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1.SINDROME DE RESISTENCIA A LA INSULINA-SINDROME METABOLICO.

El sindrome metabdlico se define como un complejo conjunto de factores
relacionados entre si, entre los que se encuentra la obesidad, y que contribuyen
en diferente medida a aumentar el riesgo de padecer enfermedad cardiovascular
y diabetes. Se postula ademas el posible papel de la resistencia a la insulina
como factor de enlace entre todos los factores de riesgo que constituyen dicho
sindrome [1]

En 1998, la WHO (OMS) sentd las bases de la definicion de Sindrome
Metabolico, entendiéndolo como un estado de intolerancia a la glucosa o
diabetes mellitus y/o Resistencia a la insulina con presencia de al menos 2 de 5

estados relacionados a continuacion:

1.- Disminucion de la capacidad de regulacion de la glucemia o diabetes segun

los siguientes criterios: (los valores de la tabla 1)

Table 1. Values for diagnosis of diabetes mellitus and other categories of hyperglycaemia

Glucose concentration (mmol 17" (mg dl™"))

Whole blood Plasma*
Venous Capillary Venous
Diabetes Mellitus:
Fasting =61 (=110) =6.1 (=110 =7.0 (=126)
or
2-h post glucose load =10.0 (=180) =11.1 (=200) =11.1 (=200)
or hoth
Impaired Glucose Tolerance (IGT):
Fasting concentration {if measured) <61 (=110 <61 (<110 =7.0 (=126)
2-h post glucose load =6.7 (=120} and =7.8 (=140) and =7.8 (=140} and
<10.0 (<180} <110 (=2 200) <117 (<2000
Impaired Fasting Glycaemia (IFG):
Fasting =56 (=100} and =56 (=100) and =6.1 (=110 and
<h.1 (<110} <6.1 (<110 <7.0 {<126)
2-h (if measured) <67 (<120} <7.8 (=140) <7.8 (=140)

sComesponding values for capillary plasma are: for Diabetes Mellitus, fasting =7.0 (=126}, 2-h =12.2 (=220}; for Impaired Glucose Tolerance,
fasting <<7.0 (=<126) and 2-h =8.9 (=160) and <12.2 {=<220); and for Impaired Fasting Glycaemia =6.1 (=110) and <7.0 (=126} and if measured,
2-h <B.9 (=160}

For epidemiological or populaticn screening purposes, the fasting or 2-h value afler 75 g ozal glucose may be used alone. For clinical purposes,
the diagnosis of diabetes should always be confirmed by repeating the test on another day unless there is unequivacal hyperghvcasmia with acute
metabolic decompensation or obvious symptoms.

Cilucose concentrations should not be determined on serum unless red cells are immediately removed, otherwise glycolysis will result in an
unpredictable underestimation of the true concentrations. |t should be stressed that glucose preservatives do not totally prevent glycolysis. If whole
blood s used, the sample should be kept at 0—4 “C or centrifuged immediately, or assayved immediately.

Tabla 1. Criterios diagndsticos de alteraciones del metanolsm
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2. - Resistencia a la insulina
3. Presion arterial elevada 2160/90 mmHg

4. Triglicéridos plasmaticos elevados (=1.7 mmol/L; 150 mg/dL) y /
o bajo HDL-colesterol (<0.9 mmol/L, 35 mg/dL hombres; <1.0
mml/L, 39 mg/dL mujeres)

5. Obesidad central (hombres: relacion cintura-cadera>0.90;

mujeres: indice de cintura a cadera >0.85) y / o IMC >30 kg/m?.

6. Microalbuminuria (tasa de excrecion urinaria de albumina = 20

pg/min o relacién albumina: creatinina = 20 mg/g) [2].

La definicidbn de Sindrome Metabdlico siguié evolucionando segun los criterios
diagnésticos postulados por las diferentes organizaciones, la propia WHO (OMS)
en 1998, los criterios ATPIII (National Cholesterol Education Program Adult
Treatment Panel 1ll) en 2001 y la Federacién Internacional de Diabetes (FID) con
la Asociacion Estadounidense del Corazon (AHA) y el Instituto Nacional del
Corazon, los Pulmones y la Sangre (NHLI) en 2005. Mientras la OMS basaba su
definicidn en la presencia de alteracion para regular la glucemia y resistencia a
la insulina, la ATP Il postula que no es necesario la demostracion de resistencia
a la insulina per se, sino la presencia de al menos 3 de los siguientes 5 factores

para establecer el diagnostico:

1.- Obesidad abdominal (que a su vez esta intimamente ligada a la

Resistencia a la insulina)

2.- Elevacion de los niveles séricos de triglicéridos

3.- Bajos niveles de HDL-colesterol

4.- Hipertension

5.- Alteracion de la glucosa en ayunas o diabetes mellitus tipo 2[1]

En 2005, la IDF como la AHA / NHLBI, intentaron conciliar las diferentes
definiciones clinicas, aunque mantuvieron diferencias relacionadas con la

circunferencia de la cintura.
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La IDF eliminé el requisito de resistencia a la insulina de la OMS, pero hizo
necesaria la obesidad abdominal como uno de los 5 factores necesarios en el
diagnoéstico, con especial énfasis en la medicidbn de la cintura como una
herramienta de deteccion simple; el resto de los criterios fueron esencialmente

idénticos a los provistos por ATP IlI.

Por su parte la AHA/NHLBI modifico los criterios de ATPIIl y con respecto a los
de IDF no obligaba a la presencia de obesidad abdominal como factor de riesgo
requerido, asumiendo sus otros 4 factores. Finalmente, IDF y AHA / NHLBI
acordaron que la obesidad abdominal no deberia ser un requisito previo para el
diagndstico, pero que es 1 de 5 criterios, por lo que la presencia de 3 de 5
factores de riesgo constituye un diagnéstico de sindrome metabdlico. Esto daria

como resultado la definicion comdn que se muestra en la tabla 2[1].

La importancia de unificar criterios diagndésticos que definan la situacion de
Sindrome Metabdlico radica en su condicion de problema de salud publica,
intimamente ligado a la evolucion de los habitos de vida hacia el sedentarismo y
por tanto, existiendo una posibilidad de prevencién sobre el mismo a través de
la intervencién en salud para minimizar los diferentes factores de riesgo que lo

componen.

El sindrome metabdlico supone 5 veces mas riesgo de desarrollar diabetes
mellitus tipo 2. Los factores de riesgo metabdlico mas ampliamente reconocidos
son la dislipidemia aterogénica, la presion arterial elevada y la glucosa
plasmatica elevada. Ademds, las personas con estas caracteristicas
comunmente manifiestan un estado protrombético y un estado proinflamatorio.
La mayoria de las personas con el sindrome metabdlico tienen obesidad

abdominal y resistencia a la insulina.
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Table 1. Criteria for Clinical Diagnosiz of the Metabolic Syndrome

Measure Categorical Cut Points

Elevated waist circumference Populaficn- and country-specific
definitions

Elevated triglycerides (drug treatment for elevated 2150 mg/dL (1.7 mmol/L)

triglycerides iz an aliermnate indicalurT]

Reduced HDOL-C (drug treatment for reduced HOL-C iz an =40 mgfdL {1.0 mmaol/L) in

alternate indinaturTJ males; =50 mgi/dL (1.3 mmal/L)
in females

Elevated blood pressure (antihyperensive drug treatment Systolic 2130 and/or diastolic

in a patient with a history of hyperenszion iz an altemate =33 mm Hg

indicator)

Elevated fasting gll.l{:lus.ra:t (drug treatment of elevaied 2100 mg/dL

glucose is an aliernate indicator)
HDL-C indicates high-density lipoprotein cholesterol.

*It iz recommended that the IDF cut poinitz be used for non-Europeans and either the IDF or
AHAMHLEI cut poiniz used for people of European corigin until more data are available.

TThe most commonly used drugs for elevated friglycerides and reduced HDL-C are fibrates and
nicofinic acid. A patient taking 1 of these drugs can be presumed to have high triglycerides and
low HDOL-C. High-dose w-3 fatty acids presumes high triglycerides.

IMost patients with type 2 diabetes mellitus will have the metabolic syndrome by the proposed
criteria.

Tabla-2. Alberti KGMM, et al [1]

En el afio 2009 K.G.M.M. Alberti y col. [1] proponen una definicion de Sindrome
metabolico que homogeniza los criterios de las organizaciones anteriormente
sefaladas. Definiéendolo como aquella situacion de intolerancia a la glucosa o
diabetes mellitus y/o resistencia a la insulina acompafiado de dos o mas de los
criterios propuestos por la OMS en 1998. Se basa principalmente en los criterios
propuestos en 2005 por la Federacion Internacional de Diabetes (IDF) con la
Asociacion Estadounidense del Corazon (AHA) y el Instituto Nacional del



19

Corazon, los Pulmones y la Sangre (NHLI) y recogidos en la tabla considerando
la importancia de establecer claros los puntos de corte del diametro de cintura

segun grupos de edad, sexo 0 etnia [1]

La resistencia a la insulina se entiende como una disminucion de la habilidad de
la insulina para activar la captacion de glucosa y su utilizacion. Las células 3
pancredticas incrementan la produccion de insulina como respuesta
compensatoria a la hiperglucemia, generandose una situacion de
hiperinsulinemia [3,4]. Es bien sabido que la obesidad provoca resistencia a la
insulina e hiperinsulinemia compensatoria. En los individuos obesos se
diferencian dos tipos de distribucion de grasa: grasa subcutanea y grasa visceral
intraabdominal. Varios estudios clinicos demuestran la contribucion de la
acumulacion de grasa visceral al desarrollo de trastornos metabdlicos, incluida
la intolerancia a la glucosa y la hiperlipidemia [3,5], demostrandose que la
obesidad visceral presenta mayor prevalencia de sindrome de resistencia a la
insulina que la acumulacion subcutanea de grasa [4]. Aunque se postulan
diferentes mecanismos que llevan al estado de resistencia a la insulina,
Matsuzawa et al (2011) [4] propone que uno de ellos se basa en que los tejidos
adiposos secretan directamente multiples moléculas bioactivas (adipoquinas),
como el factor de necrosis tumoral a (TNF-a), la leptina y el inhibidor del
activador del plasmindégeno 1 (PAI-1), gue desempefia un papel importante en el

desarrollo de trastornos metabodlicos.

1.1.- lainflamacién como base fisiopatolégica del sindrome de resistencia

alainsulinay la obesidad.

La inflamacion es la forma de manifestarse de muchas enfermedades. Se trata
de una respuesta inespecifica frente a las agresiones del medio, y esta generada
por los agentes inflamatorios. La respuesta inflamatoria ocurre solo en tejidos
conectivos vascularizados y surge con el fin defensivo de aislar y destruir al
agente dafiino, asi como reparar el tejido u érgano dafiado. Se considera por
tanto un mecanismo de inmunidad innata, en contraste con la reaccién inmune

adaptativa, especifica para cada tipo de agente infeccioso [6].
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Cuando la inflamacién se mantiene durante un tiempo prolongado (semanas o
meses), se habla de inflamacion crénica, en la que coexisten el dafio tisular y los
intentos de reparacion, en diversas combinaciones [6]. Puede producirse por
mantenimiento de la inflamacién aguda (si no se resuelve la causa), o bien
empezar de manera progresiva y poco evidente, sin las manifestaciones de la
inflamacion aguda. Este segundo caso es el responsable del dafio tisular de
algunas de las enfermedades humanas mas invalidantes, como la artritis
reumatoide, la aterosclerosis [7], la tuberculosis [8] o la fibrosis pulmonar [9].
Ademas, es importante en el desarrollo del cancer [10-12], campo en el que
nuestro grupo ha trabajado, en especial en el cancer de mama [11] y en
enfermedades que anteriormente se consideraban exclusivamente

degenerativas, como el Alzheimer [6].

Entre las causas de la inflamacién cronica se pueden distinguir:

. Infecciones persistentes
. Exposicion prolongada a toxicos
. Enfermedades mediadas por el sistema inmune

En algunas enfermedades en las que la respuesta inmunitaria se produce de
manera exagerada o inapropiada en relacién al agente desencadenante, la
inflamacion cronica juega un papel importante en el aspecto patologico de las
mismas. En estos casos, como la respuesta inmune esta sobredimensionada, no

produce beneficio, sino dafio.

En este tipo de enfermedades, se suelen producir brotes repetidos de
inflamacion, por lo que se pueden observar caracteristicas mixtas de la

inflamacion aguda y cronica.
Caracteristicas

Mientras que la inflamacién aguda se caracteriza por la aparicion de
cambios vasculares, edema e infiltracion de neutrdfilos, la inflamaciéon cronica

presenta las siguientes caracteristicas distintivas:



21

. infiltracion con células mononucleares: macréfagos, linfocitos y células
plasmaticas;
. destruccion de tejidos, debido a la persistencia del agente o de las células

inflamatorias;

. intentos de reconstruccion, reemplazando el tejido dafiado con tejido
conectivo, con proliferacion de vasos (angiogénesis) y, sobre todo, fibrosis. El
crecimiento de vasos sanguineos (angiogenesis) y linfaticos, es estimulado por
factores de crecimiento como (factor de crecimiento endotelial vascular) VEG,

producidos por macréfagos y células endoteliales.

Los mecanismos precisos que enlazan la inflamacién con la obesidad y
complicaciones asociadas permanecen todavia sin establecer completamente.
Durante los ultimos afos, diversos estudios han propuesto que la obesidad
podria ser un desorden inflamatorio. Ademas, este estado inflamatorio, ha sido
propuesto como nexo entre la obesidad y desdrdenes asociados, como son la
resistencia insulinica, los desoérdenes cardiovasculares y el sindrome metabdlico
[13]. Siguiendo esta teoria, se ha asumido de forma general, que la inflamacion
es una consecuencia de la obesidad; sin embargo, algunos estudios recientes,
han sugerido que la inflamacién podria ser realmente una posible causa de la
obesidad [14]. La respuesta inflamatoria iniciada en el tejido adiposo blanco,
produce una situacién crénica a nivel sistémico, generando un circulo vicioso, el
cual finalmente conduce a resistencia insulinica, ateroesclerosis y alteraciones
propias del sindrome metabdlico [13,15] .El papel de la inflamacion con la leptina
y la obesidad en este circulo vicioso lo hemos revisado en una publicacion que

incluimos como primer articulo en la presente Tesis Doctoral.

1.2. Papel de laleptina en la inflamacién

La leptina es una hormona producida por el tejido adiposo no sélo con un
importante papel central en el control del metabolismo energético [6], sino
también con multiples efectos pleiotrépicos en diferentes sistemas [16,17]. Una
de estas importantes funciones de la leptina es un papel regulador en la interfase

entre el metabolismo energético y el sistema inmunolégico, siendo la pieza
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fundamental del nuevo campo de estudio del inmunometabolismo. El receptor de
leptina se expresa en todas las células del sistema inmunitario, tanto del sistema
innato como el adaptativo. La leptina es una de las adipocinas responsable del
estado inflamatorio en la obesidad que predispone no sélo a la diabees tipo 2, el
sindrome metabdlico y enfermedad cardiovascular, sino también enfermedades
autoinmunes y alérgicas. La leptina es un importante mediador del estado
inmunosupresor en estados de malnutricion. Hemos revisado el papel central de
la leptina en el inmunometabolismo en una publicacién que incluimos como

segundo articulo en la presente Tesis Doctoral.

En el caso de la mujer, el sindrome metabdlico se asocia a dos circunstancias
fisiopatologicas que se relacionan con la leptina y la resistencia a la insulina
como elemento comun: el sindrome de ovario poliquistico y la diabetes
gestacional [18-20], que son las 2 patologias sobre las que hemos buscado

objetivos experimentales.

2.SINDROME DE OVARIO POLIQUISTICO. PAPEL DE LA LEPTINA

El sindrome de ovario poliquistico (PCOS) es una de las manifestaciones clinicas
en la mujer con sindrome metabolico. PCOS es la alteracion endocrino-
metabdlica mas comun en la mujer y la causa mas importante de infertilidad
anovulatoria. PCOS afecta al 10-15% de las mujeres en edad reproductiva [21].
Se caracteriza por hiperandrogenismo, oligo-anovulacion crénica y morfologia
ovarica poliquistica [22]. Sin embargo, la etiologia del PCOS no esta
completamente establecida. PCOS esta considerado como una patologia
multifactorial con anormalidades genéticas y metabdlicas que incluyen la
resistencia a la insulina y la leptina [23-25]. Ademas, la desregulacion de
diferentes adipocinas, incluyendo la leptina podrian jugar un papel relevante en
la patogénesis del PCOS [26]. Algunos estudios han mostrado aumentos en los
niveles circulantes de leptina en mujeres con PCOS [27,28]. Un estudio incluso

ha confirmado niveles aumentados de leptina en mujeres obesas con PCOS,
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mientras que los niveles de adiponectina estan disminuidos [29]. En este sentido,
como las mujeres con PCOS suelen tener sobrepeso y obesidad, las alteraciones
de la hiperleptinemia podrian venir producidas por el exceso de masa grasa, y
compartir el riesgo de desarrollo de diabetes [30]. De hecho, los niveles
aumentados de leptina se correlacionan con la resistencia a la insulina, las
alteraciones metabdlicas, la infertilidad e incluso el riesgo cardiovascular del
PCOS, y podria contribuir al desarrollo del mismo [24]. Los niveles elevados de
leptina podrian suponer uno de los mecanismos que favorecieran la produccion
de andrdégenos, ya que los niveles de leptina aumentados en sangre se asocian

con niveles elevados de testosterona [31].

Existen diferencias entre aquellas pacientes PCOS con obesidad o sobrepeso y
las que presentan normopeso. Las primeras se caracterizan por un estado
metabdlico y de hiperandrogenismo empeorado, con menstruaciones y
rendimiento ovulatorio inferior y peores tasas de embarazo [32]. La obesidad, tal
como se ha expuesto anteriormente, produce por si misma, alteraciones de la
maduracion del ovocito [33—-35] y parece que, incluso, pueden ocurrir cambios
moleculares en ovocitos de aspecto normal en mujeres con PCOS [36]. De
hecho, parece que modificaciones en la composicién del liquido folicular en la
obesidad podrian alterar el desarrollo del ovocito, asi como del foliculo,
incluyendo la granulosa, células del cimulo y de la teca [37]. Dichas alteraciones
incluirian incrementos en los niveles de insulina, glucosa y lactato, proteina C
reactiva, y niveles hormonales de gonadotropina coriénica [38,39] y leptina [40].
La influencia de la obesidad en la fertilidad de las mujeres con PCOS también se
evidencia por el hecho de que las medidas de intervencién encaminadas a
mejorar los habitos de vida consiguiendo una pérdida de peso se muestran
eficaces ya que se consiguen mejoras en las alteraciones metabdlicas,
hiperandrogenismo, ovulacion y fertilidad en general [32]. Estos conceptos se
han incluido en un articulo de revisién del papel de la leptina en la patologia del

embarazo incluido en esta Tesis [41], como tercer articulo

Sin embargo, la literatura cientifica no aclara si la leptina favorece directamente
la sintesis de andrégenos o si la hiperleptinemia del PCOS (Fig. 1) seria un

marcador de resistencia a una accion de la leptina que seria favorecedora de la
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funcién ovarica, incluyendo la sintesis de estrégenos, lo que supone una de las

preguntas de investigacion de la presente Tesis Doctoral.
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Figura 1. Regulacion de la leptina de la secrecién de gonadotropinas y la funcion
gonadal [42]

3. DIABETES GESTACIONAL. PAPEL DE LA LEPTINA
3.1. LEPTINA'Y PLACENTA

El crecimiento fetal depende de la habilidad de la placenta para aportar nutrientes
adecuados para las necesidades del feto, que van aumentando conforme avanza
la gestacion. El citotrofoblasto velloso es una poblacion de células progenitoras
gue producen células hijas para proveer la expansion del citotrofoblasto con el
aumento del area de superficie placentaria, asi como la expansion de las
columnas de citotrofoblasto que contienen las células destinadas a invadir la
decidua materna [43]. La placenta crece exponencialmente a lo largo del primer

y segundo trimestre, pero el crecimiento se ralentiza hacia el término de la
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gestacion [44]. Por tanto, el crecimiento de la placenta, en especial al principio
de la gestacidon es un requisito para una interfase de alta capacidad de

transporte.

En 1997, la leptina fue descrita como una nueva hormona placentaria en
humanos [45] por la aparicién en la evolucion de un enhancer de expresion
placentario a partir de los primates [46]. De hecho, durante el embarazo, los
niveles circulantes de leptina estan aumentados por la produccién en las células
trofoblasticas [47]. Por eso, tras el parto, los niveles circulantes de leptina

vuelven a la normalidad [48].

Para producir la sefial intracelular que desencadena su funcion, la leptina debe
unirse a su receptor (LEPR) [49]. Hay 6 isoformas diferentes de LEPR (a-f) (Fig.
2) producidas por splicing alternativo del ARN [50]. La Unica isoforma capaz de
activar por completo las vias de sefalizacion del LEPR es LEPRb (isoforma
larga), mientras que las otras isoformas cortas tienen truncado el dominio
intracelular y sélo activan parcialmente la sefializacion, o incluso carecen del

dominio transmembrana y son solubles. Todas se expresan en el trofoblasto [51].
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Figura 2. Isoformas del receptor de leptina [6]
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La activacion de LEPRDb resulta en la activacion de varias vias de sefializacion
(Figura 3), que incluyen la via JAK-STAT (Janus kinase/signal transducer and
activators of transduction), la via MAPK (mitogen-activated protein kinase), asi
como la via PI3K (phosphatidylinositol 3-Kinase) [52]. Hay evidencias de
interambio materno-fetal de leptina a través de la membrana [53]. Sin embargo,
no sabemos cual de los receptores media este transporte de leptina a través de

la placenta.

Figura 3. Vias de sefializacion del receptor de leptina [54]

Entre los efectos fisioldgicos de la leptina en la placenta se incluyen el
crecimiento del trofoblasto, la angiogénesis, y la inmunomodulacion [55].
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La leptina estd hoy considerada como un importante regulador durante las
primeras fases del embarazo, modulando el crecimiento, la invasion, la apoptosis

y la sintesis de proteinas en la placenta [41,56—61]

El control de la proliferacion celular es critico para el correcto desarrollo de la
placentacion, y esté regulada con precision [62]. Una velocidad alterada en la
proliferacion del citotrofoblasto se ha asociado con diferentes patologias del
embarazo. En este sentido, un incremento se asocia a macrosomia fetal, y una

disminucioén a retraso del crecimiento intrauterino [63]

Otros factores en la circulacibn materna puede estimular la proliferacion,
diferenciacion y supervivencia de las células trofoblasticas a través de la

activacion de multiples kinasas [64,65] y fosfatasas [66].

Durante la placentacion el citotrofoblasto y el sincitiotrofoblasto mantienen un
grupo de células en contacto con las membranas basales vellosas. En el
compartimento extravelloso la proliferacion celular favorece la invasion del
estroma uterino. Al mismo tiempo, en el compartimento velloso, las células llevan

a cabo la fusion sincitial dirigida por factores de transcripcion especificos [67].

La leptina es un factor tréfico autocrino, producido por las células del trofoblasto,
fundamental para el desarrollo normal de la placenta (Fig. 4)

Maother

Lnergetic .
metabolism

Hypothalamec-
pituitary-gonadal
regulation

Biastocyst
Implantation

Pulmonar
development

P - —
Bone formation

Endocrine - Proliferation an
regulation : apoptosis

Figura 4. Papel de la leptina en el desarrollo placentario [24]
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La leptina actia durante todo el embarazo facilitando el crecimiento de la
placenta y previniendo la apoptosis de las células trofoblasticas, lo que explica
el aumento de su expresion en situaciones de estrés durante embarazo, como
en la preeclampsia o el retraso de crecimiento intrauterino para intentar evitar la

apoptosis de las células trofoblasticas [68,69].

El papel de MAPK en la regulacion del trofoblasto est& bien documentada tanto
en humanos como en sistemas animales [70]. Ademas, la leptina se ha visto que
induce la proliferacion en muchas lineas celulares de trofoblasto [71],
principalmente en la via MAPK, como ha demostrado nuestro grupo [72,73].
Ademas, nuestro grupo también ha encontrado que la leptina estimula la sintesis
de proteinas activando la maquinaria de traduccion [61]. En este contexto, es
interesante mencionar el papel que nuestro grupo ha encontrado de la proteina
Sam68 [6,74], una proteina de unién a ARN, un miembro de la familia STAR
(signal transduction and activation of RNA metabolism) [75,76]. Asi, se ha
descrito que la leptina estimula la tirosin fosforilaciin de Sam68 en el trofoblasto,
mediando su disociacién del ARN, sugiriendo que la sefial de la leptina podria

modular el metabolismo del ARN [77].

Sam68 puede participar en la sefializaciéon de otros receptores, como el de
insulina, donde nuestro grupo tiene larga experiencia [78—81]. Ademas, hemos
estudiado el papel de Sam68 en la sefal del receptor de la leptina en otros
sistemas, como el sistema inmune, donde también media la activacion de las
vias MAPK, PI3K y JAK/STAT [82,83]. Entonces, el papel de Sam68 en la
fisiologia placentaria puede ser relevante, dada su participacion en la sefial de la
leptina. Asi, en las vellosidades placentarias, el recambio celular esta
fuertemente regulado por la cascada de apoptosis [84,85], y la leptina previene

la apoptosis mediante la activacion de MAPK [56,57,60].

3.2. LEPTINA Y DIABETES MELLITUS GESTACIONAL

La diabetes mellitus gestacional (DMG) se caracteriza por una intolerancia a la

glucosa diagnosticada durante el embarazo. Es una de las complicaciones mas
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frecuentes del embarazo y afecta al 3-8% de los embarazos, con una prevalencia
creciente debido al incremento de la edad de las embarazadas y el aumento en

la prevalencia de la obesidad [86].

La DMG se asocia a numerosas complicaciones incluidas la macrosomia
neonatal, alteraciones metabdlicas, distrés respiratorio, muerte neonatal y

predisposicion para el desarrollo de sindrome metabdlico y diabetes tipo 2 [87].

La placenta parece jugar un papel clave en la patogénesis de la DMG, ya que
las complicaciones metabdlicas se resuelven tras el parto. Por tanto, alteraciones
en el desarrollo y funciones de la placenta, incluido el sobrecrecimiento han sido

implicadas en el desarrollo de la DMG [88].

La DMG se asocia con resistencia a la insulina, hiperinsulinemia e
hiperleptinemia, y estas condiciones asociadas pueden afectar el transporte de

nutrientes y su aporte al feto [89,90].

Se ha visto que la expresion de leptina y su receptor estdan aumentadas en la
placenta de la mujer con DMG [91]. De hecho, la leptina se ha propuesto como
un predictor bioquimico de DMG en el primer trimestre [92,93]. Ademas, se ha
sugerido que la leptina placentaria actuaria como una sefial circulante para
controlar la homeostasis del feto [94]. Se piensa que la hiperglucemia regula los
niveles de leptina en sangre de cordon, y podria explicar el riesgo aumentado de
obesidad de los nifios expuestos a DMG [95]. Comparando la expresion génica
de placentas de embarazadas normales con DMG hay una correlacién con una
mayor produccion de citocinas proinflamatorias, como IL-6 y TNF-alfa, causando

un ambiente inflamatorio incrementa la produccién de leptina. [96].

Nuestro grupo ha encontrado que la insulina induce la expresién de leptina en
células trofoblasticas, incrementando la actividad promotora [97]. Sabemos que
la leptina y la insulina comparten vias de sefializacién a través de sus receptores,
como JAK/STAT, MAPK y PI3K. Asi, nuestro grupo pudo demostrar que el nivel
basal de activacion de estas vias esta aumentado en la placenta de mujeres con

DMG [98], sugiriendo una accioén sinérgica en el trofoblasto placentario (Fig. 5).
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Fig. 5. Papel de la leptina en la diabetes gestacional [99]

Todos estos conceptos estan incluidos en una revision publicada como capitulo

de libro que se incluye en esta Tesis doctoral (cuarto articulo).

3.3. PLACENTA Y AQUAPORINAS

Varias aquaporinas (AQPs) se expresan en el trofoblasto y en las membranas
fetales, con un importante papel facilitando el movimiento de agua a través de
las membranas bioldgicas, los tejidos feto-placentarios entre la madre y el feto
[6]. De hecho, el sistema circulatorio materno y de la placenta son
interdependientes, y las alteraciones placentarias van a influenciar la circulacion

materna y viceversa [6] (Fig. 6).
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Figura 6. Expresion de AQPs en las estructuras materno-fetales [100]

Todos los requerimientos del feto van a satisfacerse por la transferencia
transplacentaria desde la circulacion materna, y la necesidad de flujo de agua va
aincrementarse a lo largo de la gestacion. En este sentido, AQP1, AQP3, AQPS,
AQP9y AQP11 (Fig. 3) podrian participar en la regulacion del volumen de liquido
amniético [101-105]. M&s aun, se especula que el ambiente metabdlico materno
puede generar estimulos en la placenta, resultando en la producciéon de AQPs y

citocinas inflamatorias.

Todos estos conceptos estan incluidos en una revision publicada que incluimos

en la presente Tesis Doctoral (quinto articulo)

Por tanto, aunque el papel funcional de las AQPs en la placenta tenga todavia
gue estudiarse mas a fondo, la expresion de las AQPs en patologia del embarazo

podria apuntar a nuevas dianas terapéuticas.

En este sentido, la DMG se asocia con un incremento en la incidencia de
polihidramnios, debido al incremento del volumen de liquido amnidtico,

sugiriendo que las aquaporinas (AQP) y su expresion podrian estar alteradas en
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la DMG. Ademas, algunas AQPs como la AQP-9 es un transportador de glicerol,
por lo que podria ademas contribuir al mayor aporte de nutrientes al feto
macrosoémico. La DMG podria tener aumentada la expresion de alguna AQP,
como la AQP-9, y este aumento podria estar mediado por el incremento de
leptina y de activacion de su receptor. Por eso nos planteamos esta pregunta de

investigacion en la presente Tesis Doctoral.
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Abstract: Inflammation is an essential immune response for the maintenance of tissue homeostasis.
In a general sense, acute and chronic inflammation are different types of adaptive response that
are called into action when other homeostatic mechanisms are insufficient. Although considerable
progress has been made in understanding the cellular and molecular events that are involved in the
acute inflammatory response to infection and tissue injury, the causes and mechanisms of systemic
chronic inflammation are much less known. The pathogenic capacity of this type of inflammation
is puzzling and represents a common link of the multifactorial diseases, such as cardiovascular
diseases and type 2 diabetes. In recent years, interest has been raised by the discovery of novel
mediators of inflammation, such as microRNAs and adipokines, with different effects on target
tissues. In the present review, we discuss the data emerged from research of leptin in obesity as
an inflammatory mediator sustaining multifactorial diseases and how this knowledge could be
instrumental in the design of leptin-based manipulation strategies to help restoration of abnormal
immune responses. On the other direction, chronic inflammation, either from autoimmune or
infectious diseases, or impaired microbiota (dysbiosis) may impair the leptin response inducing
resistance to the weight control, and therefore it may be a cause of obesity. Thus, we are reviewing
the published data regarding the role of leptin in inflammation, and the other way around, the role of
inflammation on the development of leptin resistance and obesity

Keywords: leptin; inflammation; cbesity; leptin resistance; microbiota

1. Introduction

Acute inflammation is a protective response that is engaged to defend and restore physiological
functions and homeostasis. Acute inflammation is actually an essential part of the healing process.
It starts rapidly, and symptoms may last for a short time, a few days at most. The inflammatory
response can only achieve this goal by overriding or suppressing incompatible homeostatic controls.
However, in its attempts to restore homeostasis, inflammation may enforce and propagate homeostatic
changes, which results in chronic inflammation, a slow condition caused by a misactivation of the
immune system that keeps the organism in a long-term state of high alert, which is detrimental and
can result in chronic pathological states, even in the case of low-grade chronic inflammation [1,2].
In this context, pathways of systemic inflammation have been recognized as an essential component
in the pathogenesis of different multifactorial diseases (type 2 diabetes and gestational diabetes,
cardiovascular diseases, cancer, cbesity, etc.}) encompassing chronic inflammatory diseases [34].
Moreover, the inflammatory response observed in these pathophysiological conditions does not seem
to be triggered by the classical signals of acute inflammation, infection and injury, but it appears to be
supported by tissue malfunction or homeostatic imbalance. In recent years, interest has been captured
by the discovery of novel mediators of inflammation, such as adipokines. Several inflammatory stimuli,
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such as cytokines and Toll-like receptor (TLR) ligands, induce or inhibit their expression, although this
system is not fully understood. Adipokines are soluble proteins secreted by the white adip ose tissue,
a highly dynamic organ with a huge number of functions in physiological and metabolic processes.
In fact, apart from its known roles regulating energy balance and metabolism, the white adipose tissue
also modulates inflammatory and immune responses, through the secretion of adipokines. Adipokines
comprise of a very heterogeneous group of mediators, some of which proinflammatory proteins,
such as leptin.

Leptin, the product of the LEP gene, is a 16 kDa peptide hormone secreted mainly from adipose
tissue, which plays an integral role in the regulation of body weight and energy expenditure [5].
Circulating leptin levels (physiological range approximately 16 ng/mL) reflect the amount of energy
stored in the adipose tissue and are correlated with the degree of obesity. Thus, obese individuals
typically produce higher leptin than leaner individuals [6-9]. Initially, the effects of leptin were thought
tobe only centrally mediated. However, leptin plays a role in a quite diverse range of physiological
functions both in the central nervous system and at the periphery. The past 20 years of research on
leptin have provided important insights into the intricate network that links nutrition, metabolism,
reproduction as well as immune functions [7-10] and inflammation. These actions of leptin are
consistent with its production by various tissues and organs, such as the stomach, skeletal muscle,
pituitary cells and the placenta [6,11].

This pleiotropic nature of leptin is supported by the universal distribution of leptin receptor
(LEPR), which shows structural similarity to the class I cytokine receptor family [12-16]. Atleast six
alternatively spliced forms have been identified, differing in the lengths of their cytoplasmic regions,
known as LEPRa, LEPRb, LEPRc, LEPRd, LEPRe and LEPR{ [12,16]. The short isoform is distributed in
almost all peripheral tissues and seems to mediate the transport and degradation of leptin and besides,
it show distinct signaling capabilities thatinclude the activation of mitogen-activated protein kinase
(MAPK) pathway [17]. The long form isoform of LEPR (LEPRb) predominates in the hypothalamus
in areas that are responsible for the secretion of neuropeptides and neurotransmitters that regulate
appetite, body weight [14,15,18] and bone mass [19]. Finally, the product of the cleavage process,
the so-called soluble leptin receptor, is the main binding protein for circulating leptin and modulates
its bioavailability.

Leptin resistance (impaired signaling) is present in obesity, producing hyperleptinemia.
Since leptin acts as a proinflammatory adipokine, the hyperleptinemia may contribute to the chronic
inflammatory state of obesity. On the other hand, chronic inflammation may impair leptin action
producing leptin resistance by interfering in leptin receptor signaling. The leptin resistance in the
hypothalamus impairs the weight control that may lead to obesity.

In the present review, we focus on the role of leptin as a mediator of inflammation in the
pathogenesis of several chronic disorders and how this knowledge could be instrumental in the design
of leptin-based manip ulation strategies to help restoration of abnormal responses. In addition, the role
of chronic inflammation in the development of leptin resistance, which may lead to obesity is also
reviewed in the present work.

2. Leptin Signaling in Immune Cells

The LEPR is ubiquitously expressed on the surface of immune cells both peripheral (such as
monocytes/macrophages, and T and B cells) and CD34+ hematopoietic bone-marrow precursors [20,21].
Similar to other receptors of the family, LEPR lacks intrinsic tyrosine kinase activity and requires the
activation of receptor associated kinases of the Janus family (JAKs). While the short-form contains only
the JAK2 intracellular signaling site, the LEPRD contains an extracellular domain and an intracellular
domain that bears a JAK2 signaling site, as well as three tyrosines (Tyr) that can be phosphorylated.
This suggests that the binding of JAK2 is particularly important downstream of leptin.

The JAK (Janus kinases)/STAT (signal transducers and activators of transcription} pathway is one
of the main signaling cascades activated by leptin in LEPRb promoting the complete activation [22-24].
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After ligand binding, JAKs autophosphorylate and tyrosine phosphorylate various STATs. Activated
STATs then dimerize and translocate to the nucleus, where specific gene responses are elicited [15,25].
Ditferent pathways in addition to STATs are known to be involved in LEPR signaling. Thus, the
mitogen-activated protein kinase (MAPK) family and the phosphatidylinositol 3-kinase (PI3K)sighaling
cascade become also activated by leptin, as we have previously found in peripheral blood mononuclear
cells [26,27]. Therefore, the JAK2-PI3K, JAK2-Tyr 985-ERK1/2 (extracellular signal-regulated kinases
or also called mitogen-activated protein kinases} and JAK2-Tyr 1138-5TAT3 pathways have emerged
as examples of pathways by which leptin can induce immune cell activation.

2.1. Leptin and Innate Immunity

The innate immune system is affected by leptin, and recent research has uncovered important
mechanisms of functional regulation. Innate immune cells respond to infection and also influence the
adaptive response. Leptin receptors have been found in monocytes, polymorphonuclear and natural
killer (NK) cells.

2.1.1. In Monocytes and Macrophages

Both the long (LEPRDb) and short isoforms have been found to be expressed, if in fact, constitutive
association of JAK2 and JAK3 with LEPRDb has been reported, with the subsequent activation by
tyrosine phosphorylation of STAT3 [28], the MAPK family and the PI3K signaling cascade [26,27,29].
It is well-established the role of leptin as a growth factor for the monocytes, promoting phagocytic
function and proliferation of circulating monocytes, inducing the production of proinflammatory
cytokines (TNF-a, [L-6 and IL-12} and stimulating the oxidative burst as well as the chemotactic
responses mediating the inflammatory infiltrate [30,31]. On the other hand, the ROS production in
HIV infected patients is an indicator of programmed cell-death in monocytes [32]. In this sense, leptin
stimulation of these monocytes partially inhibited the production of ROS [33], suggesting that the
antiapoptotic role of leptin may be partly mediated by the inhibition of an oxidative burst, in addition
to other signaling pathways, such as MAPK in HIV-positive monocytes [27].

2.1.2. Polymorphonuclear Cells

Polymorphonuclear cells have been found to express the leptin receptor in vitro and in vivo [34,35].
Particularly, in neutrophils, it has been found only in the short form of LEPR [36], which is enough
tosignal inside the cell through MAPK signaling pathways. In these cells, leptin seems to behave as
a survival cytokine, similar to G-CSF and promotes chemotaxis [37,38] and the secretion of oxygen
radicals, through direct and indirect mechanisms [34]. In eosinophils and basophils leptin also seems
to be a potent activator through its positive role in chemotaxis, cytokines release and cell survival.
For instance, in eosinophils, human leptin plays a key role in the host defense system against parasitic
infections [39] and, thus, the level of eosinophilia might indicate the relative severity of the infection
due to the invasion by the parasites [40].

2.1.3. Human NK Cells

Human NK cells constitutively express both long and short forms of LEPR. In fact, leptin signaling
is necessary for normal NK cell immune function. Leptin actions in NK cells include cell maturation,
differentiation, activation and cytotoxicity [41,42], as well as increased secretion of IL-12 [43]. Therefore,
the main role of leptin in this context is the ability to increase immune activity and cell proliferation
and to decrease the apoptotic rate of NK cells.

2.1.4. Cther Immune Cells

The expression of leptin and leptin receptors has also been demonstrated on mast cells, suggesting
paracrine and/or autocrine immunomodulatory effects of leptin on mast cells [44]. Finally, although
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leptin acts as an activator, chemoattractant and survival factor (via NF-«B and PI3K-AKTsignalling),
it may also be implicated in maturation and migration of dendritic cells (DCs} [45]. In this context,
some studies have shown that immature DCs primed with leptin were licensed to skew the immune
response toward the Thl-type and, moreover, it was also able to induce the activity of autologous
CD8+ T cellsin terms of perforin and IFN-y production [46].

2.2, Leptin and Adaptive Immunity

Although the mechanisms of leptin regulation of the T cell function are not fully understood,
leptin has also been demonstrated to modulate the adaptive immune response, which is classically
divided into T helper 1 and 2 immune responses on the basis of the produced cytokine pattern.
T helper 1 lymphocytes produce mainly proinflammatory cytokines that are necessary for macrophage
activation and the cell-mediated response, whereas T helper 2 lymphocytes secrete modulatory and
anti-inflammatory peptides that are important factors for the activation of B cells and basophils.
Evidence indicates the role of the leptin in the maintenance of thymic maturation of double positive
CD4+/CD8+ cells, reducing thymic apoptosis [47] as well as preventing glucocorticoids-induced
apoptosis in thymocytes. In fact, chronic leptin replacement in mutant mice lacking leptin expression
(ob/ob mice) restores the T-cell function, increasing the secretion of the proinflammatory cytokines.
Thus, the effect of leptin polarizing T cells towards a Thl response seems to be mediated by stimulating
the synthesis of IL-2, IL-12 and IFN-y and the inhibition of the production of IL-10 and IL-4 [29,30].

Besides, leptin receptor signaling in T cells is required for Th17 differentiation [48], which has a
paramount role in the promotion and maintenance of inflammation and autoimmunity [49,50]. Leptin
is also able to modulate the regulatory T cells (Treg) function. In this sense, leptin can act as a negative
signal for the proliferation of human Treg via the mTOR pathway [51]. This supports the possibility of
new antileptin-based approaches for the immunotherapy of conditions characterized by low numbers
of Tregs, such as obesity, type 2 diabetes mellitus (T2D} and metabolic syndrome.

Therefore, leptin actions in T cell populations involve different processes leading to increase the
immune activity by enhancing the polarization of naive T helper cells to a Thl phenotype. Moreover,
leptin increases Th17 cell proliferation while decreases Treg cell proliferation through mTOR activation.

B cells have emerged as crucial players in regulating inflammation in murine visceral adipose
tissue, by presenting antigens to T cells, secreting proinflammatory cytokines, and secreting pathogenic
antibodies [52], contributing to local and systemic inflammation [53]. In contrast to macrophages and T
cells, litte is known about the role of B cells in response to leptin. However, leptin seems to play a central
role also in the modulation of B cell compartment. In fact, B cells express the long form of LEPR on the
cell surface and leptin induces the secretion of proinflammatory cytokines (such as TNF and IL-6) and
the anti-inflammatory and immunoregulatory cytokine IL-10 via JAK-S5TAT and p38MAPK-ERK1/2
signaling in B lymphocytes [54]. Moreover, leptin is necessary for B cell development and can augment
the B cell population by increasing proliferation and decreasing apoptotic rate. Therefore, a role of
leptin in B-cells generation and activation hasbeen reported [55].

