its synthesis and
degradation, respectively. However, the effects of testosterone upon these
enzymes and the final biological outcome upon the calcitriol-dependent immune-
target cathelicidin in the placenta have not been studied. In this study we show
that testosterone significantly inhibited CYP27B1 while stimulated CYP24A1 gene
expression in cultured trophoblasts. These effects were accompanied by CREB
activation through cAMP-independent and androgen receptor-dependent
mechanisms. Male placental cotyledons showed reduced basal CYP27B1 and
cathelicidin gene expression compared to females (P < 0.05). Testosterone
concentration was higher in the umbilical cord blood of male neonates (P = 0.007),
whereas cathelicidin levels were lesser as compared to that of females (P = 0.002).
Altogether our results suggest that male placentas produce less cathelicidin due to
decreased calcitriol bioavailability. We propose that the observed sex-dependent
differences in placental vitamin D metabolism contribute in fetal responses to
infections and could partially explain why the increased male fetuses immune
vulnerability. Moreover, gestational hyperandrogenemia could adversely affect

placental vitamin D metabolism independently of fetal sex.



1. INTRODUCCION

1.1. Dimorfismo sexual en el contexto inmunolégico

Multiples observaciones clinicas y epidemiologicas realizadas en los ultimos
50 afos muestran que la morbimortalidad neonatal es mayor en los hombres que
en las mujeres. Mas aun, uno de los primeros reportes historicos de la mayor
mortalidad neonatal masculina se remonta a mas de 200 afos atras, cuando el Dr.
Joseph Clarke analizé poco mas de 20 mil nacimientos ocurridos entre 1757 y
1784. Considerando los datos proporcionados por el Dr. Clarke, se puede hacer
un calculo de la mortalidad neonatal de esa época en alrededor de 160 hombres
por cada 1000 recién nacidos vivos mientras que la tasa de mortalidad observada
en las mujeres fue de 136 por cada 1000 [1]. Asombrosamente, y pese a los
avances medicos que se han conseguido en los ultimos dos siglos, este fendmeno
continla vigente pues segun los datos del 2013 del Centro Nacional de las
Estadisticas en Salud de Estados Unidos, la mortalidad neonatal masculina es de
6.51 en comparaciéon con 5.39 muertes femeninas por cada 1000 recién nacidos
vivos [2]. Estos datos fortalecen la idea de que existen mecanismos inherentes al

sexo que condicionan la salud y la enfermedad neonatal.



Cabe agregar que las infecciones son una de las principales causas de la
mortalidad neonatal en el mundo y se estima que alrededor del 26% de las
muertes neonatales se asocian a procesos infecciosos como la neumonia o la
sepsis [3]. En este sentido, los datos epidemiolégicos sostienen que los hombres
son mas vulnerables inmunolégicamente, pues el sexo masculino es el que se
enferma en mayor proporcion y severidad de padecimientos virales, bacterianos,
fungicos y parasitarios [4]. Las evidencias obtenidas de multiples estudios clinicos
y animales sugieren que los androgenos debilitan la inmunocompetencia mientras
que los estrogenos la fortalecen [4-6]. Sin embargo, los mecanismos subyacentes
aun no se encuentran del todo esclarecidos.

El dimorfismo sexual en la respuesta inmunoldgica se aprecia a lo largo de
todas las etapas de la vida y posiblemente inicia desde el periodo fetal. De hecho,
se ha sugerido que durante la vida prenatal ocurren mecanismos dependientes del
sexo que modulan diferencialmente la expresion de diversos factores
inmunoldgicos, lo que, finalmente, se traduce en una respuesta diferencial ante las
infecciones y los procesos inflamatorios in Gtero y probablemente también en la

vida posnatal.



1.2. El privilegio inmunolégico durante el embarazo

El sistema inmunolégico comprende varios tipos celulares encargados de
defender y proteger al organismo ante diversos agentes patégenos que llevarian al
desarrollo de enfermedad. Este a su vez se puede clasificar en sistema inmune
innato y sistema inmune adaptativo. La respuesta inmune adaptativa es mas fuerte
y se caracteriza por la memoria inmunoldgica, lo cual le permite recordar a los
patdogenos de acuerdo a su firma antigénica. En cambio, la respuesta inmune
innata aunque es mas deébil es la que se encuentra mejor conservada entre las
especies y reconoce de manera general e inespecifica a un amplio espectro de
microorganismos a través de los receptores de reconocimiento de patrones, como
los receptores tipo Toll (TLRs), entre otros.

En este sentido, el embarazo representa todo un reto inmunoldgico. Hay
que considerar que el feto presenta una carga genotipica diferente a la de la
madre; sin embargo, esto no genera mecanismos de rechazo o ataque hacia el
feto, sino que, por el contrario, la madre y el feto se encuentran en un fino
equilibrio inmunoldgico que permite crecer, madurar y nutrirse a este organismo en
formacion. Para ello, el sistema inmune de la madre presenta cambios durante la
gestacion que permiten el desarrollo del feto a la vez que confiere las defensas
necesarias para protegerlo en un ambiente potencialmente hostil. La supervivencia
del feto, por tanto, es una consecuencia de las interacciones cooperativas entre el

feto y la madre.



Para permitir el aloinjerto fetal, la madre sintetiza progesterona desde el
comienzo del embarazo. Esta hormona esteroide inmuno-suprime la respuesta
adaptativa, con lo cual el embarazo se desarrolla en un ambiente
predominantemente de inmunidad innata. Por ejemplo, de manera posterior a la
implantacion, la decidua y el endometrio se convierten en sitios de alta actividad
innata por parte de las células asesinas uterinas (NKu) y los macrofagos que ahi
se encuentran [7]. Estas células proporcionan una linea de proteccién a la madre
contra los patdégenos; sin embargo, con un sistema inmune adaptativo
relativamente debilitado, el 11% de las muertes maternas se relacionan con el
desarrollo de infecciones en el liquido amniético o en las membranas
corioamnidticas que rodean al feto [8].

Por otra parte, la placenta en si misma representa una barrera selectiva
tanto inmune como mecanica, cuyas competencias innatas son esenciales para
restringir el proceso infeccioso. Los trofoblastos secretan factores quimio-
atrayentes, como el CXCL12/factor estromal 1 [9], que dirigen a los macrofagos y
las NKu hacia el utero, el endometrio y la decidua. Ademas, los trofoblastos
secretan progesterona y factores inmunosupresores, como el calcitriol, que
favorecen la diferenciacion tipo Th2 en el feto [10-12] . El perfil predominante Th2
parece ser un mecanismo protector natural in-Utero ya que se sabe que el
incremento en citocinas como interferén gamma (INF-y) o el factor de necrosis
tumoral alfa (TNF-a) puede inducir apoptosis de las células fetales, lo que

favorece el riesgo de abortos o parto pretérmino [13, 14].



Otro mecanismo de defensa lo constituye la expresion de los antigenos
leucociticos humanos (HLA) tipo G y tipo E en la interfase materno-fetal. Estos
antigenos se expresan en la membrana celular de los diferentes tejidos fetales, y
se consideran una “bandera” que permite identificar y tolerar la presencia de
células de distinto genotipo. Cuando los leucocitos uterinos, que poseen los
receptores de HLA-E y HLA-G, se encuentran con las células fetales que expresan
a estos antigenos, ocurre la unién ligando-receptor y se produce un efecto
inhibidor de la actividad citotéxica de las NKs, lo que previene la lisis celular.

Finalmente, la placenta también secreta proteinas y péptidos
antimicrobianos que actuan como efectores criticos en la defensa innata. Entre
estos péptidos se incluye a la catelicidina (hCTD) y las defensinas humanas 2y 3
(HBD2 y HBD3). Los péptidos antimicrobianos son un sistema evolutivamente
conservado que proporciona una defensa rapida y efectiva ante una gran variedad

de microorganismos.



1.2.1. La catelicidina

La hCTD es el unico miembro de los péptidos antimicrobianos con dominio
catelicidina. Inicialmente se pensaba que soélo los neutrdfilos la sintetizaban, pero
ahora se sabe que muchos tipos celulares lo hacen, entre ellos: linfocitos,
macrofagos y NKs [15]; epitelios de la piel [16], del arbol bronquial [17] y de
intestinos [18]; todo el tracto reproductor femenino [19], mamas [20, 21] v,
especialmente durante el embarazo, el trofoblasto [22].

También conocida como LL-37, es un péptido catiénico de 37 aminoacidos
que se genera por la ruptura del extremo carboxilo terminal de su precursor de 18
kDa, la hCAP18. La ruptura se realiza extracelularmente por actividad de la serina
proteasa kalikreina o la proteinasa 3 [23, 24]. En su estructura presenta multiples
cargas positivas, lo que le permite interactuar con la carga negativa de las
membranas bacterianas. Posterior a esta union electroquimica, la hCTD adopta
una estructura de alfa hélice que le permite penetrar y formar poros
transmembranales que llevan a la lisis bacteriana [25]. Las células humanas se
encuentran protegidas de la actividad litica de la hCTD posiblemente por la
presencia de multiples cadenas membranales de colesterol, lo que genera una
carga mas neutra.

Ademas de la actividad antimicrobiana, la hCTD también tiene propiedades
quimioatrayentes de neutréfilos y eosindfilos [26]; y paralelamente puede inducir la
migracion de los queratinocitos por lo que se ha propuesto que puede jugar un
papel importante en la reparaciéon de heridas [27]. Incluso, la hCTD puede modular
la funcién del TLR-4 y generar un efecto anti-inflamatorio a través de su unién con

el lipopolisacarido (LPS), ligando del TLR-4, con lo que se reduce la senalizacién
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ejercida por este receptor y se disminuye entonces la produccion de citocinas pro-
inflamatorias [28].

Interesantemente, la expresion de hCTD en el humano es principalmente
dependiente del calcitriol, metabolito mas activo de la vitamina D (VD). Resultados
in vitro han demostrado que el calcitriol es un potente agente inductor de la
sintesis de hCTD en diversos tejidos, incluyendo las células trofoblasticas vy
deciduales [29-31]. Esta respuesta se debe a la regulacion directa transcripcional

del gen de hCTD por el calcitriol [32].

1.3. Sintesis y metabolismo de la vitamina D

La radiacién UVB que proviene de la luz solar inicia la biosintesis de VD al
convertir el 7-dehidrocolesterol hacia previtamina D3;. De manera inmediata, la
previtamina D3 se isomeriza por una reaccion térmica espontanea hacia VD3. La
VD también se puede obtener de la dieta en menor extension. Las formas
nutricionales de la VD incluyen tanto al colecalciferol (VD3) de origen animal, como
al ergocalciferol (VD;) proveniente de algunos hongos y plantas. Una vez que se
ha formado en la piel o que se ha absorbido via intestinal, la VD se libera hacia la
circulacion y se transporta por la proteina de union a la vitamina D (DBP) hacia el
higado, donde se convierte en 25-hidroxivitamina D (calcidiol o 250HD3) por
accion de la 25-hidroxilasa (CYP2R1). La 250HD3 es el metabolito de la VD mas
abundante en la circulacion y es el mejor indicador del estado nutricio en esta
hormona. Sin embargo, la 250HD3; no es la forma activa de la VD, para ello se

requiere de la segunda hidroxilacién catalizada por la enzima 250HD;-1a-
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hidroxilasa (CYP27B1) que da origen al calcitriol o 1,25(0OH),Ds;, el cual
corresponde al metabolito con la mayor actividad hormonal de la VD. El CYP27B1
se expresa primordialmente en el rifidn, sin embargo se le puede encontrar en
diferentes tejidos, incluida la placenta [33]. La biodisponibilidad del calcitriol se
encuentra rigurosamente controlada para regular las acciones biologicas de esta
hormona y para mantener la homeostasis de calcio y fésforo en el organismo.
Para ello, la enzima encargada de degradar al calcitriol hacia metabolitos
hidrosolubles de menor actividad es la 1,25(0OH),D3-24-hidroxilasa (CYP24A1),
también expresada en la placenta. Esta enzima es regulada a la alta por el propio
calcitriol como mecanismo de retroalimentacion negativa para controlar su

disponibilidad [34, 35]. (Figura 1).
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Figura 1. Metabolismo de la vitamina D.

Las formas de la vitamina D son el colecalciferol (D3s) y el ergocalciferol (Dy).
Ambas son hidroxiladas en el higado para dar origen al calcidiol (250HD3),
posteriormente ocurre otra hidroxilacién en el rifidn o la placenta y se sintetiza el
calcitriol (1,25(0OH);D3). La degradacion de esta hormona es catalizada por el
CYP24A1, el cual da origen a metabolitos hidrosolubles que seran desechados por

la orina.
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1.3.1. Funciones bioldgicas del calcitriol placentario y su mecanismo de
accion

Una de las principales actividades atribuidas al calcitriol durante el
embarazo es el incremento en la absorcion intestinal de calcio y el aumento en el
transporte placentario de este mineral. Sin embargo, dado que el receptor de la
vitamina D (VDR) y el CYP27B1 también se expresan en tejidos reproductivos
femeninos como el utero, ovario, endometrio, células del epitelio de las trompas de
Falopio y la placenta [36-38], no se debe descartar la posibilidad de otros efectos
potenciales del calcitriol de tipo paracrino o autocrino.

Los efectos biolégicos del calcitriol producido por la placenta se relacionan
con la regulacion inmune, la hormonogénesis y en general con la fisiologia
placentaria. En su papel de regulacién endocrina, el calcitriol placentario induce la
decidualizacién del endometrio y la sintesis de progesterona y estradiol, asi como
también induce la expresion génica de la gonadotropina coridnica humana (hCG) y
del lactogeno placentario [39-41].

En cuanto al papel inmunorregulador del calcitriol placentario, éste fortalece
la respuesta inmune innata a la vez que contrarresta la inflamacion exacerbada. El
calcitriol consigue ambos propésitos a través de disminuir la produccion de
citocinas pro-inflamatorias como TNF-a, INF-y y la interleucina (IL) -6, a la par que
induce la sintesis del potente péptido antimicrobiano hCTD en la placenta [10, 11,

29, 31].
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La actividad biolégica del calcitriol es mediada por la union de esta hormona
con su receptor, el VDR. Una vez unido con su ligando, el VDR heterodimeriza con
el receptor a retinoides X (RXR) y este complejo reconoce a los elementos de
respuesta a la vitamina D (VDRE) en los promotores de los genes blancos de esta
hormona. Posterior a la formacién del complejo 1,25(0OH),Ds/VDR-RXR/VDRE, se
atrae a co-activadores o co-represores con la finalidad de regular la transcripcion
de estos genes blanco [42]. Justamente, la caracterizacion del promotor de
catelicidina en multiples tipos celulares de origen humano demostré la presencia
de un VDRE consenso [32], lo cual ayuda a explicar cémo el calcitriol induce la

expresion de este blanco inmunolégico (Figura 2).
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Figura 2. Mecanismo clasico de accion del calcitriol.

El calcitriol difunde a través de la membrana plasmatica y se une a su receptor
VDR en heterodimero con el RXR. Este complejo se transloca al nucleo y regula la
expresion de genes que contienen VDREs en sus promotores. Por ejemplo, el

calcitriol regula la expresion de catelicidina a través de este mecanismo.

-15 -



1.3.2. Reguladores de la sintesis del calcitriol placentario

Pese a la importancia de los efectos biolégicos del calcitriol placentario, la
regulacion de su producciéon ha sido poco estudiada. Se conoce que la regulacion
de la sintesis del calcitriol placentario difiere de la regulacién que existe a nivel
renal. En el riidn, la induccion transcripcional de CYP27B1 depende
principalmente de la hormona paratiroidea (PTH); en contraste, en la placenta la
expresion de CYP27B1 es independiente de la PTH [43].

Los trabajos realizados previamente en nuestro laboratorio en cultivos de
trofoblasto humano han demostrado que el factor de crecimiento similar a la
insulina, las citocinas, el calcitriol y el monofosfato de adenosina ciclico (AMPc)
regulan diferencialmente a los citocromos involucrados en la sintesis y
degradacion del calcitriol, CYP27B1 y CYP24A1, respectivamente [10, 44, 45].
Interesantemente, se demostro que el AMPc inhibe significativamente la expresion
de CYP27B1 mientras que estimula la de CYP24A1 de manera dependiente de la
concentracion [45]. Este estudio sugiere que las hormonas que modifican los
niveles de AMPc en la placenta pueden regular la sintesis del calcitriol placentario.
Ademas, de recientemente se demostréo que la testosterona, hormona de tipo
esteroide, puede actuar a través de una via no clasica y también regular genes
dependientes de AMPc en las células de Sertoli [46]. El estudio de los
mecanismos reguladores de la via de sefalizacién del AMPc en la placenta podria
ayudar a explicar, al menos parcialmente, el dimorfismo sexual en la respuesta
inmune neonatal y la regulacion de catelicidina dependiente de la VD en hombres

y mujeres.
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1.4. Latestosteronay su mecanismo de accion

La testosterona es un esteroide del grupo de los andrégenos y se ha
asociado con multiples esferas de la sexualidad masculina. Este esteroide posee
19 atomos de carbono, un grupo cetdnico en el carbono 3 y una doble ligadura en
el carbono 4, por lo que, segun el paradigma clasico, se considera un esteroide
activo.

Durante el embarazo, la hormonogénesis esteroidea esta cuidadosamente
regulada por la interaccion entre 3 compartimentos: la madre, la placenta y el feto.
La sintesis de la testosterona inicia con la conversion placentaria del colesterol
materno en pregnenolona. La pregnenolona se transfiere hacia el feto, en donde
este ultimo sulfoconjuga los compuestos esteroideos como mecanismo de
proteccion para impedir la actividad biolégica de estas hormonas. De esta forma,
el feto forma secuencialmente sulfato de pregnenolona, sulfato de 17a-OH-
pregnenolona y sulfato de dehidroepiandrosterona (DHEAS). EI DHEAS se
transfiere entonces hacia el compartimento placentario. La placenta convierte
eficientemente este compuesto inactivo en dehidroepiandrosterona libre (DHEA) y
posteriormente en androstendiona. En la placenta se puede interconvertir, a
demanda, la androstendiona y la testosterona. La mayor parte de la testosterona
sintetizada en la placenta se convierte de forma inmediata en estradiol, debido a
que este oOrgano posee gran actividad del citocromo CYP19A1, enzima
responsable de la conversion de andrégenos a estrogenos mediante el proceso de
aromatizacion. En menor medida, la testosterona también puede pasar a la

circulacion acoplada a la globulina de unién a las hormonas sexuales (SHBG).
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El complejo testosterona/SHBG se puede separar facilmente y la
testosterona libre puede entonces difundir a través de la membrana celular debido
a la naturaleza lipidica de esta hormona. En el mecanismo clasico de accién, la
testosterona se une al receptor de androgenos (AR) que se localiza en el
citoplasma e induce un cambio conformacional en el AR, lo que le permite
fosforilarse y liberarse de las proteinas de choque térmico Hsp90. Posteriormente,
el complejo testosterona/AR se dirige hacia el nucleo en donde se une en forma
de dimero a los elementos de respuesta a androgenos (ARES) localizados en los
promotores de los genes regulados por la testosterona. De esta forma la
testosterona puede regular la expresiéon de genes que presentan AREs en sus

promotores, como el gen del antigeno prostatico (Figura 3).
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Figura 3. Mecanismo clasico de accién de la testosterona.

La testosterona difunde libremente a través de la membrana plasmatica y se une a

su receptor AR. Este complejo se transloca al nucleo y se une en homodimeros a

los AREs. De esta forma se regula la expresion de genes dependientes de

andrdégenos.
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Aunque los principales efectos de la testosterona son mediados por el
mecanismo genomico clasico que involucra la regulacion de la actividad
transcripcional mediante la interaccion directa entre el AR y el ADN, se ha
confirmado que la testosterona también puede activar otras vias de sefializacidon
que culminan en la regulacién de la expresion de genes que no presentan ningun
AREs conocido, entre ellos algunos genes regulados por el AMPc [46-49]. En el
estudio realizado por Fix y colaboradores en las células de Sertoli [46], tipo celular
que expresa en mayor abundancia al AR, se demostré6 que la unién de la
testosterona con su receptor resulta en la fosforilacion de la proteina cinasa Src y
posteriormente en la fosforilacion del receptor del factor de crecimiento epidermal
(EGFR). Este entrecruzamiento de las vias de senalizacion de la testosterona y
del EGFR culmina con la activacion de la via de las MAPK y de la proteina de
union a los elementos de respuesta al AMPc (CREB).

El factor de transcripcion CREB es el ultimo efector de la cascada de
sefalizacion iniciada por el AMPc. La via del AMPc es usada por multiples
ligandos para modular sus efectos bioldgicos; incluida la regulacion de los
citocromos de la vitamina D, como ya se habia mencionado (seccién 1.3.2.).
Brevemente, la via inicia cuando un ligando se une a algun receptor de la super
familia de receptores acoplados a proteinas G. Posteriormente se induce un
cambio conformacional en el receptor, se separa la subunidad G alfa estimuladora
(Gas), se une la Gas con la adenilato ciclasa y se activa la produccién de AMPc.
Este segundo mensajero se une a la proteina cinasa A (PKA), tetramero

constituido por dos subunidades cataliticas y dos subunidades reguladoras. La
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union del AMPc a la PKA libera a las subunidades cataliticas, las cuales se
traslocan hacia el nucleo y fosforilan a CREB. Finalmente, CREB fosforilado se
une a los elementos de respuesta al AMPc en el DNA (CREs) e induce la
transcripcion de genes regulados por este segundo mensajero [50] (Figura 4).
Como se mencion6 anteriormente, existen reportes previos de que los
androgenos pueden modular la fosforilacién del factor de transcripcion CREB en
distintos tipos celulares [46-49], sin embargo, esta via de sefalizacion no ha sido
estudiada ni en la placenta humana ni en la de otras especies. El interés por
estudiar el posible impacto de la testosterona sobre esta via en la placenta reside
en el hecho de que los dos citocromos que metabolizan al calcitriol, CYP27B1 y
CYP24A1, son genes dependientes de AMPc [51, 52]. De ser asi, la testosterona
impactaria en la sintesis de calcitriol y por ende en genes dependientes de la
vitamina D, como la catelicidina. La relaciéon entre la testosterona y la funcion
inmune fueron abordadas en la seccion 1.1, por lo que a continuacién se
delimitard el impacto del sexo y la testosterona en la funcién inmunolégica

placentaria.
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Figura 4. Via de sefalizacion del AMPc.

La via inicia cuando un ligando activa a un receptor acoplado a proteinas G. Esto
genera una serie secuencial de activaciones que involucran la sintesis de AMPc,
la liberacién de la subunidad catalitica de la PKA y la fosforilacion de CREB.
CREB fosforilado es el factor de transcripcidn que regula finalmente la expresion

de genes dependientes de AMPc.
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1.5. El sexo fetal como regulador de la funcion inmune placentaria

Las funciones placentarias pueden verse modificadas por varios factores
ambientales incluyendo la oxigenacion y el aporte de nutrientes, lo que finalmente
lleva a modificar la expresion génica placentaria y, por lo tanto, su desarrollo y
funcién [53, 54]. El sexo del feto, y por tanto de la placenta, es uno de los factores
que influye en el epigenoma placentario. Se sabe que el sexo fetal modifica las
funciones metabolicas e inmunoldgicas placentarias y define tanto el tamafo del
propio feto como el de la placenta, siendo los hombres y sus placentas mas largos
y pesados [55, 56]. Varios estudios epidemioldgicos han mostrado que el parto
pretérmino, la ruptura prematura de membranas, las infecciones placentarias y la
preeclampsia ocurren en una frecuencia 20% mayor en aquellas embarazadas
que portan un feto masculino [57-60].

Sood y colaboradores (2006) evaluaron por microarreglos del DNA, el perfil
de expresién de diferentes tejidos fetales en embarazos normoevolutivos a término
[61]. Ellos observaron diferencias especificas asociadas al sexo y no soélo en los
genes ligados a los cromosomas X o Y, sino también en genes derivados de
autosomas. En particular, ellos observaron que las placentas de mujeres expresan
en mayor proporcion algunos factores relacionados con las vias de sefializacién
implicadas en inmunidad, como JAK1, el receptor B de IL-2, clusterin o
apolipoproteina J, la proteina latente de unién a TGF-(, la quimiocina ligando 1y
la proteina 1 similar al receptor de IL-1. Posiblemente, éstas y otras diferencias
inmunoldgicas ligadas al sexo podrian ayudar al entendimiento de la respuesta

fetal masculina y femenina ante la infeccién.
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Por tal motivo, en este proyecto se plantea evaluar si la testosterona es
capaz de modular la sintesis de la hCTD, como factor de defensa innata.
Considerando nuestros antecedentes, creemos que la testosterona ejercera una
regulacion negativa via menor sintesis del calcitriol placentario a través de la

sefalizacion del AMPc.
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2. JUSTIFICACION

Los fetos y los neonatos hombres presentan mayor vulnerabilidad
inmunologica en comparacion con las mujeres, lo que posiciona en una situaciéon
de mayor riesgo a los hombres ante el desarrollo de infecciones durante el periodo
perinatal [4-6]. Esta informacion concuerda con el reporte de que la tasa de
mortalidad neonatal es mayor en los recién nacidos hombres, en especial durante
los primeros 7 dias de vida [62]. Ademas, se reconoce que alrededor del 26% de
las muertes neonatales [3] y el 11% de las muertes maternas [8] se asocian a
procesos infecciosos, lo que resalta la importancia de evaluar aquellos
mecanismos Yy estrategias que confieren proteccion a la madre gestante, al feto en
desarrollo y al recién nacido.

Durante el embarazo, uno de los factores relativamente recientes asociados
a la proteccién inmunoldgica de la madre y del feto es el calcitriol. El calcitriol es el
metabolito mas activo de VD y es sintetizado por la placenta [33]. El calcitriol
placentario, entre otras funciones, estimula la sintesis de factores antimicrobianos
como la catelicidina [29, 63] y promueve el ambiente anti-inflamatorio necesario
para la tolerancia al aloinjerto fetal [10, 64]. La asociacion de la VD con la
proteccion inmunoldgica es clara; por ejemplo, en un meta-analisis reciente se
reporté que la deficiencia de VD aumenta en casi el doble el riesgo de sepsis [65].
Sin embargo, los datos epidemiolégicos mas recientes en México indican que el
28.4% de las mujeres mexicanas mayores de 20 afios, y por lo tanto en edad fértil,
presentan deficiencia o insuficiencia en el estado nutricio de la VD [66]. La

vaginosis bacteriana es comun en las madres deficientes en VD, lo cual podria
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ser una posible consecuencia de la menor proteccién inmunologica conferida por
el calcitriol; pero ademas las madres deficientes también presentan riesgo
aumentado a desarrollar diabetes gestacional, partos pre-término, abortos
recurrentes y preeclampsia [67-70].

Es asi que en este proyecto de doctorado se propuso evaluar el efecto de la
testosterona, como hormona sexual involucrada en la vulnerabilidad inmunoldgica
masculina, sobre la sintesis placentaria de catelicidina mediada por la vitamina D.
Los resultados de esta tesis doctoral podrian ayudar a explicar uno de los
mecanismos por el que los recién nacidos masculinos son mas susceptibles a
presentar infecciones; y la posible asociacién de esta regulacion inmune con el

metabolismo placentario de la vitamina D.
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3.HIPOTESIS

La testosterona, mediante la activacion de CREB, disminuira la biosintesis de
calcitriol placentario como consecuencia de la inhibicion y estimulacion de la
expresion génica de CYP27B1 y CYP24A1, respectivamente. Lo anterior
impactara negativamente en la expresion de catelicidina, ya que ésta es un blanco

transcripcional del calcitriol en la placenta humana.

4. OBJETIVOS

4.1. Objetivo general
Estudiar el efecto de la testosterona sobre la induccion de catelicidina mediada por

la vitamina D en la placenta humana.

4.2. Objetivos especificos

o Evaluar el efecto de la testosterona sobre la expresion génica de CYP27B1 y
CYP24A1 en células placentarias en cultivo.

o Estudiar si la testosterona participa en la via de sefalizacion de AMPc/CREB
en ceélulas placentarias en cultivo.

o Evaluar si la testosterona impacta en la biosintesis de catelicidina, como
blanco regulado por el calcitriol en la placenta humana.

o Evaluar si la concentracion fisiologica de testosterona asociada a los recién
nacidos hombres puede impactar en la expresion placentaria de CYP27B1,

CYP24A1y hCTD.
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5. METODOLOGIA

5.1. Criterios generales

Para la realizacion de este proyecto se procesaron placentas humanas
obtenidas unicamente de operacion cesarea en la Unidad Médica de Alta
Especialidad Hospital de Gineco-Obstetricia No. 4 “Luis Castelazo Ayala” del
IMSS. Las muestras se obtuvieron de mujeres que cursaron con embarazo
normoevolutivo a término (de 37 a 41 semanas de gestacion), previa firma de la
madre del consentimiento informado para la donaciéon de placenta (Anexo 2). El
proyecto cuenta con la autorizacion de la Comisidon Nacional de Investigacion
Cientifica del IMSS (numero de registro R-2013-785-033).

Se incluy6é a embarazadas clinicamente sanas entre 18 y 37 anos de edad
que dieron a luz a un recién nacido unico con valoracién de Apgar superior a 8. Se
excluyd a aquellas mujeres que desarrollaron infecciones en el tracto
genitourinario durante el periodo gestacional o que presentaron previamente o
durante el embarazo en curso hipertensién, diabetes, enfermedades endocrinas o
metabdlicas, o que estuvieron bajo el consumo de algun medicamento. No se
recolectd la placenta de mujeres en las que se detectd meconio ni en mujeres
alérgicas a penicilina o estreptomicina. En todos los casos se registraron las

caracteristicas clinicas de la madre y de su recién nacido.
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5.2. Recoleccion del suero de la vena umbilical y de explantes placentarios
Inmediatamente después del parto se punz6é con una jeringa la vena
umbilical para extraer la sangre. Se decidié recolectar la sangre venosa porque a
través de este vaso circulan los factores que cruzaron la barrera placentaria y
aquellos secretados por la propia placenta para poder cubrir los requerimientos
fetales. Los sueros se obtuvieron por centrifugacion a 2500 rpm durante 10 min a
4 °C y se almacenaron congelados a -70 °C hasta su procesamiento.
Adicionalmente se recolectaron cotiledones placentarios para su uso en
cultivo o para el estudio de la expresion génica basal de CYP27B1, CYP24Al y
hCTD. Para este fin, los cotiledones se lavaron exhaustivamente con solucion
salina estéril (NaCl 0.9%) y posteriormente se colocaron en la solucion comercial
RNAlater® que impide la actividad de ribonucleasas. Los cotiledones se
transportaron al laboratorio y se guardaron con Trizol® en tubos que contenian
perlas de ceramica para la homogenizacién del tejido. Los cotiledones se

almacenaron a -70 °C hasta su procesamiento.

5.3. Cultivo primario de trofoblasto humano

Inmediatamente después del alumbramiento se colocé la placenta en
solucion salina en un recipiente de acero inoxidable con tapa y se transporté hacia
el laboratorio. A continuacién se describe la técnica para el aislamiento de
citotrofoblastos que se desarrolla en nuestro laboratorio con base en algunas
modificaciones a la técnica establecida por Kliman en 1986 [71]. Con ayuda de
material quirdrgico, se eliminan las membranas corioamnidticas y el tejido

decidual. Posteriormente los cotiledones placentarios se sumergen varias veces
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en solucion salina para eliminar el exceso de sangre. Los cotiledones se colocan
sobre gasas estériles para cortar y retirar los restos de decidua asi como los vasos
sanguineos presentes. Se separan 3 porciones de los cotiledones obtenidos con
peso entre 35 y 45 g, y posteriormente se homogeniza el tejido con ayuda de unas
tijeras y se coloca cada porcién en un matraz Erlen Meyer de 1 L. En los matraces
se realizan tres digestiones enzimaticas consecutivas de 20 min a 37 °C con
agitacion constante. Las soluciones de digestion contienen tripsina (T9201, Sigma)
y desoxirribonucleasa | (DNAsa) de pancreas bovino (DN25, Sigma) diluidas en
solucién salina balanceada de Hank 1X (HBSS) libre de calcio y magnesio. En la
siguiente tabla se describen las concentraciones de tripsina y DNAsa empleadas
durante las digestiones.

Tabla 1. Soluciones enzimaticas empleadas para digerir los cotiledones

placentarios

. . Tripsina DNAsa
Digestion HBSS
(153.8 mg/mL) (100 mg/mL)
16 150 mL 780 uL 85 L
2¢a 100 mL 480 pL 45 uL
3% 75 mL 280 pL 45 uL

En cada digestion se colecta el sobrenadante de cada matraz, en el cual se
encuentran las células disgregadas. El sobrenadante se deposita en tubos cénicos
y posteriormente se adiciona suavemente una cama de suero fetal de ternera
(SFT) inactivado. Los tubos recolectados se someten a centrifugacién de 3000
rom durante 10 minutos. Al término de la centrifugacion se aspira el sobrenadante,

y el botdn celular resultante se resuspende en 600 uL de medio de cultivo DMEM.
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En cada etapa, el botdon celular obtenido se mantiene en bafio maria a 37 °C hasta
colectar las tres digestiones. La suspensién celular total recolectada se coloca
cuidadosamente sobre tres gradientes continuos de Percoll del 5 al 70 % de
densidad. En la Tabla 2 se describe la preparacién del gradiente de percoll. El
gradiente se centrifuga a 3000 rpm durante 20 min. La obtencion de
citotrofoblastos se lleva a cabo recuperando la fase intermedia del Percoll con una
densidad de entre 1.048 y 1.062 g/mL. Las células obtenidas se transfieren a

nuevos tubos conicos de 50 mL y se lavan nuevamente con medio DMEM.

