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I. RESUMEN

I. RESUMEN
1.1. Introduccion

La creciente incidencia de las enfermedades metabdlicas en la poblacion mundial,
particularmente de la obesidad, el sindrome metabdlico (SM), y la diabetes de tipo 2
(DT2), ha hecho de ellas un problema sanitario, social, y econédmico de primer orden. El
hecho de que estas patologias muestren un marcado dimorfismo sexual en su desarrollo
y prevalencia hace suponer la implicacion en ellas de las hormonas sexuales.

La obesidad, ademas de constituir una patologia per se, constituye un factor de riesgo
para el SM, que a su vez influye en la DT2. Dentro de este marco, se han descrito dos
patrones de distribucion de la grasa, un patron periférico, tipico de mujeres
premenopausicas, y un patron central, tipico de mujeres posmenopausicas y hombres.
Ambos patrones, sujetos a una base genética regulada por las hormonas sexuales, estdn
relacionados con el desarrollo de las enfermedades metabdlicas, mostrando la grasa
central (abdominal visceral) un perfil patoldgico frente a un perfil protector de la grasa
periférica (subcutanea).

La influencia de las hormonas sexuales en las enfermedades metabdlicas esta avalada
por situaciones en las que sus niveles estdn alterados. Hombres y mujeres transgénero
muestran una redistribucion de la grasa corporal tras el tratamiento con esteroides
sexuales, al igual que ocurre tras los cambios hormonales de la menopausia. La
disminucion del nivel de estrégeno, tras la menopausia y tras una ooforectomia, eleva
el riesgo de sufrir DT2, mientras que la terapia hormonal con estréogenos en mujeres
posmenopausicas reduce su incidencia. Las mujeres con hiperandrogenismo debido al
sindrome del ovario poliquistico (SOP) muestran una mayor adiposidad central y un
mayor riesgo de sufrir SM. En los hombres, la terapia de privacion de andrdégenos
aumenta la masa grasa y la prevalencia del SM y la DT2, mientras que el tratamiento con
testosterona disminuye la grasa visceral, el SM, y la DT2.

En los ultimos afios, durante el desarrollo de esta tesis, nuestro grupo de investigacién,
junto con otros grupos de investigacién, ha aportado evidencias que apoyan la idea de
la existencia de un dimorfismo sexual en la composicién de la microbiota intestinal, en
el que las hormonas sexuales parecen desempefiar un papel destacado.

La alteracidn o la proteccidon de la mucosa intestinal por parte de la microbiota intestinal
es un factor clave en el mantenimiento de la llamada barrera intestinal, que limita el
acceso de los microorganismos al torrente sanguineo y, por tanto, influye en el estado
inflamatorio descrito en procesos como la obesidad y el SM. La accién de la microbiota
intestinal se extiende al sistema nervioso central a través del eje intestino-cerebro para
influir en la ingesta de alimentos, e incluso al higado a través del eje intestino-higado
para regular el metabolismo de los nutrientes. La interaccién entre la microbiota
intestinal y su huésped parece influir asi en el desarrollo de las enfermedades
metabdlicas, en donde los cambios en la microbiota podrian conformar, al menos en
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parte, los mecanismos patogénicos de la obesidad, la resistencia a insulina, y el
desarrollo del SM. Ademas, en ratones se ha constatado la influencia de la microbiota
intestinal en el nivel de las hormonas sexuales, pues la colonizacidn por microbios
comensales eleva la testosterona en los ratones macho, mientras que la transferencia
de la microbiota intestinal de los machos adultos a las hembras inmaduras altera su
microbiota y eleva la testosterona.

La relacion entre la microbiota intestinal, las hormonas sexuales, y el desarrollo de
ciertas enfermedades ofrece un nuevo campo de investigacién en la prevencion de estas
enfermedades mediante la manipulacién de la microbiota intestinal. En este sentido, los
trasplantes fecales han cobrado gran interés como terapia alternativa en el tratamiento
de enfermedades como el SM, en donde la transferencia de la microbiota fecal de
donantes sanos a pacientes con esta patologia mejora la sensibilidad a la insulina. En la
misma linea, han surgido terapias basadas en la modificacién de la microbiota mediante
intervencion dietética y el uso de prebidticos y probidticos.

1.2. Hipotesis

Hipdtesis: Existen diferencias entre la microbiota intestinal de hombres y mujeres, lo
gue podria a su vez ser un determinante en la prevalencia en el desarrollo de
enfermedades metabdlicas y cardiovasculares. Hipdtesis nula: No existen diferencias
entre la microbiota intestinal de hombres y mujeres.

1.3. Objetivos
OBJETIVO PRINCIPAL:

1. Evaluar la existencia de diferencias en la microbiota intestinal asociadas al estado
hormonal entre mujeres pre y posmenopausicas (disminuciéon de estrégenos), asi
como explorar las diferencias con la microbiota de hombres de similar edad, indice
de masa corporal y habitos nutricionales, mediante secuenciacién masiva del ADN
bacteriano.

OBIJETIVOS SECUNDARIOS:

2. Evaluar las diferencias en la microbiota intestinal de pacientes con sindrome
metabodlico en funcién del sexo y determinar si dos dietas saludables, la dieta
mediterranea y una dieta baja en grasa, pueden modular la disbiosis microbiana de
forma diferencial en funcién del sexo.

3. Determinar la contribucién de las hormonas sexuales y la obesidad a las diferencias
en la estructura y composicion de la microbiota intestinal entre sexos mediante la
caracterizacion de las diferencias en la microbiota intestinal ante la reduccion de las
hormonas gonadales en ratas hembra sometidas a ovariectomia y ratas macho a
orquiectomia, asi como analizar el efecto de la obesidad inducida por la dieta en la
microbiota intestinal en estos modelos. Adema3s, se evaluard la potencial implicacién
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de los miARN intestinales en la interaccion entre la microbiota intestinal y su
huésped.

4. Explorar la influencia de los esteroides sexuales y de una dieta obesogénica
(sobrealimentacidon posnatal) desde las primeras fases del desarrollo mediante un
modelo de ratas androgenizadas, en la modificacidn persistente de la estructura de
la microbiota intestinal, asi como la posible interaccién entre la microbiota intestinal
y el huésped a través de la regulacion microbiana de la expresién de miARN en el
intestino delgado y grueso.

1.4. Caracteristicas del estudio

Publicacion 1: Este estudio se realizd con 76 individuos incluidos en el grupo control de
personas sanas del estudio ONCOVER, un estudio centrado en el desarrollo de un
sistema de deteccién de compuestos volatiles para el diagndstico precoz del cancer de
pulmén, colon, mama, y préstata. Los 76 individuos conformaban cuatro grupos: 17
mujeres premenopausicas, 20 mujeres posmenopausicas, y 19 y 20 hombres como
grupo de control para las mujeres pre y posmenopdusicas respectivamente. Para la
confeccidon de los grupos se tuvieron en cuenta aspectos como la edad, el indice de masa
corporal (IMC), y los habitos nutricionales. Se analizaron las diferencias asociadas al sexo
y al estado hormonal de la microbiota intestinal, la endotoxemia, las incretinas
intestinales, las citoquinas proinflamatorias, y los niveles plasmaticos de las hormonas
reguladoras de la homeostasis energética entre las mujeres pre y posmenopdausicas y
entre ellas y sus respectivos grupos control de hombres.

Publicaciéon 2: Este estudio se realizé en el marco del estudio CORDIOPREV, un ensayo
prospectivo, aleatorio y abierto en 1002 pacientes con cardiopatia coronaria. Se analizé
la microbiota intestinal al inicio y después de 3 afios de intervencion dietética en 123
mujeres y 123 hombres, pareados por las principales variables metabdlicas vy
categorizados segun la presencia o no de SM en funcién de los criterios del Panel de
Tratamiento de Adultos Il (1). Ademas del tratamiento convencional para la cardiopatia,
los pacientes siguieron dos modelos de dieta, la dieta mediterranea, y una dieta baja en
grasa. Los cuatro grupos experimentales fueron: 79 mujeres y 79 hombres con SM
(ambos grupos con las mismas combinaciones de criterios del SM), y 44 mujeres y 44
hombres sin SM. El efecto del consumo de ambas dietas en la microbiota intestinal de
los pacientes con SM se estudié en 99 de los 158 pacientes con SM (por motivo de
disponibilidad de muestras fecales a los 3 afios de seguimiento).

Publicacién 3: El estudio se realizé con un modelo animal, concretamente con ratas
Wistar, machos y hembras, criadas en el vivario de la Universidad de Cérdoba y
alimentadas con una dieta control (10%, 20% y 70% de calorias procedentes de grasas,
proteinas y carbohidratos, respectivamente) o una dieta alta en grasa (45%, 20% y 35%
de calorias procedentes de grasas, proteinas y carbohidratos, respectivamente). En el
dia posnatal (DPN)-1, las crias se separaron en dos tamanos de camada: camadas
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pequefias (4 crias por camada), como modelo de sobrealimentacion posnatal, y camadas
normales (12 crias por camada), como modelo de alimentacién normal. Tras su destete,
en el DPN-23 se hicieron subgrupos de hembras y machos de camadas normales y
pequefias, que fueron alimentados ad libitum con la dieta control o la dieta alta en grasa,
respectivamente, para generar dos grupos experimentales, camada normal y dieta
control (CN-DC), y camada pequefia y dieta alta en grasa (CP-DAG), representativos del
fenotipo magro y obeso respectivamente. Subconjuntos de animales de cada grupo
fueron sometidos en el DPN-90 a una gonadectomia como modelo de cese de las
secreciones gonadales. En el DPN-120, los animales fueron sometidos a un test de
tolerancia ala glucosa (TTG) y, una semana mas tarde, a un test de tolerancia a lainsulina
(TTI) para evaluar el desarrollo de la resistencia a la insulina. Los experimentos
finalizaron en el DPN-150. En esta ultima fase se controlaron los indices fenotipicos y los
parametros bioquimicos/hormonales del suero, y se diseccioné el intestino delgado y
grueso para obtener muestras fecales con las que analizar la microbiota y el ARN.

Publicacién 4: El estudio se llevd a cabo con un modelo animal, concretamente con ratas
Wistar, machos y hembras, criadas en el vivario de la Universidad de Cérdoba y
alimentadas con una dieta control (10%, 20% y 70% de calorias procedentes de grasas,
proteinas y carbohidratos, respectivamente) o con una dieta alta en grasa (45%, 20% y
35% de calorias procedentes de grasas, proteinas y carbohidratos, respectivamente). En
el DPN-1, las crias se separaron en dos tamafios de camada: pequeia (4 crias por
camada), como modelo de sobrealimentacion posnatal, y normal (12 crias por camada),
como modelo de alimentacidn normal. A continuacién, subconjuntos de hembras de
ambos tamafios de camada fueron androgenizados con propionato de testosterona,
mientras que otras hembras fueron inyectadas con vehiculo (aceite de oliva). Tras su
destete, en el DPN-23 se hicieron subgrupos de hembras androgenizadas o tratadas con
vehiculo y machos de camada normal y camada pequeia, que fueron alimentados ad
libitum con la dieta control o la dieta alta en grasa, respectivamente, para generar dos
grupos experimentales, CN-DC y CP-DAG, representativos del fenotipo magro y obeso
respectivamente. El impacto a corto y largo plazo de la androgenizacion neonatal y la
dieta obesogénica en analizdo en el DPN-50 y el DPN-150, representativos de ratas
adultas jévenes (DPN-50) y adultas (DPN-150). Las ratas de todos los grupos se pesaron
y fueron sometidas aun TTG y a un TTI. Se midieron los niveles de glucosa y su variacion
se estimé como area bajo la curva (AUC). Tras el sacrificio de las ratas se tomaron
muestras de sangre, heces, y tejidos, para analizar los indices fenotipicos, los parametros
biogquimicos/hormonales, la microbiota, y el ARN.

1.5. Resultados

Publicacién 1: En cuanto a la microbiota intestinal, las mayores diferencias se
observaron entre las mujeres posmenopausicas y premenopausicas, y entre estas
ultimas y su grupo control de hombres. Con respecto a las mujeres premenopausicas,
las posmenopausicas tenian mayor abundancia del filo Firmicutes y menor abundancia
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del filo Actinobacteria, mayor abundancia de los géneros Lachnospira y Roseburia y
menor abundancia de los géneros Ruminococcus (Lachnospiraceae), Parabacteroides,
Prevotella, y Bilophila, si bien este ultimo género no alcanzé la significacidn estadistica.
Respecto a sus grupos control de hombres, las mujeres posmenopdusicas presentaban
una mayor la relacién Firmicutes/Bacteroidetes (F/B), mientras que las premenopausicas
presentaban una mayor abundancia de los géneros Ruminococcus (Lachnospiraceae),
Bilophila, Prevotella, y Oscillospira, pero en este ultimo género sin alcanzar la
significacion estadistica. En lo referente a los marcadores inflamatorios, las mujeres
premenopausicas tenian un menor nivel de IL-6 y proteina quimiotactica de monocitos-
1 (MCP-1) que las posmenopausicas. Con respecto a las hormonas reguladoras
implicadas en la homeostasis energética y a las incretinas, el nivel del péptido similar al
glucagén-1 (GLP-1) fue menor en las mujeres posmenopausicas que en las
premenopausicas, el del péptido inhibidor gastrico (GiP) y de leptina mayor en el
conjunto de las mujeres que en el de los hombres, y el de adiponectina mayor en las
mujeres premenopausicas que en su grupo control de hombres. Finalmente, el analisis
PICRUST de la microbiota intestinal evidencié una tendencia estadistica hacia un mayor
metabolismo del propanoato y del butanoato en las mujeres premenopdausicas en
comparacion con los otros grupos.

Publicacion 2: El analisis lineal discriminante del efecto del tamafio (LEfSe) reveld que
las diferencias en la microbiota intestinal eran mas acusadas en las mujeres y hombres
sin SM que en las mujeres y hombres con SM. El andlisis univariante (ANOVA) mostré
diferencias especificas de sexo en los grupos con SM ausentes en los grupos sin SM; en
este caso una mayor abundancia de los géneros Phascolarctobacterium, Collinsella,
Alistipes, y Anaerotruncus en mujeres con SM que en hombres con SM, al contrario que
con los géneros Faecalibacterium y Prevotella. Ademas, hubo una mayor abundancia de
los géneros Ruminococcus (Lachnospiraceae) y Bilophila en las mujeres con y sin SM que
en sus grupos masculinos, asi como una mayor abundancia de los géneros Clostridium y
SMB53 en hombres que en mujeres, tanto con SM como sin SM.

En cuanto al efecto diferencial de la dieta en la composicién de la microbiota intestinal,
se observd una mayor proporcion de los géneros Desulfovibrio, Roseburia, y Holdemania
en hombres con SM que en mujeres con SM tras el consumo de la dieta baja en grasa,
asi como una mayor proporcidn de un género desconocido de la familia Rikenellaceae
en hombres con SM que en mujeres con SM tras el consumo de la dieta mediterranea.

Publicacion 3: La gonadectomia no modificé la mayoria de las diferencias observadas a
nivel de filo encontradas entre machos y hembras sin gonadectomia, tanto con
alimentaciéon normal como con sobrealimentacién. No obstante, en cuanto a los géneros
relacionados con las patologias metabdlicas, la gonadectomia redujo la abundancia de
Roseburia y Butyricimonas en las hembras sometidas a sobrealimentacién. También se
detectd una relacion F/B mas alta en hembras con gonadectomia que en machos ante
la sobrealimentacion.
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Nuestros resultados mostraron una relacién entre la microbiota intestinal y la expresién
intestinal de varios microARN (miARN) asociados a vias relacionadas con los esteroides
sexuales. Las funciones de KEGG, en las que se asignaron los miARN seleccionados,
incluian el metabolismo de los lipidos, los aminoacidos, los cofactores y las vitaminas, la
transduccion de senales y los sistemas endocrinos. En concreto, estaban implicadas las
vias de sefializacion de la insulina, la hormona liberadora de gonadotropina (GnRH), el
estrégeno y la prolactina, y la maduracidn de ovocitos mediada por la progesterona.

Publicacion 4: Con respecto a las hembras intactas, la androgenizacién neonatal
aumenté el peso en el DPN-50 y el DPN-150, tanto con alimentacién normal como con
sobrealimentacidn, al tiempo que produjo varios efectos hormonales, entre ellos una
reduccion de la progesterona en el DPN-50 y el DPN-150, un aumento de estradiol y de
estrona en el DPN-50 en el DPN-50, todo ello en ambos tipos de alimentacién (niveles
altos frente a no detectados), asi como un aumento de estrona en el DPN-150 bajo
sobrealimentacion.

La androgenizacion perjudicé el equilibrio energético y la homeostasis de la glucosa,
mostrando las ratas androgenizadas en el DPN-50 una mayor AUC de glucosa que las
hembras control, que alcanzé la significacidon estadistica ante la sobrealimentacion, pero
no en la alimentacidon normal. El TTG mostrd niveles de glucosa mas altos (menor
tolerancia a la glucosa) en las hembras androgenizadas (y en los machos) en el DPN-50
que en las hembras control. Ademas, el TTI mostré una mayor AUC de glucosa (menor
sensibilidad a la insulina) en las hembras androgenizadas que en las hembras control
sometidas a sobrealimentacién en el DPN-50 y el DPN-150. El TTI también mostré a los
0 minutos niveles de glucosa mas altos en las hembras androgenizadas que en las
hembras control en el DPN-50 bajo alimentaciéon normal y sobrealimentacidn, asi como
niveles mas altos en las hembras androgenizadas (y en los machos) que en las hembras
intactas en el DPN-150 bajo sobrealimentacién.

La androgenizacidon modificé la microbiota intestinal con respecto a las hembras control.
A nivel de filo, en el DPN-50 bajo alimentacidn normal aumentd Bacteroidetes y
disminuyeron Firmicutes y Euryarchaeota, mientras que con la sobrealimentacion se
redujeron Euryarchaeota, Verrucomicrobia y Cyanobacteria. Por su parte, en el DPN-150
bajo alimentacidon normal aumento el filo Cyanobacteria y disminuyeron Euryarchaeota
y Actinobacteria, mientras que con la sobrealimentacién aumentd Bacteroidetes.

Nuestros resultados mostraron una relacién entre la microbiota intestinal y la expresion
intestinal de varios miARN asociados a vias relacionadas con los esteroides sexuales. En
este contexto, se observaron asociaciones mediadas por miARN entre la microbiota
intestinal y: 1) Procesos relacionados con las hormonas sexuales: biosintesis de
esteroides, meiosis de ovocitos, y maduracién de ovocitos mediada por progesterona;
2) Metabolismo: via de sefializacién de la insulina, biosintesis de acidos grasos, y
metabolismo de acidos grasos; 3) Integridad de la barrera intestinal: adhesion focal,
union adherente, y biosintesis de mucina tipo O-glicano.

10



I. RESUMEN

1.6. Conclusiones

1. Nuestros resultados reflejan que hombres y mujeres difieren en la composicién de su
microbiota intestinal y que estas diferencias dependen del estado hormonal de la
mujer (premenopausia vs posmenopausia), lo que podria estar relacionado con el
dimorfismo sexual observado en la incidencia de las enfermedades metabdlicas y
cardiovasculares, dada la relacion de estas enfermedades con la microbiota
intestinal.

2. Nuestros resultados sugieren que las alteraciones de la microbiota intestinal
asociadas al sindrome metabdlico parecen ser diferentes entre hombres y mujeres.
Estos resultados sugieren a su vez la implicaciéon de la microbiota intestinal en la
diferencia en la incidencia de enfermedades metabdlicas entre sexos. Ademas, los
diferentes cambios inducidos por la dieta mediterranea o una dieta baja en grasa en
la microbiota intestinal segun el sexo sugieren que las mujeres y los hombres podrian
beneficiarse de forma diferente de una dieta especifica en funcién de su sexo.

3. Nuestros resultados muestran la contribucién de las hormonas gonadales a la
definicién de las diferencias dependientes del sexo en la microbiota intestinal, asi
como su potencial papel en la formacion de esta microbiota como consecuencia de
la interaccién entre el sexo y la nutricién. De hecho, la eliminacion de las hormonas
sexuales modifica la microbiota intestinal hacia un perfil mas deletéreo,
especialmente en las hembras tras una sobrealimentacién posnatal, lo que confirma
la implicaciéon de la dieta en estos procesos. Por otro lado, nuestros resultados
sugieren que la implicacién de la microbiota intestinal en las enfermedades
metabdlicas podria estar mediada por la interaccidén entre la microbiota y su huésped
a través de los miARN intestinales.

4. Nuestros resultados sugieren que la alteracidén nutricional y hormonal en los primeros
periodos del desarrollo alteran la programacidn metabdlica y la estructura de la
microbiota intestinal, cuyas consecuencias se prolongan en el tiempo. La relacidn
observada entre los cambios en la microbiota intestinal y la expresion de miARN en
el intestino delgado y grueso sugiere un posible mecanismo de comunicacidn cruzada
entre la microbiota intestinal y el huésped que puede contribuir a amplificar el
desajuste metabdlico causado por la obesidad.
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l. ABSTRACT
1.1. Introduction

The increasing incidence of metabolic diseases in the world population, particularly
obesity, metabolic syndrome (MetS), and type 2 diabetes (T2D), has made them a major
health, social and economic problem. The fact that these pathologies show a marked
sexual dimorphism in their development and prevalence suggests that sex hormones
are involved.

Obesity, in addition to being a pathology per se, is a risk factor for MetS, which in turn
influences T2D. Within this framework, two patterns of fat distribution have been
described, a central pattern, typical of postmenopausal women and men, and a
peripheral pattern, typical of premenopausal women. Both patterns, subject to a genetic
basis regulated by sex hormones, are related to the development of metabolic diseases,
with central (visceral abdominal) fat showing a pathological profile versus a protective
profile of peripheral (subcutaneous) fat.

The influence of sex hormones on metabolic diseases is supported by situations in which
their levels are altered. Transgender men and women show a redistribution of body fat
after sex steroid treatment, as occurs after the hormonal changes of menopause.
Decreased estrogen levels after menopause and after oophorectomy increase the risk
of T2D, whereas estrogen hormone therapy in postmenopausal women reduces its
incidence. Women with hyperandrogenism due to polycystic ovary syndrome (PCOS)
show increased central adiposity and increased risk of MetS. In men, androgen
deprivation therapy increases fat mass and the prevalence of MetS and T2D, while
testosterone treatment decreases visceral fat, T2D and MetS

In recent years, during the development of this thesis, our research group, together with
other research groups, has provided evidence supporting the idea of the existence of a
sexual dimorphism in the composition of the gut microbiota, in which sex hormones
seem to play a prominent role.

The alteration or protection of the gut mucosa by the gut microbiota is a key factor in
the maintenance of the so-called gut barrier, which limits the access of microorganisms
to the bloodstream and thus influences the inflammatory state described in processes
such as obesity and MetS. The action of the gut microbiota extends to the central
nervous system via the gut-brain axis to influence food intake, and even to the liver via
the gut-liver axis to regulate nutrient metabolism. The interaction between the gut
microbiota and its host thus appears to influence the development of metabolic
diseases, where changes in the microbiota could shape, at least in part, the pathogenic
mechanisms of obesity, insulin resistance, and the development of MetS. In addition,
the influence of gut microbiota on sex hormone levels has been demonstrated in mice,
where colonisation by commensal microbes raises testosterone in male mice, while
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transfer of gut microbiota from adult males to immature females alters their microbiota
and raises testosterone.

The relationship between gut microbiota, sex hormones, and disease development
offers a new field of research in disease prevention through manipulation of the gut
microbiota. In this regard, faecal transplants have become of great interest as an
alternative therapy in the treatment of diseases such as MetS, where the transfer of
faecal microbiota from healthy donors to patients with MetS improves insulin
sensitivity. In the same vein, therapies based on modification of the microbiota through
dietary intervention, as well as the use of prebiotics and probiotics, have emerged.

1.2. Hypothesis

Hypothesis: There are differences between the gut microbiota of men and women,
which could in turn be a determinant in the prevalence in the development of metabolic
and cardiovascular diseases. Null hypothesis: There are no differences between the gut

microbiota of men and women.
1.3. Objectives
MAIN OBJECTIVE:

1. To evaluate the existence of differences in gut microbiota associated with hormonal
status between pre- and postmenopausal women (estrogen depletion), as well as to
explore the differences with the microbiota of men of similar age, body mass index
and nutritional habits, by means of massive sequencing of bacterial DNA.

SECONDARY OBIJECTIVES:

2. To evaluate the differences in the gut microbiota of patients with metabolic
syndrome according to sex and to determine whether two healthy diets, the
Mediterranean diet and a low-fat diet, can modulate microbial dysbiosis differentially
according to sex.

3. To determine the contribution of sex hormones and obesity to sex differences in gut
microbiota structure and composition by characterising differences in gut microbiota
upon gonadal hormone depletion in ovariectomised female rats and orchiectomised
male rats, and to analyse the effect of diet-induced obesity on gut microbiota in these
models. In addition, the potential involvement of gut miRNAs in the interaction
between the gut microbiota and its host will be evaluated.

4. To explore the influence of sex steroids and an obesogenic diet (postnatal
overfeeding) from the early stages of development using an androgenised rat model
on the persistent modification of gut microbiota structure, as well as the possible
interaction between gut microbiota and host through microbial regulation of miRNA
expression in the small and large intestine.
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1.4. Characteristics of the study

Publication 1: This study was conducted with 76 individuals included in the healthy
control group of the ONCOVER study, a study focused on the development of a screening
system for volatile compounds for the early diagnosis of lung, colon, breast, and prostate
cancer. The 76 individuals comprised four groups: 17 premenopausal women, 20
postmenopausal women, and 19 and 20 age-matched men as a control group for the
premenopausal and postmenopausal women, respectively. Age, body mass index (BMI),
and nutritional habits were taken into account for grouping. Sex- and hormonal status-
associated differences in gut microbiota, endotoxaemia, gut incretins, proinflammatory
cytokines and plasma levels of hormones regulating energy homeostasis were analysed
among the pre- and postmenopausal women and among their respective control groups
of men.