3. Leptin as a Mediator of Inflammation

3.1. Leptin Deficiency and Infection Diseases

Malnutrition affects around 800 million people of the world population [56]. Malnuitrition
and fasting are associated with nutrients insufficiency and affects both innate and acquired
immunity [57,58]. That is why, people with nutrients insufficiency are vulnerable to infections
because of immunosuppression [59] and defective cytokine production [60]. For example, malnutrition
induces anti-inflammatory cytokines IL-4 and IL-10 and impairs proinflammatory cytokines IL-2
and [FN-y production from CD4+ and CD8+ T cells in children. Intriguingly, the systemic leptin
levels are reduced in malnutrition and in starvation, suggesting that leptin bridges a link between
the nutritional status and immune system of individuals. In fact, leptin-deficiency is associated
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with increased susceptibility to several infections, but moreover, certain infections also caused the
downregulation of systemic leptin levels and mimic a malnutrition like situation. In this context,
it has been reported that a drastic fall in leptin levels during starvation increases susceptibility to
lipopolysaccharide (LPS) and tumor-necrosis factor alpha (TNF-a) induced toxicity in mice. However,
leptin replacement therapy markedly reverses these deleterious effects and protects the mice from
fasting-induced lymphopenia [59].

Phagocytosis is a key event executed by certain immune cells to internalize the foreign pathogen
inside the cell and subsequent killing. As mentioned-above, leptin induces phagocytic activity of
macrophages and prevents the apoptosis of a variety of immune cells involved in both innate and
adaptive immunity. In this sense, a large body of evidence has demonstrated that leptin supplementation
reduced the infections of some pathogens; such as bacteria (Listeria monocytogenes, Kiebsiella pnewmonia,
Escherichia coli, Mycobacterium tuberculosis, etc. ... ) [61-64] virus, fungus and parasite infections as well
as their pathogenicity by increasing the phagocytic activity of macrophages. Even more important is the
sepsis, which is a systemic inflammatory response responsible for multiple organ failure and high rate
of mortality [65]. In this sense, it has also been reported that leptin replacement and leptin signaling is
necessary to induce an adequate antiseptic immune response [66]. In leptin-deficient mice exogenous
leptin modulated the immune response against sepsis and tremendously improved the survival rates
by reducing IL-6 levels in serum and thereby controlled systemic inflammation [66]. In humans,
the patients” recovered from sepsis had higher leptin levels compared to that of non-survivors [67].
Thus, these observations reveal the neuroend ocrine regulation of systemic immunity and therapeutic
potential of leptin in an infectious disease [68].

The low systemic leptin levels in HIV patients [69] due to reduced adiposity might contribute to
immunodeficiency [70].

As mentioned above both low systemic leptin or leptin-deficiency and impaired leptin signaling
conditions are associated with increased susceptibility to infections. The impaired leptin signaling could
be a cause of defective immunity due to the loss of interdisciplinary regulation among immunologic,
metabolic and neuro endocrinological aspects. In this respect, LEPR mutation (Q223R) or polymorphism
(rs1137101), which is a homozygous allelic mutation that results in impaired STAT3 signaling is likely
to increase the susceptibility for dissemination of infection. Leptin was shown to be protective against
C. difficile colitis by inducing STAT3 inflammatory pathway, which is impaired in the LEPR QQ223R
mutation [71].

Suppressor of cytokine signaling 3 (50CS3) is a protein involved in the negative regulation of
cytokines that sighal through the JAK/STAT pathway including leptin receptors. SOCS3 typically
inhibits T cells proliferation and activation by directly targeting CD?28. This is the mechanism of viruses
such as hepatitis-B, influenza, HIV, and Epstein Barr virus [72,73], which induce SOCS53 expression to
ensure their survival and evade the host immunity by inhibiting IFN-o/3 JAK/STAT signaling, [74-77].
It has been described that a mutation (Tyr 1138 Ser} in tyrosine 1138 residue located in the intracellular
domain of LEP-Rb isoform mediates STAT3/SOCS3 signaling, which results in decreased chemokine
production and immune cells recruitment at the site of infection in mucosal gut tissue.

Parasite infections are reported to cause damage to intestinal mucosal epithelial cells by inducing
the activation of mesenteric lymph nodes and perturbations in the adjacent adipose tissue to secrete
leptin [78]. Thus, parasites may induce the malnutrition state, which is the hall mark of low systemic
leptin levels [79] and disturb the host immunity. However, high serum leptin levels were reported in
several parasitic infections [80], possibly due to acute inflammation and production of IL-1{3, TNF-a
and IL-6 caused by the gut infections [81]. This is important as leptin functions as an eosinophil survival
factor in humans [39], which plays a key role in the host defense system. In addition, it promotes
regeneration and intestinal integrity as well as inhibition of apoptosis in intestinal epithelium [82,83].
In fact, an integral leptin signaling via MAPK, STAT3 and AKT pathways was found to be protective
against parasites in intestinal epithelial cells in response to leptin [84]. For instance, leptin was able to
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maintiin the defense against the L dovopaent infection through the classcal activation of macrophages
by inducing the phosphorylation of Erkl/2 and Akt kinase [+3].

It has ako been suggested that leptin might be 4 potential adjuvant tool in vaccination strategies
as the lack of appropriate immnuno-adpovant could be one of the potenhial reasons for a lack of
efficacy of some vaccines in preclinical shadies. In this sense, leptin could restore an intlammatory
response without eliciting adverse side-effects since it is produced endozensusly [5550], However, the
immunostimulatory potential of leptin canmot be neglected in vaccines development, as an adjuvant
alone [57]. The co-immmuniration of leptin in conjugation with a vector expressing vinulence have
shown to be able fo produece protective immunity, indicating the Importance of keptin and its signaling
in the gemeration of a host profective immune response [58].

Therefore, leptin could be a novel approach for protection against the infectons in human

population susceptble under certain pathological conditions such as malnutrition, diabetss mellites o
HIV infection [59-92].

3.2, Leptin i an Inflammutory Medialor in the Oesity-Associated tomoeerno-Metabolic Disorders; Diabefes,
Cardivavscecir Dsgnse, Awdonntene Diseases doud Cimger

The mmcidence of cbesity and its associated dizorders iz increasing worldwide, It is known
that chesity predisposes mdividuals to an increased risk of developing many diseases, inchiding
atherosclerosis, diabetes, cortain cancers and some immuna-mediated disorders [F5-25]. This is becanse
obesity is associated with achronic inflammatory response, which is characterized by abnormal cytokine
production, increased synthesis of aouta-phase reactants, such as C-reactive protein {CEFP}, and the
activation of proinflammatory signaling pathways [9]. Figure | summarizes these pathophysiclogical
conditions associated with obesity and the possible role of leptin,
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Figure 1. Leptin action comtrdrutes o cheonge mflamination m obesity, Obesity 18 associabed with
increased laptin levals, which at the local or sestemic level activate the cells of the innate and
adaptive immune system. In Bis context, lep b can directly promote envisonmental cond tieons that
in tumy promote the loss of immung seli-tolerance and priming immemne c2lls for Thl phenobpe
ipromflammatory),  The elevated circulating leptin levels in obesity contribute to the low-grade
inflammatory background, which makes obese individuals more susceplibie to an mersised sk
of developing metebolic diseases such as candiovascular diseases, TZD, as well as, degenerative
i in-:ludin&uulnimmunit}'u:limuﬂ (mulli.p-le acb=roais, ﬂ'l}'ru-idil:i:. rheumataid arthcitis, testinal
inflammatory deease and kneearthrosis ameng othes) and cancer.

Fesearch in the past few yvears has wdentibed important pathways that link metabolism with
the immume system and vice versa. Many of these interactions between the metabolic and tmmiune
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systems seem to be orchestrated by a complex network of soluble mediators derived from immune
cells and adipocytes. In this sense, in addition to adipocytes, which are the most abundant cell type
in white adipose tissue, adipose tissue also contains preadipocytes (which are adipocytes that have
not yet been loaded with lipids), endothelial cells, fibroblasts, leukocytes and, most importantly,
macrophages. These macrophages are bone-marrow derived and the number of these cells presentin
white adipose tissue correlates directly with obesity. In fact, the adipose tissue of obese individuals
also contains a large number of macrophages compared to lean individuals [96,97]. Certain cytokines
such as, CCchemokine ligand 2 (CCL2) produced by adipocytes, has recently been identified as a
potential factor contributing to macrophage infiltration into adipose tissue. Once macrophages are
present and active in the adipose tissue, they, together with adipocytes and other cell types present
in the adipose tissue, might perpetuate a vicious cycle of macrophage recruitment and production
of proinflammatory cytokines. In fact, macrophages in adipose tissue seem to be the main source of
TNFea, however, adipocytes contribute almost one third of the IL-6 concentration in the circulation
of patients who are obese. In addition, other products of adipose tissue such as, leptin, are thought
to provide an important link between obesity, insulin resistance and related inflammatory disorders.
Therefore, in obesity-related high plasma leptin conditions, inflammation would occur when signal
transducton pathways was activated, such as the activation of NEk 3, by the binding of leptin to its
receptor and subsequent release of the inflammation factors, for instance TNF« [98]. In this sense,
the elevated ERK1/2 phosphorylation by leptin is followed by increased NEkB activation and TNE&
secretion, which is in agreement with a previous report that indicated leptin has proinflammatory
action, involving proinflammatory cytokines TNF e through NF&B regulation [99].

3.2.1. Type 2 Diabetes Mellitus

Type 2 diabetes mellitus or non-insulin dependent diabetes mellitus is a disease of chronic
hyperglycemia that leads to severe and sometimes fatal complications such as kidney failure, heart
disease and death [100]. The natural history of T2D in humans leads from insulin resistance to
compensatory hyperinsulinemia, and pancreatic cell dysfunction [101]. It has been reported that
subclinical, low-grade inflammation might have an important role in the pathogenesis of obesity related
insulin resistance and T2D [102]. Biomarkers of inflammation, such as TNF, IL-6 and CRP, are present at
higher concentrations in individuals who are insulin resistant and obese, and decreased expression are
observed after weight loss [103]. Therefore, the presence of these proinflammatory mediators may be
biomarkers to predict the development of T2D. They might also lead to a state of vascular endothelial
dysfunction and vascular inflammation, all of which promote the development of atherosclerotic
cardiovascular disease. In addition, insulin resistance might be partly accelerated by an acute-phase
reaction as part of the innate immune response, in which large amounts of proinflammatory mediators
are released from adipose tissue. Moreover, since plasma leptin levels are positively correlated with
body mass index (BMI} and obesity is a risk factor for T2D, the relationship between leptin and T2D
has being extensively studied.

In searching for the mechanisms involved in inflammation-induced insulin resistance, SOCS
proteins [104,105], endoplasmic-reticulum (ER) stress [106], the inhibitor of nuclear factor-xB (NF-xB)
kinase-f3 (IKK3) of NF-kB activation and the JUN N-terminal kinase (JNK)} signaling pathways have
been all associated with the development of insulin resistance. Intriguingly, activation of these
pathways is regulated by leptin, the proinflammatory mediator released mainly by adipocytes that
link the immune system with obesity-related insulin and leptin resistance. For instance, leptin
signaling is inhibited by the overexpression of SOCS3 [107], which affects JAK/STAT pathway by
binding to the phosphorylated Tyrosine-985 (pTyr985) of LEPR and induces dephosphorylation of
JAK2 [108]. Protein tyrosine phosphatases (PTPs), the phosphatase and tensin homolog (PTEN),
receptor-type PTPe (RPTPe) and PTP1B also induce dephosphorylation of JAK2 and inhibit leptin
signaling. The expression of PTP1B and T cell PTP (TCPTP) is upregulated in a high-fat diet and
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obesity, and inhibits leptin-mediated STAT3 phosphorylation [109]. This is important as the PTP1B
mediated ER stress induces leptin resistance [110,111], possibly by inhibiting STAT3 phosphorylation.

An activated [NK pathway by ligation of TLRs is also an important regulator of insulin resistance
in mouse models of obesity. In this sense, TLRs are a family of receptors in the innate immune system
that mediate signal transduction pathways through the activation of transcription factors that regulate
the expression of proinflammatory cytokines in several cell types and tissues [112]. More specifically,
it has been reported that TLR4, involved in modulating the innate immunity (proinflammatory
macrophages) [113,114], is an important mediator of insulin resistance and inflammation through
its activation both by elevated exogenous ligands (e.g., dietary fatty acids) and endogenous ligands
(e.g., free fatty acids), which are elevated in obesity. Moreover, TLR4 activation also leads to increased
transcription of proinflammatory genes, resulting in the elevation of cytokine, chemokine as well as
reactive oxygen species and eicosanoid levels that promote further insulin-desensitization.

Taken together, several proinflammatory cytokines, SOCS proteins, ER stress, the IKK3 pathway
of NF-kB activation and JNK signaling pathways are all associated with the development of insulin
resistance, indicating that various proinflammatory mediators released by adipocytes, in addition to
the initially described proinflammatory cytokine TNE link the immune system with obesity-related
insulin resistance.

Therefore, increased understanding of theses signaling pathways-mediated effects on insulin action
present the opportunity and challenge of developing related therapeutic approaches for improving
insulin sensitivity.

3.2.2. Cardiovascular Diseases

It has been suggested that leptin is one of the mediators of atherosclerosis by favoring an
inflammatory state that promotes the recruiting of monocytes to the arterial intima, and inducing
proinflammatory cytokines [115,116]. Moreover, LEPR is present in atherosclerotic lesions, and ob/ob
mice, which are leptin deficient, are protected from atherosclerosis inspite of obesity [117]. On the other
hand, it is not clear whether increased leptin or leptin resistance is the mediator of atherosclerosis [118],
and clinical prospective studies are needed to further clarify the role of leptin in cardiovascular disease.

3.2.3. Autoimmune Diseases

The prevalence of autoimmune diseases, such as systemic lupus erythematosus (SLE )}, theumatoid
arthritis (RA), multiple sclerosis (MS) and type 1 diabetes mellitus (T1D), is increasing in affluent
countries and associates with serum leptin levels [119]. Consistently, it has been demonstrated
that leptin-deficient mice showed resistance or less susceptibility to the development autoimmune
diseases [120]. Serum leptin levels are higher in RA patients with high disease activity, correlate well
with disease activity and decrease significantly when disease is well controlled [121]. In fact, the leptin
concentrations are significantly higher in patients with active erosive RA [122]. Even though an inverse
correlation between leptin concentrations and inflammation exists in patients with active RA, plasma
leptin concentrations did not significantly differ from those in healthy controls. This suggests that
active chronic inflammation may lower plasma leptin concentrations.

High leptin levels are also related with a higher prevalence of other immune diseases, such as
SLE [123], and also with increased susceptibility to the development of ostecarthritis (OA) [124]. In fact,
it has been hypothesized that the increased predisposition of females to develop OA could be due
to the higher circulating leptin levels observed in females [124] in comparison with males. Recently,
leptin has been found to promote SLE by increasing autoantibody preduction and inhibiting immune
regulation [125,126].

Obesity is also associated with other inflammatory autoimmune diseases, such as ulcerative
colitis, Crohn’s disease and psoriasis [127,128], and increased leptin expression has also been reported
in Behcet’s disease, psoriasis, thyroiditis and during the acute phase of ulcerative colitis [129-132].
Besides, in inflammatory bowel disease patients, systemic leptin levels are increased compared to
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normal healthy donors [133]. Concerning experimental autoimmune encephalomyelitis (EAE), it has
been shown that ob/ob mice are resistant to the development of this model of multiple sclerosis.
This resistance is abolished by the administration of leptin, which is accompanied by a switch from a
Th2 to Thl pattern of cytokine release [134]. In addition, and in concordance with these reports, it
has been noticed that the onset of the disease is preceded by an increase of circulating leptin [135].
Furthermore, it has been demonstrated that acute starvation, which is accompanied by a decrease in
circulating leptin levels, delays the onset of the disease and attenuates the symptoms. Recently, it has
been shown that leptin levels are negatively correlated with CD4* CD25% regulatory T-cells during
multiple sclerosis [134], suggesting that this negative association may have major implications in the
pathogenesis of multiple sclerosis, as well as in the development of different autoimmune diseases
characterized by Thl auto-reactivity [134]. This interesting report indicates that leptin is produced
by immune cells during acute EAE, and suggests that this hormone could be participating in the
development of CNS-inflammatory diseases not only in an endocrine fashion but alse by an autocrine
or paracrine mechanism. In summary, regulation of leptinemia is complex and additional studies are
necessary to clarify whether leptin is a real actor or a simple mediator in the inflammatory process of
these autoimmune diseases,

3.2.4. Cancer

Finally, increasing evidence also indicates that obesity is associated with tumor development and
progression. Thus, in the context of obesity, the convergence of chronic inflammation, insulin signaling
dysregulation, altered availability of lipids and other macromolecules as well as changes in adipokine
signaling appear tobe involved in the pathogenesis of cancer [136].

Leptin associated to the excess of adiposity influences the risk, prognosis and progression of
cancer. Although the underlying mechanisms are still unclear, both leptin and its receptor expression
and function have been positively correlated with cancer progression in some endocrine-related
cancers [137] and this effect seems to be mainly mediated by LEPR activation of PI3K, ERK1/2
and Jak2/Stat3 signaling pathways [138-141]. These pathways regulate the expression of several
cancers related genes such as cyclin D1, COX-2, VEGF and potentiates several procarcinogenic
processes including angiogenesis, antiapoptosis, cell proliferation, migration and mesenchymal
transformation [142-144]. This contributes to various steps of tumor progression, from cancer stem
cell activity, survival, growth and proliferation to metastatic invasion in different types of cancer
cells [145-150]. In the inflammatory context, leptin may promote molecular changes capable of
modulating the behavior of tumor cells and the surrounding microenvironment, which include cancer
and adipose-derived stem cells, cancer-associated adipocytes, epithelial cancer cells, fibroblasts and
also immune cells. Leptin modulates both innate and adaptive immunity through its action in different
cell types [151]. In this sense, leptin may contribute to the local proinflammatory mechanisms. As an
example, it was shown that leptin increases [L-18 expression and secretion in TAMs, leading to
increased migration and invasion of breast cancer cells [152].

In addition, leptin has a key role in the antitumor immune defense. This immunomodulatory
action of leptin has been demonstrated on NK function, which is crucial for an effective antitumor
response [153]. However, the exact role of leptin as a negative or positive modulator could be dependent
on the dose or time effect [154,155]. Obesity has recently been found to be favorable for the response to
immune checkpoint inhibitors in different tumors [156] so cytokine homeostasis, and more specifically,
leptin homeostasis, could also be an important factor considered as both the modulated and moedulator
of the future efficacy of therapies in cancer.

A causative link between inflammation and carcinogenesis has been demonstrated. Chronic
inflammation is a well-established risk factor for cancers, where genetic instability and epigenetic
maodification could be induced through cytokine signaling or through the generation of reactive nitrogen
and oxygen species [157,158]. However, there exists a more complex crosstalk among inflammation,
immune cells and cancer cells throughout the phases of elimination, equilibrium and escape in cancer



44

It [ Mol. Sci. 2020, 21,5837 10 of 24

immunoediting. While cancer-related inflammation confers at first the immunosup pressive activity to
the tumor microenvironment (TME), it is also responsible for the epithelial-to-mesenchymal transition
(EMT), tumor invasion and also the generation of a premetastatic environment in the context of
immunological tolerance [159].

Adipose expansion and inflammation associated to obesity promote the cells from adipose tissue
to become part of this cancer microenvironment, thus enhancing protumoral effects. Increased levels
of growth factors and cytokines like leptin, decrease proinflammatory TH1 cells and increase TH2
cells and Tregs. Under these conditions, the recruitment of monocytes from the circulation leads to
increased tumor-associated macrophages (TAMSs)in the tumor microenvironment [157].

There is clear evidence on the association of various adipokines and obesity-related cancers [160].
In this sense, either as an independent factor or by mediating estrogens action, leptin has been proposed
as a key link between obesity and different types of cancer. Thus, several data strongly support
the involvement of leptin in common endocrine related cancer in women [161], especially, breast
cancer [145,162,163]. Additionally, leptin have been suggested as part of the mechanisms involved in
the development of obesity-related carcinogenesis in pancreatic [164], prostate [165] and colorectal
cancer [166].

3.2.5. Leptin as a Therapeutic Target

Even though leptin was cloned from the obesity animal model ob/ob, which has a mutated leptin
gene [167] and therefore obesity may be treated with leptin administration [168], very soon obese
humans were found to have increased expression of leptin in adipose tissue [169] and leptin defects
are actually rare in human obesity [170]. Thus, only a few families have been identified with leptin
deficiency, where leptin replacement restores the normal weight [171,172]. Another pathophysiological
leptin deficient state that can benefit from leptin replacement is lipodystrophy [173,174] with good
results improving glycemic control and decreasing triglyceride levels. Leptin treatment has also been
found to be effective for hyp othalamic amenorrhea [175].

4, Inflammation as a Mediator of Leptin Resistance and Obesity

Inflammation is an adaptive response that is triggered by a wide variety of physiological and
pathological processes, such as infection and tissue injury, “the classic instigators” [176]. However,
these are atone end of a large range of adverse conditions that induce inflammation, and they trigger the
recruitment of leukocytes and plasma proteins to the affected tissue site. Once recruited, these cells can
initiate many different activities, such as increasing vascularization, recruiting additional immune cells
via proinflammatory signaling and initiating the phagocytosis of debris and pathogens. The mediators
involved in the onset of systemic immune responses are proinflammatory and include cytokines {IL-1{3,
IL-6, IL-18, TNF-& and IEN-y), transcriptional factors (e.g., NE-kB}, peptides, chemokines, enzymes,
lipids and coagulation factors. When the trigger of the response is successfully neutralized, immune
cells shift their activity towards a pro-resolution phenotype via anti-inflammatory signaling, including
lipoxins and cytokines (e.g., IL-10, IL-37 and TGF-f3).

Tissue stress or malfunction similarly induces an adaptive response, which relies mainly
on tissue-resident macrophages and is intermediate between the basal homeostatic state and a
classic inflammatory response [176]. Therefore, although the pathological aspects of many types of
inflammation are well appreciated, their physiological functions are mostly unknown.

One of the most intriguing aspects of studying inflammation is that the pathways of systemic
inflammation have been recognized as an essential component in the pathogenesis of different
multifactorial diseases encompassing chronic inflammatory rheumatic disorders, as well as a wide
variety of conditions including obesity, T2D, atherosclerosis, autoimmunity and allergy [177,178].
However, these last diseases (obesity, T2D, atherosclerosis and autoimmunity allergy), different to
rheumatic disorders, seem to have in common that they involve the disruption of homeostasis of
one of several physiological systems that are not directly related to the host defense or tissue repair.
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4.1, Infectious Dhseases

4.1.1. Viral Infection

In addition to inflammatory diseases some infectious diseases have been related with the
development of obesity, coining the new term “Infectobesity” or the obesity of infectious origin [191].
Different viral infections have been associated with obesity, including members of Adenoviridae,
Herpesviridae, phages, transmissible spongiform encephalopathies (slow virus) and hepatitides [192].
The mechanisms may include the reprogramming of host metabolism, the exchange of microbiota
components, and the adaptation of host immune and metabolic system in the presence of chronic viral
infection, which produces changes in cytokine and interferons that may play a role in the development
of obesity [193,194]. In the other way around obesity has been found to be an important risk factor
for the severity of some viral infections such as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [195] and leptin has also been proposed as the possible link [196].

4.1.2. Bacterial Infection

Mediation of the host defense mechanisms against bacterial infection occurs by an innate
immune response as the primary defense and by the adaptive immune response as the secondary
defense [197,198]. One of the mechanisms of bacterial escape from host defenses is the upregulation
of inhibitory molecules of cytokine signaling, especially the JAK-STAT pathway [199] such as
SOCS proteins [200]. The bacterial endotoxin alone can induce adipose tissue expansion [201].
The relationship of microbes and obesity has previously been reviewed [202], and the pathways
involved in microbe-induced obesity have also been summarized [203]. Therefore the infectobesity
hypothesis seems to be supported by much evidence [204]. The relationship also takes place in the
opposite direction. Thus, obesity by excess adiposity can increase the susceptibility to infections [202].

4.2, Microbiota

Interestin the role that the gut microbiota plays in disease has increased in recent years, as evidence
of its importance in maintaining normal physiology. It is widely accepted that this consortium of
cells provides important biological and metabolic functions that cannot be performed by our human
metabolism [205]. A growing body of evidence suggests the gut microbiota participates in whole-body
metabolism by affecting energy balance [206-208], glucose metabolism [208-210] and low-grade
inflammation [208,210-212] associated with obesity and related metabolic disorders. Therefore,
changes in the composition of this complex ecosystem “gut microbiota” have been associated with
the development of inflammatory disorders, such as obesity. For example, it has been reported that
a high-fat diet profoundly affects gut microbiota composition by reducing Bifidobacterium spp. and
Bacteroides-related bacteria, Eubacterium rectale-Blautia coccoides group content [208,213], as well as,
Lactobacillus spp. and Roseburia spp. [214]. In this context, TLRs could play a critical role in innate
immunity by integrating signals from microbiota-host interactions (e.g., proinflammatory signals).
The innate immune system detects LPS via its interaction with specific proteins thatcomplex with TLR4
(CD14/TLR4 complex) [215]. Therefore, it can be proposed that fatty acids stimulate the innate immune
system, but probably in conjunction with initial stimulation by LPS of the TLR-4/CD14 complex and
subsequent TLR-2 stimulation. Moreover, both TLR5 [216] and TLR2 [217] knock out mice exhibited
altered gut microbiota composition and these receptors could play a central role in the development of
obesity and associated disorders.

Among the putative mechanisms linking the gut microbiota with the development of obesity,
growing evidence suggests that the gut microbiota contributes to host metabolism through
communication with adipose tissue, which influences the development of metabolic alterations
associated with obesity. However, the exact molecular mechanisms underlying this regulation are still
under investigation.
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Leptin resistance is a hallmark of obesity [9] and it has been demonstrated that gut microbiota
control leptin action [211]. More precisely, the altered gut microbiota composition by prebiotics
improves leptin sensitivity in diet-induced obese and type 2 diabetic mice [211], suggesting the gut
microbiota modulations could be a novel therapeutic target to reset leptin sensitivity during obesity.

4.3. The Paradox of Leptin Sensitization by Inflammatory Cytokines

Similarly to leptin or leptin receptor deficiency, leptin resistance leads to morbid obesity and
interleukin-1 receptor 1 (IL1R1} deficiency and the major receptor mediating the biological function of
theIL-1 cytokine family (activates inflammatory signaling pathways) also leads to a higher degree of
obesity and metabolic disturbance [218-220]. Moreover, it has been demonstrated that LEPR and IL1R1
might physically interact [221]. In fact, IL1R] has been identified as a mediator that increases leptin
sensitization secondary to the action of celastrol, an effective drug treatment of obesity [222]. This effect
of the IL1R1 in increasing leptin sensitivity is against the general dogma that cytokine/inflaimmatory
signaling pathways have a key role in aggravation of obesity and associated metabolic diseases [1,223]
and support the idea that cytokine signaling could be useful for beneficial metabolic purposes. Thus,
the development of cytokine resistance could be one of the mechanisms underlying development of
endoplasmic reticulum stress and obesity [222,224].

5. Conclusions

Inflammation is classically recognized as an essential step for the control of microbial invasion.
However, now it especially represents an important process for maintenance of biological homeostasis.
An aberration of these mechanisms may favor the development of various diseases, in which a relevant
role is mediated by the molecular and cellular components of the innate immune system. Moreover, it
is well known how the host nutritional status and metabolism can affect also the immune response.
In this context, leptin, the adipose tissue-derived cytokine, has been shown to participate in a wide
range of biological functions thatinclude the activation of the immune system in the innate-adaptive
frontier, underlining the link among immune function/homeostasis, metabolism and nutritional state.
Thus, leptin may be one of the mediators of inflammation responsible not only in autoimmune diseases
but also in other inflammatory disorders. In the opposite direction, chronic inflammatory states
due to metabolic, autoimmune or infectious diseases may lead to leptin resistance at the central
level, which is a known cause of obesity, therefore increasing leptin levels and further fueling the
inflammation state. However, many aspects concerning leptin’s interactions with the inflammation and
immune system remain unclear. Novel elements belonging to the innate immunity are continuously
discovered (microRNAs, inflammasomes and the danger signals, NK cells), which synergistically
enhance inflammatory responses through the integration of a multiplicity of pathways [225]. All of
them have allowed us to establish unexpected links among seemingly different chronic diseases,
which seems to have inflammation as the “common soil” [225]. That is why the investigation of the role
of leptin in the regulation of the immune response remains a challenge for the future. The discovery
of common biochemical pathways, which link metabolism and immune tolerance, could be possibly
exploited to harness beneficial potential in the modulation of these pathologies.
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role in the brain-immuone cross-tallk, mainly playing an antiin-
flammatory action [29,30]. Therefore, leptin resistance at central
level may prevent a negative feed-back on this antiinflammatory
action. On the other hand, the leptin inhibition of the corticotropic
axis may contribate tothe proinflammatory state found in obesity.
In fact animal suggest that decreased hypothalamic-pitaitary-
adrenal function may playa role in the increased susceptibility and
severity of some autoimmuane diseases such as multiple sclerosis
[3T].

3. Leptin and innate immunity

Dissection of the interface connecting the metabolic and
immune systems has recently gained wide interest. It is waell-
known that immuane responses require an optimal balance
between energy intake and consumption [32]. Early stadies,
focused on leptin's anorexigenic action, showed chat this hormone
is able to maintain an adequate energy homeostasis by integrating
different orexigenic and anorexigenic signals. There are several
connections indeed between adipose tissue and the immuane
system. First, macrophages and lymphocytes can be normally
found in the non-adipose fraction of the adipose tssue [33].
Moreover, white adipocytes have been suggested to share
embryonic origin with immune cells, while characterization of
adipose tissae-resident lymphocytes led to the notion that this
tissue was an ancestral immuoane organ[33,34]. And more recently,
immartare haematopoietic cells have been found in adipose tissue,
hence it has been proposed as a site for formation and mataration
of immune cell precarsors [35]. The first evidence of a possible
involvement of leptin in the modolation of the immune system
derived from the stady of its stracture and of its receptor which
belong the class [ cytokine superfamily [16,17,36]. In this sense,
LEPR hasbeen shown to have the signaling capabilities of IL-6-type
cytokine receptors [16], activating JAK-STAT, PI3K, and MAPK
signaling pathways [37.38]. In fact, leptin receptors have been
found in monocytes, granulocytes and Mataral Killer [NK) Cells

[Fig. 1)
3.1 Leptin activation of monocytes

In monocytes, leptin ap-regalates phagocytic function [39] via
phospholipase activation [40] as well as the expression ofadhesion
molecales and proinflammartory cytokine secretion, suchas TNF-w
[early), [L-6 (late), and IL-12 [41,42]). In fact, stadies carried oat in
rodents with genetic abnormalities in leptin or leptin receptors
revealed obesity-related deficits in macrophage phagocytosis and
the expression of proinflammatory cytokines both in vivo and in
vitro, whereas exogenous leptin upregulated both phagocytosis
and the prodaction of cytolkines [43].

Besides, phenotypic abnormalities in macrophages from leptin-
deficient, obese mice have been found [44]. More importantly,
leptin  deficlency increases susceptibility to infectivus and
inflammatory stimali and is associated with dysregalation of
cytokine production [45]. More specifically, muarine leptin
deficlency alters Kapffer cell prodaction of cytokines that regulate
the innate immuane system. Moreover, leptin stimalates the
proliferation of human circolating monocytes in vitro and ap-
regulates expression of activation marlkers, such as CD235, CD38§,
CD6EY and CDYT (transferring receptor), and, while it further
increases the expression of other activation markers already
present at high levels on the surface of resting monocytes, such as
HLA-DR,CDT11b,and CDTIc [46]. Leptin potentiates the stimalatory
effect of LPS or PMA on the proliferation and activation of human
monocytes and enhances CC-chemoldne ligand expression in
cultared muarine macrophage, through activation of a JAKZ-STAT3
pathway [47]. The presence of both isoforms of the leptin receptor

was also assessed. Later, it was found that leptin directly induces
the secretion of interledkin 1 receptor antagonist in haman
monocytes [48] and apregalates [P-10 (interferon-gamma-indac-
ible protein) in monocytic cells [49]. It has been reported that
leptin augments the synthesis of leakotriene [50] as well as the
cholesterol acyltransferases-T, and cyclooxygenass 2 [2040,46].

A possible role of leptin as a crophic factor o prevent apoptosis
has also been found in serum-depleted human monocytes [30],
further supporting the role of leptin as a growth factor for the
monocyte. Moreover, leptin regalates monocyte fanction as
assessed by in vitro experiments measuaring free radical prodac-
tion. Thas, leptin was shown to stimalate the oxidative buarst in
control monocytes [51], and binding of leptin to the macrophage
cell surface increases lipoprotein lipase expression through
oxidative stress- and PEKC-dependent pathiways. In this line, leptin
has been found to increase oxidative stress in macrophages [52].
Finally, leptin could act as a monocyte/macrophage chemo-
attractant indacing in witro maximal chemotactic responses at
1 ngfmL [53], mediating the inflammatory infilerate [54], and
induacing tissue factor expression in human peripheral blood
mononuaclear cells [55].

Dendritic cells (DCs) also present leptin receptor on the cell
surface[56] (Fig. 1). Thas, leptin has also been foand to increase the
production of IL-8, IL-12, IL-6, and TMF-«, whereas it decreases
MIP-T-&x production by dendritic cells. $Similar to leptin effect on
monocytes, it may increase the sarvival of DCs, and it may also
increase the expression of surface molecales, such as CDTa, CDED,
CDE3, or CDS6. Leptin indaces functional and morphological
changes in haman DCs, directing them towards Thi priming and
promoting DC sarvival via the PI3K-Alx signaling pathway [57].
The involvement of leptin signaling in DCs sarvival and mataration
has been observed in leptin receptor-deficient db/db mice. Db/db
mice displayed markedly redoced expression of costimalatory
molecules and a Th2-type cytokine profile, with poor capacity to
stimulate allogenic T cell proliferation. Consistent with cheir
impaired DCs phenotype and function, DCs from dbfdb showed
significantly downregulated activities of the PI3K[Akt pathway as
well as STAT-3 and IkappaB-alpha. Moreover, the redaced DCs
vielded in dbfdb bone marrow colture was attributed to
significantly increased apoptosis, which was associated with
dysregalated expression of Bel-2 family genes [58].

The expression of leptin and leptin receptors has been
demonstrated on mast cells (Fig. 1), suggesting paracrine and/or
autocrine immunomodalatory effects of leptin on mast cells [539].

3.2, Leptin activation of gramocytes

Human polymorphonuclear neatrophils [PMMN) have been
found to express leptin receptor in vitro and in wvivo [60,6T].
Howewver, Zarltesh-Esfahani et al. [61] demonstrated that neuatro-
phils only express the short form of the leptin receptor, which is
enouzh tosignal inside the cell, enhancing the expression of CDTTb
and preventing apoptosis [61,62]. Leptin delayed the cleavage of
Bid and Bax, the mitochondrial release of cytochrome ¢ and second
mitochondria-derived activator of caspase, as well as the acdvation
of both caspase-& and caspase-3 in these cells [61]. Therefore,
leptin seetns to behave as a survival cytoliine for PMN, similar to G-
CSE Leptin promotes neatrophils chemotaxis [4563] and the
secretion of oxygen radicals, through direct and indirect mecha-
nisms [61]. Octherwise, when leptin acts as a aremic toxin it
interferes with neatrophil chemotaxis [64] and inhibits neatrophil
migration in response to classical neatrophilic chemoattractants.
The two activities, inhibition of the cell response to chemolkines
and stimalation of neatrophil migration, could be detected at
similar concentrations. On the contrary, neatrophils exposed to
leptin did not display detectable [Ca2”]; mobilization, oxidant
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production, or betaZ-integrin apregalation [65]. Moreover, leptin
also has a stimuolating effect on intracellular hydrogen peroxide
production in PMNM althouagh this effect seems to be mediated by
the activation of monocytes [43]. More specifically, leptin
modulates neatrophil phagocytosis of Klebsiella pnewnoniae [66]
and in diabetic patients’ neatrophils, an increase in leptin seram
levels has been correlated with the degree of CDTTb expression
[67]. On eosinophils, leptin could apregulate cell surface expres-
sion of adhesion molecales ICAM-T and CDT8 bat sappress I[CAM-3
and L-selectin. Moreover, leptin couald also stimualate the chemo-
Linesis of eosinophils and induce the release of inflammatory
cytokines IL-Theta and IL-6 and chemokines 1L-§, growth-related
oncogene-alpha, and MCP-T1 [33] (Fg. 1).

Leptin has also been found toactivate and to inhibit apoptosis of
eosinophils. Thus, leptin receptor in eosinophils seems to be a
sarvival factor [68]. Besides, leptin also stimulates chemotaxis,
cytokine release and migration of eosinophils, as well as the
expression of adhesion molecules, sach as ICAM-1 and CDI8
[6769]

Finally, leptin may also enhance sarvival and induce migration,
degranulation and cytokine synthesis of human basophils upre-
gulating CDG3, which may have an exacerbating effect on allergic
inflammation [70]. Moreover, leptin deficiency has been found to
shift mast cells toward an anti-inflammatory actions and protects
mice from obesity and diabetes by polarizing M2 macrophages
[71].

3.3, Naturdl fdller (NK) cells

InMatural Killer (NK} Cells, leptin increases ciytotoxic ability and
the secretion of perforin and IL-2 (Fg 1) Human NEK cells
constitatively express both long and short forms of LEPR. Besides,
the leptin receptors can signal in MK cells, since leptin activates
STAT3 phosphotylation in NK cells. Moreover, leptin increases [L-2
and perforin gene expression at the transcription levels in WK cells.
Consistent with this role of leptin regalating NK cells, db/db mice
have been found o have impaired MK cell function [72,73]. Leptin
actions in NEK cells include cell maturation, differentiation,
activation, and cytotoxicity [42]. Leptin enhances both the
development and the activation of NK cells [73], increasing [L-
12 and reducing the expression of IL-15 [72]. Finally, it has also
been shown that leptin stimuolates the prodaction of growth
hormone by peripheral-blood mononuaclear cells through protein
Linase C (PKC) and nitric oxide-dependent pacthways [74]. This
effect of leptin on the prodaction of growth hormone might be
important in immane homeostasis, given the fact that this
cytolkine-like hormone has marked influences on immuane
responses by controlling the sarvival and proliferation of immuane
cells.

4. Leptin and adaptative immunity
41 Teells

Leptin has also been demonstrated to modalate adaptive
immune response, whichis classically divided into T helper Tand 2
immune responses on the basis of the cytokine patternproduced. T
helper T lymphocytes prodace mainly pro-inflammatory cytokines
that are necessary for macrophage activation and cell-mediated
response, whereas T helper 2 lymphocytes secrete modalatory and
anti-inflammatory peptides that are important factors for the
activation of B cells and basophils. The role of leptin in cell-
mediated immuonity has been obtained working with objob
(leptin-deficient) and db/db (LepR-deficient) mice [75], which,
show impaired invitroTcell mediated immuanity, withlow [L-2 and
[FM-gamma ([FN-y) prodaction and decreased delayed type

hypersensitivity responses in vivo, as compared to normal, age-
matched littermate controls [10]. Chronic leptin replacement in
ob/ob mice restores the T-cell function, increasing the secretion of
the pro-inflammatory cytokines as well as the DTH response in
vivo [12]. Besides, these animals show atrophy of lymphoid organs
[12], indaced by acate natritional deprivation. Indeed, 48 h acate
starvation in normal mice causes a dramatic fall in the total
thymocytes count, particalarly affecting the CD4¥CDE™ (double
positive) and the CD4* or CD&* (single positive) compartments
when compared toad libitum fed mice. Leptin replacement daring
starvation completely protected against these starvation-induced
changes in thymocyte number and subpopalation proportion [12].
Thus, evidences indicates that leptin participates in the mainte-
nance of thymic maturation of doable positive CD4*/CDE™ cells,
reducing thymic apoptosis [12] as well as preventing glucocorti-
coids-induced apoptosis in thymocytes.

The activation of T cells induces the expression of the long
isoform of the LEPR which is markedly higherin peripheral CD4* T
cells than in CD8™ T cells [19]. Leptin also promotes the expression
of adhesion molecules in CD4* T cells, such as VIA-2 (CD49b) or
ICAM-T [CD34) [10,75] as well as the expression of early activation
markers such as CD69 and the expression of late activation
markers, such as CD25, or CD71 in both CD4* and CDS* T
lymphocytes in the presence of suboptimal concentrations of
activators such as PHA (2 pg/mL)

Huaman leptin not only modalates the activation and prolifera-
tion of haman T lymphocytes bat also enhances cytokine
production [76]. In fact, dramatic redaction in the adipocyte mass
and consequently in circalating leptin levels determines the
release of a negative signal that impairs T-cell priming and the
production of pro-inflaimmatory mediators necessary for the
induction of a ThT response. On nalve T-cell responses, leptin
increases proliferationand IL-2 secretion, through the activation of
mitogen activated protein kinase (MAPK)and phosphatidylinositol
3-kinase (PI3K) pathwways [34 ). On memory T cells, leptin promotes
the switch toward T-helper 1 (Th1)/Thi7-cell immuane responses
by increasing [FM-y and TME-« secretion, the prodaction of IgG2a
by B cells, and DTH responses. Thas, leptin receptor signaling inT
cells is required for Thi7 differentiation [77]. This process is then
sustained by an aatocrine loop of leptin secretion by Thi/Thi7
lymphocites [10]. Thas, haman leptin enhances the prodoction of
[L-2 and [FM-y in stimoalated T lymphocytes. These data are in
agreement with the observation of the leptin effect on anti-CD3
stimulation of T cells, which increases the prodaction of the
proinflammatory cytoline [FN-y [78]. The effect of leptin polariz-
ing T cells twowards a Th1 response seems to be mediated by
stimulating the synthesis of IL-2, [L-12, and I[FMN-y and the
inhibition of the prodaction of IL-10 and IL-4 [54,76] [Fg 1)
These data regarding leptin modulation of Thi-type cytoline
production are in line with the observed effects of leptin
stimulating TNE-c and IL-6 production by monocytes [20], furcher
suggesting the possible role of human leptin in the regulation of
the immune system indacing a proinflaimmatory response.