Tabla 2. Preparacion del gradiente de Percoll

Tubo % Percoll Ml Percoll mL HBSS
90%
1 70 2.33 0.67
2 65 217 0.83
3 60 2.00 1.00
4 55 1.83 1.17
5 50 1.67 1.33
6 45 1.50 1.50
7 40 1.33 1.67
8 35 1.17 1.83
9 30 1.00 2.00
10 25 0.83 217
11 20 0.67 2.33
12 15 0.50 2.50
13 10 0.33 2.67
14 5 0.17 2.83
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Finalmente se realiza la ultima centrifugacion a 3000 rpm por 10 min y se
obtiene el botdn de las células de interés. Los botones se transportan hacia la
campana de cultivo celular y en ambiente de esterilidad se resuspenden en medio
DMEM suplementado (DMEM + 10% SFT + penicilina 100 U/mL + estreptomicina
100 pg/mL). El total de células obtenidas se estima a partir del conteo en la
camara de Neubauer con ayuda del colorante azul de tripano.

Para los estudios de expresidon génica y de citometria de flujo se sembraron
3 x 10° células en cajas de 25 cm? o en cajas de 6 pozos. Para el estudio de
fosforilacién se sembraron 9 x 10° células en cajas de Petri de 10 cm de didmetro.
Para el estudio de biosintesis de calcitriol placentario se sembraron 2.5 x 10°
células en cajas de 6 pozos En todos los casos, la siembra se realiz6 en presencia
de medio DMEM suplementado. Las células obtenidas se mantuvieron en un

incubador a 37 °C con 80% de humedad y 5% de CO..

5.4. Linea celular HTR-8/SVneo

Ademas del cultivo celular de trofoblasto, también se eligi6 como modelo
biolégico a la linea celular HTR-8/SVneo (se abreviara como HTR-8 para facilitar
Su uso), que corresponde a una linea celular establecida de trofoblasto
extravelloso del primer trimestre de embarazo. El linaje epitelial de esta linea se
caracterizo por la presencia de las citoqueratinas 8 y 18 [72]. En este proyecto, las
condiciones de incubacion y de tratamientos experimentales con las células HTR-8
fueron exactamente las mismas que las empleadas para el manejo del cultivo

primario de trofoblasto.
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5.5. Tratamientos experimentales

Los reactivos utilizados para los tratamientos experimentales fueron
adquiridos de Sigma®: testosterona, 5a-dihidrotestosterona (DHT), estradiol (E»),
flutamida, exemestano, toxina de colera, calcidiol, calcitriol, 8-bromo monofosfato
de adenosina 3’5’ ciclico (8Br-AMPc) y gonadotropina coridnica humana (hCG).
Los reactivos se diluyeron en etanol, cuya concentracion final en el medio de
estimulo fue 0.1%, excepto para la toxina de colera y la hCG que se diluyeron en
medio DMEM-F12 sin suero, y para el exemestano que se diluyéo en DMSO y cuya
concentracion final en el medio de estimulo fue 0.05%. El SFT y los medios de
cultivo DMEM y DMEM-F12 provienen de Invitrogen®.

Después de las primeras 24 h de siembra se lavaron las cajas o pozos en
dos ocasiones con HBSS para eliminar las células no adheridas. Los tratamientos
se realizaron con medio DMEM-F12 suplementado al 5% con SFT tratado con
carbon-dextran, penicilina 100 U/mL y estreptomicina 100 pg/mL. Dependiendo del
experimento, las células estuvieron entre 24, 48 y 72 h en cultivo; los detalles
particulares se describen en cada seccidn de las técnicas experimentales
empleadas. Al término del experimento se agregé el amortiguador de lisis

correspondiente y/o se recolectaron los medios de cultivo.
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5.6. Caracterizacion morfolégica y funcional del cultivo primario de
trofoblasto in vitro

Con la finalidad de evaluar la pureza y la funcionalidad endocrina de los
trofoblastos separados en el gradiente de percoll, se analizé la expresién de la
citoqueratina 7 (CK-7), un marcador clasico de la poblacién trofoblastica [73] y la
secrecion de hCG al medio de cultivo.

La pureza del cultivo se evalué por inmunofluorescencia mediante el
marcaje de CK-7. Para este fin, se sembraron 5 x 10° células en laminillas de dos
camaras adaptadas para el cultivo celular. Después de 24, 48 y 72 horas de
cultivo se procedié a fijar las células con solucién comercial de zinc (BD
Pharmigen, BD Biosciences) a 4 °C durante 24 h. Se permeo a las células con
PBS + 1% Triton X-100 durante 5 minutos y se lavdé con PBS. En seguida se
bloqueé con 1% PBS-BSA durante 1 hora. Se mantuvo en incubacién a las
laminillas toda la noche a 4 °C con el anticuerpo de raton anti-CK7 (BSB-5412) en
una dilucion 1:1000 en 1% PBS-BSA. Los controles negativos se incubaron en
ausencia del anticuerpo primario. Al dia siguiente se procedié a marcar la CK-7
con el anticuerpo secundario de cabra anti-raton IgG conjugado con Cy3 (Jackson
Immuno Research 1:300) en 1% PBS-BSA. La incubacion con el anticuerpo
secundario se realizé durante 2 h a temperatura ambiente evitando la exposicién
de las muestras a la luz. Finalmente se lavaron las laminillas, se secaron y se
agrego una gota del medio de montaje Ultracruz (Santa Cruz) que contiene 4',6-
diamino-2-fenilindol (DAPI) para la visualizacion nuclear. Las muestras se
cubrieron con el cubreobjetos y se procedié a fotografiar los sinciciotrofoblastos

con el microscopio Olympus (Olympus Optical Co., LTD, Tokyo, Japén) equipado
-34 -



con una camara Olympus DP72 y una lampara de mercurio de 100W, asi como los
filtros apropiados para Cy3 y DAPI. Se calcul6 la proporcion de células positivas a
CK-7 en el total de células (todos los nucleos) para determinar la pureza de la
poblacion trofoblastica.

Por ultimo, se evalud el fenotipo endocrino mediante la cuantificacion de
hCG en el medio de cultivo en condiciones basales y en estimulo con 8Br-AMPc a
las 24, 48 y 72 h de cultivo. La cuantificacion se realizé con ayuda de un estuche
comercial de ELISA (DRG Instruments, EIA-1469) que ha sido previamente
utilizado en el grupo de trabajo. El estuche permite detectar entre 5 y 1000
mUI/mL de hCG. El coeficiente de variacion intraensayo es de 2.2 - 4.7 % y la
variacion interensayo es de 3.3 - 4.3 %. Se normalizé la secreciéon de hCG en
funcion del contenido total de proteina celular cuantificada por el método del acido

bicinconinico [74].

5.7. Estudios de expresion génica por gPCR

Se utilizé la técnica de PCR en tiempo real (QPCR) para evaluar el efecto de
la testosterona sobre la regulacién de la expresion génica de CYP27B1, CYP24A1
y hCTD, y para evaluar la expresidon basal de estos mismos marcadores
dependiendo del sexo del recién nacido. Primero se realizd la extraccion del RNA
total con el uso del reactivo comercial Trizol®, de acuerdo a la técnica propuesta
por Chomczynski y Sacchi con algunas modificaciones [75]. La cantidad y calidad
de RNA se calculé espectrofotométricamente a 260 y 280 nm. Se retrotranscribid
hacia DNA complementario (cCDNA) una cantidad constante de 1 ug de RNA

cuando se utilizaron células en cultivo, y de 3 pg de RNA cuando se utilizaron
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explantes placentarios. La sintesis de cDNA se realizé con un estuche comercial
de transcripcion reversa (Roche). Se siguieron las mismas condiciones de PCR
para todos los genes, y se normalizd contra la expresién del gen constitutivo
gliceraldehido-3-fosfato-deshidrogenasa (GAPDH). Las amplificaciones se
realizaron en el equipo LightCycler480 para qPCR (Roche), con el uso del estuche
comercial Tagman master mix (Roche) y las sondas de hidrdlisis de la biblioteca
Universal Probe Library (Roche). En la siguiente tabla se muestra la secuencia de
oligonucledtidos asi como las sondas utilizadas para amplificar los genes de

interés.

Tabla 3. Secuencia de oligonucleétidos y sondas de hidrolisis para los

estudios de expresion génica

Gen Numero de acceso Secuencia Sonda UPL
agccacatcgctcagacac
GAPDH NM_002046.3 60
gcccaatacgaccaaatcc
cttgcggactgctcact
CYP27B1 NM_000785.2 geg9acts 9 63
cgcagactacgttgttcagg
catcatggccatcaaaacaa
CYP24A1 NM_000782.3 88
gcagctcgactggagtgac
tcggatgctaacctctacc
hCTD NM_004345.3 99419 9 85
gtctgggtccccatccat

El numero de acceso corresponde a la secuencia de referencia del GenBank del
NCBI.
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5.8. Estudios de Western blot

Con la finalidad de evaluar la fosforilacion de CREB bajo diferentes
condiciones experimentales, se mantuvo en incubacién a cotiledones o células
placentarias en medio DMEM-F12 sin SFT durante 12 horas y posteriormente se
trataron durante 5 a 60 minutos en presencia de diferentes concentraciones de
testosterona, DHT o estradiol. En algunos casos se pre-tratd con flutamida (1 pM)
o exemestano (5 pM). En los siguientes experimentos se eligid el tiempo de
incubacion de 15 minutos. En el caso de los explantes, después de los
tratamientos se lavo y disgregd mecanicamente el tejido con la ayuda de perlas de
ceramica y el homogeinizador MagNA Lyser (Roche) en presencia de solucion de
lisis (9.1 mM Naz;HPO,4, 1.7 mM H,NaO4P, 150 mM NaCl, 1% Nonidet P-40, 0.1%
SDS, pH 7.4, adicionado con 15 mM NaF y 1 mM NaszVOy,). En el caso de las
células, éstas fueron lavadas después de los tiempos de incubacion y se rasparon
con PBS frio, se centrifugaron a 3500 rpm durante 8 minutos y se resuspendio el
botdn en la solucién de lisis. Adicionalmente, se realizaron 3 ciclos de congelacién
/ descongelacion con nitrogeno liquido y se volvid a centrifugar las muestras a
10,000 rpm durante 10 minutos. Finalmente se recolectd el sobrenadante en el
que se encuentra la proteina solubilizada.

Se cuantificd la concentracion de proteina por el método del acido
bicinconinico [74]. Las muestras se mezclaron con el buffer de carga y se
calentaron a 96 °C durante 10 minutos. Se cargd la misma cantidad de proteina
para separarla por SDS-PAGE 12% [76] y posteriormente se transfirieron los geles
a membranas de nitrocelulosa de 0.45 uM para realizar la inmunodetecciéon por

Western blot. Las membranas se incubaron toda la noche a 4 °C con el anticuerpo
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monoclonal hecho en conejo dirigido contra CREB fosforilado en la serina 133
(pCREB, Cell Signalling Technology) en dilucién 1:1,500. Posteriormente se
incubo 1 hora con el anticuerpo de cabra anti-conejo BioRad (75489) acoplado a
HRP en dilucién 1:8,000.

Adicionalmente, se evalud la expresion proteica del VDR en los cotiledones
placentarios obtenidos inmediatamente después del alumbramiento. El
procesamiento del tejido fue similar al que se describié para el procesamiento de
los explantes en cultivo. El anticuerpo primario utilizado para la deteccion del VDR
fue el anticuerpo monoclonal hecho en ratén anti-VDR (sc-13133, Santa Cruz
1:250). Posteriormente se incubo 1 hora con el anticuerpo de cabra anti-raton
acoplado a HRP en dilucién 1:6,000 (sc-2055, Santa Cruz). Cabe agregar que la
abundancia de pCREB y del VDR se normalizaron contra la abundancia de la
proteina constitutiva GAPDH. La deteccion de GAPDH se hizo con el anticuerpo
monoclonal hecho en raton anti-GAPDH (1:10,000, Millipore Research Reagents).
Posteriormente, se ocupo el anticuerpo secundario de cabra anti-ratén acoplado a
HRP en dilucién 1:6,000 (sc-2055, Santa Cruz).

Para la visualizacion de CREB, VDR y GAPDH, las membranas se
expusieron al reactivo luminiscente ECL+ Plus Western blotting detection system
(GE Healthcare). Las imagenes se adquirieron y analizaron utilizando el
fotodocumentador de imagenes ChemiDoc XRS+ (Bio-Rad) y el programa Image

Lab (Bio-Rad).
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5.9. Cuantificacion de AMPc

La concentracién total de AMPc (intra- y extra-celular) se evalué por
radioinmunoensayo mediante el antisuero CV-27 AMPc (National Hormone &
Peptide Program) a dilucion final de 1:75,000, como ha sido previamente descrito
[77]. Brevemente, se sembraron las células placentarias a densidad de 200,000
por pozo en caja de 24 pozos. Se mantuvieron durante 12 horas en medio DMEM-
F12 sin SFT y posteriormente se realizaron los tratamientos en medio DMEM-F12
sin SFT + IBMX (0.2 mM) para impedir la actividad de las fosfodiesterasas y de los
factores crecimiento presentes en el suero. Los tratamientos en presencia de
testosterona o de toxina del cdlera (5 ng/mL) se mantuvieron durante 24 horas.
Posteriormente se colectaron las células junto con medio de cultivo y se llevaron a

ebullicion durante 3 minutos. La sensibilidad del ensayo es de 2.0 fmol/mL.

5.10. Evaluacién de la sintesis de calcitriol en células de trofoblasto en
cultivo

Se incubd a las células de trofoblasto durante 24 horas para permitir su
adhesioén y diferenciacidon celular. Posteriormente se traté a las células con el
vehiculo de etanol o con 8Br-AMPc (0.6 mM) durante 24 horas para modular el
cambio en la expresion génica de CYP27B1 y de CYP24A1 [45]. Después se
adiciond el calcidiol (250HD3;, 1 uM) y se mantuvo a las células en incubacion
durante 2 horas. Transcurrido este tiempo se mantuvo a las células a -70 °C hasta
su cuantificacion.

La manipulacion de las células se hizo en obscuridad para evitar la

fotodegradacion del calcitriol. Se descongeldé y raspd las células con ayuda de
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puntas estériles de 1 mL. Se recolecto el total de células y medio de cultivo.
Posteriormente se realizaron 3 ciclos de congelacion/descongelacion en nitrogeno
liquido. Las alicuotas se etiquetaron y se mandaron a analizar en el laboratorio
LabcoNols ubicado en C/Alta Ribagorca 12 en Barcelona, Espafia. La
cuantificacion se hizo por radioinmunoanalisis. El limite de deteccién es de 5

pg/mL. Los resultados obtenidos se expresaron en pg/mL/2.5 x 10° células.

5.11. Evaluacién de la expresion de hCTD por citometria de flujo en
trofoblastos en cultivo

Se eligio a la citometria de flujo como método para estudiar el efecto de los
andrégenos en la sintesis del marcador inmunoldgico innato catelicidina, como
resultado de la modulacion del metabolismo placentario de la vitamina D. Para
este fin se incubaron 3 x 10° trofoblastos en cajas de 6 pozos en presencia o
ausencia de andrégenos durante 24 horas para modular la expresion de CYP27B1
y CYP24A1. Posteriormente se adiciond 250HD3; en el medio de tratamiento y se
mantuvo a las células durante otras 15 horas en incubacion para evaluar la
expresion de hCTD como marcador de la bioactividad del calcitriol. Se impidié la
secrecion de hCTD con el uso de monensina 2 uM, un inhibidor de la secrecién
proteica (BD GolgiStop, BD Biosciences).

Después del tiempo de incubacion, se tripsinizod a las células y se centrifugo
a 2,000 rpm durante 3 minutos para obtener el boton. Posteriormente, las células
se fijaron y permeabilizaron con ayuda del estuche BD Cytofix/Cytoperm Plus (BD
Biosciences). El marcaje intracelular de hCTD en las células CK-7 positivas se

consiguié con el uso del anticuerpo monoclonal hecho en conejo (Abcam) que
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reconoce tanto la forma completa como la escindida en su dominio C-terminal de
la hCTD, en coincubacion con el anticuerpo hecho en raton contra CK-7 (BioSB),
ambos en dilucion 1:60. Después de 1 hora de incubacion, las células se lavaron
con PBS-albumina 0.8% y se incubaron con los anticuerpos secundarios
fluorescentes de cabra anti-raton conjugado con FITC (verde) (Santa Cruz) y de
cabra anti-conejo conjugado con Cy3 (rojo) (Jackson ImmunoResearch), diluidos
1:300 durante 1 hora a temperatura ambiente y protegiendo las muestras de la
exposicion a la luz. Después de lavar, las células se sometieron al analisis
citométrico con el equipo Becton Dickinson FACSCalibur. Las células se
analizaron por citometria de flujo de 2 colores para medir la expresion de hCTD en
las células CK-7 positivas. El analisis se desarroll6 con el programa CellQuest Pro
(Becton Dickinson) y los resultados se expresaron como intensidad de
fluorescencia, que resultd de multiplicar el numero de eventos (numero de células

positivas por cada 1000) por el promedio de la fluorescencia.

5.12. Cuantificacion de hCTD en el suero de corddn umbilical

Las concentraciones de hCTD en el suero umbilical se cuantificaron
mediante ELISA utilizando el anticuerpo anti-hCAP18/LL-37 (policlonal hecho en
cabra,1:500, Santa Cruz ) para la captura y el anti-LL-37 (policlonal hecho en
conejo, 1:1000, Abcam) como se describid previamente [78]. Previo al montaje de
la ELISA, se filtraron las muestras con membranas de 10 KDa (Amicon ultra
centrifugal filters 10K, Millipore) para asegurar que sélo la forma activa de la

catelicidina fuera cuantificada. El estandar de hCTD purificado por HPLC fue
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generosamente donado por el Dr. Robert Hancock de la Universidad British

Columbia en Vancouver, Canada.

5.13. Cuantificacion de testosterona, estradiol y 250HD3; en el suero de
cordon umbilical

La cuantificacién de estradiol en el suero de cordén umbilical se evalud por
RIA con el equipo automatico Siemens Immulite 2500 analyzer. La concentracion
de testosterona total se determind por inmunoensayo enzimatico
quimioluminiscente también en el equipo Siemens Immulite 2500 analyzer. La
concentracion de 250HD3; se evalud por inmunoensayo quimioluminiscente con el

estuche de Liaison, DiaSorin Inc.

5.14. Andlisis estadistico

Las diferencias entre los promedios de los datos normalizados analizados
por qPCR, western blot o citometria de flujo se analizaron por ANOVA de una via
o la prueba t de Student, segun fuera apropiado. Las diferencias en la
concentracion de las distintas hormonas y hCTD en el suero de cordon umbilical
de recién nacidos hombres y mujeres se evaluaron por la prueba U de Mann-
Whitney o la prueba t de Student dependiendo de la normalidad en la distribucion
de los datos. Las diferencias se consideraron estadisticamente significativas

cuando el valor de P < 0.05.
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6. RESULTADOS

6.1. Caracterizacion del cultivo primario de trofoblasto humano

Los trofoblastos placentarios en cultivo forman sincicios de manera
dependiente del tiempo. Este proceso es resultado de la fusién entre 2 o mas
citotrofoblastos vecinos, de naturaleza monononuclear, para dar origen a
sinciciotrofoblastos multinucleados y de mayor tamafio. La morfologia de los
sinciciotrofoblastos se evalué mediante el marcaje fluorescente de la CK-7,
marcador especifico del linaje trofoblastico. Como se observa en la figura 5, el
marcaje de la CK-7 con rojo permitio visualizar la morfologia caracteristica de los
sinciciotrofoblastos como grandes cumulos multinucleados. La CK-7 es la Unica
queratina que expresan todas las poblaciones trofoblasticas, pero esta ausente en
otras células placentarias mesenquimales como los fibroblastos y los macrofagos
[73], por lo que es comun que se utilice su abundancia como indicador de la
pureza del cultivo de trofoblasto [63]. En promedio, el analisis de células CK-7
positivas en el cultivo primario de placenta demostré que alrededor del 85% de la
poblacion son trofoblastos.

Para evaluar el fenotipo endocrino, se analizé la secrecion de la subunidad
beta de hCG durante las primeras 72 horas de cultivo (Figura 6). Como se muestra
en la figura, durante la diferenciacion de los trofoblastos se observa un incremento
significativo en la secrecidon de hCG, y este efecto se potencié cuando se incubd a

las células con el analogo de AMPc, el 8Br-AMPc.
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Figura 5. Inmunomarcaje de CK-7 en trofoblastos en cultivo.

La pureza del cultivo se evaludé por inmunofluorescencia. Después de 3 dias de
cultivo, las células fijadas y permeabilizadas se incubaron con el anticuerpo anti-
CK-7 hecho en ratén. El anticuerpo secundario anti-raton marcado con Cy3
permitio la visualizacidén y conteo de las células CK-7 positivas (rojo). Las células
CK-7 negativas se sefialan con flechas. Los nucleos se tiferon con DAPI (azul). El

promedio de células CK-7 positivas fue 84 + 4%.
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Figura 6. Secrecion de hCG al medio por los trofoblastos en cultivo.

La funcionalidad del fenotipo endocrino se demostré mediante la cuantificacién de
hCG en el medio de cultivo. Conforme avanza el grado de diferenciacion celular se
aprecia mayor sintesis de hCG (e). El tratamiento con 8Br-AMPc (0.6 mM)

estimulo la sintesis de hCG (o). *P < 0.05 vs. dia 1. n = 4 cultivos independientes.
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6.2. La testosterona induce la expresiéon de CYP24A1 mientras que inhibe
la expresion de CYP27B1 en células placentarias

Ademas del cultivo primario de trofoblasto, también se utilizé la linea de
trofoblasto extravelloso HTR-8/SVneo como modelo adicional de estudio en la
placenta humana. Para investigar el posible efecto transcripcional de la
testosterona sobre los citocromos del metabolismo de la vitamina D, los
trofoblastos y las células HTR-8 se incubaron en presencia de diferentes
concentraciones de testosterona o el andrégeno no aromatizable DHT durante 24
horas. Se contd también con el control de 8Br-AMPc. Como se muestra en las
figuras 7 y 8, la testosterona, DHT y 8Br-AMPc disminuyeron la expresion de
CYP27B1 en los trofoblastos y HTR-8 en cultivo.

Por el contrario, la expresion de CYP24A1 fue regulada a la alta por estos
andrégenos y el 8Br-AMPc en los trofoblastos en cultivo (Figuras 9 y 10). La
expresion de este citocromo no se puede evaluar en la linea HTR-8 ya que en
estas células el gen CYP24A1 se encuentra altamente metilado y su expresion es
nula.

El efecto observado por los andrégenos fue la inhibicién en la expresion de
CYP27B1 y el aumento en la expresion de CYP24A1; esto nos permitio hipotetizar
que el efecto bioldgico de los androgenos en el metabolismo de la vitamina D en la
placenta humana impactaria en la disminucién de la biodisponibilidad de calcitriol
mediante mecanismos relacionados con su menor sintesis y/o con el aumento de

su degradacion.
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Figura 7. La testosterona disminuye la expresién génica de CYP27B1 en
células placentarias en cultivo.

T: Testosterona. Trofoblastos en cultivo (circulos negros). Células HTR-8 (circulos
blancos). * P < 0.05 vs células control. Los datos se presentan como promedio *

EE. n = 3 experimentos independientes.
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Figura 8. La DHT y el 8Br-AMPc disminuyen la expresion génica de CYP27B1

en células placentarias en cultivo.

DHT: 5nM. 8Br-AMPc: 0.6 mM. Trofoblastos (barras negras). Células HTR-8

(barras blancas). * P < 0.05 vs células tratadas con vehiculo. Los datos se

presentan como promedio + EE. n = 3 experimentos independientes.
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Figura 9. La expresion génica de CYP24Al es estimulada por la testosterona
en los trofoblastos en cultivo.
T: testosterona. Los datos se presentan como promedio + EE. * P < 0.05 vs

células control. n = 3 experimentos independientes.
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Figura 10. La DHT y el 8-Bromo AMPc estimulan la expresion génica de
CYP24A1 en los trofoblastos en cultivo.
Los datos son presentados como promedio + EE. n =2 3. * P < 0.05 vs. células

tratadas con vehiculo.
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6.3. La testosterona activa a CREB de manera AMPc-independiente pero
dependiente del AR

Previamente describimos que los genes CYP27B1 y CYP24A1 son
regulados por la via AMPc / PKA / CREB en la placenta [45], lo cual va de acuerdo
con que estos citocromos presentan elementos CREs en sus promotores [51, 52].
Por lo tanto, y con el propdsito de evaluar la implicacion de esta via de
sefalizacion en la regulacion que ejerce la testosterona sobre las enzimas que
metabolizan a la vitamina D, se decidio tratar los explantes placentarios con esta
hormona durante 5 a 60 minutos. Primero, y para corroborar la especificidad del
anticuerpo empleado, se expuso con hCG a los cotiledones placentarios ya que es
conocido que esta hormona actua a través de la via AMPc/PKA/CREB e induce la
fosforilacion de CREB (pCREB por sus siglas en inglés). Como era esperado, esta
glicoproteina indujo la fosforilacion de CREB durante los 5 a 60 minutos post-
estimulo. Sorprendentemente, el tratamiento con testosterona también resulté en
la fosforilacion significativa de CREB en los primeros 60 minutos, con un pico
maximo alrededor de los 15 minutos (Figura 11). Considerando esto, los
siguientes experimentos se desarrollaron bajo este tiempo de estimulo. Tanto en
los explantes como en las células placentarias, la incubacion con testosterona
rapidamente activo a CREB (Figuras 12 y 13). Este efecto también se observd
cuando se us6 DHT, mientras que la preincubacion con flutamida antagonizé la
activaciéon de CREB dependiente de los andrégenos. Aunque el estradiol también
indujo a pCREB, el inhibidor de la aromatasa exemestano no antagoniz6 la
fosforilacion de CREB dependiente de la testosterona, lo que resalta la

participacion de los andrégenos en la induccién de pCREB. Finalmente, en las
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células placentarias en cultivo el tratamiento con los andrégenos resultd también

en la activacion de CREB (Figura 12).
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Figura 11. La testosterona rapidamente fosforila a CREB en explantes
placentarios en cultivo.

Se realizé la cinética de tiempo (de 5 a 60 minutos) para evaluar los cambios en la
fosforilacion de CREB mediada por hCG (50 Ul/mL) y testosterona (5 nM). Arriba,
la imagen es representativa de 5 placentas independientes. Abajo, se muestra el
histograma con las densitometrias obtenidas; los datos son presentados como

promedio + EE. * P < 0.05 vs. tiempo cero.
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Figura 12. Los andrégenos inducen la fosforilacion de CREB de forma
dependiente del AR.

Los explantes placentarios se incubaron en presencia de testosterona (T, nM),
estradiol (E2, 10 nM), DHT 1 nM, Flutamida (F, 1 uM) y exemestano (Ex, 5 M)
solos 0 en combinacion con T 5 nM para evaluar los cambios en la abundancia de
pCREB. Arriba, la imagen es representativa de 4 placentas independientes. Abajo,
se muestra el histograma con las densitometrias obtenidas; los datos son

presentados como promedio £ EE. * P < 0.05 vs. vehiculo.
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Figura 13. Los andrégenos fosforilan a CREB en el cultivo primario de
trofoblasto y en HTR-8.

Se evalud la fosforilacion de CREB mediada por T y DHT (nM) en el cultivo
primario de trofoblasto y en células HTR-8. Arriba, se muestra la imagen
representativa de 2 placentas independientes y 2 cultivos de HTR-8. Abajo a la
izquierda se presenta la densitometria de pPCREB/GAPDH observada en el cultivo

de trofoblasto, mientras que a la derecha se presenta la densitometria en HTR-8.
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Posteriormente nos preguntamos si esta induccién de CREB dependiente
de los andrégenos podria estar ligada al aumento en la produccion de AMPc. Para
ello, primero se corrobord la funcionalidad de la adenilato ciclasa en nuestros
modelos de estudio mediante la activacion constitutiva con toxina de cdlera y el
consiguiente esperado aumento en la sintesis de AMPc (Figuras 14 y 15). En
efecto, tanto las células de trofoblasto como las HTR-8 respondieron activamente
al estimulo con la toxina de cdlera. Sin embargo, no se observo ningun cambio
significativo en el cultivo de trofoblasto en presencia de testosterona sola o en
coincubacién con exemestano, un inhibidor de la aromatizacion (Figura 14). De
manera similar, en las células HTR-8 tampoco se observd algun cambio en la

produccion de AMPc generado por la testosterona o por DHT (Figura 15).
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Figura 14. La testosterona no modifica la sintesis de AMPc en el cultivo de
trofoblasto.

El tratamiento con testosterona (T) sola o en coincubacion con exemestano (Ex)
no modificé la sintesis de AMPc. Toxina de célera (TC, 5 ng/mL). Los datos se
presentan como promedio + EE. * P < 0.05 vs. vehiculo. n = 3 cultivos
independientes. La sintesis de AMPc se normalizé contra el vehiculo, al cual se le

asigno el valor de 1.
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Figura 15. Los andrégenos no modifican la sintesis de AMPc en el cultivo de
HTR-8.

El tratamiento con testosterona (T) o con DHT no modificd la sintesis de AMPc.
Toxina de cdlera (TC, 5 ng/mL). Los datos se presentan como promedio + EE. * P
< 0.05 vs vehiculo. n = 3 experimentos independientes. La sintesis de AMPc se

normalizé contra el vehiculo, al cual se le asigno el valor de 1.
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6.4. Los andrégenos inhiben indirectamente la sintesis de hCTD a través
de modificar el metabolismo de la vitamina D en trofoblastos en cultivo

Para evaluar la capacidad enzimatica de CYP27B1 y CYP24A1, se decidio
hacer un bioensayo con calcidiol (250HD3;) en los trofoblastos en cultivo. Es
necesario recordar que el CYP27B1 actua sobre el calcidiol para dar origen al
calcitriol, mientras que la CYP24A1 participa en la degradacion del calcitriol
sintetizado (Figura 1). Por lo que el balance entre CYP27B1 y CYP24A1 se vera
reflejado en la sintesis final del calcitriol placentario.

Como se observa en la Figura 16, las células incubadas unicamente con el
medio de tratamiento no sintetizan calcitriol. Es decir, en ausencia de 250HDs3, la
sola presencia de CYP27B1 no condiciona la sintesis de calcitriol. Posteriormente,
cuando se adiciond 1 uM de calcidiol, se observé el claro aumento del calcitriol
sintetizado (intra- y extra-celular). Por ultimo, se adicion6 8Br-AMPc a las células
en cultivo como control de la inhibicion de CYP27B1 y del paralelo aumento de
CYP24A1. Como era esperado, el tratamiento con 8Br-AMPc resulté en la
disminucion significativa del calcitriol sintetizado, en comparacion con el

observado en las células incubadas Unicamente con 250HDs.
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Figura 16. Sintesis de calcitriol en los trofoblastos en cultivo.

Los trofoblastos se incubaron en presencia de 250HD3 (1 yM) durante 2 horas y
se cuantificéd el calcitriol total sintetizado: intracelular y en el medio de cultivo. Vh:
vehiculo; 8Br: 8Br-AMPc 0.6 mM. Cada barra representa el promedio de 4 cultivos
de trofoblasto. Los datos se presentan como promedio + EE. * P < 0.05 vs.

vehiculo. ** P < 0.05 vs. vehiculo con 250HD3
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Después de corroborar que el trofoblasto en cultivo es capaz de sintetizar
calcitriol debido a la actividad enzimatica de CYP27B1 cuando se le proporciona el
sustrato 250HD3, se decidio evaluar la plausibilidad bioldégica de esta observacion
en los efectos inmunologicos mediados por el calcitriol. Para ello, decidimos
investigar el impacto de la testosterona en la produccion del calcitriol placentario
utilizando a la hCTD como marcador dependiente del calcitriol y ademas como
marcador de la defensa innata placentaria. La adicion de 250HD3; resulté en la
sintesis de 1,25(0OH),D3, tal como se demostr6 en la Figura 16, por lo que la
intencidn de este bioensayo fue evaluar la consiguiente sintesis de catelicidina
como blanco dependiente del calcitriol. Como ya se ha mencionado, es bien
conocido que el calcitriol induce la expresion génica de hCTD en la placenta
humana [29, 63], tal como también se observa en esta tesis. Cabe aclarar, que
esta sintesis observada de hCTD es dependiente de la bioconversion in vitro de
250HD; a 1,25(0OH),Ds3, siendo que a mayor calcitriol sintetizado, mayor induccién
de catelicidina.

Primero se determind el efecto del calcitriol biosintetizado en la expresion a
nivel génico de hCTD, asi como el posible efecto derivado de la preincubacion con
androgenos. Como se observa en la Figura 17, la adicién de 250HD3 resultd en la
potente induccién en la expresion génica de hCTD; un estimulo de mas de 200
veces en comparacion con la de células incubadas sin calcidiol. Interesantemente,
cuando se preincubd a las células con testosterona, DHT o el 8Br-AMPc, se
observo la significativa disminucion en la expresion génica de hCTD derivada de la

menor bioconversion de calcitriol.
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Figura 17. La testosterona, la DHT y el 8Br-AMPc inhiben la expresiéon génica
de la catelicidina, secundaria a la menor biosintesis de calcitriol.