Publication 2: This study was conducted as part of the CORDIOPREV study, a prospective,
randomised, open-label trial in 1002 patients with coronary heart disease. Gut
microbiota was analysed at baseline and after 3 years of dietary intervention in 123
women and 123 men, matched for major metabolic variables and categorised according
to the presence or absence of MetS according to the criteria of the Adult Treatment
Panel Ill (Expert Panel 2001) (1). In addition to conventional treatment for heart disease,
patients followed two dietary patterns, the Mediterranean diet and a low-fat diet. The
four experimental groups were: 79 women and 79 men with MetS (both groups shared
the same combinations of MetS criteria), and 44 women and 44 men without MetS. The
effect of consumption of both diets on the gut microbiota of patients with MetS was
performed in a smaller population (99 of 158 patients with MetS), due to the availability
of faecal samples at 3 years follow-up.

Publication 3: The study was conducted with an animal model, specifically with male and
female Wistar rats, bred in the vivarium of the University of Cordoba and fed a control
diet (10%, 20% and 70% of calories from fat, protein and carbohydrate, respectively) or
a high-fat diet (45%, 20% and 35% of calories from fat, protein and carbohydrate,
respectively). On postnatal day (PND)-1, pups were separated into two litter sizes: small
litters, with 4 pups per litter (as a postnatal overfeeding model), and normal litters, with
12 pups per litter (as a normal feeding model). After weaning, subgroups of females and
males from normal and small litters were subgrouped in PND-23 and fed ad libitum with
control diet or high fat diet, respectively, to generate two experimental groups, normal
litter and control diet (NL-CD), and small litter and high fat diet (SL-HFD), representative
of the lean and obese phenotype, respectively. Subsets of animals from each group were
subjected in PND-90 to gonadectomy as a model for cessation of gonadal secretions. In
PND-120, animals were subjected to a glucose tolerance test (GTT) and, one week later,
to an insulin tolerance test (ITT) to assess the development of insulin resistance. The
experiments ended at PND-150. In this last phase, phenotypic indices and serum
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biochemical/hormonal parameters were monitored, the small and large intestine was
dissected, and faecal samples were obtained for microbiota and RNA analysis.

Publication 4: The study was carried out with an animal model, namely male and female
Wistar rats, bred in the vivarium of the University of Cordoba and fed a control diet
(10%, 20% and 70% of calories from fat, protein and carbohydrate, respectively) or a
high-fat diet (45%, 20% and 35% of calories from fat, protein and carbohydrate,
respectively). In PND-1, pups were separated into two litter sizes: small, with 4 pups per
litter (as a postnatal overfeeding model), and normal, with 12 pups per litter (as a normal
feeding model). Sub-sets of females of both litter sizes were then androgenised with
testosterone propionate, while other females were injected with vehicle (olive oil). After
weaning, subgroups of androgenised or vehicle-treated females and males of normal
and small litter size were fed ad libitum with control diet or high fat diet, respectively,
to generate two experimental groups, NL-CD and SL-HFD, representative of the lean and
obese phenotype, respectively, in PND-23. The short- and long-term impact of neonatal
androgenisation and obesogenic diet was analysed in PND-50 and PND-150,
representative of young adult (PND-50) and adult (PND-150) rats. Rats in all groups were
weighed and subjected to GTT and ITT. Glucose levels were measured and their variation
was estimated as area under the curve (AUC). After sacrifice of the rats, blood, faeces,
and tissue samples were taken for analysis of phenotypic indices, biochemical/hormonal
parameters, microbiota, and RNA.

1.5. Results

Publication 1: In terms of gut microbiota, the greatest differences were observed
between postmenopausal and premenopausal women, and between the latter and their
male control group. Compared to premenopausal women, postmenopausal women had
higher abundance of the phylum Firmicutes and lower abundance of the phylum
Actinobacteria, higher abundance of the genera Lachnospira and Roseburia and lower
abundance of the genera Prevotella, Parabacteroides, Bilophila, and Ruminococcus
(Lachnospiraceae), although the latter genus did not reach statistical significance.
Compared to their male control groups, postmenopausal women had a higher
Firmicutes/Bacteroidetes (F/B) ratio, while premenopausal women had a higher
abundance of the genera Ruminococcus (Lachnospiraceae), Bilophila, Prevotella, and
Oscillospira, but the latter genus did not reach statistical significance. Regarding
inflammatory markers, premenopausal women had lower levels of IL-6 and monocyte
chemotactic protein-1 (MCP-1) than postmenopausal women. With regard to regulatory
hormones involved in energy homeostasis and incretins, the level of glucagon-like
peptide-1 (GLP-1) was lower in postmenopausal women than in premenopausal women,
the level of gastric inhibitory peptide (GiP) and leptin was higher in women as a whole
than in men, and the level of adiponectin was higher in premenopausal women than in
their male control group. Finally, PICRUST analysis of the gut microbiota showed a
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statistical trend towards higher propionate and butanoate metabolism in the
premenopausal women compared to the other groups.

Publication 2: Linear discriminant analysis (LDA) effect size (LEfSe) revealed that
differences in gut microbiota were more pronounced for women and men without MetS
than for women and men with MetS. Univariate analysis (ANOVA) showed sex-specific
differences in the MetS groups absent in the non-MetS groups; in this case a higher
abundance of the genera Phascolarctobacterium, Anaerotruncus, Collinsella, and
Alistipes, in MetS women than in MetS men, as opposed to the genera Faecalibacterium
and Prevotella. In addition, there was a higher abundance of the genera Ruminococcus
(Lachnospiraceae) and Bilophila in women with and without MetS than in their male
counterparts, as well as a higher abundance of the genera Clostridium and SMB53 in
men than in women, both with and without MetS.

Regarding the differential effect of diet on gut microbiota composition, a higher
proportion of the genera Desulfovibrio, Roseburia, and Holdemania was observed in
men with MetS than in women with MetS after consumption of the low-fat diet, as well
as a higher proportion of an unknown genus of the family Rikenellaceae in men with
MetS than in women with MetS after consumption of the Mediterranean diet.

Publication 3: Gonadectomy did not modify most of the observed phylum-level
differences found between males and females without gonadectomy, both with normal
feeding and with overfeeding. However, for genera related to metabolic pathologies,
gonadectomy reduced the abundance of Roseburia and Butyricimonas in overfed
females. A higher F/B ratio was also detected in gonadectomised females than in
overfed males.

Our results showed a relationship between gut microbiota and gut expression of several
miRNAs associated with sex steroid-related pathways. The functions of KEGG, in which
the selected miRNAs were mapped, included lipid, amino acid, cofactor and vitamin
metabolism, signal transduction and endocrine systems. In particular, insulin,
gonadotropin-releasing hormone (GnRH), estrogen and prolactin signalling pathways
were involved, as well as progesterone-mediated oocyte maturation.

Publication 4: Relative to intact females, neonatal androgenisation increased weight in
PND-50 and PND-150, both under normal feeding and overfeeding, while producing
several hormonal effects, including reduced progesterone in PND-50 and PND-150, and
increased estradiol and estrone in PND-50, all under both types of feeding (high vs.
undetected levels), as well as increased estrone in PND-150 under overfeeding.

Androgenisation impaired energy balance and glucose homeostasis, with androgenised
rats in PND-50 showing a higher glucose AUC than control females, which reached
statistical significance under overfeeding, but not in normal feeding. GTT showed higher
glucose levels (lower glucose tolerance) in androgenised females (and males) in PND-50
than in control females. In addition, ITT showed a higher glucose AUC (lower insulin
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sensitivity) in androgenised females than in control females subjected to overfeeding in
PND-50 and PND-150. ITT also showed higher glucose levels at 0 minutes in
androgenised females than in control females in PND-50 under normal feeding and
overfeeding, as well as higher levels in androgenised females (and males) than in intact
females in PND-150 under overfeeding.

Androgenisation modified the gut microbiota with respect to control females. At the
phylum level, in PND-50 under normal feeding Bacteroidetes increased and Firmicutes
and Euryarchaeota decreased, while with overfeeding Euryarchaeota, Verrucomicrobia
and Cyanobacteria decreased. In PND-150 under normal feeding, the phylum
Cyanobacteria increased and Euryarchaeota and Actinobacteria decreased, while
overfeeding increased Bacteroidetes.

Our results showed a relationship between gut microbiota and gut expression of several
miRNAs associated with sex steroid-related pathways. In this context, miRNA-mediated
associations were observed between gut microbiota and: 1) Sex hormone-related
processes: steroid biosynthesis, oocyte meiosis, and progesterone-mediated oocyte
maturation; 2) Metabolism: insulin signalling pathway, fatty acid biosynthesis, and fatty
acid metabolism; 3) Intestinal barrier integrity: focal adhesion, adherens junction, and
O-glycan-like mucin biosynthesis; 4) Intestinal barrier integrity: focal adhesion, adherens
junction, and O-glycan-like mucin biosynthesis.

1.6. Conclusions

1. Our results show that men and women differ in the composition of their gut
microbiota and that these differences depend on the hormonal status of women
(premenopausal vs. postmenopausal), which could be related to the sexual
dimorphism observed in the incidence of metabolic and cardiovascular diseases,
given the relationship of these diseases with the gut microbiota.

2. Our results suggest that alterations in gut microbiota associated with metabolic
syndrome appear to be different between men and women. These results in turn
suggest the involvement of the gut microbiota in the difference in the incidence of
metabolic diseases between sexes. Furthermore, the different changes induced by
the Mediterranean diet or a low-fat diet in the gut microbiota according to sex
suggest that women and men may benefit differently from a specific diet,
depending on their sex.

3. Our results show the contribution of gonadal hormones to the definition of sex-
dependent differences in gut microbiota, as well as their potential role in the
formation of this microbiota as a consequence of the interaction between sex and
nutrition. Indeed, the elimination of sex hormones modifies the gut microbiota
towards a more deleterious profile, especially in females after postnatal
overfeeding, confirming the involvement of diet in these processes. On the other
hand, our results suggest that the involvement of the gut microbiota in metabolic
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diseases could be mediated by the interaction between the microbiota and its host
via gut miRNAs.

. Our results suggest that nutritional and hormonal disruption in early development
alters the metabolic programming and structure of the gut microbiota, the
consequences of which are prolonged over time. The observed relationship
between changes in gut microbiota and miRNA expression in the small and large
intestine suggests a possible mechanism of cross-communication between gut
microbiota and host that may contribute to amplify the metabolic mismatch caused
by obesity.
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Las diferencias entre los sexos, o dimorfismo sexual, que abarca diferencias tan dispares
como las referentes a los gametos, las gonadas, el comportamiento, la morfologia, o la
fisiologia, dependen de la expresion génica diferencial de genes ubicados en distintos
cromosomas; pero de algun modo han de estar influenciadas por los cromosomas
sexuales, ya que en ellos reside la diferencia genética entre ambos sexos (2). De hecho,
el dimorfismo sexual comienza a manifestarse a nivel genético, donde el patréon de
secrecién de la hormona del crecimiento (GH), dependiente a su vez de las hormonas
sexuales (3), condiciona una expresién génica sexualmente dimérfica (4).

Las enfermedades metabdlicas, y en particular la obesidad, el SM, y la DT2, han derivado
en un grave problema sanitario, social, y econdmico, a nivel mundial dada su creciente
incidencia (5-7). Estas patologias muestran un marcado dimorfismo sexual en su
desarrollo y prevalencia, influenciadas por las hormonas sexuales (8) (Figura 1). Dicha
influencia queda patente en aquellas condiciones en las que el nivel normal de estas
hormonas se ve alterado. Asi, los hombres y las mujeres transgénero muestran una
redistribucion de la grasa tras el tratamiento con esteroides sexuales (andrégenos y
estrégenos) (9). Los cambios hormonales de la menopausia también son responsables
de una redistribucién de la grasa (10) y de un mayor riesgo de DT2 (11), mientras que la
terapia hormonal con estrégenos y progestagenos en mujeres posmenopausicas reduce
su incidencia (12). La terapia de privacion de andrégenos en hombres con cancer de
prostata provoca un aumento de la masa grasa (13), una mayor prevalencia del SM (14),
y un mayor riesgo de DT2 (15). Por el contrario, el tratamiento con testosterona
disminuye la grasa visceral en hombres envejecidos no obesos con sintomas de
deficiencia de andrégenos (16), asi como la DT2 y el SM en pacientes con
hipogonadismo. Por otra parte, las mujeres con hiperandrogenismo, debido al SOP,
muestran un aumento de la adiposidad central (17) y un mayor riesgo de SM (18),
mientras que la disminucién de estrégenos inducida por la ooforectomia en mujeres
posmenopausicas aumenta el riesgo de DT2 (19).

En linea con lo anterior, hay que destacar que se han descrito dos patrones de
distribucién de la grasa corporal, un patrén abdominal (visceral), tipico de hombres y
mujeres posmenopausicas, y un patron periférico (subcutaneo), tipico de mujeres
premenopausicas (20, 21). Ambos patrones, regulados por las hormonas sexuales (22),
estan relacionados con el desarrollo de enfermedades metabdlicas, mostrando la
distribucién de la grasa central un perfil patoldgico (23) frente a un perfil protector de
la grasa periférica (24).

La microbiota intestinal es una comunidad simbidtica, formada en su mayoria por
bacterias (dominios Archaea y Bacteria), que participa activamente en la fisiologia del
huésped al intervenir en procesos como la absorcién de nutrientes (energia), la
respuesta inmunitaria, la permeabilidad intestinal, y la produccién de hormonas vy
vitaminas (25-27), al tiempo que enriquece el metabolismo de los glicanos, los
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aminodcidos, los xenobidticos, la metanogénesis, y la biosintesis de vitaminas e
isoprenoides (28). Por ello, la microbiota intestinal parece desempenar un papel clave
en la salud humana (29), mientras que la alteracién de su composicidon o diversidad,
conocida como disbiosis, asi como una interaccion alterada con su huésped, pueden dar
lugar a diversas patologias (30, 31).

En los ultimos afos, durante el desarrollo de esta tesis, nuestro grupo de investigacion
ha aportado evidencias que apoyan la idea de la existencia de un dimorfismo sexual en
la composicidn de la microbiota intestinal, en consonancia con otros estudios (32) en los
que las hormonas sexuales parecen tener un papel destacado (33). Ademas, la
interaccidon entre la microbiota intestinal y su huésped parecer ser clave para el
desarrollo de las enfermedades metabdlicas (26). En este sentido, la microbiota
intestinal interviene en el mantenimiento de la llamada barrera intestinal (34), que
limita el acceso de los microorganismos al torrente sanguineo e influye, por ello, en el
estado inflamatorio descrito en procesos como la obesidad y el SM (35). La accién de la
microbiota intestinal también se extiende al sistema nervioso central para influir en la
ingesta de alimentos a través del eje intestino-cerebro (36), e incluso al higado para
regular el metabolismo de los nutrientes a través del eje intestino-higado (37).

FISIOLOGIA FISIOLOGIA

8' @ 4 ARC POMC T ARC POMC
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Figura 1. Dimorfismo sexual de parametros metabdlicos y fisiolégicos en el hombre
y la mujer y su repercusion en las enfermedades metabélicas. ARC POMC, neuronas
del neuropéptido anorexigeno proopiomelanocortina (POMC) en el nicleo arcuato
hipotalamico (ARC); TAP, tejido adiposo pardo; TAB, tejido adiposo blanco; AG, acidos
grasos. Modificado de Mauvais-Jarvis, F. Biology of sex differences, 2015 (8).

2.1. Nivel genético del dimorfismo sexual: El higado como modelo de expresion génica
sexualmente dimorfica

La expresion génica dependiente del sexo, que repercute finamente en patologias
sexualmente dimorficas (38-40), ha sido ampliamente estudiada en el higado, un érgano
clave en el metabolismo general del cuerpo, como lo demuestran las complicaciones
metabdlicas derivadas de un trasplante hepatico (41). Los mecanismos responsables del
dimorfismo sexual dependen de la GH, que lleva a cabo su accién principalmente a
través de la proteina janus quinasa 2 (JAK2) y del transductor de sefales y activador de
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la transcripcion (STAT), implicando también a varios factores de transcripcion (FT), al
grado de condensacion del ADN, e incluso a diferentes tipos de ARN. (Figura 2)

2.1.1. Patron de secrecion de la GH: Clave del dimorfismo sexual de la expresion génica

La GH juega un papel clave en la regulacién de la expresién de numerosos genes (42) y,
en este sentido, la regulacién sexualmente dimorfica de algunos genes depende de las
diferencias de sexo en la secrecidn hipofisaria de la GH, que es pulsatil (intermitente) en
los hombres frente a casi continua en las mujeres (43, 44). Esto se ha corroborado en
ratones, en donde la hipofisectomia anula la especificidad del sexo de aproximadamente
el 90% de los genes dependientes del sexo en el higado, de los que unos responden a la
GH positivamente (clase 1), y otros negativamente (clase Il) (45, 46). Por otra parte, el
dimorfismo en la secrecion de GH a nivel central (hipotdlamo y pituitaria) y su accién a
nivel periférico estan regulados por los esteroides sexuales (testosterona y estrégenos)
(3, 47, 48), por lo que podria considerarse a la GH como una intermediaria en el papel
de las hormonas sexuales en la expresién génica dependiente del sexo.

2.1.2. JAK2 y STAT: Mecanismo de accion de la GH

Tras unirse a su receptor y provocar la rotacion de sus subunidades, la GH induce la
activacion de la JAK2 intracelular (49, 50), la cual inicia una fosforilacién de proteinas
que culmina en la induccién de varias redes de sefalizacidn intracelular (51, 52).

Entre las moléculas activadas por la GH a través de esta via hay varios FTs, como STAT,
un factor clave en la regulacién de la expresion de muchos genes, incluyendo algunos
sexualmente dimérficos expresados en el higado (53, 54). En realidad, STAT comprende
una familia de proteinas, entre las que destaca STAT5 (STAT5a y STATSb) por su papel
clave en la regulacién de la transcripcion de muchos genes hepaticos de forma
dependiente del sexo. En este sentido, la deficiencia de STAT5b en ratones knockout
provoca la pérdida de las respuestas sexualmente dimérficas asociadas al patrén de
secrecidon de la GH dependiente del sexo, con respuestas especificas de los machos
knockout disminuidas hasta los niveles de las hembras de tipo salvaje y respuestas de
las hembras knockout aumentadas hasta un nivel intermedio a las de los machos vy
hembras de tipo salvaje (55, 56). Estudios posteriores han confirmado que STATSb
permite y reprime en el higado la expresién de genes especificos de machos y hembras
respectivamente (53, 57). Por otro lado, STAT5a parece jugar un papel clave en la
regulacion de los genes hepaticos especificos del sexo en el higado femenino (58). Otro
estudio basado en la delecidn del locus Stat5a-Stat5b en el higado de ratén demostré
gue la regulacién positiva y negativa de los genes especificos de machos y hembras,
respectivamente, requerian la accién de STAT5ab, y que STATS5b era el mayor
responsable del dimorfismo sexual hepatico dependiente de STAT5ab (59).

En cuanto a su mecanismo de accidn, tras su fosforilacion, las proteinas STAT se
desplazan del citosol al nldcleo como dimeros para unirse a sitios especificos del ADN
(60, 61). En este caso, la pauta masculina de GH intermitente activa la fosforilacion de
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STATS5 vy su translocacion del citosol al nucleo, mientras que la pauta femenina de GH
continua desensibiliza su fosforilacidon y ocasiona un bajo nivel de STATS5 activo (62-64).

2.1.3. Condensacidn de la cromatina: Factor epigenético

En el dimorfismo sexual de la expresion génica también influye la organizacion
tridimensional del genoma (65). Este dimorfismo parece estar relacionado con el grado
de metilacién de la cromatina, que en ultima instancia influye en su grado de
condensacién y, por tanto, en su accesibilidad; habiéndose identificado a este sentido
sitios de control transcripcional especificos del sexo (66, 67). A este respecto, la
testosterona induce una desmetilacidon del ADN especifica del sexo en el higado de ratén
mediante la activacién del receptor de andrégenos (RA) (68), que una vez establecida,
persiste incluso en ausencia de testosterona y suele actuar principalmente sobre
secuencias reguladoras de genes expresados diferencialmente en el higado masculino.

2.1.4. ARN largo no codificante (ARNInc) y microARN (miARN)

Varios tipos de ARN, como los miARN y los ARN largos no codificantes (ARNInc), también
participan en la regulacién de la expresién génica dependiente del sexo.

Un ejemplo es la expresion sexo-especifica del citocromo P450 2b9 (Cyp2b9) en el
higado de ratones hembra, que implica a varios miARNs a través de una regulacién
postranscripcional (69). En la misma linea, el miR-1948, con sesgo masculino, y el miR-
802, con sesgo femenino, se localizan en regiones de la cromatina cuya accesibilidad
depende del sexo y estan regulados por STAT5, dependiente a su vez de la secrecién de
la GH (70). Preferentemente, el miR-1948-5p reprime e induce los ARNm de sesgo
femenino y masculino, respectivamente, en el higado masculino, mientras que el miR-
802-5p lo hace al contrario en el higado femenino.

En cuanto a los ARNInc, la expresién de algunos de ellos, implicados en el dimorfismo
sexual del metabolismo y la patologia hepatica, esta regulada en el higado de ratdn por
el perfil de secrecion de la GH (71). En este sentido, se han identificado en ratones
hipofisectomizados ARNInc especificos del sexo con una fuerte regulacion negativa de
los genes sexualmente dimérficos, lo que sugiere que pueden contribuir al control de la
expresion génica hepatica dependiente del sexo (72). Mas recientemente, se han
descrito transcritos antisentido de ARNInc nucleares implicados en la expresidon
dependiente del sexo de los genes Cyp2a4d y Cyp2a5 en el higado de ratén (73).
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Figura 2. Mecanismo general de la expresion génica sexo-dependiente en el higado. La microbiota influye en los niveles de
esteroides sexuales y en el patron de secrecion de la hormona del crecimiento (GH), el cual se manifiesta de forma intermitente
en los hombres y casi continua en las mujeres. La unién de la GH a su receptor activa la via de la Janus quinasa 2 (JAK2), que
fosforila al transductor de sefiales y activador de la transcripciéon (STAT). Al fosforilarse, STAT accede al nticleo como dimero y,
con otros factores de transcripcidn (FTs), se une a secuencias reguladoras del ADN para inducir la expresién génica dependiente
del sexo y obtener diferentes tipos de ARN (microARN (miARN) y ARN largo no codificante (ARNInc)); estos ultimos responsables
de la regulacion postranscripcional sexo-dependiente. El grado de condensacidn del ADN dependiente de los esteroides
sexuales y de la GH determina la accesibilidad de los factores de transcripcion a las secuencias reguladoras. T, testosterona.

2.2. Enfermedades metabdlicas sexualmente dimdérficas (Tabla 1)

La prevalencia de las enfermedades metabdlicas responde a un dimorfismo sexual (8).
La prevalencia global de la obesidad es mayor en la mujer, pues su propensién a ganar
grasa abdominal aumenta con la edad. De hecho, en la actualidad, la prevalencia de la
obesidad visceral asociada al SM es mucho mayor en las mujeres en muchas regiones
del mundo. Por otra parte, la prevalencia de la DT2 se invierte segun la etapa de la vida,
pues hay mdas hombres diabéticos antes de la pubertad y mas mujeres diabéticas tras la
menopausia.
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2.2.1. Obesidad

La prevalencia de la obesidad, establecida a partir de un IMC de 30 kg/m?, ha aumentado
en el mundo desarrollado tanto en adultos como en nifios. Esta patologia, resultante de
complejas relaciones genéticas, socioecondmicas y culturales, implica graves problemas
sanitarios, econdmicos y sociales (5). La obesidad estd relacionada con la inflamacion de
bajo grado que conduce a un estado de resistencia a la insulina, implicada a su vez en el
desarrollo de trastornos metabodlicos como el SM y la DT2 (74). (Figura 3)
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Figura 3. Resistencia a la insulina inducida por la obesidad. Ante un balance energético positivo (ingesta de energia mayor a su
gasto), el tejido adiposo supera su capacidad de amortiguacidn para almacenar el exceso de energia en forma de triglicéridos
(TG), originando un desbordamiento de lipidos en la circulacion y una acumulacién ectdpica de grasa en tejidos no adiposos
(higado, musculo esquelético y pancreas), lo que origina resistencia a la insulina. Junto con la reducciéon de la capacidad de
amortiguacion de los lipidos, el tejido adiposo se inflama y aumenta la secrecidn de citoquinas proinflamatorias y adipoquinas,
que también podria contribuir a la resistencia a la insulina y a una alteracion de la homeostasis de la glucosa. AG, acidos grasos.
Modificado de Canfora, EE et al. Nature reviews. Endocrinology, 2015 (298).
En realidad, los trastornos metabdlicos estan relacionados con la distribucion de la grasa
corporal, que presenta un dimorfismo sexual al acumularse preferentemente alrededor
del tronco y el abdomen en los hombres (distribucidon androide) y alrededor de las
caderas y los muslos en las mujeres (distribucion ginoide) (21) (Figura 4). La adiposidad
abdominal se subdivide en subcutanea y visceral, siendo esta ultima la que se ha
asociado a un aumento de las complicaciones metabdlicas tanto en hombres como en
mujeres (23, 75, 76) al provocar un aumento de la glucosa vy los triglicéridos en sangre,
una disminucion de las lipoproteinas de alta densidad (HDL), y un aumento de las
lipoproteinas de baja densidad (LDL), asi como un incremento de los marcadores
inflamatorios (77). Por el contrario, la grasa gluteo-femoral se ha asociado a un perfil

lipidico y glucémico protector y a una disminuciéon del riesgo metabdlico, pareciendo
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ejercer su efecto protector a través del almacenamiento de acidos grasos a largo plazo
y de un perfil de adipoquinas beneficioso (asociacion positiva con los niveles de leptina
y adiponectina y asociacién negativa con el nivel de citoquinas inflamatorias) (24).

Figura 4. Composicion corporal del abdomen (A) y el muslo (C) en una mujer de 39 afios y un hombre de 37 afios (B, D) con
obesidad (IMC, 33 kg/m?) mediante tomografia computarizada. La mujer tiene mas tejido adiposo subcutaneo en abdomen 'y
muslo (asteriscos blancos), mientras que el hombre tiene mas tejido adiposo visceral (cruz) y masa muscular (asterisco negro).
La mujer tenia un mejor perfil metabdlico en comparacion con el hombre (colesterol LDL sérico, 57 mg/dL frente a 147 mg/dL;
colesterol-HDL, 68 mg/dL frente a 32 mg/dL; triglicéridos, 45 mg/dL frente a 159 mg/dL; insulina, 4,9 uU/mL frente a 7,0 uU/mL;
HOMA-IR, 0,98 frente a 7,00). Modificado de Bredella MA. Advances in Experimental Medicine and Biology, 2017 (21).