Leptin is also able to moduolate regalatory T (Treg) function. In
this sense, it has been reported that freshly isolated Tregs produce
and secrete leptin and express high amouants of the LEPR [79];
Leptin can act as a negative signal for the proliferation of human
Foxp3+ CIDd+ CD25+ Tlreg); in vitro leptin neatralization, during
anti-CD3 and antd-CDZ8 stdmualaton, resolts in marked Treg
proliferadon, via mTOR pathway [80], thus confirming the
negative control that leptin exerts on this cellular subset cells.
Moreover, genetic deficiency of leptin [obfob mice) is associated
with an increased percentage of peripheral Tregs as compared to
wildtype mice [79]. The evidence that leptin can act as a negative
signal for the proliferation of Treg supports the possibility of new
anti-leptin-based approaches for the immuonotherapy of
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conditions characterized by low nombers of Tregs, such as obesity,
T2D, and metabolic syndrome.

4.2, B cells

In contrast to macrophagesand Tcells, lictle is known aboat the
role of B cells in response to leptin. However, leptin seems to playa
central role also inthe modalation of B cell compartment (Fig. 7). In
this sense, it has been proposed that leptin may be responsible for
most of B cell intrinsic inflammation in obese sabjects. In face, It
have been reported that leptin not only increases STAT3
phosphorylation, cracial for TNE-«e production, bat also decreases
AMPK phosphorylation, cracial for E47 activaton through p38
MAPK phosphorylation [81].

B cells have recently emerged as cracial players in regulating
inflammation in muarine visceral adipose tissue [VAT), by
presenting antigens to T cells, secreting pro-inflammatory
cytokines, and secreting pathogenic antibodies [82], contributing
tolocal and systemic inflammation [83]. In this sense, leptin seems
toplay a central role also in the modulation of B cell compartment.
It has been proposed that leptin may be responsible for most of B
cell intrinsic inflammation in obese sabjects. Therefore, B cells
critically regalate proinflammatory T-cell function [84], and can
now be added to the list of immuane cells participating in this
process, where they activate CD8" and Thi cells and release
pathogenic antibodies [82].

5. Leptin as a mediator of inflammation

In addition to the immune regualatory actions reviewed earlier,
recent evidence shows that leptin acts as a pro-inflammatory
cytokine. [n fact, leptin expression is not only regulated by food
intake but also by various hormones, as well as by several
inflammatory mediators [£3]. In general, seram leptin levels
inversely correlate with glucocorticoid levels, and increase during
acute infection, inflammation and sepsis, favored particalarly by
LPS and cytokines sach as TNF-e, IL-6,and IL-1P [86,57]. Such pro-
inflammatory mediators, which gpregulate leptin expression,
contribate in tarn to create a loop of acute phase reactants that
influence each other in promoting the development of chronic
inflammation [88,89]. Furthermore, leptin is produced by inflam-
matory regalatory cells, suggesting that leptin expression coald
trigeger or participate in the inflaimmatory process through direct
paracrine oraatocrine actions [90]. Indeed, circalating leptin levels
are highly and promptly increased in experimental models of acute
inflammation[97]. Evenleptin from adipose tissue is stimalated by
pro-inflammatory cycokines such as TNE-« and [L-1B, suggesting
that these cyoliines stimulate short-term release of stored leptin.
In fact, in models of adaptive immune mediated inflammation,
leptin deficlency implies an imbalance between Thl and Th2
lymphocytes [33], causing an altered cytokine secretion which
could lead to the aforementioned resistance to inflaimmation.

The link between leptin and inflammation has been studied in
several inflammatory diseases, inwhich, direct and indirect effects
of leptin have been showm.

5.1 Leptin as an inflanvmatory mediafor in the obesity-associnted
metabolic disorders

Obesity is associated with metabolic disorders, such as insualin
resistance, and non- alcoholic [92-95] hepatic steatosis and
steatohepatitis [96]. It is thought that the increased leptin levels
associated with leptin resistance may contribute to fat accamala-
tion in the liver, through a reduced hepatic oxidation and an
increased synthesisof free fattyacids that cause liver inflammation
and fibrosis through lipid accamulation and peroxidation that

trigger the production of reactive oxygen species (ROS). However,
type 2 diabetes is the most significant metabolic disorder
associated with obesity and their prewvalence is increasing in
parallel worldwide [97]. Leptin could be a pro-inflammatory factor
contributing to insulin resistance [98]. On the other hand, leptin
may also exert insulin-sensitizing effeces, and may also regulate
beta cell mass and survival [99]. Inany case, leptin administration
has not any effect on body weight reduction, probably due to the
development of central leptin resistance or tolerance in obese
patients with already very high circalating leptin levels [100].

5.2, Leptin as an inflanvmatory mediator in the obesify-associated
cavdiovascular disease

Obesity is assoclated with an increased cardiowascalar moreali-
ty and morbidicy [101]. The pathophysiology of obesity is in part
mediated by a state of chronic, low-grade inflammation [102,103].
In fact, adipose-tissue-mediated inflammation seems tobe the link
between obesity and cardiovascular disease [104]. Obesity is
almost always characterized by elevated plasma leptin levels,
reflecting the increase in fat mass as well as the leptin resistance at
central level [105]. In this line, leptin has been shown to be onie of
the adipolines mediating the pro-inflammatory state of obesity
[106]. Moreover, even though more than 30 adipokines may havea
role in the adipo-vascalar axis, leptin is one of the more studied
links between obesity and cardiovascalar disease [T07]. In this
sense, leptin angments the inflammatory miliea that promotes the
recruoitment of monocytes to the intima, eliciting foam cell
formation in macrophages, and indocing secretion of pro
inflammatory and atherogenic cytokines [108]. Leptin can also
alter cardiomyocyte stractare and function [109], and LEPR has
been detected inlesions of patients with atherosclerosis, while ob/
ob mice are resistant to atherosclerosis. Thus, leptin has also been
proposed as an important mediator of atherosclerosis [ 110,111 ].

On the other hand, the cardiovascalar effects of leptin are
controversial [112], and even though there are clinical studies
supporting the role of leptin in cardiovascalar risk [113], other
studies have indicated no clinically relevant associationwith risk of
cardiovasculardisease [114,1153]. The effects of leptin increasing MO
production may have both protective and deleterious effect on
endothelial cells, sifice leptin activates the endothelial NO synthase
(eMOS) [116], bat also increases the expression and activity of the
induacible MO synthase [(INOS) [T17]. In any case, leptin may
contribute to cardiovascalar disease in obesity, since leptin-
deficient mice, which are extremely obese, are protected from
atherosclerosis [118]. Purther studies are therefore needed to
address the role of leptin as a biomarker or a target for treatment.

5.3 Leptin as a mediator in aufoinnnine diseases

The prevalence of autoimmune diseases, sach as rheamatoid
arthritis (RA), systemic lapuas erythematosas (SLE), multiple
sclerosis (MS), and TID, is increased in affluent countries and
associates with serum leptin levels [119,120]. Consistently, it has
been demonstrated that leptin-deficient mice showed resistance
or less sasceptibility to the development autoimmuane diseases
[9T]. For example, recent studies have shown that leptin is
increased in patients with RA[T121]. Seram leptin levels are higher
in RA patients with high disease activity, correlate well with
disease activity, and decrease significantly when disease is well
controlled [88]. In fact, the leptin concentrations are significantly
higher in patients with active erosive RA [89]. Moreover, fasting,
which is associated with a dramatic decrease incircalating leptin,
leads toa decreased CD4 lymphocyte activation and increased [L-4
secretion in patients with RA [122]. Even though a significant
inverse correlation between inflammation and leptin
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concentrations exists in patients with active RA, plasma leptin
concentrations did not significantly differ from those in healthy
cotitrols. This suggests that active chronic inflammation may lower
plasma leptin concentrations. However, treatment wich anti-TME-
« did not change plasma leptin concentrations [123] and in longer
therapy, the beneficial effect of on cardiovascalar mortality in RA
does not seem tobe mediated by redaction inseram levels of leptin
[124].

High leptin levels are also related with a higher prevalence of
other immauane diseases, such as systemic lapus erythematosus
[SLE) [125], and also with increased susceptibility to the
development of osteoarthritis (QA) [126]. In fact, it has been
hypothesized that the increased pre-disposition of females to
develop DA could be due o the higher circolating leptin levels
observed in females [126] in comparison with males. However,
whether the increase of plasmatic leptin is a cause or a
consequence of the development of those pathologies needs to
be elacidated. Recently, leptin has been found to promote SLE by
increasing aawoantibody prodaction and inhibiting immuane
regulation [127,128].

Obesity is also associated with other inflammatory aatoim-
mune diseases, sach as Crohn's disease, ulcerative colitis and
psoriasis [129,130], and increased leptin expression has also been
reported in Behcet's disease, psoriasis, thyroiditis and daring the
acute phase of ulcerative colitis [131-134]. Besides, In inflamma-
tory bowel disease patients, systemic leptin levels are increased
compared to normal healthy donors [135]. Mevertheless, clinical
stadies are contradictory, and further investigation is necessary to
clarify leptin involvement in the pathogenesis of intestinal bowel
disease[136]. Regarding psoriasis, seram leptin levels, tissue leptin
and leptin receptor expression showed a positive correlation with
disease daration [137].

Concerning experimental adgtoimmane encephalomyelitis
[EAE), it has been shown that ob/ob mice are resistant to the
development of this model of maltiple sclerosis. This resistance is
abolished by the administration of leptin, which is accompanied by
a switch from a Th2 to Thi pattern of cytokine release [138]. In
addition, and in concordance with these reports, it has been
noticed that the onset of the disease is preceded by an increase of
circulating leptin [139]. Farthermore, it has been demonstrated
that acate starvation, which is accompanied by a decrease in
circulating leptin levels, delays the onset of the disease and
attenuaates the symptoms. Recently, it has been shown that leptin
levels are negatively correlated with CD4™ CD25" regulatory T-cells
during multiple sclerosis [138], suggesting that this negative
association may have major implications in the pathogenesis of
maltdple sclerosis, as well as in the development of different
autoimmune diseases characterized by Thi auto-reactivicy [138].
Noteworthy, it has been shown that leptin is expressed by both
macrophages and T-cells infiltrated into the central nervous
system doring EAE [90]. This interesting report indicates that
leptin is produced by immuane cells daring acate EAE, and suggests
that this hormone could be participating in the development of
CMS-inflammatory diseases not only in an endocrine fashion but
also by an autocrine or paracrine mechanism.

In addition to experimentally induced antoimmuane diseases,
leptin is also involved in spontaneods autoimmune disease sach as
type T diabetes(TTD) in the non-obese diabetic (NOD) mice model.
Leptin accelerates the disease onset and progression, by stimalat-
ing autoimmune destruction of B-cells and significantly increased
[FM-+ prodaction in peripheral T cells [140]. Moreover, it has been
reported that a spontaneous muatation of the LEPR in normally
TID-prone NOD mice sappresses TT1D development in the NOD
mice by inhibiting activation of effector T cells, demonstrating the
important role of leptinsignaling in the disease pathogenesis[1471].
Therefore, given that scientific evidence has demonstrated the

importance of leptin in the activation of aatoreactive T cells,
responsible for the autoimmune attack doring diabetes, it is
reasonable to speculate thatalterations of leptin/leptin signalingin
diabetes-susceptible NOD mice might determine a condition of
resistance to the disease or at least a delay in the onset of clinical
symptoms associated with it.

In summary, regalation of leptinemia is complex and additional
studies are necessary to clarify whecher leptin is a real actor or a
simple mediator in the inflammatory process of these autoimmuane
diseases. Moreover, the elevated circulating leptin levels in
auimmane diseases may contribute to the low-grade inflamma-
tion that increases the risk of cardiovascular disease in these
patients [136].

5.4, Lepiin as a mediator in allergic diseases

There are data from different epidemiological studies showing a
strong association between obesity and allergy- related diseases
[142]. Thas, obesity and weight gain have been associated with an
increased rislt of asthma and allergic rhinitis, probably dae to the
common inflammatory condition that pashes the immane system
toward a ThZ pattern. Moreover, leptin serum levels seem (o
depend on allergen exposure in seasonal allergic rhinitis [143].
Besides, Increasing epidemiological data identify a link between
obesity and asthma incidence and sewerity [144]. Importantly,
obesity antedates asthma [145], although body mass index does
not appear to be a significant modifier of asthma severity [146]. In
this line, obesity has also been inwvolved in the exacerbation of
asthma, and leptin effect on eosinophilic inflammation has been
proposed as a possible mechanism [147]. In fact leptin and other
adipolkines seem to be more important in obesicy- related asthma
than other factors sach as oxidative stress [148] Therefore,
elevated prodaction of leptin in patients with allergic diseases such
as atopic asthma and atopic dermatitis, has led to the concept that
leptin could play a cracial immuonopathophysiological role in
allergic inflammation by activation of epsinophils. In this regard
increased eosinophilic activity [chemotaxis and adhesion) associ-
ated with high seram leptin and TMFE-w levels have been found in
atopic asthmatic obese children and adolescents [149].

5.5. Leptin in placenta inmunomodulatory signals

The well-established link between leptin, fat stores, and
immunocompetence [10], malkes leptin a likely candidate for
mediating physiological trade-offs between the immuane and other
systems, especially reprodaction. Leptin concentrations are higher
in pregnancy (which is a hypermetabolic state and an alteration in
nearoendocrine millea) than in the non-pregnant state [150].
Moreover, it has been found striking homologies between the
expression and regalation of cytokines and inflammation- related
genes in the placenta at term and in the white adipose tissae. The
high level of similarities between the two tissues points o the
placenta as a wvery attractive candidate o promote molecalar
interplays between immuane function and metabolism. Intriguing-
ly, it has become apparent that the placenta is a source as wellasa
target for the action of leptin [151,152]. More exactly, the human
leptin mRMA and proteins are localized to the syncytiotrophoblast
at the maternal interface as well as in the villous wvascolar
endothelial cells in direct contact with the fatal blood (Lea et al.)
and their expressions are comparable to those of the adipose
tissues [151,153 . Moreover, human placental leptin is identical to
that derived from adipose tissue in terms of size, charge and
immunoreactivity [154]. Although it has the same promoter, the
human placental gene has an upstream enchancer with three
protein binding sites, known as leptin enchancer region [PLE-3)
[153], implying that placental leptin gene is perhaps differently
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[182], stimulates the process of proliferation and protein synthesis,
and inhibits apoptosis in human trophoblastic cells [21-23183].

I summaty, the localization of leptin and its receptor in human
placental indicates that leptin may have both auatocrine and
paracrine activities as a local immunomodualatory signal [184]

[Fig. 3)
5.6. Leptin and inflanmmation in oral biology

Compelling evidence has implicated leptin in oral biology
functions, thus, it has also been reported the presence of leptinand
solable LEPR in gingival tissue extract both in healthyand inflamed
gingival tissues [183,186], in gingival crevicalar fluid [187-189] as
well as in human chronic periapical lesions [190] and saliva
[191,192]. Elevated seram leptin concentration has been associated
with increased chronic periodontitis [193]. Moreowver, the first
evidence has emerged that leptin has effects on dental palp stem
cells, acting as an important modalator of pulpal mesenchymal
stem cell differentation [194], being expressed in ameloblasts,
odontoblasts, dental papilla cellsand stratum intermediom cells in
rat and human tooth germs ac the latebellstage[195 ). Inthis way, a
recent study has also demonstrated the expression of leptin in rat
dental palp [195]. In addition, we have found that both leptin and
LEPR are expressed by healthy and inflamed human dental pulp
cells [196,197], as well as periapical granualomas [T1987199].
Intrigaingly, it has been reported that leptin is synthesized and
secreted in vitro by pulp fibroblasts derived from extracted healchy
molar teeth [200]. However, other dental pulps cells might also be
a source of leptin and LEPR. Thus, which pualp cell type may
expresses leptin and LEPR, remain to be elucidated. Therefore,
leptin could act by autocrine as well as paracrine pathways and
therefore it may play a role in polpal inflammatory and immuane
responses similar to that of the white adipose tissues. In this sense,
although, adipocytes are not a normal cellalar component in dental
palp, human dental palp stem cells [DPSCs) are capable of
differentiating into oil red-0-positive lipid-containing adipocytes
[207], expressing in vitro the adipogenic master genes PPARy2
(peroxisome proliferator- activated receptor gamma two) and
lipoprotein lipase [LPL), two adipocyte-specific transcripts [202].
So, pulpal leptin could be secreted by DPSCs suffering adipogenic
differentiation. On the other hand, leptin may also have a
functional role in dentin mineralization process in dental palp
reparative and immune responses [203].

The dental pulp is a highly innervated tissue with good healing
potential after injury, inflammation and angiogenesis is cracial for
tooth development and a prerequisite for successful repair after
injury and inflaimmatdon. Angingenic growth factors such as
vascular endothelial growth factor (VEGE), basic fibroblast growth
factor (bEGE-2), and transforming growth factor (TGE-P ) havebeen
identified in human dental pulp and dentin matrix [204-206]. In
fact, these factors are up-regulated in dental pulp from carious
teeth. Therefore, leptin might play an important role mediating
angiogenesis by regulating angiogenic growth factorexpression by
pualpal, similar to that of the others inflamed tissues and cancer
[207].

Although bacteria were suggested as the main etiologicagent in
periodontal disease, its presence is not enough to initiate the
disease, whereas the initiation and progression of perindontal
disease depends on the quality of the host immune response. The
infileration of inflamed tissues by nataral immane cells sach as
neuatrophils, eosinophils, and macrophages is an important feature
of inflammation. Macrophage infiltration of the adipose tissue is
present in obesity, where it could expand adipocytes or
neighboring pre-adipocytes (intarn responsible for the prodaction
of chemotactic signals leading to macrophage recraitment)
[208,209]. Similarly to what occars in obesity inflaimed palp is

characterized by the infileration of inflammatory cells sach as
lymphocytas, macrophages, dendritic cells and neatrophils, and
consaquently, palpitls, is formed [210]. Moreover, it is well known
that chemokines regulate the trafficking of lymphocytes, and CC-
chemolkine ligand 20 (CCL20) shows to play a cracial role in the
recruicment of memory T cells [217] and immatare dendritic cells
into inflammatory lesions [212]. All together and taking into
accoant that leptin is associated with an increased expression of
CCL20 [213] as well as the high relative amoant of leptin in
inflamed palp, it has been suggested that leptin could regulate the
production of chemotactic signals and the trafficking of lympho-
cytes daring palpal inflammatory response. It has been demon-
strated that CCL20 expression is induced by stimualation with
caries-related bacteria invading deeply into the dentinal tubulesas
well as by proinflammatory cytokines in the inflaimed palpal
lesions [214]. When the namber of macrophages increases daring
the innate response of the dentinfpulp complex to caries [215],
leptin can regulate monocyte function as assessed by in vitro
experiments measuring free radical productionvia PKC-dependent
pathways [51,216]. Moreover, as previously demonstrated in
monocytes in immane system, leptin could stimolates the
production of pro-inflammatory cytolines such as TNF-w and IL-
6, and enhances OC-chemolkine ligand expression in human dental
pulp macrophage, through phosphorylation-activation of the JAK-
STAT pathway [217,218].

In summary, even though the role of leptin and its receptors has
not been fully clarified in oral biology, the leptin expression in
haman dental pualp cells, in gingival tissue and in gingival
crevicalar fluidic as well as in serum and saliva, point to a role
for leptin mediating the response of the host o the infectioas and
inflammatory stimali wich the host's prodaction of pro-inflamma-
tory cytolkines.

6. Conclusions

In conclusion, daring the last decade, there has been a growing
understanding of how host nutritional status and metabolism can
affect the immuane response. In this context, leptin, the adipose
tissue-derived cytokine, is able to participate in a wide range of
biological functions that include the activation of the immune
system in the innate- adaptive frontier, underlining the link among
immune function/homeostasis, metabolism, and natritional stace.
Thuas, leptin might broadly influence vital functions not only by
taning caloric balance but also by affecting immune responses. In
this context, leptin may be one of the mediators of inflammation
responsible not only in aatoimmune diseases bat also in other
inflammatory disorders such as periodontitis, metabolic syndrome
and gestational diabetes. However, many aspects concerning
leptin's interactions with inflammation and immuane system
remain anclear. That is why the investigation of the role of leptin
in the regalation of the immuane response remains a challenge for
the fature. The discovery of common biochemical pathways, which
link metabolism and immuane tolerance, could be possibly
exploited to harness beneficial potential in the modalation of
these pathologies. For example, taking into consideration the
detrimental effect of the increased circulating leptin on inflam-
mation, it could be suggested that the control of the amount of
bioawvailable leptin by asing a specific soluble receptor or the
blockade of leptin receptor, by using monoclonal hamanized
antibodies might be a good way to avoid ondesired leptin actions in
autoimmane- inflammatory diseases. In any case, plasma leptin
concentration may be a binlogical marker of the inflaimmation
status as well as the onset and evolation of autoimmunity, and a
malker of andernatrition that may mediate impaired immuane
response.
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Abstract

Leptin is now consisered an important signalling maoledwle of the eproguctve system, s it regulates the proguction of 4o nadotrophins, the blaste-
fyst formation and implantation, the normal platentation, as well as the fosto-plagental sommunication. Leptin is 2 peptide hormone sedretad
mainky by adiphse tissue, and the placent is the ssaond leptin-prodweing tissue in humans. Pladartal lBptin is an impartant aytoking which reou-
lates placental fundtions in an autaring o1 paranng manner. Leptin seems to play 3 &ndial role dwring the fist stees of pregnanty as it modwe
lates aritical processes such as proliferation, pritein synthesis, invasion and apoptosis in placental cells. Furthermore, deresulation of leptin ek
has beanaorielatad with the pathine nesis of varibus Sisoriers assodisted with reproduction and gestation, indluding pobdwstic dwary sy ndrme,
redurrent misdarriage, sestatinal diabetes mellites, pre-sdlampsia and intravtering growth restriction. Due to the relevant ingidense of the men-
tioned diseases and the importanes of leptin, we dediied to revigw the atest information available bt leptin adtion in normal ang pathi Kxical
preanandies to support the idea of 18ptin as an imporant fastor andtor pragictor of Siverse Sisoriers assotiated with reprod wetion and pregnandy.

Keywords: leptin « mprojustion = placenti = poloystic ovine symdroms = régurrnt miscarriand = pré-Solampsia = géstational
didbatas = growth rastriction

Introduction

Bgipose tissue acts 33 an enddéring orpan, sedreting gifferant pregominanthy from adiphse tissue intd the airewlation. Cireulat-
moledules or adipokings [1). Leptin is produced and secreted  ing leptin levek refledt adiphse tiesue sEe and alsd Shange with
mutritional state [2] Furthermore, leptin is considered 2 a3
pleidtropie hrmbane  that regulatss it Only  boSyweisht but

*[he 2Uthars consider that the first e authers sheukl be regarded a5 A Other functions, intluting vastular funition, bone ant car-

jeint First aUthers. tilaze growth, immune system and systemic  inflammatory
=ariespandence B Vidter SANDHEZ-MARSALET, responge 25 well a3 the normal physiokodgy of the reproductive
E-mail: g kebius s aystam [, 4]

doi: 10111 Wjemm. 13363
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Alink retween odyweight, adipekines and success of pregnancy
has been proposed, although it is not fully understood [57]. The
ohservations that human and redents with congenital leptin deficien-
cies are sterile and that anorexia and oliesity modify the onset of puf-
erty in opposite ways, led to the idea that leptin is an impotant payer
in reproduction [8]. In this way, leptin was the first adipoking claimed
te e the ‘missing link' hetween fat and reprodoction [9).

Leptin mediates its effects by linding to leptin receptors (LepRs)
expressed in the brain and peripheral tissues [2]. Different variants of
LepR have heen described, but the long isoform of LepR {LepRh) is
primarily responsible for leptin signalling. LepRhk iz strongly
expressed in specific nuclel of the hypothalamus, a region of the brain
that is invelved in the control of appetite, and there it regulates enermy
hamoenstasis and neuroendocring function, among other functions
[10]. In addition, leptin has direct effects on many cell types on the
periphery. LepRh is expressed in lung, kidney, adipecytes, endothelial
cells, blond cells, stomach, muoscle, liver, pancreatic islefs, nstentiast,
endometrium, pacenta and umbilical cord [2, 11].

Leptin or LepR deficiencies not only cause severe ohiesity but also
almormalities in haematopoiesis, immunity, angicgenesis, bene for-
matien, klood pressure and reproduction, Mutations in the leptin
gene, in human andfor mouse models, result in infertility or signifi-
cant reproductive dysfunction [8, 12]. Leptin is required for the
release of gonadotrophin-releasing hormone {GnRH) from the pitu-
itary, and as a consequence, female ofeh mice {deficient in leptin
have reduced oestrogen levels and exhibit low uterine weight [13,
14]. Male ab/oh mice alse show reduced GnRH levels and diminished
production of luteinizing hormone {LH} and follicle-stimulating hor-
mong (FSH} as well a5 testosterone, an essential hormone for the
maintenance of male fertility and testicular function [15].

Therefore, leptin can act as metabolic switch conneeting the notri-
tinrnal status of the Body to high energy consuming processes. The
Bnergy requirements of pregnancy are those desived for corect
maternal gain te ensure the growth of the feetus, placenta and associ-
ated maternal tissues [12]. Another key ohservation that built on the
link hetween leptin and reproduction is the secretion of leptin from
human placenta, further establishing an association betwesn [eptin
and pregnancy [8, 16]. Placental formation during human gestation is
crueial for embryonic progress and suceessful pregnancy outcome,
allmwing metaholic exchange and production of sterdids, homones,
gronnth factors and cytokines that are critical for the maintenance of
pregnancy [17, 18], Tropholdast cells play an essential role in the
development of placenta, These cells differentiate into twe distinct
types extravillous and villous trophoiast. In the extravillous path-
way, cytetrophofilasts {CT) proliferate, differentiate into an invasive
phenotype and penetrate into the maternal decidoa and myometriom,
Meamwhile, in the villous pathway, mononuclear CT fuse to fem a
sperialized multinuclear syneytium called synetiotrophoblast (ST)
[19].

In normal pregnancy, trophoftast invasion iz a critical step in
remadelling the maternal spiral arteries to adequately perfuse the
developing placenta and foetus [20]. Failore of invasion processes
may |ead to miscarriage or pregnancy disorders such as pre-gclamp-
sia (PE} or intrautering growth restriction {JUGR} [21, 22]. In this
sense, deregulation of leptin levels has been implicated in the

@ 2017 The Authors.
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pathogenesis of various disorders of reproduction and gestation,
sich as polycystic mvary syndrome (PCOSY, recurrent miscarriage,
nestational diaktetes mellitus (GDM}, PE and IUGR [23].

Leptin mediates the crosstalk between
adipose tissue and reproduction

Reproductive function depends on the energy reserves stored in
adipese tissue and the reproductive system. The large energy
needs for pregnancy was the original rationale to explain the dis-
ruption of reproductive function by low fat reserves [24]. This led
tn the hypothesis of an endocrine signal that conveys information
tee the brain ahout the size of fat stores [25], Thus, leptin was the
first adipokine claimed to ke the ‘missing link' between fat and
reproduction [9]. Leptin modulates satiety and energy homoeosta-
sis [26, 27), but is also produced by placenta, Thus, it was sug-
nested that the effects of placental leptin on the mother may
contribute to endecrine-mediated  alterations in energy  balance,
such as the mohilization of maternal fat, which ocoors doring the
secend half of pregnancy [28, 29] In additien, leptin has heen
found to influence several reproductive functions, including embnyo
development and implantation [30]. Moreover, animal models have
demonstrated that leptin-deficient mice are infertile, and fertility
can be restored Wy exogenous leptin [31]. This adipekine may
therefore play a critical role in requlating both energy homoensta-
sis and the reproductive system [32].

Leptin increases the secrefion of gonadotrophin hormones, by
arting centrally at the hypothalamus [33]. In addition, because leptin
has been shown to e influenced ty steroid hormones and can stimu-
late LH release, leptin may act as 4 permissive factor in the develop-
ment of puberty [34].

Leptin can also regulate ovary functions [35-38]. Thus, leptin
resistance andfnr hyperleptinaemia in ohesity lsad to altered follicle
functinn, whereas conditions inwhich nutritional status is suboptimal,
leptin deficiency results in hypothalamic-pituitary gonadal axis dys-
function [39, 40].

In addition, a significant rle of leptin in embrye implantation was
mroposed, Leptin and leptin receptor are specifically expressed at the
fastocyst stage [41], and it was also reported that leptin is present in
conditioned media fram human blastocysts, promoting embrvo devel-
mpment, suggesting a functien in the Masteoyst—endemetrial dialog
[42].

Role of leptin in placenta
development

The implantation process involves complex and synchronized molee-
ular and cellular interplay betwesn the uterus and the implanting
embryo, and these events are regulated by paracrine and autocring
factors [18]. In 1997, leptin was described as a new placental hor-
mane in humans [29]. Circulating leptin levels are significantly
increased during pregnancy and decreased after birth, revealing an

7
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activity in many human cell types [54-56], wiz mitogen-activated pro-
tein kinase (MAPK} activation [57]. We have demonstrated that [eptin
promotes proliferation of trophotlast cells by this MAPK pathway
[46, 51] and stimulates protein synthesis ty the activation of trangla-
tion machinery in trophoflastic JEG-3 cells, 2 human placenta chorio-
carcinoma cell line [47, 58]

In thiz ling, multiple signal transduction pathways are activated in
respense to leptin both in trophoblastic JEG-3 cell culture and in
human term placenta [46]. Leptin receptor requires activation of
receptor-associated kinases of the Janus family (JAK} [59] After
ligand hinding, JAKs autophosphondate and tyrosine phosphorylate
varinug signal transducers and activators of transcription (STATs). In
this context, leptin is akle to stimulate Janus kinase (JAK}-STAT
pathway ty mainly promoting JAK-2, the most important JAK isoform
tor mediate physiological effects of leptin [60], and STAT-3 tyrosing
phosphorylation in the human placenta chorincarcinema JEG-3 cell
ling, a5 well a5 in trophoklast cells from human term placenta, STAT-
3 activity has been correlated with trophoblast invasiveness [61]. In
this context, it is interesting to mention the role of SamG8, an RMNA-
finding protein originally identified as the substrate of Sre kinase dur-
ing mitosis and a member of the signal transduction and activation of
RUA metaliolism (STAR) family [62, 63]. Leptin stimulates Tyr-phos-
phorylation of Sam68 in the tropholast, mediating the dissociation
from RMA, suggesting that leptin signalling could modulate RAA
metaholism [64, 65]. Moreover, phosphorylated SamB8 interacts with
STAT-3 in response to leptin in trophotlastic JEG-3 cells [65], sug-
festing that Sam68 seems to play an important role mediating biolog-
ical function of leptin [66).

In human trophoblastic cells, it has alse been demonstrated that
leptin induces the phosphorylation of the extracellular signal-requ-
lated MEK and the extracellular signal-requlated ERK 1/2 [46]. More-
over, it is well-estallished that the ERK pathway is essential for
reproduction in general, and for the control of trophoklast penetration
and invasien [67], a5 well 45 placental development [68].

Besides, leptin activation of phosphatidylingsitel 3-kinase {PL3K)}
pattway has been described in many systems, including placenta
[47, 58], leading to phosphorylation of Protein kinase B (PKB), also
known as Akt and inactivation of glycogen synthase kinase 3 (GEK-
3), a5 well as the activation of the translation machinery.

In placental villi, cell turnover is tightly requlated, wa apoptotic
castade [69]. In normal pregnancy, apoptosis is an essential featurs
of placental development and it is well-established that trophofast
apoptosis increases with placental growth and advancing gestation
[70]. Leptin prevents early and late events of apoptosis wa MAPK
pathway [46, 511 The role of leptin was also studied under different
stress conditions such as serum deprivation and hyperthermia, Under
serum  deprivation, leptin increased the anti-apoptotic B-cell
lymphoma 2 (BCL-2} protein expression, while down-regulated the
pro-apoptotic BAX and BH3 interacting domain death agonist {BIDY
proteing expression s well 45 caspase-3 active form and cleaved poly
[ADP-ribese] polymerase 1 (PARP-1} fragment in Swan-71 cells, a
first-trimester trophoblast cells isolated from a 7-week normal pla-
centd [71] and placental explants. In addition, it was demonstrated
that p53 and its phosphorylation of serine 46 (Ser-46}, phosphonyla-
tion involved in the selectivity of apoptotic target genes, are

@ 2017 The Authars.
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donwn -requlated by leptin suggesting that leptin plays a pivotal role for
apopotic signalling by inhibiting p53 [48]. Recent studies have
demanstrated that MAPK and PI3K pathways are necessaries for this
anti-apoptotic [eptin action and it was also demonstrated that muring
doolle-minute type 2 also known as E3 ubiguitin-protein ligase
(MOM-2} expression is regulated by leptin [49] In placental explants
cultured at high temperatures (40°C and 42°C), the extent of Ser-46
phosphonylation of p53 and the expressions of pb3-regulated apopto-
sis-inducing protein 1 {pB3AIF}, a potential mediator of apoptosis
depending an pa3, p21 and Caspase-3 are increased and these effects
are significantly attenuated fyy lepting indicating that leptin is a pro-
survival placental cytokine [50]. Figure 1 highlights the main actionsg
of leptin in the materal—foetal interface,

Leptin as an immunomodulator during
pregnancy

One of the most important placental functions is to prevent embryvo
rejection fry the maternal immune system to enakle its correct devel-
opment [72]. To ensure normal pregnancy, trophollast differentiation
requires potent immunomeodulatony mechanisms to prevent rejection
of ST and invasive trophollast by alloreactive lymphocytes and natu-
ral killer (MK} cells present in matemal blood and decidoa [73].
Inflammatory mediators such as interleukin-1 B {I1L-1p}, interleukin -6
{IL-6, tumour necrogis factor o {ThFe} and prostaglanding are pro-
duced and secreted by the human placenta and these cyiokines play
an impmtant role in 2 number of normal and aknormal inflammatory
processes, including the initiation and progression of human labeur
[74-76]. There are several homologies befween the expression and
regulation of cytokines and inflammation-related genes in the pla-
centa and in the white adipose tissue. In this regard, leptin effects
include the promotion of inflammation and the modulation of innate
and adaptive immunity [64, 77, 78]. Thus, placental leptin acts 45 an
immune meodulater, regulating the generation of matrx metallopro-
teinases (MMPs}, arachidonic acid products, nitric oxide production
and T-cell cytokines [76]. Interestingly, leptin expression is also regu-
lated by interleukin-1 e {IL-Tw}, IL-1p, IL-6 and interferon-v {IFMN-v)
[44, 79, 80)].

It was reported that leptin stimulates 1L-6 secrefion in human tro-
phoilast cells [81, 82]. In addition, TNFy release from human pla-
centa is also stimulated by leptin, and it was demenstrated that
nuclear transcription factor NF-kappa B {(NF-«B} and permdisome pro-
liferator-activated receptor v (PPAR-v} are important mediators of
this effect [83]. Recently, we have found that leptin induces human
leucoryte antigen G (HLA-G) expression in placenta, HLA-G has
potent immunesuppressive effects promoting apoptosis of acthvated
COB+ T lymphocytes, the generation of tolerogenic antigen-present-
ing cells and the prevention of NK cell-mediated cytotoxicity. These
data place leptin 45 a placental eytoking which confers to trophoflast
cells 4 tolerogenic phenotype to prevent immunological damane dur-
ing the first steps of pregnancy [84].

Pro-inflammatory leptin actions may also have significant implica-
tisng in the pathogenesis of various disorders associated with
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pregnancy, such as GDM and PE, which are characterized fry
increased leptin expression, In this sense, placental leptin may con-
tritute to the incremented circulating levels of pro-inflammatory
mediators that are evident in these pregnancy disedses, whereds suc-
cessful pregnancy is associated with down-regulation of intrautering
pro-inflammatory cytokines [23, 85, 86].

Leptin and pathologies associated
with pregnancy

Polycystic ovary syndrome

PCOS, the most comman endocrine disorder in females and major
cause of anovulatory infertility, affects approximately 15% of women
during reproductive ages [32). It is characterized by hyperandro-
genism, chronic digoancwulation and pelyeystic ovarian morphology
[87]. Peripheral insulin resistance appedrs to play 4 crucial role in the
pathagenesis of PCOS [88]. However, the aeticlogy of PCOS is not
fully understood yet, The deregulated secretion of adipokines, includ-
ing leptin, plays a role in the pathogenesis of PCOS [89]. Besides,
PCOS could e associated with increased prevalence of gestational
disorders such as miscariage, GOM and PE [90].

Different studies have shown augmented leptin levels in women
with PCOS [91-93]. A recent wark confirmed that leptin serum con-
centrations are increased in obese women with PCOS, while adipo-
nectin |evels are decreased [94]. Furthermore, the authors suggested
the higher leptin levels may be related to the hyperinsulinaemic char-
acteristic of obesity and PCOS [94]. In this sense, a5 women with
PCOS alse commanly present overweight and ohesity [95], the symp-
tems mentioned could be 2 consequence of the hyperleptinaemia due
te the gain of fat mass. & recent preliminary investigation proposed
leptin a5 strong biomarker of hyperandrogenic PCOS women, sug-
gesting metakolic and inflammatony biomarkers may he increased in
PCOS. Interestingly, offspring from PCOS patients have increased
inflammatory markers such as matrix metalloproteinase-9 (MMP-9}
and 5100 calcium-kinding protein A8 or calgranalin A {S100A8}, sug-
resting that these children may exhilit increased chronic low-grade
inflammation [96]. In fact, it has heen reported that increased leptin
concentrations may be correlated with insulin resistance, metaholic
disorder, infertility and sven cardinvascular disease risk in PCOS,
which may contritute to the aetielogy and development of PCOS [97].
Elevated leptin levels could e one of the mechanisms undetlying
insulin-mediated ovarian andregen production, as high leptin levels
are agsociated with slevated testosterone levels [98].

Recurrent miscarriage

Recurrent miscarriage is defined as the loss of three or more consec-
utives pregnancies efore the 20th week of gestation with or without
previcus live births, Genetic, endocring, anatemical, immunolegical,
thrembophilic and environmental factors have heen implicated in
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recUrrent miscarriane. However, no cause can fe found in up to 50%
of cases. In patients who have early recurrent miscarriages, some
proteing such as human chorionic gonadotrophin (hCGY, ghcoedelin
and galectin-1 are down-requlated in the ST. Moreover, animal and
human studies indicate that alterations in leptin signalling may
increase the risk for pregnancy loss [99].

Serum leptin concentration was found elevated in women with
recUrent miscarriage in comparison to control groop [100]. How-
gver, in women whe subsequently miscarried, it was found that at
weeks 5-6 and 7-8 plasma leptin concentrations are also lower than
women who subseduently had a term birth [101]. In addition, low
serum leptin concentrations were ohserved in women  suffering
spontanenus miscarriage during the first trimester [102]. However,
Tommaselli &f af did not find significant differences in maternal
serum leptin levels, probatly due to the heterogeneity of miscarriage
in terms of pathogenesis [103)].

Single nuclentide polymorphisms (SUP} of LEPR within domaing
necessary for receptor activation or the cytoplasmic demaing may he
associated with impaired signalling capacity. In this ling, the AZ23G
polymorphism of LEPR is associated with increased risk of pregnancy
disorders like PE [104]. On the other hand, Chin &f al [105] did not
find a comelation between this polymomhism and  recurrent
miscarriage. However, other studies have reported that these
nenetic variants 4re associated with pregnancy recurrent oss
(Table 1} [100, 106].

Gestational diabetes mellitus

GOM is the most common pregnancy metabolic disorder and is
defined as the type of glucose intolerance that develops in the second
trimester and third trimester of the pregnaney, resalting in hyperghy-
caemia of variakle severity [107]. Aerrant development and function-
ing of the placenta, including placental overgrowth, have heen
implicated as important factors that contribute to GDM-associated
complications [108, 109]). GOM is associated with @ high perinatal
motidity and mortality as well as insulin resistance, hyperinsuli-
naemia and hyperleptinaemia, and these GDM-associated conditions
disturly placental nutrient transpot and foetal nutrient supply [110,
111]. It has heen found that leptin and leptin receptor expressions are
increased in placenta from GDM [23, 85] and, in fact, leptin was pro-
posed as a firsttrimester iochemical predictor of GDM [112, 113].
In additien, itwas suggested that hyperinsulinaemia may requlate pla-
cental leptin production acting a5 a cireulating signal to contrel foetal
homoenstasis [114, 115]. Furthermore, itis though that maternal glu-
cose regulates cord Rlood leptin levels and this could explain why
newhaorns exposed to GOM have an increased risk of ohesity [116].
Comparison of the placental gene expression profile betveen normal
and diahetic pregnancies indicates that increased leptin synthesis in
GOM is comelated with higher production of pro-inflammatorny cytoki-
nes such as IL-6 and ThFe, causing 4 chronic inflammatony environ-
ment that enhances leptin production [117].

Our group has reported that insulin induces |eptin expression in
trophotfastic cells by increasing leptin promoter activity [118]. 1t is
kniown that leptin and insulin share several signalling pathways, such

@ 2017 The Authors.
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Table 1 LEF and LEPR single nucleatide palymorphisms {SMPs} in pathologies associated with pregnancy

Pathologies associated with pregnancy SHP

Description

Palycystic ovary syndrome -

Recurrent miscartage LEP-2548G/M4

Gestational diabetes mellitus LEP-254BG/M

LEP-2548G/4
LEPR A223G

Pre-eclampsia

LEPRG10184
LEPR ABBEG

Intrauterine growth restriction -

Mo LEP or LEFR SMPs have been described

GA genotype and G allele are associated with risk af RM

A allele is associated with risk of gestational diabetes mellitus (GO}
A allele is associated with PE

G allele is associated with increased risk of severe PE

GA genotype and G allele are associated with severe PE

A allele is associated with severs PE

Mo LEP or LEFR SMPs have been described

a5 JAKZ/STAT-3, MAPK and FI3K. Moreover, we could demonstrate
that in GDM placenta is increased the hasal phosphorylation of STAT-
3, MAPK 1/3 and PKB, with resistance to a further stimulation with
leptin or insulin fr wirg, suggesting synergistic interaction and a
crosstalk between insulin and |eptin signalling in human placenta
[23].