Los trofoblastos se preincubaron en presencia de testosterona (T) 10 nM, 5a-
dihidrotestosterona (DHT) 1 nM, 8Br-AMPc (8Br) 0.6 mM o su vehiculo (Vh, etanol
0.1%) durante 24 horas. Posteriormente se adicion6 250HD; (1 pM) durante 24
horas mas. Al cabo de este tiempo se cuantificd la expresion génica de hCTD.
Cada barra representa el promedio de 4 cultivos de trofoblasto. Los datos se
presentan como promedio + EE. * P < 0.05 vs. vehiculo. ** P < 0.05 vs. vehiculo
con 250HD3
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El siguiente objetivo fue evaluar la expresion proteica de hCTD dependiente
de la sintesis de calcitriol. Como primer control, se incubd a las células con
calcitriol (10 nM) y se corroboro el estimulo en la sintesis de hCTD (Figura 18).
Como segundo control se incubd a las células con 250HDs3, lo que resultd en la
bioconversion hacia 1,25(0OH);D; (como se demostré en la Figura 16) y
posteriormente el calcitriol biosintetizado reguldé a la alta la sintesis de hCTD de
manera equiparable a la induccion observada con el tratamiento de calcitriol.

Interesantemente, y en referencia a nuestras preguntas experimentales en
el bioensayo propuesto en este proyecto encontramos que la preincubacion con
testosterona o con DHT resulté en la menor expresiéon proteica de hCTD después
de exponer a las células a 250HD3;, en comparacion con la observada solamente
en presencia de 250HD; (Figura 18, vehiculo barra negra). Sorprendentemente,
esta reduccion en la sintesis de hCTD que se observd con el tratamiento con los
androgenos fue comparable a la sintesis basal de hCTD en ausencia de 250HD3
(Figura 18, vehiculo barra blanca). Es decir, los andrégenos practicamente
bloquearon por completo el efecto inductor de la 250HD3; sobre la hCTD.

Por el contrario, el tratamiento con estradiol no modifico la sintesis de hCTD
inducida por 250HD3, con lo que se comprueba que los estrogenos no modifican
la respuesta inmune mediada por la VD. En cuanto al tratamiento con 8Br-AMPc
que inhibe la expresiéon de CYP27B1 y estimula la de CYP24A1, tal como era
esperado, se observd que este mensajero disminuyo la expresion proteica de
hCTD (Figura 18). Por ultimo, el uso del antagonista del VDR, TEI-9647, bloqued
por completo el estimulo en la sintesis de hCTD. Con esto se comprueba que, en

efecto, la regulacién de la expresién de hCTD en la placenta humana es
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dependiente del calcitriol y la consiguiente union a su receptor, mediante la

formacion del complejo 1,25(0OH),D3/ VDR-RXR / VDREs.
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Figura 18. La inhibicion del metabolismo de la vitamina D por los
andrégenos resulta en la menor expresion de la proteina hCTD en los
trofoblastos en cultivo.

Los trofoblastos se incubaron en presencia de testosterona (T, 5 o 10 nM), DHT (1
o 3 nM), estradiol (E2, 10 nM) u 8Br-AMPc (8Br, 0.6 mM) durante 24 horas.
Posteriormente las células se incubaron sin (barras blancas) o con 250HDj;
(barras negras), calcitriol (C, 10 nM) o TEI-9647 (TEIl, 1 uM) en presencia de
GolgiStop® durante 15 h. La expresion de hCTD se analizé por citometria de flujo
en las células citoqueratina 7 positivas (CK-7+). El valor de la intensidad de
fluorescencia (IF) en las células tratadas con vehiculo en ausencia de 250HD; (Vh
barra blanca) se establecié6 como 1, y los demas datos se normalizaron contra
éste. Cada barra representa el promedio de al menos 4 cultivos de trofoblasto,
excepto para 8Br y TEI. Los datos se presentan como promedio + EE. * P < 0.05
vs vehiculo sin 250HD3; (Vh barra blanca); ** P < 0.05 vs vehiculo con 250HD3
(Vh barra negra).

-64 -



6.5. Regulacién transcripcional de hCTD por los metabolitos de la vitamina
Dy los andrégenos

Para corroborar el efecto transcripcional del calcitriol endégeno y exdégeno
sobre la expresiéon génica de hCTD y para descartar la posible regulacién
transcripcional directa de los andrégenos o del 8Br-AMPc sobre este péptido
antimicrobiano, decidimos evaluar esta posibilidad mediante estudios de PCR en
tiempo real. Los resultados que se muestran en la figura 19 confirman el robusto
estimulo en la expresiéon génica de hCTD después de incubar a las células con
calcitriol o con 250HD3. Por otra parte, el tratamiento con testosterona o DHT no
modific6 de manera directa la expresiéon de hCTD, por lo que se puede descartar
que los androgenos regulen por si mismos la expresion génica de este péptido.
Interesantemente, la incubacion con 8Br-AMPc inhibi6é significativamente la

expresion de hCTD.
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Figura 19. El calcitriol y 250HD3;, pero no los andrégenos, modifican la
expresion génica placentaria de hCTD.

Se expuso a los trofoblastos en cultivo con 250HD3; (250H, 1 uM), calcitriol (C, 10
nM), testosterona (T 5 o 10 nM), DHT 1nM u 8Br-AMPc (8Br, 0,6 mM) durante 24
horas. Mediante gPCR se evalud la expresion génica de hCTD. Los datos se
normalizaron respecto a la expresion de GAPDH. Se le asigné al vehiculo el valor
de 1y los demas datos se ajustaron respecto a éste. Los datos se presentan como

promedio + EE de n > 3. *P < 0.05 vs. vehiculo.
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6.6. Diferencias dependientes del sexo en la expresion de hCTD y las
enzimas placentarias que metabolizan a la vitamina D

Con la finalidad de evaluar la posible regulacién dependiente del sexo de
los citocromos que metabolizan a la vitamina D, decidimos analizar la expresion de
CYP27B1 y CYP24A1 en el tejido placentario recolectado inmediatamente
después del alumbramiento. Se demostr6 que los cotiledones placentarios
procedentes de embarazos con recién nacidos hombres presentan
significativamente menor expresion génica de CYP27B1 en comparacion con los
procedentes de recién nacidos mujeres (Figura 20A). Sin embargo, la expresion
de CYP24A1 no mostré6 cambios significativos entre los cotiledones provenientes
de ambos sexos (Figura 20B). Para investigar la posible disparidad basada en el
sexo en la regulacion de la respuesta inmune modulada por la vitamina D, se
analizé la expresién de hCTD en el tejido placentario. De manera semejante a los
resultados observados en el RNAm de CYP27B1, se demostré que la expresiéon
génica de hCTD se encuentra significativamente reducida en los cotiledones
placentarios masculinos en comparacion con los cotiledones femeninos (P < 0.01)

(Figura 20C).
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Figura 20. Expresién génica de CYP27B1 y hCTD dependiente del sexo en
cotiledones placentarios.

Expresion génica de A) CYP27B1, B) CYP24A1 y C) hCTD en cotiledones
placentarios segun sexo del recién nacido. * P < 0.05 vs. hombres. n = 9. Se
normalizo la expresion génica vs. GAPDH. Los datos se presentan como graficas
de cajas y bigotes (en la caja se indica la mediana y los percentiles 25% y 75%; en
los bigotes se indican los percentiles 5% y 95%).

-68 -



Adicionalmente, se exploré la posibilidad de evaluar si estas diferencias en

la expresion de hCTD podrian estar relacionadas con la expresiéon diferencial del

receptor de la vitamina D a nivel proteina. Esto dado que este receptor es el

responsable de mediar la actividad biolégica del calcitriol, y por ende, es el

responsable de la actividad transcripcional mediada por el calcitriol. Como se

observa en el Western blot de la Figura 21, no se observd diferencia en la

expresion del VDR en los cotiledones placentarios masculinos versus los

femeninos (P = 0.373).

0.30

0.25

0.20

0.15 4

0.10

D.O.VDR/ GAPDH

0.05

0.00 -

Hombres PM Mujeres

Hombres Mujeres

G o ds i 4 VDR
5 ik ﬂﬁ.

B e e e s onam s GAPDH

VDR

L e E—————c 7.1 o 0 | o

LR VDR

DRODBa o eeeees GAPDH

Figura 21. La expresiéon de VDR es similar entre los cotiledones placentarios

masculinos y femeninos.

Por WB se observé la abundancia del VDR. A la izquierda se presenta el promedio

de las densitometrias obtenidas en cada sexo. Las barras representan el promedio

+ EE. A la derecha se muestran los WB del VDR en todos los cotiledones

analizados. n = 21 hombres y 21 mujeres. PM: peso molecular.
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6.7. Concentracion de hCTD, 250HD3, E, y testosterona en el suero de
corddn umbilical de recién nacidos hombres y mujeres.

Siguiendo con la linea de las observaciones anteriores, se evaluo la
concentracion de hCTD, 250HD3, testosterona y estradiol en el suero de la vena
umbilical en recién nacidos (RN) hombres y mujeres (Tabla 4). Coincidentemente
con lo demostrado en la figura 17 y 19C, se encontré que la concentracién de
hCTD se encuentra significativamente reducida en el suero de los RN hombres en
comparaciéon con el suero de las mujeres (P = 0.002). Como era esperado, la
concentracion de testosterona es mayor en el suero de cordon umbilical de RN
hombres versus mujeres (P = 0.007). Sin embargo, no se encontraron diferencias
significativas en la concentracion de estradiol ni de 250HD; entre los grupos

estudiados (Tabla 4).

Tabla 4. Concentracion de hormonas esteroideas y hCTD en el suero de

cordén umbilical segun sexo del recién nacido.

Metabolito RN hombres RN mujeres P
hCTD (ng/mL) 143.5+117.7 342.2 £ 205.7 4.0.002
Testosterona (nmol/L) 55(4.5-6.9) 4.2 (3.5-5.2) ® 0.007
Estradiol (ng/mL) 8.6 +5.1 11.2+4.6 2 0.112
250HD3 (ng/mL) 16.4+5.9 19.0+6.0 40.250

Las diferencias estadisticas se evaluaron por ?la prueba t de Student o °la prueba
U de Mann-Whitney. Correspondientemente, los datos se presentan como
promedio £+ DE o mediana (percentiles 25% — 75%), respectivamente. n = 17

muestras de cada sexo. RN: recién nacidos.
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7. DISCUSION

De manera general, es bien conocido que la testosterona favorece la
atenuacion de la respuesta inmune en los hombres [4, 79], mientras que los
estrégenos ayudan a contrarrestar las infecciones. Las evidencias actuales
sugieren que estos cambios observados en la respuesta inmune podrian estar
relacionados con el metabolismo diferencial de la vitamina D. existe evidencia de
que los estrogenos, a través de mecanismos dependientes de su receptor,
disminuyen la expresion génica de CYP24A1 mientras que inducen la de
CYP27B1, lo que reduce el catabolismo del calcitriol a la vez que incrementa su
sintesis [80, 81], lo que conlleva al desarrollo de una respuesta inmunoldgica
innata mas fuerte en las mujeres [80, 82, 83]. Sin embargo, hasta el momento se
desconoce si la testosterona puede afectar un blanco inmunolégico dependiente
de la vitamina D en la placenta humana. En el presente estudio se demostré que
la testosterona disminuye la expresion génica de CYP27B1 a la par que induce la
de CYP24A1 a través de un mecanismo independiente de AMPc que se
acompana de la fosforilacién de CREB, lo que resulta en la inhibicién de la sintesis
de hCTD dependiente de la VD. Hasta donde sabemos, éste es el primer reporte
que demuestra que la testosterona, a través de un mecanismo no clasico, modula
genes que contienen CREs en la placenta humana, de manera similar a como se
ha reportado en células de Sertoli [46]. Este es, probablemente, un efecto
mayoritariamente androgénico, dado que la activaciéon de CREB vy la regulacion de
los citocromos fueron mimetizadas por la DHT, un andrégeno no aromatizable, y

antagonizadas por la flutamida, un bloqueador del AR. En éste y en otros estudios
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se ha observado que tanto el estradiol como los andrégenos activan rapidamente
a CREB [46, 84]; sin embargo, aqui se observdé por primera vez que la
sefalizacion de esta via culmindé en la inhibicion de la expresién de hCTD
dependiente de la VD.

En la practica clinica es comun que se utilice la concentraciéon de los
androgenos en la sangre de corddn umbilical como marcador de la exposicion fetal
a los androgenos. Normalmente, la concentracion de testosterona total se
encuentra significativamente aumentada en las muestras de sangre umbilical de
los hombres vs. las mujeres [85], de manera semejante a como se observo en
este proyecto. Como referencia, en el suero de los recién nacidos hombres la
concentracion de testosterona total varia entre 2.4 y 13.8 nM, mientras que en las
recién nacidas mujeres la concentracion se encuentra entre los 0.69 y 2.77 nM
[86]. Considerando esto, en este trabajo hipotetizamos que la sintesis de calcitriol
placentario seria menor en los recién nacidos masculinos en comparacion con las
mujeres. Nuestros resultados apoyaron esta hipotesis, ya que encontramos menor
expresion de CYP27B1 y de hCTD en las placentas del sexo masculino vs.
femenino. Con base en estas observaciones, disefiamos un bioensayo in vitro
para demostrar el efecto de la testosterona sobre la regulacion diferencial de los
citocromos CYP27B1 y CYP24A1 que reflejara el metabolismo de la 250HD;
hacia 1,25(0OH),D3 y su impacto biolégico en la expresion de hCTD. Tal como se
explico anteriormente, se eligio a la hCTD debido a su robusta induccion
transcripcional dependiente del VDR, y por tanto del calcitriol, en la placenta
humana a la vez que no es estimulada por mediadores inflamatorios [29, 30, 63,

87]. Los resultados obtenidos por citometria de flujo mostraron que los trofoblastos
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expuestos previamente a los androgenos, presentaron menor expresion proteica
de hCTD, lo que sugiere menor tasa de bioconversion de 250HD3; en calcitriol
bioactivo. Ademas, la concentracion de hCTD que se encontrd en los trofoblastos
tratados con androgenos y 250HD3 fue semejante a la que se encontré en los
trofoblastos sin estimulo de 250HDj;, lo que fortalece la hipdtesis del efecto
represor de los androgenos sobre la biosintesis de calcitriol. Por otra parte, la
observacion de que el 8Br-AMPc disminuyd la expresion placentaria basal y
dependiente de VD podria representar un posible mecanismo de accién de los
microorganismos para facilitar la infeccion. Por ejemplo, diversas moléculas
derivadas de patdégenos pueden actuar a través de la via AMPc/PKA e inhibir
directamente la expresion de hCTD con lo que se favorece la colonizacion e
infeccidon bacteriana, tal como se ha demostrado en células del epitelio intestinal
[88].

Para investigar el posible dimorfismo sexual placentario en la regulacion de
la catelicidina promovida por la VD, adicionalmente estudiamos la concentracién
sérica de hCTD en el cordén umbilical de recién nacidos de ambos sexos. Como
se esperaba, la concentracion de hCTD en el suero de corddn de los hombres se
encontro significativamente reducida en comparacion con el de las mujeres. Estos
resultados apoyan nuestra hipotesis experimental de que las placentas masculinas
producen menos hCTD debido a una disminucién en la sintesis y/o por un
aumento en la degradacion del calcitriol. El hallazgo de que no hay diferencias
ligadas al sexo en la concentracion de 250HD3; en el suero de cordéon umbilical
sugiere que bajo las mismas condiciones de disponibilidad de este precursor, la

produccion del calcitriol depende mas de la expresion local de los reguladores de
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CYP27B1 y CYP24A1, lo que coincide con la tasa observada de mas del doble en
la relacion CYP24A1/CYP27B1 en las placentas masculinas. Aunque se conoce
que la concentracién de 250HD3 en el suero umbilical es menor que la observada
en el suero materno [89, 90], las concentraciones observadas en este proyecto
indican deficiencia de VD, lo que podria representar una sefal de alarma del
estado nutricio de VD en las mujeres embarazadas de la ciudad de México.
Ademas de mostrar diferencias ligadas al sexo en la produccion placentaria
de hCTD, en conjunto estos resultados sugieren que aquellas patologias del
embarazo que cursan con concentraciones anormalmente elevadas de
androgenos pueden acompanarse de alteraciones en el metabolismo de la VD y
eventualmente esto podria resultar en la insuficiente producciéon de calcitriol
placentario. Al respecto se ha descrito que las mujeres con preeclampsia, una
condicion hipertensiva del embarazo, presentan alta concentracién de testosterona
[91-94] y aumento en la expresidn placentaria del AR [95, 96]. Interesantemente,
en estas mujeres también se ha observado la disminucion en la produccion de
calcitriol placentario secundario a la menor expresion de CYP27B1 en los
sinciciotrofoblastos [97, 98]. Ademas, la preeclampsia se ha asociado con bajos
niveles circulantes de calcitriol tanto en el compartimento materno como en el fetal
[98-100]. Dado que al remover la placenta disminuyen considerablemente los
sintomas de la preeclampsia, se cree que los principales factores
desencadenantes de esta patologia residen precisamente en este 6rgano como
resultado de la desregulacién de los procesos placentarios normales. Los
resultados de esta tesis aportan informacion que puede ayudar a comprender, al

menos en parte, como algunos factores producidos a nivel de la placenta impactan
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en ciertas patologias gestacionales, ya que es bien conocida la capacidad del
calcitriol de regular la presion arterial, la hormonogénesis y la respuesta
inmunoldgica placentaria.

Al respecto, la insuficiencia de VD también se ha observado en mujeres con
sindrome de ovario poliquistico (PCOS), otra patologia asociada a
hiperandrogenemia [101, 102]. Interesantemente, la prevalencia de corioamnionitis
debido a infecciones bacterianas es significativamente mayor en embarazadas con
PCOS en comparacién con aquellas con embarazos normoevolutivos [103]. Esta
observacion, con base en nuestros hallazgos, podria estar relacionada con la
alteracién del metabolismo placentario de la VD y, consecuentemente, con la
insuficiente produccion de péptidos antimicrobianos, lo que merece ser explorado
en un futuro.

Hasta donde tenemos conocimiento, ésta es la primera vez que se describe
que la hCTD, importante marcador de la respuesta inmune innata, es
indirectamente regulada por la testosterona. Sin embargo, existe informacion
adicional que sugiere un papel inhibidor de los andrégenos sobre la hCTD, como
la mayor concentracion de este péptido en la saliva de mujeres vs. hombres [104]
o los hallazgos en ratones que demuestran que los andrégenos atenuan la
produccion y el metabolismo de la VD en la piel [105]. Cabe mencionar que los
elementos de respuesta a la vitamina D en el promotor del gen de hCTD son
especificos para primates y por tanto no se encuentran en ratones o en mamiferos
inferiores [32], lo que apremia la necesidad de realizar estudios en tejidos

humanos.
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Considerando los efectos potenciales del calcitriol sobre la fisiologia
placentaria y las defensas inmunes, nosotros creemos que los resultados aqui
presentados pueden explicar en parte porqué los embarazos que llevan fetos
hombres son mas susceptibles de experimentar peores prondsticos asociados a
un ambiente con defensas inmunes disminuidas. En este sentido, se puede tomar
en consideracion algunas evidencias complementarias del papel de los esteroides
sexuales en el imprinting del genoma fetal y la programacién de la respuesta
inmune en el adulto, particularmente en condiciones que afectan la adecuada
biodisponibilidad de la VD durante el embarazo [106, 107]. Dado que los factores
del ambiente prenatal, incluida la VD, impactan en la salud a largo plazo del
individuo mediante eventos de programacion intrauterina [69], nosotros creemos
que se debe tener especial cuidado para mantener la suficiencia de calcitriol in
Utero, especialmente en los embarazos que llevan un feto hombre o en aquellos

con alguna condicién que afecte el metabolismo de la VD.

-76 -



8. CONCLUSIONES

En este estudio se evalud la hipotesis de si la testosterona regular el
metabolismo placentario de la VD y, de esta forma, impacta en la respuesta
inmune innata dependiente de calcitriol. Nuestras conclusiones son las siguientes:

1) Se requiere del receptor de andrégenos para que la testosterona pueda

activar a CREB de manera independiente del AMPc en la placenta humana;

2) La testosterona estimula la expresion placentaria de CYP24A1 a la par

que inhibe la expresion de CYP27B1;

3) La expresion placentaria de hCTD dependiente de la vitamina D se

reduce ante la exposicién a andrégenos;

4) Los recién nacidos hombres presentan menor concentracion de hCTD en

el suero venoso de cordon umbilical comparado con el de mujeres.

En conjunto este estudio apoya y sustenta, al menos en parte, uno de los
mecanismos involucrados en la mayor susceptibilidad de los recién nacidos
hombres ante el desarrollo de infecciones debido a diferencias en el metabolismo
de la vitamina D atribuibles al sexo, con lo cual se resalta el dimorfismo sexual

placentario en la respuesta a la infeccion dependiente de la vitamina D (Figura 22).
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Figura 22. Propuesta de la regulacion del metabolismo de la VD y la hCTD
por la testosterona en la placenta humana.

La testosterona atraviesa libremente la membrana plasmatica y se une al AR
citoplasmatico. Posteriormente, por una via aun desconocida alguna cinasa
fosforila a CREB, lo que afecta la expresion de aquellos genes que poseen CREs
en sus promotores, como CYP27B1 y CYP24A1. Esto podria resultar en la
disminucién de la sintesis de calcitriol placentario debido al incremento en su
degradacion y/o a la menor bioconversion de 250HD3; a 1,25(0OH),D3. Esto podria
reducir la expresion placentaria de hCTD, lo cual proporcionaria menos defensas
innatas al feto a través de la vena umbilical, colocando al feto en un ambiente de

mayor riesgo ante las infecciones perinatales.
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Male fetus and neonates show increased immune vulnerability compared to females, which results in a
higher risk of perinatal infections. These differences could partially be due to sex steroids differential
modulation of vitamin D metabolism; since calcitriol, the most active vitamin D metabolite, regulates
immune responses and transcriptionally induces the antimicrobial peptide cathelicidin in the human
placenta. Calcitriol availability depends on CYP27B1 and CYP24A1 expression, the cytochromes involved in

Keywords: its synthesis and degradation, respectively. However, the effects of testosterone upon these enzymes and the
LL-37 final biological outcome upon the calcitriol-dependent immune-target cathelicidin in the placenta have not
ﬁarld blood been studied. In this study we show that testosterone significantly inhibited CYP27B1 while stimulated
c Aiv[ep CYP24A1 gene expression in cultured trophoblasts. These effects were accompanied by CREB activation
Androgen through cAMP-independent and androgen receptor-dependent mechanisms. Male placental cotyledons

showed reduced basal CYP27B1 and cathelicidin gene expression compared to females (P < 0.05).
Testosterone concentration was higher in the cord blood of male neonates (P=0.007), whereas cathelicidin
levels were lesser compared to females (P=0.002). Altogether our results suggest that male placentas
produce less cathelicidin due to decreased calcitriol bioavailability. We propose that the observed sex-
dependent differences in placental vitamin D metabolism contribute in fetal responses to infections and
could partially explain why the increased male fetuses immune vulnerability. Moreover, gestational
hyperandrogenemia could adversely affect placental vitamin D metabolism independently of fetal sex.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction diseases. Whereas estrogens seem to enhance immune responses,
androgens weaken immunocompetence [1]. The mechanisms
underlying these differences are largely not understood. During
prenatal life, sex-dependent differences in immune gene-expres-
sion are also suggested to contribute in fetal responses to infection
and inflammation. Indeed, sex-specific feto-placental adaptations

normally take place in human pregnancies, and interestingly, the

Diseases affect men and women differently; specifically, males
are more prone than females to viral, bacterial, fungal and parasitic

Abbreviations: 250HD3, 25-hydroxyvitamin D3; AR, Androgen Receptor; cAMP,

cyclic AMP; CRE, cAMP response elements; CREB, CAMP response element binding
protein; DHT, 5a-dihydrotestosterone; E,, 173-estradiol; hCTD, human Cathelici-
din; VD, vitamin D; VDR, vitamin D receptor.
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male fetus is more likely to experience poorer outcomes under
complicated conditions [2]. In this regard, male fetal gender has
been associated with an overall increased risk of preeclampsia,
premature rupture of membranes, placental infection, preterm
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birth and increased placental expression of inflammatory, hypoxic
and apoptotic molecules [3-7]. In contrast to testosterone
immunosuppressive and proinflammatory effects, another hor-
mone, calcitriol, the most active vitamin Ds; (VD) metabolite,
inhibits placental inflammatory cytokines synthesis [8,9] and
fortifies the innate immune response via stimulation of antimi-
crobial peptides expression. Among these natural antibiotics,
cathelicidin (hCTD) stands as an essential component of the host
innate immune response with strong microbicidal activity against
awide range of microorganisms [10]. The human placenta is able to
produce an array of bioactive VD metabolites using VD as substrate
by a recently discovered pathway catalyzed by CYP11A1 [11-14].In
the classic VD-activation pathway operating in placental syncytio-
trophoblasts, VD is biotransformed by either CYP27A1 or CYP2R1
to 25-hydroxyvitamin Ds; (250HDs3), which is also available from
maternal pool. This metabolite is then hydroxylated by the enzyme
250HD3-1a-hydroxylase (CYP27B1) to produce calcitriol (1,25
(OH),D3) [11]. Importantly, the activation of the VD receptor (VDR)
by calcitriol drives hCTD expression and antibacterial activity in
human placenta [15,16]. Bioactive calcitriol is catabolized by the
calcitriol-degrading enzyme 1,25-(OH),D3-24-hydroxylase
(CYP24A1), which is also expressed in human placenta; therefore,
an imbalance in the CYP27B1/CYP24A1 ratio might directly affect
calcitriol bioavailability. The regulation of CYP27B1 and CYP24A1
expression is tissue specific. In contrast to kidney, cyclic AMP
(cAMP) in the placenta decreases CYP27B1 while increases
CYP24A1 gene transcription [17,18]. This suggests that hormones
that modify cAMP levels may also regulate placental calcitriol
synthesis, as shown with calcitonin and parathyroid hormone [17].
Classically, cAMP-mediated signaling depends on the binding of
hormones to their cell-surface receptors increasing cAMP produc-
tion and activating protein kinase A (PKA), which in turn
phosphorylates the cAMP response element binding protein
(CREB). This activated transcription factor binds to cAMP response
elements (CRE) in target genes thereby increasing or decreasing
transcription [19]. On the other hand, testosterone actions are
mediated by a canonical genomic mechanism involving its binding
to the androgen receptor (AR); however, it may also activate CREB
by a non-classic mechanism of action not requiring the interaction
between the AR and the DNA and independently of cAMP
generation, as has been previously described in Sertoli cells
[20]. This particular testosterone signal transduction pathway has
not been described in placenta. Considering that both CYP27B1 and
CYP24A1 display putative CREs in their promoters [21,22], the
objective of this study was to investigate: (1) if testosterone was
able to modify these cytochromes gene expression through the
cAMP/CREB signaling pathway in cultured placental cells, and (2) if
physiological testosterone concentrations, which are associated to
a male product, could affect endogenous -calcitriol-mediated
transcription of hCTD in placenta. Considering the increased
susceptibility of male fetuses and neonates to infections, we have
hypothesized that the presence of higher testosterone levels
associated to male-carrying placentas modify local calcitriol
bioavailability resulting in less hCTD in cord blood of male
compared to female newborns.

2. Material and methods
2.1. Ethical approval

This protocol was approved and registered with the number R-
2013-785-033 by the applicable Medical Ethical Comitee from the
Instituto Mexicano del Seguro Social and a written informed
consent was obtained from each mother before delivery. The study
methodologies conformed to the standards set by the Declaration
of Helsinki.

2.2. Reagents

Culture media, fetal bovine serum (FBS) and Trizol were from
Invitrogen (CA, USA). The cAMP analogue 8-Bromo-cAMP (8Br-
cAMP), testosterone, 5a-dihydrotestosterone (DHT), 173-estradiol
(E;), exemestane, flutamide, calcitriol and 250HDs were purchased
from Sigma (St. Louis, MO). The VDR antagonist TEI-9647 was
kindly donated by Teijin Pharma Limited (Tokyo, Japan). The
placental cell line HTR-8/SVneo was kindly donated by Dr. Fabian
Arechavaleta-Velasco, from UMAE “Luis Castelazo Ayala” IMSS,
México D. F.

2.3. Sample collection and preparation

Patients with chronic hypertension, diabetes mellitus, cervico-
vaginal infections, renal, and other systemic illnesses were
excluded from the study. All placentas in this study were obtained
by cesarean section from term uncomplicated pregnancies.
Samples of cord blood were obtained immediately after birth
and were collected exclusively from the umbilical vein, which
provides information about blood directed from the placenta to the
fetus. The cords were clamped, resected and punctured with a
syringe. The plasma was separated by centrifugation (3000 rpm,
10min, 4°C) and stored at —70°C until analysis. The placentas
were extensively washed with 0.9% NaCl solution and further
processed for cell or explant culture. In addition, samples of
placental cotyledons were immediately obtained after delivery and
preserved in RNAlater (Sigma) in order to study basal CYP24Al,
CYP27B1 and hCTD gene expression from male and female
newborns.

2.4. Placental cell cultures and experimental conditions

Trophoblast cells were obtained from placental cotyledons as
previously described with some modifications [23]. Briefly:
Villous tissue was enzymatically dispersed and cells were
separated on density percoll gradients. Cell viability was
estimated by dye exclusion (0.4% trypan-blue) and were plated
at a density of 3 x 10° cells in supplemented medium (DMEM-HG,
100U/mL penicillin, 100 mg/mL streptomycin, 10% heat-inacti-
vated-FBS). Incubations were performed in humidified 5% CO,-
95% air at 37°C. Cells were allowed to attach overnight and
further washed in order to remove all non-adherent cells [24]. In
addition, an established placental cell line, the HTR-8/SVneo was
also used. For experiments, cells were incubated during 24h in
treatment medium (DMEM-F12, antibiotics and 5% charcoal-
stripped heat-inactivated-FBS) in the presence or absence of
testosterone or its 5Sa-reduced metabolite DHT, a non-aromatiz-
able androgen. After incubations, total RNA was extracted for
gene expression studies.

2.5. Trophoblast cell culture characterization: human chorionic
gonadotropin (hCG) secretion and cytokeratin-7 (CK-7)
immunostaining

In order to estimate the purity and endocrine functionality of
the percoll-purified trophoblasts, we analyzed the secretion of hCG
by a commercial ELISA kit (DRG, Germany) as well as the
expression by immunofluorescence of the well-known marker
of trophoblastic cell population CK-7 [25].

2.6. PCR amplifications
Samples of placental cotyledons from male and female newborns

were collected immediately after delivery and stored in RNAlater.
The regulatory effects of androgens on gene expression were studied
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by extracting total RNA from cultured treated cells or placental
cotyledons using TRIzol reagent. The amount and quality of RNA
were estimated spectrophotometrically at 260/280nm and a
constant amount of RNA was reverse transcribed using a reverse
transcription assay (Roche Diagnostics, Basel, Switzerland). Identical
PCR conditions were performed forall genes, which were normalized
against the housekeeping gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) used as internal control. The primers sequences
were the following: for hCTD (NM_004345.3): tcggatgctaacctctaccg/
gtctgggtccccatecat; for CYP24A1 (NM_000782.3): catcatggccat-
caaaacaa/gcagctcgactggagtgac; for CYP27B1 (NM_000785.2):
cttgcggactgetcactg/cgcagactacgttgttcagg; and for GAPDH
(NM_002046.3): agccacatcgctcagacac/gcccaatacgaccaaatcc. Ampli-
fications were carried on the LightCycler 480 real-time PCR
instrument (Roche) using the Roche master mix in combination
with hydrolysis probes (Roche, Universal Probe Library), following a
standard cycling protocol.

2.7. Preparation of cells and explants for Western blots

In order to evaluate CREB activation under different
experimental conditions, placental explants or cells were
incubated in fresh serum-free medium during 12h and then
treated during 5-60 min in the presence of testosterone. In the
following experiments an incubation time of 15min was
thereafter used. In the case of explants, after treatments the
tissue was washed and mechanically disrupted using ceramic
beads and the MagNA Lyser homogenizer (Roche) in the
presence of lysis buffer [9.1 mM dibasic sodium phosphate,
1.7 mM monobasic sodium phosphate, 150 mM NacCl, 1% Nonidet
P-40, 0.1% SDS, pH 7.4, a protease inhibitor cocktail (Roche) plus
15mM NaF and 1 mM Na3VOy4]. In the case of cells, after the
incubation time they were washed, scrapped with cold PBS,
pelleted and resuspended in lysis buffer. The cell or explant
homogenates were boiled during 10 min and an equal amount
of protein was assayed by Western immunoblot. The primary
rabbit-antibody was directed against CREB phosphorylated on
serine 133 (1:1000, Cell Signaling Technology, Inc. MA, USA).
Phosphorylated CREB (pCREB) levels were normalized against
GAPDH by using a mouse monoclonal antibody (1:8000,
Millipore Research Reagents, CA, USA). In addition, we
evaluated VDR protein expression in placental samples obtained
immediately after delivery. Tissue process was similar as
described for cultured explants. Primary VDR antibody was:
mouse monoclonal anti-VDR (sc-13133, Santa Cruz 1:250). For
visualization of CREB, VDR and GAPDH, membranes were then
incubated with respective secondary antibodies: Goat anti-
rabbit IgG-HRP (170-6515, BioRad, 1:8000) or goat anti-mouse
IgG-HRP (Santa Cruz Biotechnology, Inc, sc-2055, 1:6000).
Afterwards membranes were revealed with the ECL+Plus
Western blotting detection system (GEHealthcare, UK) and
densitometric analysis were performed by using the Molecular
Imager ChemiDoc XRS System and the Image Lab Software (Bio-
Rad, Hercules, California, USA).