2.2.1.1. Implicacion de las hormonas sexuales en la obesidad

Los esteroides sexuales modulan la distribucién de la grasa corporal. En este sentido, los
cambios hormonales de la pubertad se han asociado con una diferente ganancia de peso
corporal entre los sexos, debido al aumento de la masa magra y de la masa grasa en los
nifios y nifias respectivamente, asi como con la distribucidén de la grasa androide y
ginoide (20), pues las hormonas sexuales parecen regular ciertos genes implicados en la
distribucién sexualmente dimérfica de la grasa corporal (22, 78, 79).

En los hombres, la testosterona inhibe la captacién de triglicéridos en la region
intraabdominal y parece promover su acumulacién en la regién subcutanea (80), a la vez
gue reduce la lipdlisis estimulada por catecolaminas en la grasa subcutdnea pero no en
la visceral (81). Estos procesos parecen estar influenciados por el gen del RA, ya que en
los modelos de ratén knockout RA, la delecién de este gen aumenta la adiposidad al
disminuir la lipdlisis (82-84) (Figura 5). Ademads, parece que la proteina caveolina-1
(CAV1) desempeiia un papel importante en la acumulacidn de grasa y que esta regulada
de forma diferente por los estrégenos (estradiol) y los andrégenos (dihidrotestosterona
(DHT)) (85).

q A };_ P :
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Figura 5. Aspecto externo e intraabdominal (A) y distribucion de la grasa obtenida por tomografia computarizada (B) en
ratones macho deficientes del receptor de andrégenos (RA(-)) y salvajes (RA(+)). La edad de los ratones era de 30 semanas en
Ay de 40 semanas en B. Las areas rosa y amarilla en B representan la grasa visceral y subcutdnea, respectivamente.

A: Modificado de Sato, T et al. Biochemical and Biophysical Research Communications, 2003 (82).

B: Modificado de Fan, W et al. Diabetes, 2005 (83).

A nivel celular, se han observado diferencias en el efecto de los esteroides sexuales
sobre la funcién de los adipocitos en el tejido adiposo blanco en aspectos como la
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diferenciacidn de los adipocitos, la lipdlisis/lipogénesis, la sensibilidad a la insulina, y la
produccidén/secrecion de adipoquinas (86). En este sentido, la testosterona y la DHT
regulan la diferenciacién de las células mesenquimales pluripotentes, promoviendo e
inhibiendo su diferenciacion en miocitos y adipocitos, respectivamente, de forma
dependiente del RA (87). De forma similar, la DHT inhibe la diferenciacion adipogénica
de las células madre mesenquimales y de los preadipocitos de forma dependiente del
RA, aumenta la lipélisis y reduce la acumulacién de lipidos (88). Un estudio reciente ha
mostrado que, en ratones castrados (modelo de hipogonadismo masculino), la masa
grasa aumenta merced a la hipertrofia de adipocitos y la adipogénesis (89), mientras
que al someter a estos ratones a una terapia de sustitucién hormonal, la testosterona
impedia la expansion de la masa grasa visceral y subcutanea. Ademas, la adipogénesis
obesogénica también se elevaba al inhibir la actividad del RA. Por otra parte, este
estudio también mostrd una regulacion diferencial de la distribucién de la grasa, ya que
el estradiol derivado de la testosterona y la DHT bloquean el aumento de la grasa visceral
y subcutanea respectivamente.

A nivel enzimdtico, la accidn de la lipoproteina lipasa (LPL), una enzima clave en la
captacion y almacenamiento de lipidos por parte de los adipocitos (90), parece estar
suprimida por el estradiol en el tejido adiposo de las mujeres obesas (91) y por la
testosterona en el tejido adiposo de los hombres obesos (92). Esta supresidon es mayor
en el muslo comparado con el abdomen en el caso de los hombres, por lo que podria
ser un elemento clave en su acumulacién central de grasa. Ademas, la deficiencia de
testosterona en los hombres aumenta la actividad de la LPL y de la acil-CoA sintetasa
(ACS) e induce la acumulacién de acidos grasos en el tejido adiposo femoral (93, 94),
mientras que la administracion de testosterona reduce la actividad de la LPL abdominal
y la captacién de triglicéridos en esta zona (95). En la mujer, la deficiencia de esteroides
sexuales después de la menopausia influye en la actividad de la ACS y de la diacilglicerol
aciltransferasa y promueve un mayor almacenamiento de acidos grasos en el tejido
adiposo subcutaneo 96). Por otra parte, en las mujeres premenopadusicas, los factores
adipogénicos femorales responden a la supresién aguda de hormonas sexuales en
mayor medida que los abdominales (97).

2.2.1.2. Obesidad en el hombre

La concentracidn de testosterona se correlaciona negativamente con la obesidad central
(98, 99), y el tratamiento con esta hormona disminuye la grasa visceral en hombres con
sintomas de deficiencia de andrdgenos y niveles séricos de testosterona bajos y
normales (16). En este contexto, la oxandrolona, un esteroide artificial similar a la
testosterona, reduce principalmente la grasa abdominal en hombres de edad avanzada,
y dentro de ella, reduce en mayor medida la grasa visceral que la subcutanea (100).
Ademas, la terapia de reemplazo de testosterona mejora el control glucémico, la
resistencia a la insulina y la dislipidemia en pacientes con hipogonadismo, en parte
reduciendo la obesidad central (101-103). Por otro lado, la terapia de privacién de
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andrégenos en hombres con cancer de prdstata conduce a un aumento de la masa grasa
(13, 104, 105). No obstante, y en contra de lo que podria suponerse, el aumento de la
grasa abdominal en este Ultimo caso parece deberse a la acumulacién de grasa
subcutdnea y no de grasa intraabdominal (106, 107). Ademas, la disminucién de la
testosterona propia del envejecimiento se acompafia de un aumento de la adiposidad,
con una acumulacion preferente de grasa abdominal de tipo visceral (108). Otro hecho
destacado es la redistribucidon de la grasa observada en los hombres transexuales tras el
tratamiento con esteroides sexuales (9, 109, 110).

2.2.1.3. Obesidad en la mujer

En la mujer, la obesidad central se ha correlacionado con un aumento de la testosterona
y una disminucién del estradiol (98). Los cambios hormonales de la menopausia
conducen a una redistribucidon de la grasa, independientemente de la grasa total y de la
edad, hacia un fenotipo mas central y androide (10, 111, 112); si bien algunos estudios
sugieren que la distribucién de la grasa hacia la parte superior del cuerpo tras la
menopausia puede deberse al envejecimiento mas que a la menopausia per se (113,
114). No obstante, el cambio hacia la distribucién de la grasa central y androide en las
mujeres perimenopdusicas y posmenopausicas puede ser contrarrestado con una
terapia de sustitucién hormonal (115). Otros hechos a destacar son la mayor adiposidad
central observada en mujeres con hiperandrogenismo debido al SOP (17, 116, 117) y la
redistribucion de la grasa en las mujeres transexuales tras el tratamiento con esteroides
sexuales (9, 109, 110).

2.2.2. Sindrome metabdlico (SM)

El SM es una condicidn patoldgica caracterizada por la presencia de obesidad abdominal,
resistencia a la insulina, hipertensién e hiperlipidemia, que se ha extendido por todo el
mundo y contribuye a la propagacién de enfermedades como la DT2, la enfermedad
coronaria, y el accidente cerebrovascular (7). Ademas de reducir la calidad de vida, el
SM tiene un importante impacto econdmico en la sanidad publica debido a las elevadas
tasas de morbilidad que genera, ya que el mayor riesgo de desarrollar DT2 aumenta en
mas de un 30% la probabilidad de sufrir una enfermedad cardiovascular, que constituye
actualmente la principal causa de mortalidad a nivel mundial (118-120).

2.2.2.1. Implicacion de las hormonas sexuales en el sindrome metabdlico

Distintos estudios confirman el papel de las hormonas sexuales en el desarrollo del SM.
Se ha observado una asociacién inversa entre los niveles séricos de la globulina fijadora
de hormonas sexuales (GFHS) y la prevalencia del SM en escolares de 12 a 16 afnos,
siendo la GFHS un marcador mas sensible de SM en los nifios, pero no en las nifias, lo
que indica un dimorfismo de sexo ya a una edad temprana (121). A edades mas
avanzadas se sigue observando una asociacién entre los niveles mas bajos de GFHS y el
SM tanto en hombres como en mujeres, mientras que los niveles de testosterona total
y libre son mas bajos en los hombres y mas altos en las mujeres con SM (122-124). Sin
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embargo, se ha sugerido que un nivel bajo de GFHS estaria asociado a una mayor
prevalencia de SM en hombres y mujeres premenopausicas, pero no en mujeres
posmenopadusicas, por lo que el nivel de GFHS en plasma podria ser un predictor
significativo de SM solamente en hombres y mujeres premenopadusicas (125).

2.2.2.2. Sindrome metabdlico en el hombre

En los hombres, el SM parece estar relacionado con la testosterona, pero no con el
estradiol (126, 127). En este sentido, los niveles de testosterona se han asociado
negativamente con el riesgo del SM (128), y recientemente se ha constatado que esta
asociacion es aplicable a todos los pardmetros de esta patologia (129); mientras que la
terapia de reemplazo de testosterona parece mejorar la mayoria de estos parametros
(glucosa, triglicéridos, circunferencia de la cintura y colesterol-HDL) (130).

Otros estudios especifican que el SM se asocia inversamente tanto con la testosterona
total como con la GFHS (131-133), y que tanto la testosterona como la GFHS muestran
una asociacion inversa con las concentraciones de insulina, glucosa y triglicéridos, asi
como una asociacidn positiva con el colesterol-HDL (134-136). Por su parte, otros
estudios apuntan a la GFHS como la mas influyente en el desarrollo del SM (137, 138) y
como un factor de riesgo independiente y dominante (139-141) y un buen marcador
temprano del SM (132, 133).

En cuanto a la testosterona libre, aunque también se ha descrito su asociacidn inversa
con el SM, la mayoria de los estudios indican que esta asociacidon es menor que en el
caso de la testosterona total y la GFHS (142-144), e incluso se ha descrito que esta
relacién no existe (140) o que puede ser positiva (137).

Por otra parte, los hombres con hipogonadismo (deficiencia de testosterona), resultante
de la terapia de privacidon de andrégenos contra el cancer de prdstata, muestran niveles
mas bajos de testosterona total y libre, asi como una mayor prevalencia del SM (14).
Dentro de los parametros del SM, estos hombres tenian una mayor prevalencia de
obesidad abdominal e hiperglucemia, asi como niveles elevados de triglicéridos en
comparacion con los controles. En linea con lo anterior, el tratamiento con testosterona
en hombres con hipogonadismo restablece los niveles fisioldgicos de testosterona y
mejora los componentes del SM, aumentando el colesterol-HDL y reduciendo el
colesterol total, el colesterol-LDL, los triglicéridos, y la glucosa (102, 103, 145).

2.2.2.3. Sindrome metabdlico en la mujer

El nivel de estrégenos también parece influir en la prevalencia del SM. La deplecion de
estrégenos inducida por la ooforectomia en ratas empeora varios de los componentes
del SM (lipidos, glucosa, HDLy LDL) (146, 147), mientras que en las mujeres menores de
50 afios aumenta su prevalencia (148, 149). Ademas, las mujeres sometidas a
histerectomia (a menudo acompafiada de ooforectomia bilateral para prevenir el cancer
de ovario) experimentan un aumento del nivel de glucosa en sangre (150) y de la
hipertension (151).
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La menopausia provoca una disminucién del nivel de GFHS, al menos en parte debido a
la disminucidn de estrégenos, mientras que el nivel de testosterona no se altera durante
los afios de la menopausia (152). En este sentido, la menopausia puede considerarse un
predictor (factor de riesgo) del SM y de todos sus componentes individuales,
independientemente de la edad (153, 154). Ademas, se ha descrito una asociacién
inversa entre la GFHS y el SM, especialmente entre las mujeres posmenopausicas (155).

En cuanto a la testosterona, su exceso (hiperandrogenismo) en las mujeres con SOP es
un potente predictor de los trastornos metabdlicos caracteristicos del SM, siendo esta
patologia mas prevalente en las pacientes con SOP que en las mujeres sanas (156, 18).
Sin embargo, aunque al hiperandrogenismo se le ha otorgado un papel destacado en las
alteraciones metabdlicas asociadas al SOP (157), un reciente estudio de revisidén y
metaanalisis ha indicado que la mayor prevalencia del SM en las mujeres con SOP estaria
asociada a la obesidad y a las caracteristicas metabdlicas, pero no al indice de
hiperandrogenismo (158).

2.2.3. Diabetes de tipo 2 (DT2)

El término diabetes engloba un grupo de enfermedades, diferenciadas por sus
mecanismos de desarrollo, que reducen la capacidad de regular el nivel de glucosa en
sangre y conducen a una hiperglucemia prolongada. Hay dos formas principales de
diabetes, la insulinodependiente (diabetes de tipo 1, T1D) y la no insulinodependiente
(diabetes de tipo 2, DT2), debidas, respectivamente, a un proceso autoinmune vy
metabdlico. La DT2 se caracteriza por una produccion insuficiente de insulina por parte
de las células beta del pancreas y una alteracién del metabolismo hepatico de la glucosa,
asi como por la resistencia a la insulina, que conduce a una menor capacidad de
respuesta de los tejidos a la misma (159, 160). Esta patologia, que ha derivado en una
pandemia, afectando aproximadamente al 9% de la poblacion mundial (6), estd
condicionada por varios factores, como la genética, el sedentarismo, la inactividad fisica,
el tabaquismo, el consumo de alcohol, el estrés oxidativo, y la dieta (161). Sin embargo,
la obesidad se considera el principal factor de riesgo de la DT2, condicionando tanto el
desarrollo de la resistencia a la insulina como el desarrollo de la enfermedad (162).

2.2.3.1. Implicacion de las hormonas sexuales en la diabetes

La alteracién de la glucemia en ayunas (AGA) y la alteracidon de la tolerancia a la glucosa
(ATG), que se producen como paso previo a la DT2, muestran un dimorfismo sexual,
siendo la ATG mas frecuente en las mujeres y la AGA en los hombres (163-165). Se ha
sugerido que las hormonas sexuales pueden ser responsables de este dimorfismo, pues
la terapia hormonal con estrégenos en mujeres menopausicas con DT2 modifica ambos
pardmetros (165). Ademas, la incidencia de esta patologia es mayor en el hombre que
en la mujer (166, 167). Por otra parte, la menopausia implica un mayor riesgo de DT2,
mientras que la terapia hormonal con estrégenos para la menopausia puede retrasar su
aparicion (11).
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2.2.3.2. La diabetes en el hombre

Los hombres con DT2 tienen niveles mas bajos de testosterona total y testosterona libre
(168-170). En relacion con esto, se ha sugerido que los niveles bajos de testosterona y
GFHS estan relacionados con el desarrollo de la resistencia a la insulina y la posterior
DT2 en los hombres (23, 128). Ademas, la combinacidn de niveles elevados de GFHS y
niveles bajos de testosterona se ha asociado con un aumento de la mortalidad en
hombres con DT2 (171, 172). Otros estudios han demostrado que en los hombres con
DT2, los niveles bajos de testosterona per se estan asociados con un aumento de la
mortalidad, mientras que el reemplazo de testosterona puede mejorar su supervivencia
(173, 174). Del mismo modo, la proporcién de hombres con DT2 se reduce después del
tratamiento con testosterona (103, 175), mientras que la terapia de privacion de
andrégenos en el cancer de préstata conlleva un mayor riesgo de sufrir esta patologia
(15, 176, 177).

En consonancia con lo anterior, los hombres con DT2 tienden a tener niveles bajos de
testosterona, y la mayoria de ellos tienen hipogonadismo (178, 179). De hecho, se ha
confirmado que los pacientes obesos y diabéticos con hipogonadismo y niveles bajos de
testosterona muestran una mejora de la resistencia a la insulina y del control glucémico
tras someterse a una terapia de sustitucién de testosterona (103, 145, 180).

Con respecto a las hormonas femeninas, los hombres con niveles elevados de estradiol
tienen un mayor riesgo de sufrir DT2, y esta concentracién elevada de estradiol, junto
con una concentracién baja de SHBH, conlleva un efecto perjudicial aditivo sobre el
riesgo de la DT2 (23, 181).

2.2.3.3. La diabetes en la mujer

A diferencia de los hombres, un nivel elevado de testosterona en la mujer estd
relacionado con la resistencia a la insulina y la DT2 (128, 182, 183). Sin embargo, un
estudio en mujeres chinas ha demostrado que, aunque los valores elevados de GFHS se
asocian con una menor probabilidad de DT2, los niveles de estradiol y testosterona no
muestran ninguna asociacion con esta patologia (181). Estos resultados contradictorios
respecto a la relacion entre la testosterona y la incidencia de DT2 pueden deberse a la
medicion de la testosterona, ya que algunos autores utilizan la testosterona total y otros
la testosterona libre, y segin un estudio reciente, el método de analisis puede diferir
entre los estudios (184). Ademds, el indice de andrégenos libres (IAL) usado en algunos
estudios no es un indicador fiable de la testosterona libre cuando la concentracién de
GFHS es inferior a 30 nmol/L, lo que llevaria a posibles errores de investigacion en
mujeres con niveles bajos de GFHS (185). En consecuencia, se ha informado que en las
mujeres no hay asociacion entre la testosterona total y la DT2, aunque un mayor nivel
de testosterona libre se asocia con un mayor riesgo de DT2 (186).

Al igual que en el hombre, el nivel de GFHS también se ha asociado inversamente con el
riesgo de DT2 en la mujer (128, 155, 170, 187). De hecho, en la mujer, la asociacion entre
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la GFHS baja y la DT2 parece ser mas fuerte que en el hombre (182, 183). Aunque esta
asociacién inversa entre la GFHS y la DT2 es persistente en diferentes grupos étnicos
(188), segun un estudio en mujeres hispanas posmenopdusicas con y sin DT2, los niveles
medios de GFHS no fueron significativamente diferentes en ambos grupos (189). Estos
resultados contradictorios pueden deberse a que los niveles de hormonas sexuales y
GFHS pueden variar en mujeres posmenopausicas segun las diferencias raciales/étnicas
(190, 191).

Con respecto al estradiol, las mujeres posmenopdusicas con DT2 tienen niveles de
estradiol mas altos que las mujeres sanas (182, 187, 189). Sin embargo, los datos de un
conjunto de pruebas basadas en una menarquia o0 menopausia mas temprana y en la
practica de la histerectomia y la ooforectomia sugieren que los niveles de estradiol no
fisioldgicos (superiores o inferiores a los valores normales) pueden ser responsables de
una mayor incidencia de DT2. En este sentido, el inicio temprano de la menarquia parece
aumentar el riesgo de DT2 (192-194). No obstante, algunos estudios sugieren que parte
del riesgo de DT2 debido a la menarquia temprana puede deberse al aumento de la
adiposidad (19, 195, 196), ya que la menarquia temprana se asocia con un aumento del
IMC en la edad adulta (197, 198). Por otro lado, la menopausia precoz o la insuficiencia
ovarica prematura conllevan un mayor riesgo de desarrollar DT2 (199-201). Resultados
similares se han observado en mujeres posmenopausicas con ooforectomia bilateral
(19, 202). Ademas, la terapia hormonal con estrégenos y progestagenos en mujeres
posmenopausicas (tanto con el Utero intacto como con histerectomia) reduce la
incidencia de la DT2 (12, 203, 204).

HOMBRE

» Aumento de la obesidad central
T » Disminucion de la obesidad central > Aumento del SM
» Disminucidn de la grasa visceral > Aumento de la DT2
» Aumento de la masa grasa (acumulacion
de grasa subcutanea, no acumulacién de
grasa intraabdominal)
ot » Aumento de la adiposidad (acumulacion
preferente de grasa abdominal de tipo
visceral) (envejecimiento)
» Aumento del SM
» Aumento de la DT2
ME » Aumento de la DT2 (valor no fisiolégico)*
» Aumento de la obesidad central
JE > Aumento del SM
» Aumento de la DT2 (valor no fisioldgico)*

Tabla 1. Resumen de la influencia de los valeres elevados (1) y disminuidos ({/) de las hormonas sexuales, testosterona (T) y
estradiol (E), en la obesidad, el sindrome metabdélico (SM), y la diabetes de tipo 2 (DT2). (*): Un valor no fisioldgico de estradiol
(aumentado o disminuido) seria responsable de un mismo efecto, el aumento del riesgo de desarrollar la DT2.
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2.3. Interaccidon entre la microbiota intestinal y las hormonas sexuales
2.3.1. Pruebas de la interaccidn entre la microbiota intestinal y las hormonas sexuales

La composicion de la microbiota intestinal depende del sexo (32) y puede, a su vez,
influir en los niveles de las hormonas sexuales, como por ejemplo, en el nivel de
estrégenos no ovaricos en los hombres y en las mujeres posmenopausicas a través de la
circulacién enterohepdtica (205).

2.3.1.1. Estudios en roedores

Los estudios en ratones muestran un cambio en los niveles de estradiol y testosterona
tras la colonizacién microbiana (206, 207). En lo referente a los cambios hormonales
asociados a la pubertad, la a-diversidad microbiana no parece mostrar diferencias
dependientes del sexo en ratones prepuberes, cosa que si ocurre en ratones
pospuberes, en los que, tras la reduccidon de los niveles de andrégenos mediante
castracion, la microbiota de los machos castrados muestra mas similitudes con la
microbiota de las hembras que con la de los machos no castrados (208). En la misma
linea, el tratamiento con testosterona evita los cambios en la composicidon de la
microbiota intestinal en ratones macho castrados (209).

La microbiota también parece estar involucrada en los ritmos diurnos especificos del
sexo de la expresidn génica y el metabolismo de los esteroides, pues en ratones libres
de gérmenes (LG) se ha observado una secrecion alterada de la GH, con niveles bajos
tanto en machos como en hembras y un patrén de secrecidn de las hembras similar al
de los machos (210). Esto podria explicar el dimorfismo sexual atenuado del higado
observado en estos ratones, ya que el tratamiento continuado con GH restauraba en
parte el dimorfismo sexual en los hepatocitos de las hembras.

2.3.1.2. Estudios en humanos

Los hombres y mujeres con niveles séricos elevados de testosterona y estradiol,
respectivamente, albergan una microbiota intestinal mas diversa, con bacterias
correlacionadas con los niveles de testosterona (Acinetobacter, Dorea, Ruminococcus y
Megamonas) y estradiol (Slackia y Butyricimonas) (33). Ademas, la microbiota intestinal
estd influenciada por los cambios de los niveles de estréogenos y andrdgenos debidos a
factores como el embarazo, la pubertad, la menopausia, o el SOP. En este sentido, la
microbiota cambia del primer al tercer trimestre del embarazo, con una riqueza
reducida y un aumento general de Proteobacteria y Actinobacteria (211), mientras que
la de las mujeres con SOP (hiperandrogénicas) estda marcadamente alterada (212-214).
En cuanto a la pubertad, la microbiota intestinal de las nifias se vuelve mas similar a la
de los adultos con la progresion de la pubertad, lo que sugiere que la microbiota podria
afectar al momento de la pubertad, posiblemente regulando los niveles de las hormonas
sexuales (215-217). (Figura 6)
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Figura 6. Interaccion entre la microbiota intestinal y las hormonas sexuales. Diversas circunstancias,
como la pubertad, el embarazo, la menopausia, el sindrome del ovario poliquistico (SOP), y la
castracion, se traducen en una modificacién de los niveles de las hormonas sexuales (testosteronay
estradiol), lo que a su vez deriva en una modificacion de la composicién de la microbiota intestinal.

Los niveles de estrégenos en la orina de hombres y mujeres posmenopausicas estdn
fuertemente asociados con la riqueza y la a-diversidad de la microbiota intestinal,
mientras que en las mujeres premenopausicas, en las que estos niveles son muy
variables durante los ciclos menstruales, no se observa esta asociacién (205, 218).
Coincidiendo con nuestros resultados, un reciente estudio también ha constatado que
la microbiota intestinal de las mujeres posmenopausicas es mds similar a la de los
hombres que a la de las mujeres premenopausicas, sin que se observen realmente
diferencias significativas entre las mujeres posmenopdusicas y los hombres (219). Este
estudio también mostré una asociacidén entre los esteroides gonadales y las diferencias
en la microbiota, con vias de biosintesis y degradacion de esteroides enriquecidas en las
mujeres premenopausicas y asociadas significativamente con el nivel de testosterona
en plasma. Adema3s, la microbiota permitié predecir el nivel de testosterona circulante
tanto en humanos como en ratones macho (tratados con antibidticos) tras la
transferencia de materia fecal humana.

2.3.2. Mecanismo de accion entre la microbiota intestinal y las hormonas sexuales
2.3.2.1. Acidos biliares

Parte del sesgo sexual de la microbiota intestinal podria depender de los acidos biliares,
ya que su reserva es mayor en los hombres que en las mujeres (220, 221) v, tras ser
sintetizados en el higado a partir del colesterol, son metabolizados por la microbiota
intestinal en acidos biliares secundarios, que a su vez pueden modificar la estructura de
la microbiota y provocar diversas patologias 222-224) (Figura 7). En este sentido, la
microbiota intestinal regula el metabolismo secundario de los acidos biliares e inhibe su
sintesis en el higado mediante la regulacién de la expresién del factor de crecimiento de
fibroblastos (FCF) 15 en el ileon y de la colesterol 7a-hidroxilasa (CYP7A1) en el higado
a través de mecanismos dependientes del receptor farnesoide X (FXR) (también
conocido como NR1H4, del inglés "Nuclear receptor subfamily 1, group H, member 4")
(225, 226), un receptor nuclear para los acidos biliares. En linea con esto, el FCF15
reprime la expresion de CYP7A1 en el higado (227), la enzima que cataliza y regula el
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primer paso de la sintesis de acidos biliares (228). Ademas, se ha observado que una
reduccion de los acidos biliares conduce a la proliferacidén bacteriana y que el FXR inhibe
el sobrecrecimiento bacteriano (229).
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Figura 7. Reacciones bacterianas de biotransformacion de sales biliares en el tracto intestinal humano. HSB, hidrolasa de sales
biliares; HSDH, hidroxiesteroide deshidrogenasa. Modificado de Ridlon, JM et al. Journal of lipid research, 2006 (222).