On the other hand, GDM is associated with increased incidence of
polyhydramnios, due to an increase in amnictic floid volume, sog-
gesting that anuaporing (AQP}, such a5 AQPY expression could be
altered in GOM [119, 120]. Besides, when maternal circulating glu-
cose levels are controlled they have normal amniotic fluid velume,
AQPY i5 alsn a transparter for glyeerol and may also provide this sob-
strate to the foetus. In this context, we have found that AQPY mes-
senger RNA (mRMA} and protein expressions are elevated in
placentas from women with GOM, These data could suggest that dur-
ing GOM the overexpression of AQPY, which correlates with higher
leptin plasma levels, increments glyeerol transport to the foetus and
may help to cover the increase in energy needs that cceur during this
gestational metatielic disorder [121].

Pre-eclampsia

PE iz 4 potentially life-threatening hypertensive disorder affecting
F-7% of all pregnancies. Approximately 1% of cases are severs,
causing stilllkirth or the need for extreme preterm deliveny, It is char-
acferized twy hypertension, systolic Wood pressure =140 mmHg and/
or diastelic Moeod pressure =90 mmHy after 20 weeks of gestation,
and proteinuria. Some of the established risk factors are age younger
than 20 years or older than 40 years, primiparity, excess hodyweight
of the mother, multifostal pregnancy and familiar and individual hig-
tory of PE [122]. Increasing evidence supports that the pathogenesis
of PE inverlves improper placental development, due to dysfunctional
proliferation, migration and invasicn of CT into the uterus. This leads
te inappropriate spiral artery remodelling, decreased placental bood
flow and placental hypoxia [123].

Leptin expression is increased in pre-eclamptic placentas, and
many studies sugrest a positive correlation between elevated serum
levels and PE [124-126]). Muoreover, it has heen shown that leptin

@ 2017 The Authors.

concentration is higher in term PE but not in preterm PE [126]. Thus,
leptin has heen proposed as a link ketween hody mass index and PE,
fut the role of ohesity or leptin in the pathogenesis of PE is not ofwvi-
ous [126]. Leptin up-regulation could he attriboted to placental
sfress, mainly fry the hypoxia present in pre-eclamptic placenta. Fur-
thermore, serum leptin levels seem elevated in PE even hefore the
clinical onset of the disease, sugnesting 4 possible prognostic value
[127]. In additinn, leptin inhikits increased apoptosis of placental cells
duting PE. Also, as |eptin is a potent Angingenic factor, enhanced pla-
cental leptin could increase Mood supply to the placenta by nemeasci-
larization, Furthermore, leptin is invelved in the regulation of placental
nutrient transporters, sugnesting that hyperleptinaemia in PE is a
compensatory response to boost nutrient delivery to the underper-
fused placenta [117].

However, the role of leptin in PE should be evaluated cautioushy
as it has recently keen found no association of leptin levels with PE
[128]. SNPs in the LEPR gene have also een investigated in relation
to severe PE. Inthis sense, it was reported that variants of LEPR such
as AZ23G polymorphism may individually modify the risk of severs
PE {Tabkle 13 [104)],

Intrauterine growth restriction

The failure of arterial remodelling results in malperfusion of the pla-
centa [129]. The incapacity of the placenta to deliver an adequate
supply of nutrients to the foetus is termed placental insufficiency and
results in IUGR, affecting up to 5-10% of pregnancies in developed
countries. IUGR is characterized by 4 birthweight of <25 kg and is
associated with a high incidence of perinatal morbidity and mortality
and increased risk of cardiovascolar and metabolic diseases in adult-
hood [130]. IUGR represents a period of true foetal malnutrition fol-
lmwed fy 4 period of weight recovery after birth, which leads to
changes in adipose tissue with impoertant long-term consequences
[131]. Specifically, IUGR is frequently associated with inflammation
and infarcts within the villi, imphing abnormal villous development
[132]. At the same time, several growth factors and signalling mole-
cules have been implicated in IUGR, including vascular endothelial
nrowth facter and leptin [133].
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serum |eptin concentrations were significantly higher in pregnancies
complicated by fostal growth restriction and growth-restricted foe-
tuses show umbilical cord leptin concentrations lower than those in
normal fostuses, suggesting that it could he due to 4 compensatory
mechanism in which small placentas produce more leptin [137].
Simultaneously, it was suggested that placental insufficiency is asso-
ciated with an increase in placental leptin production [138]. Further-
more, some studies demonstrated that leptin levels are lower in
IUGR, but differences were not significant [139, 140], and it was also
reported that cord Blood leptin levels did not differ significantly in
IUGR compared to narmal pregnancies [141]. These data suggest
that the association between leptin and IUGR is controversial. Finally,
it was repoted that the mother of foetuses with growth restriction
has 4 hody composition pattern characterized by slightly increased
fraction of fat mass and increased serum leptin levels [142].

Conclusions

In conclusion, it could be affirmed that leptin plays an integral rele in
the normal physiclogy of the reproductive system. Leptin controls
reproduction depending on the energy state of the body, and suffi-
cient leptin levels are 4 prerequisite for the maintenance of reproduc-
tive capacity. The present review was focused inoplacental leptin
effects during gestation, when leptin levels are increased due to [eptin
preduction by trophotlastic cells. Thus, leptin has 2 wide range of
Riological functions on tropholfast cells and a role in successful
gstablishment of pregnancy. In this sense, leptin promotes prolifera-
tinn, protein synthesis and survival of placental cells, These actions
are very important as cell proliferation and apoptotic cascades are
critical for the correct placental devel opment and function, Moreover,
leptin is involved in the promotion of trophobast invasion which rep-
resent 4 key event during early pregnancy. Besides, it 15 suggested an
important role of leptin in the regulation of immune mechanisms at
the maternal interface.

On the other hand, obhservational studies have demonstrated that
states of leptin overaiundance, deficiency or resistance can he asso-
ciated with aknormal reproductive function. Clinical studies demon-
strate an impact of oiresity on the risk of infertility, and it is also
gatablished that ohesity may lead to dereqgulation in leptin function
that results in matemal disease [143]. In this context, leptin deregula-
tirn has heen implicated in the pathogenesis for at least some

J Cefl Mot Med. Vol 22, Mo 2, 2018

disorders associated with reproduction and pregnancy, such as
PCOS, recurrent miscarriage, GOM, PE and IUGR. It is well accepted
that increased leptin levels are detected in women with PCOS and that
may ke corelated with insulin resistance, metabolic disorders and
infertility. Recurrent miscarrianes are associated with altered leptin
levels, bt the relationship is open for discussion. On the other hand,
SNPs of leptin and LEPR renes are rigk factors for miscarriage. Leptin
and leptin receptor expressions are increased in placentas from GOM,
which may he relevant to control foetal homoenstasis, PE is also
characterized fyy enhanced leptin concentrations, even before the clin-
ical onset of the disease, sugnesting 2 possible prognostic signifi-
cance. Finaly, the association between IUGR and leptin levels is
controversial, Figure 2 summarizes the link hetween leptin and the
mentioned diseases, including suggested causes and consequences
of these pathologies.

Different therapeutic strategies based on leptin administration
have heen described. Patients with leptin mutations show a marked
restoration of fertility as well 45 weight loss and improvements in
immune function after [eptin therapy. Furthermaore, [eptin replacement
therapy improves the reproductive abnormalities associated with
hypothalamic amencirhieea (such as failure to menstroate, infertility
and premature osteoporosis) [144]. On the other hand, compounds
that could reverse leptin resistance and act as [eptin sensitizers could
e heneficial to treat pathologies associated with hyperleptinaemia
[145]. A number of evidence sugnested that leptin might have poten-
tial a5 a treatment for diverse pathologies including the malfunction-
ing of the reproductive system.

Further investigation is needed to fully slucidate the association of
leptin with pathological pregnancy and to estaliish leptin 45 4 hiomar-
ker for pathologies associated with pregnancy.
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Chapter
Leptin and Gestational Diabetes
Mellitus

Pilar Guadix, Antonio Péres- Péves, Teresa Vilarifio- Gareia,
José L. Duefias, fulieta Maymd, Cecilia Varone
and Victor Sancher Marvalet

Abstract

Emerging vesearch has hiphlighted the ftnpertance of leptin in fetal growth and
development, independent of its essential vole in the repulation of feeding and
enerpy trietabolism. Leptin @s now censidered an fmportant sipnaling melecule of
the teproductive systetn, since it vegulates the production of genadotropins, the
blastocyst formation and fmplantation, the netmal placentation, as well as the feto-
placental communication Placental leptin {s an fmportant cytoldne which repulates
placental fimctions i an autocrine or paractine tnanner. Leptin seetns to playa
crucial vole during the fivst stages of pregnancy as it modulates critical processes lile
proliferation, protein syrthesis, vasion, and apoptosts in placental cells. Further-
tote, derepulation of leptin levels has been corvelated with the pathogenesis of
vartons disorders assoctared with veproduction and gestation, induding pestational
diabetes tellitus {GOND. Dhie to the vel evant mcidence of the GO and the
fmportance of leptin, we decided to review the latest information available about
leptin action i notnal and GO pregnancies to siuppett the idea of leptin as an
mportant factor and/or predictor of diverse disorders associated with reproducticon

and pregnancy.

Keywords: leptin, reproduction, placenta, GO, mictoEINAS

1. Introduction

Adipose tissue acts as an endoctine orpan, secreting different melecules or
adipeldnes. A linlc between body weight, adipeldnes, and success of pregnancy has
been proposed, although i £s net fully undeestood [1]. Leptin was the fivst adipoldne
clatmed to be the “missing Iml" between fat and veproduction [2]. Leptin is consid-
ered as a pleiotropic hottnone that vepulates not enly body weight but alse rmany other
functicns, moduding the novmal physiology of the veproductive system [3]. Impor-
tanitlyy, this hetmene s also produced by other tissues, especially placenta [4].

Placental fommation diring human gestation is cructal for embryonic progress
and successtul preghnancy outecotme, allewing metabolic exchange and producing
sterodds, hovmones, prowth factors, and cytoldmes that ave criticd for the tnaimte-
nance of pregnancy [5, 0]. Trophoblast cells play an essential vole in the develop-
tent of placenta. These cells differentiate tn two distinet types: extravillous and
villous trophoblast. In the extravill cus pathway, cytotrophoblasts preliferate,

1 IntechOpen
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diff erentiate into an vasive phenotype, and penetrate n the tnaternal deciduaand
trootn etriutn. Meatwhile, tn the villous patheray, mononucear cytotrophoblasts
fuse to forrn a specialized multhiclear simeytium called syneytiotrophoblast [7]. n
notrnal preghancy, trophoblast frvasion is a eritical step in remodeling the marernal
spival artevies to adequately perfuse the developing placenta and fetus [E]. In this
sense, devepulation of leptin levels has been mplicated in the pathopenests of
pestarional dishetes melltns (GO [9].

2. Leptin and reproduction

Reproductive function depends on the enerpy veserves stored in the adipose
tissue. The large enetpy needs for a hypothetical pregnancy was the orfginal vatio-
tale to explain the disnuption of veproductive function by low fat veserves. This led
to the hypothests of an endocrine sipna that conyeys mfotmation to the bram about
the size of fat stoves [10]. Thus, leptin was the fivst adipoldne claimed to be the
"missing link” between fat and reproduction [2]. Leptin modulates satfety and
enerpy homenstasis [11, 12] bt @ alse produced by the placenta. This, i was
sugpested that the effects of placental leptin on the mether may contribute to
endocrine-mediated altevations in enevpy balance, such as the mobilization of
maternal fat, which ocours during the second half of pregnancy [13, 14]. In addi-
tion, leptin has been foumd to influence several veproductive functions, induding
etrbryn devel eproent and implantation [15]. Motecver, anfmal tnodels have dem-
otistrated that leptin-deficient mice are subfertile and fertidity can be restored by
exogenions leptin [16]. This adipoldne may therefore play a critica role in regulating
both enerpy homeostasis and the veproductive system [17].

Leptin increments the secretion of gonadotropin hortnenes, by acting centrally
at the hypothalamus [18]. In additien, becanse leptin has been shown to be
mfluenced by stevoid hotmeones and can stimulate LH velease, leptin may act as a
permisstve factor in the development of puberty [15].

Leptin can also vepulate ovary functions [20-23]. Thus, leptin resistance and
hypedeptinemia in obesity lead to altered follicle function, whereas in conditions
which nutritional status s suboptimal, leptin deficiency vesults i hypothalamie-
pituitary gonadal axts dystunction [24, 25].

In additicn, a significant role of leptin i embryo tmplantation was proposed.
Leptin veceptor {LEPR) is specifically expressed at the blastocyst stage [26], and it
wias also veported that leptin is present i conditioned media from human blasto-
cysts, prowmoting etnbryo development, supgesting a function W the blastocyst-
endotnetrial dideg [27].

3. Leptin and placenta

The fnplantation itvolves complex and symchronized melecular and celhal e
events between the itmplanting embryn and iferns, and these events are regulated
b autocrine and parvacrine factors [5]. Fetal prowth depends on the ability of the
placenta to supply nutrients adequate to meet fetal demand, which mereases as
pestation progresses. Villous cytotrophoblast is a progenitor cell population that
produres danghter cells to support the expansion of the symcytiom as placental
sirfare area tnereases as well as the expansion of cytotropheblast celutnns, which
contain the cells destined to invade matemal decidua [28]. The placenta prows
exponentially in the fivst and early second trimester, but growth has slowed down
b termn [28]. Therefere, placental prowth, especially i early pestation, i a
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prevequisite of a hiph-capacity transport vt evtace. In 1997, leptin was described asa
new placental hovmene in mmans [14]. In tact, during pregnancy, civculating
leptin levels are also increased due to leptin preduction by trophoblastic cells [30].
After delivery, leptin levels return to notmal levels [31].

To alter intracellular sipnaling and function, leptin must bind to the receptor
{LEPE) [32]. There ate six diffevent tsofortns of LEPR {a—{) that ave produced by
altemative RINA splicing [33]. The only tsofotm that has a transtnembrane dormain
that is capable of activating sipnal transduction pathw s s LEPEb, whereas the
cther five shovt LEPE isofortns have either a truncared ot e transtmetnbrare
detnain and arve unable to activate signaling pathways [33]. Activation of LEPEb
results in an upregulation of a number of signal transduction pathways, melidmng
the Jans kinase/sipnal transdurers and activat ors of the transcription pathay
{JAKSSTAT), as well as the mitopen-activated protein linase {MAPIC and
phosphati dylinositol 3-ldnase {PI3I0 pathways [34]. Research findmgs do mdicate
that there may be fetal-to-matemal leptin exchange acvoss the placenta [35]. How-
ever, to date, it is not lewn which receptor is mediating this transportation.

Leptin has physiclogical effects on the placenta, mcluding anpiogenesis, growth,
and trtnunetnodulation [13]. Leptin is now considered an frmportant vegpulater
diring the fivst stages of pregnancy, modulating preliferation, mvasion, apoptosis,
and pretein symthests, i placenta [36-41].

The control of cell preliferation @s ctitical for a cortect placental devel opment,
and it is finely vegulated [42]. Altered vates of cytotropheblast proliferatfon are
assoctated with different pathologies; levels are enhanced with meteased fetal
growith {marrosomia) and diminished tn fetal prowth restriction [42]. Others fac-
tos in maternal civculation might coordina ely stivaulate prolifevation, diffeventia-
tion, and survival [43, 44] throupgh the activation of multiple lkinases [43—45] and
phosphatases [45].

Dring placentation, cytotrophoblasts and syncytiotrophoblast leeep a subset of
cells in divect contact to the +llons basement metmbranes. In the exteasidlous com-
partment, cell proliferation favers the feasion of the uterine stroma. Stmiarly, in
the villous compartment, cells underpe syneytial fusion divected by specific tran-
scription factors [46].

The vole of MAPK i vepulating tropheblast turnover is well docirmented W both
hirnan and anitnal sisterns [43, 44, 47]. Moreover, it was shown that leptin indaces
proliferative activity in marg rman cell types [48-50], mainly wia MAPI activation
[51]. We have demn onstrated that leptin promotes proliferation of trophoblast cells by
this MAPI pathuway [41, 52]. We have also found that leptin dese-dependentlyy
stivnuilates protefn synthests by the activation of translation machinery [36, 53]

In this context, it is intevesting to mention the wwle of Sam6E, an ENA-binding
protein ovginally identitied as the substrate of Sve diring mitosis md a memnber of
the sipnal transduction and activation of RINA metabolistm {[STAR) family [54, 55).
Leptin stitnulates Tyr-phespherylation of 3an 6l i the trophoblast, mediaing the
dissociation from RINA, suggesting that leptin signaling could modulate RNA
tnetabolism [48, 56]. REecent data indicate that micto BINAS have afundamentd rele
i a variety of physiclogica and pathelopical processes. In this context, studies of
tnictoRINA expression have wevealed that setme microRINAs ave abundantly
expressed tn the placenta [57]. However, the sipnatire of miRNAs i the placenta
has et to be elucidated.

In placental willi, cell rmover is tightly repulated, wia apoptotic cascade [49]. In
nottnal pregrancy, poptosts is an essential feanire of placental development, and i
well stablished that trophoblast apoptests increases with placental prowth and
adwanrcing gestation [50]. Leptin prevents eathy and late everts of apoptosis via
MAPI pathwway [41, 52]. The vele of leptinwas also studied under diffevent stress
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cotditions lle sevurn deprivation, hyperthertnia, and acidic stress [39, 40]. Under
serurn deprivation, leptin ncreased the anti-apeptotic BCL-2 protein expression,
while it dowrregnlated the pro-apoptotic BAK and BID proteins expression as well as
caspase-3 active forn and cleaved PARP-1 frapment fn Swan-71 cells and placetital
explants. In additic, it was detnonstrated that ps3 and its phosphotylaticon m Ser-46
are dewnrepulated by leptin supgpesting that leptin plays a pivotal vole for apoptotic
signaling by p53 [37]. Recent studies have demnonstrated that WA PIC and PI3IC path-
ways are necessary tor this anti-apoptetic leptin action, ad it was also demonstrated
that MIM-2 expression is repulated by leptin [38]. In placental explants cultured
high tempetarures {40 and 42°C) and a pH acid { <7.3), the expression of Ser-46 p53,
p53AIP], p2l, and caspase-3 @s increased, and, these effects are sipnificantly attenu-
ated by leptin, indicating that leptin is apro-survival placental cytoline [39, 40].

4. Leptin and immune system in placenta

Cme of the most important placental functions s to prevent embryo rejection by
the maternal fmmune systen to enable its correct development [51]. To ensure
nottnal prepghancy, trophoblast differentiation requives potert Immunetn odulatety
triechatiistns to prevent rejection of syneytiotrophoblast and vasive trophoblast by
alereactive lytnphocytes and natiral liler {INIC cells present inmatetnal blood and
dectdua [58]. flamrmatery tnediators such as [L-6, IL-1p, TINFe, and prostaglan-
ditus are produced and secrveted by the imnan placenta, and these cytoldmes play an
fmportant vole in a momber of nonnal and abnormal intlaren atery processes,
mcluding the initfation and progression of uman labor [5%-61]. There are several
hetnologies between the expression and repulation of cytoldnes and mflanmaticn-
related genes i the placenta and i the white adipose tissue. In this vegard, leptin
effects melude the promoetion of inflanmaticn and the modulation of adaptive and
mnate frrmunity [56, 62, 63]. Thus, placental leptin acts as an fmmune modulator,
regulating the genevation of matrty metalloprotetnases, arachidende actd products,
witric oxide production, and T cell cytoldnes [61]. Iterestingly, leptin expression is
also vegulated by IL-6, [L-2ee, IL-1P, and IFMN-Y [31, 64, 65].

It was veported that leptin stimulates IL-6 secretion in human trophoblast cells
(66, 67]. In addition, TN Fuevelease frotn hurman placenta i alse stimulated by
leptin, and it was demonstrated that NF-®EB and PPAR-y are fmportant mediators of
this effect [68]. Recently, we have found that leptin tnduces HLA-G expression in
placetita. HLA-G has potent fmmunesuppressive effects promoting apoptosis of
artivated COE+ T Iymphocytes, the generation of tolerngenic antigen-presenting
cells, and the prevention of NI cell-mediated cytoteedcity. These daraplace leptin
as a placental cytoline which confers to trophoblast cells atolerngente phenotipe to
prevent immunelopical darnage during the fivst steps of pregnancy [63].

Pro-intlammat ory leptin actions may also have significant fmplications in the
pathogenesis of various disorders diring pregnancy, such as GO0, which @s char-
arterized by incteased leptin expression. In this sense, placental leptin may con-
tribute to the fncretnented circulating levels of pro-nflanmatory mediators that are
evident in these preghnancy diseases, whereas successful preghancy @s assoctated
with downrepulation of intrauterine pro-mflanmatery cytoldnes [2, 70, 71].

5. Leptin and gestational diabetes mellitns

Gestational diabetes mellims, chavacterized by plucose ttelerance diapnosed
diring pregnancy, s one of the most cotnrmon cotnplications in pregnancy and
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atfects 3-8 of all pregnancies [72, 73] The prevalence of (GO has increased
recent decades due to mcreased average ape of pregnant fernales and increased visl
of obesity [74]. However, GO0 {s assoctated with numerous complications incdud-
ng macrosotnia, necnatal metabelic diserders, vespiratory distress syndrome, and
nentiatal death as well as apredisposition for the developrnent of metabolic sym-
dromes and typ. 2 diabetes [75, 76].

The placenta is thought to have a critical vole i the pathopenesis of pestational
diabetes mellitus, as GOMv[-assoctated complications resclve following delivery.
Therefore, aberrant development and functions of the placenta, cluding placental
o erprovwth, have been implicated as mpottant factors that contribute to GLW-
assoctated commplications [77, 78], GO is assoclated with insulin vesistance,
hyperinsulinemia, and hypetleptimemia, and these GDM-assoctated conditions dis-
turb placental nutrient transport and fetal nutrient supply [7%, 80].

It has been found that leptin and LEPE expressions are increased in placenta
frotn GOV [, 70], and, i fact leptin was proposed as a fiest-trimester binchernieal
predicter of GOM [B1, B2]. In addition it was suppested that hyperinsulmermnia may
repulare placental leptin production acting as a civculating sipnal to contrel fetal
hemeostasis [73, 83]. Furthermore, it is thought that maternal glucese regulates
cord blood leptin levels, and this could explain why newboms exposed to GIN
have an mereased visle of obesity [B4]. Comparison of the placental gene expression
protile between novmal and diabetic pregnancies mdicates that meveased leptin
synthesis i GO is corvelaed with higher production of pro-inflanmatory cyto-
lines such as [L-6 and TN Fe, causing a chronic inflammmatory envivonment that
etthatices leptin production [85].

Chur preup has vepotted that insilin mduees leptin expression in trophoblastic
cells by increasmg leptin promoter actioity [B6]. It ts lmown that leptin and tsulin
shave several sipnaling pathoays, such as JARZ/STAT-3, MAPK, and PI3IC Move-
over, we could demonstrate that in GO, the basal phesphorylation of STAT-3,
MAPK 1/3, and Al is increased in the placenta, with vesistance to a further stitmu-
lation with leptin or msulin ® vittn, suggesting synerpistic interaction between
msulin and leptin sipnaling and action in irnan placenta [3].

Chy the other hand, GO s associated with mcreased incidence of
pelyhydrannios, due to an increase tn anniotic fluid volume, supgesting that
aquapoting (AP, such as A QPR expression, could be altered in GO [B7, BE].
Bestdes, when maternal citeulating plucose levels ave controlled, they have norrmal
arnniotic fluid volome. AGPS is also a transporter for glircerol and may alse provide
this substrate to the fetus. I this context, we have found that AGPS m BENA and
protein expressions are overexpressed in placentas from women with GDM. These
data could suggest that during GON the cverexpression of AGPS, which correlates
with higher leptin plastna levels, metetnents plycerol transport to the fetis which
tnay help to cover the increase in enevpy needs that may occur during this gesta-
tictial tmetabelic discrder [E59].

Mewertheless, even though any nutritional ov lifestyle intervention aimed to
teduce weight produce a decrease tnleptin levels, beth i gestational diabetes and
general population, no therapeutic nteryention, nsing leptin as a pharmarole gical
tarpet, has so far been wed in the managerment of pestational diabetes.

6. Leptin and microRIN As
Fene expression can be vepulated by shovt {18-22-nuclectide) noncodig RINAs,

microPM As, derived from long primary transcripts {pre-micveRNAs) through
sequential processing by two eneymes, Drosha and Dicer, and then meorpovated
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into the RMA silencing complex, where they tavget hernologois m BN As. [n mice,
loss or inactivation of Dicer leads to multiple developrnental defects [0, 91], and it
has been demnenstrated that in human placenta, cytotrophoblast prolif evation is
icreased following DHeer [32]; howevet, the tndividual miceeRNAs responstble for
these effects ave wlamown. In silice netw otl analysts identified micvoBINAs {nik-
145 and let-7a) that influence the expression of compeonents of nodal signaling
pathiwags. The latge networle @s bridged by nodal melecules, such as mitogen-
artivated protein kinase {MAPIK1/2), and AT, which are recognized cotnponents
of pro-mitopenic sipnaling pathwass [20]. In fact, the role of MAPKL/2 in repulating
trophoblast turney er 1s well docurmented m both human and anfmal systerns

[43, 44, &7]. In this context, we have reported an mcreased activation of MAPIK1/2
in response toleptin in trophoblastic cells from the lman placenta. Thus, it is
tempting to speculate that altered micto FINAs expression mfluences the leptin
expression and contributes to the pathogenests of the GON. Howewver, the sighanire
of mictoRINAs it the leptin expression in the placenta beth tn nottal prepghancy
and GOV vernains to be elucidated. Thervefore, it will be nteresting to determine, in
future studies, the combined vole of these miceo BINAs tn the leptin expression i
nettral placenta and in placetita from preghaney parhology associated with altered
placental prowth {e.p., GO in order to clarity the repulation of placenta prowth

by leptin

7. Leptin in fetal development

Ohestry is associated with sipnificantly elevated plasma leptin coneentrations
due toan ncrease nowhite adipose tissue cotnpared with healthy mdtvidoals [53].
As obesity vates are ncreasing vapidly in the Western wotld, so is increasing the
mtrher of obese women who become pregnant. Importantly, obese preghant
womnet have significantly elevated plastna leptin concentrations compared with
nencbese pregunant women throughout pregnancy [24]. Even thoughnoe ditferences
i placental leptin production has been shown, theve is a downrepulation of LEPED
expression i the placenta of obese mothers, which would canse placental leptin
resistance {in addition to the central leptin vesistance that ocours during normal
preguancy) that may be attempting to modulate fetal prowth under high-energy
conditions [35, 6], Despite the complications assoctated with pregrancies i obese
wormmnety, the offspring tray be growth restricted, notnal weight, o tnacrosomic.
However, after bitth, babies bom from obese mothers are exposed to elevated
leptin concentrations in the matemal wille [57], which sugpests that the postnatal
environment tay evease mfant greswth and dewvel opment, mereasing the tHsle of
developing a nurnber of diseases in adulthood. Thevefore, alterations in maternal-
placental-fetal leptin exchange may modify the development of the fetus and
contribute to the increased visle of developing disease in adulthoed.

2. Condusons

In conclusion, it could be afivned that leptin controls reproduction depending
on the enerpy state of the body and sufficient leptin levels ave a preveguisite for the
tnamtenance of reproductive capacity. The present veview was focused m placental
leptin effects during pestation, when leptin levels are increased due to leptin pro-
duction by trophoblastic cells. Thus, leptin has a wide vange of biclogical functions
o trophoblast cells and a vole in successtul establishrent of pregnancy. I this
sense, leptin prometes proliferation, protein synthests, and sievival of placental
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cells. These actions are very important since cell preliferation and apoptotic cas-
cades are critical for the correct placental developtrent and fimetion. Merecver, an
fmpertant vole of leptin in the repgulation of tmmune mechaniams at the maternal
mterface has been supgested.

Ubservational studies have demonstrated that states of leptin overabundance or
tesistanice can be associated with GOV Moveover, it is dso established that ohesity
may lead to derepulation in leptin functicn that results in maternal disease and
clinfcal studies detnonstrate an impact of obesity with an increased sl of anumber
of diseases i adulthood, mduding metabeolic disease. In this context, leptin deveg-
ulation has been implicated in the pathopenesis of GDM. It is well accepted that
leptin and LEPR expressions ave mcreased in placentas from GO, which may be
velevant to control fetal homecstasis. Mereowver, a tole for miceoRINAS in the repu-
lation of placental prowth has been sugpested, and expression protiling i the
studies has shown expression and gestaticnal chanpges in miceoRNA levels that
demand functicnal evaluation. Further investipation s needed to fully elucidate the
association of leptin with GOV and to stablish leptin as a bicmarler for this
pathology or the development of microRNA -based approaches to therapeutic
targeting for correcting the abnormal placental prowth wnd cell moever seen in

ST

Disclosure of interests

The authors declare ne conflict of intevest.

Anthor details

Pilar Guadia®t, Antonio Péves-Pérez™!, Teresa Vilatifio- Garcia®, José L. Duetias?,
Julieta Mlasrn & . Cecilia Varone? and Victor Sanchez-Margal et

1 Otbstetrics and Grymec ol oy Ui, Vivgen Macarena Unieerstty Hospital, Univevstoy
of Seville, Spain

2 Department of Medical Biochemistry and Melecular Biology, and Immunelo gy,
Virgen Macarena University Hospital, University of Seville, Seville, Spamn

3 Laboratory of Placental Mol ecular Phystologsr, Department of Biological
Chetnistryr, School of Sciences, University of Buenns Afres, Argentina

*Addvess all corespondence to: trargal et@nis es

"These authors conteibute equally to this wotl: as fiest authers

IntechOpen

€ 2020 The Anthor{s). Licensee IntechCpen. This chapteris distribute d inderthe terrns
of the Creattve Cornrnots Attefburion License {hitp//ereativ ecotntmens. orglicenses/
b3, 07, which permits unrestricted use, distribition, and reproduction nansy medim,

provided the original wod: s properly cited M



92

Gegasiornal Dvabetar Mallineg - An Guersdew wiith Some Qecent Advanees

References

(1] El husseny WIWA, Iam douh WV,
Shabar 5, Ihrahitm Abushouls A, Falt
WV, Ahrmed O, et al. Adipoldnes:
Potential therapeutic targets for
vascular dystunction in type 1 diabetes
mellitins and obesity, fourna CHabetes
Reseatrh. 2017,2017:1-11. TH: 10,1155/
2017 R 0B5524

(2] Friedrnan [, Halaas JL. Leptin and
the regulatich of body weight ™
trarntnals. Mature, 1%598,395.763-770.
THOH: 101038/ 27376

[3] PEres-Pérex A, Sanches- fam fnes F,
Mayrnd J, Tuefias JL, Varone C,
Sanchez-Marpalet V. Role of leptin
fernale reproduction. Clingcal Chemnistry
and Laboratory Medicine. 2015,53:15-28.
THH: 1001515/ celin 20140387

[4] Beittnan ML, Bi 5, hlarcis-Samuels
B, Gavrilova O Leptin and its vole
pregnancy and fetal development—An
o ervriewr. Biochernica Society
Transartions. 2001,29:68-72

(5] Staun-Farn E, Shalev E. Hirman
trophoblast function during the
mplantation process. Reproductive
Biclogs and Endoctinelogy. 20053:56.
DHH: 10,1186/ 1477 -7827-3-56

(6] Pollhettrier J, Knéfler M. Siprall g
pathwrays vepulating the invasive

diff erentiation of hmman trophoblasts: A
review. Placenta 200526{Suppl A):
521-530. THO: 10.10164.

placenta 200411013

(7] Carson DHDY, Bapehi I, Dreyr 51, Enders
AL, Fazleahas AT, Lessey BA, et al.
Embryo implantation. Developmental
E‘EDngj,i’. 2000,25:217-237. TN

101006/ dhie 2000 5767

(8] E Dtavies [, Pollhetmer [, Yong HEJ,
[Coldeirios IWID, Kalionis B, Enotler v,

et al. Epithelial-mesenchymal transitien
during extravillous trophoblast

differentiation. Cell Adhesion &
Mfgt‘atfnn. 20161 0:310-321. DO
10,1080,/ 19336%15.2016. 1170258

(%] Pérez-Pérez A, Guadix P, Maymo |,
Ciefias [, Varone 2, Fermandes-Sanches
I, et al. Insulin and leptin signaling in
placenta from pestational disbetic
subjects. Hortoone and Metabolic
Besearch. 2015, 48:62-65, THOH: 10,1055/

5-0035-1505722

(1&] Elmguist JIX. Anatornic basts of
leptin action in the hypothalatms.
Fromitiers of Hotmote Besearch. 2000,
262141

[11] Zhang ¥, Proenca B, Iaffef I,
Barone I, Lecpold L, Friedrman JIvl.
Positional cloning of the meouse obese
gene and its lman homel opue. Natire.
18994, 372 475 432 THOH: 10,1038/ 3724250

[12] Houselnecht ICL, Portocarrers CF.
Leptin and its veceptors: Repulatows of
whele-body enerpy horm eostasts.
Dromestic Anfmal Endocrinel opy. 1998,
13:457-470

(13] Hoggard N, Hagparty P, Thomas L,
Lea R(5. Leptin expression in placental
and fetal tissues: Does leptin have a
fimcticnal vole? Biochernical Societsy
Transartiots. 2001,79:57-63

(14] Maguzald H, Opawa V', SBagawalV,
Hosoda I, Dlatsimnots T, Wlise H, et Al
MNonadipose tissue production of leptin:
Leptin as a novel placenta-derived
hottmcte i hurmans. Mature Iiedicine.
1957, 31028-1033

[15] Acconcia F, Kumar B Sipnaling
regulation of genomic and nongenotnic
fimcticns of estrogen receptors. Cancer
Letters. 2006;238:1-14 T ID.IEI]EJ"]'.
canlet.2005.06.018

[16] Gorczal ez BE, Simdn O, Caballero-
Campo P, Netman R, Chardennens I



Leptin and Gertational Diabeter Mellitee
Do hepdde. dod orgSo. 572 dinzechopen B8l

Drevoto L, et al. Leptin and
reproduction. Human Reproduction
Update; 62%20-300

[17] Sartor O, Lazzeroni P, Ileli 5,
Patiatna VIt, Viaroli F, Citllo F, et al.
Fromn placenta to polycystic ovartan
syndrerne: The role of adipeldnes.
Ifediators of Mflanmation. 2016,2016:
48E1916. DI 10 1155/2016/4 98 1916

(1%] Louis (W, Greetvwald-Varnell M,
Phillips K, Coolen LIV, Lehrnan MV,
Ilyers WG, Miel ecular mapping of the
tenral pathuwys linldng leptin to the
neuroendocrine reproductive axis.
Endocrinelogy. 2011,152:2302-2310.
DO 101210/ en 2011-0086

(18] fim L, Zhang 3, Burguera B, Couce
IWE, Csarnura BY, Kulig E, et d. Leptin
and leptinreceptor expression invat and
touse pitiitary cells. Endocrinologsy.
2000;,141:333-339. DO 10,1210/

ende. 141.1. 7260

[(26] Archanco I, Muruzdbal Fl, Llopiz
oY, GGarayoa M, Gémez-Arnbrosi |,
Frithbecl: 3, ef al. Leptin expression n
the vat cvary depends on estrous cycle.
The Journal of Histochernistery and
Cytochemistry. 2003,51:1268-1277. LTI
10.1177/0022155403051010 0%

[21] Ladsson C, Lindell 1, Svetisson E,
Bergh C, Lind P, Billig H, et al.
Expression of functional leptin
receptors in the human ovary. The
fournal of Clinical Endocrinel opy and
Iletabolism. 1997824144 4148 DHOH
10.1210/cemn. 52,12 4446

[22] Cinffi JA, Wan Bledsorn [, Antezal:
Ivl, Shafer A, Withmer 5, Snodgrass HE.
The expression of leptin and its

receptors it pre-ovulatory man
tollicles. Molecular Hurnamn

Reproduction. 19573:467-472

[23] Ricei A, O YVorio WP, Falettt AT,
Inhibitory effect of leptin on the vat
o ary duting the ovulatory process.

93

Eeproduction. 2006,132:771-7a0. DO
10.1530/vep.1.01164

[24] Sir-Petemnann T, Becabatren SE,
Lobos A, Maliquen I, Wildt L.
Sectetory pattern of leptin and LH
during lactational amencrrhoea
breastfeeding notrnal and pelyegstic
ovarian syndeotne wommen. Human
Eeproduction. 2001;16:244 245

[25] Faroogi I5, Jebb 54, Langmacl: G,
Lawrence E, Cheetham CH, Prentice
A, et al. Effects of vecombinant leptin
therapry i a child with congenttal leptin
deficiency. The MNew England Journal of
Medicine. 195953415794, OO
10.1056,/ EJW1 %535 05163411204

[(26] Cervero A, Horcajadas JA,
Dominpues F, Pellicer A, Stmin C.
Leptin systemn in embryo devel oprment
and tmplantation: A protein m search of
a function. Reproductive Bictnedicine
Caline. 2005;10:217-223

[27] Kawanuea IT, Sato M, Fulaida |,
[Kodama H, Kumagai [, Tandwawa H,

et al. Leptin promotes the devel opment
of mouse prefmplantation embryos

in vitro. Endocrinclogy. 2002;143:
1922-1%31. O3 10,1210/
etdo. 143 58815

(28] Aplin Tt Implantation, trophoblast
differentiation atnd haetnochorial
placentation: Mechanistic evidence

it wive md in witro. Journa of Cell
Scietice. 199199 Pt 43:681-652

(28] Schmeider H. Untogenic changes in
the nutritive functicn of the placenta.
Placerta 19%96,1715-26

[ac] Bajotria B, Sootanna SE, Ward B,
Chatterjee R Prospective function of
placental leptin at maternal-fetal
interfare. Placenta 2002:2%103-115.
O 1D.1053}'P13E.2DDI.D?59

(3] Henson MWIC, Castracane VI Leptin
in pregnancy: An update. Biology of



94

Gestainnal Digbetas Malling - An Goerdew wath Same Recens Adsanee;

Eeproduction. 200674218225, T
101095/ biclreprod. 105, 045120

[32] Ahitna RS, Prabaloaran I,
Mlantzetns O, O O, Lovrell B, Dlaratos -
Flier E, et al. Bole of leptin in the
neurcendoctine response to fasting.
Mature. 1956, 382:250-252. THH:

10,1038 /38225 0a0

[33] Bjgrhael: C, Uctani 3, da Silva B,
Flier J5. Diiverpent signalng caparcities
of the leng and shett fsoforms of the
leptin veceptor. The Journal of Biological
Chemistry. 199727232686 -326595

[34] Banlos A5, Trhawis S, Bates 5H,
Llyers MG Activation of downsteearn
signals by the letng form of the leptin
receptor. The Joumal of Biological
Chemistry. 2000 275:14563- 14572

[35] Wryrwoll C5, Mal: Pf, Waddell BJ.
Drirecticnal secretion and transport of
leptin and expression of leptin teceptor
sof ormns it hurnan placental BeWo
cells. lplecular and Cellular
Endocrinol ogy. 2005;24173-78. DOL
10.1016/4.tree 2005.05.003

[35] Pévez-Péres A, Mayrnd [, Gamnbino
¥, Thiedas 1L, Goberna B, Varone C,

et al. Leptin stitmulates protein
symthests-activaring translation
tnachitery i man trophoblastic cells.
Biclogy of Reproduction. 20 08,21
B26-E32. DHOH: 101095/

biclteprod. 10%.076513

[37] Toro AR, Mlaynd JL, Tharhalz FIV,
PEres-Péres A, Iiasldn B, Faletti AfS,

et a. Leptin is an anti-apoptotic effector
i placental cells mvelving pos3
downregulation. PLoS Cme. 2014.9:
e9T1E7. DH: 10,1371 journal.

pote. Q05S1ET

[38] Toro AR, Péres-Péves A, Cottales
Gutiérrez I, Sanchez-MMarpalet V,
Varone CL. Mechanists volved i p5s3
dewwniregulation by leptin it
trophoblastic cells. Placenta 201536

10

1266-1275. DOH: 10,1016
placenta 2015 08.017

(98] PEree-Peres A, Toro A, Vilaritio-
Garcia T, Guadiz P, Maymn 6 J, Duetias
IL, et al. Leptin protects placental cells
from apoptosis mduced by acidic stress.
Cell and Tissue Research. 2018 DN
10.1007/s00441-018-2240-5

[40] Pérez-Pérex A, Torn AR, Vilaritn-
Garcia T, Guadiz P, Mayrmn 6 JL, Diefias
JL, et al. Leptin reduces apoptosis
triggered by high ternperature in human
placental willous explants: The wle of
the p53 pathway. Placenta 201642
106-113. THOH: 10, 10164.

placenta 2016.03.009

[#1] hapariaos WP, Sanchez-Mavpalet
W, Iedl et Il Caly o JIT©, Varone CL.
Leptin prometes cell prolifevation and
survival of trophoblastic cells. Biology of
Reproduction. 2007,76 203-210. THOH:
10,1095/ biolveprod. 106.051321

[42] Genbacey (0, Miler BIC Post-
trmplantation differentiarion and
proliferation of cytotrophoblast cells: In
wittn todels—A vewiew. Placenta

2000 21{Euppl A) 545547

(43] Forhes IC, Westw ood v, Balcer PI,
Aplm JT Insulin-lile prowth factor I
and ITregulate the life cycle of
trophoblast in the developing human
placenta. Armerican Journal of
Phypsiclogy. Cell Phypsiology. 2008294
C1313-C1322 OO 10,1152

ajpeell 000352008

[44] Forbes I, Seuduet B, Garside E,
Aplin JT, Westwood M. Transtorming
prowth factor- {beta} {TGF{beta})
receptors 11 diff erentially vegulate TGF
{beta}l and IGF-binding protein-3
mitogenic effects i the human
placenta. Endocrinelegsy. 2010151:
1723-1731. Th: 10,1210/ en. 2009-05%6

(45] Forbes I, West (3, Gawide R, Aplin
IT, Westwond WL The protein-tyrosime
phosphatase, SRC homelogy-2 domain



Leptin and Gegtationgl Dighetes Mg
DO bepedde. dod ore'zo, grra finterhopen Briids

cottaiming protein tyroste
phosphatase-2, s a cructal mediator of
exopenions insulin-lidce prowth factor
sipnaling to lman trophoblast.
Endocrinol ogy. 200%150:4744-4754
OO 10,1210/ er 2009-0166

(46] Huppertz B, Kadyrow I, Kingdom
JCP. Apoptosis and its vole in the
trophoblast. Ametican Journal of
Obstetries and Gynecologsy. 2006195
2839, DO 10,1016/ 2jog 200 5.07 038

[47] Saba-El-Leil W, Vella FIY, Vertiay
B, Voisit L, Chen L, Labrecoue I, et al.
An essential function of the mitogen-
activated protein kinase Erld in mouse
trophoblast development. ENMEC
Reports. 20 034:964-968, DOL: 10,1035/
s embor. etnb o3

(48] sanches-fiménes F, Perez-PeErez A,
Gotrzales-Vanes C, Majib 8, Vaone CL,
Sanchez-Mavpalet V. Leptin receptor
activation Mmcreases Samo s tyrosine
phosphorylation and expression in
hirran trophoblastic cells. Mol eeular
and Cellular Endectitiol egyr. 2011,332:
221-227. THH: 10,1016/,

tnce. 2010.10.014

(48] Heazell AEP, Lacey HA, fones CJP,
Huppettz B, Baler P, Crocler 1P
Effects of oxygen on cell inmover and
expression of repulators of apoptesis
hirran placental trophoblast. Placenta.
2008,29:175-186. DHOH: ID.IDIE}']'.
placenta 2007.11.002

(5&] Sharp AN, Heazell AEP, Crocer P,
Mot G Placental apoptosis i health and
disease. American Jourtal of
Eeproductive Inomunologsy. 2010,64:
15%-16%. OO 100111
j.1600-05897.2010. 00837

(51] Ilaltepe E, Balcardjiev Al, Fisher 5[
The placenta: Transctptional,
epigenetic, and physiological mtepration
diring developrnent. The fournal of
Clinical Investipation. 2010120
1016-1025 DH L 1011724141211

1

95

(52] Pérez-Perer A, MWaimnd [, Duetias JL,
Gobetna B, Calvo JC, Warone C, et al
Leptin prevents apoptosis of
trophoblastic cells by activation of
MAPI pathway. Archives of
Biochernistry and Biophysics. 2008477
3590-3%5. OHCHE: 10.10164.
abbZ008.06.015

(53] Pérez-Pérex A, Garnbino W, Mayrod
I. Goberma B, Fabimni F, Varone C, et al
MAPI and PI3K activities are requived
for leptin stimulaticn of protein
synthesis tn human tropheblastic cells.
Eiochernical and Biophysical Research
Cotmrnunicaions. 2010;39&:256-960
CHH: 10,1016/ bbee. 2010.05.031

(54] Fumagalli 5, Totty INF, Hsuan JJ,
Courtneidge SA. A target for Src
mitosts. Native, 19594, 368 87 1-E74, THO:
10.103E/36EE71a0

(55] Tayler 2, Shallowsay T An BIA-
hinding protein assoctated with See
threugh its SH2 and SH3 detnaing i
titosis. Matiure. 1994, 368 567-5871. DO
101038/ 36EEE Al

(56] Sanchez-Margalet V, Martm-
Eotnern O, Santos-Alvares |, Goberna B,
Nijih 5, Goreal ez-Vanes C. Role of
leptin as an fmmunetnodulator of blood
monotclear cells: bechanistms of
action. Clinical and Experimental
Imtrunology. 2003,133:11-1%

(57] Kotlabowa 12, Doucha |,
Hrormadnilcova I Placental -specific
tnicto EINA i tatertal cieculation—
Identification of appropriate pregnancy-
associated micvoRNAs with diapnostic
petential. feirnal of Reproductive
Irmunology. 2011,89:185-191. DO
ID.IDIEJ'j.jt'E.ED:ll.Dl o0&

[58] Hutter H, Hatmmer A, Dohe 5, Hunt
5. HLA expression at the maternal fetal

interface. Developmental Immunelegy.
155E,5:157-204

(55] Lappas M, Rice GE. Phospholipase
A2 isozytnes in pregnancy and



96

Cetrrinam Db et Medldcs - Aa Semedmy pdh Soote Receae Ao e

parturitian. Praostaglandins,
Loulatri=n=, and Exential Fattr Acds.