2.8. Quantification of CAMP

Total cAMP (intra- and extracellular) was measured by
radioimmunoassay (RIA) employing the CV-27 cAMP antiserum
(National Hormone & Peptide Program) at a final dilution of
1:75,000 as previously described [26]. Briefly, placental cells were
plated at a density of 2 x 10° cells per well in 24 well boxes with
supplemented medium. Cells were incubated in the presence of
testosterone or cholera toxin (5ng/mL) in serum-free treatment
medium conditioned with 3-isobutyl-1-methylxanthine (0.2 mM).
After 24 h incubations were stopped and samples (cells and culture

media) were boiled during 3 min. The sensitivity of the assay was
2.0 fmol/mL.

2.9. Evaluation of hCTD expression in cultured trophoblasts by flow
cytometry

To study how androgens affect a calcitriol-induced innate
immune marker as a result of modulating VD metabolism in
placental cells, we first incubated 3 x 10° trophoblasts in the
presence of androgens during 24h to allow the modulation of
CYP27B1 and CYP24A1 expression. Then, cells were exposed to
250HDs in treatment medium and after 15 h we evaluated hCTD
protein expression as a marker of calcitriol bioactivity. Secretion of
hCTD was avoided by using a protein secretion inhibitor (BD
GolgiStop, BD Biosciences, CA, USA). After the incubation time,
cells were trypsinized, pelleted at 2000 rpm for 3 min, fixed and
permeabilized with BD Cytofix/Cytoperm Plus (BD Biosciences).
Intracellular staining of hCTD in CK-7 positive cells was achieved
using a rabbit antibody (Abcam, Cambridge, MA, USA) that
recognizes both the full length and cleaved C terminus of hCTD,
conjointly with a mouse anti-CK-7 antibody (BioSB), both at 1:60
dilution. After 1h of incubation, cells were washed with PBS-
albumin (0.8%) and further incubated with a FITC conjugated goat
anti mouse (Santa Cruz Biothechnology, Santa Cruz, CA, USA) and a
Cy3 conjugated goat anti rabbit antibodies (Jackson ImmunoR-
esearch) diluted 1:300 for 1 h. After washing, cells were subjected
to cytometric analysis with a Becton Dickinson FACSCalibur
instrument. Cells were analyzed by two-color flow cytometry to
measure expression of hCTD in CK-7 positive cells. Analysis was
performed with the CellQuest Pro Software (Becton Dickinson) and
results are expressed as fluorescence intensity, calculated multi-
plying the number of events by the mean of the fluorescence value.

2.10. Quantification of cord serum hCTD by ELISA

Levels of hCTD in cord blood serum were determined with a
sandwich ELISA using a rabbit anti- hCTD polyclonal antibody
(1:1000, Abcam) for capture and a goat anti human hCTD antibody
(1:500 Santa Cruz) for detection, as previously described [27].
Serum samples were filtered by using Amicon Ultra centrifugal
filters with a 10 K membrane (Millipore, Tullagreen, Carrigtwohill,
CO, USA) before analysis, assuring that only the active form of hCTD
was quantified. HPLC purified hCTD was kindly provided by Dr.
Robert Hancock (British Columbia University, Vancouver, Canada)
and was used as standard.

2.11. Quantification of testosterone, E; and 250HD3

Estradiol levels in cord blood serum samples were determined
by a commercial RIA kit, while total testosterone concentrations
were measured using competitive chemiluminescent enzyme
immunoassays on a Siemens Immulite 2500 analyzer (Siemens
Healthcare Diagnostics Inc, Deerfield, IL). The concentration of
serum 250HD3; was analyzed by a chemiluminescent immunoas-
say (Liaison, DiaSorin Inc., Stillwater, MN).

2.12. Statistical analysis

Differences between mean values from qPCR analyses were
analyzed by One-way ANOVA or Student’s t-tests as appropriate.
Differences in serum umbilical cord metabolites and hCTD
concentrations between male and female neonates were evaluated
by Mann-Whitney U test or Student’s t-test. Association studies
between cord umbilical serum variables were done using
Spearman rank correlation test. Differences were considered
statistically significant at P < 0.05.
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3. Results

In the present study one of the biological models used was the
primary trophoblasts cell culture. Our previous characterization of
this model showed that cultured cells formed functional syncytia
in a time-dependent manner and were able to secrete basal and
cAMP-stimulated hCG-3 [17,25]. The percentage of CK-7-positive
cells was ~85%. In this study we also used HTR-8/SVneo, a human
placenta trophoblasts cell line.

3.1. Testosterone induced CYP24A1 while inhibited CYP27B1 gene
expression in placental cells

In order to investigate a possible transcriptional effect of
testosterone upon the VD- metabolizing cytochromes, placental
cells were incubated in the presence of different concentrations of
this androgen during 24 h. Both 8Br-cAMP and DHT were used as
controls. As depicted in Fig. 1A, CYP27B1 was significantly
downregulated by testosterone in cultured HTR-8/SVneo and
trophoblast cells. On the contrary, CYP24A1 was upregulated
(P < 0.05) by this hormone only in trophoblasts (Fig. 1B), since the
HTR-8/SVneo cell line does not express CYP24A1. DHT and 8Br-
cAMP regulated the two VD cytochromes expression in a similar
manner as testosterone (Fig. 1C and 1D).

3.2. Testosterone activates CREB in a cAMP-independent but AR-
dependent manner

Previously, we described that CYP27B1 and CYP24A1

genes were regulated by the cAMP/PKA pathway in the placenta
[17], which was in accordance with the description that these
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two genes contain putative CREs in their promoters [21,22].
Herein, in order to corroborate the role of CREB/CRE signaling
pathway in the regulation of the VD-metabolizing enzymes by
testosterone, placental explants were treated with this androgen
for 5-60min. As a control, we used hCG, a well-known
CREB-activator in placenta (Fig. 2A). As expected, hCG induced
CREB phosphorylation within the first 60 min. Similarly, the
incubation of placental explants in the presence of testosterone
resulted in the significant phosphorylation of CREB, with a
maximum peak around 15min (Fig. 2A); therefore, all the
following experiments were performed during this period of
time. As depicted in Fig. 2B, phosphorylation of CREB was also
observed when DHT was used, while preincubation in the
presence of flutamide, an AR antagonist, blocked the testoster-
one-dependent CREB activation. Although E, also induced
PCREB, the aromatase inhibitor exemestane did not antagonize
the testosterone-dependent activation of CREB (Fig. 2B),
highlighting the participation of androgens in pCREB induction.
Testosterone and DHT also activated CREB in cultured placental
cells (Fig. 2C).

We then asked if the observed androgen-dependent CREB
induction was due to increased accumulation of cAMP. First, the
adenylate cyclase functionality in our cultured trophoblasts was
corroborated by experiments in the presence of cholera toxin. In
these experiments, a significant cCAMP increase of more than 60
folds over control was observed. Then, we analyzed if androgens
could modify cAMP cell content. In contrast to the observed
hCG-mediated stimulation of cAMP (1.66 + 0.23 folds over control
using 100IU hCG/mL, P=0.024), which we used as control,
testosterone (1-50 nM) did not significantly affect CAMP content
in placental cells (data not shown).
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Fig. 1. Regulation of CYP27B1 and CYP24A1 gene expression by androgens and 8Br-cAMP in placental cells. (A) The gene expression of CYP27B1 was downregulated by
testosterone (T) in both cultured trophoblasts (black circles) and HTR-8/SVneo cells (white circles). (B) The gene expression of CYP24A1 was up-regulated by testosterone in
cultured trophoblasts. (C) The gene expression of CYP27B1 was downregulated by DHT (5 nM) and 8Br-cAMP (0.6 mM) in trophoblasts (black bars) and HTR-8 cells (white
bars). (D) CYP24A1 gene expression was up-regulated by the same treatments in cultured trophoblasts. *P < 0.05 vs vehicle-treated cells (Vh or 0). Data is depicted as the
mean £ SEM. n > 3 different individual experiments. Results were normalized against control values which were set to 1.
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Fig. 2. Androgens stimulated CREB phosphorylation in an AR-dependent manner.

(A)Placental explants were treated with hCG (50 IU/mL, black bars) or testosterone (T, 5 nM, white bars) during 5-60 min. Time zero is depicted in gray. Densitometric analysis
of pCREB/GAPDH from 5 different placentas is shown in left panel. A representative Western blot is shown in right panel. (B) Cultured placental explants were exposed for
15 min to testosterone (T, 1 or 5nM), estradiol (Ez, 10 nM), DHT (1 nM), flutamide (F, 1 wM), exemestane (Ex, 5 M) or the indicated combinations with 5 nM of T. Densitometric
analysis of pCREB/GAPDH from 4 different placentas is shown in left panel. A representative Western blot is shown in right panel. (C) Trophoblasts were exposed to
testosterone (T, 5 or 10 nM) or DHT (1 or 3 nM) during 15 min and a representative densitometric analysis of pPCREB/GAPDH in trophoblasts is shown in left panel, whereas
HTR-8 in middle panel. Right panel shows representative Western blots of trophoblasts (Tropho) and HTR-8/SVneo cells. Two independent experiments were performed for
each cell type. *P < 0.05 vs vehicle-treated cells (Vh or 0). Data is depicted as the mean + SEM.

3.3. Androgens inhibit hCTD protein expression by affecting VD-
metabolism in cultured trophoblasts

Considering the effects of androgens on CYP27B1 and CYP24A1,
and in order to find a biological plausibility of this observation on
VD-mediated immune effects, we investigated the impact of
testosterone on intracrine calcitriol using hCTD as a marker of
placental innate defense. In the bioassay used in this study, and as
expected, the addition of the CYP27B1 substrate, 250HDs, to
cultured trophoblasts doubled hCTD protein expression (Fig. 3).
This stimulatory effect was similar when testing increasing
concentrations of substrate: 1.0uM, 2.5uM and 6.0 M of
250HDs. Interestingly, we found a significant downregulating
effect of both testosterone and DHT upon 250HD3-induced hCTD

expression. Surprisingly, the levels of hCTD in cells exposed to
androgens and 250HD3; were not significantly different as
compared to cells incubated in the absence of substrate. On the
other hand, estradiol, at the dose tested, did not affect 250HD5-
induced hCTD expression in our cultured trophoblasts. In a similar
manner as observed with androgens, the treatment with 8Br-
cAMP, which was used as a control, decreased hCTD protein
expression, compared to substrate only (P=0.04), while the use of
the VDR antagonist TEI-9647 reversed the stimulatory effect of
substrate addition on hCTD expression, indicating the participa-
tion of the VDR (Fig. 3). Since the magnitude of the stimulatory
effect of substrate and the inhibitory effect of androgens, TEI and 8
Br-cAMP was similar independently of the concentration of
250HD; used, we decided to integrate all these data in a single
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Fig. 3. Androgen inhibition of VD metabolism resulted in decreased cathelicidin
protein expression in cultured trophoblasts.

Trophoblasts were incubated in the presence of testosterone (T, 5 or 10 nM), DHT (1
or 3nM), estradiol (E;, 10 nM) or 8Br-cAMP (8Br, 0.6 mM) during 24 h. Then, cells
were incubated without (white bars) or with 250HD5 (black bars), calcitriol (C,
10nM) or TEI-9647 (TEI, 1 M) in the presence of GolgiStop during 15h. The
expression of cathelicidin (hCTD) was analyzed by flow cytometry in cytokeratin-7
positive cells (CK-7+). The value of fluorescence intensity (FI) units of vehicle (Vh)-
treated cells in the absence of 250HD3 was set to 1 and results were normalized
against this value. Each bar represents averaged results of at least 4 trophoblast
cultures, except for 8Br and TEI. Data is depicted as the mean & SEM. *P < 0.05 vs Vh-
treated cells without 250HD; (white Vh); **P<0.05 vs Vh-treated cells with
250HDj3 (black Vh).

figure. The control calcitriol, incubated in the absence of 250HDs,
stimulated hCTD expression in a similar manner as observed in the
presence of 250HD; only (Fig. 3).

3.4. Transcriptional regulation of hCTD by VD metabolites and
androgens

To corroborate the transcriptional effect of endogenous and
exogenous calcitriol on hCTD gene expression and to discard a
possible direct regulation of androgens or 8Br-cAMP upon this
antimicrobial peptide, we incubated placental trophoblasts in the
presence of 250HDs, calcitriol, testosterone, DHT or 8Br-cAMP
during 24 h and further analyzed hCTD gene expression by qPCR.
Results shown in Fig. 4 depict the robust stimulation of hCTD gene
expression after exposing cultured trophoblast to calcitriol.
Likewise, the bioconversion of 250HDs to calcitriol evoked a
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Fig. 4. The gene expression of cathelicidin is induced by 250HD3 and calcitriol but
not by androgens in the placenta. Cultured trophoblasts were exposed to 250HD3
(250H, 1 wM), calcitriol (C, 10 nM), testosterone (T, 5 or 10nM), DHT (1 nM) or 8Br-
cAMP (8Br, 0.6 mM) for 24 h. The transcriptional regulation of hCTD was studied by
qPCR. Results are the mean & SEM of at least 3 different placental cultures. *P < 0.05
vs vehicle (Vh)-treated cells, which was normalized to 1.

similar and significant effect. No modification of hCTD gene
transcription was observed when cells were incubated in the
presence of testosterone or DHT. A significant downregulation of
hCTD gene expression was observed when incubating the cells in
the presence of 8Br-cAMP (Fig. 4).

3.5. Sex-dependent differences in placental VD-metabolizing enzymes
and hCTD expression

In order to study a possible sex-dependent regulation of the VD
metabolizing cytochromes, we analyzed the expression of CYP24A1
and CYP27B1 in placental tissue collected immediately after birth.
In accordance to our observations in cultured placental cells, male
placental cotyledons showed significantly less CYP27B1 gene
expression compared to female samples (Fig. 5A), while the
expression of CYP24A1 was not statistically different (Fig. 5B).
However, the CYP24A1/CYP27B1 ratio was on average 2.43 folds
higher in males than in females, which might be explained by the
lower CYP27B1 gene expression found in males.

To further investigate a sex-based dimorphism in placental VD
immune regulation, hCTD gene expression, which in humans
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Fig. 5. Gender differences in CYP27B1, CYP24A1 and hCTD gene expression in
placental cotyledons. Placental cotyledons from male and female neonates were
collected immediately after delivery. Tissue samples were processed by qPCR and
the expression of CYP27B1 (A), CYP24A1 (B) and hCTD (C) was analyzed. Male
cotyledons showed significantly less CYP27B1 and hCTD gene expression compared
to female. *P < 0.05 vs female; n=12 males and 9 females. Data are presented as the
relative mRNA concentration of each individual gene vs GAPDH, and are depicted as
box plots (box median; 25%, 75% percentiles; whiskers 5th and 95th percentiles).
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depends on calcitriol stimuli, was also analyzed in placental tissue.
In a similar manner as CYP27B1 gene expression, hCTD mRNA
showed to be significantly reduced in placental cotyledons from
male newborns, compared to those from females (P < 0.01, Fig. 5C).

Of note, no significant difference in VDR protein expression was
detected in male vs. female samples (Supplementary Fig. 1); thus
corroborating that the observed dissimilarities in cathelicidin and
CYP27B1 gene expression are not attributable to gender-specific
changes in VDR abundance.

3.6. Cord serum levels of hCTD, 250HDs, E, and testosterone in male
and female newborns

In line with the previous observations, the analysis of cord
blood hCTD concentration was found to be significantly reduced in
males compared to females (P=0.002, Table 1). In the case of
testosterone and as expected, its concentration was higher in the
cord blood of male neonates (P=0.007) with no statistical
differences in estradiol or 250HD3 concentrations between groups
(Table 1). In these serum samples, neither significant correlation
was found between the concentration of testosterone and hCTD
(rho=-0.029, P=0.912 in female samples and rho=-0.131,
P=0.615 in male samples) nor between 250HD; and hCTD
(rho=-0.271, P=0.348 in female samples and rho=-0.387,
P=0.154 in male samples).

4. Discussion

It is known that testosterone participates in male-biases during
infection causing an overall attenuation of the immune response
[1,28]. Estrogens, on the contrary, help to fight against infections.
Current evidence suggests that these differential effects could
partially be explained by estrogen-promoted differences in VD
metabolism, which favor slower calcitriol inactivation and
consequently, a stronger innate immune response in females
[29-31]. However, it is not known if testosterone may affect a
VD-dependent immune target in human placenta. In the present
study, we showed that testosterone inhibited placental CYP27B1
while stimulated CYP24A1 expression via a cAMP-independent
process accompanied by CREB phosphorylation, resulting in the
inhibition of VD-dependent hCTD expression. To our knowledge,
this is the first report showing that testosterone, acting through a
non-classical mechanism, modulates CRE-carrying genes in the
placenta, in a similar fashion as previously reported in Sertoli cells
[20]. This was probably a pure androgenic effect, since CREB
activation and cytochromes regulation were mimicked by DHT, a
non-aromatizable androgen, and antagonized by flutamide, an AR
blocker. In this and other studies both estradiol and androgens
rapidly activated CREB, [20,32]; however, herein a different
outcome on VD-dependent stimulation of hCTD expression was
observed. This difference could be explained on the bases of how
estrogens and androgens differentially act upon calcitriol

Table 1
Steroid hormones and hCTD levels in human umbilical vein serum by newborn
gender.

Analyte Male newborn (ng/mL)  Female newborn (ng/mL) P

hCTD 143.5+117.7 342.24+205.7 20.002
Testosterone 1.6 (1.3-2.0) 1.2 (1.0-1.5) 0,007
Estradiol 8.6+5.1 11.2+46 20.112
250HD5 16.4+5.9 19.0+6.0 20.250

Statistical differences were evaluated by 2Student’s t-test or by "Mann-Whitney U
test. Accordingly, data is presented as mean = standard deviation or the median
(25-75th percentile), respectively. n=17 samples from each sex.

biogenesis. Indeed, in clear contrast to androgens, estrogens,
acting through a receptor-signaling dependent mechanism,
decrease CYP24A1 while stimulate CYP27B1 gene expression,
thus reducing calcitriol catabolism while increasing its synthesis
[29,33]. In this regard, androgen concentration in umbilical cord
blood has been widely used as a marker of prenatal androgen
exposure, and total testosterone levels have been found to be
significantly elevated in male vs. female cord blood samples [34], in
a similar manner as observed in this study. As a reference, in
newborn serum, total testosterone concentration ranges from 2.4
to 13.8 nM (75-400ng/dL) in males, while from 0.69 to 2.77 nM
(20-80ng/dL) in females. Considering this, we a priori assumed
that placental calcitriol synthesis was lower in male than females.
In line with this, we found lower CYP27B1 and hCTD gene
expression in male-carrying placentas, as compared with those
obtained from female newborns. On the bases of this observation,
we used an in vitro bioassay that would reflect differences in
250HD; metabolism due to differential testosterone CYPs regula-
tion, using hCTD as an immune-biological marker of locally
synthesized calcitriol. As explained before, hCTD was chosen due
to its robust transcriptional VDR-dependent induction by calcitriol
in the human placenta, while it is not stimulated by inflammatory
mediators [16,25,35,36]. The results by flow cytometry analysis
showed significantly reduced hCTD protein expression in troph-
oblasts previously exposed to androgens, suggesting a reduced
bioconversion rate of 250HD3 into biologically active calcitriol.
Furthermore, hCTD protein levels in the presence of androgens and
250HD3 were similar to those observed in the absence of the latter;
thus, supporting the effects of androgens on calcitriol biosynthesis.
On the other hand, the observation that 8Br-cAMP downregulated
basal and VD-dependent placental hCTD expression might
represent a mechanism used by microorganisms to facilitate
infection. Indeed, pathogen-derived molecules may activate the
cAMP/PKA pathway directly inhibiting hCTD expression, as seen in
intestinal epithelial cells [37].

To further investigate a sex-based disparity in placental VD
immune regulation, we additionally studied hCTD serum concen-
trations in umbilical cords obtained from newborns of different
sex. As expected, hCTD levels were significantly reduced in male
when compared to females. These results further support our
experimental hypothesis that male placentas produce less hCTD
due to decreased calcitriol synthesis and/or increased degradation.
The finding of no significant gender-differences in 250HD3 cord
blood concentrations suggested that under a similar precursor
availability condition, calcitriol production depends more on local
regulators of CYP24A1 and CYP27B1, which agreed with the more
than two folds higher CYP24A1/CYP27B1 ratio observed in the
male placenta. Even though cord blood 250HD5 levels are known
to be reduced compared to maternal serum [38,39], herein we
observed an overall reduced concentration of this metabolite in the
cord blood samples independently of fetal sex, which might
explain why we did not find a significant correlation between
250HD3 and hCTD levels.

Altogether these results suggest that pregnancy pathologies
characterized by abnormally high androgen levels could be
accompanied by altered VD metabolism resulting in insufficient
calcitriol production. In this regard, high testosterone concen-
trations have been described in women with preeclampsia, a
hypertensive disease of pregnancy [40-43] also associated with
increased placental AR expression [44,45]. Interestingly, decreased
placental calcitriol production has been observed in preeclampsia,
secondary to decreased CYP27B1 expression in syncytiotropho-
blasts cells [46,47]. Moreover, preeclampsia is associated with low
circulating levels of calcitriol in maternal and umbilical cord
compartments [47-49]. VD insufficiency has also been observed in
women with polycystic ovary syndrome (PCOS), another
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hyperandrogenemia-associated pathology [50,51]. Interestingly,
the prevalence of chorioamnionitis due to bacterial infection is
significantly higher in PCOS pregnant women compared to normal
pregnancies [52]. This observation, based on our findings, could be
related to altered placental VD metabolism and consequently,
insufficient antimicrobial peptide production, which deserves to
be further explored.

To our knowledge, this is the first time that hCTD, an important
marker of the innate immune response, is found to be indirectly
regulated by testosterone. However, there is additional information
suggesting an inhibitory role of androgens on hCTD, such as the
higher concentration of this peptide in saliva from female vs male
subjects [53] and the findings in mice showing that androgens
attenuate VD production and metabolism in the skin [54]. It is
noteworthy to mention that the VD response element in the hCTD
gene is specific for primates and therefore is not conserved in mice
and other lower mammals [55], highlighting the need of studies in
human tissues. In this regard, it is widely accepted that the classic
activation pathway of VD operating in the whole body implies the
cutaneous photosynthesis of VD followed by hepatic production of
250HDs3 and renal synthesis of calcitriol [56]. However, whether
human placental VD metabolism is affected by androgens in a
similar manner as previously shown in mice skin remains unknown.
Recently, it has been demonstrated that human placenta is able to
biotransform VD to 250HD3 [11] and that 250HDs3 and calcitriol are
not the predominant VD metabolites in placental cells, but rather
several hydroxylated VD compounds such as 20-hydroxyvitamin
Djs. Although these CYP11A1-derived VD metabolites are known to
be bioactive, no studies have been undertaken to explore their
possible participation as physiological regulators of placental
immuno-endocrine functions. Interestingly, the VD-hydroxyder-
ivatives generated by CYP11A1 are also modified by CYP27B1
activity [11], which suggests that an imbalance between CYP27B1/
CYP24A1 expression might affect overall VD metabolism and
actions in placental cells.

Considering the potential beneficial effects of calcitriol upon
placental biology and immune defenses, we believe that the results
presented herein may in part explain why male fetus-bearing
pregnancies are more likely to experience poorer outcomes
generally associated to a decreased immune defense condition.
In this regard, some complementary evidence of the role of sex
steroids on genome fetal imprinting and programming of adult
immune response should also be taken into consideration,
particularly in conditions affecting adequate VD availability in
pregnancy [57,58]. Given that prenatal environment factors,
including VD among them [56], are recognized to significantly
impact adult health, we believe that special care should be taken in
maintaining calcitriol sufficiency in utero, especially in pregnancies
carrying a male fetus or those with a particular VD metabolism
deficient trait.

5. Conclusion

In summary, in this study we tested and probed the hypothesis
that testosterone regulates placental VD metabolism and that by
this mechanism impacts on calcitriol-dependent immune actions
during development. We concluded that: (1) Testosterone
stimulates whilst inhibits placental CYP24A1 and CYP27B1 gene
expression, respectively. (2) The AR is required for testosterone to
induce CREB activation in a cAMP independent manner in the
placenta. (3) The placental VD-dependent expression of hCTD
protein is reduced by androgen exposure or 8Br-cAMP. (4) Male
placental cotyledons express less CYP27B1 and hCTD mRNA
compared to female samples. (5) Male newborns had lower serum
umbilical cord hCTD concentration compared to females. Overall,
this study supports that male fetuses might be more prone to
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Fig. 6. Proposed mechanism of VD metabolism and hCTD regulation by
testosterone in the human placenta. Testosterone freely crosses the cell membrane
to bind the cytoplasmic androgen receptor (AR). Then, by a yet unknown pathway
that activates a kinase, CREB is phosphorylated, thereby affecting the expression of
the CRE containing genes CYP27B1 and CYP24A1. This may result in diminished
placental calcitriol biosynthesis due to increased degradation and/or reduced
bioconversion from 250HDs. In turn, the trophoblastic expression of hCTD is
reduced, providing less innate defenses to the fetus through the cord umbilical vein,
placing the fetus in a greater risk for perinatal infections.

infections and inflammation due to sex-dependent differences in
placental VD metabolism, highlighting sexually-dimorphic pla-
cental VD-dependent responses to infection (Fig. 6).
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IL-10 and calcitriol help to achieve a successful pregnancy by suppressing active maternal immunity;
however, these factors exert opposite effects upon microbial infections. In the skin and immune cells, IL-
10 downregulates B-defensins while calcitriol induces cathelicidin gene expression in various tissues
including placenta. Though, the regulation of human placental B-defensins by IL-10 and calcitriol has not
been studied. Therefore, we explored the regulation of these antimicrobial peptides expression in
cultured placental cells by calcitriol and IL-10 alone and combined. Real time PCR showed that calcitriol

gzi’hv‘;qirgiﬁin stimulated, while IL-10 inhibited, [-defensins and cathelicidin gene expression (P<0.05). In
B-Defensin coincubations studies, calcitriol was able to maintain antimicrobial peptides gene expression above
Innate defense control values, overriding IL-10 inhibitory effects. Calcitriol downregulated endogenous IL-10 secretion.
Placenta Interestingly, calcitriol and TNF-a cooperatively enhanced (3-defensins, while TNF-a reduced basal and

calcitriol-stimulated cathelicidin gene expression. In summary, calcitriol and IL-10 exerted opposite
effects on antimicrobial peptides expression in the human placenta, suggesting that unbalanced
production of IL-10 and calcitriol could be deleterious to innate immune responses during gestation. Our
results suggest that calcitriol enhancement of placental defenses involves two mechanisms: (1)
downregulation of IL-10 secretion and (2) direct upregulation of B-defensins and cathelicidin gene
expression. Considering that IL-10 and calcitriol differentially regulate the innate immune response in
the placenta, in the case of an infection, calcitriol might restrict IL-10 permissive actions towards
microbial invasion while restrains inflammation, allowing for pregnancy to continue in quiescence. These
results strongly advice maternal vitamin D sufficiency during pregnancy.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Clinical studies have shown a strong association between
intrauterine bacterial or viral infections and pregnancy complica-
tions such as abortion, preterm labor, intrauterine growth
restriction, and preeclampsia [1-3]. During intrauterine infection,
the placenta represents a mechanical and immunological barrier

Abbreviations: VD, Vitamin D3; AMP, Antimicrobial peptide; HBD, Human
{3-defensin; hCTD, Cathelicidin; ETC, Enriched trophoblastic cell preparations; CK-7,
Cytokeratin 7.

* Corresponding author. Tel.: +52 5 54 87 09 00x2417.

E-mail address: lorenzadiaz@gmail.com (L. Diaz).

http://dx.doi.org/10.1016/j.jsbmb.2014.07.012
0960-0760/© 2014 Elsevier Ltd. All rights reserved.

whose innate immune competences are essential to restrict
infection progress. Calcitriol, the most potent metabolite of
vitamin D3 (VD), is a pregnancy supporting factor particularly
during early fetal allograft acceptation and pathological inflam-
matory and infectious conditions. Indeed, pregnant women with
sub-optimal VD levels are at risk of developing inflammatory
conditions as well as recurrent infections such as preeclampsia and
bacterial vaginosis, respectively [4-6]. This might be explained by
the fact that calcitriol stimulates innate immunity by enhancing
microbial killing while prevents exacerbated inflammation by
regulating adaptive immunity. Given that the VD-activating
enzyme 25-hydroxyvitamin Ds3-la-hydroxylase (CYP27B1) is
expressed in many tissues including placenta [7], adequate VD
intake and/or enough sun exposure are essential for maternal and
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fetal health, since local calcitriol production depends on the
bioavailability of 25-hydroxyvitamin D (25-OHD3), the
CYP27B1 substrate. Calcitriol exhibits two key immunomodulatory
properties that help sustain a quiescent and healthy pregnancy: its
ability to inhibit inflammatory responses, and its capacity to
orchestrate antimicrobial defenses [8-10]. Although calcitriol and
interleukin (IL)-10 both act as immunosuppressive and anti-
inflammatory factors produced by trophoblasts and immune cells,
they diverge in their effects in response to a microbial insult.
Indeed, while calcitriol stimulates antimicrobial responses in many
cell types including human trophoblasts [8,11], IL-10 expression is
associated with a poor or absent response against infection [12]. In
fact, in vivo and in vitro studies involving intervention with
IL-10 suggested that this cytokine can be deleterious to situations
in which a strong immune defense is required [13-15]. The
mechanism comprises inhibition of several macrophage functions,
including microbicidal properties and presentation of antigens to
Th1 cells. Moreover, IL-10 downregulates the expression of
important antimicrobial peptides (AMPs) such as human [3-defen-
sins (HBD) in the skin and human peripheral blood cells [16-18].
Interestingly, regulation of AMPs gene expression by IL-10 in the
human placenta has not been addressed. AMPs are small
endogenous antibiotics with a positive charge and an amphipathic
structure that enables them to interact with bacterial membranes.
They participate in multiple aspects of immunity such as
inflammation, wound repair, and regulation of the adaptive
immune system. In contrast to acquired adaptive immunity, AMPs
provide a fast and energy-effective mechanism as front-line
defense since they have the capacity to kill a wide variety of
microorganisms. AMPs are expressed throughout the female
reproductive tract, and specifically during pregnancy, placental
trophoblasts are a major source of AMPs [19]. AMPs expression is
tightly regulated. The expression of HBD1 has been found to be
constitutive; however, HBD2 (also known as DEFB4) expression is
upregulated by infectious and inflammatory stimuli [20]. Indeed,
HBD2 expression is stimulated by IL-1a, IL-1[3, tumor necrosis
factor-a. (TNF-a¢), Gram-positive, and Gram-negative bacteria, as
well as Candida albicans and lipopolysaccharides (LPS). Escherichia
coli,Streptococcus agalactiae, and Gardnerella vaginalis have also
shown to stimulate HBD2 and HBD3 secretion in human fetal
membranes [21-23], while VD-mediated intracrine induction of
cathelicidin (LL37, hCTD) gene expression has been demonstrated
in different human tissues including trophoblastic and decidual
cells [8,24,25]. In human Kkeratinocytes, calcitriol also induces
HBD3 and hCTD expression [26]. Moreover, both hCTD and
HBD2 promoters contain VD-response elements (VDREs), suggest-
ing that calcitriol directly regulates their expression, as shown in
keratinocytes, lung, squamous adenocarcinoma and monocytes
[24,27]. However, HBD'’s regulation by calcitriol in fetal placental
cells has not yet been studied. In human placenta, calcitriol seems
to suppress both Th1- and Th2-cytokines, including IL-10 [28-30].
Knowing that IL-10 inhibits AMPs expression in certain tissues
while calcitriol downregulates IL-10 secretion in human tropho-
blasts, we hypothesized that IL-10 could downregulate placental
AMPs expression while calcitriol would revert this effect. This
postulate was corroborated herein, where we show that IL-10 and
calcitriol exerted opposed effects on placental innate defenses.

2. Materials and methods
2.1. Reagents

Culture media, fetal bovine serum (FBS), and Trizol were from
Invitrogen (CA, USA). TagMan Master reaction, TagMan probes,

capillaries and the reverse transcription (RT) system were from
Roche (Roche Applied Science, IN, USA); calcitriol

(1a,25-dihydroxycholecalciferol) was kindly donated from
Hoffmann-La Roche Ltd. (Basel, Switzerland). Enzymes used for
cell cultures and recombinant cytokines were from Sigma-Aldrich
(MO, USA). The concentration of IL-10 and AMPs in the culture
media was measured by using specific enzyme-linked immuno-
sorbent sandwich assays (ELISA) (Duo Set R&D systems, MN, USA,;
Pepro Tech, Rock Hill, NJ; for IL-10 and AMPs, respectively).