Varios estudios han confirmado la relacion entre los acidos biliares, las hormonas
sexuales, y la composicidn de la microbiota intestinal. En ratas, la administracién de
acido cdlico induce cambios en la microbiota similares a los inducidos por las dietas altas
en grasa, aumentando los niveles de Firmicutes a expensas de Bacteroidetes (230).
Ademas, el trasplante de microbiota fecal (TMF) de un donante delgado modifica la
microbiota intestinal y los perfiles de acidos biliares y los asemeja a los del donante
delgado (231), mientras que la gonadectomia en ratones altera el patrén de acidos
biliares (209), al igual que en ratas LG y tratadas con antibiéticos (232). Dado que la
testosterona se sintetiza a partir de los acidos biliares (233), y como se ha descrito
anteriormente, los niveles de acidos biliares se ven alterados por la microbiota, es
plausible que la microbiota pudiera influir indirectamente en el nivel de testosterona.

2.3.2.2. Accion enzimdtica

La comunidad microbiana comensal puede modificar los niveles de las hormonas
sexuales a través de la actividad de sus enzimas, habiéndose definido en este sentido el

35



I1. INTRODUCCION

"estroboloma" como el conjunto de genes de la microbiota intestinal capaces de activar
los estrégenos a partir de sus glucurénidos inactivos, y especialmente gracias a las
enzimas B-glucuronidasas, que desconjugan los estrégenos en sus formas activas (234-
236) (Figura 8). Estos estrogenos activos pasan al torrente sanguineo y acttian sobre los
receptores de estrogenos alfa (REa) y beta (REB) (237). Igualmente, la microbiota
intestinal participa en el metabolismo y la desglucuronizacidn intestinal de la DHT y la
testosterona, originando niveles extremadamente altos del andrégeno mas potente, la
DHT (238).
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Figura 8. B-glucuronidasas microbianas. Las enzimas B-glucuronidasas de la microbiota intestinal desconjugan en el intestino
la estrona-3- y el estradiol-17-glucurdnidos a las agliconas estrona y estradiol, respectivamente. Esta reactivacion permite que
los estrégenos no ligados vuelvan a circular por el torrente sanguineo. UGT, UDP-glucuronosiltransferasa. Modificado de Ervin,
SM et al. The Journal of biological chemistry, 2019 (236).

Otro mecanismo de acciéon de la microbiota intestinal se deberia a sus enzimas
hidroxiesteroides deshidrogenasas, que intervienen en el metabolismo de las hormonas
esteroideas y controlan la unién de los esteroides a sus receptores nucleares,
haciéndolos actuar como activadores o inhibidores (239, 240). (Figura 7)

2.3.2.3. Fitoestrogenos

Ademas de las tres formas principales de estrégenos (hormonas esteroides derivadas
del colesterol), el estradiol (E2, predominante en las mujeres no embarazadas antes de
la menopausia), la estrona (E1, predominante después de la menopausia) y el estriol (E3,
predominante durante el embarazo), existen unos compuestos vegetales, llamados
fitoestrégenos, que muestran similitudes estructurales y funcionales con los estrégenos
(241) (Figura 9). Entre los fitoestrégenos estan las isoflavonas, como la genisteina y la
daidzeina, que abundan principalmente en la soja y se activan tras ser metabolizadas
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por la microbiota intestinal, pudiendo entonces provocar distintos efectos fisioldgicos
(242). En este sentido, la microbiota intestinal permite obtener O-desmetilangolensina
(O-DMA) y equol a partir de la daidzeina, ambos con actividad estrogénica (243-246).
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Figura 9. Estructura y produccion de estrégenos enddégenos y estructura de los fitoestrogenos. La

androstenediona y la testosterona son los precursores obligatorios de los estrégenos (panel superior). La

genisteina y la daidzeina son isoflavonoides, mientras que la enterolactona es un lignano (panel inferior). En

los isoflavonoides, el nimero y la posicidn de los sustituyentes hidroxilos determinan el grado de homologia

estérica con el 17b-estradiol y, por tanto, su afinidad de union al receptor de estrégenos. Los grupos fenilos

de los isoflavonoides y lignanos median la capacidad antioxidante de estos compuestos. Modificado de

Gruber, CJ et al. The New England journal of medicine, 2002 (241).
Al igual que los estrégenos, los fitoestrégenos causan efectos fisioldgicos al afectar a la
sefalizacion celular, ya que pueden inducir o inhibir la accién de los estrégenos
activando o inhibiendo los REa o REB, al tiempo que pueden causar efectos epigenéticos
y desencadenar cascadas de sefializacién intracelular (247-249). En relacién con esto, se
ha sugerido que los fitoestrégenos pueden mejorar varias patologias mediante la
modulacion del sistema endocrino, incluyendo los sintomas de la menopausia (242)
(Figura 10), y que pueden revertir los sintomas de la endotoxemia metabdlica (250). En
este sentido, el metabolito fitoestrégeno equol se ha asociado a un menor riesgo de
enfermedades femeninas relacionadas con las hormonas al favorecer la excrecién
urinaria de estrégenos y modificar sus niveles en sangre en la mujer (251, 252), mientras

que la no produccién de O-DMA se ha asociado con la obesidad (243, 245).
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Figura 10. Resumen de los efectos de los fitoestrégenos de la dieta en diferentes etapas de la vida. EGCG, epigalocatequina-
3-galato; EHGNA, enfermedad del higado graso no alcohdlico; O-DMA, O-desmetilangolensina. Modificado de Dominguez-
Lépez, | et al. Nutrients, 2020 (242).

2.4. Aspectos clave de la accion de la microbiota intestinal en las enfermedades

metabdlicas (Figura 15)

2.4.1. Pruebas de la implicacion de la microbiota intestinal en las enfermedades
metabdlicas

Desde que en 2005 se descubrié un aumento de la relacidon F/B en ratones obesos en
comparacion con ratones delgados (253), muchos estudios han abordado el papel de la
microbiota intestinal en la obesidad y en patologias asociadas, como la DT2 (254). En
humanos, la proporcién relativa de Bacteroidetes disminuye en personas obesas en
comparacion con las delgadas y aumenta con la pérdida de peso, lo que otorga a la
obesidad un componente microbiano (255). Ademas, la "microbiota obesa" posee una
mayor capacidad para extraer energia de la dieta, siendo este rasgo transmisible, pues
la colonizacién de ratones LG con una "microbiota obesa" provoca un mayor aumento
de la grasa corporal que con una "microbiota magra" (256). La mayor diversidad
metabodlica encontrada en Firmicutes frente a Bacteroidetes (348 vias metabdlicas
frente a 76, respectivamente) (257), apoya la idea de que el filo Firmicutes podria extraer
mas energia de la dieta y apoya aun mas la idea de que la microbiota intestinal
desempeiia un papel importante en el desarrollo de la obesidad.

No obstante, si bien la implicacién de la relacidn F/B en la obesidad esta bien establecida
en estudios en animales, en humanos los resultados son contradictorios. En este
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sentido, aunque algunos estudios han constatado que esta relacién es mayor en los
individuos obesos (como en ratones) (255, 258), otros estudios no confirman estas
observaciones (259-261) o incluso muestran una menor abundancia de Firmicutes en
individuos obesos (262). Ademas, en un estudio basado en dietas de adelgazamiento no
se encontrd ninguna relacion entre los individuos obesos y no obesos y la relacion F/B
(258). Sin embargo, otro estudio ha mostrado una marcada disbiosis caracterizada por
un aumento de la relacién F/B en personas obesas con SM en comparacidn con personas
obesas sin SM y con personas no obesas (263), lo que sugiere que la relacidon F/B puede
estar relacionada con la presencia o ausencia de rasgos metabdlicos en humanos mas
que con la obesidad en si.

Siguiendo con lo anterior, se ha comprobado que la microbiota intestinal esta implicada
en el SM (264, 265), pudiendo conducir a una inflamacién de "bajo grado" que, a su vez,
puede promover el desarrollo de esta patologia (266). Ratones genéticamente
deficientes en el receptor tipo Toll (TLR) 5 presentan rasgos del SM, asi como una
microbiota intestinal alterada que confiere muchas caracteristicas de este sindrome al
ser transferida a ratones LG (267). Esta implicacidn de la microbiota intestinal en el SM
se ha confirmado al erradicarse su desarrollo en ratas ante un tratamiento con
antibidticos o ante la transferencia fecal de ratas sin esta patologia (268).

Estudios en ratones (269, 270) y en humanos (271-273) también han mostrado
diferencias en la microbiota de individuos con DT2. Pacientes con DT2 presentan una
microbiota intestinal con una menor abundancia de bacterias productoras de butirato,
un aumento de varios patdgenos oportunistas, y un enriquecimiento de las funciones
microbianas que permiten la reduccién de sulfatos y la resistencia al estrés oxidativo
(274, 275). También se ha comprobado que las intervenciones dietéticas mejoran la DT2
al modular la disbiosis de la microbiota, recuperando una comunidad equilibrada de
productores de acidos grasos de cadena corta (AGCC) (276), aumentando la relacion F/B
y la abundancia del género Lactobacillus (277), y suprimiendo el estado inflamatorio
(278, 279). Por otra parte, el uso de probidticos mejora esta patologia en ratones al
mejorar la funciéon de la barrera intestinal y aumentar la proporcion de bacterias
productoras de AGCC (280). En linea con lo anterior, un estudio reciente sugiere que la
microbiota intestinal puede contribuir a la inflamacién sistémica crénica y a la DT2 a
través de la translocacién bacteriana, ya que los pacientes diabéticos tenian una
microbiota con menos géneros productores de AGCC y mas bacterias gramnegativas
productoras de endotoxinas (281). El uso de metformina en humanos, un farmaco usado
contra la DT2, y el sendsido A en ratones, el principal ingrediente activo del Rhizoma
Rhei (ruibarbo), modifican la microbiota intestinal y mejoran la DT2 (282, 283).
Concretamente, se ha destacado que la metformina aumenta la proporcion de especies
beneficiosas, como Akkermansia muciniphila. Ultimamente también se ha observado
gue el TMF de humanos con tolerancia normal a la glucosa a ratones diabéticos mejora
varios parametros metabodlicos implicados en la DT2 y modifica la microbiota al
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disminuir los niveles de Desulfovibrio y Clostridium coccoides y aumentar los de
Akkermansia muciniphila (284). En otro estudio, el TMF en un modelo de ratén con DT2
disminuyd la respuesta inflamatoria, mejord la resistencia a la insulina, e inhibid la
apoptosis de las células beta pancredticas (285).

2.4.2. Inflamacion

La microbiota intestinal se ha relacionado con enfermedades caracterizadas por una
inflamacién crénica de bajo grado, como la obesidad y la DT2. En concreto, el estado
inflamatorio estaria influenciado principalmente por el lipopolisacarido (LPS), la barrera
intestinal y varios metabolitos derivados del metabolismo bacteriano.

2.4.2.1. Lipopolisacdrido (LPS)

El LPS, una endotoxina de la membrana externa de las bacterias gramnegativas,
participa en la inflamacidn crénica al activar los TLR e inducir la secrecién de citoquinas
proinflamatorias potencialmente diabetogénicas, como la IL-6 y el factor de necrosis
tumoral alfa (TNF-a), asi como de componentes clave de la respuesta inmunitaria en el
tejido adiposo. También se ha correlacionado con los niveles de insulina, al tiempo que
los pacientes con DT2 presentan una mayor cantidad de LPS circulante (286). Ademas,
la endotoxemia metabdlica, definida como una alta concentracion de LPS en el torrente
sanguineo, se ha relacionado con la resistencia a la insulina, la hiperplasia de adipocitos,
y la reduccidn de la funcién de las células beta pancreaticas (287).

La relacidon entre los niveles elevados de LPS circulante y las enfermedades metabdlicas
se ha comprobado mediante la infusidn crénica de LPS en ratones, lo que da lugar a un
aumento de la glucemia en ayunas, de la insulinemia, y de la resistencia a la insulina, asi
como a un aumento de la infiltracion de macréfagos en el tejido adiposo (288). Ademas,
el anterior estudio mostrd que la ablacion del correceptor CD14 del LPS revertia las
enfermedades metabdlicas inducidas por este compuesto.

Se han propuesto dos mecanismos de absorcidn de LPS, no excluyentes, desde el
intestino al sistema circulatorio (289): (1) transporte facilitado por quilomicrones
(lipoproteinas que transportan los lipidos de la dieta a los tejidos periféricos), apoyado
por el hecho de que el nivel de LPS aumenta cuando las células son estimuladas con
acidos grasos que promueven la formacién de quilomicrones, al tiempo que la inhibicién
de la formacion de quilomicrones bloquea la absorcion de LPS; (2) transporte
extracelular a través de las uniones estrechas del epitelio, apoyado por el hecho de que
la reduccién de la permeabilidad intestinal y la mejora de la integridad de las uniones
estrechas reducen los niveles plasmaticos de LPS, las concentraciones de citoquinas
inflamatorias circulantes, y la inflamacién hepatica. (Figura 11)
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Figura 11. Mecanismos de absorcion intestinal del lipopolisacarido (LPS). (1) Absorcion
intracelular facilitada por los quilomicrones (Q), via aparato de Golgi. (2) Absorcién

extracelular a través de las uniones estrechas (UE) del epitelio. Modificado de Caesar, R
et al. Journal of internal medicine, 2010 (289).

2.4.2.2. Integridad de la barrera intestinal

Mientras que el epitelio intestinal del intestino delgado tiene una capa de mucosa no
adherida, el del colon presenta dos, la interna, adherida, y la externa, menos densa y no
adherida (290). Esta mucosa, compuesta por glicanos o mucinas (proteinas altamente
glicosiladas secretadas por las células caliciformes, entre las que destaca la proteina
MUC2), y que forma la llamada barrera intestinal, representa una barrera para las
bacterias intestinales y proporciona asi proteccion contra la inflamacidn (35) implicada
en la patogénesis de la resistencia a la insulina, que a su vez esta relacionada con la
obesidad y la DT2 (291). En este sentido, la microbiota intestinal influye en la integridad
y permeabilidad de la barrera intestinal y, por tanto, en el estado inflamatorio, al
interaccionar con los O-glicanos de tipo mucina (26, 34), lo que a su vez puede derivar
en enfermedades metabdlicas como la resistencia a la insulina. En relacién con esto, el
aumento de la permeabilidad intestinal se ha asociado con el riesgo de DT2 (292), y la
inflamacién de bajo grado y la resistencia a la insulina que caracterizan tanto a la
obesidad como a la DT2 estdn mediadas por el LPS bacteriano (endotoxemia metabdlica)
(26, 288). De hecho, en ratones LG, el mantenimiento de la estructura de la mucosa
intestinal requiere la presencia de microbiota intestinal (293, 294) y puede ser
modificada por el TMF (295). (Figura 12)
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Figura 12. Interacciones entre los O-glicanos de tipo mucina y la microbiota intestinal. (A) La distribucién de los glicanos de la
mucosa externa es débil, y los glicanos de la mucosa interna se entrelazan en una red para actuar como barrera de la mucosa;
(B) Interaccién de las bacterias con los glicanos; (C) Descomposicién bacteriana de los glicanos en oligosacéridos; (D) los
péptidos antimicrobianos (PAMs) inhiben los patégenos bacterianos en la capa mucosa. Modificado de Zhang, Y et al. Journal
of inflammation research, 2021 (34).

2.4.2.3. Metabolitos derivados de la microbiota intestinal

Los AGCC (principalmente el acético, propidnico, y butirico) procedentes de la
fermentacion bacteriana de la fibra alimentaria se han relacionado con una disminucién
de la inflamacién (296, 297), asi como con una mejora de la homeostasis de la glucosa 'y
de la sensibilidad a la insulina (298). Estos compuestos mejoran la funcion de la barrera
intestinal y el estado inflamatorio a través de varios mecanismos: 1) la regulacién al alza
de las proteinas de unién estrecha (299-301); 2) la regulacidn del ensamblaje de la unién
estrecha por un mecanismo dependiente de la activacion de la proteina quinasa activada
por AMP (AMPK) (302-304); 3) el aumento de las células T reguladoras (Treg) (300, 305);
4) el aumento de las citoquinas antiinflamatorias y la disminucién de las citoquinas
inflamatorias (305, 306).

El estado inflamatorio parece depender en gran medida del equilibrio entre las células
Treg, que producen la citoquina antiinflamatoria IL-10, y las células colaboradoras T17
(Th17), que producen la citoquina inflamatoria IL-17, de modo que un aumento de la
proporcion Treg/Th17 reduce el estado inflamatorio. En este sentido, el tratamiento de
la enfermedad inflamatoria intestinal con partendlido (una lactona sesquiterpénica
extraida originalmente de la planta Tanacetum balsamita) reduce la inflamacion de
forma dependiente de la microbiota intestinal, ya que mejora el equilibrio Treg/Th17 en
la mucosa intestinal al aumentar la produccidon de AGCC (307). El butirato es un actor
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clave en esta regulacion del equilibrio Treg/Th17 al inducir la diferenciacion intestinal
de las células Treg por un mecanismo dependiente de la acetilacion de las histonas en
las regiones promotoras de ciertos genes a través de la inhibicién de la histona
desacetilasa (308, 309). Este aumento de las células Treg se traduce en un aumento de
los niveles de citoquinas anti-Th17 (IL-10 e IL-12) y en una reduccidn de los niveles de IL-
17 (310). Ademas, los AGCC también parecen estar implicados en la reduccidn de otros
factores proinflamatorios, como el TNF-a, la IL-1B, la IL-6, y el NO (311, 312), asi como
en la inhibicién de la actividad del factor nuclear kappa B (NF-kB) (313, 314), que se ha
relacionado con los procesos inflamatorios (315).

Por otra parte, metabolitos bacterianos distintos a los AGCC, como el acido cafeico, el
acido 4-hidroxifenilpropidnico, y el acido 4-hidroxifenilacético, pueden mediar en la
inflamacién, posiblemente a través del receptor de hidrocarburos de arilo y la
modulacién de la relacién Treg/Th17 (316). En relacién con esto, los acidos biliares
secundarios resultantes de la desconjugacidn bacteriana de los acidos biliares también
parecen aumentar la diferenciacién de las células Treg en el intestino (317, 318).

2.4.3. Eje intestino-cerebro

La influencia de la microbiota en el desarrollo de la obesidad y las patologias
relacionadas con ella podria deberse, en parte, a la alteracidon de los niveles de las
hormonas intestinales que intervienen en el eje intestino-cerebro, por lo que el sistema
nervioso central regularia la ingesta de alimentos a través de los productos de la
actividad de la microbiota intestinal, incluidos los AGCC (36). La ausencia de microbiota
intestinal puede inducir el consumo de nutrientes obesogénicos, como las grasas y los
azucares, debido al aumento de la expresién de sus receptores y transportadores, junto
con los niveles mas bajos de leptina y grelina circulantes y la disminucién de la expresién
de los péptidos de saciedad intestinal (colecistoquinina (CCK), péptido YY (PYY), y GLP-
1) (319, 320). En conjunto, estos ultimos compuestos parecen mediar el control de la
funciéon motora gastrointestinal y la ingesta de alimentos (321, 322). Por otra parte, el
eje intestino-cerebro, activado por el GLP-1 para el control de la secrecién de insulina 'y
el vaciado gastrico, se ve afectado por bacterias del ileon (323). Mds concretamente, los
AGCC derivados de los microbios pueden inducir un aumento de los niveles de GLP-1
(324-326). (Figuras 13 y 14)

Tanto el PYY como la CCK, producidos por las células L intestinales, son hormonas
anorexigénicas que inhiben la ingesta de alimentos y reducen el aumento de peso (327,
328).

El GLP-1 es una hormona incretina que media en la liberaciéon de insulina en las células
beta pancreaticas para mantener la normoglucemia (37, 329) y reduce la entrada de
nutrientes en la circulacion aumentando la saciedad y reduciendo la velocidad del
vaciado gastrico (330, 331). Mas concretamente, este neuropéptido modula los
mecanismos centrales de la ingesta de alimentos en el hipotadlamo estimulando la
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actividad de las neuronas anorexigénicas de la proopiomelanocortina (POMC) e
inhibiendo la actividad de las neuronas orexigénicas de la proteina relacionada con aguti
(AgRP)/neuropéptido Y (NpY) (332).

Tanto la hormona orexigénica grelina como la hormona anorexigénica leptina juegan un
papel clave a través del eje intestino-cerebro en la regulacion metabdlica y la
homeostasis energética y, por tanto, en el desarrollo de la obesidad (321, 333, 334). La
grelina estd relacionada con la adiposidad y el aumento de peso excesivo al inducir un
aumento de la tasa de vaciado gastrico y una disminucidn del gasto energético (335-
337), al tiempo que aumenta la ingesta de alimentos al estimular las neuronas
orexigénicas AgRP/NpY e inhibir las neuronas anorexigénicas POMC en el hipotalamo
(338). La grelina también esta implicada en la secrecidon de la GH (339, 340), que
desempeiia un papel clave en la expresidn génica sexualmente dimérfica (véase el punto
2.1.1 “Patréon de secrecidn de la GH: Clave del dimorfismo sexual de la expresién
génica”). En este sentido, el dimorfismo sexual observado en las enfermedades
metabdlicas podria deberse, al menos en parte, a la influencia de la microbiota en los
niveles de grelina y, por tanto, en la liberacién de la GH. En cuanto a la leptina, reduce
la ingesta de alimentos, el peso corporal y la insulina circulante, eleva la concentracién
circulante de grelina, y promueve la liberacién de GH (341-343).

??{E Genes orexigénicos (AgRP, NpY) i:)negsista de alimentos MEJORA DE
1 1 1
LA OBESIDAD
{Ib{lbé Genes anorexigénicos (POMC) J Grasa
+ 4 4
1
P (MICROBIOTA INTESTINAL
1 1
1 1
i E e L J Grelina -~ PTAGCC
I Péptido YY . ;
i '--/]\ =B |~o .. Diferenciacion de células L
| ‘M Colecistoquinina e ey
R e e L L E L L e P T GLP-1 GLP-2
€% Regulacion al alza T T BARRERA INTESTINAL
@ Regulacion alabaja |, Citoquinas proinflamatorias MEJORA DE LA

“NCitoquinas antiinflamatorias INFLAMACION

Figura 13. Eje intestino-cerebro. Los AGCC derivados de la fermentacion de los polisacédridos disminuyen la liberacion de grelina
y favorecen la diferenciacion de las células L, que inducen un aumento del péptido YY (PYY), colecistoquinina, y péptido similar
al glucagdn-1 (GLP-1). Estas hormonas mejoran la obesidad reduciendo la ingesta de alimentos, el aumento de peso, y la
acumulacién de grasa a través de su accion en el hipotalamo. El GLP-1 también reduce las citoquinas proinflamatorias y aumenta
las citoquinas antiinflamatorias, lo que mejora del estado inflamatorio. Las células L también producen el péptido similar al
glucagon-2 (GLP-2), que mejora la funcién de la barrera intestinal. Modificado de Santos-Marcos, JA et al. The Journal of
nutritional biochemistry, 2019 (434).
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Figura 14. Regulacion del metabolismo energético del huésped por la microbiota intestinal. Al descomponer los polisacéridos

no digeribles, la microbiota intestinal produce monosacdridos y acidos grasos de cadena corta (AGCC). Los AGCC se unen a los
receptores GPR 41/43 y estimulan la produccion del péptido YY (PYY), que inhibe la motilidad intestinal y permite a la microbiota
digerir mas polisacéridos. La microbiota intestinal también regula el metabolismo energético reduciendo la expresion del factor
adiposo inducido por el ayuno (Fiaf) de las células epiteliales del intestino. La supresion de la liberacién de Fiaf provoca la
degradacion de las lipoproteinas y el depésito de acidos grasos libres en el tejido adiposo. La adiposidad en el higado y el
musculo esquelético también esta regulada por la microbiota a través de los cambios en los niveles de la proteina quinasa
activada por monofosfato de adenosina fosforilada (AMPK). LPL, lipoproteina lipasa; VLDL, lipoproteina de muy baja densidad.
Modificado de Krajmalnik-Brown, R et al. Nutrition in clinical practice, 2012 (287).
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Figura 15. Implicacion de la microbiota intestinal en las enfermedades metabélicas. Una microbiota “obesogénica” (mayor
relacion Firmicutes/Bacteroidetes), con mayor capacidad de extraer energia de la dieta, puede contribuir al estado de obesidad.
Las enfermedades metabdlicas estdn asociadas a una inflamacidn crénica de bajo grado y a los desajustes que este estado
provoca en el tejido adiposo y en el pancreas. La microbiota puede influir en el estado inflamatorio mediante el lipopolisacarido
(LPS), la barrera intestinal y varios de sus metabolitos (especialmente los acidos grasos de cadena corta (AGCC)). El LPS potencia
la inflamacién induciendo la infiltracion de macréfagos y de citoquinas proinflamatorias en el tejido adiposo. La estructura y
permeabilidad de la barrera intestinal (mucosa), que protege contra la inflamacién impidiendo la translocacién bacteriana, se
ve afectada, positiva o negativamente, por la presencia o ausencia de diferentes tipos de bacterias. Los AGCC mejoran la barrera
intestinal reforzando las uniones estrechas, reducen la inflamacién aumentando las células T reguladoras (células Treg) y las
citoquinas antiinflamatorias y disminuyendo las citoquinas inflamatorias, y mejoran la homeostasis de la glucosa y la
sensibilidad a la insulina. Los AGCC también intervienen en el eje intestino-cerebro regulando los niveles de hormonas que
intervienen en el control de la funcién motora gastrointestinal y la ingesta de alimentos, como la leptina, la grelina, el péptido
YY (PYY), la colecistoquinina (CCK), y el péptido similar al glucagén-1 (GLP-1).