200,007 100

[6d] Rice GE. Chytakine and the
mitiztian af parturition. Frantisrs af
Hamnan= B=s=r-h. 200027113 144

[e1] Lappas M, Tamll, Perm=z=] 1, Fic=
GE. Ral=as= ard razulatian af l=ptin,
r=xstin and adipanectn fram human
P]au:nh. f=tal membmne, ard
mat=rnal adipazs thxu s and skal=tal
musclz fram rammal ard getatianal
dizbet=s mallitus camplicated
pregnancies. ThaJaurnal af
En-:l.-:-:nm]-:g':.r 2005186457 455 OO
'1['.'1-5??!}:-:.'1.['52?

[82] Lamn (LI, Lu L. Ral= af l=ptin in
fmmunity. Celhilar & Malscular
Immura g':.r.EEIEIT";Ji:'l 13

&3] Ferrdndez Risjos P, Majib &, Santas
Alvarer T, Martn Ramem G, Pér=
Per=r 5, Ganzaler Tane 3, =t a]. Fal=
af l=ptinin ths activatan af immuns
calk . Medixtarz o Indlammatan. 20°00;
2000-550343. DOk 10115572 D055 343

[54] Fantara WA, Sarche M, Cabl E,
Calva TC. Interl=ukin 1 beta r=gulates
metallaprateinas e actwty and l=ptin
z=cr=tan I a artotmphablast madal.
Biacsll. 20°10; 3437 43

[85] Fantzna VWA, Sancher M, C=tm]E,
Calva JC. Interf=mn gamma inhibits
metallapratsinas s actwty and
ortatmphablast c=] misratian.
Americn Joumal of ductiv=
Immuralazy. 20006420 24 DO
'1|:|.'1'1'1'1.I'j.'1§-:|l:|r|:| 0937 2010.0080%

8] Sah EE, Mitchel MDD, 1=lan TA.
Dia=s l=ptin schibit oyrtaldne lik=
praperti=s in tisus of pragramoyr?
American Joumal of R=praductis
Ir.|1.1'.r|.1.|.1'.i-u]-:|g':.r. 200D0:43-292 234

[67] (mmea P, Bischaf B, Cxhea 70, Effect

-:f]-zP'I:i:n an pragsterans, human
chadanic saredatrapin, and

12

it =d=ukin & s=o=tan by human t=rm
tmphablast c=lk in cultur=. Bialagy af
Reproductan. 2003 ;68472 477

[s2] Lappas M, Permer=] M, Geargiau
HIM, Fic= GE. Mucl=ar fatar ]'EPP""" E
r=zulatian af pmirdlammatany
cytakines in human s=statara] twu =
i rtra. E:i-:l]-:g:.r -:fP.-:Pr-:-:l.ucl:i-:n. 2002,
7540 £73

[85] Bardamtas G, Tara A, T-'[u:a-:hm'.u:]-q,r

P, Cah=r M, Gar=a MG, Faz=3, =tal.
in pramat= HLA G =M AT

plcmita] tmphablasts iz the MECECK

ardd PIGIC :'gm]:irg Paﬁw:':.l:. Flac=nta.

20 5362419 425 DO '1|:|.'1|:|'1-E.l'j.

phec smita 2015.01.008

Pére=r Pir=z A, Mzyma JL, Gambina
'El[-l:.g] Guzdizx P, Dusfas L, 1&]Lr-:n= L,
=tal Activatsd tonslatian sizraling n
plcmits fram pr wam=n with
gﬂ:mﬁ:m] d mhe=t= mellitus- Pasz=5hbl=
ml= af leptin. Hamnane and Matabalic
Besmarch. 200345435 442 DO
10,1085/ OOFE2 1333505

(7] Qi C, Williams M4, Vadachkana 5,
Fr=de=ri-l: I11, L1.|.1'_'|1'=,r T L |
mat=rrnal plasma leptinin mrhr
pr=gnancy ard rizk of getatianal

diz bet=s mallitus. Ubst=tdis and
Gymecalagy. 2004;10%519 25, DOE
1010014 0G. DD OO 13521 58402 72

[2] Barne=s Paw=ll LL . Infamts af
dizb=ti- mathers: The == af
hyperglycemi an the f=tus and nearats.
IM=arzta] M=twad:. 200726203 290.
OO 10193 /0730 E32 245203

[7] Uzeke PS5, Li ¥, Lin ], Ham=LD, Lin
L, I'Ta]-mj:im:a 5T, =tal. D':.l:r-%mht:i-:n a
leptin and t=stast=mne praductan and
thsir mesptar spresganin the human
plcmmits with s=stytianal diabetas
mallitux. Flacs=nts. 20°10;31-501 5040,
oI '1|:|.'1|:|'1-5I'j.]_:-]=r:-=n‘|:|.2|:|'1 0.04.002

[#] Farram A. Increasing prewalmce of
gestatianal d abetes mallitus: A public
h=lth pempectivs. Diabetes Cars, 2007,



3 weao! et e Dot (Tl s
DO etosfole im0 7 diatee o pev By

20 (Supp. Z1:5141 S144 DUL 10257
deD7 3204

[73] L== A, Hizcack FJ, U=in P, Walkar
P, Perme= sl M. Geztarm] dinbetes
mellitus Chricl pradictas and Jans
trmn rik af d=velaping tvp. 2 diabet=c
A :|:-=1:|:l:|:]_:-a:|:i1.r4: cahart Il'LLl:l.':,l' 1.|::|:r.g
sunrval arahedz. Diabet= Cars,
200770074 003, DOL- 10,2330

d=0E 1818

[7a] Thadhari B, Faws CE, Tjaz ML,
Khanlin E, T ], Ecker ], =t al. First
trimester fallistatin liks 3 l=w=k in
pregnancis camplicated b subs=quent
gestatanal diabetes malbitus. Diabets
Care, 2010;3%444 &3, DO 10. 335
d=039 1745

[ Edcszan A, S3ljE I, Sfistmnd E,
Jarszan I, Fraszd FT, Paweal] TL, =t 2l.
Eri=f hyperglrc=mizain the mrhr
Frasnant mtinormse fatal weizht at
termn bar simubsting plecental grawth
and aff acting placental nutdant
trarspart. The Journal af Physialagzy.
2007 581-13 % 1352 . DO 10,1113
jphysial 2007, 171145

[72] Tadooa E, Fad=a=lli T, IMakil= d=
fartiz ME, CetinI.Fostal and placental
waights in mhtan ta mat=rnal
charact=miztics in g=statana] dobets.
Flac=nta. 2003;24-343 347

[7%] D=avs G, Hauzusl d= Mauzan 5.
Th=human phcmts In g=ttianal
diabet=s malitus. The irsulin and
C:,I'tﬂ]ii:l'}! netwade. Dinbetes Cx= 2007
30 (fupp. 24120 §12£. DOL 10 3571
d=07 5203

[20] Armiija TR, Keting E, Marts] F.
Impact af gestational diabet= mellitus
in the materral ta f=ta] tonspart of
rutri=nts. Curent Dinbet= R=parts.
2001515559, DO 10.1007=11892 [rl4
DT

[£1] Paws CE. Eady prasrancy

biach=miz] predictars af s=tatiaral
dizbe=t=x mallitus. Curr=nit Dizbe=t=

12

97

Reparts. 201071712, DOE 10,1007
11892 D17 D434 v

[2] IS=k R, Werder Ozzrawsl=z E,
Tawrisirkn A, Mikolzjzak P,
Mrazild=wricz FM, Fistorga M, =tal
Fhicenta] leptin and itz mcsptar genes
SprEmian in pregrancis oomplicatsd
by typ. 1diabetss. Jaurnal af Phyzialagy
ard P]mhg‘:,l'. 20134 -579 505

[3] L=p=mq ], Cauzac M, Lahlau I,
Timnsit [, Gimrd T, Auwesc T, =tal
Chrer=spr=sion af placmtal leptn in
dinbetic prasremar 4 oitical rals far
irsulin, Dizbetas, 1338;47-047 450

[24] Cate &, Gagné Dusll=t ¥, Guaxyr 5P,
Albrd &, Hud=4 A, Peman P, =t al.
FPARGClx gen= DA mathyktan
varatians in human placents madnts
the bnk betvwe=n mat=rral
hyperglircamnia and l=ptin l=rals
newbarns. Clinis] Epigenetdcs . 2 004,;8:
2. O0OE10 11840513148 Dls 0233 3

(2] Mizhlz I, St=pan H, Famhauer M.
Leptin, adipanectn and athsr
adipalkdns I g=stonaldabets
mellitus and pr= aclampsia. Clindcal
End.-:u:r.imlug:,r. 201272 11. DOI1-
”].D.'l‘l‘l‘].l'j.ﬁ-ﬂﬂ 2245200104 734 =

[26] Per=z Pir=x A, Maymd |, Gambira
T, Guzdix P, Dus=fizs [L, Varane G, =tal.
Inzulin =nhancs l=ptin =5zianin
human 'tl:uP]l-:lb]asﬁ-: calk. E:i-:]ug!,r af
R-EP:I.‘-:!-:[‘LI.CI:i-:n. 203 520 D0
'1|:|.'1|:|ﬂ.ﬁ.l"|:-:i-:|]:l.'=]_:-1'-:|-:|..'1']3 03344

[#7] E=drar AD, Emrdal M, Erzcs A,
I:!]1-=1m5 CY. Diff sremtial mopresganand
r=gianal distributian of aquapasins in
amrian af narmal and getrtianal
diabetic pragrandes. Fhyzialagicl
R-El:-:l:l.'l: 2015 Z2=172 0. DOT- 10 148 14
phy217320

[22] (hstra Famadi M, Fadima M, Districh
V, Aben C, Sz IT, Zatm E, =t al.
Eridence far insulin madiztad cantm]
o APA spressian inhumen placent.



98

St am Dbt Med®os - Aa Cemedmy il Soone Recear Ao s

Flz==ntz. 2011;32-1050 1055, DOL:
10,1014 pleceanitz. 2001.09. 022

5] Vilarifa Garda T, Pir= Pir= A4,
Diistrich ¥, Guzdiz P, Ty sfias TL,
Vamns CL, =tal. Leptin uprarubtes
aquzparin 3 sxpr=sian humam
phcmts inwitra. Gynacalazicl
Endocrirakigy. 2018;34:175 177. DOE
1010 0D S1E 530200 7. 15807194

[3] Bamstain E, 1im 5%, Cazmal] Ma,
Murchizan EF, Alcan H, Li MZ, =t 2l.
Dicar & ===ntial far maus=
-:|.-=1.r-='|-:|]_:-:r.r|.-=r.|t. Matur= Cen=ti=. 20033
215 M 7.00E: '1|:|.'1|:|3-9.I':|'.§"11E

[#1] Tang W, Tang DD, Ma 5, andusly

GE, E-]u:ng [, Zhza 5. Dicar & 1'-:-:_|_1.|.'i:|::-:|.

far smbryranic jarenexiz durd
st The Jaural o

Fialagical (Chemistry. 2005,280:

0 3335 DOUE 10 10744k,

MALEZZ34200

[32] Farbes I, Famakhrda F, Aplin D,
Wetwaad M. Dicer d=pendent
miRM Az provide an ardag=raus
r=straint an oytatraphablast

nni-10 .'1D'1'£.I'j.P]BC-ﬂ'.ﬂI 2012.03. 00E

[33] Garibatta 5, Rusza F, Fncasching
E, Babzuda G, Saffat §, Saf A, =tal
Inter argan leptin mochang= inhumans.
Eiachemnizl and Biaphy=ical R=x=arch
Commurdcztians. 13382475004 5069,
D0OE10 10 bbroc 1338 85813

[34] Mira VI, Straughen TIC, Trud s 5.
Mat=mal s=rum l=ptin during prasmancyr
ard infant birth weight The influencs
af mat =mal averwsizht and abexty.
Obeity (SGheer Sprimg). 200521

14 103, DOL- 1010 Dll'-:.b':,r.zl:l'lz-ﬂ

[35] T=i=r DR, Fermmm IM, Gruszlin 4.
Falz of l=ptinin pregranaon
Carssquercs af matermal abeity,
Fla==ntz. 201334205 211. OO

10,100 &' p hecerits, 201211035

[9%] Fadey DM, Chai ], Dudl=y DT, Li .
Jenlkdins &L, Myatt L, =t al. Fhcmita]
amina #5d transpart and placmtal

In rExiztarce in pr e
carmplicated b matemal abedtyr.
Fhicentz . 200 0;31718 724 . D0:
1010164 placents 2000 .0 DD E

[57] Durdar IO, Anal O, Durdar E,
Uelan H, Calikan §, Biiyiilzrabiz A.
Langitud ina] inrestizatian af the
m=htiarchip betwem bemazt milk l=ptin
lorzk and prowth in brest £2d indants.
Jaurna] af Pad tbc Endacrinalagy &
M=tz balm. 2005;18-191 187



99

’\

CHAPTER FCURTEEN

Aquaporins and placenta

Antonio Pérez-Pérez*", Teresa Vilarino-Garcia®®, Valeria Dietrich®,
Pilar Guadix®, José L. Duefas, Cecilia L. Varone®, Alicia E. Damiano”,

Victor Sanchez-Margalet™*

*Diepartment of Cliniral Biochemistey, Virgen Mararena Univenity Hospital, Medical School, Univerity of
Leville, Seville, Spain

b iterdn de Binlogia Celular v Molerular, Departamentn de Qienrizs Binltgiras, Farultad de Farmaria v
Bioguirnica, Universidid de Buenes Aires, Buene: Adres, Arpenting

“Obstetrie and Gynecology Departrnent, Virgen Macarena Umivenity Hospital, Medical School, University of
Leville, Seville, Spain

Nepartrnent nf Biologieal Chernistry, Farmultad de Cieneias Biractss ¢ Maturles, Universidad de Buenos Aires,
Buenos Aires, Arpenting

.Cun-espnnd.ing auther: e-rnail address: rmargal et @ es

Contents

1. Introduction Nz
References 220
Abstract

Water is the major component of cells and tissues. The fetal body consists of about
70 9% water and its fluid balance is dependent on the mother In fact, abortion,
premature birth, amnictic fluid volume abnormality, malformation and fetal growth
restrictions might result when the hormeostasis of the maternal-fetal fluid exchange
is cisrupted. Thus, maternal-fetal fluic balance is critical during pregnancy. In this sense,
several mechanisms, induding aguaporing (AQPs) have been reported to play important
roles in matermal-fetal fluicd balance. AQPs are small membrane proteins i@hout 30 kDa),
present in different organs, that increase the permeability of water, as well as other small
uncharged moleadles to be transported across the bilayer cell membranes. Several
aguaporing are expressed in placenta, and aguaporing play key roles in the placental
function. Even though aguaporins have a proven crudial role in water homeostasis,
the physiclogical and pathological importance of aguaporins as glycerol channels is
not fully understood. This review focuses on advances in our knowledge of the roles
of aguaporing in placental cells, particularly the roles of AQP3 and AQPY in placental
metabolism and points to the pathophysiological importance of glycerol channels in
placenta, as well as the signal wansduction pathways activated by them. Morecwver,
the regulation of aguaporins expression by different placental hormones, such as leptin
and the mechanisms involved will be disoissed.
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>} 1. Introduction
Aquaporins (AQPs) are a class of membrane water channels, with a

wide range of distribution in different organs (Gonen & Walz, 2006) and
whose primary fiunction 1s to facilitate the passive transport of water across
the plasma membrane of the cell in response to osmotic gradients (Carbrey &
Agre, 2009), It 1s well known that AQPs not only increase cell membrane

water permeability (5- to 50-fold) as compared with membranes in which
water moves primarily through the lipid bilayer, but also facilitate the per-
meability to uncharged small molecules, such as glycerol (Fu et al., 2000),
urea and ammema (Jelen et al., 2012; Musa-Aziz, Chen, Pelleter, &
Boron, 2009). In this sense, 13 AQPs isoforms have been identified in
humans, many of which have a broad tissue distribution (Gonen & Walz,
2006) and each one has a unique cellular and subcellnlar distribution with
little overlap between homologs. AQPs are subcategorized as “classical
aquaporing,” the most numerous (AQPO, 1, 2, 4,5, 6 and §), that are selec-
tive only for water, “aquaglyceropeoring” (AQP3, 7, ¢ and 10) which enable
the transport of water, glycerol and urea, although AQP9 also facilitates the
flux of some solutes such as monocarboxylates, punnes and pyrimidines
(Ishibashi, 2009; Tsukaguchi, Weremowicz, Morton, & Hediger, 1999,
and finally, “super-aquaporins” (AQP11 and 12) which are localized in
the cytoplasm and whose permeahilities have not yet been fnlly determined
(Ishibashi, 2009). In addition to the transport of water and glycerol, AQPs
could potentially transpert gasses such as CQO,, ammoma and nitric oxide
(NO), as well as larger polar solutes such as sugars, hydrogen peroxide
and even some ions (Bienert et al., 2007; Fu et al., 2000; Hara-Chikuma
et al., 2012; Herrera, Hong, & Garvin, 2006; Musa-Aziz et al., 2009; Sui,
Han, Lee, Walian, & Jap, 2001; Tsukagnchi et al, 1999; Yool &
Weinsteinn, 2002), although, some evidences are conflicting. On the other
hand, it is not known whether the transport of molecules other than water
and glycerol is biclogically important.

AQPs are involved in a variety of physiological and cellular functions,
such as peritoneal dialysis (N1 et al., 2006), plenral fluid transport (Song,
Yang, Matthay, Ma, & Verkman, 2000), intraccular pressure and aqueous
fluid production (Zhang, Vetrivel, & Verkman, 2002), corneal endothelinm
fluid transport (Kuang et al., 2004), brain edema and neurcexcitation.
Moreover, marny authors have reported the expression of AQPs (particularly
AQP1) in the human placenta and fetal membranes suggesting that AQPs
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may contribute to ammiotic fliid vohune regulation (Beall et al., 2007). In
this sense, the developing fetns requires large volumes of water, which are
obtained from the maternal circulation through the placenta. Placental
function and the maternal circulatery system are intrinsically dependent
upor one another, and perturbations in placental function are likely to influ-
ence the maternal circulation and vice versa (Damiano, 2011). Of note
that hman placentaishemomeoneochoral, in which the syncytotrophoblast,
a single layer of pelarized epithelinm separates the maternal and fetal
circulation (Stule, 1997). Formation of this interface relies on coordinated
interactions among transcriptional, epigenetic, and environmental factors
(Maltepe, Bakardjev, & Fisher, 2010). The diversity of functions performed
by the placenta is very broad, ranging from anchoring the embryo to
preventing its rejection by the maternal immune system to enabling the
transport of rutrients, gasses, water, ions, and waste products between
mother and embryo (Maltepe et al., 2010). Therefore, placenta is a key
organ for supperting fetal growth and as the water is transported to the
fetus from the maternal circulation across the placenta and ammion, the
placental water transport 1s essential for fetal water acquisitionr. However,
the actual mechanisms of the regulation of placenta water transfer and
intramembranons reabsorption are poorly understood. Both phenomena
involve the flow of water across biclogical membranes, which is a function
of membrane water channels (Beall et al., 2007). In this sense, it has been
demonstrated the expression of AQPs throughout pregnancy in placenta
and uterns. More specifically, of the 13 known mammmalian AQP genes,
(AQP1, AQP3, AQPS, AQPY, and AQP11), 5 of them are known to
be expressed in the hwman amnion (Damiano, 2011; Mann, Ricke,
Yang, Veroman, & Taylor, 2002; Mobasheri, Wray, & Marples, 2005;
Wang, Chen, Beall, Zhou, & Ross, 2004; Wang, Kallichanda, Song,
Ramirez, & Ross, 2001), and each AQP may have a different function with
specific roles in transport. For instance, AQP1 and AQP3 likely play a dom-
inant role in passive water movement across the amnion. In this line, gene
expression of AQP1 and AQP3 and their protein levels are increased in the
human ammon. Other observations suggest that AQPE and AQPY water
channels are likely fiindamental to the regulation of fetal water and solutes
flow both in intramembranonus absorption and in placental water transfer
from mother to fetus (Damiane, 2011; Wang et al., 2004, 2001). However,
the rele of AQPs in regulating ammiotic fluid velume is poorly understood

artd further studies are needed to compare the relative water conductance
of individual AQP water channels in the amnion.
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Placenta has the particulanity of being a temporary organ in continuons
change, both in its macroscopic characteristics and in relation to the expres-
sion of different meolecules with hormonal or transport functions. In fact,
dynammic changes in fetal flnid accummlation and fetal weight, as well as
placental weight, take place during gestation (Bazer, Thatcher, Martinat-
Botte, & Terqui, 198%; Wu, Bazer, Hu, Johnson, & Spencer, 2005). In
this regard, placenta and its assoclated extraembryonic membranes express
also AQP in a spatial and temporal manner with higher mRNA levels
for AQP1, 3, 9, and 11, but lower mRINA levels for AQP4, 5, and B, in
chorionic villi in the early stages of human pregnancy (10-14 weeks of
gestation) (Bscobar et al., 2012).

In humans, with the progression of placentation, two pathways of cyto-
trophoblast differentiation lead to the formation of two distinct phenotypes.
I the villus, eytotrophoblast cells undergo cellular fusion and differentiation
to form syncytiotrophoblast, while the extravillous trophoblast proliferates
and migrates into the decidua, remodeling the pregnant endometrium
(Malassine & Cronier, 2002). In this sense, the AQP1 mRNA is detected
in placental blood vessels and in the syncytiotrophoblast (Stule, 1997), while
AQP3 1n trophectoderm (Zhu et al., 2009. Moreover, both AQP1
and AQP3 have been 1dentified i ammion epithelium and choriome cyto-
trophoblast cells (Zhu et al, 2009, Wang et al. further demonstrated
the presence of AQP3 protein in human placental syncytiotrophoblast
and cytotrophoblast cells of the chorionic and ammon epithelinm (Wang,
Amidi, Beall, Gui, & Ross, 2006). Conversely, AQP4 expression decreased
in the syncytiotiophoblast, but increased in endothelial cells and stroma
of placental villi between the first and the third trimesters of gestation
(Dre Faleo etal., 2007). These data demonstrate a distinct expression profile
of AQPs at different stages of gestation in women and suggest that the
regional and temporal regulaton of AQPs plays important roles in normal
pregnancy, fetal growth, and homeostasis of ammotic fluid volume. There-
fore, the correct placental morphogenesis underpins pregnancy success and
offspring phenotype through tight regulation of transport of nutrients, gasses
and waste between the mother and fetus. That is why, the control of cell
proliferation and apoptosis are critical for a correct placental development,
which is a process finely regulated (Genbacev & Miller, 2000). In this con-
text, it is well known that the role of leptin as a mulafinctional hommone
that regulates not only body weight homeostasis but also implantation
and placentation in pregnancy (Chehab, 2014; Friedman & Halaas, 1998).
Leptin promotes growth, proliferation and cell survival of trophoblastic cells
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(Perez-Perez et al., 2008) by activating MAPK, and PI3K signaling path-
ways. Intrigningly, these signal transduetion pathways as well as pathways
that involve cyclic adenosine monophosphate [cAMP), and protein kinase
C (PKC), are also known to regulate AQPs expression it animals in a
cell-specific manner (Zhang, Ding, Shen, W, & Zhu, 2012). Moreover,
expression of different AQPs can be regnlated by distinet MAPK signal
transduction pathways within the same cell. More specifically, the
cAMP-PKA-dependent pathway plays a role in regulating expression
of AQP1, 3, 8, and @ in the placenta and fetal membranes (Belkacemi,
Beall, Magee, Pourtemour, & R oss, 2008; Zhang etal., 2012). Moreover,
it has been reported the regulation of aquaglyceroporins (AQP3, 7, and 9)
through the PIZK/Akt/mTOR pathway in placental cells (Rodrignez
Catalan, Goémez-Ambrosi, Garcla-Navarro, et al., 2011), suggesting
that, even though the physiclegical and patholegical relevance of these
aquaglyceroporins (as glycerol channels) is not fully understood, the
highly expression in placenta seem to indicate an important role in the
homeostasis of metabolism.

There are also several pregnancy molecules and hormones, commonly
increased in the course of pregnancy, that involved in leptin up-regulation
int the placenta. For example, leptin expresson has been shown to be
up-regulated by different pregnancy hormenes, such as chorionic gonadotro-
phin, and 17 beta-estradiol, and by second messengers, such as cyclic aden-
oslne Sf—monophosphate, mediated also through MAPK and PI3K signaling
pathways (Gambino, Maymo, et al., 2012; Gambino, Perez, et al, 2012;
Maymo etal,, 2010, 2011, 2012, 2009). Consistent with these observations,
high expression levels of AQPs by the sarne pregrancy molecules and steroid
hormones has been also observed in placenta. For example, a concentration-
dependent effect of human chornonic gonadotrophin (hC() is to increase the
abundance of AQPY protein in human placentae (Marine, Castro-Parodi,
Dietrich, & Dammiano, 2010). Moreover, AQP1 expression in trophoblast-
like cells is up-regulated by both arginine vasopressin and cAMP agomnists,
suggesting that modulation of AQP1 expression by maternal hommones
may contribute to fetal-placental-ammnion water homeostasis during gestation
(Belkacemi, Beall, Magee, Pourtemour, & Ross, 2008). Therefore, all
together, suggests that modulation of AQPs expression by maternal hor-
mones contributes to fetal-placental -amnion water homeostasis during gesta-
tiort. In fact, insulin and leptin regulate expression of AQP3 and AQPY
through the PI3K/ Akt/mTOR pathway in placental cells. Moreover, expo-
sure to insulin and leptin might increase the abundance of several AQPs,
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such as AQP3, which might facilitate their migration via PI3K-dependent
andindependentmechanisms (Cao etal., 2013). Infact, recently, unexpected
cellular roles of AQPs have been reported, including preliferation, apoptosis,
and cell migration (Verdoman, 2011). AQP-dependent cell migration, in
which the polarization of AQPs to the leading edge of migrating cells facil-
itates the entry of water into extending lamellipodia in the direction of cell
movernent, 1s one mechamsm that has been proposed to facilitate AQP1-
dependent tumor anglogenesis and metastasis (Papadopoulos, Saadour, &
Verkman, 200%). Moreover, it has been shown that AQP facilitates the pro-
liferation of seme types of turmer cells through mechanisms that may invelve
altered signaling pathways (D1 Giusto et al, 2012; Hara Chikuma &
Verkman, 200%; Jung, Park, Jeon, & Kwon, 2011; Zhang et al., 2010). This
is important as trophoblastic cells express an invasive phenotype during
implantation.

In placental villi, cell turnover is tightly regulated, via apoptotic cascade
(Heazell et al., 200%). In normal pregnancy, apoptosis is an essential featnre
of placenttal development and it is well-established that trophoblast apoptosis
increases with placental growth and advancing gestationt (Sharp, Heazell,
Crocker, & Mor, 2010). The intracellular K+ depletion generate an osmotic
gradient that dnves water out of the cell, which, finally, activate the apopto-
tic caspases (Chen etal., 2008). Regnlators of apoptosis are now considered
to have a major role in maintaiming the integrnty of villous trophoblast
(Heazell et al., 2008). In fact, it has been suggesting a role central of leptin
as a paracrine/antocrine signal, which could be an endogenous component
of the proliferation/apoptosis regulatory machinery of trophoblast cells via
MAPK pathway (Pérez-Pérez etal., 2008, 2009). Intrigningly, AQPs, stim-
wlated by leptin, might mediate the loss water and subsequent cell shrinkage
in the apoptotic cells (Jablonski, Webb, McConnell, Riley, & Hughes,
2004). Particularly, it has been demonstrated that only AQP3 might be
important in the regulation of villous trophoblast apoptosis and conse-
quenty, an abnormal expression of this protein could alter this tghtly reg-
wlated process (Szpilbarg et al., 2016). Moreover, as mentioned above, in
early pregnancy, a moderately hypoxic environment is crucial for appropri-
ate embryonic development since nommal proliferation and differentiation
of trophoblastic cells may be driven by low-oxygen concentration in the
decidna (Castro-Parodi et al., 2013; James, Stone, & Chamley, 2006). Oxy-
gen enrichment of fetal blood is promoted by partial pressure differences in
the feto-maternal circulation and, for example, when PCO2 is incremented
or the pH 1s reduced, hemoglobin afhmity for oxygen decreases producing
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acidosis. Thus, an adequate exchange of oxygen and carbon dicxide by pla-
certta 1s crucial to manage acid-base balance within a narrow pH, so, acidic
enviromment could impair the correct development of the fetns as well as the
anatomy and function of the placenta (Avaghano et al., 2015; Bobrow &
Scothill, 1999). For example, failures in pHi hemeostasis could alter varons
critical cellular functions such as water movernents and cell volome regula-
tiort. Int this respect, aquaporins are also key regulators of cell volume and
intracellular ions. Five AQPs are expressed in the human placenta, altheugh
their functonal significance remains unclear (Dammano, 2011). Possbly,
changes in pHi by modifying might alter the selectivity of placental AQPs
to water. Therefore, syncytiotrophoblast acid/base balance is necessary to
maintain optirnal solute transport rates across the placenta. However, the
actual mechamnsms of the regulation of acid/base balance by AQPs are
poorly understood.

The developing fetus requires large volumes of water, which are
obtained from the maternal circulation threugh the placenta. Once in the
conceptus, water is partitioned into several compartments, inchiding the
amniotic fhud. In this, intramembranous transport pathway, which moves
the thnid across the fetal ammnion and chorion into the fetal vasculature, is
considered a particularly important pathway for regulating ammiotic fluid
volume homeostasis (Beall et al., 2007). Moreover, changes in the expres-
siont of the AQPS and AQPY have been shown in pregnancies complica-
ted by idiopathic polyhydrammios (large-for-gestational-age fetuses and
macrosomia). In this sense, gestational diabetes mellitus (GDM) is a fre-
quernt pregnancy complication associated with increased incidence of poly-
hydrammios (Sohaey, Nyberg, Sickler, & Williams, 1994). Thus, GDM is a
health problem that increases the risk of death during the perinatal period
due to fetal macrosomia which is, in addition, accomparied by a larger
size and weight of the placenta to support the increased needs of the mac-
rosornic fetns. Therefore, in those subjects that develop pelyhydrammies,
altered frass-ammon water transport due to umpared AQP gene expres-
sion in GDM could be the cause of the increased ammotic fluid volume
(Dashe, Nathan, Meclntire, & Leveno, 2000; Santolaya-Forgas, Mehta, &
Castracane, 2006). For example, in vitro studies showed an up-regulation in
various transport systems, such as amino acids (Vaughan, Rosario, Powell, &
Janssory, 2017), fatty acids (Segura et al., 2017), and ghicose (Stanirowed,
Seukiewicz, Pazura-Turowska, Sawicki, & Cendrowski, 2018) in GDM
placenta. Thns, alteration of placenta funection may be the reason for
abnormal fetal growth (Osmond, Nolan, King, Brennecke, & Gude, 2000
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observed in this pathology of pregnancy (Jansson etal ., 2006). In this context, it
could be necessary to know the modnlation factors, such as fetal or maternal
hormones (Oliveira, Camnes, Franga, Hermo, & Hess, 2005; Pastor-Soler
et al., 2002) or other endocrine factors (Vilarifio-Garda et al., 2016), by which
AQPs can be regnlated. Intrigningly, women with GDM have increased plasma
leptin levels (Lepercq et al., 1998) and insulin levels (Sagawa et al., 2002). Our
group has recently descnbed that insulin induces leptin expression in tropho-
blastic cells (Pérez-Pérez etal., 2016) and moreover, increased insulin and leptin
levels may modulate the expression of AQPS, such as AQPY, as it was previ-
oudy described in placenta (in syncytiotrophoblast; Castro Parodi et al., 2011),
as well as adipocytes and hepatocytes (Rodrignez, Catalan, Gomez-Ambrosi, &
Frithbecle, 2011). Since, AQPY trophoblast was overexpressed in placentas
from women with GDM, the leptin/leptin receptor systern could play an
irnportant role, since the systern is activated in the placenta from GDM by act-
intg on the MAPK and PI3K pathways (Pérez-Pérez et al., 2013, 2015). There-
fore, it could be speculate that leptin could mediate the increased expression
of AQPY (or others aquaglyceroporins), which might increase the transport
of glycerol to the fetus and thus to contribute to attend the increased energy
intake requirernents in the macrosomic fetus in GDM. However, the fune-
tional role of AQPs in placenta remains to be elucidated and its expression
and regulation in abnormal pregnancy may point to rtew potential therapeutic
targets for the pathology of pregnancy.

Moreover, abnormal placentation and altered expression of a several
trophoblast transporters are also associated to other pregnancy complication
natned preeclampsia. This condition 1s exclusively for hman gestation and
affects 7-10% of pregnancies worldwide (Glachind etal., 2017). Although its
eticlogy rermains unclear, it is well accepted that defects in placentation are
also the main predisposng factors for preeclarnpsia (Hawheld & Freedman,
2009; Huppertz, 200%; Myatt, 2002). Briefly, an insufficient trandonmation
of the maternal spiral arteries resulting in a decrease in blood supply to the
fetoplacental unit and consequently, fluctuation in oxygen levels, increase of
the oxidative stress and the apoptosis of the trophoblast, concluding in the
maternal endothelial dysfunction. In this sense, villous syncytiotrophoblast is
involved in the fetal-maternal oxygen and mutrient exchange and an altered
expression of a varety of trophoblast transporters and channels are altered in
preeclamptic placentas (Castro Parodi et al, 2011; Damiano, Zotta, &
Ibarra, 2006; del Monaco et al., 2006; Dietrich, Sepilbarg, & Damiano,
2013; Szpilbarg & Damano, 2017). More specifically, an abnormal expres-
sion of AQP3 and AQPYS were shown in these placentas, suggesting an
altered transport of water, urea, and glycerol in placenta form preeclampsia.



107

Aquepating znd placenta 319

The reduced expression of AQQP3 in placentas from pregnancies compli-
cated by preeclampsia 1s consistent with previous findings in explants
exposed to oxygen changes (Szpilbarg et al., 2016), in which, AQP3 pro-
tein expression decreased after oxygen deprivation, and the subsequent
reoxygenation falled to restore AQP3 to basal levels, possibly due to
the oxidative damage of the plasma membrane of syncytiotrophoblast.
Along with this idea, it has been speculated that the decreased expres-
siont of AQQP3 might be an adaptive response of the placenta to reduce
the trophoblast apoptosis, which is related to the clinical mamifesta-
tions of preeclampsia. However, further smdies are needed to elucidate
this issue.

In conclusion, a number of AQPs have been found to be expressed in
trophoblast and 111 fetal membranes with an important roles in facilitating
water movement across the biological membranes of maternal- and fetal-
placental tissues and organs, as well as between mother and fetus. These
requirements are satisfied primarily via transplacental transfer from the
maternal arculaton, suggesting a need for increased placental water flux
with advancing gestation. In this sense, AQP1, AQP3, AQPS and AQP?
may be involved in regulation of the amniotic fluid volume. Moreover, it
could be speculated that the maternal metabolic enviromment may generate
stirmmli within the placenta resulting in the altered producton of aquaporins
and inflammatory cytokines, such as leptin, whose expression is normal
under control pregnancy. Thus, deregulation of leptin function in the
placenta may be implicated in the pathogenesis of various disorders during
pregnancy, such as GDM and preeclampsia (Bajoria, Sooranna, Ward, &
Chatterjee, 2002; Sagawa et al., 2002) by alternating AQPs expression. In
fact, while AQP3 and AQP? are normally expressed in the normal tropho-
blastic cells, AQP% 1s up-regulated in abnormal pregnancy. However, this
could not be related to an increase in water flux and hypotheses concerning
the function of placental AQPs are still speculative. There are many unan-
swered questions about the roles for AQPs in water transport by placenta,
endometrinm, and fetal membranes, as well as in relevant processes required
for a normal placental development, such as cell migration and apoptosis.
Moreover, although GDM and preeclampsia are complex and multisystemic
disorders resulting from multiple simmltaneous mecharmisms, AQPs may be
contributing as part of this network of alteratons that give mse to the
diverse clinical manifestations of these patheologies. Therefore, although
the functional role of AQPs in placenta remains to be elucidated, AQPs
expressiont and regulation in abnormal pregnancy might peoint to new

potental therapentic targets for the pathology of pregnancy.
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Con los antecedentes expuestos en la introduccion nos propusimos los

siguientes objetivos:

La leptina estimula la secrecién de gonadotropinas, pero otros estudios
correlacionan la hiperleptinemia con falta de funcion ovarica, en especial la
sintesis de estrogenos en el PCOS. Nuestra hipoétesis es que la baja expresion
de aromatasa para la sintesis de estrégenos en la granulosa de mujeres con
PCOS se deberia a una resistencia a la accion de la leptina., y que la accion de
la leptina sobre la expresion de aromatasa seria positiva y mediada por la
proteina de sefializacion Sam68, como hemos demostrado en otros sistemas.
La expresion de Sam68 podria estar disminuida en la granulosa de las mujeres

con PCOS y mediar en parte la resistencia a la leptina en la granulosa.

Objetivo 1. Investigar el papel de Sam68 en la sefializacion del receptor de

leptina en células de la granulosa

Comprobar la fosforilacion de Sam68 por la activacion del receptor de
leptina en células de la granulosa

- Estudiar la expresion de Sam68 en respuesta a la leptina

- Evaluar la importancia de Sam68 en las vias de sefializacion activadas
por leptina, inhibiendo su expresién o sobreexpresando Sam68

Objetivo 2. Estudiar el efecto de la leptina en la expresion de la aromatasa

en células de la granulosa normal y de mujeres con PCOS

Objetivo 3. Estudiar la expresion de Sam68 en granulosa de mujeres con

PCOS en comparacion con la granulosa de mujeres control

Nuestro grupo ha demostrado el efecto tréfico de la leptina sobre las células

trofoblasticas humanas, por lo que planteamos la hipotesis que la leptina
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podria prevenir la apoptosis de las células trofoblasticas inducidas por

agresiones como la alta temperatura o un pH bajo.

Objetivo 4. Estudiar el efecto in vitro de la leptina inhibiendo la apoptosis
de las células trofoblasticas promovida por la alta temperatura, asi como

la participacion de la via de p53 en este efecto antiapoptético.

Objetivo 5. Estudiar el efecto in vitro de la leptina inhibiendo la apoptosis
de las células trofoblasticas promovida por un pH bajo, asi como la
participacion de la via de p53 en este efecto antiapoptotico

La AQP-9, un transportador de agua y glicerol podria contribuir al mayor aporte
nutricional del feto macrosémico de la diabética gestacional, por lo que nuestra
hipotesis es que la expresion de AQP-9 estaria aumentada en el trofoblasto de
mujeres con diabetes gestacional y la leptina, cuya expresion estd aumentada

en esta patologia podria mediar esta mayor expresion de AQP-9.