2.2. Placenta donors

Patients with chronic hypertension, diabetes mellitus, cervico-
vaginal infections, renal, and other systemic illnesses were
excluded from the study. All placentas in this study were obtained
by cesarean section. This study was approved by the Institutional
Human Ethical Committee (Comisién Nacional de Investigaciéon
Cientifica del Instituto Mexicano del Seguro Social, protocol
number: R-2013-785-033). Placentas were acquired after obtain-
ing written informed consent from each donor.

2.3. Placental cell cultures and experimental conditions

Enriched trophoblastic cell preparations (ETC) were obtained
from placental cotyledons as previously described with some
modifications [31]. Briefly, villous tissue was enzymatically
dispersed, and cells were separated on density percoll gradients.
An additional purification step after percoll-separation was
performed, which consists in allowing cells to attach to the
surface of the flasks for 18 h before aspirating the cell culture
media in order to remove all non-adherent cells (which include
T-lymphocytes and granulocytes). As determined by Tscherning-
Casper et al., by using this method at least 85% of cells correspond
to trophoblasts [32]; therefore, our cell cultures are further
referred as ETCs. Before plating, the viability of percoll-enriched
cells was estimated by dye exclusion (0.4% trypan-blue). Cells were
plated at a density of 3 x 10° cells per 25 cm? flasks with 4 mL each
of supplemented medium (DMEM-HG, 100U/mL penicillin,
100 mg/mL streptomycin), containing 10% heat-inactivated-FBS.
Incubations were performed in humidified 5% CO,-95% air at 37 °C.
Cells were allowed to acclimate overnight and after washing the
incubations continued in treatment medium (DMEM-HG, anti-
biotics and 10% charcoal-stripped heat-inactivated-FBS) in the
presence or absence of different calcitriol and/or IL-10 concen-
trations. Additional experiments were performed incubating the
cells with or without TNF-a¢ (10 ng/mL) during 24 h in order to
study a possible synergistic effect of this cytokine and calcitriol on
AMPs regulation. Medium was collected and stored at -70°C for
AMPs determination by ELISA, while RNA was extracted from cells
for gene expression studies.

2.4. PCR amplifications

Regulatory effects on gene expression were studied by
extracting total RNA from treated cells using TRIzol reagent. In
all cases, the amount and quality of RNA were estimated
spectrophotometrically at 260/280nm, and a constant amount
of RNA (1 g) was reverse transcribed using a RT assay. Primers and
probes for PCR amplifications were designed on line using the
Universal ProbeLibrary Assay Design Center from Roche, and the
sequences are shown in Table 1. Identical PCR conditions were
performed for all genes and in all cases normalized against TATA-
binding protein (TBP), used as housekeeping gene internal control.
Amplifications were carried on the LightCycler®™ 2.0 instrument
(Roche), according to the following protocol: activation of Taq DNA
polymerase and DNA denaturation at 95 °C for 10 min, proceeded
by 45 amplification cycles of 10s at 95°C, 30s at 60°C, and 15 at
72°C. In this study, the endocrine functionality of our cultured
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Table 1
Primers and probes.

Gene/accession number Upper primer Lower primer Amplicon Probe number®
(nt)
HBD2/NM_004942.2 tcagccatgagggtcttgta ggatcgcctataccaccaaa 89 35
HBD3/AJ237673.1 ctgtttttggtgeetgtec cacttgccgatctgttectc 128 8
hCTD/NM_004345.3 tcggatgetaacctctaccg gtctgggtecccatecat 66 85
CYP24A1/NM_000782.3 catcatggccatcaaaacaa gcagctcgactggagtgac 65 88
TBP/NM_003194.3 gctggececatagtgatcettt cttcacacgccaagaaacagt 60 3
hCGR/NM_000737.2 gctcaccccagceatectat cagcagcaacagcagcag 131 79

2 From the universal probe library (Roche).

syncytiotrophoblasts was corroborated by human chorionic
gonadotropin (hCG) gene expression.

2.5. Quantification of HBD2, HBD3, IL-10 and hCTD by ELISA

HBD2, HBD3, hCTD and IL-10 were quantified by ELISA in the
culture media following manufacturer’s directions. Assays were
performed in 96-well plates and optical density of each well was
determined by using a microplate reader (Multiskan MS photom-
eter type 352, Labsystems, Helsinki, Finland). Assay sensitivity was
as follows: for HBD2: 15.6 pg/mL; for HBD3: 62.5 pg/mL; for hCTD:
53 pg/mL and for IL-10: 30 pg/mL.

2.6. Characterization of the cell culture by cytokeratin-
7 immunofluorescence

In order to evaluate the purity of our cell culture system, we
analyzed the percentage of cytokeratin-7 (CK-7) positive cells,
since CK-7 is the only keratin expressed in all trophoblast
subpopulations but is absent in placental mesenchymal cells
[33], allowing its use for adequate identification of cells from the
trophoblastic lineage. For this, ETCs were seeded onto sterile two-
well chamber slides and incubated during 48 h. Afterwards the
cells were washed and fixed for 24 h with freshly prepared zinc
fixative (BD Pharmingen, BD Biosciences, CA, USA) at 4°C. After
washing, cells were permeabilized with a 5-min treatment of 1%
Triton X-100, washed with PBS, and blocked with 1% bovine serum
albumin (BSA) for 1 h. Slides were then incubated overnight at 4 °C
with a 1:500 dilution of a mouse anti-CK-7 antibody (BSB5412, Bio
SB Inc., Santa Barbara, CA) in 1% BSA. Controls were incubated in
the absence of primary antibody. After a washing step, CK-7 was
labeled with goat anti-mouse-Cy3 (Life Technologies Inc.1:500) for
2h. A drop of UltraCruz mounting medium (Santa Cruz), which
contains 4/,6'-diamidino-2-phenylindole (DAPI) for nuclear visu-
alization, was applied to air-dried slides, which were then
coverslipped. Syncytiotrophoblasts were photographed with a
conventional fluorescence microscope, and the percentage of
CK-7-positive cells was calculated.

2.7. Statistical analysis

All data are expressed as the mean + standard error (SEM) of at
least three different cell cultures. Statistical differences for dose-
response assays were determined by one-way ANOVA followed by
appropriate ad hoc tests. Differences were considered statistically
significant at P < 0.05.

3. Results
3.1. Characterization of the cell culture system
ETCs formed syncytia in a time-dependent manner. Gene

expression of hCG-[3, used as a marker of endocrine villous cell
phenotype, was 8.33 and 61.21 folds higher in days 2 and 3,

respectively, compared to day 1 (P< 0.05, n=3). Syncytiotropho-
blasts were strongly positive for CK-7, which is characteristic of
cytoskeletal proteins of epithelial cells and a highly specific
trophoblastic marker, as depicted in Fig. 1 in red color (Fig. 1A).
Nuclei are shown in blue stained with DAPI. Controls in the absence
of first antibody did not show fluorescent signal (Fig. 1B). The
percentage of CK-7 positive cells was ~85%.

3.2. AMPs gene expression is inhibited by IL-10 while calcitriol exerts
the opposite effect and antagonizes IL-10

Real time PCR analyses showed that calcitriol up-regulated HBD2,
HBD3 and hCTD gene expression in a concentration-dependent

A

Fig. 1. Characterization of the cell culture system by CK-7 protein expression. ETCs
were photographed after 48 h incubation. CK-7, labeled with Cy3 (red, A) was
localized in the cytoplasmic skeleton. Nuclei were stained with DAPI (blue, A, B).
Negative control (absence of first antibody) is shown in B. All images are 40x.
Arrows show some CK-7-negative cells. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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manner (Fig. 2A and B). In contrast, IL-10 evoked the opposite effect
(Fig. 3A and B). Interestingly, coincubations of both IL-10 and
calcitriol resulted in a counterbalancing effect. In fact, calcitriol
antagonized IL-10 inhibitory effects upon AMPs, maintaining their
expression equal or above control values in all cases (Fig. 4A).

We also studied the possibility that IL-10 directly affected
calcitriol actions. Therefore, we focused on a well characterized
VD-target gene, the VD-24-hydroxylase (CYP24A1). As expected,
calcitriol significantly stimulated CYP24A1 gene expression in a
dose-response manner, further corroborating the presence and
functionality of the VD receptor in our cell cultures (Fig. 4B).
Nevertheless, coincubations in the presence of IL-10 resulted in a
50% reduction of the calcitriol-dependent CYP24A1 induction
(P<0.05, Fig. 4B).

3.3. TNF-« and calcitriol cooperatively stimulate HBD2 and
HBD3 while TNF-« inhibits hCTD gene expression

In order to simulate an inflammatory scenario similar to that of
a pathogen threat, we used the proinflammatory cytokine TNF-a.
Incubation of cells in the presence of recombinant TNF-o
stimulated only HBD2 gene expression (Fig. 5A). Nevertheless,
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Fig. 2. Calcitriol stimulates HBD2, HBD3 and hCTD gene expression in cultured
placental cells. ETCs were cultured in the presence of different calcitriol
concentrations or its vehicle (V) during 24 h. AMPs mRNA was normalized against
TBP mRNA; HBD2 and HBD3, circles and triangles, respectively (A); cathelicidin,
black circles (B). The mean value obtained from vehicle-treated cells was arbitrarily
set to 1. *P<0.05 vs. V.
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Fig. 3. IL-10 inhibits HBD2, HBD3 and hCTD gene expression in cultured placental
cells. ETCs were cultured in the absence (C) or presence of different IL-
10 concentrations during 24h. AMPs mRNA was normalized against TBP mRNA.
(A) HBD2 and HBD3, circles and triangles, respectively. (B) Cathelicidin, black
circles. The mean value of control was arbitrarily set to 1. *P<0.05 vs. C.

when coincubating the cells in the presence of calcitriol and TNF-a,
a cooperative stimulatory action was observed upon both
HBD2 and HBD3 gene expression. Interestingly, TNF-a suppressed
both basal and calcitriol-stimulated hCTD gene expression by 50%
and 70%, respectively (P < 0.05, Fig. 5A).

3.4. Protein expression studies

As expected and as previously shown [28], IL-10 secretion was
significantly downregulated by calcitriol (Fig. 5B).

Our efforts to detect AMPs protein in the culture media by ELISA
were unsuccessful, since the levels of these peptides were below
the detection limits of the assays. We also assayed cell
homogenates; however, this was also ineffective. The latter may
be related to incubation times or peptides degradation. It is
noteworthy to mention that a similar difficulty to detect AMPs in
the culture media of placental cells has been previously reported
by others [34].

4. Discussion

The present study was aimed at investigating the regulation of
placental AMPs by calcitriol and IL-10, as well as the interaction
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Fig. 4. Antagonistic effects of IL-10 and calcitriol upon placental antimicrobial
peptides expression. (A) ETCs were cultured in the absence or presence of IL-10
(10ng/mL) with or without different calcitriol concentrations during 24h.
Amplifications were performed using oligonucleotides for HBD2, HBD3 or hCTD
as indicated, and results were normalized against TBP mRNA. (B) Induction of
CYP24A1 gene expression by calcitriol is downregulated by IL-10. Calcitriol alone
(closed circles) significantly stimulated CYP24A1 gene expression. Coincubations in
the presence of IL-10 (10 ng/mL, open circles) partially antagonized this effect. The
mean value obtained from vehicle-treated cells was arbitrarily set to 1. *P < 0.05 vs.
control, **P < 0.05 vs. same calcitriol concentration in the presence of IL-10.

between these two immunomodulatory molecules. Our working
hypothesis was that IL-10 would damper placental AMPs expres-
sion while calcitriol would restore them. Calcitriol is an outstand-
ing hormone given the wide variety of beneficial actions it elicits in
different sites of the body, from regulating calcium homeostasis to
fighting cancer and infection. In the female reproductive physiol-
ogy, calcitriol modulates many important functions [35], particu-
larly during the perinatal period [36]. Mammalian gestation
creates an immunological paradox wherein the body must balance
tolerance of an allogeneic fetus with protection against invading
pathogens [37]. A solid body of evidence highlights calcitriol as the
hormone in charge of maintaining this balance in the fetoplacental
unit. Indeed, calcitriol restrains abnormal inflammation, while
stimulates host defense by improving the innate immune response
[29,38]. Maintaining a healthy innate immune system is para-
mount during gestation, since subversion of placental defenses by
pathogens can lead to pregnancy complications such as preterm
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Fig. 5. Calcitriol differentially regulates AMPs and IL-10 gene expression and
secretion, respectively. (A) TNF-a and calcitriol cooperatively stimulate HBD2 and
HBD3 while TNF-a inhibits hCTD gene expression. ETCs were cultured in the
absence or presence of TNF-« (10 ng/mL) with or without calcitriol (10 nM) during
24h. RT-qPCR amplifications were performed with oligonucleotides for HBD2,
HBD3, or hCTD as indicated. AMPs mRNA was normalized against TBP mRNA. The
mean value obtained from vehicle-treated cells was arbitrarily set to 1. (B) IL-
10 secretion is inhibited by calcitriol. ETCs were cultured in the absence or presence
of calcitriol (10nM) during 24 h. Cell culture media was assayed for IL-10 ELISA.
*P < 0.05 vs. control, **P < 0.05 vs. calcitriol alone.

labor or vertical transmission with fetal morbidity or mortality [2].
Placental barriers to infection can be breached by pathogens using
different strategies. One of these strategies is embracing
IL-10 immunosuppressive properties. It is widely accepted that
IL-10 diminishes the capacity of innate immune cells to Kkill
pathogens, as well as reduces their capacity to generate and
maintain responsive antigen-specific T cells. The ability of IL-10 to
suppress immune responses against intracellular agents is so
efficient that some viruses have included a genomic insert
homologue to the human IL-10 gene, with the apparent purpose
of avoiding host defense [39]. Indeed, the immunosuppressive
properties of IL-10 can be exploited by pathogens to facilitate their
own survival [12]. In this study, we showed for the first time that
IL-10 consistently inhibited HBD2, HBD3 and hCTD gene expres-
sion in cultured placental cells, suggesting that in the placenta,
IL-10 is involved in restraining innate immune responses, as seen
elsewhere. The inhibitory effect of IL-10 upon HBDs was
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demonstrated previously in human skin and peripheral blood cells,
and the treatment of skin explants with an antibody against
IL-10 augmented the expression of HBD2 and hCTD. These effects
were attributed to the known ability of IL-10 to reduce
inflammatory cytokines that induce AMPs [16-18]. This mecha-
nistic explanation, however, might not be the case in the placenta,
since in this study only HBD2 was stimulated by TNF-a.
Alternatively, other proinflammatory cytokines inhibited by
IL-10 could be participating in placental AMPs induction, or IL-
10 could be directly inhibiting AMPs gene expression, which is
actually suggested by the results in this study.

It is noteworthy to mention that the skill of IL-10 to dampen
AMPs expression may be detrimental if not moderated. In fact, high
levels of IL-10 may result in chronic infection [40]. Interestingly,
our results showed that in the placenta, calcitriol antagonized
IL-10 inhibitory effects upon AMPs, maintaining their expression
equal or above control values. Moreover, no inhibitory effect of
IL-10 upon AMPs gene expression in the presence of calcitriol was
observed, strongly suggesting a compensatory mechanism
between the stimulatory vs. inhibitory effects of calcitriol and
IL-10, respectively, on these genes. This might be explained by the
fact that calcitriol induces HBD2, HBD3 and hCTD gene expression,
as shown herein.

From a previous study from this laboratory showing the
inhibition of IL-10 expression and secretion by calcitriol in cultured
placental cells [28], which agreed with the results presented
herein, we suggest that calcitriol reestablishment of AMPs
expression could involve two different and complementary
mechanisms: a direct upregulation of AMPs gene expression and
the downregulation of IL-10 secretion. Downregulation of
IL-10 may be beneficial to resolve a pathogen threat, as
demonstrated in various in vivo and in vitro experimental settings
showing that neutralization of IL-10, either by knockout or by an
antibody blockade of the IL-10 receptor, resulted in a faster
clearance of intracellular infections than in the presence of IL-10
[12]. However, in some instances, the removal of IL-10 during an
infection results in inflammation-associated death, highlighting
the critical immunosuppressive role of IL-10 in vivo[12]. Never-
theless, in the placenta, the anti-inflammatory effects of calcitriol
could prevent this situation, as shown in placental cells cultured
under natural and experimental inflammatory conditions and in
pregnant mice exposed to bacterial products [29,30,38]. Therefore,
considering that IL-10 and calcitriol differentially regulate innate
immune responses in the placenta, in the presence of an
immunological/inflammatory threat during pregnancy IL-10 per-
missive actions towards infections might be antagonized by
calcitriol while, at the same time, the anti-inflammatory effects
of IL-10 are maintained by calcitriol, allowing pregnancy to
continue in quiescence and maternal tolerance. Certainly, it is
likely that both calcitriol and IL-10 work in concert to sustain
gestation, exerting anti-inflammatory actions redundantly.

Herein, we also studied the effects of TNF-oc upon AMPs. TNF-a
is a master proinflammatory cytokine capable to induce other
proinflammatory cytokines including itself, by activation of the
nuclear factor kappa B (NFkB). Induction of AMPs by inflammatory
mediators is likely since an adequate innate immune response is
needed in the event of a pathogen threat. Indeed, HBD2 promoter
contains functional NF-kB-binding sites and is induced by
proinflammatory cytokines and bacterial products in respiratory
epithelia, amnion and endometrial cells [41-45]. Similarly,
HBD3 expression in amnion increases in response to LPS or whole
bacteria [21-23,46]. In this study, we observed differential
regulation exerted by TNF-a upon all three AMPs studied: it
stimulated HBD2, inhibited hCTD and did not affect HBD3 gene
expression. This might be due to differences in their respective
promoter regions, since HBD2 contains three NF-kB sites,

HBD3 only one and the hCTD promoter none [47]. Moreover,
coincubations with TNF-a and calcitriol further stimulated both
3-defensins gene expression, in a similar fashion as previously
reported in squamous cell carcinoma cells and monocytes, where
coincident signaling by NFkB enhanced calcitriol-mediated
induction of HBD2 and hCTD expression [24,48]. Certainly, in
some cases, enhancement of NFkB seems to be required in order to
potentiate calcitriol antimicrobial effects against intrusion of
harmful microorganisms [11]. This fact may shed some light to
understand the surprising antagonistic activity exerted by
IL-10 upon calcitriol effects found in this study, since IL-10 is able
to transcriptionally induce IkBa, the cytoplasmic inhibitor of NFkB
[49]. Therefore, the ability of IL-10 to suppress NFkB by preserving
IkBa, as seen in macrophages and whole lungs [49], deserves to be
further investigated in the placenta. The observation in this study
showing that TNF-a and calcitriol work synergistically to induce
B-defensins expression indicates that under a pathogen threat,
adequate VD levels are very important to mount a strong placental
immune defense.

In contrast to the 3-defensins, hCTD expression was not directly
or concomitantly influenced by the inflammatory stimuli. More-
over, TNF-a significantly inhibited hCTD while reduced calcitriol-
mediated induction of hCTD gene expression. Similar results were
obtained by Liu and co-workers with primary trophoblasts
incubated in the presence of LPS [8]. The physiological meaning
of this effect deserves to be further investigated.

Several lines of evidence suggest that the majority of preterm
births are caused by bacterial infections, with the organisms
originating in the vagina. Preterm delivery is the major problem in
obstetrics today, accounting for 70% of perinatal mortality [1].
Considering the results reported herein together with the high
prevalence of VD insufficiency during pregnancy (<80 nM serum
25-0HD3) [50-52], it is imperative to adjust maternal VD levels to
reach sufficiency in order to improve host defense.

5. Conclusions

In summary, the results in this study show that IL-10 reduces
antimicrobial peptides gene expression in the placenta, an effect
that was significantly abrogated by calcitriol. In addition, calcitriol
and TNF-a synergistically induced (3-defensins expression, indi-
cating that under an infection, adequate VD levels are crucial to
enhance innate immunity. Our data suggest that calcitriol induces
placental innate immune responses by directly stimulating AMPs
gene expression, while at the same time downregulates
IL-10 secretion. Altogether this study supports that under a
scenario of microbial colonization and infection of placental
tissues, maternal VD sufficiency should help deploy a robust innate
immune response while restraining exaggerated inflammation.
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Abstract: Vitamin D has garnered a great deal of attention in recent years due to a global
prevalence of vitamin D deficiency associated with an increased risk of a variety of human
diseases. Specifically, hypovitaminosis D in pregnant women is highly common and has
important implications for the mother and lifelong health of the child, since it has been
linked to maternal and child infections, small-for-gestational age, preterm delivery,
preeclampsia, gestational diabetes, as well as imprinting on the infant for life chronic
diseases. Therefore, factors that regulate vitamin D metabolism are of main importance,
especially during pregnancy. The hormonal form and most active metabolite of vitamin D
is calcitriol. This hormone mediates its biological effects through a sp ecific nuclear
receptor, which is found in many tissues including the placenta. Calcitriol synthesis and
degradation depend on the expression and activity of CYP27B1 and CYP24Al
cytochromes, respectively, for which regulation is tissue specific. Among the factors that
modify these cytochromes expression and/or activity are calcitriol itself, parathyroid
hormone, fibroblast growth factor 23, cytokines, calcium and phosphate. This review
provides a current overview onthe regulation of vitamin D metabolism, focusing on
vitamin D deficiency during gestation and its impact on pregnancy outcomes.
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1. Vitamin D Synthesis and Metabolism

UVB radiation from sunlight initiates vitamin D (VD) biosynthesis in the skin by bioconverting
7-dehydrocholesterol to previtamin D3, which is thermally isomerized to VD3. VD may also be
obtained from the diet to a lesser extent. The nutritional forms of VD include both VD3
(cholecalciferol) from animal origin and VD2 (ergocalciferol) from fungi and plant origin. Once
formed in the skin or absorbed in the intestine, VD is released into the circulation and transported by
the VD-binding protein (DBP) to the liver, where it is converted by the VD-25-hydroxylase (CYP2R1)
into 25-hydroxyvitamin D (calcidiol, 250HD). Calcidiol is the major vitamin D metabolite present in
the circulation and the best indicator of VD nutritional status. Nevertheless, this metabolite is not the
active form of VD, and therefore needs further activation by a second hydroxylation step catalyzed by
the enzyme 250HD-1-a-hydroxylase (CYP27B1) in order to generate 1,25-(OH)2Ds (calcitriol), which
is the hormonal form and most active VD metabolite. CYP27BI1 is primarily expressed in the kidney
but also may be found in different tissues including the placenta. The bioavailability of calcitriol is
tightly regulated to restrict the biological actions of this hormone in target cells while maintaining
calcium and phosphate homeostasis, and the enzyme in charge of degrading calcitriol to water-soluble
and less active metabolites is the 1,25-(OH)2D3-24-hydroxylase (CYP24A1), which in turn is highly
upregulated by calcitriol itself, as a negative feedback mechanism [1,2].

Importantly, in order for CYP27B1 to fulfill its duty of producing calcitriol, there must be enough
substrate available. This requirement is readily accomplished by the endocytic receptors
megalin/cubilin and the adaptor protein disabled-2 (Dab2) present in the kidney, where 250HD in
complex with DBP is filtered through the glomerulus and reabsorbed in the proximal tubules by the
cooperative action of these proteins [3—5]. Inside the cell, DBP is degraded and 250HD is released and
hydroxylated by C YP27B1. This specialized mechanism allowing renal uptake and activation of
250HD is paramount for calcitriol production, as demonstrated by Nykjaer A. et al. [3] in rats infused
with *H-250HD/DBP and where megalin activity was blocked. In these animals, no ¢ onversion
products (i.e., *H-calcitriol) were recovered from serum samples. In contrast, in animals with intact and
active megalin that were also infused, *H-calcitriol was readily detected in their plasma samples.
Similarly, the importance of cubilin in the 250HD reabsorption process is evident in human patients
carrying inactivating mutations in cubilin gene (Imerslund—Grisbeck disease), which exhibit abnormal
urinary excretion of 250HD and DBP [4].

2. Calcitriol Biological Effects

Calcitriol actions are mediated through the vitamin D receptor (VDR), a high-affinity ligand-activated
transcription factor. Once bound to its ligand, the VDR heterodimerizes with the retinoid X receptor
(RXR). This complex recognizes vitamin D response elements (VDRE) in the promoter regions of VD
target genes and recruits co-activators or co-repressors in order to induce or repress gene transcription [6].
In addition, non-genomic calcitriol-dependent biological effects can also take place in cells, involving
second messengers generated by membrane-initiated signaling pathways [7,8]. Indeed, the classic
VDR and the membrane-associated rapid response steroid-binding protein (MARRS) found in the cell
membrane may bind calcitriol and initiate the activation of numerous pathways involving protein
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kinase C (PKC) [9], mitogen-activated protein kinase (MAPK) [10], protein kinase A (PKA) [11,12],
phosphatidyl inositol phosphate [13] and Ca®" and chloride channels [8,14]. Very important processes
are mediated through these rapid signaling cascades, such as insulin secretion and transcaltachia [15-17].
In general, the known VDRE-containing genes can be grouped in very diverse biological networks
including bone and mineral metabolism (i.e., osteopontin [18]); cell life and death (comprising
proliferation, differentiation, migration and apoptosis, i.e., p21 [19]), metabolism and cardiovascular
health (i.e., cystathionine pB-synthase [20], renin [21] and VEGF [22]), immune function
(i.e., cathelicidin hCTD, LL-37 [23,24]) and detoxification (i.e., CYP3A4, CYP24A1 [25]).

3. Regulation of the VD-Metabolizing Enzymes

Renal CYP27B1, which is responsible for the most part of circulating calcitriol, is mainly regulated
by parathyroid hormone (PTH) -as a signal of calcium status-, fibroblast growth factor 23 (FGF23) -as
a signal of serum phosphate levels- and calcitriol itself -as a negative feedback regulatory loop- [26].
When serum calcium levels are low, PTH is secreted by the parathyroid gland in order to stimulate
renal CYP27B1 by acyclic AMP (cAMP)-dependent mechanism [27]. PTH also causes CYP24A1
mRNA degradation in the kidney [28]. Calcitriol production is then boosted, thereby increasing blood
calcium levels by promoting absorption of dietary calcium from the gastrointestinal tract, increasing
renal tubular calcium reabsorption and stimulating the release of calcium from bone. As feedback
effects, the synthesis and secretion of PTH are then inhibited by calcitriol and FGF23, the latter being
produced in the bone [29]. FGF23 also potently inhibits CYP27B1 in response to elevated phosphate
levels [30]. Finally, calcitriol inhibits its own production by different mechanisms comprising PTH
inhibition, direct transcriptional repression of the CYP27B1 gene, and FGF23 and CYP24Al
induction [31]. Other factors that stimulate renal CYP27B1 activity and/or expression are insulin-like
growth factor type I (IGF-I) and calcitonin [32—-34].

4. Extra-Renal Regulation of Vitamin D-Hydroxylases

Extra-renal CYP27B1 is regulated in different ways than those observed in the kidney, in a
tissue-specific manner. For instance, macrophage and monocyte CYP27BI1 is not stimulated by PTH
but rather by cytokines such as interferon-y (INF-y) and tumor necrosis factor-o (TNF-a) [35-38].
In addition, CYPB7B1 in immune cells is not readily negatively regulated by calcitriol. Likewise, the
negative regulatory loop exerted by CYP24A1 is not very effective; therefore, 25SOHD availability is
the limiting factor for calcitriol synthesis in these cells [38]. In a similar manner as in immune cells, in
keratinocytes, TNF-o and INF-y potently induce CYP27B1 whereas calcitriol does not directly inhibit
this gene [39—41]. Nevertheless, CYP24A1 is induced by calcitriol and efficiently degrades bioactive
calcitriol, thus regulating calcitriol availability in the epidermis [39]. The transcriptional induction of
CYP24A1 by calcitriol is feasible considering the existence of multiple VDREs within its promoter.
However, other regulatory mechanisms can also play a role in CYP24Al1 regulation, such as
alternative splicing, epigenetic gene silencing and metabolism of its mRNA [42—45].

In a comparable fashion as immune cells and keratinocytes, proinflammatory cytokines induce
CYP27B1 gene expression in the human placenta [46]. Interestingly, in this tissue, CYP24Al
expression is also stimulated by these factors, suggesting that both synthesis and catabolism of
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placental calcitriol are locally affected by inflammatory cytokines [46]. Nevertheless, we have shown
that TNF-a increased significantly the expression of CYP24A1 over CYP27B1, whereas IFN-y
preferentially stimulated CYP27B1. These observations, together with those showing that cultured
trophoblasts secrete significantly more TNF-a than INF-y, suggest that in the placenta, increased TNF-a
secretion may limit calcitriol bioavailability [46]. The latter agrees with in vivo evidence showing low
serum calcitriol and low placental CYP27B1 expression and calcitriol production in preeclampsia
(PE), a pregnancy-associated condition characterized by an exacerbated pro-inflammatory profile.

In contrast to immune and epidermal cells, calcitriol in the placenta is able to transcriptionally inhibit
CYP27BI1 expression, which is mediated by both the VDR and a cAMP-dependent mechanism [12]. In
this tissue, CYP24A1 gene expression is also potently induced by calcitriol [12]. However, it is also
recognized that the CYP24A1 gene is methylated in the human placenta, suggesting that epigenetic
decoupling of VD feedback catabolism may play an important role in maximizing -calcitriol
bioavailability at the feto-maternal interface [43]. Nevertheless, as discussed previously by
Rosen et al. [47], this assumption is not supported by functional studies, since there is unequivocal
evidence for human placental synthesis of 24,25-dihydroxyvitamin D3, the main metabolic product of
CYP24A1 [48]. Moreover, in this seminal article by R ubin and colleagues, under physiologic
concentrations of 250HD, placental trophoblasts preferentially synthesize 24,25-dihydroxyvitamin D3
over calcitriol [48], which may explain why fetal levels of 24-hydroxylated VD metabolites are 40-fold
higher than calcitriol [47,49,50]. These studies strongly suggested that placental CYP24A1 expression
and activity, together with substrate availability are important limiting factors for calcitriol synthesis in
the feto-maternal interface. Other hormonal factors affecting placental VD-metabolism are IGF-I and
the natural occurring calciotropic hormones calcitonin and PTH [12,51]. IGF-I stimulates
biotransformation of 250HD into calcitriol [51], while both calcitonin and PTH regulate the placental
VD-hydroxylases in the same manner as calcitriol and cAMP, inducing CYP24A1 while repressing
CYP27BI1 gene expression, thereby favoring VD catabolism [12].

5. Physiological Changes of 250HD, Calcitriol, DBP and VDR during Pregnancy

During pregnancy, significant changes in maternal serum calcitriol, DBP and placental VDR take
place and interact to acquire extra calcium for adequate fetal bone mineralization (for a recent review
see Brannon PM and Picciano MF [52]). Indeed, the fetus may accumulate up to 30 g of calcium at
term, and to satisfy this demand, VD metabolism is boosted in order to increase calcium intestinal
absorption [53]. Collectively, these changes include increased maternal serum calcitriol, DBP,
placental VDR and renal and placental CYP27BI1 activity, without changes in serum 250HD or calcium
levels. In fact, maternal ionized calcium does not increase despite higher circulating calcitriol [54-57];
instead, serum calcium remains normal as calcium is transferred to the fetus. This equilibrium could be
attributed to the concomitant normal rise in calciuria [55-59], precluding the risk of hypercalcemia.
Fetal serum calcium levels are higher than those observed in the mother, a situation that requires
specific mechanisms for calcium transport against a concentration gradient. In this regard, the active
transplacental passage of calcium to the fetus is mediated by placental expression of calcium binding
proteins such as calbindin-D9k and 28k [60—62]. Interestingly, placental VDR has shown to be a
positive predictor of fetal femur length and is positively correlated with maternal-to-fetal transfer of
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calcium [63], suggesting that fetal skeletal growth could be affected by VDR-dependent mechanisms;
and therefore, the relative VDR placental abundance would be a preponderant feature for fetal bone health.

Maternal 250HD serum levels remain constant across pregnancy [56,57,59,64], suggesting that the
increment observed in serum calcitriol levels is independent of changes in its precursor synthesis.
Maternal 250HD crosses the placental barrier and represents the main pool of VD in the fetus. In fact,
serum fetal (cord blood) 250HD levels are on average 25% reduced compared to maternal serum and
correlate well with mother 250HD levels [65,66]; therefore, VD deficiency in the mother could be
vertically transmitted to the fetus.

During pregnancy, serum calcitriol rises from the first trimester, doubling its concentration
compared to non-gravid women by the end of the third trimester and returning to normal values after
delivery [54,56,58,59,64,67]. This physiological rise in calcitriol levels observed during pregnancy
could be related to increased synthesis rather than decreased clearance [68]. Increased synthesis
of calcitriol is linked to higher CYP27B1 activity in maternal kidney, placental trophoblasts and
decidua [69-71].

The mechanisms underlying improved CYP27B1 activity during pregnancy remain elusive, partly
because its known regulatory factors stay unchanged during this period, such as PTH [54-56,59],
which may be even lower with respect to non-gravid women [58,64]. Also, a murine PTH null model
supports that PTH does not contribute to increased calcitriol levels during pregnancy [72]. It has been
hypothesized [64,73] that a potential regulatory factor for CYP27B1 could be the PTH analog
PTH-related peptide (PTH-rP), which is synthesized by fetal parathyroids and placenta [74] and
increases throughout pregnancy. PTH-rP could reach the maternal circulation and, after binding to
PTH type 1 receptor (PTHR1), it may induce gene expression of CYP27B1 in the kidney and catalyze
calcitriol synthesis for endocrine actions. However, this mechanism could not completely explain the
higher activity of CYP27B1 in placenta because, as previously described, this tissue has its own
mechanisms governing VD metabolism. In fact, PTH downregulates placental CYP27B1 gene
expression [12].