2.4.4. Representantes de la microbiota intestinal relacionados con las enfermedades
metabdlicas

» Taxones bacterianos productores de AGCC. Los AGCC derivados de la microbiota

intestinal, y especialmente el butirato, reducen la respuesta inflamatoria en el
intestino al disminuir la expresién de citoquinas proinflamatorias a través de la
inhibicién de la activacién del NF-kB y de la degradacidn de la proteina inhibidora del
NF-kB (IkBa) (344), al tiempo que regulan el metabolismo energético (345) y el estrés
oxidativo (346) y mejoran la sensibilidad a la insulina (347). La disbiosis de la
microbiota intestinal de los pacientes con SM muestra una reduccidén de especies
bacterianas con una importante actividad sacarolitica (348-350), lo que puede reducir
la produccion de propionato y acetato (351, 352) y reducir asi la abundancia de
bacterias que consumen acetato y producen butirato (353, 354). Una reduccién de
los taxones bacterianos productores de AGCCy, por tanto, una menor disponibilidad
de estas moléculas, influye en el eje intestino-cerebro, ya que estos compuestos
inducen la liberacién de moléculas como el GLP-1 o la grelina, que actdan a nivel
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cerebral y modulan la accion de la insulina y el apetito, lo que a su vez influye en el
desarrollo de la obesidad y el SM (328, 335, 355). (Figuras 13, 14, y 15)

» Akkermansia muciniphila. Esta especie, que degrada la mucina y reside en la capa

mucosa (356), participa en la integridad de la barrera intestinal restaurando el grosor
de la capa mucosa mediante el aumento de las células caliciformes productoras de
mucina (357, 358) e induciendo la expresion de ocludina (proteina de unién
intercelular) (359, 360). También actta contra los trastornos metabdlicos inducidos
por una dieta alta en grasa (peso corporal, adiposidad, endotoxemia metabdlica,
marcador de inflamacién del tejido adiposo CD11c, hiperglucemia en ayunas, y
resistencia a lainsulina). Por otra parte, induce un aumento de los niveles intestinales
de endocannabinoides (acilgliceroles) que controlan la inflamacién, la barrera
intestinal y la secrecién de péptidos intestinales (357). Ademas, la proteina
Amuc_1100, especifica de su membrana externa, mejora la barrera intestinal y
diversos procesos de la fisiologia intestinal al interactuar con los receptores TLR2 y
TLR4 (361-363), al tiempo que induce la produccidn de la citoquina antiinflamatoria
IL-10. También contribuye a la disminucion de la inflamacién del tejido adiposo
reduciendo la infiltracion de macréfagos, restableciendo las células Treg, reduciendo
las citoquinas proinflamatorias (como la IL 6 y la IL-1B), y aumentando los factores
antiinflamatorios (como el a-tocoferol y el B-sitosterol) (358, 359, 364).

» Faecalibacterium prausnitzii. Considerada como una de las bacterias productoras de

butirato mas abundantes del intestino (365, 366), su escasez se ha relacionado con
enfermedades asociadas a la inflamacién, como la DT2 (276). De hecho, a esta
especie se le han descrito efectos antiinflamatorios al bloquear la produccion de IL-8
y la activacién del NF-kB (ambos relacionados con procesos inflamatorios), asi como
al inducir un aumento de la secrecidén de la IL-10 antiinflamatoria y una disminucion
de la secrecién de las citoquinas proinflamatorias IL-12 y TNF-a (367). Asimismo, en
sujetos obesos sometidos a una cirugia bariatrica se ha observado una correlacién
negativa entre esta especie y la inflamacién de bajo grado, y concretamente con las
concentraciones séricas de marcadores inflamatorios circulantes, como la proteina C
reactiva (PCR) y la IL-6 (368).

» Género Lactobacillus. Especies de este género se han asociado con un aumento de

peso, mientras que otras se han asociado a una “proteccion” del peso (369). Las
asociadas al aumento de peso carecen de las enzimas del catabolismo de la fructosa,
de la defensa contra el estrés oxidativo, y de la sintesis de dextrina, L-ramnosa y
acetato, al tiempo que codifican las tiolasas implicadas en el metabolismo de los
lipidos. Ademas, las especies asociadas al aumento de peso codifican mas
bacteriocinas que las asociadas a la proteccidn del peso. También se ha citado que
algunas especies mejoran el dafio que otras bacterias causan en la barrera intestinal
(370). En este sentido, L. plantarum ha sido citada por mejorar las uniones estrechas
epiteliales (371-373). En cuanto a la inflamacion, este género inhibe la respuesta
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inflamatoria reduciendo la expresion de citoquinas proinflamatorias a través de la
modulacion del TLR, del NF-kB, y de las vias de sefializacidn de la proteina quinasa
activada por mitégenos (MAPK) (374, 375), ademas de inducir la secrecién de la B-
defensina 2 humana, implicada en la defensa del huésped (376). Efectos similares a
los anteriores se han observado con L. fructosus, L. acidophilus, L. fermentum, L. casei
y L. rhamnosus (326, 377-382). Especialmente, el probiético L. rhamnosus GG puede
reducir la sefializacién inflamatoria en los epitelios intestinales inmaduros de ratén
(383), alavez que mejora la sensibilidad a la insulina y reduce la adiposidad mediante
la secrecidn de adiponectina y la activacion de la AMPK (384).

Género Bifidobacterium. Especies de este género se han asociado a un estado

delgado y saludable (262, 385, 386). Se ha observado que mejora la barrera intestinal
aumentando las proteinas de union estrecha (387) y modulando la funcién de las
células caliciformes mediante la secrecion de metabolitos, aumentando asi la
produccién de la proteinas MUC2 (388). También aumenta las proteinas Reg |
intestinales (389), que participan en la estructura vellosa intestinal (390). Ademas,
reduce la inflamaciéon por varios mecanismos: 1) disminuyendo las citoquinas
proinflamatorias (IL-6 e IL-17) y aumentando las citoquinas antiinflamatorias (IL-4 e
IL-10) (387, 391); 2) disminuyendo la translocacién bacteriana (392-394); 3)
previniendo la captacion de LPS (387); 4) mejorando la funcién de los macréfagos y
de las células dendriticas en relacién con la fagocitosis, la produccién de citoquinas y
la induccién de la proliferacion de los linfocitos T (391). Por otra parte, se ha sugerido
que el acetato producido por este género mejora la defensa intestinal mediada por
las células epiteliales al inducir efectos antiinflamatorios y/o antiapoptdticos,
protegiendo asi al huésped contra la infeccion (395). Ademas, Bifidobacterium es uno
de los principales géneros que producen péptidos antibacterianos, concretamente
bacteriocinas, contra microorganismos patégenos (396, 397).

Género Roseburia. Este género es menos abundante en pacientes con DT2 (276), y se

ha constatado su produccién de butirato (398, 399). Ademas, su abundancia se
correlaciona negativamente con las alteraciones inducidas por el consumo de grasas
(aumento de peso, adiposidad, hiperglucemia en ayunas, acumulacién de colesterol
y triglicéridos en suero y en higado, e intolerancia a la glucosa) (400, 401).

Género Prevotella. Este género participa en la integridad de la barrera intestinal al

degradar las mucinas (402) de la capa mucosa (403). Ademas, produce propionato,
succinato, y acetato, utilizando gran variedad de polisacaridos (404, 405); habiéndose
descrito como uno de los géneros mds abundantes en dietas con alto contenido en
polisacaridos (406-408). Por el contrario, algunos estudios han descrito un efecto
perjudicial de este género. Concretamente, se ha demostrado que P. intermedia
induce la produccion de TNF-a por un mecanismo inducido por el LPS (409), y que
produce lipidos dihidroceramidos fosforilados, que a su vez inducen la secrecion de
la citoquina proinflamatoria IL-6 (410).
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2.5. Modulacién de la microbiota intestinal mediante la dieta como terapia para el
tratamiento de las enfermedades metabdlicas

La dieta es uno de los principales factores que determinan la composiciéon de la
microbiota intestinal, cuya primera evidencia provino del estudio de Cani et al. (288) al
demostrar que una dieta rica en grasa aumentaba la proporcién de LPS en el intestino y
modificaba la composicién de la microbiota intestinal; lo cual se relacionaba con un
aumento de la obesidad y del estado inflamatorio de "bajo grado". Otros estudios han
descrito el efecto en la composicidn de la microbiota intestinal de dietas tan distintas
como las dietas vegetarianas y omnivoras, o las dietas de zonas geograficas tan distantes
como Africa y Europa (406, 411).

2.5.1. Estudios en modelos animales

El estudio pionero de Turnbaugh et al. (412) demostré que la obesidad inducida por una
dieta occidental en ratones modificaba la composicién de la microbiota intestinal. Este
grupo de investigacién también ha demostrado que la estructura inicial de la microbiota
intestinal se altera rapidamente con la dieta, incluso en un dia (413). Ademas, en ratones
colonizados con una microbiota de un donante alimentado con una dieta occidental
obesogénica aumentaba la adiposidad, lo cual demuestra que este rasgo es transmisible
mediante el trasplante de microbiota.

Diferentes estudios constatan que una dieta rica en grasa aumenta la permeabilidad
intestinal y, en consecuencia, incrementa el LPS y la translocacién de bacterias a través
de la mucosa intestinal, lo que conlleva un aumento de peso, una morfologia alterada
del tejido adiposo, resistencia a la insulina e inflamacién, asi como una alteracién de la
microbiota intestinal al aumentar el filo Firmicutes y disminuir el filo Bacteroidetes (288,
394, 414, 415). Por otra parte, una dieta baja en grasa y alta en fibra beneficia a las
bacterias beneficiosas y la produccion de AGCC, y especialmente del butirato; mientras
que una dieta alta en grasa/baja en fibra beneficia a las bacterias perjudiciales (416). En
la misma linea, también se ha comprobado que una dieta baja en grasa y alta en fibra
aumenta la abundancia del género beneficioso Bifidobacterium (417).

2.5.2. Estudios en humanos

La composicién de la microbiota intestinal en los seres humanos puede modificarse
rapidamente, en cuestion de dias, mediante cambios en los habitos alimentarios (259,
418). En este sentido, una dieta basada en productos animales incrementa los
microorganismos tolerantes a la bilis (Alistipes, Bilophila y Bacteroides) y disminuye los
niveles de Firmicutes que metabolizan los polisacaridos vegetales (Eubacterium rectale,
Ruminococcus bromii, y Roseburia,) (418, 419). (Figura 16)
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Figura 16. Cambios en la microbiota intestinal provocados por los macronutrientes (lipidos, proteinas y carbohidratos) de
origen animal o vegetal. Modificado de Puértolas-Balint, F and Schroeder, BO. Frontiers in inmunology, 2020 (419).

El contenido de carbohidratos y de fibra en la dieta parecen influir en la composicién de
la microbiota intestinal. Asi, al comparar la microbiota intestinal de nifios europeos, con
una dieta occidental moderna (rica en grasa y azucares), y de nifios africanos, con una
dieta rural (rica en polisacaridos), la microbiota “africana” presenta mas Bacteroidetes y
menos Firmicutes, mientras que la familia Enterobacteriaceae (Shigella y Escherichia)
era mas abundante en la microbiota “europea” (406). Continuando con el anterior
estudio, a nivel de géneros, Prevotella y Xylanibacter, que hidrolizan la celulosa vy el
xilano (420-422), fueron los géneros principales en los nifios africanos, pero estuvieron
ausentes en los europeos, mientras que los géneros principales en los nifios europeos
fueron Faecalibacterium y Bacteroides, estando Bacteroides ausente en los africanos.
Ademas, los AGCC eran mdas abundantes en los nifios africanos. Estos datos llevaron a
los autores de este estudio a suponer que la microbiota intestinal de la dieta africana
rica en polisacaridos permitia maximizar la energia procedente de la fibra y protegia de
la inflamacién y las enfermedades coldnicas no infecciosas.

Las dietas ricas en carbohidratos han demostrado ser beneficiosas para la salud humana
al modificar la microbiota intestinal, observandose este efecto en un estudio de Duncan
etal. (353) en el que se administraron tres dietas a sujetos obesos sanos: mantenimiento
(13% de proteinas, 52% de carbohidratos y 35% de grasas), alta proteina/medio
carbohidrato (30% de proteinas, 35% de carbohidratos, 35% de grasas) y alta
proteina/bajo carbohidrato (30% de proteinas, 4% de carbohidratos, 66% de grasas). El
resultado fue una reduccién de los AGCC fecales (sucesivamente: 114 mM, 74 mM, y 56
mM) y del butirato fecal (sucesivamente: 18 mM, 9 mM, y 4 mM) con la disminucién de
la ingesta de carbohidratos, demostrando asi estos resultados la relacién entre la
produccién de butirato y la ingesta de carbohidratos fermentables en la dieta. En cuanto
al contenido bacteriano, la abundancia de los géneros Roseburia y Bifidobacterium, asi
como de Eubacterium rectale, se redujo con la disminucion de la ingesta de
carbohidratos. También se observd una correlacién entre la abundancia de bacterias
productoras de butirato y la disminucién del butirato fecal.
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En consonancia con los estudios que muestran el efecto beneficioso de las dietas ricas
en carbohidratos, varios estudios muestran que las comunidades microbianas se
agrupan en dos “enterotipos” bdsicos, Bacteroides y Prevotella, los cuales estan
estrechamente asociados con las dietas basadas en carbohidratos y en proteinas y
grasas animales, respectivamente (259, 407, 408).

2.5.3. La dieta como herramienta terapéutica en enfermedades metabdlicas

Los estudios sobre intervenciones dietéticas han demostrado que el consumo de dietas
saludables puede restaurar, al menos parcialmente, la microbiota intestinal en
condiciones de disfuncion metabdlica hacia un perfil beneficioso para la salud humana.

Las dietas ricas en fibra aumentan la abundancia de especies bacterianas sacaroliticas
(423, 424). En comparacién con una dieta alta en proteinas y baja en carbohidratos (29%
de proteinas, 5% de carbohidratos, 66% de grasas), una dieta alta en proteinas y
moderada en carbohidratos (28% de proteinas, 35% de carbohidratos, 37% de grasas)
resulta mds beneficiosa para los sujetos obesos (425). Ambas dietas aumentaron los
acidos grasos de cadena ramificada, el acido fenilacético y los compuestos N-nitrosos,
pero la dieta baja en carbohidratos redujo el butirato fecal, lo que fue concomitante con
una reduccion del grupo Roseburia/Eubacterium y una reduccién de los acidos fendlicos
antioxidantes derivados de la fibra. En la misma linea, una dieta muy baja en
carbohidratos y alta en grasa también resulta perjudicial, pues reduce el butirato y el
total de AGCC y Bifidobacterium en comparacion con una dieta alta en carbohidratos,
alta en fibra, y baja en grasa (426).

Tanto la dieta mediterranea (15% de proteinas, <50% de hidratos de carbono, >35% de
grasas (22% monoinsaturadas)), como una dieta baja en grasa (15% de proteinas, >55%
de hidratos de carbono, <3% de grasas (12%-14% monoinsaturadas)), mejoran el
desarrollo de la DT2, mejorando la sensibilidad a la insulina al modular de diferente
modo la microbiota intestinal (427). Asi, la dieta baja en grasa aumenté el género
Prevotella 'y Faecalibacterium prausnitzii y disminuyd el género Roseburia, mientras que
la dieta mediterrdnea disminuyd el género Prevotella y aumentd Parabacteroides
distasonis y los géneros Roseburia y Oscillospira. Este efecto antidiabético también se
ha observado en pacientes diabéticos tras consumir la dieta macrobidtica Ma-Pi 2, rica
en fibra y carente de grasas y proteinas de origen animal y azlcares afiadidos, y una
dieta control recomendada para el tratamiento de la DT2 (10%-20% de proteinas, 40%-
60% de carbohidratos, 30% de grasas, 220 g de fibra) (276), en donde ambas dietas
modulaban la disbiosis de la microbiota intestinal aumentando su diversidad y
restableciendo una comunidad equilibrada de productores de AGCC beneficiosos para
la salud (Faecalibacterium, Roseburia, Lachnospira, Bacteroides, y Akkermansia). Sin
embargo, la dieta rica en fibra fue la Unica que evitd el aumento de bacterias
proinflamatorias, como Collinsella y Streptococcus.
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La intervencion dietética también ha demostrado ser beneficiosa en la lucha contra el
SM, como muestra un estudio en sujetos con riesgo de SM (con un minimo de dos de
sus caracteristicas) ante distintos tipos dieta (428). Al final de la intervencidn, las dietas
con alto contenido en grasas monoinsaturadas redujeron las bacterias totales, el
colesterol total, y el colesterol-LDL. Las dietas altas en carbohidratos incrementaron el
género Bifidobacterium y redujeron la glucosa y el colesterol en ayunas. La dieta alta en
carbohidratos y de alto indice glucémico incrementd el género Bacteroides, mientras
que la dieta alta en carbohidratos y de bajo indice glucémico y la dieta alta en grasas
saturadas incrementaron Faecalibacterium prausnitzii. Por Gltimo, la dieta alta en grasas
saturadas aumento el nivel de AGCC fecales. Estos datos indican que las dietas altas en
carbohidratos pueden modular las bacterias sacaroliticas fecales, que las dietas altas en
grasas monoinsaturadas reducen el nUmero de bacterias, y que las dietas altas en grasas
saturadas aumentan la excrecién de AGCC.

Otros estudios indican que la dieta mediterrdnea (15% de proteinas, <50% de
carbohidratos, >35% de grasas (22% monoinsaturadas)) y dietas bajas en grasa (15% de
proteinas, >55% de carbohidratos, <3% de grasas (12%-14% monoinsaturadas)) también
pueden modular la composicion de la microbiota intestinal en sujetos con SM, pues si
bien la microbiota de sujetos sanos y con SM mostraba diferencias en un principio, tales
diferencias desaparecian tras la intervencion dietética (262, 264). Uno de estos estudios
también mostré que la dieta mediterranea restablecia parcialmente la poblacidon de
varias especies bacterianas con importante actividad sacarolitica en pacientes con SM,
como Parabacteroides distasonis, Bacteroides thetaiotaomicron, Faecalibacterium
prausnitzii, Bifidobacterium adolescentis y Bifidobacterium longum (264). Otros estudios
indican que ademas del aumento de la abundancia de Bacteroides y Prevotella, que
forman parte del filo Bacteroidetes y reducen la relacion F/B, el consumo de la dieta
mediterranea o de dietas bajas en grasa aumenta la abundancia de otros géneros con
actividad sacarolitica, como Faecalibacterium (348-350, 367). Sin embargo, el consumo
de la dieta mediterranea, rica en compuestos fendlicos antioxidantes procedentes de
alimentos como la fruta fresca, las verduras, el vino tinto, y el aceite de oliva, también
aumenté la abundancia de Roseburia y Ruminococcus (que también participa en la
actividad sacarolitica), lo que implica un mayor potencial de la dieta mediterranea para
restaurar la funcionalidad de la microbiota intestinal que la dieta baja en grasa, cuya
riqueza en compuestos fendlicos era menor. No obstante, el consumo de estas dietas
restablecia parcialmente la disbiosis de la microbiota intestinal de los pacientes con SM
pero sin que desapareciera esta patologia, lo que sugiere que podria ser necesaria una
intervencion dietética mds prolongada.
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Ill. HIPOTESIS

El punto de partida de esta tesis se basa en la hipdtesis de que “existen diferencias entre
la microbiota intestinal de hombres y mujeres, lo que podria a su vez ser un
determinante en la prevalencia en el desarrollo de enfermedades metabdlicas y
cardiovasculares”; siendo la hipdtesis nula que “no existen diferencias entre la
microbiota intestinal de hombres y mujeres”.
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IV. OBJETIVOS

Los objetivos de esta tesis se agrupan en un objetivo principal y tres objetivos

secundarios:

OBIJETIVO PRINCIPAL:

1.

Evaluar la existencia de diferencias en la microbiota intestinal asociadas al estado
hormonal entre mujeres pre y posmenopausicas (disminucion de estrégenos), asi
como explorar las diferencias con la microbiota de hombres de similar edad, indice
de masa corporal y habitos nutricionales, mediante secuenciacion masiva del ADN
bacteriano.

OBIJETIVOS SECUNDARIOS:

2.

3.

Evaluar las diferencias en la microbiota intestinal de pacientes con sindrome
metabodlico en funcién del sexo y determinar si dos dietas saludables, la dieta
mediterranea y una dieta baja en grasa, pueden modular la disbiosis microbiana de
forma diferencial en funciéon del sexo.

Determinar la contribucion de las hormonas sexuales y la obesidad a las diferencias
en la estructura y composicidon de la microbiota intestinal entre sexos mediante la
caracterizacion de las diferencias en la microbiota intestinal ante la reduccidn de las
hormonas gonadales en ratas hembra sometidas a ovariectomia y ratas macho a
orquiectomia, asi como analizar el efecto de la obesidad inducida por la dieta en la
microbiota intestinal en estos modelos. Ademads, se evaluara la potencial implicacion
de los miARN intestinales en la interaccidn entre la microbiota intestinal y su
huésped.

Explorar la influencia de los esteroides sexuales y de una dieta obesogénica
(sobrealimentacion posnatal) desde las primeras fases del desarrollo mediante un
modelo de ratas androgenizadas, en la modificacion persistente de la estructura de
la microbiota intestinal, asi como la posible interaccién entre la microbiota intestinal
y el huésped a través de la regulacion microbiana de la expresiéon de miARN en el
intestino delgado y grueso.
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Objectives: We explore the differences in the gut microbiota associated with gender and hormonal status.
Study design: We included 76 individuals in this study: 17 pre-menopausal women, 19 men matched by age, as a
control group for the pre-menopausal women, 20 post-menopausal women and 20 men matched by age as a
control group for the post-menopausal women; all 4 groups were also matched by body mass index (BMI) and
nutritional background.

Main measurements: We analyzed the differences in the gut microbiota, endotoxemia, intestinal incretins, pro-
inflammatory cytokines, and plasma levels of energy homeostasis regulatory hormones between pre- and post-
menopausal women and compared them with their respective male control groups.

Results: We found a higher Firmicutes/Bacteroidetes ratio, a higher relative abundance of Lachnospira and
Roseburia, and higher GLP-1 plasma levels in pre-menopausal women than in post-menopausal women, who had
similar levels to men. In contrast, we observed a lower relative abundance of the Prevotella, Parabacteroides and
Bilophila genera, and IL-6 and MCP-1 plasma levels in pre-menopausal women than in post-menopausal women,
who had similar levels to the men. We also found higher GiP and leptin plasma levels in women than in men,
irrespective of the menopausal status of the women. In addition, adiponectin levels were higher in pre-meno-
pausal women than in their corresponding age-matched male control group.

Conclusions: Our results suggest that the differences in the composition of gut microbiota between genders and
between women of different hormonal status may be related to the sexual dimorphism observed in the incidence
of metabolic diseases and their co-morbidities.

1. Introduction

The incidence of metabolic diseases and their co-morbidities is
sexually dimorphic [1]. Sexual asymmetry in glucose homeostasis has
also been described. The prevalence of pre-diabetic syndromes, such as
impaired fasting glucose (IFG) and impaired glucose tolerance (IGT),
differs by sex, with IFG more prevalent in men, while IGT is more
prevalent in women [2]. Moreover, the prevalence of type 2 diabetes
mellitus (T2DM) is also marked by sexual dimorphism: there are more
diabetic men before puberty and more diabetic women after menopause

[2]. Furthermore, it has been suggested that females have stronger
immune responses, on the basis of the higher frequency and severity of
infectious diseases in males than in females, which in turn makes fe-
males more likely to develop autoimmune diseases [3].

The gut microbiota is a symbiotic community that acts as an organ
which is fully integrated in the host’s metabolism [4]. Interestingly,
studies performed over the last few years have shown that the gut
microbiota seems to be related with development of metabolic diseases
[5], in which sexual dimorphism has been described [2]. Moreover, it
has been suggested that gut microbiota composition can be regulated by
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estrogen levels [6-8]. We therefore hypothesized that differences in the
gut microbiota, between gender and hormonal status, may be a de-
terminant of the sexual dimorphism in metabolic diseases.

Several studies have suggested that differences in the gut microbiota
may trigger the pathogenic mechanisms that involve the development
of obesity and insulin resistance [5]. In fact, gender differences in fat
distribution have been reported, and these are related with differences
in sex hormone levels [9]. In line with this, the sexual dimorphism in
total body fat content seen in rodents has been to shown to be absent in
germ-free animals, which suggests that the gut microbiota plays a role
in host adiposity [10]. In addition, microbiota has also been shown to
act by regulating innate and adaptive immunity [4], which may be
involved in the higher prevalence of autoimmune diseases in women
than in men.

Microbial exposure and sex hormones seem to exert potent effects
on autoimmune diseases, such as type 1 diabetes mellitus [11] and
autoimmune encephalomyelitis [12], whereas other studies have also
related gut microbiota with phospholipid metabolism and cardiovas-
cular risk [13], in which sex hormones are thought to play an important
role [14]. On the basis of the potential role of gut microbiota in the
sexual dimorphism of metabolic diseases, we aimed to explore the
differences in the gut microbiota associated to hormonal status between
pre- and post-menopausal women (estrogen depletion), and to compare
these with their respective male control groups with a similar age, body
mass index and nutritional background.

2. Material and methods
2.1. Study participants

The current work was conducted on a subgroup of patients from the
healthy control group (without oncological diseases) included in the
ONCOVER study (http://www.proyecto-oncover.es/), which is focused
in the development of a volatile compounds detection system for the
early diagnosis of lung, colon, breast and prostate cancer. Recruitment
was carried out among the free-living population without oncological
diseases or disabling diseases or whose severity implied a life ex-
pectancy of less than three years. These inclusion and exclusion criteria
were assessed according to their medical history, biochemical mea-
surements and physical examination by clinicians. The use of anti-
biotics in the 3 months prior to sampling was included as an exclusion
criteria for the current study. We analyzed 76 patients (39 men and 37
women): 17 pre-menopausal women (estradiol = 109.40 = 41.46 pg/
mL), 19 men matched by age as a control group for the pre-menopausal
women, 20 post-menopausal women (years after last menstrual cycle:
6.38 + 1.14; Spearman correlation between estradiol levels and years
after menopause: R=-0.575 P = 0.025; estradiol = 11.49 * 4.47 pg/
mL) and 20 men matched by age as a control group for the post-me-
nopausal women; all 4 groups were also matched by BMI. All the pa-
tients gave their written informed consent to participate in the study.
The protocol was approved by the Human Investigation Review
Committee of Reina Sofia University Hospital (2012/000069), fol-
lowing the Helsinki declaration and good clinical practice. Diet as-
sessment and Clinical plasma parameters were determined as pre-
viously [15]. The metabolic characteristics of the subjects in the study
are shown in Table 1.