Objetivo 6. Comparar la expresion de AQP-9 en trofoblasto de mujeres

con diabetes gestacional y en mujeres control.

Objetivo 7. Investigar el efecto de la leptina in vitro sobre la expresiéon de
AQP-9 en trofoblasto
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Los resultados de los objetivos 1, 2 y 3 estan contenidos en la publicacion:

Sam68 mediates leptin signaling and action in human granulosa cells: possible
role in leptin resistance in PCOS.

Vilariiio-Garcia T, Pérez-Pérez A, Santamaria-Lopez E, Prados N, Fernandez-
Sanchez M, Sanchez-Margalet V.Endocr Connect. 2020 Jun;9(6):479-488. doi:
10.1530/EC-20-0062.

como sexta publicacion de la Tesis.


https://pubmed.ncbi.nlm.nih.gov/32375121/
https://pubmed.ncbi.nlm.nih.gov/32375121/
https://pubmed.ncbi.nlm.nih.gov/32375121/
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Sam68 mediates leptin signaling and action in
human granulosa cells: possible role in leptin
resistance in PCOS
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Abstract

ritroduction: Polyoystic ovary swndrome (PCOS) is a complex metabolic disorder Key Words

associated with owulatory dysfunction, hyperandrogenism, obesity, and insulin » Samad

resistance, thatleads to subfertility. Sam68 is an RNA-binding protein with signaling » leptin

functions thatis ubiguitously expressed, including gonads. Sames is recruited to leptin »  polycystic ovary syndrome
signaling, mediating different leptin acdons. {PCOS)

Ghiective: We aimed to investigate the role of Sam68 in leptin signaling, mediating the » aromatase

effect on aromatase expression in granulosa cells and the posible implication of Samag » signalling pathaays

inthe leptin resistance in PCOS,

Materials and methods: Granulosa cells were from healthy donors (1= 25) and women
with PCOS [ = 25), within the age range of 20 to 40 years, from valencian Infertility
Institute [IVI1), Sewille, Spain, SamA® expression was inhibited by siRMA method and
overexpressed by expression vector. Expression level was analysed by gPCR and
immunoblot, Statistical significance was assessed by ANOVA followed by different post-
hot tests. A Pvalue of <0.05 was considered statistically significant,

Results: We hawe found that leptin stimulaton increases phosphorydaton and expression
lewel of Sam 68 and aromatase in granulosa cells from normal donors. Downregulation of
SamAd expression resulted in a lower activation of MAPK and PI3K pathways in response
to leptin, whereas owverexpression of Samas increased |eptin stimulation of signaling.
enhancing aromatase expression. Granulosa cells from women with PCOS presented
lower expression of Same® and were resistantto the leptin effect on aromatase
eXpression.

Corclusions: These results suggestthe participaton of Sam68 in leptn receptor signaling,

mediating the leptin effect on aromatase expression in granulosa cells, and pointto a new

. . . . Endocrine Conrections
targetin leptin resistance in PCOS, 1202049, 470458
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aromatase enzyme, which catalvzes the rate-limiting step
in the conwersion of 19 andregens (androstenedione
and testosterone) to C18 estrogenic steroids (estrone and
estradiol). Thus, conflicting results of high leptin levels
correlating with decreased aromatase expression (22, 23)
may be due to leptin resistance. In this sense, diminished
signaling has been found in GCs from PCOOS wolnen even
theugh leptin levels are increased in follicular fluid (24).
Low aromatase activity has also been demonstrated in
wornen with PCOS, Therefore, we have hypothesized that
the lower expression of aromatase in GC from PCOS could
be caused by leptin resistance and that Sam68 could be an
underlving factor and thus a nowel target in PCOS,

In the present study, we almed to investigate the role
of S5amb8 in leptin signaling pathways in GCs, mediating
the expression of aromatase, as well as to analyze the
relationship between SamfB and aromatase expression
in GCs from patients with PCOS, in comparison with
healthy controls,

Materials and methods

The study was approved by the Institutional Ethics
Committee for human research of the Virgen Macarena
University Hospital and conducted according to the
principles expressed in the Declaration of Helsinlki, All
included adult participants provided written informed
consent before the collection of samples

Subjects

Wie included women with PCOS from Valencian Infertility
Institute (IVI), Seville, Spain. All women were evaluated
through a standardized screening protocol which has
been previously described in detall elsewhere (251 PCOS
was dlagnosed according to the Rotterdam criteria in the
presence of two or more of the following criteria: oligo-
andfor anovulation, clinical andfor blochemical signs of
hyperandrogenism and polyeystic ovarlan morphology
as assessed by fransvaginal ultrazcund (26). We also
included healthy donor women without PCOS with
regular menstrual cycles (21-35 davs), as well as women
undergeing IVEF/ICSI treatment in the IVI clinie, Women
were within the age range of 20 to 40 years, and obese
subjects, patients with endometriosis and poor ovarian
response were excluded from the study, No differences
were found in the mean age (33.3+£5.2 FCOS subjects, and
252448 control subjects) or BMI (25,420.4 FCOS, and
24+ 1.8 control subjects).

e leptin signaling &6 481

Human granulosa cell isolation and culture

Luteinized granulesa cells (GCs) from follicular aspirates
were izolated wusing the protocel described in the
literature by Ferrero of al (27) GCs from healthy donor
were seeded in siz-well dishes and incubated overnight
(37702, 3% CO2) to enable remowval of non-adherent cells,
Subsequently, GCs from each patient were washed and
cultured for 24 h in Me Cov's medium (BioWhittaker®)
supplemented with 1096 fetal calf serum (FCS), 100U mL
penicillin and 100g/mL streptomycin at 377C in 5% COZ.
Mext, GCs were treated with or without leptin (10 nkd) for
10 min or 16 h in medium without FCS, The recombinant
human leptin was provided by Sigma (Sigma Chemical);
10 nld dose of leptin was used for both the experiments
of inhibition and sobrexpression of sam68 corresponding
to our previously described results of optimal dose
Tesponse (28],

The cell lisates were washed with cold FES and
solubilized for 30 min at 4°C in lysis buffer containing
20 mM Trie, pH B, 1% MNonidet P-40, 137 mhd MaCl,
1 mM MgCl2, 1 mkd Calli, 10% glycerol, 1 mMd
phenvlmethylsulfonyl fluoride and 04 mM sodium
orthevanadate. Total protein levels were determined by
the bicinchoninic acid methed (29) using BSA asstandard.

Immunoprecipitation

Soluble cellular Iysates (0.5 mg of protein) from GCs were
precleared with 30pL of protein A-sepharese (Fharmacia,
Uppsala, Sweden) for 2 h at 4°Cby end-over-end rotation,

The precleared cellular lysates were incubated with
anti-Sambs (C-20) 11000 from Santa Cruz Blotechnology
for 3 h at 4°C (30), MNext, 50 uL of protein A-sepharose was
addedtoimmune complexes andincubation contimied for
2 h. Theimmunoprecipitateswere washed three times with
lysis buffer. We added 30pL of SDS-stop buffer containing
100 mMd dithiothreitol (DTT) to the Iimmunoprecipitates,
followed by bolling for 5 min. Soluble supernatants
were then resolved by Western blotting by using 7-10%4
SDS-PAGE and electrophoretically  transferred onto
nitrocellulose membranes (11].

Western blotting analysis

Cell lysatez and immunoprecipitates were denatured
with 30pL of 5DS-step buffer containing 100 mM
of DTT followed by beiling for 5 min, The soluble
supernatants were then resolved by 7-10% SDS-FAGE
and electrophoretically transferred onto nitrecellulose
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membranes, The membranes were blocked with buffered
zaline — 0.03% Tween 20 (PBEST) contalning 3% albumin
for 1 h at 23°C. The blots were then incubated with
primary antibody for 1 h, Anti-Sames {C-20) 11000 was
from Santa Cruz Blotechnology, anti-GAPDH 1:1000 and
anti phosphotyrosine (4G10) 1:1000 were from Millipore,
anti-phospho-ERK1/2 (pT202-Y204/ pT183-¥187) 1:1300,
anti-phospho-AKT (p3473) 13000, and antl-phespho-
[R5-2 1:2000 were from Cell Signalling Technology.

After the incubation with primary antibody, the
membranes were washed in PEST and further incubated
with the corresponding secondary antibodies using horse
radish peroxidase-linked anti-rabbitfanti-mouse 1:10,000
immunoglebulin (GE Healthcare), Bound horseradish
peroxidase was wisualized by a  highly
chemiluminescence system (SuperSignal from Flerce).

sensitive

Transfection experiments

GCz from healthy donors were plated onto six-well
dishes containing 2 mL of Mc Cov's medium plas 1020
FC5 and incubated overnight (37°C, 5% CO0,) to enable
removal of nen-adherent cells Medium was replaced,
and transfection of cells was performed. For experiments
involving gene silencing, «cells were transfected
with Zpg of sSIENA  oligonucleotides of Sames
{Integrated DMNA Technelogy) using LipofectAMINE
{Life Technologies) transfection reagent according to the
manufacturer’s instructions,
Duplez  sequences:
AAGUUACGAAGGCOUTAC-S, TEVELSE, SLGUAGRC
UUCGUAACUTUGUUCIIGCGTA-S Typically, 40
prmol of the Sam6e8 siBMNA duplexes were fransfected
using Spl of LipofectAMIMNE (Life Technologies) For
experiments invelving overexpression of S5amel, between
land 3pg of DNA was transfected into GCs, The peDIAZ
vector was used to equalize the amount of DNA in
each transfection,

forward, 2-CGCAGAACA

Following  transfection, the medium  was
replaced with semm-free medium for another 24 h
and the cells were stimulated with or witheut 10 nld
leptin for 10 min, Transfection analyses were performed
by duplicate in each of at least three independent

experiments.

RMA extraction and guantitative real-time-PCR
{qRT-PCR] assay

Belative abundance of aromatase and Sames mBMNA was
determined by gqRT-PCE. After treatment with leptin,

e leptin signaling &6 482

total BMA from GCs cultures was extracted using TRISURE
reagent (Bloline Co) accerding te the manufacturer's
instmctions, Total RINA from both healthy doners and
PCOS women was extracted, Concentration ofthe isclated
EMNA were estimated at 260 and 280 nm with purity in
Aopnffqzen Tatle around 2.0, For ¢DINA synthesizs, Spug of
total RINA was reverse transcribed at 33°C for 1 h using
the Transcriptor first Strand <DIMMA synthesis Kit (Roche).
QET-FCE was performed using the following primers based
on the sequences of the Matlonal Center for Blotechnology
Information GenBank database:

Samés (GeneBank accession: Mh_006559.3):
forward, - TTTGTGGGGAAGAT TCTTGG -3,
reverse, " GOGGGTOCAAAGACTTCAAT-3
cydophilin (GeneBank accession: NM_000942 )
forward, 3 CTTCCCCGATACTTCA-S,

reverse, SCTCTTGGTGOTACCTC-33
Aromatase (GeneBank accession: M1BE5E):
forward, ¥ COCTTCTGCGTOGTGTCAT-3
reverse, 2" GATTTTAACCACGATAGCACTTTCG -3
EP3-7 (GeneBank accession: NC_00000Z, 12):
forward, 5 ACCAAGAACTTTTTGCCCCT-34
reverse, 3" ATGTOCCOOGAGTAATTTCC-37

Cuantitative RT-PCE Master Mix Reagent kit was
{Fast Start Uniwversal SYBR
Green), and PCRs were performed on a Chromo 4
DMA Engine (Blo-Rad). Reactlon contained 10ukd of
forward and reverse primer, 3pl of ¢cDINA and the final
reaction volume was Z0ul., The reactlon was initiated

obtained from Roche

by preheating at 50°C for 2 min, followed by heating
at 93°C for 10 min, Subsequently, 41 amplification
cycles were carried out as follows: denaturation 15 s at
95°C and 1 min annealing and extension at 38°C The
threshold cycle (CT) from each well was determined by
the Crpticon Monitor 3 Program, Relative quantification
was caleulated using the 2744 method. For the treated
samples, evaluation of 2-24 indicates the fold change
in gene expression, normalized to a housekeeping
gene (cyclophilin or RP5-F) and relative to the
untreated control,

Data analysis

Experiments were repeated separately at least three times
te assure reproducible results. Eesults are expressed
as means+sD In arbitrary units Arbitrary units were
caleulated as normalized band intensity in Western
blot analysis. Statistical analysis was performed using
the Graph Pad Prism computer program (GraphPad
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Software).  Statistical significance was assessed by
AMDVA followed by different post hoc tests, as indicated
in each figure. A P walue of <0.05 was considered
statistically significant,

Results

Leptin increased Sam68 phosphorylation and
mRNA expression in granulosa cells from
healthy donors

We have previcously demonstratedthe Tyr-phosphorylation
of S5amBE in response leptin in different cell systems (11,
28,30, 31, 32). Mow, to azsess whether 5amé8 is involved
in leptin's action on human GCs from healthy donors,
we incubated GCs for 10 min in medium with or without
different leptin concentrations (0.1-10nM) (Fig. 2}
Leptin (Fig. 24} increased the SamB8 phosphorvlation
in a dose-dependent manner, in GCs, as determined by
Western blot analysis. This effect was dose dependent,
and the mawximal effectwas achleved at 10 nMd leptin, The
amount of total protein in every sample was controlled
using anti-5am68 antibodies

Al Anti-Fhosphatyrosine

Ab; Anti-5amBE .
Leptin [nM}: 0 [U% 10 LestinjnM): 0 01 1 1]
0
g - ol
£ 515
o
F 1.0
851
AL 08 .
Leptin {rb): [+] o1 1 i}
Figure 2

Leptin increases Samid phosphorylation in human GCs fram healthy
donars. {4y GCs were incubated inthe absence or presence of leptin
{0.1=10 nky for 10 min, Iysed and the soluble clarified cell Iysates were
subjected to immunoprecipitaton with anti-5amias antbadies.
Immunoprecipitates were resobeed by 505-PAGE and Western blot with
anti-phosphotyrosine antibodies. The lysates were analyzed by
immunablat using the anti-5amias antibodies to contral the amaount of
proteinin every lane. A representative experiment run in duplicates from
three differant danors is shown. Densitograms with .o, are shown.

*0 < (.05 v= control. {BY Total RKA was extracted as described in Materials
and Methods and Sama8 mRMAwas quantified with gRT-PCR in
independent experiments. Cyclophilinwas used asinternal s@Endard.
Results shown are expressed @z meanszz.o. from three independent
experiments, run intriplicates, *F < 0.05 ws control. Statisical anatyses
ware performed by AMOWR. Asterisks indicate significant differences from
the control according to Bonferroni's multiple comparison post hoc test.

In order to further study the effects of leptin on
SamBE expression, gQRT-FCE analysis was carried out
using cyclophilin as an internal confrol GCs were
independently incubated in the absence of semum with
and without leptin (0.1-10nM¥) for 16 h. As shown in
Fig. 1B, expression level of Sam68 gene was increased in
response to leptin, dose-dependently, and maximal effect
was achieved at 10 nM leptin.

Sam6s down-regulation prevents leptin activation
of signaling pathways in granulosa cells from
healthy donors

Leptin receptorisknown to activate phosphatidvlinositol-3
kinase (PI3K) and mitogen-activated protein kinase
IMAPE ) To test the effects of Sambs down-regulation on
leptin signaling, human GCs from healthy denors were
nsed and immunebletting was emploved to analyze the
phosphorylation of kinases

Cellzs were grown to 60-70% confluence in six-well
dishes and were first transfected using Sama8 siENA or
M1 negative control siRNA duplexes and incubated in
the absence or presence of leptin for 10 min as previously
indicated in Material and Methods, Both antl-Samé8 and
antl-GAPDH antibodies were used as contrel of Samed
down-regulation and leading contrel, respectively
This approach achieved a decrease in Same8 expression
ranging between 60 and 0% of the control value (data
not shown).

We meamured the activation of PIZK pathwavs by
employing antibodies that specifically recognize the
phosphorylated forms of the central kinase PKB. Moreover,
we alse measured the activation of MAPE pathwavs by
employving antibodies that specifically recognize the
phosphorvlated forms of ERE1/Z, As shown in Fig 3,
leptin-mediated PER and EREL1/? phosphorvlation was
significantly reduced in GCs where Same8 was down-
regulated. This effectwas almost completely abolished by
decreasing the expression of Samé8, suggesting the role of
SaméE in the leptin signaling pathways in GCs,

Finally, to connect Sam6é8 expression with the
mechanistic effect that exerts owver the main pathways
PI3K and MAPE under leptin stimulation, we next focus
on the effect of s1IBMNA Sam6e8 down-regulation on the
phosphorylated forms of insulin receptor substrate-1
(IE5-1) in human GCs As it was demeonstrated using
immunoblotting  analysis  with  antl-phospho-IRS-1
antibedies, down-regulation of Sames in Glssignificantly
decreased the phosphorylation of IR5-1 in response to
leptin (Fig. 3.
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Snrrisd over pxpression neresses leptn activation
af signaling pathwrays in human GEs from
healthy donors

To further study the effect of SamE8 in leptin signaling
pathways, we investigated the up-regulation of SamB&d
by tranefacting Gls from -healthy donors with a poDIAS
pxpraing Saméd plasmid and peDMAL vuctor (emply
wecter) a3 contrel Pollowing trensfection during 24 L,
the oedhim was repleced with seplm-free roedirg for
anether 24n. MHext, GO were lnoubated o the abegnce
or presance of 10 nh laptin for 10min. Az shown lo
Fig. d, up-regulation of Samd8 iocreased the. leptin
dependent actvaticn of PIAE wnd MAPE pathwaws i
s Mare specifally, up-regukitlon ©F Sein6s in<medsed
the phoespborylation &L [ES- 1, FEE and ERE1SZ Marlinal
eNect sas cbltalned ot 10 nid kEplin, sigdesing agaln the
Tele of SamER in the leptin signiling pathvears In s

Effect of leptin on aromatase gene expression

Albheggh leptin was feund to slpnificantly dncrease
aromatase gene expression and protein level {33, 34, 35),
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SOEPAGE orid Westerr blot anehpe wee parformad by ceing srkHPHRT-1,
antiF.PFE and srh-P-ERK1Z andbadies 0 udy Eptin axrackon ofthe
Flak.and WFF, tignaling ptheay. Sermpie procein loa ding ves controtiad
biy L ng Bril- GAFDH anobodies. We showihe comasponding
dersiametnc enakss of three independent sdparimants & meansoso.
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spnfrert diferermes frormthe conbrol end SamBE plasmid vattout
leptin # noicete seniwent dffererees fnom lepbn 10 0k and by no
stpbedcally serdicant dife rence socoming bo Bonferronis reutipls
0 AR S posT hoc test

1t effedt on arcmatese dn G fom POOS women 18
Senmradletery and unkbowt. Themefere, beth G0 Mem
nealitry danor and POOS Wamen Were grown far 14 h
and treated with 10 ol Jephin for 2dh. gET-FCFE anahrsis
wad caTried out as previcualy mdwated m Materizl and
Metheds, wsmg RTE-F 82 abcintemnsl contrel far redction
sfflency The esults sheowed that leptin stimulated
significantly the sapression of aromatase mRMHA o GCs
from healthy doneoes (Fig. 5&), poasibly e activation of
the canonical signal traoschackon pathisays, MAFPY and
PITE, & previousty shawn fn other cellular spetems (8],
Hewrsuer, ne slgnificant changss in aromatass mBEME was
detectad atter of 24-h leptin treetment b G0 from POOE
woman [Fig SE], suggesting that some factors abarranthy
wepressed In POOE could be inhibiting the laptin Signal
transduction pathways

Decreased Sam6éE and and aromata se exprassion in
human GCs fromy POOS women compared o GO
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Effect of l2pain o arcmate s mAND esprescicn Bnd dirminhed
eoremmcn of flamiBa s arovaoee in Bls inom OO Swomen, G0y
serples were abtEined from 23 ety donors and 23 POOS women
GCe wver2 cutturad ina madiom ceccsining 0% FOS for 24 |4 GEsfrom
hesthy danors warewested with ar vithouojconorad} 10 nkf lepdn for

24 ho{B] 08 Froen POOS vaamian oere frested wiih of vathoue| comirol)
10 M l=ptinfor 24 0 Arometsss gere aspression wes snafxed by
ORT.PIR, normaliced sgaimtRFS.) ard oEsperad tothe conbol groop.
O} Fepresamimtve Whastem Dot aralyse of Semal procein (el in G0y
from hepkhy donors 1nd POOS women Qs [ye ses wene derafured end
rasobied by 505 FRGE wetth anil-Samel ondicdbas. Londing cortrol s were
parformeed In the =ame mershrares wih ant GAF0H W shon the

oy eapeonedbng dens ko c anghals of thrae indapend &ne experimens
BS M2ENSTa.c STIEDNE Bnaksas wen: pafomuad by ANOVW | O Relatwe
AR, bl of Samkl in GCE from asithy do s and POOS »omien
famatl mANA war quantred with gFT-PCR Cydophglinowas el e
incernal wanderd Paired rLesrwss perforned 1o exmine the Sfferenoe
in roiAbd & kel of Sarmall end soanstcl dgnificancs wes considered when
Fwmlu wac < 105 ) Raatree mAMA szl of sromemse in G- from
hesdchy danors and POOS women, uancfed try g T-POR. AME sas
edraied s deecnibigin Maene and Methode FPLT vigl LEnd &6
Incermel acanderd Palred cLesrwns performed 10 e dammine e differeros
Inn oAbl sl of a1 ord etes e, and scEistical gnificance wia considened
‘when Pualue was ¢ 005, Bzerkks ind e signifcent differances from
e Co el 3000d g T b nreR ey O e

foem patients dlagnased with POOE 4 thege chimned
froky hedlthy dotare, teed ie contrsl, We evillated
mAMG exprassion by means of gQAT-FCR, using cyclophilin
a= an internal contrel for reaction efic=ncy. Mameover,
lromcmeblaming analyele of ambE wae perfarmed ag
previmely described io Mateclak and metods Az show in
Fig 5C wnd I, SamA8 eapresion was lower in G015 from
F0S vamen than i T2 for healthy doners, suggesing
a rale played by SamGl in these o=lls, which might allow
thln protein to affect differant Biclogical processes, such
as, the aromutization step promoted by the aromatess

eniyma. That ls sly wa ilmed alio to compare the
expression of aromm Ase o GCe from patients diagnossd
with PO0G vs these obteimed fram bealthy oo s, vaed
iz controls s show in Fig SE, aromatass expression was
lowmr in s from PSS women than i SCs for healthy
deono, suggesting 2 rele played by famGd o thesecells,

Effect of le plin on arometase mPRL pupression in
owerexpressed-S8ams8 €5 from healthy donors

Snce Sambd waz chaereed te be dovnrepalated 0 GEs
from PCLE women and Saméd modulates the lephbn
slgnaling pathwavs bb 008, we prevlonsly demonatrabad,
in erder b further stady the mechanicil sffect of ephn
an dfomatidn exprazian, GO0 from healthy doners vam
transfected with Samdd pazinld ek peDMAd a5 conteel
Qswere treitedwith cowithoutioonmali Td i leptin faa
48 b, Asshewn in FE b, faosfectien with Samol plhsmid
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an the expressien of iromatise wem mome spnifoanty
inereaged when 02 wepestimilatedwlth 108k lepiin f21
4t b, sggesting e functlon cf Sand o the ammatizatlon
step et lated by leptin in G0z and, therafore, a possible
tole of SamGE IR the catnplen pathephydislary of POOS
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pathephveiology and its assoclation with reproductive
and metabolic disturbances is essential for addressing
women’s health and for expanding knowledge on how to
treat this highly multifaceted syndrome,

Becently, a function for Sam68 in reproduction
and fertility has been suggested (13, 14). This is a
scaffold protein that could be recruited in warlous signal
transduction pathways (6, 38), including leptin signaling.
In the present work, we almed to study the role of SameB
in leptin signaling in GCs Morespecifically, since SamBs is
a protein, whose structural characteristics permit multiple
types of post-translational medifications, we almed to
study whether acute leptin administration affects the
tyrosine phosphorylation of Sam6E in GZs Thus, we have
confirmed the Tyr-phosphorvlation of Sam&B upen leptin
stirnulation in GCs Moreowver, this effect of leptin is dose
dependent, in a similarway to that previcously cbservedin
othersysterns, As a result of this tyrosine phosphorylation
of SamB8 in response to leptin, the RNA binding capacity
of 5ame8 1= diminished in GCs (data net shown), being
consistent with previous reported data demonstrating
that tyrosine phosphorvlation of 5amb8 by knases of the
Sre (39 and Brk (9, 40) family negatively regulates its EINA
binding function,

Cither receptor systerms have been found to positively
maodulate the expression of Kinases substrates and other
malecules recruited to the receptor signaling upon
stirnulation with the specific ligand {41}, That i= why
the possible participation of Samé8 in leptin recepter
signaling and the regulation of Samé8 expression by
leptin in GCs from healthy donors were alse investigated,
In this context, we also found that leptin stimmulation of
s increased the expression of Sam68 in a similar way to
that previcusly observed in tropheblastic cells (32). This
further supports the possible role of Samés in the signaling
of leptin in GCs, Therefore, as previeusly shown in many
different cellular systems, leptin activates both MAPE and
PIZE pathways in GCs, MNow, by using both silencing gene
expression strategy as weell as gene overexpression, we
hawe demonstrated that Sam#As 1s mediating leptin action
in GCs, by the participation in the leptin-dependent
activation o f WMAPK and PI3K signaling pathways.

Regarding the mechanism whereby SambE may
mediate theactivation of these pathways, ithas previously
been reported that Sam68 iz assoclated with the SH3
and SHZ domains of proteins (39}, suggesting a role of
Sames in the MATPE pathway., Moreover, assoclation of
Tyr-phosphorvlated Samb8 with the regulatory subunit of
PI3K has been previously demostrated in peripheral blood
maoneonuclear cells in response to leptin, This interaction

e leptin signaling &6 486

may enhance the activation of PI3E pathway, which may
support a role of SamBE also in the activation of this
pathway by leptin, Particularly, IRS-1iza key protein linking
PI3K and MAPE signaling pathways (42) Therefore, since
SamB8 seems to regulate IRS-1 expression, as we observed
in the Sam68 down-regulation (no significantly) and
up-regulation experiments, the role of SamB8 stimulating
PI3K and MAPE signaling pathways may be also mediated
by IRS-1 in GCs, Hewewver, the rmechanism whereby
SamB8 may modulate [R5-1 expression iz intriguing and
remains te be investigated, Thus, Samés plavs a role in
the transduction of the leptin signal from the plasma
membrane te ENA metabolism via a rapid mechanism
mediated by phosphorylation, and therefore, some of the
effects of leptin in GCs mav be mediated, at least in part,
by medulation of RNA metabelism,

Leptin s a well-characterized obesity-assoclated factor
withbiclegicaleffectson survival, growth and proliferation
in different bielogical svstems (43, 44, 45) Moreover,
leptin has alse been shown to be a potent stimulator of
aromatase expression and activity in lselated adipose
stromal cells (36, 46) and luteinized granulosa cells (34),
Howewver, some studies have shown contradictory results,
In this sense, increased leptin lewels in follicular fluid
from women with PCOS has been found, and it may be
used as a negative predictive markerin in vifro fertilization
(477, Mevertheless, the increased leptin levels may be due
to leptin resistance, as previcously suggested (Z4). Thus,
the investigation of the leptin action in GCs from women
with or witheut PCOS iz relevant to further understand
this problem. Therefore, we alse almed to inwvestigate
the expression of aromatase by leptin stimulation and
the different expression of both arematase and Samfb
in GCs from healthy donors and women with PCOS, We
found that leptin increased significantly the aromatase
gene expression in GCs from healthy donors, possibly, via
activation of the caneonical signal transduction pathways,
MAPE and PI3E, as previeusly shown in other cell types
134}, This finding futher emphasizes the role of leptin
in aromatase expression in GCs, Moreower this study
also confirms a decreased aromatase gene expression
in response to leptin in GCs from wommen with PCOS,
suggesting a significant resistance to leptin action, Since
we have also found that Same8 iz downregulated in GCs
from PCOS, the resistance fo leptin actlon on aromatase
expression in GCs from PCOS women may be partly
mediated by the lower expression of Sam68. Moreover,
basal expression of aromatase was also decreased in PCOS,
This iz important since hyperandrogenism is a critical
facter of the pathophwsiclegic changes and clinical
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features (in both lean and obese women) associated with
PCOS (15), Newvertheless, it should be taken into account
the limited number of women investigated in the present
study. Larger studies which include more subjects should
be carried cut.

In summary, the current study further supperts the
regulation of aromatase by leptin in GCs and provides,
for the first time, a novel mechanistic insight into the
mechanism underlying this effect, via Sam68, as well
as the peossible rele of this protein in leptin resistance
in PCOS,

In conclusion, these results suggest the participation
of Sam68 in leptin receptor signaling, mediating the
leptin effect on aromatase expression in GCs, and point
to a new target in leptin resistance obseved in GCs from
patients with PCOS,
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Bleberpal fever d5 commnen ducng presmacry and hes for many yvears been nepested 1o ham the
dievelcping fetar, Whether incresaed masberral bem peracune produces skseeerped apsphosie in trophc-
blast cxils remains vodeas. Since p53 (s 2 oridcal regulamr of apapiosls we hypoches zed thar increased
tempeaioe o plicema produces abnormad epesion of potEns o the Pl pabdvaay and fmally
cacpase—] scilratio. Moreover, lemia, prolduced by pleventa, L known te promeis the piclleratien aad
survivial @l rophoblets gell Thus, vee gitned 1oosbudy the peesibie mle of Teptin prenenling apapbois

i{:’:ﬂh Erigae ] by figh emperaiure & well os the tokculai mechanisms wdelving e eTet
Letin Friesh placertal dssue was wllecred fiorn nanma) pesgnanciess. Explams of placena! sl sere exposed
PO  F7 T4l *Cand 42 *Curne 3 b in the oresence or abeenceof 10 nM lepiie in DHEM-FI12 medium
fox] Wistern botting and qRT-PCR was pecformed o analyze the ssipression of 55 and downsteam . efecbon
Bampe e FE3AINL AAm2, p2 L B and BOL-F a5 well 25 tha acchared chkegvad foom of capase-3 aid the agment
CE-18 RT3 cf oyocheratin- T8 (0015 cheaved at Asps9E Cneoepimpe M0
Frinsphongamion of e Ser 46 resklus or phd, the spressdnn of PSIAIPL RMAm2 pIL a8 well as
raegwse- o nd O -1% wrene sipnifican by mcreased in esplhintsat 40°C ard 42 . Come eee iy thee ot
wiare signifcandy acenussed by B pnin (0 rkd ar barh 40 9 and 42 O, The BCL2BAK Tann was akn
sgnifimrTy dNT e N exEans absl L and 45 *L compared with @xplanis incobated a1 37 0, whim
vt peEseoted iy bemin ke s oo
[hee data llustrate the potential rals ab leptn for edonoee apsoiess 0 ophobiasd explacks
tncluding trephoblastc coslls, trigpersd by bogh temperature by preverbng He xbwation of pSd
signaling.
0 20ES Elbevier Lod-All rights rasemeed
1. Mnerelamion olsk o Ehese gutcomes woukl make matemmal feeen a public ealth

Adatermal fever s commoe durmg peegrancy and has lor manyg
years been sogpeced o harm the developing fores (L3 1 dn &
wimen repart having experienced Eyver on at leas one amasion
il bedng pregman | 1-5], Therefore, given the high progarison of
[HERRAT W w0 Are IPIIFI'SH] n Tewer 3 2mall neiease im the

* Comesponding sudos. Depwbment of Medosd Sischemsiry smd Malesotes
Eiulogy, Slagd Of Melicis, Vigss Wi Unrsoniy Hosgild, Unive defy of
Seville, Spain v, De Fodrian E, 4107 Scwills, Spuin.

Emcdt! eitlefrine maualiatGa pd [V, Snches - Margalot]

b e rm il W1 05 pacsa . ZHES 000

T3 000 0NR Eloewier L1, A A ghis. gesesn e

ooncern. o animal weodeks ©was snadbsd, a5 4 marker of mareral
hever, che efect of rasiag body lemoeraiure dunmg pregnamcy and
it s been veported that prénatal eapossre b clevated  body
tesnperatare keads o isveased prevalerce of adverse eakth out-
aomees in the fisgring. 10 was evidenood Dhateven 4 short exposurne
0 e levared marermal hody e rarnire K atke m ead w call death.
woermbrane and sasculby diouptions a2 well @ placental wlarepon
These disturbances may slver the iategrity of the ofprieg [16]
wausimg prowih relardation, malioomsiFons anad o lomger-temmn
mEemmes hehavioral alrerations apd imoared cogniteee Rine-
taning (127 ). In this senees. several mechanismes have been proposed
thiaghwhich fever imerfores wich Feoal development Faroicolarky
all of them imcisd=z hest shodk proteinn expression (L] and
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inerpuntion of precein synibesis and enmynee prodoction, which
ultimarely maales in akered ar dysunciomal callalar proceese s
such as apoptosis (6L In this line, it has beem reported that
apipriesis ookl b determbnant for mormal placental deve lapment
agidl irs increase and eanly appeacance may akie be invoived 0 e
parhaphysinlogy af pregmamcy-relased dissases (51

Intriguimghe. it has been reported that leptin, prodoced by
plicenta a5 well as thely recepiors seem o play a possible mde in
Ol AP0 LTI (et s actingd Chnough an aunocrsme mechan o [ 0]
Fhyzological lepiim effects in placenta inchsde  anglogeness
grovth amd immumomodulation | 11| as well & inoease protsin
synchesis |12 14] and aatl-apopotic actions [13] Furthenmose
placental lepiim keeels ane moneased under scresshud ooed kion, such
as preccmnpeia or mEm-uterine growth restriction (ILGRD [15)
wihere apoptosis is akso hoosted [ 160]. E has been suggested that this
e rprad ction of leptin may be helphl 1w prevent the highly
srress-medaied apofioss of the mrophoblashc ol Ahough rhe
rale of leprin in preventing che aptone proscess triggersd by the
deprivation of serum in tmphoblastic JBG-3 amd Swan-T1 celly i
well established [ 12.17|. the role during celfular responzes to high
cemnperaciin 15 ST ankmosn. For thi peasonm we alimed oo myvies-
rigate the effect of leptim in the apapiosis wiggered by elevated
temperacre (40 “Cand 42 °C) in human plscen tal explants | 151491
More soecificadhy, we investigated the beptin effect on apoptosis by
studing the proteln cleavage Oof caspase-3 &5 well as the pa3
expressaon. the masted key regulaoo of deach sigmabmg. and severl
Ol a5 dowenaiiead proveins sech o Mdm-2, p2l, Bax and Bel-2

£, Marerials amnd mcthods
S0, Placental explenis collsTeion 6mT prooess ing

Tewwn placemtas e anoomplicaied pregmancies (A — 10 were
oltained after cesarean sectn delweery Sollowing nonmd Deom
pregaancies in the Viegen Macarena Universicy Hozpital Mone of
the patients had previous history of diabetes mellitos or amy
Enowm endocrinopathy,  Subject chamdterisis were  mean
meaternal ape at delheery D0 years 2 T8 mean infast hirch
welghn (3095 g + 685 rsedn placenlaweight (525 %+ 815 Subjen
characteristics were similar with regards o gesational age
[39.5 weeks & T

Husman placentas were abtaised after cesarean secrion amd
Imursesdiately suspended b ice-okl PES and ramporied @ the
laboratory, whers they were washed two to three times in sterife
PRS to Temave excess Dlond, Vileos thsswe free of visible mbaren
calcification, or hematoma was sampled From at least five congle.
disns ar a d Brame wadway bepween the chogionic and basal plapes
Theze core parts of cotyledons were out into multiple cobic seg-
meents (- to 15-ng weer weight) and tharughly nnsed with cald
DAEN-FI2 med iom pH 74 (197 mb NaCl, 5 mbd KO 1T mba Cai
1 vl WgS0eh 0.3 miv Na2HPOW, Od b KHZPOW, amid 4 mid
MaHC O3] Mone of the donor patients suffered from anomabous
pregmancy. This study was apgeroved by the local ot Bical camomitnes
[Comice Local de Ftica em bvestkgaciin del Hospical Unreersitario
Wigen Macarenal. amd the Latienns’ s e conse il wag ohlabned
The reported mvestigatioms hawe been carmed out m accordamos
wich the principbes af the Decharation of Hebsinki a5 pevised in
Z000

22 Treatments of placental explanes

Plamental explanis were randombe distribsted in tubes con-
caiRg 1 ml of DRPIEN-FL2 medinm 0% FBS (n — 1 explaniose
three replicates per ireatmentl PMacemtal explants were maan-
raned in 3 shabong water hath a0 37 °0 4600 and 42 "Cadurmg 3 hin

the presence or abeence of [0 oM fepoin (3igma Chematal Cil
Explante waere remenved from the harh, cenrrifaged for 2 mim ar
A0 w0 g at 40, and resuspended im SO0 @ of lyss boffec [1 = PR
1% Monkder P, 05% sodinen denacholare, D1% sodivm disdecd
sillave [SO5) 10 glyoewd, 1 mil phenylioehiylaalfonyd Nisoshde
IPRASF T M sodiomn ot bovanadate, 50 ml) BaF 10 mbd pra-
piwnsphat e amd protease inhibitor cocktail} durimg 30 min st & C o
an arbital shaker amd later cemtrifuged a1 10 000 « 5 [od 20 min
SupsErnatanis wers agalyzed W Wwedieim Bl analsie

23 Western Mot annlusis

Tocal cell Besates were piepraged in vsis hudter The Peaates were
cemprifeged at 100000 « g for 10 mim toee mime cellnlar denirks. Taral
procein kevels were determined by the bicinchonimic ackl meifod
[Thenmi Schen tiflc ), using bovise setum allnmin &5 stamdand. 50 pg
pein were Waded In each Rme Dvsares wepe mized with
Laemimivs sample huffer concaimmng 2% soddicom dodecyl ulface and
0 mbd B-meerraptoet hanol, boiled for 5 man, resobeed by S05-PAGE
on & 126 gel, and electrophareucally transiemed to a nirocelbiloss
memorane (Hybond! Arnersham Fhanmadia Booech, Placaiaway.
My thereafter, Membmmes were equilibrated o 1 < FRS and
momspecilie bindmg = tes weere ocked by 5% nonfat milk an PRS at
room bemperatare for 1 h. The membrames were then smmanoe
Bloited wicth polscional rabolt amch-Caspase- 3 [8G107 111000 Cell
Signabing: $ORES ) monacieaad mese anti-cymokeratin- 1R neo-
epitopse SN {10 1500, Peviva prod 10000 muos oclomal moose anti-
pS3 (1: 1000, Santa Cruz; sc-126), pobpchonal rabbat anti plosphao
SerdE po3 (101000, Cell Sigmaling: #2521 poyclomad goat ant-
AL (123000 Santa Crue; so-140895) polyrbomal mbbit anm-
p2L (101060, Santa Crue; s2-756 1 pobawhonal tabbic anti-kden-2
[1:1000, Sama Cruz; sc-4363), polycional rabbt anty-Bae [1: 1000,
Santa Crug: se-4035 o polvchnal rabtit ant-BOL-2 (1100, Eps
tomis; #1017-1 3

bz trcaness woepe STripoved amd leading concrots were perleomed
by mmmunobdottng che same memirane s with monaclona mouss
Ani-f cobulim (1525400, Santa Crug; 5c-5274) excepd of the p53 and
pleaspho Serdls immumoblots, whose |sading concroll was deter-
moined 1oading che same amoun of samples im o differemnn gel, The
antibodies were detecred uming  horseradish perovidase-lmked
anri-Fabkbitfanth-moase  inmanogkotidin {1 12006, Amersham;
AL NASAT | antk-goat immusoglebolin {125,000, lile technod-
o les: (f2I6103) and visualized using 4 highy semsitive cheem-
iheninescence  system [Supersignal; Piercel Quantsficatson of
procein bands was deteriined by densiiooeony wsing Inage Gauge
version 312 saltware [Soence Lab, Fuji Fleovo Filn Go. Lid)

2d. Quanhintve real-stame #F PFCR assoy

Atumdance of p&3 mRMNA was deternuimesd by guantizative real
rinpz ET-FCE reaclion [QRT-FCRL Toral AR was exiracied nom
placental explants using TRISURE reagent, according to the man-
iEnwe’s matruennns (Biokne o) Concenmation and purmy of
the isolabed BRA were estimated by speciroplotoneony & 260 and
280w For O vymthesis, 5 g of ol BNA was feieise-
tramscribed ot 50 °C doring 1 h wsmag the Transcaptor fisst
Swamd cONA synrhesis Kit [Roche) Theanticative neal nme POR
resction was performed using the  @llowing primens baved
o the sequencis of the NOB GemnBamk  database; pod.
Forward, SYCOAACAGAATCICOGOAAT rewerse STAGCTCTOGGA
SCATCTEAAGY, cwclopbilim, forwand. SOTTOOCCGATACTTUASY,
reverse, STCTTOGTECTACCTD 3 pS3AIM. forwand 5" GGGGACTTT
TCAGGICGIGTS . meverse, STERACTTCITOATGOCOCGAT ) p2l
forward, SCATGGCALCAGAGOTOOTTAS, reverse, S*TCCCGAAA
TATTOGLEGARALY Midm-2  farward  STTAMOCAGGUG
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GAGTGLAGS, reverse. ¥ GAGAATGOTGOGAACCIGS!

qHT-PCR Master Mix Beagent kot was obtamed om Hoche [Fast
SiakL universal SYBE CGreen ) aind PCR reaciions were performed en 4
Chrosmeo 4 DA Engime | RieRad). A tvpical reacthan contaimed 10 g
af forward amd reverse grimer, 3 U of cOMNA and the final resction
walwme wias 25 L The resction wias inktiatsd by preleating ar 540 °C
for 2 min followed by heatimg at 95 “C for 10 min. Ssbrequently 41
amplifcation ook were carrksd oul a5 foBows: denalurarion
155 ac 85 "Cand [ min amnecalisg and extension T min az 55 °C The
thpeshobd cyche [Cr b froom each well was detenimnsd by the Opticon
wnitar 3 Frogram, Kelative quantification was calcu lated osing the
2 280 mthod [20!]: For the treated samples. evaluation of 2
indicares the Bkl change in gese expession, monalized 10 4
househeeping gene [oycophiliml and relatve o the umtreated
comtrel Melting curves i the gFCE experiments showed a single
PCR prodoct (053 or pA3AIPT at a different emperainee tham the
reference geme [sapplementany data),

25, Data arshsy

I placental explams, Imomsehlon are & wepeesentative cxpeyi-
meent From the 10 placenias stodied. Resolts aee expressed as the
mean 2 50 The staristical significance was asseceed by AN
folloveed by Bonferroni's sultiple comparison post boc test and
wias calewlaped wsing the GraphPad [Nscal comooies pogram
(GraphPad, San Diego CAL A Pyvaloe ke than 005 was comssidened
stamsthcally sgnificant

1. Resules

31, Lephin dimminéebes apopintic gffert of biglh tsruperoture o
LRI Raenin ] SRpan s

We hawe peeviously reported that leptin Bas & tophic effect
| promeoting celkilar growth and survival | in tropkoblastic JEG-3 and
Belt'o cefls, preventing the apoptosis promoted by serum depn-
wathm [ 1417 ) Naow, we have further anabyzed the ant-apoptotc
effect of lepthn an the rropbablase nducng apoprosis by high
femperabne We mcubaced placental explants ar 37 °Co40 °0 and
41 L, i the presence ar absence of leptin (10 nM) o study the
pommble role of leptin preventing the high-temperature indoced
apoptomas in the trophablast. 10 mbd leptin is the leptin comoentra-
1l with maximal effects im wophoilass as previolsly pepored
[ 72] Thmpe- e spowse experiment 30 min, 1h 2R 25 h 3k 4k 5H
and B h inmabanon ) at high teemperanre vieloed 3 b inoabation as
apcimal o guwdy the effect on apopiosis (data wor seoem)
Agoptosis was mwestigated by determination of Caspase-3 ach-
waled form Ty e e BROL A5 shown in Fig 1A, placenial esplams
moubaced a0 40 °C and 42 °C mereased Caspase-3 actheated Form
compared with Hacental explanis mcubaied a1t 37 “0 Morsower,
meament wich lepoin 10 i sigaifican by reduced Caspase-3 acti-
watbon in plecental explants simalarly t prevsously reporbed depim
elfects eventing the apopimsis promeed by secum depeivarion
J32)-

Ia order 0 mvesrigare wherher the imcreased apoponges and
bepiim effects are, imdeed, arcuming i toophablasts cells, we alsa
tasted ane of meosepitapes af Cytokeracin. 18 [CE-18] [the clemame
e o CR-18 of caspades |, identilied [ 4 imonackmal ancitdy
{30, which has been proposed as am specific apoptosis marker of
wophealast cefie Im haman placemia (21 ] As showm I Fig 1B
Macemial cxplanis incubabed a0 40 °C and 42 °C inoveased (he
21 KDa ragment of CE- 18 activated Jform comipared with plecental
explants inahated at 47 =0 Moreowes, creatment wich lephin G0 mka
sigmificantly reduced CE-18 activation im placemtal explants sima
Larly 1octhe resules abrained oo Caspase 3 cXPETiNERLS.