The placental contribution to maternal calcitriol levels was demonstrated in 1978 by Weisman and
colleagues in a nephrectomized pregnant rat model. In that study, the authors showed that anephric rats
can synthesize calcitriol and 24,25-dihydroxyvitamin D3 from 250HD and that the fetoplacental unit is
the most likely site of production of such metabolites [75]. Later, the in vitro synthesis of
24,25-dihydroxyvitamin D3 and calcitriol by the human placenta was demonstrated [69]. Interestingly, in
a model of chronic renal failure by Blum and colleagues [76], nephrectomized rats had lower calcitriol
levels in comparison with normal rats, but during pregnancy the nephrectomized group reached similar
levels to those observed in pregnant controls, despite kidney absence, which emphasized the important
contribution of the placenta [76]. In 2000, studies in cultured human placental syncytiotrophoblasts
showed that the synthesis of calcitriol from its endogenous precursor was driven by an enzymatic
la-hydroxylation mechanism, since these cells expressed a CYP27B1 gene transcription product with
a nucleotide sequence identical to that of transcripts previously characterized in the human kidney [70].
Later, the CYP27B1 protein localization was demonstrated in human placental decidual and
trophoblastic cells [77].

In relation to VDR, it has been shown that its gene and protein expression is higher in placental and
decidual tissue during the first and second trimesters in comparison with term placentas [78,79], in a
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similar manner as CYP27B1, with highest levels of expression occurring in first trimester decidua [78],
thus suggesting a more preponderant role for calcitriol during the first part of pregnancy. It is likely
that this is related to the importance of maintaining an anti-inflammatory setting for the acceptance of
the fetal allograft. This is discussed further in Section 6.

Regarding DBP, two longitudinal studies indicate that this protein increases 25% to 56% during
pregnancy [59,67], but the mechanisms leading to this increment are still unknown. It has been
hypothesized that the DBP rise may be due to increased calcitriol concentration in gestation. In support
of this assumption, serum DBP levels in pregnant women correlated with serum calcitriol levels [80].

The rise in DBP during pregnancy is intriguing and should be taken into consideration for the
analysis of VD homeodynamics and physiological impact during this period. Actually, a great debate
has been taking place regarding which form of 250HD is the more suitable for activation, the “free” or
the DBP-bound form. In this regard, the “free hormone” hypothesis sustains that the free steroid, by
diffusing freely through the cell membrane, is the one available for activation and thereafter capable of
performing biological effects, while the hormone bound to its carrier protein is considered to be
sequestered and therefore, not bioavailable. However, this hypothesis has been confronted in the last
years, given the important transporting and interacting mechanisms existing between the
megalin/cubilin complex and DBP/250HD, together with the observed disparity between the expected
amounts of free hormone available for passive diffusion and the levels required to efficiently occupy
intracellular target receptors. For an excellent review see: Chun et al. [81]. Interestingly, Chun and
colleagues have recently proposed a viable hypothesis considering a role for DBP in tissue
discrimination of 250HDz and 250HDs. Given that 250HD2 binds to DBP with lower affinity than
250HD:s, the kidney would preferentially use the latter metabolite, while cells in the immune system
might profit of a greater pool of 250HD: for antimicrobial peptide induction [81].

It is noteworthy mentioning that megalin/cubilin-mediated 25OHD/DBP endocytosis may also take
place in the placenta, since these receptors are expressed in this tissue [82—84] and placental calcitriol
production has been proved [69,75], suggesting that circulating 250HD is accessible to placental
CYP27BI1 by active transport. However, trophoblastic production of calcitriol may also be explained
by the steroid freely diffusing through the cell membrane, and consequently both free and
bound-250HD might represent a bioavailable material for placental CYP27B1. Therefore, even if the
uptake of 250HD by proximal tubule cells evidently depends on the internalization of DBP, the
functional significance of the placental megalin/cubilin endocitic complex expression and functionality
remains far from clear.

Interestingly, mice with genetic ablation of the DBP gene only presented classic VD-associated
problems when maintained under a low VD diet, supporting a role for DBP in maintaining stable
serum stores of VD metabolites while modulating the rates of its bioavailability, activation, and
end-organ responsiveness [85].

6. Calcitriol Effects during Pregnancy

One of the main activities attributed to calcitriol during pregnancy is to increase calcium absorption
and to upregulate placental calcium transport. However, since VDR and CYP27B1 are also expressed
in reproductive feminine tissues like the uterus, ovary, endometrium, fallopian epithelial cells and
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placenta [86—88], other potential paracrine and autocrine actions of calcitriol cannot be discarded. In
this regard, during gestation, VD-dependent regulation of the immune function is paramount, since an
adequate balance of the cytokine profile is necessary for pregnancy success. Specifically, calcitriol
plays a dual role aimed at improving the innate immune response while restraining exacerbated
inflammation. Calcitriol achieves this by inhibiting pro-inflammatory cytokines such as TNF-a, IFN-y
and interleukin-6 (IL-6), while at the same time induces the potent antimicrobial peptide hCTD in the
fetoplacental unit [89-92]. In this tissue, calcitriol also stimulates other antimicrobial peptides known
as B-defensins (HBDs), in particular HBD2 and HBD3 [93].

Calcitriol biological effects in the placenta are also related to hormonogenesis and overall placental
physiology. In particular, calcitriol induces endometrial decidualization and estradiol and progesterone
synthesis, but also regulates the expression of human chorionic gonadotropin and placental lactogen
expression [94-97]. Table 1 lists currently known targets regulated by calcitriol in human placenta.

Considering these important effects of calcitriol on human pregnancy, it is not surprising that VD
inadequacy may contribute to many gestation-associated disorders. Herein, we revise some common

adverse pregnancy outcomes associated with maternal VD deficiency.
7. Vitamin D Deficiency and Adverse Pregnancy Outcomes

As previously mentioned, circulating 250HD represents the best indicator of VD status.
This metabolite was eligible instead of calcitriol for two principal reasons [98]: (1) 250HD is present
in a higher concentration than calcitriol (ng/mL vs. pg/mL); and (2) in a deficient 250HD scenario,
PTH is stimulated and consequently induces renal CYP27B1 expression and, therefore, calcitriol
synthesis. Consequently, this could derivate in a relative and transient “normality” in calcitriol levels,
given its short half-life (few hours for calcitriol instead of 2-3 weeks for 250HD [99,100]).

The spectrum of VD status has been established considering the known risk for adverse
consequences [101]. 250HD values lesser than 25 nmol/L are related to rickets and osteomalacia and
therefore are labeled as “severe deficiency”. 250HD values lesser than 50 nm ol/L may sustain
long-term adverse health consequences and are classified as “deficiency.” The 75 nmol/L cut-off is the
point above which there is no uppe r stimulation of PTH [102] and was thereafter designated as
“sufficient.” However, Heaney pointed out that 250HD concentrations < 80 nmol/L are associated
with reduced calcium absorption and osteoporosis risk [103]; therefore, values lesser than 75 nmol/L
are considered as “insufficient.” The conversion factor between 250HD nmol/L and ng/mL
is 2.5 (Table 2).
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Table 1. Targets modulated by calcitriol in the human placenta (+ = Stimulation; — = Inhibition).
Target Biological Network Regulation Bioeffect Cell Type Reference
Placental lactogen Cell life and death + Growth control Trophoblast [97]
. - Restraining inflammation Trophoblast [91,92]
TNF-a Immune function X -
- Immunosupression Decidual cells [89]
. - Restraining inflammation Trophoblast [91,92]
IL-6 Immune function - -
- Immunosupression Decidual cells [89]
CSF2 (colony stimulating factor 2) Immune function - Immunosupression Decidual cells [89]
) o ) Trophoblast [90]
hCTD Immune function + Restraining infection :
Decidual cells [89]
. . o . Trophoblast [12]
CYP24Al1 Bone and mineral metabolism + Calcitriol catabolism -
Decidual cells [104]
CYP27B1 Bone and mineral metabolism - Calcitriol synthesis Trophoblast [12]
IL-10 (Interleukin 10) Immune function - Reducing risk of infection Trophoblast [105]
KCNHI1 (Potassium voltage-gated channel) Cell life and death - Unknown Trophoblast [106]
Calbindin-D 28 kDa Bone and mineral metabolism + Calcium transfer Trophoblast [61,62]
Calbindin-D 9 kDa Bone and mineral metabolism + Calcium transfer Trophoblast [61]
hCG (human chorionic gonadotrophin) Cell life and death +,— Maintenance of pregnancy Trophoblast [96]
3B-HSD (3B-hydroxysteroid dehydrogenase) * Cell life and death + Progesterone synthesis Trophoblast [95]
CYP19 (aromatase) * Cell life and death + Estradiol synthesis Trophoblast [95]
Prolactin Cell life and death + Establishment of pregnancy Decidual cells [107]
VDR Bone and mineral metabolism + Allowing calcitriol actions Trophoblast [62]
Platelet-activating factor acetylhydrolase Cell life and death - Inactivation of platelet-activating factor ~Decidual macrophages [108]
HOXA10 (Homeobox A10) Cell life and death + Embryo implantation Decidual cells [109]
Osteopontin Bone and mineral metabolism + Embryo implantation Decidual cells [104]
HBD2 Immune function + Restraining infection Trophoblast [93]
HBD3 Immune function + Restraining infection Trophoblast [93]

* Only observed at the enzyme activity level.
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Table 2. Cut-offs in vitamin D status according to the Endocrine Society [110].

Vitamin D Status 250HD (nmol/L) 250HD (ng/mL)
Severe deficiency <25 <10
Deficiency <50 <20
Insufficiency <75 <30
Sufficiency 75-110 3044
Toxicity >250 >100

Table 2 shows the criteria for VD status as proposed by the Endocrine Society. We believe this
criteria is more applicable to this review since it provides guidance for clinicians caring for patients, as
compared to the reference proposed by the Institute of Medicine, more likely intended for normal
healthy populations only to ensure skeletal health [111].

Observational studies have described an association between insufficiency or deficiency in 250HD
levels and adverse pregnancy and neonatal outcomes including PE, gestational diabetes, bacterial
vaginosis, recurrent abortion, premature rupture of membranes (PROM), preterm delivery, cesarean
section, intrauterine growth restriction and also impaired fertility treatment.

The VD literature is growing rapidly and there are some recent and detailed reviews and
meta-analyses about adverse pregnancy outcomes and VD [52,112—-119]. The purpose of this section is
therefore to show a broad overview of VD status and its relationship with epidemiological and
observational data in adverse pregnancy outcomes.

7.1. VD and Preeclampsia (PE)

PE is ah ypertensive disease associated to gestation. It is clinically diagnosed by new-onset
hypertension (140/90 mmHg) and proteinuria (300 mg/24 h or protein dipstick 1+ or greater) after the
20th gestational week [120,121]. The major cause related to this disease is abnormal placentation
secondary to insufficient throphoblastic invasion that disrupts the endocrine, immunologic and
angiogenic environment, resulting in the clinical manifestation of PE [122,123]. Interestingly, a
multicenter study with 2030 pregnant women of an American cohort from 1959 to 1966 showed that
higher maternal circulating 250HD levels were associated with a significantly lower risk of placental
vascular pathology (hemorrhage, infarcts, microinfarcts, decidual atheromas or thrombosis of cord
vessels) in pregnant women carrying male fetuses [124]. From this perspective, VD could be a
protective factor for the correct development of placental vasculature.

There is a general consensus in the literature about preeclamptic women having lower 250HD
and calcitriol serum levels compared to normotensive normoevolutive pregnant women [125-129].
Indeed, VD deficiency is more common among preeclamptic women [130—135]. This could partially
be explained by s ignificantly lower CYP27B1 placental expression and therefore, lower calcitriol
biosynthesis in preeclamptic versus normal placentas [136].

The relationship between VD, especially 250HD serum levels, and the risk of PE development has
been extensively analyzed in the medical literature. Herein, we resume the studies that positively
correlate VD deficiency and PE risk (Table 3).
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Table 3. Observational studies on 250OHD serum levels and the risk for PE development.

Sample Size Weeks of Gestation for Risk for PE Development
Reference . 250HD Cut off
(PE Cases vs. Controls) Blood Sampling (OR (95% CI))
<75 nmol/L 3.26 (1.12-9.54)
[130] 100 PE and 100 controls >24
<37.5 nmol/L 4.23 (1.4-12.8)
. . 3.9 (1.18-12.87) for PE
33 PE, 79 eclamptic >20 weeks, prior to
[131] . <5 nmol/L 5.14 (1.98-13.37)
and 76 control magnesium sulfate therapy .
for eclampsia
[132] 32 PE and 665 controls 24-26 <50 nmol/L 3.24 (1.37-7.69)
51 severe PE
[133] 15-20 <50 nmol/L 3.63 (1.52-8.65)

and 204 controls

[134] 55 PE and 219 controls 22 <37.5 nmol/L 5.0 (1.7-14.1)

PE = Preeclampsia; OR = odds ratio; CI = confidence interval.

Interestingly, Robinson and colleagues [129] found that a 10 ng/ mL increase in 250HD levels
yields a 63% decrease in the risk of severe PE, strongly suggesting that pregnant women should have
VD sufficiency in order to lower the risk for PE development. In support of this postulation, recently,
Bodnar and coworkers [137] studied a large cohort with 717 PE women and 2,986 control women,
concluding that maternal VD deficiency is a clear risk factor for severe PE development. Specifically,
they found that maternal 250HD levels > 50 nmol/L reduce in 40% the risk of severe PE development
in comparison to women with 250HD < 30 nmol/L. Another study reports that both 250HD and
soluble VEGF receptor type 1/placental growth factor (sFlt-1/P1GF) ratio at 15-20 weeks of gestation
were significant predictors of severe PE [138]. Similarly, a Norwegian study [139] revealed that
increased VD intake (15-20 pg/day) decreases about 25% the risk for PE development, and four
independent meta-analyses showed a significant association between PE and 250HD insufficiency or
deficiency compared with control groups [112,119,140,141].

Despite all these reports, other authors inform they did not find any relation between maternal
250HD levels and risk of PE development [142,143].

In summary, this data supports that maintaining VD sufficiency is a relatively simple measure
(by cholecalciferol supplementation or reasonable skin sun exposure) for preventing one of the major
causes in mother and baby morbidity-mortality, namely, preeclampsia.

7.2. VD and Bacterial Vaginosis

Bacterial vaginosis (BV) is a common infectious disease in reproductive-aged women. It is caused
by the replacement of normal vaginal flora (especially Lactobacillus) for mixed anaerobic bacteria [144].
Its importance during pregnancy resides in the association of BV with adverse gynecologic and
obstetric outcomes such as PROM, which can cause spontaneous or induced preterm delivery [145].

Interestingly, the National Health and Nutrition Examination Survey (NHANES) 2001-2004
reported that black women suffer two-fold more BV cases in comparison to white women (51.6% Vvs.
23.2%, respectively) [146]. This proportion could be explained by the fact that high melanin levels in
darkly pigmented skin blocks ultraviolet radiation reducing cutaneous VD photosynthesis and
consequently, decreasing the well-known antimicrobial activity of endogenous calcitriol [147,148].
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Observational studies support this hypothesis. A prospective cohort study [149] developed at
Pittsburgh University followed 469 pregnant women from <16th gestational week to term. It was
observed that mothers with 250HD serum levels <20 nmol/L had a 65% increased risk of developing
BV compared to 250HD sufficient women (>80 nmol/L), and similarly, in a subsample of the Nashville
Birth Cohort [150], 250HD serum levels were lower in women who developed BV during pregnancy.
In a secondary analysis of data from the NHANES 2001-2004, Hensel and coworkers [151] described
that VD insufficiency or deficiency had a statistically significant association with BV only among
pregnant women (adjusted OR 2.87, 95% CI 1.13-7.28). Interestingly, a meta-analysis comprising
16 independent studies showed that women with bacterial or viral infections presented 2.1 increased
risk (95% CI: 1.6-2.7) of PE development [152], suggesting a probable common risk factor which
could be VD deficiency.

Besides BV, calcitriol can prevent other kinds of infections during pregnancy. In human bladder
biopsies and established bladder cell lines, 250HD treatment induced hCTD gene expression, which
diminished uropathogenic E. coli infection, suggesting that adequate 25SOHD serum levels could help
prevent urinary tract infections [153].

In addition, a case-control study [154] reports that pregnant women with 250HD insufficiency at
14-16 gestational week had 2.1-fold increased risk in developing severe to moderate periodontal
disease (95% CI: 0.99-4.5).

The physiological mechanisms underlying these observations are possibly related to immune
responses regulated by calcitriol. In fact, as previously mentioned, calcitriol can induce innate immune
responses by activating hCTD in placenta, macrophages and dendritic cells [90,155]. The antimicrobial
hCTD 1is an active peptide with broad spectrum antimicrobial activity (anti-Gram-positive and
Gram-negative bacteria, mycobacterias, spirochetas and yeasts). Its mechanism of action includes
bacterial membrane disruption and activation of toll-like receptors and macrophage and neutrophil
chemotaxis [156]. Recently, it was also found that calcitriol can induce hCTD expression,
multivesicular endosomes and phagolysosome biogenesis in macrophages, leading to microbial killing
through autophagy [157-159]. Other important antimicrobial peptides induced by calcitriol in the
placenta are HBD2 and HBD3, which also play a shielding role upon infections. Conjointly, these
endogenous antibiotics provide an efficient mechanism of front-line defense since they have the
capacity to kill a wide variety of microorganisms throughout the female reproductive tract [160].
Interestingly, it has been shown that IL-10, a physiological suppressor of maternal active immunity,
downregulates placental antimicrobial peptides expression, which may be permissive for microbial
invasion, since the placenta represents a mechanical and immunological barrier essential to restrict
infection progress. However, calcitriol is able to antagonize IL-10 suppressive effects upon placental
innate defenses by downregulating IL-10 expression, while at the same time restraining exacerbated
inflammation and subsequently helping pregnancy to continue in quiescence [93,105]. These data
indicate that adequate VD levels are crucial to enhance immunity.

By reducing infections, calcitriol may exert protective effects upon P ROM. However, another
mechanism might be involved in PROM prevention: calcitriol, either alone or combined with
lipopolysaccharide endotoxin, decreases oxitocin and connexin 43 expression in myometrial smooth
muscle cells, both proteins are associated with uterine contractions [161]. These results suggest that
calcitriol can modulate uterine quiescence even under bacterial infection and therefore can prevent the



Nutrients 2015, 7 454

abnormal uterine contractions that favor PROM and preterm delivery. In this sense, 2SOHD could
exert a protective role in preterm birth but this still remains unclear, since in a multicenter American
cohort with twin-gestation women [162], it was observed that women with sufficiency in
250HD (>75 nmol/L) had a 60% lower risk of preterm labor in comparison to those <75 nmol/L
(OR 0.4, 95% CI 0.2-0.8). However, in a case-control study with women at high risk for prior preterm
birth, VD status at 16-22 gestational weeks was not associated with recurrent preterm birth [163].

7.3. Vitamin D and Gestational Diabetes

Gestational diabetes mellitus (GDM) is defined as carbohydrate intolerance resulting in
hyperglycemia of variable severity with new-onset or first recognition during pregnancy [164,165].
GDM, one of the most common complications of pregnancy, is related to adverse outcomes that
increase morbidity and mortality in mothers and neonates, including hypertension, PE, urinary tract
infection, caesarean delivery, fetal macrosomia, neonatal hypoglycemia and high long-term risk for
metabolic syndrome or diabetes mellitus type 2 (DM2) development [165-167].

The classic risk factors known for GDM include maternal overweight status or obesity, prior history
of GDM, family history of DM2, antecedent of macrosomic infant, and increased maternal age [165].
However, since 1980 [168], there is a constantly growing body of evidence that supports a connection
between VD and insulin or glucose metabolism.

Some observational studies reported lower 250HD levels in pregnant women with GDM in
comparison with normal pregnant women [169-176]. In Table 4, studies that evaluated serum 250HD
levels and the risk for GDM are shown.

Table 4. Observational studies on 25OHD serum levels and risk for GDM development.

Reference Sample Size Weeks of Gestation for 250HD Risk for GDM Development
(GDM Cases vs. Controls) Blood Sampling Cut off (OR (95% CI))
[169] 20 GDM and 40 controls At delivery <50 nmol/L 30.78 (4.65-203.90)
68 GDM and 1,246
[177] 26-28 <25 nmol/L 3.6 (1.7-7.8)
controls
[171] 116 GDM and 219 controls 15-18 <73.5 nmol/L 2.21(1.19-4.13)
[178] 200 GDM and 200 controls 26-28 <25 nmol/L 1.80 (1.209-2.678)
<37.5 nmol/L 2.66 (1.26-5.6)
[172] 54 GDM and 111 controls 24-28
<50 nmol/L 2.02 (0.88—4.6)
[173] 57 GDM and 114 controls 16 <50 nmol/L 3.74 (1.47-9.50)
[170] 81 GDM and 226 controls ~ Between 2nd and 3rd trimester <50 nmol/L 1.92 (0.89-4.17)

GDM = Gestational diabetes mellitus; OR = odds ratio; CI = confidence interval.

In a meta-analysis made by Poel and coworkers [179], the mean odds ratio calculated for GDM
from 7 independent observational studies about 250HD deficiency was 1.61 (95% CI 1.19-2.17).
Similarly, a review on VD status and GDM risk concluded that maternal VD deficiency and
insufficiency are associated with markers of altered glucose homeostasis [180].

Other studies correlated serum 250HD levels with a significant inverse association with glucose
metabolic response in women with GDM: higher serum 250HD was found to be associated with at
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least one of the following parameters: lower fasting glucose, lower 2 h gl ucose (post oral glucose
tolerance test), lower glycosylated hemoglobin, lower serum insulin, lower insulin resistance or lower
homeostasis model of assessment of insulin resistance HOMA-IR [170,171,174,175,178,181—-184].

In the future, the VD and lifestyle intervention (DALI) protocol could provide interesting
information about VD supplementation and GDM risk. DALI is a multicenter European protocol in
which the risk of GDM is being evaluated in 880 pregnant women divided into eight intervention
groups considering physical activity, healthy eating habits and VD3 supplementation (1600 [U/day or
placebo). Unfortunately, the results from this study are still unpublished [185]. To our knowledge,
there is only one published double-blind randomized controlled clinical trial which supplemented VD3
on pregnant women with GDM [186]. In this study, pregnant women received two oral doses of 50,000
IU (baseline and day 21) or placebo capsules after 24 weeks of gestation. Women treated with VD3
had a significant increase in 250HD serum levels and a significant decrease in fasting glucose, insulin
serum and HOMA-IR, which supports positive glucose metabolic effects on mothers by V D3
supplementation. Similarly, Mozzafari and coworkers [187] administered a single intramuscular VD3
dose (300,000 IU) post-partum in 45 women with GDM. After three months of intervention, treated
women presented significantly higher 250HD levels and lower HOMA-IR than women with GDM in
the control group.

Contradictorily to this background, there are some studies which concluded that there are no
significant differences between VD status in women with GDM or controls [182,188,189], or conclude
that VD deficiency is not a risk factor for GDM [190,191].

There is little consensus about the physiological mechanisms governing calcitriol and glucose
metabolism connections. The classic mechanism known is that calcitriol can regulate intracellular
calcium flux on B-pancreatic cells and therefore can modulate depolarization-stimulated insulin
release [17]. However, there are recent evidences that include other VD-dependent mechanisms:
(a) diminished inflammatory state in obesity and enhanced expression of genes involved in glucose
and lipid metabolism like peroxisome proliferator-activated receptor gamma (PPARy) or its
coactivator (PGCla) in peripheral blood mononuclear cells [192]; (b) weight reduction and muscle
insulin receptor substrate 1 (IRS-1) upregulation [193]; (c) upregulation of adipocyte glucose
transporter 4 (GLUT4) protein and its translocation to the cell surface [194]; and d) returning to
normal liver activity of glucose metabolic enzymes hexokinase, fructose 1,6-bisphosphatase and
glucose 6-phosphatase [195]. In GDM, these VD-modulated beneficial mechanisms could be altered,
at least in part, because placentas from GDM mothers have higher CYP24A1 protein and gene
expression which can derivate in lower calcitriol bioavailability [169].

7.4. Vitamin D and Low Birth Weight or Small for Gestational Age

Newborns small for gestational age (SGA) are defined as those with a birth weight for gestational
age below to the 10th percentile in standard growth curves (<5th and 3rd percentiles are also used),
whereas low birth weight is defined as newborn weight lower than 2500 gi ndependently of
gestational age [196,197]. These complications are associated with substantially higher rates of
perinatal morbidity and mortality, including cerebral palsy, neonatal polycythemia,
hyperbilirubinemia, and hypoglycemia [197].
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The associations between serum maternal 250HD levels and birth weight of SGA newborns
have not been extensively studied. Epidemiological analyses support that black infants had lower birth
weight than white infants, which suggests a possible role of VD [198]. However, there are still
controversial opinions about lower VD levels failing to modulate fetal growth or if external parameters
as maternal obesity, lower socioeconomic status or poor nutrition contribute to lower 250HD levels
and also to SGA and low birth weight development [199]. Herein, we present the major findings in this
area. Few studies did not find a significant relation between birth weight for SGA proportion and
250HD levels [190,200-202]; however, many observational studies did. A multicenter cohort study
indicated that maternal 250HD levels > 37.5 nmol/L are associated with higher birth weight infants in
comparison to newborns from women with lesser than 37.5 nmol/L [203]. Another study indicates that
pregnant women who delivered SGA infants had lower serum 250HD levels at 11-13 gestational
weeks [204]. Also, umbilical cord serum calcitriol concentrations were lower in SGA than in adequate
weight for gestational age infants [205]. In this study, maternal 250HD levels were also lower in the
SGA group but did not reach statistical significance. Similarly, in a birth cohort study, women with
250HD levels between 8.5 and 48 nmol/L were more likely to give birth to SGA offspring (OR 1.57,
95% CI 1.03-2.39) [206].

Dietary analysis of total VD3 intake was a significant predictor of infant birth weight adjusted for
gestation [207], whereas milk or VD intake during pregnancy were significant independent predictors
of birth weight [208]. However, it seems that placental weight is not related to 250HD levels [203].

In a case-control study, Bodnar and colleagues [209] also observed that pregnant women with
250HD deficiency (<37.5 nmol/L) had an increased significant risk of SGA development in offspring.
Interestingly, this effect was more evident in white women (OR 7.5, 95% CI 1.8-31.9) in comparison
to black women (OR 1.5,95% CI 0.6-3.5). Unexpectedly, the women with 250HD insufficiency
(37.5-75 nmol/L) presented a lower risk of SGA than women with 250HD sufficiency (>75 nmol/L)
in both black and white women. The authors discuss that the potential mechanisms which can explain
this U-shaped SGA risk remain uncertain, but the risk of other diseases such as allergic responses or
atopic disorders present a similar pattern.

We only found one interventional study about VD and birth weight. In a partially randomized assay
on pregnant women, the intervention with one single oral dose of 1500 pg VD3 (equal to 60,000 IU) or
two doses of 3000 pg each (equal to 120,000 IU) in the 2nd and 3rd trimesters resulted in higher birth
weight and length in comparison to newborns of mothers treated with usual care [210].

Interestingly, interventional studies with calcium and VD3 performed in pregnant adolescents
showed that both nutrients positively influenced fetal bone growth in utero, and that even if both
factors were needed for fetal bone health, one could partially compensate for the other [211]. This
study suggests that special attention should be paid to pregnant adolescents in order to fulfill adequate
VD and calcium requirements, since not only fetal but also maternal bone health may be at risk. This is
supported by other studies showing that lactating adolescents lose more bone mineral density when
suffering from VD deficiency or low calcium intake [212].

Interestingly, Morley and colleagues suggested that studies on maternal VD status and birth weight
should consider neonatal VDR polymorphism, since differences in this feature could help explain why
findings from different populations regarding maternal VD status and neonate birth weight have been
inconsistent [213].
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8. Vitamin D Expenditure and Homeodynamics: Considerations for VD Supplementation
8.1. Endogenous and Exogenous Factors Affecting the VD Status Equation

Considering the high risk of adverse events during pregnancy associated to VD deficiency, it is also
important to analyze additional factors that may significantly modify the bioavailability of VD and its
metabolites in our body. Indeed, the VD endocrine system is not in constant equilibrium; instead, it is
under dynamic regulation and interaction with different factors. For example, the half-life of 250HD is
strongly influenced by DBP concentration, since 250HD binds to DBP with high affinity [81,214].
Moreover, 250HD is also affected by DBP genotype [214]. Indeed, the genetic variations that occur in
DBP modify its binding affinity for VD metabolites, and the lesser affinity, a shorter half-life is
expected. Similarly, genetic variations in CYP27B1, CYP24A1, CYP2R1 and the VDR differentially
impact on VD metabolism and biological effects. Single nucleotide polymorphisms have been reported
for each of these proteins and may be found as population-specific variants that result in modification
of the final VD status. For reviews on t his issue please see [215-217]. Considering this, and as
previously suggested [215], it is feasible that optimal concentrations of 250HD required to reduce
disease outcomes may vary according to genotype. Other endogenous elements that may predict serum
250HD half-life are factors known to affect 25SOHD metabolism, such as PTH, plasma phosphate and
albumin-adjusted calcium [218].

Besides the endogenous factors previously described, exogenous aspects affecting 250HD plasma
concentration include dietary intake, type of clothing and sunshine protection [219], lifestyle and
geophysical conditions, this last one interpreted as UVB exposure. In this regard, a study performed
with pregnant women in Germany showed that during the winter months, 98% of the maternal blood
samples and 94% of the cord blood samples had 250HD levels < 50 nmol/L, while in the summer
months, only 49% of the women and 35% of the cord blood samples were vitamin D deficient [220].
Interestingly, in the same study, the authors found that a significant risk factor for maternal VD
deficiency was physical inactivity (adjusted OR 2.67, 95% CI 1.06-6.69, p = 0.032), which might be
related to less sun exposure. However, a sedentary lifestyle may also be associated with obesity, which
has been found to be linked to VD deficiency. Indeed, obese subjects normally have lower basal
250HD serum concentrations than lean individuals [221], which is possibly explained by the fact that
VD is readily stored in adipose tissue due to its fat-soluble nature. In this manner, VD may be
sequestered in the greater body pool of fat present in obese individuals, which is supported by previous
studies showing that after equal whole-body irradiation or VD supplementation, the increase in serum
VD was more than 50% lower in obese than in non-obese subjects [221]. While this occurs in body fat,
the muscle cells protect 250HD from degradation by binding it to actin fibers, in a megalin-dependent
process [222]. This may explain why 250HD concentrations are usually positively associated to
muscle-related parameters such as lean body mass and exercise [223].

Unfortunately, during pregnancy, the toll of VD deficiency in obese mothers affects also their
child’s VD status and health [224,225]. Many studies have shown an array of adverse health outcomes
in the offspring of obese women; for example, lower maternal VD status may be linked to programmed
differences in offspring fat mass [224,226]. Among the more important adverse effects of maternal VD
deficiency upon their offspring, impaired fetal growth and bone development, altered growth and bone
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mass later in childhood, neonatal hypocalcemia or tetany and respiratory tract infections have been
reported [227].

8.2. Dose Regimens and Vitamin D Supplementation in Pregnant Women

Despite the health advantages associated with a sufficient VD status during pregnancy, as described
previously, at this time general consensus supporting a guideline for VD supplementation in pregnant
population has not yet been reached. In the literature, a broad spectrum for dosage and periodicity in
cholecalciferol supplementation schemes has been reported: 2000 U, 4000 IU, 14,000 IU, 60,000 IU,
120,000 IU or 200,000 IU administered daily, weekly, monthly or in a single mega-dose. Herein, we
resume the more recent randomized clinical trials on V D supplementation in pregnancy. Table 5
includes doses and frequency for supplementation together with the outcome as percentage of women
who achieved VD sufficiency at the end of intervention and those who developed hypercalcemia.

Based on these data, it seems that 4000 IU given daily results in the highest proportion of pregnant
women reaching VD sufficiency without developing hypercalcemia. An exception to this observation
is the study by Hossain et al. [228], in which only 15% women reached sufficiency under this regimen.
Regarding this, we should mention that the group of Pakistani women included in the Hossain study
were severely VD deficient (<25 nmol/L) and were an ethnic group in which particular genetic variants
might be affecting VD metabolism, which remains to be further studied. Moreover, the cases of
hypercalcemia were comparable in both control and supplemented groups, while hypercalcemia
persisted despite VD deficiency, suggesting independence of the pharmacological intervention. On the
other hand, it should be noted that in the study by Wagner et al. [229], the percentage of women
considered to attain sufficiency might be underestimated, since their cut-off value was 250HD serum
levels > 100 nmol/L. As in the case of 4000 IU given daily, the weekly regimen of 50,000 IU seems to
be also a good therapeutic strategy, since 100% women reached sufficiency without hypercalcemia.
However, more studies are needed to confirm these findings.