2.2. Measurement of pro-inflammatory cytokines, energy homeostasis
regulatory hormones and intestinal incretins in plasma

The patients had fasted (food/drugs) for 12h and were asked to
refrain from smoking during the fasting period and from alcohol intake
during the preceding 7 days. They were also asked to avoid strenuous
physical activity the day before the test and pre-menopausal women
were asked not to attend during the days of menstruation. A fasting
blood sample was taken in tubes containing EDTA to give a final
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concentration of 0.1% EDTA. The plasma was separated from the red
cells by centrifugation at 1500 x g for 15min at 4 °C, and then frozen
until the biomolecular measurements were taken. The plasma levels of
MCP-1, IL-6 and TNF-alpha levels were measured by an IL-1 beta/IL-
1F2 Quantikine HS ELISA Kit, IL-6 Quantikine HS ELISA Kit and TNF-
alpha Quantikine ELISA Kit, from R&D Systems, Inc.™ (MN, USA), fol-
lowing the manufacturer’s instructions. The level of estradiol was de-
termined using the commercial kit: Estradiol EIA kit (Cayman
Chemical; Cat. No. 582251), according to the manufacturer’s instruc-
tions. The plasma levels of adiponectin, leptin and resistin levels were
measured by Total Adiponectin/Acrp30 Quantikine ELISA Kit, Leptin
Quantikine ELISA Kit, and Resistin Quantikine ELISA Kit, from R&D
Systems, Inc.™ (MN, USA), following the manufacturer’s instructions.
The plasma levels of GLP-1 and GiP were measured using the GLP-1
(7-36)-Amide EIA kit and GiP EIA kit (Phoenix Europe GmbH,
Germany), according to the manufacturer’s instructions. The endotoxin
lipopolysaccharide (LPS) was measured using the limulus amebocyte
lysate test (QCL-1000 Chromogenic LAL (Lonza Iberica S.A., Spain), as
previously described [16]. LPS Binding Protein (LBP) measurements
were made using the human LBP ELISA kit (Hycult biotech, Nether-
lands), according to the manufacturer’s instructions.

2.3. Sequencing the V1-V2 microbial 16S rRNA gene on the Illumina MiSeq

DNA extraction from fecal samples was performed by the QIAamp
DNA kit Stool Mini Kit Handbook (Qiagen, Hilden, Germany), following
the manufacturer’s instructions. The 76 samples were amplified in tri-
plicate by polymerase chain reaction (PCR) to generate an amplification
library. The bacterial 16S rRNA gene V1-V2 hypervariable regions were
amplified in polymerase chain reactions (PCR) using universal bacterial
primers 8F (AGAGTTTGATCMTGGCTCAG) and 357R (CTGCTGCCTY-
CCGTA) complemented with 8 nt index and Illumina adapter sequences.
PCR was performed with Smart-Taq Hot Red 2X PCR Mix (Naxo,
Estonia), 1 pl of extracted DNA (10 ng/ul), 0.2 uM of each primer, using
the following cycling parameters: 15min denaturation at 95°C fol-
lowed by 3 cycles (30s at 95°C, 30s at 50 °C, 60s at 72 °C), 28 cycles
(30sat 95°C, 30s at 65 °C, 60 s at 72 °C) and a final extension at 72 °C
for 7 min. Oligonucleotides were removed from pooled PCR product
library using the QIAquick’ PCR Purification Kit (Qiagen, Inc.). Single
end sequencing of V2 hypervariable region was performed on Illumina
MiSeq next generation sequencing platform using the v3 kit (a service
provided by The Estonian Genome Center Core Facility).

2.4. Upstream analysis of the 16S rRNA gene sequences

The 16S rRNA gene sequences obtained were analyzed using QIIME
1.9.1 with default parameters unless indicated otherwise [17]. Raw
sequencing data was de-multiplexed and low quality and short
(< 150 nt) readings were discarded. The readings were clustered using
a closed-reference OTU picking protocol that assigned readings to re-
ference sequences. Briefly, the processing involved the following steps:
(1) demultiplexing and filtering of short (< 150nt) and low quality
readings; (2) de novo clustering of the sequences into operational
taxonomic units (OTUs) with the USEARCH61 program using a 97%
similarity threshold [18] and the Greengenes v13-8 database [19]; (3)
taxonomical assignment of each OTU by running the RDP Classifier
[20] at 85% bootstrap confidence on a selected representative sequence
from each OTU; (4) alignment of representative sequences using Py-
NAST [21] with the Greengenes core-set alignment template.

The differences between the bacterial communities were calculated
in QIIME using rarefaction curves of alpha-diversity indexes including
estimates of community richness (such as the Chaol estimator and the
observed number of OTUs present in each sample and Phylogenetic
diversity (PD) or the length of the phylogenetic branch observed in each
sample). The upper limit of rarefaction depths was 16,998 sequences
per sample. Beta diversity was estimated using weighted and
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Table 1
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Metabolic characteristics of the participants in the study. Values correspond to the mean + SEM. The statistical differences between groups were evaluated by
One-way ANOVA. BMI, body mass index; TG, triacylglycerides; HDL-c, high density lipoprotein-cholesterol; LDL-c, low density lipoprotein-cholesterol; HbAlc,
glycated hemoglobin; BP, blood pressure. In each row, values with different letters in superscript differ statistically in the Bonferroni's corrected post hoc multiple

comparison test (P < 0.05).

Pre-menopausal women Men control group pre Post-menopausal women Men control group post P-value

N =17) (N =19) (N = 20) (N = 20)
Age (years) 46.12 + 0.82% 46.58 + 0.61% 55.85 + 0.66" 56.20 + 0.72° < 0.001
Last menstrual cycle (years) - - 50.13 + 0.76 - n.a.
BMI (kg/mz) 26.31 £ 1.52 27.10 = 0.91 28.94 = 1.25 28.53 * 1.13 0.393
Waist circumference (cm) 88.94 + 3.15 95.68 + 2.24 92.65 + 3.00 99.30 + 2.88 0.079
HDL-c (mg/dL) 57.00 + 3.377 41.79 + 2.14° 54.50 = 2.82%¢ 45.40 + 1.92>¢ < 0.001
LDL-c (mg/dL) 118.53 * 6.97 132.42 £ 5.97 137.40 = 7.13 145.65 = 7.21 0.057
TG (mg/dL) 88.88 + 9.97 115.95 + 14.92 102.95 *+ 12.76 107.95 + 13.24 0.545
Glucose (mg/dL) 87.00 + 2.75% 98.21 + 5.48*P 92.05 * 2.38% 108.40 + 4.29° 0.002
Insulin (mU/L) 5.39 = 0.79 6.37 = 0.90 6.87 = 0.92 8.08 + 0.99 0.233
HbAlc (%) 5.11 = 0.11 5.32 = 0.17 5.54 = 0.08 5.55 = 0.13 0.063
Sistolic BP (mm Hg) 127.96 + 6.30 129.53 + 3.85 132.83 + 3.66 136.18 + 2.86 0.518
Diastolic BP (mm Hg) 77.89 * 2.43 81.62 + 2.54 77.35 = 2.39 85.50 * 1.56 0.041

unweighted UniFrac distance [22]. Beta-diversity distance matrices
were built after sub-sampling all the samples to an even depth of 16,998
sequences per sample, which is the same as the depth used with script
alpha_rarefaction.py. Relative taxonomic abundance was measured as
the proportion of readings over the total in each sample assigned to a
given taxonomy.

2.5. Statistical analysis

All the data shown in this study have been expressed as
mean *+ SEM. Principal component analysis (PCA), partial least
squares discriminant analysis (PLS-DA) and the calculation of Variables
Importance Project (VIP) score from the PLS-DA model was performed
with Metaboanalyst 3.0 [23]. PICRUSt (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States) was performed
against the GreenGenes database with default settings (type of func-
tional predictions: KEGG Orthologs) to predict the functional profiling
of the microbial communities based on the 16S rRNA gene sequences
(http://picrust.github.io/picrust/) [24]. PASW statistical software,
version 20.0 (IBM Inc., Chicago, IL, USA) and R software, version 3.0.2
(R Foundation for Statistical Computing, http://www.R-project.org/)
were used for univariate statistical analyses of data. We used the Kol-
mogorov-Smirnov test to evaluate the normality of the variables and
the One-way ANOVA to test the differences in the relative abundance of
bacterial taxa between the groups. Post hoc statistical analysis was
completed by using Bonferroni’s comparison test. Multiple comparisons
in the large-scale analyses were assessed by False Discovery Rate using
the Benjamini and Hochberg method. p-values and g-values < 0.05 were
considered statistically significant in all the statistical analyses.

3. Results
3.1. Baseline characteristics of the study participants

No statistically significant differences were found in BMI, waist
circumference, LDL-c, triacylglycerides (TG), insulin, glycated he-
moglobin (HbAlc), and systolic blood pressure between groups, al-
though the women had higher HDL-c and lower glucose levels
(P < 0.001 and P = 0.002, respectively). The pre-menopausal women
group and their corresponding age-matched men (Male-pre group) were
younger than the post-menopausal women and their age-matched male
counterparts (P < 0.001) (Table 1). In addition, no differences were
found in the dietary habits between groups (Supplemental Table S1).
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3.2. Diversity and relative abundance of the gut microbiota

The PLS-DA analysis showed that the biggest differences in gut
microbiota were in pre- versus post-menopausal women (Q2 = 0.866;
R2 = 0.541) and pre-menopausal women versus the ‘male-pre’ group
(Q2 = 0.844; R2 = 0.654) (Fig. 1; Supplemental Table S2). However,
PCA did not yield relevant results. Moreover, no significant differences
were found in bacterial richness or diversity between any of the study
groups (Supplementary Fig. S1).

We also performed a Variables Importance Projection analysis
(VIP), which identified Roseburia as the bacterial taxon with highest
relevance to discriminate between pre- and post-menopausal women
groups, and Prevotella as the bacterial taxon with highest relevance to
discriminate between pre-menopausal women and the ‘male-pre’ group
(Fig. 2).

3.3. Gut microbiota differences between pre- and post-menopausal women

In order to assess the differences in gut microbiota composition
according to the hormonal status in women, we compared the gut mi-
crobiota composition of pre- and post-menopausal women at the
phylum and genus level.

We found a higher Firmicutes proportion in post-menopausal women
than in pre-menopausal women. In fact, we also found a higher
Firmicutes/Bacteroidetes ratio in post-menopausal women (P = 0.017)
than their corresponding male (age-matched) control group. We also
observed lower presence of the Actinobacteria phylum in post-meno-
pausal women (P = 0.001) than in pre-menopausal women (Fig. 3).

Moreover, we found that the relative abundance of the Lachnospira
(P = 0.047) and Roseburia (P = 0.003) genera was greater in post-me-
nopausal women than in pre-menopausal women. By contrast, the re-
lative abundance of Parabacteroides (P = 0.002), Prevotella (P < 0.001)
and Bilophila was lower in post-menopausal women than in pre-meno-
pausal women at the genera level, while Ruminococcus
(Lachnospiraceae) (P = 0.067) showed a statistical trend. In addition,
the relative abundance of Ruminococcus (Lachnospiraceae) (P = 0.003),
Bilophila (P < 0.001), and Prevotella (P < 0001) was higher in pre-
menopausal women than in their corresponding male (age-matched)
control group, while Oscillospira (P = 0.051) showed a statistical trend
(Fig. 4; Supplemental Table S3).

We also analyzed the relationship between estradiol levels and re-
lative abundance of the bacterial taxa. Here, we found two bacterial
taxa, the Gammaproteobacteria class and an unknown family from
Mixococcales, that positively correlate (R = 0.575, P = 0.013 and
R =0.521, P =0.039, respectively), and the bacterial family
Prevotellaceae that negatively correlates (R=-0.523 P = 0.018) with
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Fig. 1. Partial least squares discriminant analysis.

estradiol levels.

3.4. Gender differences in the gut microbiota composition

When we also evaluated the specific differences in gut microbiota
composition by gender independently of the menopause (without dif-
ferences between post- and pre-menopausal women), we found that the
relative abundance of Actinobacteria phylum was greater (P = 0.001
Q = 0.004) and the Sutterella genus (P = 0.001 Q = 0.005) was lower
in women (post- and pre-menopausal women groups together) than in
men (both male control groups together). In addition, we observed that
the relative abundance of the Paraprevotellaceae family (P = 0.007
Q = 0.052) tended to be lower in women (post- and pre-menopausal
women groups together) than in men (both male control groups to-
gether), although it did not reach statistical significance.
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3.5. Ageing-dependent menopause-independent differences in gut
microbiota composition

We also assessed the differences in gut microbiota by age and we
found a higher relative abundance of the Coprococcus genus in pre-
menopausal women and their age-matched male control groups to-
gether (46.36 + 0.50 years as the mean age), than in the post-meno-
pausal women and their corresponding age-matched male control
groups together (56.03 + 0.49 years as the mean age) (P = 0.002
Q = 0.011).

3.6. Functional profiles of microbial communities between gender and
between pre- and post-menopausal women

To study the potential function of gut microbiota, a PICRUST ana-
lysis was performed to predicate and identify differentially enriched
pathways between groups. In fact, 19 from 328 pathways were differ-
entially represented (Fig. 5). Moreover, taking into account the im-
portance of SCFA in metabolic diseases [25], we also focused the
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Male-pre (1) vs Male-post (2) groups
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Fig. 2. Variables Importance Projection analysis. Bacterial taxa: (p) phylum; (c) class; (o) order, (f) family; (g) genus; (s) bacterial specie. * bacterial species of the

Ruminococcus genus catalogued in Lachnospiraceae family.

functional analysis on the higher propanoate and butanoate metabo-
lism. We observed a statistical trend for higher propanoate and bu-
tanoate metabolism in pre-menopausal women compared with the
other groups (Supplemental Fig. S2).

3.7. Differences in endotoxemia and intestinal incretin plasma levels
between pre- and post-menopausal women

The gut microbiota composition may affect the integrity of the in-
testinal barrier, which in turn influences the intestinal absorption of
bacterial components such as the endotoxin lipopolysaccharides (LPS).
These compounds are known to activate the toll-like receptors, indu-
cing inflammation, which may promote insulin resistance (IR) [26,27].
In addition, differences in gut microbiota composition, mainly in terms
of saccharolitic activity, may also modulate the release of incretins by
L-cells in the intestine through short-chain fatty acid (SCFA) signaling
[28,29], and this, in turn, increases the action and release of insulin.
Whereas we did not find any differences in LPS and LBP plasma levels
between groups, we observed higher GLP-1 plasma levels in pre-me-
nopausal women than in post-menopausal women (P = 0.030). In ad-
dition, we observed higher GiP levels in women than in men
(P = 0.018) (Fig. 6).

3.8. Differences in pro-inflammatory cytokine plasma levels between pre-
and post-menopausal women

Taking into account the fact that metabolic diseases such as meta-
bolic syndrome (MetS) and T2DM are characterized by a pro-in-
flammatory state [30,31], we tested whether the hormonal status in
women may affect the inflammatory status. Moreover, we observed
lower IL-6 and MCP-1 plasma levels in pre-menopausal women than in
postmenopausal women (P = 0.036 and P = 0.045, respectively), who
had similar levels to those found in men (Fig. 7).

3.9. Differences in energy homeostasis regulatory hormone plasma levels
between pre- and post-menopausal women

The gut microbiota is involved in maintaining the energy balance
[4]. Here, we measured adiponectin, a hormone with insulin sensitivity
and anti-inflammatory functions [32], leptin, a mediator of long-term
regulation of the energy balance which suppresses food intake [33], and
resistin, which is considered an important link between obesity, insulin
resistance and T2DM [34]. Thus, differences in the gut microbiota
composition may somehow affect the plasma levels of adiponectin,
resistin, and leptin.
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Fig. 3. Gut microbiota composition between groups at phylum level. Values represent relative abundance of the phylum in each group. Male-pre group: group of
men age-matched with the pre-menopausal women. Male-post group: group of men age-matched with the post-menopausal women. All four groups are matched by
BMI. Bar Graphic: values represent mean = SEM of the Firmicutes/Bacteroidetes ratio. One-way ANOVA statistical analysis P-value. *P < 0.05 in the post hoc

Bonferroni’s multiple comparison tests.

We observed higher leptin levels in women than in men
(P < 0.001), whereas no differences were found between women with
different hormonal status (pre- and post-menopause). Moreover, we
observed higher adiponectin levels in pre-menopausal women than in
their corresponding age-matched male control group (P = 0.016),
whereas no differences were found between post-menopausal women
and their corresponding age-matched male control group (Fig. 7).

4. Discussion

Studies in animal models have identified a direct interaction be-
tween gut microbiota, sex hormones and the development of disease
[11], suggesting that the potential differences in the composition of the
gut microbiota between genders may be related with the dimorphism
observed in the incidence of metabolic diseases, and the increase in
their incidence after menopause in women [14]. In line with this, our
study showed that the gut microbiota of pre-menopausal women is
different from that of post-menopausal women and the ‘male-pre’ group
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biota were also associated to different predicted gut microbial

Caffeine metabolism
1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane degradation
Systemic lupus erythematosus

Bile secretion

Various types of N-glycan biosynthesis

lon channels

Sporulation

Nucleotide metabolism

Dioxin degradation

Epithelial cell signaling in Helicobacter pylori infection
Cell division

Ascorbate and aldarate metabolism
Phosphotransferase system

Restriction enzyme

Nitrotoluene degradation

Metabolism of cofactors and vitamins

Lysine biosynthesis

Phenylalanine, tyrosine and tryptophan biosynthesis

Methane metabolism

* I
I

P<0.001; Q=0.002
P=0.009; Q=0.020
=0.373; Q=0.467
P=0.034; Q=0.051
=0.003; Q=0.011
P=0.003; Q=0.011
=0.009; Q=0.020
P=0.975; Q=0.975
=0.022; Q=0.036
=0.746; Q=0.799
P=0.414; Q=0.477
=0.018; Q=0.034
P<0.001; Q<0.001
'=0.004; Q=0.011

P=0.248; Q=0.339

Maturitas 116 (2018) 43-53

Fig. 4. Gut microbiota composition between
groups at genera level. Values represent mean
of the genus, proportional in the four experi-
mental groups (mean = SEM of the relative
abundance are shown in Supplemental Table
S3). Statistical analysis was performed with the
relative abundance of each genus in the groups.
One-way ANOVA statistical analysis P-value. Q-
value: False Discovery Rate (FDR) using the
Benjamini and Hochberg method. *P < 0.05 in
the post hoc Bonferroni’s multiple comparison
tests versus pre-menopausal women. 7P < 0.1
in the post hoc Bonferroni’s multiple compar-
ison tests versus pre-menopausal women. Male-
pre group: group of men age-matched with the
pre-menopausal women. Male-post group:
group of men age-matched with the post-me-
nopausal women. Ruminococcus (L): bacterial
species of the Ruminococcus genus catalogued in
Lachnospiraceae family. Ruminococcus (R): bac-
terial species of the Ruminococcus genus cata-
logued in Ruminococcaceae family. All four
groups are matched by BMI.
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functions, as assessed by pathways enrichment analysis (PICRUSt). This
is of great importance, since both gut microbial composition and
function may be potentially related with the dimorphism observed in
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Fig. 5. Inferred gut microbiome functions by PICRUSt from 16S rRNA gene sequences between groups. Functional profiles of microbial communities were
predicted using PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (http://picrust.github.io/picrust/). Values represent

the mean, proportional in the four experimental groups (mean =

SEM of the sequences are shown in Supplemental Table S4). One-way ANOVA statistical analysis P-

value. Q-value: False Discovery Rate using the Benjamini and Hochberg method. P < 0.05 in the post hoc Bonferroni’s multiple comparison tests versus pre-
menopausal women. P < 0.1 in the post hoc Bonferroni’s multiple comparison tests versus pre-menopausal women. Male-pre group: group of men age-matched
with the pre-menopausal women. Male-post group: group of men age-matched with the post-menopausal women. All four groups are matched by BMI.
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Fig. 6. Endotoxemia and intestinal incretins
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the incidence of metabolic diseases.

In fact, our study showed that the relative abundance of three short-
chain fatty acid (SCFA)-producing genera Prevotella, Ruminoccocus, and
Roseburia [35-37] was dependent on gender and hormonal status. Al-
though there are other SCFA-producing bacteria, taking into account
the differences in the relative abundance of these three bacterial genera
together, our results suggest a decrease in the relative abundance of
SCFA-producing bacteria in post-menopausal women and in both con-
trol groups of men compared with pre-menopausal women. Moreover,
the relative abundance of Parabacteroides, a genus associated to sul-
phate assimilation but also a producer of SCFA [38], was lower in post-
than in pre-menopausal women. Altogether, these observations might
explain, at least partially, the dimorphism in the incidence of metabolic
diseases such as T2DM (which is higher in men), while more women
suffer from diabetes after menopause [2]. This may be due to a gut
microbiota with a higher saccharolytic activity in pre-menopausal
women, which may exert certain protection against metabolic diseases.
This idea is supported by the PICRUSt analysis, which showed a po-
tential higher propanoate and butanoate metabolism in pre-menopausal
women compared with the other groups, suggesting higher SCFA pro-
duction. In addition, the SCFA derived from the anaerobic breakdown
of dietary fiber by the saccharolytic flora play an important role in
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B Male-post group (aged-matched)

maintaining intestinal health and exert anti-inflammatory properties
[39]. This is particularly important, as inflammation has been shown to
promote insulin resistance [26], which plays a major role in the pa-
thogenesis of T2DM [40]. This idea is supported in pre-menopausal
women by the trend for lower plasma levels of inflammatory markers
observed in our study.

In addition, our study showed that as well as Parabacteroides, an-
other sulphate metabolism-related genus Bilophila, a sulphite-reducing
bacterial genus, was more abundant in women than in men. In this
context, taking into account that these genera have been associated
with inflammatory bowel disease (IBD) [41], it is tempting to hy-
pothesize that the differences in gut microbiota composition reported
here might contribute towards determining gender differences in the
prevalence of IBD.

Gender differences in fat distribution and their relationship with the
differences in sex hormone levels have been reported [9], although we
still know very little about the cellular and molecular mechanisms
underlying this phenomenon. However, experimentation in animal
models has demonstrated that the gut microbiota may determine how
excess energy is stored depending on gender, as the sexual dimorphism
in total body fat content seen in rodents (males exhibiting higher fat
content than females) is not evident in germ-free animals [10]. This
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Fig. 7. Pro-inflammatory citokines and en-

0,50 7 TNF-a (pg/ml) 14 - Adiponectin (ng/ml) ;
P=0.322 * ergy homeostasis regulatory hormones
0,45 - 12 | — plasma levels. Values represent mean = SEM
0,40 T T of the relative expression of the indicated bio-
10 A l =0.026 molecule. P-value: One-way ANOVA statistical
0,35 1 analysis between the 4 groups. *P < 0.05 in
T
0,30 - '|' 3 | J. the post hoc Bonferroni’s multiple comparison
025 4 J_ tests. P-value (women): One-way ANOVA sta-
’ 6 tistical analysis between pre- and post-
0,20 A T menopausal groups. P-value (gender): One-way
0.15 ANOVA statistical analysis between women
! 4 1 (pre- and post-menopausal women together)
0,10 - and men (both male groups together).
0,05 2 1 Experimental groups: pre-menopausal women;
male-pre: age-matched men as a control group
0,00 ! 0 ) for the pre-menopausal women; post-meno-
Women Men Women Men pausal women; male-post: age-matched men as
a control group for the post-menopausal
251 IL-6 (p g /m I) P=0.389 40 - Leptin (pg /ml) women. All four groups are matched by BMI.
: _ k0
P(women)=0.036 35 *
2,0 A ]'
I 301 | P<0.001
1,5 - 25 1 J
T
T 20 A T P(gender)<0.001
1,0 - s ]
0,5 1 10 A
5 B
0,0 T 0 .
Women Men Women
140 1 MCP-1 (pg/ml) 7 - Resistin (ng/ml)
P=0.844
120 { P(women)=0.045 Pp=0.062 6 -
1
100 1 T s{ |
80 l
i . 4 -
I
60 - 3
40 A 2 A
20 A 1 4
0 T 0 T
Women Men Women Men

[J Pre-menopausal women group

[ Post-menopausal women group

latter point is especially important, as the part of the body where the fat
is stored is an important factor in many obesity-related metabolic dis-
eases. Moreover, it has been described that the decline in estradiol
production during menopause in women accelerates the accumulation
of abdominal fat, thus increasing the risk of developing obesity, T2DM
and MetS [42].

It is therefore plausible that the gender-related differences found in
our study regarding bacterial composition, such as an increase in the
Firmicutes/Bacteroidetes ratio after menopause, may have an impact on
how men and women differentially store excess energy. In fact, the
plasma levels of the regulatory hormones involved in energy home-
ostasis seem to display sexual dimorphism. Thus, the two major adi-
pokines, leptin and adiponectin, are characterized by higher circulating
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levels in women than men [43], a finding which is confirmed by the
current work. However, we also observed that adiponectin plasma le-
vels were higher only in pre-menopausal women, which may be related
with the differences in fat distribution between men and women, as
well as by the differences in the hormonal status between pre- and post-
menopausal women. This may be related, in turn, to the modifications
in the Firmicutes/Bacteroidetes ratio produced by the differences in
hormonal status between pre- and post-menopausal women. Moreover,
we also observed a sexual dimorphism in the plasma levels of intestinal
incretins, which are hormones released from enteroendocrine cells in
the gut which act to potentiate glucose clearance in response to the
ingestion of food [44], which acts in parallel with the greater effect of
incretin in pre-menopausal women (GLP-1) or women independently of
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the hormonal status (GiP). These differences may reflect the differences
in the gut microbiota between men and women, at least in the case of
GLP-1, as it has been described that SCFA derived from the anaerobic
breakdown of dietary fiber by the saccharolytic flora, which is higher in
pre-menopausal women than in men and post-menopausal women,
induces the release of GLP-1 by L-cells in the intestine [28].
Importantly, to the best of our knowledge, our study represents the
first approach to exploring the differences in the gut microbiota asso-
ciated to hormonal status between pre- and post-menopausal women
(estrogen depletion). However, it is important to mention one limita-
tion of the current study concerning the sample size, which was large
enough to discern differences between groups after adjustment by the
False Discovery Rate, but was not able to detect small differences.