J2. Ieptin dmpain the dncreoee in p5T exprenion o cwmetreom
ffectors prodeeed by high termpernture in explants of placentod wifli

T further expiowe the effect of temperatore-mduced apopoosis.
we ment foowsed on the scpression of pSt a pheotal regulatoryg
praiein in the apopiotk patbway, wiich sccumulates in cells
response o DA damage, oncogene activation and other stressfal
STl [0 ] Moreoves, we also amralyzed the phosphordiacion of
pod at Ser-46 which has beew showm oo be dmvolved in the Tego-
lation o apoprosis by ARSICIvaring apoposs genes such as
PEAAPT (250 and the expressom of MMdm-2 (@ megative feedbad
regulator aof po3} and p21 [a marker of p53 actrerty) | 14240

A i shown In P AL the ligh renperanng (€0 C and 42 =C)
did mot significanthy imcreased the p33 protein amouant. However
pa3 IENA levels were increassd by Bigh tesvperanare incwhacon
[P 2B Maremver an imcreased pod phosphangdation ar Ser-466
[Frg. 24), as well as, PSIARFL. [Fig 3}, Mdm-X [Fro 4 and p2i
[Fig. 53 exprescim were observed. Treatment with lapting 10 nikd
mpnificamtly prevented the imcrease im p3l expremion at mENA
leveds, s well a5 the ps3 phosphonglacion ar Ser-46 [Flg 2A)
Mok, leptm significantly prevested e meoease of FE3AIM
CFig 3 Mdm-2 [Fig 4 and pa1 (Fg 50 expression promoted by
toth & =C and 42 =C incubation. Thess results asgrest a strong
anti-apoptotic respomse af leptn to high temperature in human
placental explants,

33, Lepon emances Bol-Jibey reladonslp m plece meat sxplants
irermtiated ar < 0 amd &2 S0

phl also promotes Bax a pro-apoptotic mitochomdral pore
pratein (151 That s why we mext imvestigated the effect of high
temperacure, 40 *Cand 42 °0 o the Bax xpressom a5 well az Bo-2
ERROESRINL, all anti-apopoils member of the Bel-2 family which
Fanection as magor reguiatar of the incrimsic apeobotic pathosay (26
Similfarkc placental explants were incobated with or watheut legtin
10 mM to Burther charsceree anti-apoptotic effect of leptn
placental explants,

A slowed B Fiy BB, high remiperacire dediensed te Bol-2 Bax
racia, Boch ac 40 °C and 42 °C Lephn teatment ac 10 0k signifi-
canthy increased Bo-Z{Bax matio, consistent wich the antiapoptotic
effect of lepan

A INSCUSSEON

rammal placemtation and placental developmesnt are critical for
a suceessiull pregrancy amil med iate mporant sieps necessany fir
fetal deselopment [27]. Bowever. fochis may e especially
vilieeralde oo cheimbscal aind physical insnies during dedimed s1ages of
developiment. In prarthealar, it has been reported thal crposue
maleTial fever duing egnandy Can . calse Abormon. griwath
rerardation and develapmeental defects (250 I B known (hae
placenta locally releases a hroad spectumof hormaones and growth
Factars Char play Eey roks in compensalory Changes 10 s palbis-
pivsiological albestions. Regulstors of apoptosiz are mow cormed -
arad 0 have A maEjor ile o omaintamimg che megring of villeos
traphoflast, 5o the sy of the mobenilar mechanizms that rego-
late placemtal cull death m impartant for usderstanding mormal
development and 4 varkery of iiseases of the placenra. In [his e
gard. keptin has been described as an important cytokine regulating
rrophobfast survival, promoting gt amd peeventing the
apopoth; pracess n seram deprmend crophablastic cefls (23], This
laptin aniy.apoptotic effect seems to e mediated by p53 pathway
|17 In thix work, we aimed b stsdy the eprinefectin prevencing
the apoptotic process triggered by high tesnperature [40*C-42 “CL
a% a marker of marernal fever in Fumman placenial axplancs. They
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lupiin. B0 rf doriap 2 kAT FEIAIM soprason e detsoriced by Wietam Bloe sralyoe. Lood g covrdls wens pesforned By immaonablottiog dhe cams msnErans with ast

fubugkn, Ben iy s expaesssd m nem & 30 e three ind épendent experimants. Sabatica]l arabvies werd e ilorm ed By RRERA ami) Bba Fareins obigple compamson prai hoo st
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that represent a valoahbe model e confinn the phvsiological refe-
vance of leptin in tropheblastic survival We showed that high
remperanire Mduced apopiose by activating cagase-3, &5 provi-
oushy regorted @ the apoatoree proces mggered by serum depo-
varion [ 12| Whe alse conBemad That result stidying the appearance
i) oytnderatin 15 fragment that is onbr revealend afer caspase
Cleavage of the praten I heman placenral rrophoblas: cells 210
These findimgs suggest Ul lepdin may e protective o Che defe-
e b effecs of macernad fever darieg pregnamcy pPrevencing e
high temoerature -medisted apeptosis of the ophoblasde celia
This effert may b of physielogical relevance simoe tophoblastic
celly apean important soureeof kptin prodaction during pregnancy
{351 pand eves mare leptm is produced undes stressful cendstion
(4152,

Imphoblastic apoptoms, as other vpes of cell apoptoss in-
cludes the extiinsic sl moissdc pallstavs colminaling in e
activation of caspases, B has besn reporbel that pid3 o ke
componen: of eellalar mechanksms that ave soivated by cellabar
stress, 15 imiolved in spontaneows abortiom | 3%]. Hoowwever oo ne
mains incompbetely understeod hew p53 B stabiliezed in placents
and m respamiee b0 different soreze signals, For that reacon im this
vk we invesogaied whether this bey cel cycle-signaling pomen
wars menheed in the apapinzis mediated by high temperatune in
uiman pacenTal expdancs, We foind A skgniflcant ncreass 18 p5%
eapressbon il plhosplorela on e paces Lal explants snder high
lemperolure oonditifony e p33 proteis Tevel did ot cluosgge
accondegly, Thiz may he doe o mereased degradation of psl
that may counserbalance the mcreased expression horeover, a

deorease mopid mBRNA kevel aned pad phasphorlation was
shserved in respanse to 10 ndd leptim, demonstrating that lestin
megulates p53 pathway amder kigh cemperatuee comditions in bu-
man placental explants

Unader marmal comdizings, 053 6 a short-ved paacein thiat &
heghby regilated amd mamtained at my e andetectahle evels
|34 35]. Aler srress, such assenon deprivarken | (7] pS3 I sakvaed
ety al the post-tanslabonal lewel By o comple sees ol iood-
fcamons that include che phosphorrlanon of speclic reskducs It
was reported thar pSd iz sevine-phosphorylared after DM dumag e
amd ovther bppes af stress [ 15— . Therelre. it might be speoilyied
thar activapon [phosphordation; of ps3 by high emoears
prosnotes Apoptess aEd placsmtal ket may play an snporant
mle combrcdling this pracess. (n Ehis sense we aso demonstrated an
mereazed senme-phosphorelation of pad triggered by high tem-
peraLime, a5 well as A sEnic apl educed segime-plosghorgdation of
P53 am resooec Lo DD nbvE Beptin, Im addition, our esulbs sogeest
that prhosphondison of Ser-46 regudanes the transcopromal wti-
vation ot the pS2AIF] (opoptoss- imdocing gone) as provioashy woas
demonsrated by Dxda et al [ 39]

It i kmman that Mdm-2 s induced by actreated pS2, which i
negar ey regalated. a7 keast 1@ part oy medating s 0 peiieanom
and sihsequent degradaton in the proteasome (1380 This
reechanksm may explaln me lack of dfferances B 53 pronein kel
i mphie ol Lee changes im 033 geme capression, Al desogh lille &
knceem abosi Jeptin effedt on MdinZ levels = placenia, we
demonstrated an moreaied Mdm-2 cxpresson in hanmean place sl
exptlants imcubated at high temperature. [n additton, leptin (D nid
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waie epmnaed wsing standad probsn markes. ook mas (R s irdicesd o nke sphe of the Blan cading commil sews peronned By enmoachiomeg e same
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mor only decreases PRI epression bie alsn wMdmed expeossion
suppesting that the leptin effect on Mdmi-Z menr be meediated By
753 phosshorykadon level,

The pdl gene b imduced by p33 in alwost &l cell gypes oy a
warlery of sorese agemns, sugpesting that mulidple pathwenys can
premate &s activation 2645] Here we have fouwnd an irorease in
pal expression i Bumar plicental ezplants meakated ar high
temgreratune & well & areduced pal expresshon in response o
leptm 10 mbd. Thas, ourdata demonsirate that maternal fevercould
e am rportant cagse for pGd-medinbed actvation of p21 and
suhcequedr plisnml growth arrest, which may be couwntor
balanoed by e plin

Fimally, it is well kmowm that BCL-2-famaly proteins are cemtral
regulacors of cell e and death, The fiest pro-asaptotic menncer of
the family, BAN (BCL-3 Anragonst X) was hdentified as a BLL-2-
imteracting protzin that opposoed BCL-Z {anzh apoptotic protedn}
and promated cpoptotic cell death [41] Moreover, p53 also im
teracs with BUL-2 at the outey mi iochiomdoial membrame to pro-
mate the oligomereaton of Bax. This i turn drinee the formation
of pores in the milochosdrial membrane, resubting in the release of
oy tochrome ¢ and other apoptetic activators from the mitochon-
dria 42470 Moreaver, mstockendia funetion is the main opera-
tions center in which the imrinsic agoptatic pathweany (4], We
observed a reduced B{L-2/BAY ratic in lnenan Haceatal explamts
imcabared a1 high vemnperaco e, wWhish wiag lsoreased i respones [

10 bkl leprin. The moadalatben of this rako by bepoin was dae
principally to an increass in BCL-2 protein. Therefore. in this study
wei hawe determined an activabed intimske apopiotic pathway
wehew placental cxplanis were incabared &t high wemperacure
wihich may be prevewted by kepan incubation. Wiether extrinsic
pathaay i severely impaired im plicental explarts imcubaed ot
high temperitane woald requre furilser nvestigacion,

Taken togethes, our findings provide evidence for an mbiatory
leptin effect an the cell apoptess program inggered by hegh tem-
prrture, sugggesting a trophic role of kepiin in the physiobegy of
placenty In sddithoan, wa have provided some evidence for the
poszitle itk apoepootic mechanismns camted by keptn in placesa
Howeerer, furcher additional studies are needed o il exolan the
ety of lepin on the reguathon of p5% expreston and BUL-2
family proteins in respomee 0 hyperthenmia This tempe rates-
induced apoptose may provide a model o Fusther wadeastand
cextain plocental patholagies assodated with Fever, and moy un
tavel new therapeutc targets, Fmally, kpoin seems o wdase te
high temperature promoted apoptosis morogpheblast cefls trom

human placemal villi, by preventing p53 signaling,

Fuending
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Los resultados del objetivo 5 estan publicados en la referencia:

Leptin protects placental cells from apoptosis induced by acidic stress.
Pérez-Pérez A, Toro A, Vilarino-Garcia T, Guadix P, Maymo J, Duefas JL, Varone
C, Sanchez-Margalet V.Cell Tissue Res. 2019 Mar;375(3):733-742. doi:
10.1007/s00441-018-2940-9

como octava publicacién de la Tesis.


https://pubmed.ncbi.nlm.nih.gov/30338379/
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Leptin protects placental cells from apoptosis induced by acidic stress
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Abstract

Dieveboprumt of e hurun placests 43 cotieal for o apccensial propmecy. The ploceata allows he mcksape of ctvpen and
carban dionide and ds ctvesd o eanage aced-bage balaree within o narow pH B 8 lonowen thar oow pH leveds ara a ek of
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etal. 1992). An essential and often neglected aspect of hyp-
oxia 18 the accumulation of lactic acid as the end product of
glycolysis. Excess H+ 1ons resulting from an increased glyco-
lytic rate are pumped outside the cell, inevitably causing acid-
ification of the extracellular milien. The role of hypoxia-
inducing apoptosis via the production of acidosis has been
previously demonstrated (Dong et al. 2014). That is why that
hypoxia and acidosis are risky and could trigger intra-uterine
death of the fetus (Yang and Wang 1995). The fetus exposed
antenatally to chronic hypoxia and acidosis 13 much more at
risk of associated long-term morbidity. As a consequence,
antenatal events are much more important than intra- or post-
partum events. For example, it was demonstrated that chronic
fetal acidosis reduces neurodevelopment (Bobrow and
Soothill 1999). At the same time, several maternal and fetal
diseases have been related to cord blood acidosis at birth, and
maternal-fetal illness could also affect placental anatomy and
function (Avagliano et al 2015). Moreover, it was suggested
that during preeclampsia (PE), there could be maternal abnor-
malities of acid-base status (Ortner et al. 2015).

Leptin, a peptide of 16 kDa, is secreted by adipose tissue
and modulates satiety and energy homeostasis (Zhang et al
1994; Houseknecht et al. 199%). Leptin is also produced by the
placenta, and it was demonstrated that leptin has several re-
productive functions (Masuzaki et al 1997). In the placenta,
leptin promotes trophoblast invasion, immunomodulation, an-
giogenesis, protein synthesis, and growth (Frihbeck et al.
1998; Barrientos et al. 2015; Perez-Perez et al. 2015;
Schanton et al. 2017). Additionally, previous works of our
group have demonstrated that leptin exerts an anti-apoptotic
effect on trophoblast cells increasing its importance during the
first steps of pregnancy (Perez-Perez et al. 2008; Toro et al
2014, Pérez-Pérez et al. 2016). In this line, apoptosis is deter-
minant for correct placentation; however; its enhancement or
early appearance may produce pregnancy-related diseases
{(Huppertz and Herrler 2005; Huppertz et al. 2006; Sharp
et al 2010). Moreover, leptin expression is increased under
stressful condition as well as PE and intra-uterine growth re-
striction (IUGR), where apoptosis levels are altered (Heazell
et al. 2011; Tzschoppe et al. 2011; Pérez-Pérez et al. 2017b).

The p53 mmor suppressor protein has well-stablished roles
in meonitoring various types of stress signals, as heat shock,
hypoxia, and DNA damage, by activating specific transcrip-
tional targets that control cell cycle arrest and apoptosis (Sohr
and Engeland 2011). The p53 protein is modified by several
posttranslational modifications including phosphorylation,
acetylation, methylation, and ubiguitination (Meek and
Anderson 2009). In this sense, phosphorylation of 546 is crit-
ical for p53-mediated induction of pro-apoptotic genes (Drai
and Gu 2010). Otherwise, Mdm-2 15 an E3 ubiquitin ligase
implicated in p33 degradation. Thus, the increase in Mdm-2
expression is in accordance with its negative repulatory effect
on p53 levels (Eischen and Lozano 2014).

@ Springer

Mitochondria play a central role in the integration and cir-
culation of death signals initiating inside the cells. Apoptotic
stimuli result in the formation of pores at mitochondrial mem-
branes, resulting in the decrease in the mitochondrial trans-
membrane potential and release of pro-apoptotic proteins
(Sinha et al. 2013). Low oxygen levels cause major changes
in mitochondrial structure and dynamics, ultimately leading to
defective mitochondrial function, reduced ATP supply, and
activation of cell death pathways (Khacho et al. 2014).
Apoptotic mitochondrial events are controlled by the Bel-2
family proteins which can be of two types: pro- and anti-
apoptotic (Sinha et al. 2013). The pro-apoptotic subfamily is
classified into the multidomain group and the BH3-only group.
Bax is one of the crucial pro-apopiotic members that modulates
mitochondrial outer membrane permeability and the release of
cytochrome ¢ leading to activation of downstream apoptotic
pathway (Bremner and Mak 2009). Bid, a BH3-only member,
is essential for initiation of apoptotic signaling (Elmore 2007;
Kaufmann et al. 2012). Truncated Bid (t-Bid) is generated
through the cleavage of Bid by cagpase-8 and triggess the olig-
omerization of Bax (Sinha et al. 2013). Bel-2 is a pro-survival
member which can attenuate Bax effects (Brenner and Mak
2009; Basanez et al 2012). On the other hand, caspases are
crucial mediators of apoptosis and caspase-mediated apoptotic
cell death is accomplished through the cleavage of several key
proteins required for cellular functioning and survival. PARP-1
is one of several known cellular substrates of caspases and
cleavage of PARP-1 by caspases is considered to be a hallmark
of apoptosis. Particularly, the cleavage of PARP-1 by caspase-
3 results in the formation of two specific fragments: a 89 kDa
catalytic fragment (cPARP-1) and a 24 kDa DNA-binding do-
main (Chaitanya et al 2010).

Recently, it was reported that low pH induce apopiosis in
mmeor cells, indicating that acidic stress could activate distinct
apoptotic events (Sharma et al. 2015). To owr knowledge, the
effect of acidic stress on human placenta wasnot studied vet. In
this line, we hypothesized that low pH produces placental cells
apoptosis and leptin might regulate this effect The purpose of
this paper is to evaluate acidic stress consequences in trophao-
blast cell survival and to determine leptin action in these con-
ditions. For this aim, human trophoblast explants were cultured
at pH 7.4 and 6.8, and hallmarks of apoptosis, such as caspase-
3 and the p&% fragment of PARP-1, were studied in the pres-
ence or absence of leptin. Also, p53 pathway and mitochon-
drial intermediaries, as Bax, Bcl-2, and t-Bid, were evaluated.

Materials and methods
Trophoblast explants collection and processing

Placentas from uncomplicated pregnancies (n=6) were
obtained after cesarean section delivery following normal
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735

term pregnancies in the Virgen Macarena University
Hospital. Subject characteristics were mean maternal age
at delivery (28.0 years £9.0), mean body mass index
(25.8 kg/em® + 2.1), mean gestational age (39.1 weeks =+
1.1}, mean infant birth weight (3250.2 g£9%.6), and
mean placenta weight (501 g+ 58). Human placentas were
immediately suspended in ice-cold PBS and transported to
the laboratory, where they were washed 23 times in ster-
ile PBS to remove excess blood Villous tissue free of
visible infarct, calcification, or hematoma was sampled
from at least five cotyledons at a distance midway be-
tween the chorionic and basal plates. These core parts of
cotyledons were cut into multiple cubic segments (10—
15 mg wet weight) and thoroughly rinsed with cold
DMEM-F12 medinm pH 7.4 (137 mM NaCl, 5 mM
KCl, 1 mM CaCl2, 1 mM MgSO4, 0.3 mM Na2HPO4,
0.4 mM KH2PO4, and 4 mM NaHCO3). This smdy was
approved by the local ethical commitiee (Comité Local de
Etica en Investigacién del Hospital Universitario Virgen
de Macarena), and the patients written consent was
obtained.

Treatments of trophoblast explants

Trophoblast explants were randomly distributed in tubes con-
taining 1 ml of DMEM-F12 medium 0% FBS (equal amount
of trophoblast explant per tube, three replicates per treatment)
and maintained in a normoxia chamber at 37 °C under a 5%
CO4 environment. Trophoblast explants were incubated in
DMEM-F12 0% FBS pH 7.4 and pH 6.8 in the absence or
presence of leptin (10 nM, based on previous studies 10 nh
(Perez-Perez et al. 2008, 2009, 2010)) during 5 h. The acidity
of solutions was measured with an electronic “pHmeter.”
Trophoblast explants were removed from the bath, centrifuged
for 2 min at 2000g at 4 °C, and resugpended in 500 pl of lysis
buffer (1% PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, and 10 mg/ml PMSF) during
30 min at 4 °C on an orbital shaker and later centrifuged at
10000g for 20 min. Supernatants were analyzed by Western
blot.

Western blot analysis

Total cell lysates were prepared in lysis buffer. The lysates
were centrifuged at 10000g for 10 min to remove cellular
debris. The protein concentration of the supernatant was
determined by the Bradford colorimetric assay, with bo-
vine serum albumin (BSA) as standard. Lysates were
mixed with Laemmli’s sample buffer containing 2%
SDS and 30 mM pB-mercaptoethanol, boiled for 5 min,
resolved by SDS-PAGE on a 12% gel, and electrophoret-
ically transterred to a nitrocellulose membrane (Hybond,
Amersham Pharmacia). Membranes were equilibrated in

1x PBS and non-specific binding sites were blocked by
5% non-fat milk in PBS at room temperature for 1 h. The
membranes were then immuneblotted with monoclonal
rabbit anti-caspase-3 (200 pg/ml, 1:1000, Santa Cmz),
monaclonal rabbit anti-PARP (200 pg/ml, 1:1000, Santa
Cruz), monoclonal mouse anti-p533 (200 pg/ml, 1:5000,
Santa Cruz), polyclonal rabbit anti-phospho Ser-46 pS53
(1:1000, Cell Signaling), monoclonal mouse anti-Mdm-2
(1:1000, Oncogene), polyclonal rabbit t-Bid (polyclonal
rabbit anti-Bax (200 pg/ml, 1:1000, Santa Cruz), and
polyclonal rabbit anti-Bel-2 (1:1000, Epitomics).
Loading controls were performed by immunoblotting the
same membranes with polyclonal rabbit anti-GAPDH
(6.6 pg/ml, 1:2500, Calbiochem) or monoclonal rabbit
anti-x Tubulin (200 pg/ml, 1:2500, Santa Cruz). The an-
tibodies were detected using horseradish peroxidase—
linked goat anti-rabbit/anti-mouse IgG (1:12000,
Amersham) and visualized using a highly sensitive chemi-
luminescence system (Supersignal, Pierce). (Quantification
of protein bands was determined by densitometry using
Image Gauge version 3.12 software (Sciencelab, Fuji
Photo Film Co., Ltd).

Data analysis

Experiments were repeated separately at least three times to
assure reproducible results. Results are expressed as the mean
+ standard deviation (S.10.). The statistical significance was
assessed by Student’s test or, when multiple comparisons were
necessary, by ANOVA followed by Bonferroni’s post hoc test.
Differences between groups were considered significant at P
value <0.05 using the GraphPad Instat computer program
(San Diepo, CA, USA).

Results

Low pH induces apoptosis in human trophoblast
explants and leptin prevents this effect

Ag a first step, we investigated the apoptotic effect of acidic
pH on human trophoblast explants by determination of
caspase-3 activated form and cleaved PARP-1. For this aim,
trophoblast explants were culhuwred in DMEM-F12 media at
pH 7.4 (control pH) and pH 6.8 during 5 h. Western blot
assays showed that incubation of trophoblast explants at pH
6.8 increased caspase-3 activation (5.75-fold increment), and
leptin reversed this effect reaching similar values to control at
pH 7.4 (Fig. 1a). Moreover, leptin regulation on PARP-1
cleavage was studied. As shown in Fig. 1b, in explants cul-
tured at pH 6.8, the p8% fragment of PARP-1 abundance is
significantly higher in comparison to control, indicating exac-
erbated apoptosis in this condition. When leptin was added, a
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sipnificant decresse of cPARF-1 expressicn is obscrved at pH
6.8 pe well as pH 7.4 These results supgssi that oo acidie
envitormenst proddies apaptosi of human trophoblact e
plasie, and leptin ateruotes this edfict.
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Blext, woe decided to evakiste whethes the expression of thess
spopbotic imbermiediaries changss when trophoblast eaplants
are cultured at pH 68, We foursd thet low pH did niot signif-
amthy abter Bel-2 el Baod expodsaions. However, leptin treat-
pnent conssderably caduced Bax engeession af bath pH, ob-
gervimp a groater effect at pH V4. BacBel-2 satio 15 arslyzed
i Fig. 2a O the ofher hand, we evabianed Bed activation by
sudyving 1-Bid enpresion. As shown in Fig. 2b, low pH proo-
fuced an increass in -Bid sbundance {2.25-fald merement)
e beptin rexduced it eapression to valoes comparshle o {he
control st pH T4, Thess findimpes supgest that the infrimsc
apophotic pathwaey iz involved i apopioss thiagered by oci-
s, arsd leptin exerts an anti-apoptonses sffsct.

Bcidic stress increases p53 expression
and phosphorylation, and leptin inhibits this
pro-apoptotic action

W cottipoed the smdy of pH-mdoced apoptosis by ana
byzing p53 expression and its phosphorylatien m S46.
Weztem blot assaye were perforimed, and we Baind that
oadiz acidificetion generatad & 2 1-fold uprspulation of
F33 eapression (Fip. Ja), accordinghy with the increment
i apopiosis described above. It conld be obssrved thet
keptin treatrnent dindmished p33 expression levels 1o 30%
at control pH and  66% at low pH. Thes, we anabyzed the
levalz of S48 p53 (Fig. 32" and fonmd that low pH
meremented pi3 phosphorylation {1.45-feld merement),
and mdepandently of the pH evaluated, leptin snarledly
decteaded pi3 phraphorylation. Moseowves, at pH 6.8, a
greater effect on pS46 pi3 was observed. reaching valies
bower than pt pH 7.4 (Fip. 3a7). These resulis reinfiores that
apoptogis is tiggensd by acidic pH o trophablast explants
and demonsteate that p33 pathway 13 activated & acidie
glress conditioms. Alse, these findings meinforced the no-
tion of leptin & & cytokins capstle fo repulate p33 pathway
tmeer acidosis,

Leptin boosts Mdm-2 in an addic state

We decaded 1o evakiate i ke pH regulates Mibio-2 expres-
gion. As shown m Fig. 4, acidic pH generated a 2 85-fold
miremret i Mim-2 levels, and m these condibons, leptin
further incresssd in approximatehy two times Mdm-2 expres-
gicm. Howewver, at conimod pH, beptin did not sipnificanthy mod-
ify Mdm-2 levels. These 1esuls supgest that Mom-2 expres-
gicn could be vprsgulated by acidic pH. Thess fndings may
gl gt That 4 acedic conditicns, bepten 82 downregilaciag pSs3
bvela throngh meteactog Mdem-2 levek (Fig. 51
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“Iatenals and metkods.” Moloular wwights were csfimaisd using
stmdzd protsn madess, sl moleoalr mes (KD  mdcated otk

might ofithe blod. Lissdmg coodnol wige perfimmed by immonoblostme ke
same memhbranes wigh ant-Tobulin. Barsd densitcametny = shown o the
lirger panels. Regils are axpretsed a8 mean & 5D For thase the
midependent expenments, Stashical analvaes weare perfommed By
AROYA and Bordemom s maliple companson post hoo tesd, relstre &
pH T4 wnlboul leptin *} ar pH 6.5 wqthéad lephn [":_"_,;u; (AT
e < 0001 M= a0l ®e <000

vesgels to supply this mmat be aliered tadically and deficienr
cles in This process are asaociated wiath several daoperoms preg-
nancy compcatans (Carmamigit et al. 20000, In eachy preg-
nancy, & misdetately hypoxic emdironmment i crcial for sppoo-
peiate eonbey ook develpdrent smee aormal peoBratie and
differetimtion of trphioblagss cells may be doven by lows
oxvgen conceniration in the decidua (Temes et &l 204
Castro-Parodi ot al. 2013}, Ceovpen ennchment of f&tal blood
iz promioied by partial pressure differsness m the fto-
nwiemal ciculation, When the placents iz exposed 1o lowes
pressune of Oy (P02 doring invesion, physidiopc placenial
remandelimg i irpaired { CartaTight et al. 2007 Thus, ssveral
canditicns i the sether cotild be Hnked to sutb-optimal axy-
e supply 1o the ferplacental wvdt, ansd the biokyd cal mech-
anisms may vary. A oother with anemis and with beart oo
wilh hang dieases or diabetes has reducad the abdbing 10 pro-
vidle her fepos wih sufficent ooygen. Dider tothess also may
not b the et oxypen provadets to therr offtproe (Eskild
et al. 20081, Hemopkdbin affinity fiv eoygen &8 determined
by the pH ared peetiall pressige of cacbon dicecide {POO,): foo
example, when PCOL 15 incremented or the pH s tecuced,
hemop lobin affinity for coorgen decresses producing scidods
Therby, acidic environment conkd impair the comact devel-
opmient of the fens as well s the anstomy and function of the
placznta (Bobrow and Scothill 199%; Aveshano ot al. 2005]
In recent vears, the mportance of apopiotic cascade for the
catreet fonetion of e trophoblact a becorne evidest. bt 42
wiedl-pisblished that apoptotic process # a natunally occuming
event i the placents and hes p mapor role in mainteining the
tteprity of villsna trophoblasre (Lesy and Melsos 20600,
Hupgierte et al 2006; Heazell ot al. 20017 The celb of vital
ot have beens demematrated to be at vsk of spoptosic at
low pH bevele (Lin ot al. 201671, Thepe are varong fapors
ahonn bvwr extracellnbe pH affect i tivee cell gince thess
cells retain kearer pH tom that of tiocnal tesves (Vinpel stal
1983%, To date, there has besn very few studses sbout the
cotigagueniees ofacdnss divm e pregramncy and 1o oo krowd-
edpe. the condequences of axidic streas dn apopiosis of
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Fag 3 Ackhe seess meredssd pa3 and pS86 p53 expretsiong, and leem
impairs this effect. Homan wophoblast explants wae proossed =
dezeribeni m “Mstenals and midhods ™ and coliigad in DMEM-FIZ
medn o pH T4 or &8 doneg 3 hown the presence or sbemnce of 10 ok
Teptm LE p53 G40 and pB46 p53 (07 expessnims W Sehammed by
Wisterm blod analysis. Cell sutracts wese prepared ag mdicaled in
“Miaterials and methoda™ Molscolar eaghts werd sStmmded 0Hing
stmncbrd prodem modars, snd moleonler mess (KD 35 mdested ot the

plecental celbs were not researched. Based on the mportancs
of e ackd-baes balares for the success of the pestation and
the hitths dizscussion availab ks ghot kow pH effect on placental
cells, this research attempted to cvehiate & possible effect of
acdreds on tropbobbast suevyval and the pacticgpation of leptin
ag a placental cytokine. For thia adm, hrenan tophobissr ex-
plasts were culmired =t physiologlea pH (pH 7.4 and at low
pH {pH & £} m {he presencs or absencs of kphn.

In the present work, we first decided to study the effect of
larr etracedlalar pH in placesstal cells by evaliating caspase-3
ard cPARP-1, s apopioss Balbiracks. PARP-T 1z a micker
DN A dise protem myvolved i DINA repas amd apoptosis
whech 15 cleavape by campase-3 during early apopiosis
{ Chaitamyye et ol 2014, We fpand thet acidic stress increased
the eapression of csspass-3 active form, as well a8 the abun-
dznce of the pES fapment of PARP-1, cugeesting that bew pH
induces spoptosis on placental callz. Thess resuls are in
apresmient with Aoverna et gl (2005] who found thet ackdosis
increased caspase-3 activatinn as well a3 caspaie-12 mENA
aryl Pt expressiits i astmocytes Mareover, 1l wes tecet-
ly reportad that aeidic sxtmcellular pH indiees cleavape of
chgpae-t and PARE in Juckat T lymphocytes, redole that
support our findimes (Kini et al 2007 On the other hond,
when keptin was added to culturs medis, apoptosis was

£ Sprayger

53 pEAAIGARDH
Ricdativg optical dansity (2. u.]
i

=
o

4

-
& o &

ek o the Biod. Loading omdrols weore perfimméd b immomobiosng the
same menbmnes with mb-GAPLH. Band derstometry is showm in the
linwer pamels. Besulis nre expresied as mean = 53IF for thees dhe
independent expenments. Sabishical analyses were perfonmed by
ANOVA and Bomfeandm s minliple compinion posd bis: desl, relsdrog 40
pH T withool leptin (%) o0 pH 6.5 sathowd leptin |"f|."_,l.--:l'.l.|]5.
oz 0 e s Mpa

strongly reduced suggsstng & pro-survivel effest of keptin
Thiz evidencs einforcss the anti-apoptotic leptin offect in
the plecenta desaribed by several previous works of our group
(Magarimos et sl 2007, Perez-Perez ot al 2008; Tore ot al
N4, Pirez-Pérez ot al. 2I6)

Miockordra ave coucdal, muktsfonctiomal omgamelles which
actively regulate celbolar homeastasis and are dicecthy i
vobvad 1o toggeming different and complexky intercormecied
programs promoting ozl sumvival oF death CApostolove 2t al
ML) Mitochondrial remodebing by scdoan, theoagh the ac-
tivatend of a doal progran that modnlates mEochondoal dy-
rarikes amdd acchilecnire, repredenis a sovel ard physlological
pathway thal suafams mitochondesl iotegomy and ATP pro-
duction despite oxvesn limitetions (Khacho et sl 204}
Since the balance between the pro-apopiotic and anti-
apopotic members of the Bel-2 family proteins and their up-
and denwnregulations usialby determime the fae of the calls by
efther vmdermpoing apophosis or sorviving in an orgen patho-
physodepy (Smba et al 20030, we decdad to wmbzs the
mtrissic apoptatic pathway @ acidic condnioms, We foand
that pro- arsd antl- spopiote interiredieriea Hies Hax and Bel-
2 are tiot mflusticed by fow pH, bt t-Bid abandenes is ang-
merted in acidic siress conditions. These resuls suppest that
imtrinzic apoptotic: pathway might be imeodved in bow pH-
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Fig, 4 Lephn meressss Mam-2 at e pH. Homen tophoblat explands
wete proocssed m dewerise o “hdsterals and methods® and culhumed o
DEIER-FI 2 medin atpH 7.4 i 6.8 Gomng 5 b m e peissnc: dn dbiane
of 10 nhd et (T Il 2 epereson wn debemmned by Wesdem biod
anahis. Cell extracts weae prepared 258 mdiedd in “Maleoak and
methods ® Moleoolr weyghis weare sstimated nsing standand pooten
maras, fmd molecolar moss D 13 ndusted @ the ot of e bl
Loshng conlobls were pérbormed by immonablodlng the §ams
membammes with b -GAFTH. Band densiometry 15 showm in the
lewer punels. Resulls mme eapressed a3 mean £ 30 R thaee dhe
independent sxperiments. Siatshoal onalyses were parfoamed by
AN fnd Bonbarom s okl companioen post b bt misive
pH T.4 wihoot lepbin ¥ or pH &8 wathoet laptin -j']."_,-.- =M
" O

arsduced phacental cell apoptose. In this regard, Sharro ot al
(2015 bave described that acdoss-toppesed apoptoss of
Rap cells and suggested that apoptosis induction i
associated with Bax. Otherwige, K ef all (2007 have myves-
tigated Bid leveds in low pH conditions but they fourd thet t-
Bid bands remaimed imtact, We consider that the obesrved
differencss could be due to the vared pH anelyzed So. it
emild be thovght that st different ackdic conditions, distinet
actord of mtdssde pathway are regulated. B s Hoe, we pro-
pige thatpH 6.8 is qufficeent o the cell 1o tegulbae 1-Bid kyvels,
which are related with Bax localizatiom and oligomerizaton
(Bekeg ot al. 2000, while al more extrers conditions, Bax
expression repulation could be necessary, Isdependeamtby of
the pH mszmyed, we found thet keptin rsduce BaxHel-2 matio
W aleo detected a diovinuticn of t-Bid sbundancs when leptin
wis Bikled st pH 6.8, These msults peinforce the kptin anti-
ppopiotic effect described previonsly. Additicnelly, tesults of
ot prep dernonsteated that & demomn deprivation amd oypes-
theroda condithe, leptin decrestes the expreddbon of pro-

apoplatic proteins whik moeresies the kvels of anti-apoptotic
mbermiadiaris irrobved i spoptotic mtrirsic pethwey { Tooo
et gl 201 4; Pérex-Pémez ot al. 2016}

P53 is a transcTiption factor which is activebad in regporse
b different stress stiouli to alow grovedh amest and apoptosis
(Brady ared Attardd 200 00 Tt wes reporied that p53 could play
an aenportant nele in calk b differentiation and in the costol
of the orvasion of teghobdestic cefls, hightphtmg the bopae-
tance of this proiein e placestal devebopenent (Cohen et al.
HHETY. To finther evamise acidosds effect on placental cell
gpptosis, we decided 1o cvaloate pS3 pathways. There was
80 increase of p33 expre sskon pesociated with ackdsc pH, mdi-
cating thet kow pH aiffects p53 kovels, Very btk was found im
the litersture on the question of p§3 signalmg & acidic condi-
tfioms. In ihis lme, Lin e &l (2014 described st bow pH
epsime of cardiomnyocyies dncrements pS3 ad caspoge-3
enBMA kevels, and Shamna et all (M005) repurted that NF- B
tramabocatiom o tclens i response o acklic environment
coald mdiate that p53 s egulated by NF-B i R cells.
At the same time, when leptin wes added, p33 expression
was decressed. Similer effects wens perceived when phos-
phoryletion on 546 of p53 was enebyzed, simce we found that
kear pH increpsss their kwels whik leptin treatment dimiin-
b them At this point, the prezent work produced results
which corrobarate the fmdings of prevsnis works of oo group
wheme we described a p53 dwncegulatxss by leptin {Tose
et al. 2004, 20151, Another mrpetant Andimg was that acidic
gress abio affects Mdm-2 expresion. Mdm-2 constinates a
feedback boopinwhich p53 activates Mdm-2 gens exprssion,
incregsing Midm-2 protein levels which then bimd p53 and
infkibitz itz activiey {Inous ot al. 2005, Crr resalts demorsist-
ed that bow pH increments bdm-2 expression, snd leptin in-
crepsss even ouoie Aich levels These resubis ane corsisten
with the merement of ph3 expresaion and phosphorybation
deacribed above a Mim-2 expression is regulated by pSi.
Chi the other hand, kptm-toduced MMom-2 expression does
el seern T be meddated by p53, whdch i downregulated. Tn
fact, e upregnlation of Midn-2 may contrebnte o the lgpim
effect downregulatimg p53 level. Mdm-2 expression is
known 1o be uprspulaed by sipnaling, soch as PIE pathway
(oitlich et al. 2002), which & activeted by leptin in huoman
trophoblast {Petez-Peres et al. 2000, Besides, itis known that
stress conditioms eoulbd dnduce the whibiton of pS3 moclear
epatt, protnotme pS3 accumalaticn. Moceover, other mech-
arrisms enhancamg The nuslear denpoat rate o the desnapiing the
mberaction between pa3 and ns cytoplasrec-binding parmers
coald e evobved (Booue o1 all 2005). Furither reeearch with
owore focus m Mdm-2 repalation and p&3 kocalieation shouki
be done 1o clearhy underetand leptin regulation of p33
Pt way.