In contrast, monthly and unique dose regimens do not seem to adequately fulfill VD sufficiency. It
is noteworthy that under the single-dose regimen, some authors included in their analyses serum levels
below 75 nmol/L (identified with * and ** in Table 5), which under the Endocrine Society parameters
is still considered deficiency. Indeed, in the study by Sahu et al. [230], which considered a cut-off of
75 nmol/L, only 34.2% of women reached sufficiency with the highest dose, which is very low.
Similarly, in the study by Yu et al. [231], the observed proportion of 93% in the supplemented group
might be misleading, since this number includes women with serum 250HD levels > 25 nmol/L.

The recent evidence discussed in Section 8.1 may help us to understand the differences in VD
expenditure and homeodynamics in order to reach a general consensus on VD supplementation in a
tailored manner. We believe, that at this moment, the ideal scheme for VD supplementation will
depend on particular endogenous and exogenous factors, on the available formulations of VD (i.e., in
Mexico only tablets with 400 IU are available), and on the personal VD metabolism, which should be
monitored periodically by serum 250HD analyses. By taking all these considerations into account, and
under medical counseling and supervision, every woman may modulate their VD levels for acquiring
sufficiency and avoiding possible toxicity that could lead to hypercalcemia.
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Table 5. Cholecalciferol supplementation and VD status in randomized clinical trials in healthy pregnant women.

459

% Women with Serum 250HD > 75 nmol/L

Reference Sample Size Period of Supplementation Cholecalciferol Supplemented (1U Hypercalcemia
P PP PP (1v) at Delivery (No Asterisk) P
Unique Dose
2nd trimester 60,000 27% **
[210] 97 . No evaluated
Two doses at 2nd and 3rd trimester 120,000 62.5% **
No supplementation - 7%
[230] 84 5th month 60,000 5.7% No evaluated
Two doses at 5th and 7th month 120,000 34.2%
N 1 tati - 60% *
[231] 180 © SUPPTementation ’ No indicated
27 week 200,000 93% *
Daily
0 50%
[232] 228 27 weeks to term 1000 89% No
2000 91%
0 1% 3 cases
[228] 175 Less than 20 weeks to term
4000 15% 9 cases
400 9.5%
[233] 162 deficient women 12—16 weeks to term 2000 24.4% No
4000 65.1%
2000 37.4% ***
[229] 257 12—16 weeks to term No
4000 46.29% ***
400 50%
[234] 350 12—16 weeks to term 2000 70.8% No
4000 82%
[231] 180 27 weeks to term 800 86% * No indicated
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Table 5. Cont.

460

% Women with Serum 250HD > 75 nmol/L

Reference Sample Size Period of Supplementation Cholecalciferol Supplemented (1U) . i Hypercalcemia
at Delivery (No Asterisk)
Weekly
) 400 3.70%
[235] 109 deficient women 2628 weeks to term (8 weeks) No
50,000 100%
Basement 70,000 + 35,000 weekly 90%
[236] 28 26-28 weeks to term No
14,000 weekly 56%
Monthly
. 50,000 35% *xxk
[237] 51 deficient women From 2nd month to term No evaluated
100,000 59%p Hxk

* 250HD serum > 25 nmol/L; ** 250HD serum > 50 nmol/L; *** 250HD serum > 100 nmol/L; **** in cord blood.
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9. Methods of Serum VD Measurement

Since four decades ago, numerous analytical methods have been developed for 250HD
measurement, including competitive protein binding assay, enzyme-linked immunoassay (ELISA),
radioimmunoassay (RIA), chemiluminescence assay, gas chromatography-mass spectrometry (GC-MS),
high performance liquid chromatography (HPLC) and, more recently, liquid chromatography coupled
with mass spectrometry (LC-MS) or tandem mass spectrometry (LC-MS/MS). A goodreview of
accuracy, sensibility and technical description of these methods was made by Hollis [238].

LC-MS/MS is the most promising technique for VD analysis since it is a highly specific, reliable,
reproducible and robust method and is considered the new gold standard for 250HD
quantification [239,240]. Despite its major field of application being research, LC-MS/MS technology
is also currently being applied in clinical laboratories [241]. In addition, LC-MS/MS offers the
possibility for quantifying other metabolites of VD in serum samples, such as 250HD2, 250HD:3,
3-epi-250HDz, 3-epi-250HDs3, 24R,25 dihydroxyvitamin D3 [242,243] and 250HDs 3-sulfate [244].
Other metabolites as VD2, VD3, 10,25(OH)2D2 and 10,25(OH)2D3 may also be detected and discriminated.

One limitation of this technique is the interference with 3-epi 25(OH)Ds3 that can lead to 250HD
overestimation. This could be a problem especially in pediatric samples which are known to have
significant amounts of this epimer. Recently, van den Ouweland and colleagues developed a
LC-MS/MS method which eliminates this limitation [245].

Interestingly, new technology developed to be used in our daily life will allow us to measure
250HD easily at home. The proposed system is a gold-nanoparticle-immunoassay developed at
Cornell University, adapted to a device that couples to smartphones allowing them to calculate in a
small drop of blood 250HD serum concentrations with 10 nM sensitivity [246].

In the aftermath of what is discussed in Sections 5 and 8.1, it seems that 250HD should not be
exclusively considered for the assessment of VD, but rather, the equation for VD status may also
consider DBP levels. Powe and coworkers [247] recently suggested that free 250HD (250HD minus
DBP) is a better indicator for VD status since free 250HD offers a strong correlation with PTH than
total 250HD. However, this article has been criticized by other authors [248]. Indeed, as previously
discussed, Weintraub [248] pointed out that the 250HD/DBP complex is necessary for the endocytosis
by megalin/cubilin in the kidney, so 250HD bound to DBP may be the real substrate mediating final
calcitriol biosynthesis. Nevertheless, this would only apply to those cells expressing megalin/cubilin,
and definitive further studies are needed in order to clarify the participation of other mechanisms of
250HD storage and internalization into the cell.

10. Final Considerations

Maintaining adequate VD serum concentrations within the recommended levels is mandatory
during pregnancy, since it is involved in many important biological processes, including fetal
programming and development. Indeed, the benefits of maintaining adequate VD serum levels are not
circumscribed to the mother, but also to the offspring. It is noteworthy mentioning that
epidemiological studies have shown controversial results about the benefits of prescribing VD
supplements to prevent adverse pregnancy outcomes associated with maternal deficiency. We believe
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that the controversy may be explained because the biological phenomena can be affected not only by
serum concentrations, but also by many factors, such as racial, climatological, or genetic reasons;
nutritional status; lifestyle; physical activity; or health status during pregnancy. On the other hand, the
few studies that do not corroborate benefits lack sustained clinical evidence of real risks due to VD
supplementation. Conversely, systematic reviews and meta-analyses demonstrate a strong association
between VD adequate levels and health benefits. Regarding this controversy, recently, two debated
articles concluded that the proposed adverse health outcomes related to VD deficiency might be, in
fact, the result of reverse causation, understanding by this that low VD levels are a consequence of ill
health rather than a cause, and that the evidence does not really support VD supplementation for
prevention of disease [249-251]. In response to these articles, Gillie, with straightforward arguments,
demonstrated that the aforementioned articles had made atype 2 statistical error, and that VD
deficiency, especially at critical times such as pregnancy and early childhood, could derive in serious
health harm [252]. An example of the arguments exposed by Gillie is rickets, a disease characterized
by bone deformation in children caused by VD deficiency. This illness may be corrected by adequate
VD supplementation during childhood, but the alterations in bones cannot be reversed by this
intervention once adulthood is reached. Another example discussed by Gillie is diabetes type 1, which
occurs in children and is thought to be caused by VD deficiency in the womb, causing irreversible
changes to biochemistry, immune status or organ structure.

A final consideration is the fact that VD supplementation is useful to prevent adverse pregnancy
outcomes, but it might not always be necessary, especially when lifestyle recommendations are good
enough to prevent them. In order to take the adequate decision about VD supplementation, every
clinical individual situation must be analyzed and placed in the correct balance of risk and benefit
before prescribing VD supplementation. However, when controversies about clinical decisions are
involved, scientists must avoid creating medical barriers about the use of preventive strategies in medicine.

11. Conclusions

Although the importance of VD in the regulation of calcium homeostasis in pregnant women is well
established, there is now increasing evidence that calcitriol is also important for the prevention of
several adverse scenarios that could potentially threaten pregnancy such as infection and preeclampsia.
Even though more interventional and basic studies are needed in order to understand the role of VD in
pregnancy health and disease, through the information resumed herein it is clear that many of the
beneficial effects of calcitriol during gestation involve its immunomodulatory properties as well as its
capacity to regulate hormonogenesis. Despite the protective role of VD in pregnancy outcomes and
that several epidemiological studies have documented highly prevalent gestational hypovitaminosis D
around the world, routine VD screening is still not mandatory and not enough interventional studies
have been undertaken to achieve a consensus for VD supplementation in pregnant women,
highlighting the need for further studies and establishment of screening guidelines during pregnancy.
Given that the human placenta expresses CYP27B1, which catalyzes the local synthesis of calcitriol,
the supplementation with VD during pregnancy might be an accessible and safe way to reduce the
incidence of some adverse events associated with mother and baby morbidity-mortality, such as PE,
GDM, PROM and infections; while, at the same time, both the mother and the child will profit from
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the physiological benefits of calcitriol. Notably, adequate sun exposure, a VD-rich diet and physical

activity should always be considered as the first recommendation, while supplementation with

cholecalciferol may be advised for persistent VD deficient women.
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Factors affecting vitamin D metabolism may preclude anti-carcinogenic effects of its active metabolite
calcitriol. Chronic ethanol consumption is an etiological factor for breast cancer that affects vitamin D
metabolism; however, the mechanisms underlying this causal association have not been fully clarified.
Using a murine model, we examined the effects of chronic moderate ethanol intake on tumoral and renal
CYP27B1 and CYP24A1 gene expression, the enzymes involved in calcitriol synthesis and inactivation,

Keywords: respectively. Ethanol (5% w/v) was administered to 25-hydroxyvitamin D3-treated or control mice during
Alcohol . one month. Afterwards, human breast cancer cells were xenografted and treatments continued another
::/latl?:;?:ir:)lD metabolism month. Ethanol intake decreased renal Cyp27b1 while increased tumoral CYP24A1 gene expression.

Treatment with 25-hydroxyvitamin D3 significantly stimulated CYP27B1 in tumors of non-alcohol-
drinking mice, while increased both renal and tumoral CYP24A1. Coadministration of ethanol and 25-
hydroxyvitamin D3 reduced in 60% renal 25-hydroxyvitamin Ds;-dependent Cyp24al upregulation
(P <0.05). We found 5 folds higher basal Cyp27b1 than Cyp24al gene expression in kidneys, whereas this
relation was inverted in tumors, showing 5 folds more CYP24A1 than CYP27B1. Tumor expression of the
calcitriol target cathelicidin increased only in 25-hydroxyvitamin Ds-treated non-ethanol drinking
animals (P<0.05). Mean final body weight was higher in 25-hydroxyvitamin D5 treated groups
(P<0.001). Overall, these results suggest that moderate ethanol intake decreases renal and tumoral 25-
hydroxyvitamin D3 bioconversion into calcitriol, while favors degradation of both vitamin D metabolites
in breast cancer cells. The latter may partially explain why alcohol consumption is associated with
vitamin D deficiency and increased breast cancer risk and progression.

© 2016 Elsevier Ltd. All rights reserved.

Breast cancer

1. Introduction

Breast cancer is the leading cause of cancer death among
women worldwide and its incidence is still increasing. For this
reason, identifying preventable risk factors is a priority for public
health intervention. Amongst known risk factors, chronic ethanol
intake stands as an important and modifiable etiological factor in

* Corresponding author.
E-mail address: lorenzadiaz@gmail.com (L. Diaz).

http://dx.doi.org/10.1016/j.jsbmb.2016.09.011
0960-0760/© 2016 Elsevier Ltd. All rights reserved.

the development and progression of breast cancer. In general,
calculated percentage of alcohol-attributable breast cancer cases
ranges between 5 and 9.4% [1-3]. In addition, for each additional
10g alcohol (1 standard drink) per day, breast cancer risk is
estimated to increase around 7% [4-6] and even moderate low
levels of alcohol consumption (5.0-9.9 g/d) have been associated
with a small rise in breast cancer risk [7]. Likewise, ethanol
administration to female mice (10-15% ethanol in the drinking
water) during 25 months induced spontaneous mammary tumors
in almost half the number of ethanol-drinking mice, while no
tumors were found in the control group [8]. A number of
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hypotheses have been raised in the literature to explain how
alcohol increases breast cancer risk and tumor progression. For
instance, ethanol impairs natural killer cells tumoricidal ability and
activates estrogen related cell proliferation [9,10]. In addition,
some alcohol metabolites such as acetaldehyde and oxygen
reactive species are potentially carcinogenic [11]. In the present
study, we aimed at identifying another potential mechanism that
may help to explain the association between alcohol consumption
and breast cancer. Given that high rates of incidence, relapse and
mortality of breast cancer have been associated with vitamin D
deficiency [12-14], we hypothesized that alcohol consumption
could interfere with vitamin D metabolism in breast tumor cells,
lowering production of the vitamin D active metabolite calcitriol
and thus, preventing its local anti-carcinogenic effects. Indeed,
vitamin D has become increasingly relevant in the oncological field
due to the well-known calcitriol antineoplastic properties.
Particularly in normal mammary epithelial cells, calcitriol medi-
ates growth inhibition and terminal differentiation [15], while in
malignant cells calcitriol interferes in almost every step of breast
carcinogenesis and tumor progression by regulating the expression
of genes involved in development and progression of breast cancer
[16-18]. Endogenous calcitriol antitumorigenic effects take place
in mammary epithelial cells given that all components of the
vitamin D endocrine system are expressed in these cells. This
includes the enzymes involved in vitamin D metabolism and the
vitamin D receptor (VDR) [15]. Calcitriol is produced from 25-
hydroxyvitamin D3 (250HD3) after hydroxylation of its carbon-1
by the enzyme 250HDs-1a-hydroxylase (CYP27B1). While the
biological actions of calcitriol are mediated by the VDR, its
bioavailability is decreased by the enzyme 1,25-dihydroxyvitamin
D5-24 hydroxylase (CYP24A1), which rapidly inactivates this
metabolite. Of note, CYP24A1 may also hydroxylate 250HDs, thus
lowering availability of the substrate for CYP27B1 activity, and
consequently, reducing calcitriol production [19,20]. Our hypoth-
esis was conceived on the basis of previous studies showing that
alcoholic subjects have reduced 250HDs; and calcitriol serum
concentrations and frequently suffer from alterations in calcium
homeostasis [21,22]. Supporting the latter, animal models have
shown that ethanol intake interferes with renal vitamin D
metabolism [23-25]. However, to date there are no studies
analyzing the regulation of CYP27B1 and CYP24A1 gene expression
by moderate ethanol consumption in human breast cancer cells.
Therefore, herein we investigated the latter in a murine model of
chronic alcohol intake. Also, we studied the regulatory effect of
ethanol consumption in intracrine vitamin D metabolism in
xenografted breast cancer cells by analyzing calcitriol known
transcriptional targets involved in angiogenesis and carcinogene-
sis. The results presented herein could provide partial mechanistic
insights into causal relationships between chronic alcohol
consumption and increased breast cancer risk, development and
progression.

2. Material and methods
2.1. Reagents

Calcidiol (25-hydroxyvitamin D3, 250HD3) was purchased from
Sigma-Aldrich (MO, USA) and was dissolved in dimethyl sulfoxide
(DMSO). Ethanol was obtained from Herschi Trading (Mexico City,
Mexico). Cell culture medium, fetal bovine serum (FBS), penicillin/
streptomycin, and Trizol were obtained from Invitrogen Life
Technologies (NY, USA). The oligonucleotides for real time
polymerase chain reaction (qPCR) were from Integrated DNA
Technologies (10, USA). The reverse transcription (RT) system,
TagMan master reaction, TagMan probes, and PCR microplates
were from Roche Applied Science (IN, USA).

2.2. Characterization of cells by immunocytochemistry

The primary cell culture (MBCDF-D5 cells) was generated from
a biopsy obtained from a female Mexican patient with invasive
ductal breast carcinoma. The protocol was approved by the Human
Research and Ethics Committee from the Instituto Nacional de
Ciencias Médicas y Nutriciéon Salvador Zubiran at Mexico City (Ref
1549, BQO- 008-06/9-1) and written informed consent was
obtained from the patient. Cells were maintained in RPMI-1640
medium supplemented with 100 units/mL penicillin plus 100 pg/
mL streptomycin and 5% heat-inactivated FBS in humidified
atmosphere with 5% CO, at 37°C.

Cultured cells were grown on glass coverslips and fixated in 96%
ethanol. Antigen retrieval was achieved by autoclaving in immuno/
DNA retriever with EDTA (BioSB, CA, USA) solution during 5 min.
Slides were blocked with immunodetector peroxidase blocker
(BioSB) and incubated with anti-estrogen receptor (ERa, 1:250,
BioSB), anti-progesterone receptor (PR, 1:250, BioSB), anti-human
epidermal growth factor receptor 1 (EGFR, 1:100, BioSB), anti-
human epidermal growth factor receptor 2 (HER2, 1:100, Cell
Signaling Technology, MA, USA), anti-VDR (1:100, Santa Cruz
Biotechnology Inc, CA, USA), anti-vimentin (VIM, 1:100, Santa
Cruz) and anti-cytokeratin 7 (CK-7, 1:300, BioSB) during 1Th or 2h
for the anti-ether a-go-go-1 potassium channel (KCNH1, 1:300,
Novus Biologicals, CO, USA) antibody. After washing, the slides
were sequentially incubated with immuno-Detector Biotin-Link
and immunoDetector HRP label (BioSB) during 10 min each.
Staining was completed with diaminobenzidine (DAB) and slides
were counterstained with hematoxylin.

2.3. Therapeutic protocol and induction of tumors in athymic mice

Studies involving mice were performed according to the Official
Mexican Norm 062- ZO0-1999. The study was approved by the
Institutional Committee for the care and use of laboratory animals
(protocol number BRE-1291-14/17-1, CINVA 1291) of the Instituto
Nacional de Ciencias Médicas y Nutricién Salvador Zubiran, where
mice were housed in the animal facility. Athymic female BALB/c
homozygous, inbred Crl:NU (NCr)-Foxn1nu nude mice (~6 weeks
of age) were maintained in standard conditions. Sterilized water
and feed (standard PMI 5053 feed) were given ad libitum. Animals
were weighted and checked thrice per week in order to detect and
alleviate any symptoms of pain. We carefully observed endpoints
compatible with the scientific objectives of this work. Mice were
randomly divided in 5 groups: 1) control, 2) ethanol (5% w/v,
equivalent to approximately 12.5 g/day/kg in the drinking water),
3) vehicle (i.p. DMSO 17.5 iL/100 L sterile saline solution), 4)
250HDs (i.p. 350 pug/kg/week in 100 L sterile saline solution), and
5) combined ethanol +250HDs. Of note, for 250HD; dosing we
administered the equivalent to 50 pg/kg/day all in one single shot
per week, in order to reduce manipulation and discomfort of mice.
Regarding alcohol administration, each mouse is estimated to
drink 5-7mL of water per day [26], which was taken into
consideration to calculate the amount of ethanol added to the
drinking water. As reference, a moderate ethanol consuming
regimen in mice has been suggested to be around 5-10% ethanol in
drinking water daily [27-29]; while in humans 10 g ethanol/day,
which is equivalent to 3-6 drinks per week [7]. Supplemented
water was changed every day. Mice were exposed to treatments
during one month prior to subcutaneous breast cancer cell
injection (2.0 x 10%cells in 0.1 mL of sterile saline solution into
the upper part of the posterior limb of each mouse) and were
maintained on alcohol and 250HD; treatments for another month
after xenografting. Tumor dimensions were estimated three times
per week with a caliper always by the same person. Tumor volume
was calculated using the standard formula (length x width?)/2,
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where length is the largest dimension and width the smallest
dimension perpendicular to the length. Relative tumor volume
(RTV) was calculated for each tumor by dividing the tumor volume
on the day of sacrifice by that on day 0 (which corresponded to the
tumor volume at onset). Fold increase from initial volume was
calculated subtracting 1 from RTV. Mice were euthanized 4 weeks
after tumor cell injection and blood, tumors and kidneys were
collected 14 h after the last 250HD3 dose.

2.4. Real time PCR (qPCR)

Total RNA was extracted by homogenizing tumor or renal tissue
in the presence of Trizol reagent using the MagNA Lyser equipment
(Roche) and 1.4-mm diameter ceramic beads. Two g of total RNA
were reverse-transcribed and resulting cDNAs were used for the
gPCR. Amplifications were carried out in the LightCycler®™ 480 II
from Roche, according to the following protocol: activation of Taq
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Fig. 1. Immunocharacterization of cultured MBCDF-D5 cells. MBCDF-D5 cells were negative for estrogen receptor-a (ERa) and progesterone receptor (PR), while were
positive (brown staining) for epidermal growth factor receptor 1 (EGFR), vitamin D receptor (VDR), ether a-go-go-1 potassium channel (KCNH1), vimentin (VIM) and
cytokeratin-7 (CK-7). Negative control (C-) was carried out in the absence of primary antibody. Representative images of cultured MBCDF-D5 cells are shown.
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DNA polymerase and DNA denaturation at 95°C for 10min,
followed by 45 amplification cycles consisting of 10s at 95°C, 30s
at 60°C, and 1s at 72°C. The oligonucleotides pairs are shown in
supplementary Table 1. In all cases gene expression was normal-
ized against the housekeeping gene human [-actin (ACTB) or
mouse [3-actin (Actb), as corresponded.

2.5. Serum 250HDs and calcium levels

Blood samples were obtained by cardiac puncture under
anesthesia, causing exsanguination. Animal death was further
guaranteed by cervical dislocation. The blood was centrifuged
(3000rpm/10min) and serum samples of all mice in each
experimental group were pooled and stored at —70°C until
analysis. Experiments were repeated at least 4 times. Serum
calcium and 250HDs concentrations were determined in the
institutional clinical laboratories by colorimetric reaction between
calcium and Arsenazo Il (Beckman Coulter 2700, Beckman Coulter
Inc., CA, USA) and by the Architect immunoassay (Abbott
Diagnostics, Wiesbaden, Germany), respectively.

2.6. Western blot

A piece of the excised tumors was homogenized in RIPA buffer
(9.1 mM dibasic sodium phosphate, 1.7 mM monobasic sodium
phosphate, 150 mM NacCl, 0.1% Nonidet P-40, 0.1% SDS, pH 7.4) in
the presence of a protease inhibitor cocktail (Roche) using the
MagNA Lyser equipment and ceramic beads. An equal amount of
protein (55 micrograms) of tissue lysates was separated on 10%
SDS-PAGE, transferred to nitrocellulose membranes and blocked
with 5% non-fat milk in TBS-Tween. Membranes were incubated
with rabbit anti-VDR (Santa Cruz Biotechnology CA, C-20 sc-1008,
1:200) overnight at 4°C. As loading control, a monoclonal anti-
GAPDH antibody was used (Millipore MA, MAB374,1:8000). In the
case of the cathelicidin antimicrobial peptide (CAMP), the proteins
were separated using the Tricine-SDS-PAGE protocol containing
10% and 16% polyacrylamide. These membranes were incubated
with mouse anti-CAMP (Santa Cruz Biotechnology CA, sc-166770,
1:200) and as loading control, a goat polyclonal anti-ACTB-
horseradish peroxidase (HRP, [-19 sc-1616-HRP Santa Cruz
Biotechnology CA, 1:200). For visualization of CAMP, VDR and
GAPDH, membranes were incubated with goat anti-mouse IgG-
HRP (Santa Cruz Biotechnology, sc-2031, 1:2000) or goat anti-
rabbit IgG-HRP (BioRad, CA, 1706515, 1:8000), as corresponded.
Afterwards membranes were processed with the ECL+Plus
Western blotting detection system (GE Healthcare, UK). Densito-
metric analysis of bands was performed using the Molecular
Imager ChemiDoc XRS System and the Image Lab Software (Bio-
Rad, CA, USA).

2.7. Statistical analysis

Statistical differences were determined by One-Way ANOVA
followed by the Holm-Sidak test for pair-wise comparisons
(SigmaStat, Jandel Scientific). Differences were considered signifi-
cant at P<0.05.

3. Results
3.1. Cell characterization

MBCDEF-D5 cells were negative for ERa and PR (Fig. 1). HER2
expression was not detected by immunocytochemistry but was
found in low levels by Western blot (Esparza-Lépez ]. et al,
unpublished data). In addition, cells moderately expressed CK-7
while presented high abundance of VIM, probably indicating

epithelial-to-mesenchymal transition. Also, EGFR, the oncogenic
protein KCNH1 and the VDR were highly expressed by these cells
(Fig. 1). Overexpression of KCNH1 may confer a growth advantage
to cancer cells while favors tumor progression [30]. Due to VDR
endogenous expression, it is possible that these tumor-derived
cells are able to respond to calcitriol stimuli. Functionality of VDR
in cultured MBCDF-D5 cells was further corroborated by studying
CYP24A1 gene expression in the presence of 10 nM calcitriol. This
resulted in significant CYP24A1 gene expression stimulation
compared to control cells (Supplementary Fig. 1).

3.2. In vivo impact of chronic ethanol intake upon vitamin D-
dependent effects

3.2.1. Chronic moderate ethanol intake differentially regulated
CYP27B1 and CYP24A1 gene expression in mice kidneys and
xenografted human breast cancer cells

In the kidneys, chronic ethanol intake significantly decreased
renal Cyp27b1 (P < 0.05)while a non-significant increase of Cyp24a1l
gene expression was observed compared to controls. On the other
hand, 250HD3; had no effect upon Cyp27b1 but significantly
stimulated Cyp24al gene expression. Interestingly, coadministra-
tion of ethanol and 250HD3 diminished in 60% renal 250HD3-
dependent Cyp24al upregulation (P < 0.05, Fig. 2A and B).
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Fig. 2. Regulation of Cyp27b1 and Cyp24al gene expression in mice kidney. Mice
were divided in the following groups: control (C), ethanol (E), vehicle (V), 250HD3
(25D), or combined E+25D. A) The gene expression of Cyp27b1 was significantly
downregulated by E, while 25D had no effect upon this gene. However, the
coadministration of E+25D reduced Cyp27b1 gene expression B) The gene
expression of Cyp24al was significantly upregulated by 25D, while its coadminis-
tration with E reduced this effect. Data are depicted as the mean + SEM. Results
were normalized against Actb mRNA expression; control values were set to one.
N>12,* P<0.05 vs C and V, ** P<0.05 vs 25D.
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In tumoral tissue, ethanol, 250HDs; and their combination
increased tumoral CYP24A1 in a similar manner, while CYP27B1
gene expression was also stimulated by 250HD3 in non-ethanol-
drinking mice (Fig. 3A and B). Since CYP27B1 and CYP24A1 ratio
dictates whether 250HD5 will either be used for bioactive calcitriol
production or will be inactivated, we evaluated the basal relative
expression of the genes encoding for these two enzymes in tumors
and kidneys. Of note, we found 5 folds higher basal Cyp27b1 than
Cyp24al gene expression in kidneys, whereas this relation was
inverted in MBCDF-D5 tumors, showing 5 folds more CYP24A1 than
CYP27B1. Renal tissue also showed significantly increased gene
expression of both cytochromes when compared to xenografted
breast cancer cells (Fig. 4).

3.2.2. Effects of endogenous calcitriol in the tumor mass

As a reflect of locally biosynthesized calcitriol, we studied
known transcriptional targets of this secosteroid in order to get an
insight into the effects of ethanol intake on 250HD5; metabolism
and its consequences on tumor mass. For this, total RNA and
protein were extracted from tumors. Selected genes were chosen
based on their previously reported susceptibility to calcitriol
regulation in breast cancer cells, and their involvement in
pathways relevant for tumor progression. These genes were:
VEGFA, THBS1 and KCNH1 [31-34]. The first two genes encode for
vascular endothelial growth factor and thrombospondin-1, a
proangiogenic and antiangiogenic factor, respectively; while the
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Fig. 3. Regulation of CYP24A1 and CYP27B1 gene expression in tumor tissue. Mice
were divided in the following groups: control (C), ethanol (E), vehicle (V), 250HD3
(25D), or combined E+25D. A) CYP27B1 gene expression was stimulated in 25D-
treated non-ethanol drinking mice. B) CYP24A1 gene expression was significantly
upregulated by E, 25D and the combined group (E +25D). Data are depicted as the
mean + SEM. Results were normalized against ACTB mRNA expression; controls
values were set to one. N> 12, * P<0.05 vs C.
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Fig. 4. Diferential vitamin D cytochromes gene expression in renal and tumoral
tissue. We evaluated the relative expression of CYP27B1 and CYP24A1 at renal and
tumoral level. In the mice kidneys, the basal expression of Cyp27b1 was ~5 folds
higher than that of Cyp24a1, while this relation was inverted in MBCDF-D5 tumors,
showing 5 folds more CYP24A1 than CYP27B1 basal gene expression. Renal tissue
also showed significantly more gene expression of both cytochromes compared to
xenografted breast cancer cells. Data are depicted as the mean & SEM. Results were
normalized against actin mRNA expression. N>12, different letters indicate
P<0.05.

last one encodes for a voltage gated potassium channel which
overexpression has been related to carcinogenesis, as previously
mentioned. None of these genes were differentially expressed in
tumors of xenotransplanted mice (data not shown). So, we decided
to evaluate another calcitriol target with canonical vitamin D
response elements. We chose cathelicidin (CAMP) due its high
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Fig. 5. Modulation of CAMP protein expression in xenografted tumors. Mice were
divided in the following groups: control (C), ethanol (E), vehicle (V), 250HD5 (25D),
or combined E+25D. CAMP protein (25 kDa) was significantly more abundant in
tumors from 25D treated mice, compared to controls (*P < 0.05). Data are depicted
as the mean & SEM. Actin (ACTB) protein (43 kDa) was used as a loading control.
Control values were set to one. Representative images are shown. N >4 different
tumors.
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sensitivity to calcitriol in human cells [35]. As shown in Fig. 5 and
as expected, Western blots of tumor homogenates showed that
CAMP was significantly more abundant in samples from 250HDs-
treated-mice than those from controls. Interestingly, when mice
were concomitantly treated with ethanol and 250HDs;, no
statistical difference in CAMP expression was observed when
compared to controls (Fig. 5). Two immunoreactive bands were
detected: ~75kDa and ~25kDa. These bands might represent
associations of uncleaved CAMP pro-protein with other proteins,
since CAMP may form high molecular weight complexes [36,37]
and different molecular weight CAMP bands have been described
in breast tumors [38]. The relative abundance of these two CAMP
variants was similar; therefore we only show results for the 25 kDa
form (Fig. 5).

We also analyzed tumor VDR expression by Western blots.
Regarding this, two immunoreactive bands were detected: a more
abundant high molecular weight variant and the classic 50 kDa
VDR band, which was weakly detected, as reported previously in
breast cancer cells [39]. Optical density analysis showed a similar
VDR protein abundance regardless the treatment (Supplementary
Fig. 2).

3.2.3. Effects of treatments upon 250HDs and calcium serum
concentrations

Blood samples were drawn at the time of sacrifice, 14 h after the
final 250HD3 weekly dose. As expected, in the case of 250HD3
mean serum levels were significantly higher in mice treated with
this vitamin D metabolite compared to non-supplemented
animals, reaching very high values in both ethanol-drinking and
non-drinking groups (Table 1). On the other hand, ethanol intake
increased 250HD; levels compared to controls; however, this
difference was not statistically different (Table 1). Regarding serum
calcium levels, the administration of ethanol alone did not resultin
significant changes in calcemia compared to controls. However, in
250HDs-treated groups with or without ethanol drinking regimen,
calcemia values were significantly higher when compared to the
control group (P < 0.05), without reaching a hypercalcemic state
(Table 1). In addition, serum calcium and 250HDs levels were
positively and significantly associated (R=0.824, P=0.006) in the
250HDs-treated groups (Fig. 6A), and without a significant
association (R=0.055, P=0.846) in the non-250HD5 treated groups
(Fig. 6B).

3.2.4. Tumor volume

Compared to the control group, neither alcohol consumption
nor 250HDs treatment significantly affected the establishment of
MBCDEF-D5 tumors after implantation. However, a suggestive delay
on tumor onset was observed in the 250HDs-treated group versus
all other groups, reaching significance when compared to ethanol-
treated animals (Table 2). In general, increased tumor volume was
observed in the ethanol-treated group; although this effect did not
reach statistical significance (Fig. 7).

Table 1

Serum levels of calcium and 250HDs.
Parameters C E \% 25D 25D+E
Calcium (mg/dL) 9.3+03 9.6+01 9.7+0.3 102+06  10.1+0.3

250HD; (ng/mL) 59+9  71+£15 63+5 1499+840" 13901005

Data are presented as mean+standard deviation. Mice were divided in the
following groups: control (C), ethanol (E), vehicle (V), 250HD5 (25D), or combined
E+25D. N >4 different pools, each pool included at least 3 mice from the same
experimental group.

" P<0.05vs CandE.

" P<0.05vsC EandV.
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Fig. 6. Serum calcium and 25-hidroxy-vitaminDs association. A) 250HD5-treated
groups. Serum calcium and 250HD3; were positively and significantly associated. B)
Non-250HD3 treated groups. No association was found between the two
parameters tested. The N represents pools of samples which include at least 3
mice in each pool from the same group.