5. Conclusions

Our results suggest that the differences in the composition of the gut
microbiota between genders are influenced by the hormonal status in
women, which might play a role in the dimorphism observed in the
incidence of metabolic diseases and their co-morbidities. Our findings
may be a relevant factor in developing strategies based on transferring
gut microbiota from pre-menopausal women to post-menopausal
women or to men, as a protection therapy against metabolic diseases,
such as metabolic syndrome or type 2 diabetes mellitus.
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Supplemental Figure 1. Evaluation of microbial diversity using a variety of alpha diversity metrics.
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Supplemental Figure 2. Functional analysis of the propanoate and butanoate metabolism
in gut microbiome by PICRUSt from 16S rRNA gene sequences between groups.
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Mediterranean diet score

Pre-menopausal women group 8.67+0.46
Men control group pre 8.89+0.53
Post-menopausal women group 9.18+0.58
Men control group post 9.30+0.48
ANOVA P-value 0.817
ANOVA P-value (age) 0.366
ANOVA P-value (gender) 0.712

Supplemental Table 1. Dietary assessment of the participant in the study.
Values correspond to the mean+SEM of a 14-item questionnaire to assess
adherence to the Mediterranean Diet. Men control group pre: control group for pre-
menopausal women matched by age and BMI. Men control group post: control
group for post-menopausal women matched by age and BMI. The statistical
differences between groups were evaluated by One-way ANOVA. ANOVA p-value:
analysis between the 4 groups. ANOVA p-value (age): analysis between PRE
groups (women and men) combined versus POST groups (women and men)
combined. ANOVA p-value (gender): analysis between women groups combined

versus men groups combined.
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Pre-menopausal women group versus post-menopausal women group

Measure 1 comps 2 comps 3 comps 4 comps 5 comps
Accuracy 0.804 0.826 0.826 0.826 0.870
R2 0.663 0.866 0.915 0.955 0.961
Q2 0.504 0.541 0.595 0.560 0.558
Male-pre group versus male-post group
Measure 1 comps 2 comps 3 comps 4 comps 5 comps
Accuracy 0.640 0.660 0.640 0.660 0.600
R2 0.486 0.666 0.776 0.860 0.897
Q2 0.133 0.167 0.040 -0.050 -0.143
Pre-menopausal women group versus male-pre group
Measure 1 comps 2 comps 3 comps 4 comps 5 comps
Accuracy 0.896 0.917 0.917 0.958 0.958
R2 0.693 0.844 0.934 0.967 0.976
Q2 0.582 0.654 0.717 0.756 0.767
Post-menopausal women group versus male-post group
Measure 1 comps 2 comps 3 comps 4 comps 5 comps
Accuracy 0.717 0.739 0.783 0.870 0.804
R2 0.557 0.700 0.844 0.907 0.938
Q2 0.300 0.332 0.376 0.439 0.430

Supplemental Table 2. Partial least squares discriminant analysis details.
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Pre-menopausal

Men control group

Post-menopausal

Men control group

women (N=17) pre (N=19) women (N=20) post (N=20) Pvalue  Q-value
Bacteroides 0.19263+0.02717 0.15495+0.03006 0.12834+0.02119 0.19517+0.02988 0.248 0.339
Parabacteroides 0.00759+0.00136 0.00533+0.00140 0.00168+0.00038 0.00505+0.00105 0.004 0.011
Prevotella 0.05395+0.01240 0.00263+0.00085 0.01199+0.00396 0.00853+0.00367 <0.001 <0.001
Odoribacter 0.0038210.00056 0.00401+0.00082 0.00186%0.00026 0.0039210.00046 0.018 0.034
Clostridium 0.00283+0.00079 0.00227+0.00035 0.00179+0.00029 0.00299+0.00071 0.414 0.477
Blautia 0.00260+0.00047 0.00204+0.00036 0.00250+0.00047 0.00267+0.00045 0.746 0.799
Coprococcus 0.00426+0.00069 0.00338+0.00082 0.00809+0.00176 0.00728+0.00121 0.022 0.036
Dorea 0.00133+0.00027 0.00117+0.00027 0.00121+0.00024 0.00126%0.00021 0.975 0.975
Lachnospira 0.00760+0.00107 0.00765+0.00131 0.01534+0.00253 0.01349+0.00226 0.009 0.020
Roseburia 0.00236+0.00058 0.00482%0.00100 0.00877+0.00145 0.00645%0.00106 0.003 0.011
Ruminococcus (L) 0.00280+0.00086 0.00070+0.00019 0.00132+0.00029 0.00096%0.00018 0.003 0.011
Oscillospira 0.01095+0.00153 0.00667%0.00076 0.00733+0.00111 0.00710+0.00093 0.034 0.051
Ruminococcus (R) 0.00452+0.00061 0.00711+0.00128 0.00706+0.00150 0.00737+0.00128 0.373 0.467
Sutterella 0.00854+0.00176 0.01729+0.00353 0.00869+0.00138 0.01751+0.00266 0.009 0.020
Bilophila 0.00329+0.00055 0.00133+0.00022 0.00179+0.00026 0.00154+0.00021 <0.001  0.002

Supplemental Table 3. Relative abundance of the genera in the study groups. Values represent mean+SEM of the relative expression of the indicated gene.
One-way ANOVA statistical analysis P-value. Q-value: False Discovery Rate (FDR) using Benjamini and Hochberg method. Experimental groups: pre-
menopausal women; male-pre: age-matched men as a control group for the pre-menopausal women; post menopausal women; male-post: age-matched
men as a control group for the post-menopausal women. Ruminococcus (L): bacterial species of the Ruminococcus genus belonging to Lachnospiraceae
family. Ruminococcus (R): bacterial species of the Ruminococcus genus belonging to Ruminococcaceae family. All the four groups are matched by BMI.
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Sex Differences in the Gut Microbiota as Potential
Determinants of Gender Predisposition to Disease

Jose A. Santos-Marcos, Carmen Haro, Ana Vega-Rojas, Juan F. Alcala-Diaz,
Helena Molina-Abril, Ana Leon-Acufia, Javier Lopez-Moreno, Blanca B. Landa,
Manuel Tena-Sempere, Pablo Perez-Martinez, Jose Lopez-Miranda,

Francisco Perez-Jimenez, and Antonio Camargo*

1. Introduction

Scope: Dysbiosis of gut microbiota is involved in metabolic syndrome (MetS)

development, which has a different incidence between men (M) and women

The incidence of metabolic diseases
and their comorbidities are sexually

(W). The differences in gut microbiota in MetS patients are explored according
to gender, and whether consuming two healthy diets, Mediterranean (MED)
and low-fat (LF), may, over time, differentially shape the gut microbiota
dysbiosis according to gender is evaluated.

Materials and Methods: All the women from the CORDIOPREYV study whose
feces samples were available and a similar number of men, matched by the
main metabolic variables (N = 246, 123 women and 123 men), and
categorized according to the presence or not of MetS are included. Gut
microbiota is analyzed at baseline and after 3 years of dietary intervention.
Results: Higher abundance of Collinsella, Alistipes, Anaerotruncus, and
Phascolarctobacterium genera is observed in MetS-W than in MetS-M,
whereas the abundance of Faecalibacterium and Prevotella genera is higher in
MetS-M than in MetS-W. Moreover, higher levels of Desulfovibrio, Roseburia,
and Holdemania are observed in men than in women after the consumption
of the LF diet.

Conclusion: The results suggest the potential involvement of differences in
gut microbiota in the unequal incidence of metabolic diseases between
genders, and a sex-dependent effect on shaping the gut microbiota according

dimorphic.'l For example, the prevalence
of MetS, a cluster of characteristics as-
sociated with an increased risk of type
2 diabetes mellitus (T2DM) and cardio-
vascular diseases,”! differs by age, eth-
nicity, gender, diet, and levels of physical
activity.!! This syndrome is convention-
ally diagnosed when a threshold of three
of five criteria is reached; yet, ten differ-
ent combinations of such criteria are in
fact possible, each with a different patho-
physiology. Moreover, the prevalence of
each metabolic syndrome risk factor also
differs by gender and country.*

Certain fundamental aspects of
metabolic homeostasis are regulated
differently in males and females.[®! For
example, women have a propensity to
store fat in subcutaneous adipose tissue
compared to the preferential visceral fat

to diet.

deposition in men.”! However, females
seem to be more predisposed to obesity
and metabolic syndrome than men,®
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despite the fact that visceral fat has a stronger association with
cardiovascular and metabolic disease.” It has also been described
that glucose homeostasis is subject to sexual asymmetry. In
fact, the prevalence of prediabetic syndromes differs by gen-
ders. Whereas impaired fasting glucose (IFG) is more prevalent
in men, impaired glucose tolerance (IGT) is more prevalent in
women.[! In addition, there are more diabetic males before pu-
berty and more diabetic females after menopause.!'%

Gutmicrobiota is now recognized as an organ integrated in the
metabolism of the host.'!l It has been proposed that alteration
of the gut microbiota structure may trigger the development of
metabolic diseases such as obesity, MetS, and T2DM.>1*l Taking
into account that previous data indicate that the composition of
the gut microbiota is different between genders, "% we hypoth-
esized that the microbiota gender difference might determine
the differences in the predisposition to develop MetS between
women and men.

Dietary strategies are of great interest in preventing and treat-
ing metabolic diseases!!” and it has been suggested that they act
by modifying the microbiome.?? Although it has been suggested
that the composition of the gut microbiota in adulthood is very
stable over time,?!) the consumption of different diets can shape
the gut microbiota and could potentially be used to restore an
imbalanced microbiome to a healthy, balanced microbiome./?%
However, the effectiveness of diets may be dependent on micro-
biota composition of the recipient, as has been shown in the case
of fecal transplant response,?? suggesting that a different gut mi-
crobiota composition in men and women before dietary interven-
tion may be a determinant in the effect of diet in modifying the
microbiome between genders.

Based on this previous evidence, we explored the gut micro-
biota composition in men and women with or without MetS and
also evaluated if the consumption of Mediterranean (MED) and
low-fat (LF) diets for 3 years may differentially shape the gut mi-
crobiota composition according to gender.

2. Experimental Section

2.1. Study Participants

The current work was conducted in the framework of the COR-
DIOPREV study (Clinical Trials.gov.Identifier: NCT00924937),
an ongoing prospective, randomized, open, controlled trial in
1002 patients with coronary heart disease (CHD) who had their
last coronary event over 6 months before enrolling. The patients,
in addition to conventional treatment for CHD, followed MED
and LF diets over a period of 7 years. The inclusion and exclusion
criteria have been previously described,” and are summarized
thus: patients were eligible if they were over 20 years of age but
below 75, had established CHD without clinical events in the last
6 months, were thought to be capable of following a long-term
dietary intervention, and did not have severe diseases or an es-
timated life expectancy of below 7 years. For the current study,
the use of antibiotics was added as one of the exclusion criteria.
All the patients gave their informed consent in writing to partici-
pate in the study. The trial protocol and all the amendments were
approved by the local ethics committees, following the Helsinki
Declaration and good clinical practice.
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The criteria of the Third Report of the National Cholesterol Ed-
ucation Program (NCEP) Expert Panel on Detection, Evaluation,
and Treatment of High Blood Cholesterol in Adults (Adult Treat-
ment Panel I11) were followed to assess the presence of MetS.[
All the women from the CORDIOPREYV study whose feces sam-
ples were available, and a similar number of men (N = 246, 123
women and 123 men), were included in this study and catego-
rized according to the presence or not of MetS as follows: MetS-
W, 79 women with MetS; MetS-M, 79 men with MetS; NonMetS-
W, 44 women without MetS; NonMetS-M, 44 men without MetS.
Each woman was individually matched to one man according to
the presence of MetS, T2DM (presence, treatment, and if treat-
ment was with metformine), fasting glucose criteria for MetS,
HbAlc levels (according to American Diabetes Association cri-
teria for normoglucemia, prediabetes, and T2DM), triacylglyc-
erides (TAG), HDL-c, hypertension criteria for MetS and age
(ranges: <40, 40-49, 50-59, 60-69, and >70). This matching was
performed in order to avoid differences between genders in vari-
ables that may affect gut microbiota composition different to the
MetS. In fact, the women and men shared the same combina-
tions of MetS criteria (Table S1, Supporting Information). In ad-
dition, we checked the nutritional background between genders
and groups of patients according the presence of MetS (Table S2,
Supporting Information), which may also affect gut microbiota
composition. Moreover, there were no differences on physical ac-
tivity between groups.

The baseline metabolic characteristics of the patients in the
study are shown in Table 1. The effect of the consumption of
MED or LF diets for 3 years in shaping the gut microbiota of
the MetS patients was performed in a smaller population (99 of
the 158 MetS patients), due to the availability of fecal samples at
3 years of follow-up. The baseline metabolic characteristics and
the presence of MetS criteria of the patients included in the diet
effect analysis are shown in Table S5; Supporting Information.

(*): sS4

2.2. Diet Assessment

The adherence to the MED diet was assessed by a validated 14-
item questionnaire® and the adherence to the LF diet by a
9-point score. This was performed once before the start of the
dietary intervention and then yearly. The Spanish food composi-
tion tables and a validated food frequency questionnaire?® were
used to calculate the intake of fiber.

2.3. Clinical Plasma Parameters

Tubes containing 0.1% EDTA were used to collect the blood,
which were then centrifuged at 1500 x g for 15 min at 4 °C to
separate the plasma and red blood cells. The analytes were de-
termined, blinded to the team members, from frozen samples at
the Lipid and Atherosclerosis Unit at Reina Sofia University Hos-
pital by members of the laboratory research team, as previously
described.!"”!

2.4. DNA Extraction from Fecal Samples

The patients were given a box with carbonic ice and a sterile
plastic bottle with a screw cap to collect the fecal samples. The

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Baseline characteristic of the participants in the study. Values correspond to the mean £+ SEM.

MetS-W (N = 79) MetS-M (N = 79) NonMetS-W (N = 44) NonMetS-M (N = 44) p-Value
Age (years) 62.95 £ 1.00 61.63 £ 0.99 61.48 £ 1.27 60.61+1.34 0.526
BMI (kg m2) 32.18 £ 0.46° 31.83 £ 0.51*°¢ 29.41 £ 0.88° 29.88+£0.61°¢ 0.002
Wiaist circumference (cm) 102.37 £ 1.19* 110.83 + 1.45° 93.29 £ 2.13¢ 103.61 & 1.58° <0.001
HDL-c (mgdL™) 42,56 + 1212 37.35 £+ 1.01° 57.30 £ 1.63¢ 4591 + 1.56° <0.001
LDL-c (mgdL™") 88.48 + 3.342b 82.71 £ 2.58° 97.73 £ 4.03° 94.30 + 4.332b 0.014
Total cholesterol (mg dL™") 164.46 + 4.532P 156.84 + 2.94* 175.77 + 4.54° 160.55 + 5.25%° 0.026
TAG (mg dL™") 159.36 + 9.39° 168.40 + 8.58* 96.27 £ 5.31° 99.93 =+ 5.38° <0.001
Glucose (mg dL™) 130.13 £ 6.50° 126.49 + 4.68° 90.07 £ 1.90 93.27 £ 2.43b <0.001
Insulin (mU L) 12.58 £ 1.62%0 14.48 £ 1.66° 7.01 £ 0.62° 8.58 + 1.02*° 0.003
HbA1c (%) 7.11 £ 0172 6.99 + 0.152 6.09 + 0.08° 6.27 + 0.11° <0.001
Sistolic BP (mm Hg) 145.06 + 2.22* 146.60 + 2.23* 133.70 + 3.19° 127.84 + 2.58° <0.001
Diastolic BP (mm Hg) 75.28 + 1.22 80.10 £ 1.31° 72.86 £ 1.36° 70.07 £ 1.75° <0.001

HDL-c, HDL-cholesterol; LDL-c, LDL-cholesterol; TAG, triacylglycerides; and BP, blood pressure. The statistical differences between groups were evaluated by one-way ANOVA.
In each row, values with different letters in superscript differ statistically in the Bonferroni’s post hoc test (p < 0.05).

samples were kept frozen after delivery to the laboratory staff and
stored at —80 °C. DNA was extracted using the QIAamp DNA
kit Stool Mini Kit Handbook (Qiagen, Hilden, Germany), follow-
ing the manufacturer’s instructions. DNA samples were stored
at—20 °C, after quantification with the Nanodrop ND-1000 v3.5.2
spectrophotometer (Nanodrop Technology, Cambridge, UK).

2.5. Sequencing and Bioinformatics

For each DNA (fecal) sample, the hypervariable regions V3 and
V4 of the 16S rRNA gene were amplified by polymerase chain
reaction using the primer pair 5-“-TCGTCGGCAGCGTCAGATG
TGTATAAGAGACAG-3 and 5-GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAG-3' %! which was further sequenced on a
MiSeq [lumina platform (Illumina, San Diego, CA). Briefly, PCR
was performed using a KAPA HiFi HotStart ReadyMix (KA-
PABIOSYSTEMS), 1.25 uL of extracted DNA (5ng uL™ in 10 mm
Tris pH8.5) and 0.2 pm of each primer, using the following cycle
parameters: 3 min denaturation at 95 °C followed by 25 cycles
(30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C) and a final exten-
sion at 72 °C for 5 min. The 16S V3 and V4 amplicon purifica-
tion was performed using Agentcourt AMPure XP beads (Beck-
man Coulter). A second PCR reaction attaches dual indices and
Mlumina sequencing adapters using the Nextera XT Index Kit.
This PCR was performed with a KAPA HiFi HotStart ReadyMix
(KAPABIOSYSTEMS), 5 plL of the previous amplicon, 5 pL of
each Nextera XT Index Primer 1(N7xx), and 5 pL of each Nextera
XT Index Primer 2(S5xx), using the following cycle parameters:
3 min denaturation at 95 °C followed by 8 cycles (30 s at 95 °C, 30's
at 55 °C, 30 s at 72 °C), and a final extension at 72 °C for 5 min.
The PCR product purification was performed using Agentcourt
AMPure XP beads (Beckman Coulter). Sequence outputs were
analyzed using the Quantitative Insights into Microbial Ecology
(QIIME) program, version 1.9.1,?% using QIIME default param-
eters. The 16S paired reads were assembled using the script
multiple_join_paired_ends.py, which joins forward and reverse
demultiplexed reads. The output file was processed for quality
filtering by split_libraries_fastq.py. High quality sequences were
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grouped into Operational Taxonomic Units (OTUs) with a se-
quence identity threshold of 97%, and taxonomy was assigned
by interrogating the high quality sequences with the Green-
genes database (13.5).%°] Bacterial richness and diversity across
the samples were calculated using the Chaol, Simpson, and
Shannon indexes.?% Principal component analysis of commus-
nity structure (beta-diversity) was done using the unweighted and
weighted UniFrac distance metrics®! and analyzed by permuta-
tional multivariate analysis of variance (PERMANOVA) using the
script compare_categories.py. Linear discriminant analysis (LDA)
effect size (LEfSe) (http://huttenhower.sph.harvard.edu/galaxy/)
was used to compare groups at baseline and visualize the results
using taxonomic bar charts and cladograms.??

2.6. Statistical Analysis

R software, version 3.0.2 (R Foundation for Statistical Comput-
ing, http://www.R-project.org/) was used for men and women
matching with the MatchIt 3.0.2. PASW statistical software pack-
age, version 20.0 (IBM Inc., Chicago, IL, USA), which was used
for univariate statistical analyses of the data. The statistical dif-
ferences in the abundance of bacterial groups at baseline were
tested by one-way analysis of variance (ANOVA). This test was
adjusted by the false discovery rate (FDR) using the Benjamini
and Hochberg method. Gut microbiota changes according to the
dietary intervention were assessed by ANOVA for repeated mea-
sures, with time as intrasubject factor, and diet and gender as the
intersubject factors. Post hoc statistical analysis was completed
using Bonferroni's comparison test. To evaluate the specific dif-
ferences between bacterial taxa, the abundance of taxa present in
atleast 75% of the human fecal DNA samples in each of the study
groups was compared. Moreover, the frequency of occurrence of
the bacterial taxa identified in at least 50% of the samples was
analyzed in each of the groups in the study using the x? test.
p-Values < 0.05 and g-values < 0.1 were considered statistically
significantin all the statistical analyses. All the data shown in this
study have been expressed as mean + SEM.
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3. Results

3.1. Baseline Characteristics of the Study Participants

The differences in the main anthropometric and metabolic vari-
ables between groups are shown in Table 1. Overall, both MetS
groups of women and men had higher waist circumference, glu-
cose, TAG, and systolic blood pressure, and lower HDL-c plasma
levels than NonMetS groups (women and men). The MetS cri-
teria were similar between genders (Table S1, Supporting In-
formation). In addition, the nutritional background was simi-
lar between genders, and between MetS and NonMetS groups
(Table S2, Supporting Information).

3.2. Relationship between Anthropometric and Metabolic
Variables with Gut Microbiota Composition

We studied the relationship between the main anthropometric
and metabolic variables at baseline and the gut microbiota com-
position using Pearson’s correlation test. We found a positive re-
lationship between waist circumference and the Acidaminococ-
cus genus (R = 0.592, p < 0.001) in men with MetS, and a
negative relationship between c-HDL plasma concentration and
the Desulfovibrio genus (R = -0.568, p < 0.001) in men with-
out MetS. Moreover, we also observed positive relationships be-
tween HbA1C (%) and an unknown genus from the $24-4 family
(R = 0.514, p = 0.001), the plasma concentration of TAG and
an unknown genus from Ruminococcaceae family (R = 0.523,
p < 0.001), and insulin levels and the Acidaminococcus genus
(R=0.539, p < 0.001) in women without MetS.

3.3. Diversity of the Gut Microbiota according to Gender
in MetS Patients

No significant differences in the richness and alpha-diversity
parameters (Chaol, Simpson, and Shannon) were observed
(Table S3, Supporting Information). Regarding beta-diversity, we
detected significant differences between groups in the princi-
pal component analysis, based on unweighted (qualitative) and
weighted (quantitative) UniFrac distance metrics (Figure S1, Sup-
porting Information) analyzed by PERMANOVA (p = 0.004 and
p = 0.006, respectively). Moreover, we found significant dif-
ferences in unweighted and weighted UniFrac distance met-
rics between NonMetS women and men (Figure S2, Supporting
Information; PERMANOVA; p = 0.030 and p = 0.001, respec-
tively). However, we found significant differences in unweighted
UniFrac distance metrics between women and men with MetS
(Figure S3, Supporting Information), but no statistically signifi-
cant differences were found in weighted UniFrac distance met-
rics (PERMANOVA; p = 0.036 and p = 0.437, respectively).

3.4. Differences in the Gut Microbiota between Genders in MetS:
LEfSe Analysis

In order to evaluate whether the dysbiosis of the gut microbiota
in MetS differs by gender, we assessed the global differences of
the gut microbiota between women and men with MetS. More-
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over, to discern whether these gender differences were specific in
MetS, we compared these differences with those found between
genders in the NonMetS groups.

We used LEfSe to compare the estimated phylotypes of the
women and men in the MetS and NonMetS groups (Figure 1).
The NonMetS men’s gut microbiota was characterized by a pre-
ponderance of Firmicutes phylum and several genera from the
Clostridiales order, such as Clostridium, Coprococcus, Dorea, Lach-
nospira, Roseburia, and Veillonella. By contrast, the MetS men’s
gut microbiota was characterized by a preponderance of gen-
era such as Clostridium, SMB53, Coprococcus, Roseburia, and Fae-
calibacterium, but by a lower abundance of the Ruminococcus,
Anaerotruncus, and Phascolarctobacterium genera.

On the other hand, the NonMetS women’s gut microbiota was
characterized by a preponderance of families and genera from
the Bacteroidales order, such as Bacteroides, Barneciellaceae, Bu-
tyricimonas, Parabacteroides, and Rikenellaceae, whereas the MetS
women’s gut microbiota was characterized by a preponderance
of the Cyanobacteria phylum and Parabacteroides genus, but by
lower Prevotella genus.

3.5. Differences in the Abundance of the Microbial Taxa between
Genders in MetS: Univariate Analysis

Further, we explored the MetS-specific differences in the abun-
dance of bacterial taxa at genus level between women and men
by one-way ANOVA, adjusting the FDR by the Benjamini and
Hochberg method. Moreover, we also analyzed the differences
between women and men in NonMetS control groups to discern
whether the gender differences found were dependent or inde-
pendent of MetS (Figure 2).

In fact, we found specific gender differences in MetS groups
not present in the NonMetS control groups. We observed a higher
abundance of the Collinsella, Alistipes, Anaerotruncus, and Phasco-
larctobacterium genera in MetS-W than in MetS-M (p = 0.003,
g = 0.021; p = 0.014, g = 0.088; p < 0.001, g = 0.001; and
p=0.016, g = 0.090, respectively), whereas the abundance of Fae-
calibacterium and Prevotella genera was higher in MetS-M than
in MetS-W (p = 0.002, g = 0.015 and p < 0.001, g = 0.005,
respectively).

Moreover, we observed gender differences in MetS groups also
present in NonMetS control groups—in other words, gender dif-
ferences that were independent of MetS. We found higher levels
of Ruminococcus (Lachnospiraceae family) and Bilophila genera in
both MetS-W (p < 0.001, g < 0.001 and p = 0.002, g = 0.017, re-
spectively) and non-MetS-W (p = 0.009, g = 0.032 and p < 0.001,
g = 0.005, respectively) than in their corresponding male groups.
By contrast, we observed higher levels of Clostridium and SMB53
genera in MetS-M than in MetS-W (p < 0.001, g = 0.002 and
p < 0.001, g = 0.001, respectively), and in non-MetS-M than in
NonMetS-W (both, p = 0.002, g = 0.011).