Driring bypoxea, resricied fas enchang e increments carbon
dioacide comcestraticn leading acidosn. FE {2 a diorder aaso
caated with maternal byperteraion, reduction in placental
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bload fow, and placental hypoxda Flacentas froom preechigp-
tic women show vescular abnormalities and miflacmation
compars=d to plcenias fom healhy prepnenciss, supggsstimg
a tole T ifflarination i the dissme (Haomon et al 20065,
Besides, chrorbs milamoiation i obese woonen proeducas mi-
tochondrial dyefmctson in the tophoblast. Eapression of lep-
tin is strongly assscaed with vasous inflammatory responess
ared the s ne sye e (Phaer-Pres ef all 200 Ta, by asd plays
citidal oole in the pathophyskedogy of obesiny and develop-
ment of disbees melliios @nd msulin resistoncs (Rehman et ol
200 %), Iy this sense, FE iz characterized by moreasad levels of
lesptiny {hilise etal 19495: Groafald et al 2000 Pérez-Pémzetal
201 Ta, b, Grosfeld =t al. reported that beptin: gene sxpression
5 upregulatsd dnder bypoaic conditeoms in BeWo cells. In
adkition, healeer et al (2005 measnmed lepim levels during
hyposis i JAr cells and Toumd et beprin prodoction # -
creassd at mn oxyeen tension of 1% They alse investippted
leptin role on spoptosis end their repults suppested that lepdtin
does not infloence spoptotic patimrys i TAE call line aadet
hypomic and non-hyperic conditions. Thet evidencs & pat im
apremient with our previcus results th et position keptin &= an
anti-spoptatic hormrane in the plecenta; however, the differ-
etsce coild bedue both 1o the expertrental tandel and 1o the
higher beptin draea vmed. In this e, most of the: studies 1ha
imvestigated the rale of ksptin i reprodiiction have used supea-

£] Sprager

Acidic stress

ptvelologeal lepin concentrations, and the way bave resolt-
el im conilicting resuha o determiine the tobs of keptin (Herrid
ot gl 2004} Mevertheless, the mecherism invobved in ropho-
bast respeonst e to hypoatia ared leptin rode o this comtext has aot
been sufficienthy explored. Nevertheless, we thaaght that -
idosi could pronode inflammation duting PE, and keptin
wight have a pootactive role that could explain the obaerved
leptin uprepulation o this pathology, I s lme, we proposs
et inducsng acidie soese coukd be a poosd sppecach tooad
vanecs I the siady of leptin association with PE.

In this work we have evabated bowr abteration of ackd-baga
balance affecs placental cell survival, Chie findivgs, for the
first tme, provide svidenee for mduction of apoptoss by pod-
ic Biress i the placenta, In this comtext, we have demonstmated
it bepiin exerts 3 pute-survival astion, 0 agresmnent with o
preraoue reolts, However, these resoliz not only teflect thet
lepitin protects friom apoptosis bat also highfight it plaiotropic
effects on differer pregnancy aspects. Particolarhy, we dem.
atsateated that leptin combd vegn late the btriveic apogtetic patl.
way end pi3 sipnalimg in an ackdic epvircmment. This is a very
inmpaortant observation, bacans e in reviewing lneramure, 1o data
wad found an the aednciation betasen kow pH and leptin ex-
prediin o effects:

It is widaly acepied. that leptin plays sn integral rodein the
norrsl physiology of the rsproductive system and bae 2 wids
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range of biological functions on trophoblast cells involved in
successful establishment of pregnancy. Moreover, the present
work also brings knowledge about leptin effects in a possible
pathophysiologic context, which could beuseful for designing
novel therapeutic strategies using leptin. To address this issue
is very important since a number of evidence suggested that
leptin might have potential as a treatment for diverse patholo-
gies including the malfunctioning of the reproductive system
(Pérez-Pérez et al 2017a, b).

Fmally, it should be noticed that in this smdy, enly tropho-
blast explants which are not exclusively comprised by tropho-
blast cells were employved However, we consider that the
study of human placenta tissue 1s really important because
trophoblast explants represent an interesting physiological
model. In the next stage of our research, we plan to comple-
ment this work by using a trophoblast cell line. In addition,
future studies with more focus on p53 post-translational mod-
ifications and localization will be interesting to fully explain
P53 signaling regulation by leptin. Moreover, we considered
that the study of signaling pathways involved in leptin anti-
apoptotic effect will be very interesting to better understand-
ing the mechanisms involved on leptin action.
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Abstract

¥

Gestational diabetes mellitus is the most fre-
quent pathophysiological dteration in preg-
naney, inereasing the incidence of complications
i1 both mother and fetus, The macrosomia that
oceursin these fetuses may berelated with some
chatiges in nutrient transport mechardsm in pla-
cetita The presence of aquaporin 9, an aquaglye-
eroporin, has previously been demonstrated in
placenita We raised the question whether aqua-
porin 9 expression may be upregulated in pla-
cetita from gestational diabetes, thus providing a
faster tratsport of glycerol and water through
placenita We studied 21 placentas (13 cotitrols
and B gestational diabetes) from cesarean deliv-

ery af term, The expression of aquaporin 9 was
analyzed by quantitative PCR, immunoblot, and
imrnunohistochernistry, The median values from
quantitative PCE were compared by nonpara-
metric tests for independent samples (Mann-
Whitney U-test), We have foundthat trophobl ast
from gestational diabetes express higher amount
of aquaporin 9, which was found statistically sig-
nificant (p<0.05), The increase it aquaporin 9
expression was confirmed by immunoblot, and
localization in the syneytiotrophoblast was
checked by immunotistochemistry, The increase
i1 aquaporit Sexpressioninplacentafrom gesta-
tional diabetes may contribate to the higher
transport rate in this pathology of pregnaney.

Introduction

L

Aquaporing (AQPs) are afamily of infegral mem-
brate proteins, There are 13 known AQPs in
mammals, Their structure is tetrameric with
motwmers (<30kDa) corfaiting 6 membratie-
spantiityg helical domains surrounding an aguae-
ous pore [1,Z]. Three subgroups of AQPs have
been described according to their structure and
furrtional properties: The “classical aquaporing”,
which only permeate water, the “aquaglycerop-
oring” that comprise AQP3, 7, 9, and 10, which
are also permeable to urea and ghycerol, andthe
“super-aquaporing”, AQP11 and 12, which are
locdlizedinthe cytoplasm and whose permeabil -
ity has rot yet been fully determined [3]. Inthe
particular case of AQP9, it can also facilitate the
e of newtral solutes suchas monocarboxylates,
purines, and pyrimidines,

AQPs are also expressed in placenta and fetal
membranes where they seem to play an impor-
tant role in amriotic fuid volume regdation
Previougdy Damiane and colleagues demon-

* These authors should be considered as first aghors

stratedthat the locaization of AQP9was not only
if1 apical and basal membranes but also in the
cytoplasmm of human preeclamptic placerta,
which was found increased 2.5-fold compared
with twrmal term placentas, Moreover, they
found that there was a lack of functionaity of
AQP9 for water and mannitol transport, but there
is eviderice that this aquaporinis itwolved in the
excretion of urea across syncytiotrophoblast of
hurnan placenta from mother to fetus [4,5], It is
known that a proper development of pregnaney
depends on high-quality ovdlation, suecessful
fertilization, normal embryonic and fetal dewel-
opment, and homeostasis of amniotic flud,
Throughout pregnancy, AQPs are expressed in
placenta uterus, adnewa, brain, urinary system,
and the lacrimal gland The regiond and tempo-
ral regulation of AQPs plays important roles in
norma pregnancy, fetal growth, and homeosta-
sis of ammniotic fid velume, The pregnant phe-
notypes of aquaporin-knodiout mice provide
direct evidence that AQPs deficiency resuts in
adverse outcome of pregnancy, Changes in the
expression regulation of aquaporins are seen in
preeclampsia, abnorma amriotic fludd volume,

Wilarifio-Garcia T et al. AQPA in TrophoblastFrom GDM... Homn Metab Res 2016; 48 535-539
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chorinamioritis, and maternal undernourished pregrnancy [6].
Gestational diabetes mellitus (GDM) 15 the most frequent preg-
nancy ateration, affecting 4-8% of all pregancies [7,8], and
increasing the risk of both the mother and the fetus for adverse
evenits, [n vitro studies showed anupregulation intransport sys-
tem for some amino acidsinplacenta The alteration of placenta
funiction may be the reason for abrormal fetal growth [9)
observedinthis pathology of pregnancy [ 10]. Wormen with GDM
have increased plasma leptin levels [11]. Besddes, insdin levels
are also increased in GDM, and typerinsulinemia may mediate
increase of leptin synthesds in placenta [ 12]. In this sense, our
group has recently described increased leptin and leptin recep-
tor expressonin placentas obtaned from GDOM [ 13], andinsulin
induces leptin expression in trophoblastic cells, enhancing the
actiwity of leptin promoter region [14]. Increased insulin and
leptin levels may modulate the expression of AQPS, as it was
presiously describedin placenta [ 15], as well as adipocytes and
hepatocytes [ 16]. Even though the futictional role of AQPsinpla-
centaremains to be elucidated its expression and regulation in
dbnormal pregnancy may point to new potential therapeutic
targets for the pathology of pregnarney. Inthis corfext, increased
AQPY expression has been found in preecdamptic placenta [5).
We raised the fhypothess that AQPD expression may also be
increased in GO, In the present study, we have examined the
expression of AQPS inhuman syncytiotrophoblast of placentas
trom normal and GDM pregnancies.

This study was approved by the local ethica committee and
irformed written consent was obtained from 4l subjects before
the collection of samples, The reportedinwestigations have been
carried out i accordance with the prineciples of the Declaration
of Helsinki asrevisedin 2000,

Term placentas (n=21, 13 from healthy pregnancies and 8 from
GDM ) were obtaned after programed cesarean section by the
Obstetric-Cymecology service of the Hospital WVirgen Macarena
The patierts were diagosed with GDM based on ADA criteria:
Glycera fasting»>%2mgfd (S 1mmolfl); gycemia 1-h post
ghucose intake>180mgld (10mmolfl); ghycemia 2-h post glu-
cose intake »153mgfdl (8.5mmolfl). Clrnicd data are shown
in® Table 1.

Human placentas were immediately suspended in ice-cold
phosphate-buffered saine (PBS) and transported to the labora-
tory [ 10-20min) for being processedwithin 1-2h after delivery
as previously described [ 17]. Briefly, placent as were washed 2-3
tires in sterile PBES to remove excess blood, Villous tissues, free
of wisibleinfarct, calcific ation, or hematoma were sampled from
a least S cotyledons & a distance midway between the chori-

Tabla 1  subject char cteristic s of healthier cases and GO,
Charactarctics Hoalthy in=12) GDMin=3] pvalm
Maternal age at delivery 28.14£6.0 4.6 £5.0 <0.05
(years)

Gestational age at 39.5+0.7 3IT6+14 ns
delivery (weeks)

Infant weight (q) 3120+67.2 3545+ 285 =0.05
Placenta weight (q) 43057 575 48 <{.05

IMC (kafome) 26 25.4 ns

Walues are mean= 50, n:: Mot significant

oric and basal plates. These core parts of cotyledons were cut
into multiple cubic segmernts (10-15mg wet weight) and thor-
oughty rinsed with cold DMEN-F12 medium pH 7.4 {137 mM
MaCl, SmM KCL 1mb Cally, 1mM MgS0y, 0.3mM NaHPO,,
0.4mMEHP 0y, and 4mb MNaHC0z),

Tota EINA was extracted from placental samples using Trisure
reagert, according to the marnfacturer’s instructions (Bioline
Cao). Concentration and purity of the isolated RMNA were esti-
mated by spectrophotometry at 260 and 280nm with purity in
PognlAogn Tatio around 2.0,

For cDINA synthesis, Spg of total RINA was reverse-fr anscribed at
95°C during 1husing the Transcriptor Arst Strand eDINA synthe-
sis Kit (Roche), gPCR reaction was performed using the follove-
ingprimers sequences AQP-9sense 3'CAAAAGACTCAGCCAGAG
GAAZ, AJP-9 Anfisense: STAGACCCTCATTGTCTGGGTCTAS" and
cydophylin, forward primer: SCTTCCCOGATACTTCAS and
reverse primer: STCTTGGTGCTACCTCS'

ET-gP CR Master Mix Eeagent kit was “SensiMixTh Plus SYER
Kit™ (Quantare), ard PCR reactions were performed on M] Mind
EioRAD (Bio Rad)

Therearctionwas initiated by preheating & 95°C{or 10min, Sub-
sequently, 45 amplification cycles were carried out as follows:
denaturation 15¢ at 95°C, 30s annealing & 58°C, and 305 exten-
son a 72°C, The threshold cyele (CT) from eachiweell weas deter-
mined by the Bio RAD C(F¥ Manager Program. Relatiwe
quantification was caculated using the 2787 method wsing
cydophylin as control expression. For gPCR, samples were runin
triplicates with 5% intra-assay wariability, and 11% interassay
wari ahility.

Tota protein level was determined with “BCA Protein Assay Kit”™
Pierce, Rockford, IL, USA) by the bicinchorinic acid method
(Thermao Scientific), wsing bovine serum abumin as standard
(B5A, Sigma Chemical Co, 5t. Louis, USA).

Supernatarts were mixed with Laemml’s sample buffer con-
tairing 2% SD5 and 30mM B-mercaptoethanol, boiled for Smin,
resolved by SDS5-PAGE on a 10% gel, using Prestaned Molecular
WMarkers Broad Range (Bio Rad) as PM marker, After that, the
samples were electrophoretically transferred to a nitrocellulose
membrane (Hybond ECL, Amersham Bioscietces).

Membranes were equilibratedin 1 PES andnonspecific binding
siteswere blocked by alburnin solution (S%)11inPES at room tem-
perature for 30min. Membranes were thenimmunoblotted with
polydonal antibodies that detect human AQPS (11000, Alphal -
iagostic). Loading controls were performed by immunoblotting
the same membrates with monodona anti-Tubadin (1: 1000,
Sarta Cruz Blotechnology Ine. ), Membranes were thenincubated
with secondary artibodies using horseradish perocd dase-linked
anti-mousefarti-rabbit immonoglobdins, Bound horseradish
peroddase was visualized by a highly senstive chemilumines-
cence systemn (Super Signd from Pierce), The bands obtaned in
the blots were scanned and analyzed by the PCEAS 2.0 program
Eaytest, Straubenhardt, Germn arny), The rel ative optical density of
the different bands was normalized by the corresponding inten-
sity of the GAPDH immuoblot in eachindividua experimert,

Hurnan willous tissues were o into small pieces, feed over-
right inn 10 per cent formaldetnsde in 0.1M sodium phosphate
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tranapart sedemna. such &5 aming aeids, faty acds, a1d ghacose
#mother impartant rudrioct for energy provision is gycerol,
traapartadby same AP, fath 3z ADPE AQPT and ACES,

Dur research group bas been working on the roleof leptnin the
growih and metabolism of the placeata | 18] where the trophic
action of leptin may medialte & mncrease in the 922 of the pla-
rerta from D0 G, sinee both the sqpresson of Jephin and ks
TReeptor e trereazed | 13], These Tects ppearto be medated
by actvwation of profein symthesis by acting oo the PIZ and
BIATE pabloaes, which conwerge 3 the pount of actvation of
protet rrand ation cagnding | 1E]. Maiver, lepdln eseme ta
arereass AP eres g n i bophobi st sgpdants anoatro (data
ot st

I this cosakent. it seemed ressonabd b to conssler that the trans-
puft systamn ol giyoercd, nam dy ALPS brophobd st s overes-
pressed it placentas from women with GO arel the koting
lephin rareptor syeem could play s dmpoctans role since the
systom is artreated in the plaremta from COM. We haw found
that, indesd. the amoune-of AP mPIMA &5 well & proted
mnotrt in trophoblaets from plarertas of woroen with GO i3

heher thae it obsernedinpl acental rroghwbdasts from coatrol
worn art Bed des, the AQPS 1o cai zation was ronfrmed insyncy-
tintrophoblast 3 predoEly described | 5)

The treremed espression of APS in the ameyiotrophotd ast
from placertas with CDO could medizte the incre ssed transport
of phyeeral bo thedatis, this confribuding ta attand #ha incraased
eniergy mtshe requirements in the marosomic debus. Cm the
cthar hand, vwoe camniot @ochede tha possible role of other AQPS,
such as AQPZ whirh i1 knvon to be present in the symcybn-
trophoblas. [noary case, the incressed epresgon of AQPS may
CORECtade 10 The dnerease i waber s plycedol rarsport,
Feparding the wnderdying mechaniams producing this increase
iy AP, ey sps oulabe Pk & posld e candidate may e Lep-
T W o2l asna Jeswle A e driereserd in GORA, [0 dds-eoodesd,
Fhe possitd e effiect of leptin on AQPD esposssi o in ko 15 Teing
curg ety ewestipated. Ragardless: of the medhamisom, wath the
limgtatsan of the ramber of samples, the presart daa strorgly
snpgest the diresed espdesann of PR Bropackdast foom
I amed thus, the inreased giycerol rangport to the fets may
help to cmeer the dnerease in mwergy meeds that qiay pocuy in
CIRA.

Bchnovdodquiments

L

This work weas supported by Granks from the [rebibuto de Selod
CardosI{TSCIT PEOSM0113 and PE1 2] 01 1 72) Mirdstry o Heal th,

Spain, partialy =upported by FEDER hoands.

Conflict of inte rast
¥

Thee aithid e deelan that hay e no conlHetsod ke et i the
adttarshag: or plblde aton of thas roadtibngion,

AT

Ceparement of Chaieal Blachemigry Wrgen B3 e Unpersty Hoopeal
Medicslzhoo. Unwersitrof Sealle Serdle Spain

Deparonent ol Blolagical Stences, Schr ol al Pherna oy and-Bie chemizry
Un perrhy ol Buegorolre:, Bueni £ OFE;, AmManang

“‘Degarcrent ol Biclogical themisry, Ficulrad da Cancias B0 Chs y
Mapurdes Univeridad de Bosnis Aires, | o Alres ATgerng

Ul ercian ntertlky lnaiooee 09 Sewille, Spsin

Wlario-Gani T e al QP inTraphabbEecFramGOrd... Hame iecall Pes a0 16 46 535550



1

157

Obstetrics and Gynecology Department, Yirgen Macarena University
Hospital, Medical School University of Seville, Zeville, Spain

—

%3

[

e

[}

o

-1

-

[r-

0

Fujiyost ¥, Mitseoka ), de Groot 8L, Philippsen A, Grubmuiller H, Agre
P, Engel A, Stoucture and function of water channels, Curr Opin Struct
Biol 2002; 12: 509-515

Verkman AS, Aquaporing: trafslating bench research to human dis-
ease, J Exp Biol 2009; 212; 1707-1715

Damiano AE, Reriew: Water channel proteins in the hum an placenta
and fetal membranes, Placenta 2011; 32 (Suppl 2% 5207-5211
Damiano A, Zotta E, Goldsteirn J, Reisir |, ibarra C Water channel pro-
teins AQP3 and AQPA are present in syncyrtiotrophoblast of human
term placenta. Placenta 2001; 22: 776-781

Damiano AS, Zotta £, barra C Functional and meolecular expression
of AQPY channel and UT-A transporter in normal and preeclamptic
human placentas, Placenta 2006; 27: 1073-1081

Hua ¥, flarg W, Zhang W, Shen ), Chen M, Zhe X, Expression and
significance of aguaporins during pregnancy, Front Biosci(Landmark
Ed)20l3; 18 1373-1383

Barnes- Powell LL, Infarrs of diabetic mothers: the effects of hypergly-
cemia on the fetus and neonate, Meonatal Metw 2007; 26: 283-2490
Gabbe 5G, Gestational disbetes mellitus, M Engl J Med 1986, 315:
1025-1026

Osrmond OT, Molar Cf, King RG, Brennedee 5P, Gude Wi, E fects of ges-
tational diabetes on human placental glucose uptake, transfer, and
utilisation, Diabetologia 2000; 43; 576-562

Jjanssan i, Petterssan |, Haafiz A, Ericssan A, Palmberg !, Tranberg W,
Garmapathy v, Powel! TL, jarsson T, Down-regulation of placental trans-
port of amino acids precedes the development of intrauterine growth
restrictioninrats fed a low protein diet. T Physiol 2006; 576: 935-946

11 Lepercq ), Carzac M, Laflow i, Timsic), Girand ), Anwera), Hougeel-De MS,
Overexpression of placertal leptin in disbetic pregnancy: a critical
role for insulin Diabetes 1993, 4¢7: 847-8510

12 Sagowa N, Yum 5, ftofr H, Mise H, Kakwi &, Korita D, Takemura M,
Nuarmak WA, Ogawa ¥, Masezaki H, Walao &, Fufii 5 Role of leptin in
pregnancy-areview, Flacenta 2002; 23 Suppl Ar 580-586

13 Perez-Perer A, Mayma JL, Gambino YP, Cuadix F, Dnuemas jt, Vamne CL,
Sancher-Margater V. Activated translation signaling in placenta from
pregnant wom en with gestational diabetes mellitus possible role of
leptin, Horm Metab Res 2013 45 436-442

14 Perez-Perer A, Guadix P, Maymo J, Dwenas jL, Vamnre C, Fermanadez-
Sancher M, Sanchez-Margaiet V. Insulin and Leptin Signaling in Pla-
centafrom Gestational Diabetic Subjects, Horm Metab Res 2016; 48:
B2-E9

15 Castm MM, Rarira M, Dietrici V, Aban C,Szpilbarg ¥, Zotea £, Damiano AL,
Evidence for insulin-mediated cortrol of AQPY expression in human
placenta Placenta 2011; 32: 1050-1056

16 Rodriguer A, Catalar v, Comer-Ambrosi J, Frefibeclk G, Aquaglycerop-
ofins serve as metzholic gateways in adipo sty and insulin resistance
cortrol, Cell Cycle 2011; 10: 1548-1556

17 Perez-Perer A, Maymo J, Deeras JL, Goberma R/, Calvo JC, Vamne C,
Sancher-Margater V. Leptin prevents apoptosis of trophoblastic cells
by activation of MAPK pathway, Arch Biochem Biophys 2005, 477;
390-3945

18 Perez-Perer A, Sancher-fimenez F, Maymo j, Omemas jL, Viomne C
Sanchez-Margatet . Eole of leptin in female reproduction, Clin Chem
Lab Med 2015; 53: 15-24



158

Los resultados del objetivo 7 estan publicados en el articulo:

Leptin uprequlates aguaporin 9 expression in human placenta in vitro.
Vilarino-Garcia T, Pérez-Pérez A, Dietrich V, Guadix P, Duefas JL, Varone CL,
Damiano AE, Sanchez-Margalet V.Gynecol Endocrinol. 2018 Feb;34(2):175-177.
doi: 10.1080/09513590.2017.1380184.

como la publicacion décima


https://pubmed.ncbi.nlm.nih.gov/28942694/
https://pubmed.ncbi.nlm.nih.gov/28942694/

159

GrNECCLOGICA SNOCCRMCLCHGET, 2077
s M o W2 WG 313 IR 1333

ey Tavlor & Francis
@ .-\.|::!I'h-'-...--'..'.-..'L

CSRIGINAL ARTICLE

W] Ghscafor usdess

Leptin upregulates aguaperin 9 expressien in human placenta in viiro

Teresa Vilarifia Garcla®®. Amanio Pérez Pére®* Waleria Dietrich”, Pilar Guadie® Jasé L. Duefias” Cecilia L Varane?,

Alicia E. Damiana® and Wctar Sdnchez Margalet?

D atrent a Chinical Bioe hemeToy Viege n iMacasena Unwersity Hosgital Madical 52 haal, Uneesity af Sevilke, Saain ®Depatment of
B bagical Soences, Schaal af Phasmacy and BacharicTy, Universtye af Buani Riees, Argeiming D0selies and Gpneca gy DegaTment,
Vigen Macarena Unrearsity Hesgital Madical Sehaal, Unneas ity af Sevilke, Saam;? Departrent af Bakagical ©hemetry, Faculiad de encias

Bractas y Shatuales, Unesidad de Buands Rves, Begantina

RBSTHRLT

A a poinG Ard | HEGIAL M2 rbea fel proTaitg THAT hived parineability fu rCTare i inaiy TEs s Aejud porin 9
May TrArd ot Ofily wWETEr bt 3150 small mokoukes, Such 32 ghoarsl, morecark oy B, puiires am
Prerimictines AGuApcrit G E axpréssad it Sty TROTOphed T of Muman Taim plcants, 3t i may conlik-
LTS Tt The ambryonictfatal growth and sureival We bawe previewsly fownd Thal Adguaparin 9 @ prassion
bowel Zeam To be incredmed it placer@ from gesTational o iabetes. Sirce kplin plama kvel amd BpTin
o pressien Afe ibcreamed in placenta fram gestationa | diabetes, wie dimed o sudy The possible ok of kp-
Tir of AGUARin 9 axprazsion in hwman place nia id wirs. The prese il wiork Shiws Thal kplin produces 3
cra-chaps foba i icredse of Aguaporin 9 axprassion, eEullitg in an ircease in Agua podired pratein in

P iy T prbecas B T 2 bars

Imroduction

Phomtz is 2 cotie] cogan ssponsible for nutdent wptake, waste
chimination, and gas ewchange between mother amd fetus [1.
Tomsequently, phomta] dysfunction @n led to 2 mumbe o
adwezse fetal cuteomes, indhding abnoomal fetal growth [25)].
Gestations] dizketes mellitus (GO i the mest frequent poey
rany Akntion, afecting 4 8% of 20 the peégmances [45].
Leptin is 2 peptide hiomone that entrlly regulktes enexgy
meteboliom [8], but alse segukies other systems including repro
dwction [7]. Leptin is produced by adipocytes, bt alse by
trophobhat cells, 2cting 25 2 trophic factax [E3]. That i why
phomz leptin lewds axe mepzeed dvnng poegnancy [10]. Besiles
phoma kptin lewl:s have been found incaeased in women with
F0 [L11]. Hypeanalinemi obdarved in G0M may contoibute
to the ezt of leptin synthesds in pleeenta [12,15]. sinoe insw
In fmeremses the expresdon of leptin in trophobhstic cells, We
have previcwdy studied the ek of leptin in the growth amd
metebolizm of the phesnts B, and both keptin anmd its receptes
are overespresed in phomtz from GDM [14]. Previeasly, our
group hed fourd that the ATPI ewpresion i als iréased in
syreytistrophoblast  fromm phetntas of GDM petients  [15].
Adquapodns [ATP:) 21¢ o family of integm] membrne protemns
with weter permebility functions. AQP3 an abo feilitate the
fux of neutral solutes sweh as gheesol memssrbowykies
puines ard pyrimidines [14,17]. ATQPs 2m2 expressed in phomts
ard fetz]l membmnes, where they seem to phy an important rok
in amnietic fuid regulation. Thee i evdence that A0PT is 2l
mvolved in the exxetion o wen smos synovtiotrephoblast of
humzn placents from mothé to fetus [18 240]. AQPT expoession
has been found to b pogtivly regulated by oinsulin [21).
Thanges in the exprtsdon mgulation of AQP: e sen in
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préecdlampda, 2bntarme] amndotic fhid vohane, cheaiammiondtis
aml matemal wrdemoudshed pregnaney [22], thws pombing to 2
new therapeutic target in patholkgicl de5 . I this eomtet,
ur group has fourd that the amount of 40P mBHA 25 wellas
AP protein kvel in tophoblast fom placentzs of women with
G0N is higher than that bserved in control plaoents kophobhat
[15]. Sinee kptin phama Jewds and kplin qoesdon are mexdased
in plzeents from GO [B.14], mow wie aimed to study the posgble
ok of leptin on AQPI expression in human phamts tr Wi,

Material and methods

The present zésearch has been pafoomed in 2ecoadance with the
Dechaation of Heldnkd amd has been appoowd by the kesl
Institutiomal Review Board [Virgen Macrema Uniwersity Hospital
IBE)Y and samples wize obtaingd with prite infooned wotten
consnt from 2]l mbjects, A1l mardateay hibratooy health and
safety procedures hawe been complied with in the course of con
ducting the eqezimental wock repated in this pape.

Flacental eplonts cellection and processimg

Tam placntas fom pon GOM petent and non hypertinse
pabints, wieme  obtained  after med  cemream sectiom.
Pheentas weze immediately swopended inice ¢dd phosphate bt
fezed saline [PFBLS) and transpeated to the lebomtay foo beng
processed within 1 2h after delivery as previousy described [23].

In witro stwdies with leptin stinwlaticn

The expemiments weze pecformed @ duplicate from five mde
pemdent pheentas. The eplants were ncvbated dunng 6h at
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Fgure 1. Leptn dreairmerd inT aases the armeound of S0P 0 Bbuman placanta
rophoblad eplants Macaid splants weare inodbated with mereaang ooreen
Fabore of leptn 40, 001, 1, 10, 10000 for 6h Mlacenta extracls were oroparsd
ad protars were sparaled on SGEPRGE gels BOFT was detemmired by
werem Hod aralyas Loading comdrods were penfommed By immurcbloting i
ter zarme reermbrares vt ant [ ububne A repressrdatee immancbkd Sews a
I Hoa bard comeamording 1o the ghcomdated form of A0FF placenial siplants
Ceratomedry of mmuancblots comtanirg R0PF orodan sl sipresaa was per
fomrmeed, ard afier rommaloaton for [ tubudin, the values were olotled as ROESS
P idbdin relaiye rato, Peaahs shown ae from a represerdaime expenment ard
xe epressed a5 meaars+50 for thees indecendent sipenments Yo <00 ws
conidral.

jlle ]

7L in dsctonic medivm DMEN Fl2 [ 555 with ereasing
kptin conoemtmtions [, 4.1, 1, 10y 1M nM). For the immuno

blotting, mmples weze lvsed, dematured and resohed by 806

PAGE chectrophoretically transfemed to 2 nitrocelhulose mem

brne [Hybomd BCL, AmershamBioseienees), ard then inenbated
with  polilhmal  antibodies that  detect human  ATPS
[Alphelrgrostic). Leeding  controls  wexe  poaformed by
immurisblotting the =me mémbEanes with momsconal anti

[ Tubulin [Santa Crur Biotechmology Ine, Dellas, T, The ants

bodies  weze  detected  wedng BEOL Superfignak [Themmo
Sejentifie, Waltham, hAY.

Bor the epremion araluis by BT POR tobk] BWA wes
extraeted wsing Triswee® (Bioline Jo, Londen, UK. Bive miza
grams o tota] BNA was rewrse tmnscribed at 5570 dwdng 1h
vony the Tmosedptor first Strand (DA syntheds Eit (Boche
Basel, Switrerhrd). qPCR reaction was perfermed wdng the po
mers sequences ard protoce]l deseribed in previews wedd [15].
Data were aralyred wsng JRX h{arn.gﬁm Softvaxe wersion 1.5

BID BPAD ard subsequently wrdérwient statistical ana
Yvsis wsing the GrphPad Prism soffwaze.

Statistica ] amaly s

In pheental @plants, immunoblet 2 2 reppesentative exped

ment from the 5 phoomtas studied. Reswlts are apressed as
mézn + 50 Bor the expression aralvds data by BT POR, the stat

istim] dgnificanee was assesmed by ANOWA  followed by
Bonferzonfs multipk comperisons post hae test and was calew

kted wsing the GmphPad Instat computer progmm [GraphPad,
fam Drego, CAD. It was considered statistimlly sigrifient 2 p vl

wes kegs than 45,

Results

To study the effeet of leptin on ATPY expression in hwman
trophoblhats,  exphnts wee  meovbated  with  inerensing

(=
a
3

[Arkirary Units)
ra

AQ P Opdophylin expeesshon

E

Leptin (nM] g 01 1 LT O T ]

Figure 2 Leptn dreatmerd inTeases te BOPF epresaon in buman placera
tronhobleA explants Macendd explainds were nodbaled with inT saarg corcen
iratore of lepdn 0, 007, 1, 10, Woned) for 6h Todal Sl was evdracted and
AOP S mAEA was quandfed waith gRTACS 0 independend  ewoenmenids
Cydonhilin was used as iremal sandard Resdis shown ae fom 4 represenia
U woerrmeeril ared are ewpresed as means+50 for bres independend sipen
mers * .00 us condnol.

cinegntrations of leptn [from 4 to 1Moy for §h. The analysis
of protein Spresdon was referenced as [ Tubulin comtre] pro
tein. As shown in Bigure 1 kptin stimulated 4009 apresdon in
trophobhat eplants, in 2 dose dependent manner, with maximl
effect achizwed with 2 comoentrtion of 10nM and observing 2n
effect of saturation at 1HInM. Simiks dose response results hawe
Freviewsly been fourd @ kptin and madin effets on human
trophokkat exphnts ach 2o protein syntheds [1124).

To test whether leptin indwees AP gene expresion, tropha
blast exphnts were incubeted in the mme mannér as deseribed
abowe, but the expresion kewd was quantified b qRT PIR. As
shown in Bigure 2, the ecpeecdon of AQPI i dose dependently
imezéased by kptin reaching 2 macimum effect at 10 nhl amd
showing a saturation effect at 100nm. Thexefore, kptin seems to
transeriptiorally 2etivete AP presdon in placents.

Discussion

AP has previensly been fourd m the apic] membranes of the
syneytiotrophobksts of human taom phesnta [13]. 40P is Jkedy
fundamental to the regulation of fel] water amd sohtes flow
both in intemembrnows absaoption and in placental weter
tramsfer fromm mother to fetus, Wevertheless it sheodd b2 teken
inte zecount that ATPY is not only permea e to water, but also
to nevtr] selutes [25), suggesting that this chanme] may alse b
imvodved in metabolite diffusiom ard ma therefooe, have o ok
in phesntafetl aexgy metabolism

Dur previcws results about the rele of Jeptin in the growth
amd metaboliom of the pheenta trophoblastic cells [B], and the
overespressiin of both kptin ard its receptor in placenta from
GO [1426], mggest that kptin may medite the nosmse in
size of the phemta by activating both PISE and MAPE sigraling
pathvays [11]. We hawe poevicasly fourd neremsed eogom of
AP in the syneptiotophobhat from phesntas with GOM, and
thus ADPT could medite the mennsed transpoat of ghweerl to
the fetus to attersd the inoresed energy requirernents in the mae
rosommic fetus [15]. The typic] macroomi observed in newborn
fromm GOM mother requires = grester avaikbility of nutrents
provided by different tmnspert systems, mchuding an important
nutdent Bo emegy provision mch s glvesro], which may ke
tramspeated by AGPS ADP? and ATPI

In this comtext, our results demomstrate that kptin prodwces
an inexdse in ADQPI sxpresion by trophoblst eplants 1w v,
providing 2 molemwlar mechanism for 2 better nutrient transr
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il thexefeme, ADPI may b 2 meditor of the metabolic action
of leptin in phemts, and frally, kptin condd mediste the
merased AQPT expresin observed in DM
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La leptina es una hormona pleiotropica con un papel central en el
inmunometabolismo [106—108] y en la regulacion de la reproduccion en general

[109] y en la funcidén reproductora en la mujer en particular [110,111] (Fig. 7)
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Figura 7. Papel de la leptina en la funcién reproductora de la mujer

El papel central de la leptina en la reproduccién se ha visto ampliado a la
patologia de la reproduccion, donde se ha destacado la participacion de la leptina
en la fisiopatologia del PCOS y del embarazo [112,113] como hemos revisado
nosotros recientemente en el tercer articulo incluido en esta Tesis Doctoral [41].
Por lo tanto, nuestro trabajo ha profundizado en el conocimiento de los

mecanismos moleculares que subyacen en el PCOS vy la diabetes gestacional.

Nuestro grupo viene trabajando en el campo de la leptina y su sefializacién desde
hace mas de 20 afios, y una de sus aportaciones en este campo es la
participacion de la proteina de union a ARN relacionada con la transduccion de
seflales Sam68, en la sefializacion del receptor de leptina, lo que ha demostrado
en células mononucleares sanguineas [83,114,115], células de trofoblasto, y en
cancer de mama. Sam68 parece ser reclutado a la sefializacion como substrato
de fosforilacion en Tyr interaccionando con proteinas con dominios SH2 [82]. De
hecho, la estructura de Sam68 (Fig. 7) contiene secuencias ricas en Tyr.

Ademas, Sam68 contiene otros dominios de interaccion proteina-proteina, como
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secuencias ricas en prolina que pueden interaccionar con dominios SH-3
[79,116]. La participacion es relevante ya que cuando disminuye su expresion la
sefalizacion se ve seriamente afectada, tal y como se ha visto en células de

trofoblasto [76] o en células de cancer de mama [78].

Por otro lado, Sam68 tiene un dominio KH de union a ARN por lo que puede
enlazar la sefalizacion con la regulacion del metabolismo del ARN incluido el

splicing alternativo [75,117].

PO-P2 GSG domain P3-P5

T33838 |T! T317T344 T360

Sam68

Figura 8. Estructura de la proteina Sam68 [118]

Nuestros resultados confirman el papel de Sam68 en la sefalizacion en general
[79] como se ha visto para otros receptores, como el de insulina [119],
Angiotensina[120], Toll like Receptors [121], EGF[122]. BCR o TCR[123].
Nuestros resultados en células de la granulosa inciden no solo en la participacion
de Sam68 en la sefal del receptor de leptina, sino su necesidad para llevar a

cabo su funcion.

Los resultados funcionales sobre la expresién de aromatasa en las células de la
granulosa han contribuido a aclarar un punto importante en los mecanismos

fisiopatologicos del PCOS. El defecto de expresion de aromatasa y la
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consecuente disminucion de la conversién de andrégenos en estrogenos esta
reconocida por la comunidad cientifica [122—124]. De hecho la inhibicién de la

aromatasa es un modelo experimental de PCOS en ratas [125].

Sin embargo, el papel de la leptina y la hiperleptinemia en la expresion de
aromatasa ha sido controvertido. Muchos trabajos concluyen que la leptina
inhibe la sintesis de estrégenos por la correlacion inversa con la hiperleptinemia.
Pero el efecto de la menos sintesis de estrogenos podria deberse a la resistencia
a la accion de la leptina que justificaria ademas la hiperleptinemia. Sin embargo,
hay pocos trabajos que estudien el efecto directo de la leptina en la granulosa in
vitro, en especial de muestras humanas. Los trabajos que lo han hecho han
combinado el efecto de la leptina sobre otras hormonas, como la insulina, el IGF-
1, FSH, o los glucocorticoides [126—131], encontrando un efecto inhibidor que
bien pudiera tratarse de la contraregulacién de la sefial de la misma manera que
nuestro grupo ha demostrado el cross-talk negativo de leptina e insulina en

trofoblasto de placentas humanas, en especial en DMG [98].

Nosotros hemos confirmado el efecto estimulador de la leptina sobre la expresion
de aromatasa en células de la granulosa humana, como se habia descrito
también previamente [132]. Ademas, hemos demostrado que este efecto de la
leptina se encuentra inhibido en la granulosa de mujeres con PCOS (Fig. 8),
confirmando la resistencia a la leptina que hemos encontrado a nivel de la

sefalizacion, dependiente ademas de la expresion de Sam68.
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Figura 9. La leptina favorece la sintesis de estr6genos induciendo la expresion de

aromatasa, que se encontraria inhibida en la resistencia a la leptina.

El papel de la leptina como una hormona trofica autocrina del trofoblasto esta
bien establecido, con un efecto antiapoptético, en el que se ha utilizado
fundamentalmente la retirada de suero del cultivo celular como estimulo
proapoptotico. Nosotros elegimos estudiar el efecto protector de la leptina sobre
la apoptosis producida por 2 efectos mas fisiol6gicos, o0 mas propiamente dicho,
fisiopatologicos como son la hipertermia y la acidosis. Los efectos de la
temperatura y el pH sobre la placenta no habian sido estudiados in vitro. En esta
Tesis hemos demostrado el papel de la leptina previniendo la apoptosis
producida tanto por la hipertermia como la acidosis, evitando la activacion de la
via intrinseca de la apoptosis y la via p53, que son activadas por las dos

situaciones fisiopatoldgicas (Fig. 10).
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Figura 10. Papel de la leptina inhibiendo la apoptosis

Pero nuestro grupo tiene experiencia no solo en la regulacion por la leptina del
crecimiento y supervivencia del trofoblasto en condiciones fisiolégicas, sino
también en la patologia del embarazo méas frecuente, la diabetes gestacional,
donde los niveles de leptina estdn muy aumentados [133,134], debido a la
expresion aumentada de leptina en el trofoblasto y de activacién del receptor de

leptina como se ha descrito previamente [135].

Nuestra hipoétesis es que la leptina favoreceria el crecimiento de la placenta y
ademas faciitaria el crecimiento del feto aumentando el transporte de nutrientes
necesarios para la macrosomia como se apuntado por otros autores [136]. En
este sentido la leptina podria aumentar la expresion de transportadores de
nutrientes en el trofoblasto para llevar a cabo esta funcion en la diabetes
gestacional. Uno de esos transportadores seria la AQP-9 que permite el paso no

solo de H20 sino también de glicerol, un nutriente importante para la sintesis de
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triglicéridos. En esta Tesis hemos demostrado que la expresion de AQP-9 esta
incrementada en el trofoblasto de la placenta de mujeres con diabetes
gestacional, y que la leptina podria participar, aumentando Ipor la hiperleptinemia
la expresion de AQP-9, como hemos demostrado in vitro con trofoblasto de

placentas control (Fig. 11).
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Figura 11. Los transportadores de nutrientes incluido AQP-9 contribuyen al aporte

necesario de nutrientes al feto, que estan aumentados en la diabetes gestacional.

Por tanto, en resumen, la leptina jugaria un importante papel regulador en la
funcion tanto del foliculo ovarico como del trofoblasto placentario, pero la
resistencia a la accién de la leptina en la granulosa de la mujer con PCOS, como
el exceso de accidén de la leptina en la placenta de la mujer con diabetes
gestacional podrian ser importantes mediadores fisiopatolégicos y posibles

dianas terapéuticas en estas alteraciones de la reproduccion femenina [111].
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1. Sam68 participa de forma necesaria en la sefial de la leptina en las
células de la granulosa, siendo substrato de fosforilacion, y
regulandose positivamente su expresion por la misma sefalizacion

de la leptina

2. La leptina estimula in vitro la expresion de aromatasa en células de
la granulosa, y ese efecto se pierde en la granulosa de mujeres con

PCOS, reflejando la resistencia a la accion de la leptina

3. La expresion de Sam68 en la granulosa de mujeres con PCOS esta
descendida en comparacion con la de la granulosa de mujeres
control, contribuyendo por tanto a la resistencia a la accién de
leptina en la granulosa de mujeres con PCOS.

4. La leptina previene la apoptosis de células trofoblasticas producida

por la hipertermina, inhibiendo la via de p53

5. Laleptina previene la apoptosis de células trofoblasticas producida

por la acidosis, inhibiendo la via de p53

6. La expresion de AQP-9 en trofoblasto de mujeres con diabetes
gestacional esta aumentada en comparacion con la del trofoblasto

de mujeres control.

7. La leptina estimula in vitro la expresién de AQP-9 en las células del

trofoblasto

Por tanto, la resistencia a la leptina en la granulosa es uno de los mecanismos

de mala funcién ovarica y la proteina Sam68 podria jugar un papel relevante.

La leptina tiene un papel protector de la placenta ante el estrés térmico y
acidotico, pero el exceso de produccion de leptina en la placenta de la diabetes
gestacional puede contribuir no so6lo al aumento del tamafio sino también de la

expresion de transportadores de nutrientes como la AQP-9.
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