3.3. In vivo effects of treatments upon body weight and animal
wellbeing

Initial body weights mean from all groups was 17.94+0.161 g.
Final body weights mean in each group were: control 20.11g
+1.40 g, ethanol 20.74g + 1.57 g, vehicle 21.05g +0.19 g, 250HD3
22.07 g+ 0.96 g and 250HDs plus ethanol 21.74 g 4 1.63 g. Only the
groups supplemented with 250HD5 had higher mean body weight
compared to the control group at the end of experiments
(P<0.001). In general, we did not find signs of health deterioration
associated to treatment (e.g. dehydration, altered behavior, loss of

Table 2

Tumor onset.
Treatment Media + SD
C 17.7 £4.79
E 13.9+7.24
\% 17.54+4.7
25D 20.63+6.25
E+25D 18.75+5.74

Data are presented as mean +S.D of time elapsed between xenograft and tumor
onset (days). Mice were divided in the following groups: control (C), ethanol (E),
vehicle (V), 250HD5 (25D), or combined E+25D. N > 13.

" P=0.01vs E.
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Fig. 7. Tumor growth depicted as fold increase from initial volume by weekly
measures. Human breast cancer cells were injected on day 0 and afterwards tumor
dimensions were measured. Mice were divided in the following groups: control (C),
ethanol (E), vehicle (V), 250HDs (25D), or combined E +25D. The graphic depicts
weekly measures (fold increase from initial volume) as the mean + SEM.

appetite, weight loss), suggesting that the tested doses of ethanol
and 250HD3; were well tolerated.

4. Discussion

In the current study, we examined the possibility that chronic
moderate ethanol consumption might affect gene expression of
enzymes involved in vitamin D metabolism in breast cancer cells,
and consequently, impact on 250HDs-dependent expression of
some calcitriol targets with relevant roles in breast cancer genesis
and progression. We chose 250HDj instead of cholecalciferol to
bypass hepatic hydroxylation, given that liver functions may be
compromised by alcohol intake; hence, 250HD3 bioavailability
would not be a limiting factor. Under these conditions, we found
that moderate chronic ethanol intake significantly increased
CYP24A1 but did not modify CYP27B1 gene expression in tumor
cells. However, ethanol drinking did significantly decrease renal
Cyp27b1. These results suggest that the ethanol consumption
regimen tested herein decreased 250HDs bioconversion into
calcitriol in the kidney, while increased breast cancer cells ability
to degrade these two vitamin D metabolites. Our results are in line
with those from a previous study performed in female rats, where
ethanol drinking increased Cyp24al while decreased Cyp27bl
expression in the kidneys, resulting in reduced serum calcitriol
levels [23]. Thus, we tested the impact of ethanol consumption on
biological markers of calcitriol activity (i.e. gene expression and
tumor volume) in xenografted breast tumors. Under the conditions
used in this study, 250HD3; administration did not significantly
delay tumor onset nor decreased tumor growth. This could be
explained either by the cell phenotype (MBCDF-D5 cells are highly
undifferentiated) or by the low intratumoral calcitriol concentra-
tion due to high degradation. The latter is possible given the high
tumoral CYP24A1/CYP27B1 ratio observed herein, which, on the
other hand, might also explain why we did not find a significant
modulation of KCNH1, VEGFA or THSB1 gene expression by 250HD3
treatment. In contrast, in kidneys there were 5 folds higher basal
Cyp27b1 than Cyp24al, suggesting that compared to Kkidneys,
MBCDEF-D5 tumors are very inefficient in producing calcitriol.
Nevertheless, the results on tumoral CAMP protein and CYP24A1
gene expression strongly suggest that local conversion of 250HD;
to calcitriol actually occurred in our xenografted breast cancer cells
both in the presence and absence of systemic ethanol. CAMP is an

antimicrobial peptide that in neoplastic cells has shown cytotoxic,
antiproliferative and pro-apoptotic effects [40-42]. Transcription
of CAMP is highly stimulated by calcitriol due to the vitamin D
response element located in its promoter [35]. Interestingly, even
though in both 250HD;-treated groups CAMP protein expression
augmented compared to controls, the magnitude of the response
was higher and significant only in mice non-consuming alcohol.
This observation further supported that in the tumor mass
calcitriol production and bioavailability were restricted by alcohol
intake, consistently with our results showing increased tumoral
CYP24A1 in ethanol drinking mice and decreased CYP27B1 in
tumors from mice treated with the combined regimen compared
to those treated only with 250HD;. Likewise, our results also
suggest that a similar process is taking place at the renal level,
given that co-administration of ethanol and 250HDs reduced in
60% 250HDs;-dependent Cyp24al upregulation in this tissue,
probably reflecting less bioactive calcitriol and thus, less expres-
sion of this canonical calcitriol-responsive gene. Elsewhere,
ethanol consumption has shown to stimulate the production of
oxidative stress in kidneys, resulting in increased renal CYP24A1
gene transcription as a result of mitogen-activated protein kinases
signaling pathway activation. This specific mechanism of action of
ethanol remains to be studied in our breast tumor-murine model
[23]. On the other hand, given that calcitriol is a known negative
regulator of renal CYP27B1 [43], we expected to find its gene
expression reduced by 250HD; treatment in both kidneys and
tumors. However; this was not the case. In fact, renal Cyp27b1 gene
expression was only reduced when mice were exposed to chronic
ethanol intake, suggesting that alcohol may decrease systemic
calcitriol concentration as a result of reduced renal CYP27B1
expression; hence, lowering vitamin D anticancer effects in the
whole body. Instead, in xenografted breast tumor cells 250HD;
significantly increased CYP27B1 gene expression. This outcome
agrees with previous studies showing that calcitriol and cholecal-
ciferol augmented CYP27B1 gene expression in breast cancer cells
both in vivo and in vitro [44,45], and with reports showing breast
tumor spilling of calcitriol into the circulation in cholecalciferol-
supplemented mice [45]. This is explainable on the basis that
extrarenal regulation of CYP27B1 by calcitriol is a cell-type-
selective event [46,47], and implies that bioconversion of 250HD3
into calcitriol in the mammary gland depends more on vitamin D
nutritional status. Importantly, our results on tumor CYP27B1
showed that alcohol intake may diminish 250HDs-dependent
calcitriol production, preventing in this manner its beneficial
antineoplastic effects in breast cancer cells. The latter highlights
the importance of vitamin D sufficiency and the perils of alcohol
consumption in women with risk of breast cancer or currently
under therapy for this pathology.

In the present study, ethanol administration per se was not
associated with significant changes in serum calcium or 250HDs.
However, a non-significant increase in 250HD; values was
observed in ethanol consuming mice not-treated with this vitamin
D metabolite compared to controls, which has also been observed
in rat and human models of alcoholism [23,24,48]. In this regard, it
has been suggested that higher serum 250HD3 levels in alcohol
users may reflect disturbed vitamin D metabolism as a result of
reduced bioconversion into calcitriol, rather than vitamin D
sufficiency [48].

The highest values of calcemia were observed in the 250HDs3-
treated mice, in accordance with the stimulatory effect of calcitriol
upon active intestinal calcium absorption and with previous
studies showing that 250HD5 is more potent and effective than
cholecalciferol in rising 250HD3 serum levels [49]. Herein, even
though very high 250HD3 serum levels were reached in the groups
treated with this metabolite, hypercalcemia was not detected in
any mice and the clinical status of these animals was similar to
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those observed in the other groups studied. This observation may
suggest a differential vitamin D pharmacotoxicity between mice
and humans. Most probably, vitamin D toxicity was avoided in
250HDs-treated groups by the classical feedback autoregulatory
loop involving increased CYP24A1 expression, as seen in our renal
and tumor data. Also, it is possible that urinary calcium excretion
was higher in 250HDs-treated groups. On the other hand, the
positive association between serum calcium and 250HDs levels
observed only in 250HDs-treated mice corroborates that nutri-
tional vitamin D status is one of the determinants of calcemia.

Whereas total body fat has been inversely associated with
250HD3 levels in humans [50], in the murine model used herein
we found a significantly higher mean final body weight in mice
that received 250HDs3; compared to controls. This might be
explained considering the fact that both VDR and its ligand
positively and significantly impact on lipid accumulation, as seen
in the VDR-KO-associated lean phenotype [51]. Alternatively, since
mice were still developing at the beginning of the study, it is
possible that 250HD5 supplementation increased body weights as
a result of augmented bone mineral content and decreased bone
resorption, as reported in young girls [52]. These assumptions need
to be further investigated. In line with this, vitamin D supplemen-
tation is known to protect against bone loss associated with
chronic alcohol administration in female mice [53]. Nonetheless, in
our study alcohol intake did not result in weight loss, must
probably due to the moderate dose of alcohol used in this study.

In summary, our study indicates that chronic moderate alcohol
intake rises renal and tumoral CYP24A1 while lowers renal Cyp27b1
gene expression. In addition, 250HD3; supplementation signifi-
cantly stimulated tumoral CYP27B1 gene expression only in non-
alcohol-drinking mice. These results suggest that even a low
ethanol intake habit can actually decrease renal and tumoral
250HDs bioconversion into calcitriol and stimulate its degradation
in breast tumors. The latter may partially explain why alcohol
consumption is associated with vitamin D deficiency and breast
cancer risk and progression.
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1,25-dihydroxivitamin Ds (calcitriol), is a secoesteroid involved in several placental functions. In
particular, we and others showed that calcitriol regulates peptides, proteins, cytokines and hormones
production in human trophoblastic cells. On the other hand, calcitriol modifies the activity and
expression of some steroidogenic enzymes, a process that is considered tissue-specific. However, the
effects of calcitriol on the expression of enzymes involved in the synthesis of sex steroids in placental
tissue have not yet been entirely studied. The aim of the present study was to investigate the effects of
calcitriol upon gene expression of several steroid enzymes such as cytochrome P450scc (CYP11A1), type 1
3B-hydroxysteroid dehydrogenase(38-HSDI), 17-HSD3, 17a-hydroxylase/17,20 lyase (CYP17A1) and
aromatase (CYP19A1) in primary cultures of human placental cells. Cell cultures were performed using
placentas obtained immediately after delivery by caesarean section from normotensive healthy women
and calcitriol effects were evaluated, at level of transcription, by qPCR. The results showed that: 1) from
basal expression values of the five genes studied, 33-HSDI was the most expressed gene (P < 0.05); 2)
basal expression of all enzymes was significantly higher in cultured syncytiotrophoblast than in
cytotrophoblasts (P < 0.05); 3) the presence of calcitriol in cultured trophoblast cells generally resulted in
a stimulatory effect of CYP11A1, CYP19A1 and 178-HSD3 gene expression at 3 h of treatment whereas
3B-HSDI was induced at 6 h (P < 0.05). However, a time-dependent variable was also observed; 4) protein
expression of CYP11A1 and 33-HSDI were not modified significantly by calcitriol, however that of
CYP19A1 was regulated in similar fashion as gene expression. In conclusion, calcitriol affected in a time-
dependent manner the expression of steroids metabolizing enzymes in human placental cell cultures.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

progesterone (P4) and estradiol (E) in enriched trophoblastic cell
preparations (ETC) [2-5]. In addition, it is well known that

Calcitriol, is a secosteroid with both calcemic and non-calcemic
biological activities [1]. Similar to steroids hormones, calcitriol is
metabolized by human placenta, a tissue that is also considered a
target for its hormonal actions. Indeed, this hormone regulates the
expression or production of calbindins, cytokines, antimicrobial
peptides as well as human chorionic gonadotropin (hCG),

* Corresponding author at: Departamento de Biologia de la Reproduccién,
Instituto Nacional de Ciencias Médicas y Nutricién Salvador Zubirén, Vasco de
Quiroga No. 15, Tlalpan 14000, México, D.F, Mexico.

E-mail addresses: barrera1912@gmail.com, vidadav@hotmail.com (D. Barrera).

http://dx.doi.org/10.1016/j.jsbmb.2016.11.015
0960-0760/© 2016 Elsevier Ltd. All rights reserved.

calcitriol differentially regulates CYP27B1 and CYP24A1, the two
cytochromes involved in calcitriol synthesis and metabolism [6].
Likewise, its role in the regulation of other steroidogenic enzymes
in a tissue-specific manner has been also reported [7].

Steroid hormones are synthetized from a common precursor
called cholesterol and the steroidogenic enzymes involved are
members of both the cytochrome (CYP) P450 superfamily and
hydroxysteroid dehydrogenases (HSD) [8,9]. During pregnancy, the
fluctuations of maternal steroids depend mainly of the placenta,
and the major pathways involved in their synthesis have been well
established [8]. In human placenta, after the conversion of
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cholesterol to pregnenolone by cytochrome P450 cholesterol side
chain cleavage (P450scc; CYP11A1), pregnenolone is bioconverted
mainly to P, by means of the type 1 33-hydroxysteroid
dehydrogenase (33-HSDI). On the other hand, it well known that
androgens from fetal tissues are necessary to produce the
corresponding estrogens in the placenta means aromatase enzyme
(CYP19A1). However, it has been showed in vitro the placental
capability to express and synthetized androgens de novo by
17a-hydroxylase/17,20 lyase (CYP17A1) presence, a topic that is
still discussed controversially [10,11].

Steroidogenic enzymes regulation is very complex [8,12], and
the identification of factors regulating their expression has long
been sought. At this respect, it has been demonstrated that some
enzymes are target of the biological effects of calcitriol. In fact, it
has been showed that calcitriol increased the 3(3-HSDI activity in
granulosa cells [13] and induces 38-HSDI and CYP11A1 transcrip-
tion in human glioma GI-1 cells [14]. In addition, it has been
demonstrated that calcitriol up regulates 178-HSD type 2, type 4
and type 5 gene transcription in human prostate cancer lines cells,
and both CYP11A1 and CYP17A1 in human adrenocortical
NCI-H295R cells [15-17]. On the other hand, it has been shown
that calcitriol stimulates aromatase activity in diverse cell types
such as prostate, osteoblasts, human choriocarcinoma, purified
immature rat Sertoli and rat granulosa cells [18-21]. Interestingly,
Kinuta et al, [22] have showed that the activity and gene
expression of Cyp19A1 are decreased in the ovary, testis and
epididymis of VDR null mutant mice, which indicates that calcitriol
is an additional stimulator of aromatase. However, the effects of
calcitriol on aromatase gene expression and enzyme activity are
controversial, since is mainly inhibitory in breast cancer cells and
human macrophages [7,23]. These findings indicate the differential
tissue-specific effects of calcitriol.

We have previously shown that calcitriol induce P4 and E,
secretion in ETC [2]; however, its effects on the enzymes involved
in this process have not been studied. Therefore, the aim of this
study was to investigate the effects of calcitriol on expression of
steroidogenic enzymes in primary cultures of human placental
cells.

2. Materials and methods
2.1. Reagents

Culture media, fetal bovine serum (FBS), Trizol and all
oligonucleotides for real time polymerase chain reaction (PCR)
were by Invitrogen (CA, USA). Light Cycler™ 480 probes master Kit,
TagMan Master reaction, TagMan probes, 96 well PCR microplates,
the reverse transcription (RT) system and Proteases inhibitor
cocktail were from Roche (Roche Applied Science and Roche
Diagnostics, IN, USA). Calcitriol (1o,25-dihydroxycholecalciferol)
was kindly donated from Hoffmann-La Roche Ltd (Basel,
Switzerland). Deoxyribonuclease I and trypsin enzymes from
bovine pancreas used for cell cultures were from Sigma-Aldrich
(MO, USA). Percoll was from GE Healthcare (Uppsala, Sweden).
CYP11A1 and CYP19A1 antibodies were obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA) whereas CYP17A1
and 3[3-HSDI antibodies were obtained from Santa Cruz Biotech-
nology, Inc. (Dallas, TX, USA) and GAPDH antibody was from
Millipore (Temecula, CA, USA).

2.2. Trophoblast cell culture

This protocol was approved by the Human Research Ethics
Committee from the Instituto Nacional de Ciencias Médicas y
Nutriciéon, Salvador Zubirdn (No. BRE-535-12/15-1) and the
Internal Review Board of the Instituto Nacional de Perinatologia

“Isidro Espinosa de los Reyes” in Mexico City (No. 212250-21131).
Written informed consent was obtained from all participants. All
pregnant women were from an urban area of Mexico City, 18-39
years old, previously normotensive, with no history of diabetes
mellitus or thyroid, liver, renal disease. Term placentae (39-41
weeks of gestation) were acquired following caesarean section. All
women had uncomplicated pregnancies, without evidence of
active labor, cervical dilation or loss of the mucus plug. In addition,
none had any clinical or microbiological signs of chorioamnionitis
or lower genital tract infection; twin pregnancy was excluded from
this study.

Placental cotyledons were dissected free of decidua and fetal
membranes. The ETC were cultured as previously described [6,19].
Briefly: Villous tissue was enzymatically dispersed and cells were
separated on density percoll gradients. Before plating, the viability
of the percoll-enriched cells was estimated by dye exclusion (0.4%
trypan-blue). Cells were plated at a density of 3 x 10° cells in flasks
of 25 cm? with 4 mL each of supplemented medium [(DMEM HG)
100U/ml penicillin, 100 pg/ml streptomycin, 0.25 mg/ml Fungi-
zone], containing 10% heat-inactivated-FBS. Incubations were
performed in humidified 5% C0,-95% air at 37°C. In order to
remove all non-adherent cells, after 3h to incubation, culture
medium was aspirated and trophoblasts cells were washing with
Hank's Balanced Salt Solution (HBSS) 1X. Treatments with
calcitriol (1 or 100nM) or its vehicle (ethanol 0.1%) were added
in supplemented medium F-12 with penicillin and streptomycin.
Afterward, RNA was extracted from cells for gene expression
studies. Expression of human chorionic gonadotropin (hCGB5) was
used as control of the cell culture system and CYP24A1 gene as
control of calcitriol function.

2.3. Calcitriol effects on CYP11A1, CYP17A1, CYP19A1, 38-HSDI and
178-HSD3 gene expression

Calcitriol effects upon gene expression were studied by
extracting total RNA from treated cells using Trizol reagent [24].
In all cases, the amount and quality of RNA were estimated
spectrophotometrically at 260/280 nm and a constant amount of
RNA (2 jg) was reverse transcribed using a RT assay. Primers and
probes for PCR amplifications are shown in Table 1. Identical PCR
conditions were performed for all genes and in all cases
normalized against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) used as housekeeping gene.

Real time PCR amplifications were carried on a LightCycler®
480 11 (Roche), as described below: The specific probe for each gene
was added to a reaction mixture with 5.2 L of PCR grade water,
0.1 L of primer corresponding to the gene of interest [20 uM] and
3.5 iL of 2X enzyme. The mixture was homogenized and placed in
plates of 96 wells to PCR. In each well 9 p.L of the mixture and 1 L
cDNA are placed. The plate was then sealed and centrifuged at
1000 rpm for 30 s. Finally, the plate was placed in the thermocycler
LightCycler480 I, where occurred activation of Taq DNA polymer-
ase and DNA denaturation at 95°C for 10 min, proceeded by 45
amplification cycles of 10s at 95°C, 30s at 60°C, and 1s at 72°C.

2.4. Calcitriol effects upon CYP11A1, CYP17A1, CYP19A1 and 38-HSDI
protein expression

In order to evaluate the calcitriol effects upon CYP11A1,
CYP17A1, CYP19A1 and 3B-HSDI protein expression these were
studied by Western blot. Briefly: Syncytiotrophoblast were
incubated in the absence or presence of calcitriol 100 nM during
6 and 24 h. Afterwards cells were pelleted and lysed with RIPA
buffer (9.1 mM dibasic sodium phosphate, 1.7 mM monobasic
sodium phosphate, 150 mMNacCl, 1% Nonidet P-40, 0.1% SDS, pH
7.4) in presence of a proteases inhibitor cocktail. Protein content
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Table 1
Oligonucleotides and probes used for real time PCR analysis.
Gen Upper primer Lower primer Amplicon (nt) “Probe Accession
Number
CYP11A1 aggaggggtggacacgac ttgegtgecatctcataca 60 59 M14565.1
CYP17A1 gcatcatagacaacctgagcaa gggttttgttggggaaaatc 75 64 NM_000102.3
CYP19A1 gaattcatgcgagtctggatct tcattatgtggaacatacttgagga 76 55 NM_000103.2
3B-HSDI cggaccagaattgagagagg gaatggctcatccagaattc 88 11 M35493.1
178-HSD3 aacttgcaggcttagaaattgg ggtgegttcaggaaatgg 85 7 NM_000197.1
CYP24A1 catcatggccatcaaaacaa gcagctcgactggagtgac 65 88 NM_000782.3
hCGB5 gctcaccccageatcctat cagcagcaacagcagcag 131 70 NM_000737.2
GAPDH agccacatcgctcagacac gcccaatacgaccaaatcc 66 60 NM_002046.3

2 From the universal probe library (Roche).

was determined in the cell lysates and equal amounts (30 g
protein) were separated on 10% SDS-PAGE, transferred to
nitrocellulose membranes and blocked overnight in TBST
(10 mM Tris-HCI, pH 7.5, 100 mM Nacl, 0.1% Tween 20) containing
5% skim milk. Then membranes were washed and incubated
overnight at room temperature in the presence of anti-CYP11A1
(50kDa) or anti-CYP19A1 (51 kDa) diluted 1:1000, or anti-CYP17A1
(55kDa) or anti-33-HSD (42kDa) diluted 1:100 and 1:200
respectively, in TBST. After washing membranes were incubated
with a horseradish peroxidase-conjugated secondary antibody
(1:8000), followed by chemiluminescent detection with Clarity
Western ECL substrate (Bio-Rad laboratories, USA) according to the
manufacturer’s instructions. Visualization was achieved by Molec-
ular Imager ChemiDoc XRS System and the densitometry was
performed by Imagen Lab Software (Bio-Rad, Hercules, California,
USA). The membranes was washed and incubated with Restore™
Western Blot Stripping Buffer (Thermo Fisher Scientific Inc.
Rockford, IL, USA) to follow use with further antibody. For
normalization, blots were incubated with anti-GAPDH (32 kDa,
1:8000) and processed as described above.

2.5. Statistical analysis

The results were described as the mean =+ standard deviation (S.
D.). Statistical differences for dose-response assays were deter-
mined by one-way ANOVA followed by appropriate post hoc tests
(Holm-Sidak method for pair-wise comparisons), using a special-
ized software package (SigmaPlot 11.0, Jandel Scientific). For each
experiment the final result was calculated considering the mean of
triplicate from at least three separated cell cultures. Differences
were considered statistically significant at P < 0.05.

3. Results

Trophoblast cells were seeded (3 x10° cells per flask) and
during three days of culture a progressive increase of hCGS5 gene
expression was observed and used as a biological marker of
placental differentiation from cytotrophoblasts to syncytiotropho-
blast. Likewise, gene expression level of CYP24A1 in ETC was used
as a control of calcitriol bioactivity, as previously described [25].

3.1. Comparison of basal gene expression profiles of CYP11A1, CYP17A1,
CYP19A1, 38-HSDI and 178-HSD3 enzymes in ETC

Fig. 1, shows the basal gene expression of each one of the
steroidogenic enzymes studied. As depicted,the 38-HSDI transcript
was the one with the highest (P <0.05) expression level when
compared with the other transcripts. In general, the expression
profile level of these genes was as follows: 38-HSDI > CYP19A1
> CYP11A1> 178-HSD3 > CYP17A1.

3.2. Basal gene expression profiles during cell differentiation

Gene expression of steroidogenic enzymes was also studied
during the differentiation process of trophoblast cells in culture. As
shown in Fig. 2, 3 of the 5 enzymes showed a significantly higher
expression on days 2 and 3 of cultures (P <0.05 vs day 1). Gene
expression of CYP11A1 and CYP17A1 reached a maximum and
significant higher value at 72 h of plating (P < 0.05; Fig. 2).

3.3. Calcitriol effects upon gene expression of steroidogenic enzymes
during 3, 6, 12 and 24 h of treatment in syncytiotrophoblast

Considering previous results from our laboratory, we decided to
study the effects of calcitriol on gene expression of all enzymes at
two different concentrations (1 and 100 nM) and for various times
of incubation (3, 6, 12 and 24 h) as shown in Fig. 3. As depicted,
after 3 h of treatment, 100 nM of calcitriol upregulated CYP11A1
and CYP19A1 gene expression whereas CYP17A1 was down
regulated after 6h (Fig. 3A-C). Meanwhile,the relative gene
expression of 38-HSDI was significantly increased around 6h
and 178-HSD3 mRNA shown a biphasic effect between 3 and 6 h.
On contrary, between 12 and 24 h of calcitriol treatment, CYP11A1
and CYP19A1 transcripts were decreased and CYP17A1 gene
transcription was increased whereas that the expression both
3B- and 17B8-HSDs was stabilized since no further effects of
calcitriol were observed after 12 h (Fig. 3D, E).

3.4. Calcitriol effects upon CYP11A1, CYP17A1, CYP19A1 and 3B-HSDI
protein expression after 6 and 24 h of treatment in
syncytiotrophoblasts

Calcitriol effects upon protein abundance of CYP11A1, CYP19A1
and 33-HSDI are shown in Fig. 4. Protein expression of CYP11A1
and 3[3-HSDI was not affected by treatment at 6 and 24 h (Fig. 4A
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Fig. 1. Placental basal gene expression of steroidogenic enzymes. The data are
expressed as concentration ratio (CR). Bars represent the data of at least 4 separated
cell cultures. Different letters indicate significant differences at the P < 0.05.
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and C). However, the abundance of CYP19A1 was increased at 6 h
and decreased at 24 h of incubation which was in accordance with
gene expression of this enzyme at the same times of treatment
(Fig. 4B). Regarding CYP17A1l, its protein expression was not
detected using the methodology used in this study (data no
shown).

3.5. Calcitriol effect upon gene expression of enzymes during each day
of differentiation

Fig. 5 shows the role of the cell differentiation process on the
calcitriol effects on gene expression of the enzymes studied. As
depicted, calcitriol at two doses (1 nM and 100 nM) was added at 3,
24 and 48 h of culture times that corresponded to cytotrophoblasts
transition into syncytiotrophoblast. At each time, -calcitriol
treatment was incubated for 24h and gene expression of each
enzyme was analyzed. As shown in Fig. 5, calcitriol at 1 nM and
100nM concentrations decreased CYP11A1 in each stage of cell
differentiation. Similarly, CYP19A1 was inhibited but only in the
syncytiotrophoblast while CYP17A1 transcription was upregulated
also in this last phenotype cell. Regarding the dehydrogenases,
their expression was not significantly affected at any dose of
calcitriol and the day of cell culture differentiation studied.

4. Discussion

Human pregnancy is a physiological condition associated with
several changes in the concentrations of maternal and fetal-
placental hormones, cytokines and peptides, among others, that
ensure and guarantee the maintenance of gestation. Specifically,
steroidogenic enzymes in placental tissue plays a pivotal role to
produce and increase in steroid hormones levels, which assure
uterine quiescence, immunological tolerance and adaptation
during this period [26-29]. Therefore, the regulation of these
factors, particularly in placenta deserves to be further studied.

It has been shown that syncytiotrophoblast cells are the main
steroidogenic cell type in placenta [30-32]. This is in line with our
results, where this structure had significantly higher enzymatic
expression than that observed in cytotrophoblasts. In this study,
the basal level of gene expression of the cytochromes being
investigated was as follows: CYP19A1 > CYP11A1>CYP17A1, these
results are in accordance with those reported by Pezzi et al. [11].
Regarding the dehydrogenases, the expression of 38-HSDI was
significantly higher than that of 178-HSD3 but in contrast to Pezzi
et al.3B-HSDI was also more expressed than the three other
cytochromes evaluated. The discrepancy may be due to differences
in gestational age and preparation of the biological samples.
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Indeed, we used cultured ETC obtained from term placentas while
Pezzi et al. performed their study in placental homogenates
obtained at 15-19 weeks of gestation after abortion induction. On
the other hand, it has been demonstrated that placenta expresses
several 178-HSD isozymes [32-34], but not the 178-HSD3.
Interestingly, in our ETC culture model, we demonstrated that
178-HSD3 is not only expressed but its expression increased along
with the differentiation process. Overall, the results in the present
study demonstrated that CYP11A1, CYP19A1 and 38-HSDI are highly
expressed in human placenta to provide steroids hormones such as
P4 and E, which are essential for the maintenance and adequate
outcome of pregnancy [27,28].

These results demonstrated the hormonal phenotype of our
culture and validated its use for the purposes of this study. The aim
of this study was to investigate the role of calcitriol upon gene
expression regulation of key steroidogenic enzymes involved in the
synthesis of some steroids produced during normal pregnancy. It
has previously shown the role of calcitriol in steroidogenesis;
therefore, we thought of importance to evaluate if this hormone
might be also involved in gene expression regulation of
steroidogenic enzymes throughout different stages of placenta
cell differentiation in culture and times of incubation.

The results in this study demonstrated that calcitriol upregu-
lates CYP11A1, CYP19A1 and 3B-HSDI gene expression. In this
regard, these results agreed with those previously reported by our
laboratory showing the ability of calcitriol to stimulate in a dose-
dependent manner both P4 and E, secretion in ETC [2]. However,
this effect was time-dependent according to the enzyme been
studied. Similar results have been observed in other cell types from
different sources, including established cell lines from brain and
adrenocortical cells [14,17]. Interestingly enough was the observa-
tion of the down regulatory effect of calcitriol on CYP11A1 and
CYP19A1 gene expression at 24h of treatment. This inhibitory
effect of calcitriol upon CYP11A1 expression has been previously
observed in mice IL-4-activated CD8" T cells by Schedel et al. [35].
These authors reported seven potential VDR-binding sites with
repressor transcriptional VDR-dependent activity. Whether a
similar promoter behavior is responsible of the inhibitory effects
of calcitriol on CYP11A1 and CYP19A1 in this study deserves to be
further investigated. Although the CYP11A1 gene expression was
altered, the protein abundance of this enzyme was not modified.
This result may indicate that some translational mechanisms could
be differentially regulated. Similarly, it has been reported by
Beaudoin et al. [31] that P, and E, induce both 38-HSDI and
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CYP11A1 gene transcription but not the protein abundance of 33-
HSDI. Therefore, we suggest that after the induction of these
steroid hormones by calcitriol [2], protein expression of these key
enzymes could be preserved and the enzymatic activity affected
positively.

In addition to its importance in steroid hormones biosynthesis,
Slominski et al. [36] have demonstrated the participation of
CYP11A1 in novels activities since this enzyme also metabolizes 7-
dehydrocholesterol (7DHC), ergosterol, lumisterol 3 and hydrox-
ylates the side chain of vitamin D3 and D, [37-40]. In fact, it has
been shown that this enzyme is able to convert vitamin D3 to 20-
hydroxyvitamin D3 and 20,22-dihydroxyvitamin D3 in female rat
adrenal glands and human term placenta as well as vitamin D,
form into 20-hydroxyvitamin D,, 20,22-dihydroxyvitamin D, and
1,20-dihydroxyvitamin D in several cells types such as epidermal
keratinocytes, Caco-2 colon cells, adrenal glands and also in human
placenta [36,37,41,42].

Regarding CYP19A1, its gene expression was inhibited after 24 h
of treatment with calcitriol which is in accordance with others
studies [7,18,23,43]. Interestingly, in the present study protein
abundance of this enzyme was modified by calcitriol in similar
fashion as its gene expression. In in vivo conditions, we cannot
discard a modification of this effect of calcitriol upon this enzyme
by the presence of others hormones, local environment factors, as
well as others cells types found in human placenta. This possibility
is not unlikely since both calcitriol and estrogen circulating levels
increase during healthy pregnancy [44,45].

Additionally, we identified CYP17A1 gene transcripts in both
cyto- and syncytio-trophoblasts as previously reported [10,46,47].
However, the placental CYP17A1 and 173-HSD3 gene expression are
very low in comparison with the others enzymes, which suggest
minor production of androgens that could be biotransformed

immediately to estrogens by CYP19A1 [10]. Indeed, calcitriol did
induce CYP17A1 mRNA after 24 h of treatment. This result is similar
to the stimulatory effect previously described of calcitriol upon
CYP17A1 expression in adrenal cells; however those authors found
that androgen production was decreased [17]. It is well known that
CYP17A1 mediates two different activities, 17a-hydroxylase
activity that is regulated by CYP17A1 gene expression and the
17,20-lyase activity that is regulated by post-transcriptional
mechanisms [48]. Therefore, increased gene expression of CYP17A1
observed in the present study by calcitriol could not result in more
androgens synthesis but to be related also to production of 17«-
hydroxypregnenolone and/or 17a-hydroxyprogesterone that are
formed as intermediates to glucocorticoids [8,49-52], which
merits further investigation.

Identifying the factors and molecules that regulate the
steroideogenesis in the placental tissue is of importance, since
pregnancy is dependent of steroids produced by this organ. In fact,
several adverse pregnancy outcomes are associated with hormonal
unbalance such as miscarried, preeclampsia and preterm delivery.
In particular, it has been demonstrated in preeclamptic women
that the androgens and estrogens production is abnormal as
compared with normotensive pregnancy [53,54]. In addition, in
this pathology the vitamin D status has been found deficient [55]
and it has been demonstrated that the supplementation with
vitamin D diminishes the risk of preeclampsia development.

In summary, we demonstrated that calcitriol is a placental
regulator of expression of the enzymes involved in the sex steroids
production in ETC and we suggest that continuous and increased
production of calcitriol during pregnancy could preserve the initial
regulation of the expression of these enzymes and that vitamin D
supplementation could offer an alternative therapeutic action for
patients with hormonal imbalance.
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