3.6. Bacterial Prevalence Differentially Associated to Genders
in MetS

We also analyzed the MetS-associated differences in bacte-
rial genera prevalence between the genders using the x? test.
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Figure 1. Linear discriminant analysis effect size. Cladogram representing the taxonomic hierarchical structure of the identified differences between
genders using Linear discriminant analysis effect size. Each filled circle represents one phylotype. Red, bacterial taxa statistically overrepresented in
men; green, bacterial taxa overrepresented in women. Phylum and class are indicated in their names on the cladogram and the order, family, or genus

are given in the key.

Moreover, we analyzed the differences between women and
men in the NonMetS groups to discern whether the gen-
der differences found were dependent or independent of MetS
(Table 2). A higher presence of Eggerthella (67.1% vs 39.2%;
x?% test p < 0.001) and Acidaminococcus (91.1% vs 79.8%; x?
test p = 0.042) genera was observed in fecal samples from

80

MetS-W compared to MetS-M. Likewise, a higher presence
of Slackia (79.8% vs 59.5%; x? test p = 0.006), Odoribacter
(100% vs 93.7%; x? test p = 0.023) genera, and an unknown
genus from RF39 order (59.5% vs 39.2%; x” test p = 0.011)
was observed in fecal samples from MetS-M compared to
MetS-W.
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Figure 2. Differences in the gut microbiota composition according to gender in metabolic syndrome. Values represent mean of the genus, proportional
in the four experimental groups (mean &= SEM of the abundance are shown in Table S6, Supporting Information). Ruminococcus (L): Ruminococcus genus
belonging to the Lachnospiraceae family. Statistical analysis was performed to find statistically significant differences in the abundance of each genus in
the groups. p-Values: One-way ANOVA statistical analysis. g-Values: ANOVA p-values adjusted by the FDR using the Benjamini and Hochberg method.

3.7. Differential Diet Effect on Gut Microbiota Composition

In the next step, we explored whether gender determines a dif-
ferential shaping of the gut microbiota from MetS patients by the
consumption for 3 years of an MED or an LF diet. We observed
higher levels of Desulfovibrio, Roseburia, and Holdemania genera
in MetS-M than in MetS-W after the consumption for 3 years of
the LF diet (p = 0.001, p = 0.001, and p = 0.023), whereas no
differences in the abundance of these bacterial genera between
genders were observed after the consumption of the MED diet.
By contrast, we found higher levels on an unknown genus from
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the Rikenellaceae family in MetS-M than in MetS-W after the con-
sumption for 3 years of the MED diet (p = 0.018), whereas no
differences were observed after the consumption of the LF diet
(Figure 3).

Moreover, we also observed several gender-specific differences
in the gut microbiota from MetS patients, regardless of the diet
consumed. We observed a higher abundance of Suterella genus,
and an unknown genera from Erysipelotrichaceae family and En-
terobacteriaceae family in MetS-W than MetS-M after 3 years
of dietary intervention (p = 0.001, p = 0.001, and p = 0.031,
respectively). By contrast, we observed a higher abundance of
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Table 2. Analysis of the bacterial genera presence according to metabolic syndrome between women and men. Values correspond to the number of
patients in which the bacterial genus was detected; percentage is shown between brackets. The x? test was applied to establish differences in bacterial
prevalence between the groups studied. Values: number of patients in which the genus was detected; (% of patients in which the genus was detected);
[Relative abundance of this genus in the group].

MetS-W (N = 79) MetS-M (N = 79) x? NonMetS-W (N = 44) NonMetS-M (N = 44) x?

Eggerthella 53 (67.09) 31 (39.24) <0.001 24 (54.55) 20 (45.45) 0.394
[0.00027] [0.00014] [0.00052] [0.00005]

Slackia 47 (59.49) 63 (79.75) 0.006 28 (63.64) 36 (81.82) 0.056
[0.00072] [0.00110] [0.00127] [0.00213]

Odoribacter 74 (93.67) 79 (100) 0.023 43 (97.73) 44 (100) 0.315
[0.00318] [0.00424] [0.00352] [0.00283]

Acidaminococcus 72 (91.14) 63 (79.75) 0.042 39 (88.64) 42 (95.45) 0.237
[0.00137] [0.00270] [0.00149] [0.00028]

Unknown genus?® 31(39.24) 47 (59.49) 0.011 21 (47.73) 27 (61.36) 0.199
[0.00018] [0.00076] [0.00018] [0.00026]

Anaerotruncus 67 (84.81) 60 (75.95) 0.161 38 (86.36) 30 (68.18) 0.042
[0.00013] [0.00005] [0.00008] [0.00007]

Catenibacterium 43 (54.43) 50 (63.29) 0.258 23 (52.27) 33 (75.00) 0.027
[0.00196] [0.00234] [0.00144] [0.00340]

3 Unknown genus (Unknown family; RF39 order).

Phascolarctobacterium genus and an unknown genera from the
Clostridiales order and Coriobacteriaceae and S24-7 families in
MetS-M than MetS-W after 3 years of dietary intervention
(p = 0.044, p = 0.005, p = 0.021, and p<0.001, respectively;
Figure 4).

4, Discussion

This work provides evidence of a different gut microbiota compo-
sition in MetS, according to gender. Moreover, our study showed
a differential shaping of the gut microbiota, according to the gen-
der, in MetS patients, after the consumption for 3 years of an
MED or an LF diet.

Previous data has indicated that the variability of the human
population, related with factors such as gender, seems to affect
gut microbiota composition.'*18 However, to the best of our
knowledge, the gender differences in gut microbiota in the pres-
ence of metabolic disease have not been studied in humans. Nev-
ertheless, studies in animal models have identified a direct in-
teraction between gender differences in gut microbiota and the
development of disease,*® suggesting that microbiota dysbio-
sis may be related with the dimorphism observed in the inci-
dence of metabolic diseases.**>¢ To explore gender differences
in MetS, we compared women and men with the same pattern of
MetS criteria, to avoid a factor of confusion since different com-
binations of MetS criteria may be associated with different gut
dysbiosis and therefore may hinder the identification of gender
differences. Moreover, we also took into account the fact that the
baseline nutritional background was similar in all the partici-
pants, as this parameter can also modify the microbial compo-
sition of the intestine."!

The present work has shown that the microbiota of women
with MetS is different to the microbiota of men with MetS. How-
ever, this difference is less pronounced in MetS than in NonMetS

groups, on the basis of the linear discriminant analysis effect
size. A lower bacterial diversity associated to disease, which has
been previously described,?”) may be responsible for this obser-
vation. In fact, we observed significant differences in quantita-
tive and qualitative metrics (weighted and unweighted UniFrac
distances) between genders in NonMetS groups, whereas only
qualitative metrics (unweighted UniFrac distance) showed differ-
ences between genders in MetS groups. This also suggests that
low-abundance taxa may be important in determining the differ-
ences in gut microbiota composition between genders in disease,
on the basis that weighted UniFrac incorporates abundances to
calculate distance, and the impact of low-abundance features is
diminished, whereas unweighted UniFrac is more sensitive to
differences in low-abundance features.*! However, the impact of
differences in low-abundance features between genders requires
further research.

Taking into account the potential role of gut microbiota
in the development of MetS, we explored the specific gen-
der differences between MetS groups that did not exist be-
tween NonMetS women and men groups. Thus, we observed
differences in the abundance of bacterial genera previously
related with the presence of T2DM, such as Collinsella, Fae-
calibacterium, and Prevotella,?® with insulin resistance, such
as Phascolarctobacterium,B?) and directly with MetS, such as
Anaerotruncus.*’ Considering the fact that the SCFA-producers
Faecalibacterium and Prevotellal®® are more abundant in men than
in women, our results reinforce the idea that the loss of cer-
tain functions or features of the gut microbiota, such as the
loss of the capacity to degrade carbohydrates to SCFA, is present
in MetS, as previously described, but the current work sug-
gests that this might occur due to the differential alteration of
the gut microbiota in women and in men. Moreover, these al-
terations may also differentially affect the extent to which SCFA
production might potentially be reduced in the gut of women
and men.
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Figure 3. Gut microbiota composition changes according to gender and diet. Values represent mean of the bacterial taxa abundance + SEM. LF, low-fat
diet; MED, Mediterranean diet. The statistically significant differences between baseline and follow-up were tested by ANOVA for repeated measures,
with time (t) as intrasubject factor, and diet (d) and gender (g) as the intersubject factors. *p < 0.05 in the post hoc Bonferroni’s multiple comparison

test.

The fact that the same combinations of MetS criteria in women
and men were associated to different alterations of the gut mi-
crobiota might help to explain the differences in the prevalence
of MetS between genders,”’! and the differences in the prevalence
of each metabolic syndrome risk factor, which also differs by gen-
der and country.*! Thus, it is plausible to think that the differ-
ent dysbiosis or microbial imbalances in gut microbiota compo-
sition between men and women could be differentially favored
or attained, which may therefore affect the incidence of the as-
sociated metabolic diseases between genders. In addition, given
that each MetS combination may be associated to a different mi-
crobial dysbiosis, we identified a gender-dependent dysbiosis be-
tween women and men with the same combinations of MetS
criteria.
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Dietary strategies, which presumably act by modifying the
microbiome,?” are of great interest in preventing and treating
metabolic disorders.!'! In fact, we have previously shown that
the long-term consumption of both MED or LF diets partially
restores the gut microbiota dysbiosis in obese people with the
full characteristics of MetS (five criteria), whereas no significant
modifications of gut microbiota were observed in NonMetS pa-
tients after the dietary intervention.[*?l Based on this, in the cur-
rent work, we analyzed whether the long-term consumption of
these diets induced different microbiota changes in men than in
women with MetS. In fact, we found two different effects: a) bac-
terial taxa whose abundance changed differentially between gen-
ders as consequence of the dietary intervention and regardless
of diet, and b) bacterial taxa whose abundance was differentially
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Figure 4. Gut microbiota composition changes according to gender. Values represent mean of the bacterial taxa abundance + SEM. LF, low-fat diet;
MED, Mediterranean diet. The statistically significant differences between baseline and follow-up were tested by ANOVA for repeated measures, with

time (t) as intrasubject factor, and diet (d) and gender (g) as the intersubject factors.
(R): Ruminococcus from Ruminococcaceae family.
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*p < 0.05 in the post hoc Bonferroni’s multiple comparison test.
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modified by the consumption of each diet, with a different effect
in women than in men.

This latter is especially important, as our results suggest a new
hypothesis based on the fact that women and men could differ-
entially benefit from the consumption of the MED and LF diets.
In fact, we observed a higher abundance of Roseburia, an SCFA-
producer genus® and Holdemania, a genus whose abundance
is linked to impaired lipid and glucose metabolism,* in men
than in women after 3 years of the consumption of the LF diet.
Moreover, we observed a higher abundance of Desulfovibrio in
men than in women after 3 years of the consumption of this diet.
The fact that this is a hydrogen sulfide-producing bacterial genus
related with gastrointestinal disorders such as ulcerative colitis,
Crohn’s disease, and irritable bowel syndrome,*) suggests that
the consumption of an LF diet has a detrimental effect in men
with this pathology, whereas its consumption in women would
be advisable. By contrast, the abundance of an unknown genus
from the Rikenellaceae family, which has been shown to nega-
tively correlate with MetS components,*’! was higher in men
than in women after 3 years of consumption of the MED diet.
In addition, this bacterial genus was also higher in women who
consumed the LF diet than in women who consumed the MED
diet.

Our study has limitations. One limitation lies in the fact that
although low-abundance taxa may be important in determining
the differences in gut microbiota composition between genders
in MetS, on the basis of beta-diversity metrics, the potential im-
pact that differences in low-abundance features between genders
may have on host physiology remains to be explored. Another
limitation is that the 16S rRNA sequencing is suitable for micro-
biota analysis from phylum to genus levels, but is limited in its
ability to identify bacterial species. Therefore, the analysis of the
MetS-associated differences in bacterial taxa prevalence between
the genders was performed at genus levels, and different bacte-
rial species may be contributing to the prevalence of the genera.

In conclusion, our results suggest the potential involvement
of the gut microbiota in the different incidence of metabolic dis-
eases between genders. According to our results, which show
the relationship between gut microbiota and metabolic disease,
MetS-associated dysbiosis seems to be gender-dependent, and
the alteration of the intestinal microbiota from normobiosis to
dysbiosis may be different in women and men. Moreover, dif-
ferent diet-induced changes of gut microbiota by gender sug-
gest that women and men could differentially benefit from the
consumption of a specific diet, depending on their gender and
disease.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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SUPPLEMENTARY MATERIALS

Number of MetS criteria

MetS-W
(N=79)

MetS-M
(N=79)

NonMetS-W
(N=44)

NonMetS-M
(N=44)

5

N W s

0

16/79 (20.25%)

28/79 (35.44%)

35/79 (44.30%)
0/79 (0.00%)
0/79 (0.00%)
0/79 (0.00%)

14/79 (17.72%)

40/79 (50.63%)

25/79 (31.65%)
0/79 (0.00%)
0/79 (0.00%)
0/79 (0.00%)

0/44 (0.00%)
0/44 (0.00%)
0/44 (0.00%)
20/44 (45.45%)
22/44 (50.00%)
2144 (4.55%)

0/44 (0.00%)
0/44 (0.00%)
0/44 (0.00%)
22/44 (50.00%)
19/44 (43.18%)
3/44 (6.82%)

Criteria of MetS

Waist circumference (cm)

HDL-c (mg/dL)
TAG (mg/dL)
Glucose (mg/dL)

Blood pressure (mm Hg)

71/79 (89.87%)
67/79 (84.81%)
37/79 (46.84%)
57/79 (72.15%)
65/79 (82.28%)

73179 (92.41%)
64/79 (81.01%)
40/79 (50.63%)
57/79 (72.15%)
71/79 (89.87%)

24144 (54.55%)
9/44 (20.45%)
3/44 (6.82%)
7144 (15.91%)

19/44 (43.18%)

24144 (54.55%)
11/44 (25.00%)
2144 (4.55%)
7/44 (15.91%)
19/44 (43.18%)

Supplemental Table 1. Metabolic syndrome criteria in the participants in the

study. MetS, metabolic syndrome; HDL-c, high density lipoprotein-cholesterol; TAG,

triacylglycerides.
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MED diet score Fiber intake (g/1000 kcal)

MetS-W 8.14+0.19 12.69+0.36
MetS-M 8.48+0.25 11.61+0.38
P-value 0.268 0.041
NonMetS-W 8.30+0.31 12.73+0.54
NonMetS-M 8.95+0.33 10.95+0.39
P-value 0.147 0.009

Supplemental Table 2. Dietary assessment of the participant in the study.
Values correspond to the meantSEM of a 14-item questionnaire to assess
adherence to the Mediterranean diet and a 9-point score to assess adherence to low-
fat diet. Fiber intake was calculated using the Spanish food composition tables. The

statistical differences between groups were evaluated by One-way ANOVA.
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MetS-W MetS-M NonMetS-W NonMetS-M

(N=79) (N=79) (N=44) (N=44) P-value
Chao-1 182.29+3.71  186.67+3.27  186.11+4.52  193.84+3.79  0.241
Simpson (1-D) 0.94:0.00 0.94:0.00 0.94:0.00 0.94+0.00  0.970
Shannon (H) 3.19+0.02 3.18+0.02 3.20+0.03 3.21+0.02  0.900

Supplemental Table 3. Diversity of the gut microbiota according to gender.
Values correspond to the meantSEM. The statistical differences between groups

were evaluated by One-way ANOVA.
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MetS-W

LF diet (N=25) MED diet (N=21) LF diet (N=29) MED diet (N=24) P-value

Age (years) 63.60+1.64 59.52+1.80 62.52+1.55 61.50+1.73 0.401
BMI (kg/m?) 31.51+0.83 33.77+0.88 32.55+1.00 31.25+0.71 0.213
Waist circumference (cm) 101.52+2.03%¢ 104.40+2.223¢ 112.97+2.30P 106.86+1.32%P 0.001
HDL-c (mg/dL) 39.84+1.66% 43.38+1.782P 39.93+2.332 35.38+1.23%¢ 0.043
LDL-c(mg/dL) 77.2246.15 96.90+6.91 83.43+3.26 80.46+4.57 0.064
Total cholesterol (mg/dL) 151.88+7.63%" 178.62+9.612¢ 156.03+4.48? 153.42+5.39? 0.031
TAG (mg/dL) 172.32+18.69 160.25+14.18 150.07+13.30 185.88+15.03 0.381
Glucose (mg/dL) 118.2148.72 134.14+15.69 122.79+8.27 124.46+7.41 0.750
Insulin (mU/L) 17.80+4.39 10.88+1.88 11.70+1.75 16.46+4.13 0.374
HbAlc (%) 7.01+0.32 7.10+0.32 6.83+0.26 6.83+0.25 0.884
Systolic BP (mm Hg) 148.28+4.25 137.71+£3.27 144.62+3.33 145.83+4.44 0.304
Diastolic BP (mm Hg) 75.64+2.67 75.29+1.87 79.50+1.98 80.58+2.97 0.317
Number of MetS criteria

5 5/25 (20.00%) 3/21 (14.29%) 4/29 (13.79%) 3/24 (16.67%)

4 10/25 (40.00%) 9/21 (42.86%) 14/29 (48.28%) 12/24 (50.00%)

3 10/25 (40.00%) 9/21 (42.86%) 11/29 (37.93%) 8/24 (33.33%)
Criteria of MetS per group
Waist circumference (cm) 22/25 (88.00%) 21/21 (100%) 27129 (93.10%) 21/24 (87.50%)
HDL-c (mg/dL) 23/25 (92.00%) 17/21 (80.95%) 22/29 (75.86%) 21/24 (87.50%)
TAG (mg/dL) 13/25 (52.00%) 11/21 (52.38%) 14/29 (48.28%) 13/24 (54.17%)
Glucose (mg/dL) 17/25 (68.00%) 13/21 (61.90%) 20/29 (68.97%) 17/24 (70.83%)
Blood pressure (mm Hg) 20/25 (80.00%) 16/21 (76.19%) 26/29 (89.66%) 20/24 (83.33%)

Supplemental Table 4. Metabolic characteristics of the participants in the dietary intervention study. Values correspond to
the meantSEM. The statistical differences between groups were evaluated by One-way ANOVA. BMI, body mass index; HDL-c,
high density lipoprotein-cholesterol; LDL-c, low density lipoprotein-cholesterol; TAG, triacylglycerides; HbAlc, glycated
hemoglobin; BP, blood pressure. In each row, values with different letters in superscript differ statistically in the Bonferroni's

corrected post hoc multiple comparison test (P<0.05).
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MetS-W MetS-M P-value Q-value NonMetS-W NonMetS-M P-value Q-value
Alistipes 0.00098+0.00012  0.00063+0.00008  0.014 0.088  0.00100+0.00016  0.00073+0.00013 0.186  0.279
Odoribacter 0.00318+0.00029  0.00424+0.00035  0.021 0.105  0.00352+0.00037  0.00283+0.00036  0.186  0.279
Parabacteroides 0.03119+0.00210  0.02528+0.00175  0.032 0.138  0.03448+0.00285  0.01991+0.00229 >0.001 0.003
Prevotella 0.03667+0.00505  0.06986+0.00779 <0.001  0.005  0.04342+0.00777  0.07263+0.01219 0.046  0.105
Anaerotruncus 0.00013+0.00002  0.00005+0.00001 <0.001 0.001  0.00008+0.00001  0.00007+0.00001  0.351  0.447
Clostridium 0.00116+0.00011  0.00187+0.00015 <0.001  0.002  0.00132+0.00018  0.00227+0.00025 0.002 0.011
Faecalibacterium 0.01566+0.00140  0.02290+0.00177  0.002 0.015  0.02407+0.00282  0.03150+0.00383  0.122  0.223
Phascolarctobacterium  0.02562+0.00299  0.01661+0.00219  0.016 0.090  0.02193+0.00368  0.01527+0.00263  0.144  0.245
Roseburia 0.00302+0.00028  0.00393+0.00033  0.035 0.140  0.00274+0.00034  0.00520+0.00061  0.001  0.006
Ruminococcus 0.00207+0.00025  0.00073+0.00008 <0.001 <0.001 0.00159+0.00023  0.00086+0.00014  0.009  0.032
SMB53 0.00010+0.00001  0.00023+0.00003 <0.001  0.001  0.00029+0.00006  0.00068+0.00011 0.002 0.011
Bifidobacterium 0.00374+0.00050  0.00241+0.00029  0.023 0.105  0.00514+0.00105  0.00337+0.00062  0.150  0.248
Collinsella 0.00228+0.00024  0.00148+0.00012  0.003 0.021  0.00192+0.00026  0.00259+0.00035  0.123  0.223
Fusobacterium 0.00017+0.00003  0.00010+0.00002  0.048 0.179  0.00010+0.00002  0.00017+0.00003  0.070  0.151
Bilophila 0.00245+0.00023  0.00159+0.00015  0.002 0.017  0.00250+0.00030  0.00115+0.00020 <0.001 0.005

Supplemental Table 5. Relative abundance of bacterial taxa according to metabolic disease and gender. Values represent mean SEM of
the abundance of genera shown in Figure 2). Statistical analysis was performed with the relative abundance of each bacterial taxa. P-value:

One-way ANOVA statistical analysis. Q-value: False Discovery Rate (FDR) using the Benjamini and Hochberg method.
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Supplemental Figure 1. Principal Component Analysis plots of unweighted (A) and weighted (B) Unifrac distance metrics
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between non-Metabolic Syndrome women and men.

93


93


A B

PC2 (4.58%) o PC2 (11.78%)
° e ®
I' * e T e . % 0
oo
J @ : ..O. .... ® .‘ ’ . ... .,\“” ¢
° s ° < .
- e *°° @ o : .. o ° ..
® .o. .. ... ° ® e © ® (¥]
o ® o © %% o °
. a &L SR ML
® 2.0 o 0 o e 0 ¢
° ° ¢ o o 0 ¢
o® o o ® e 0 0
L ® oo . .. o
° PC1 (6.04%) PC1 (28.05%)
PC3 (3.59%) PC3 (5.52%)
B Vets-m B Vets-w
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between women and men with Metabolic Syndrome.
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ABSTRACT

Aging is associated with a decline in sex hormones, variable between sexes, that has an impact on many different
body systems and might contribute to age-related disease progression. We aimed to characterize the sex differences
in gut microbiota, and to explore the impact of depletion of gonadal hormones, alone or combined with postnatal
overfeeding, in rats. Many of the differences in the gut microbiota between sexes persisted after gonadectomy, but
removal of gonadal hormones shaped several gut microbiota features towards a more deleterious profile, the effect
being greater in females than in males, mainly when animals were concurrently overfed. Moreover, we identified
several intestinal miRNAs as potential mediators of the impact of changes in gut microbiota on host organism
physiology. Our study points out that gonadal hormones contribute to defining sex-dependent differences of gut
microbiota, and discloses a potential role of gonadal hormones in shaping gut microbiota, as consequence of the
interaction between sex and nutrition. Our data suggest that the changes in gut microbiota, observed in conditions
of sex hormone decline, as those caused by ageing in men and menopause in women, might exert different effects
on the host organism, which are putatively mediated by gut microbiota-intestinal miRNA cross-talk.

INTRODUCTION usually starts in women 10 years later than in men, a

difference that increases to 20 years for cardiac events

Aging is the largest risk factor for cardiovascular such as myocardial infarction [2, 3]. It has been shown

diseases (CVD) [1]. However, coronary heart disease that sex steroid hormones play a key role in CVD
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susceptibility, but the differences in sex steroid profiles
between elder men and women are smaller when
compared to earlier in life [4]; for instance, sex steroid
cardio-protection in women disappears after menopause
[5]. Likewise, the decline in testosterone (T) seen in
aging men is associated with a greater likelihood of
CVD [6]. The mechanisms involved in the sex
difference in CVD are not yet fully understood, but it is
crucial to develop strategies and therapies aimed at
reducing the incidence of CVD.

The gut microbiota has been shown to be involved in
the development of CVD [7], suggesting a potential role
in the dimorphism of their incidence, as gender, in
addition to other factors, such as age, genetic make-up
and nutritional habits, impacts on gut microbiota
architecture [8-10]. In fact, in recent years there has
been accumulating evidence suggesting that the
differences in the intestinal microbiota according to
gender may be associated with the sex differences
observed in the development of autoimmune, metabolic
and CV diseases [11, 12]. Moreover, diet and nutrition
influence the host and the microbial metabolites [13],
which might be associated with the onset of human
pathologies [14]. In fact, the composition of the
intestinal microbiota depends on the interactions
between diet and the host’s gender, and the therapies
used to restore the dysbiosis of the gut microbiota
associated to disease should be gender-specific.

We have previously shown that the intestinal microbiota
from post-menopausal women presents a higher
Firmicutes/Bacteroidetes (F/B) ratio than men, and a
lesser abundance of short chain fatty acids (SCFA)-
producing bacteria compared with the intestinal
microbiota from pre-menopausal women, highlighting
the influence of estrogens on gut microbiota
architecture [15]. Moreover, we have also shown the
differences in the intestinal microbiota architecture
between post-menopausal women and age-matched
men, which may stem from the actual differences in sex
hormone levels in elder men and women and/or may
reflect the residual influence of the dramatic differences
in sex steroid profiles in early life between the sexes,
and which may have a persistent effect on gut
microbiota over time [9]. Moreover, intestinal
microbiota transplant experiments in germ-free mice
have recently demonstrated that the sex of the recipient
animal shapes the composition of the intestinal
microbiota [10]. In addition, it has been shown that
males have a less diverse gut microbiota than their
female littermates, a difference which is minimized with
the castration of males, showing the influence of
androgens on gut microbiome composition [16]. In fact,
it has been shown that sex steroid manipulation during
periods of early development alters gut microbiota [17].

However, the gender contribution to the sex differences
in the gut microbiota, independently of sex steroid
hormones, is not well understood, and may contribute to
explaining the differences between genders in the
incidence of cardiometabolic diseases. This set of
interrelated conditions includes CVD, such as coronary
heart disease, as well as metabolic diseases, such as
type 2 diabetes and obesity. In order to shed light on the
sex differences in the gut microbiota and the
contribution of gonadal hormones and obesity to such
differences, we explored here the sex-specific
architecture of gut microbiota in gonadal-intact and
gonadectomized rats of both sexes, alone or in
combination with postnatal overnutrition.

RESULTS

Sex differences in gut microbiota according to
nutritional status

We first explored differences between gonadal-intact
male and female rats. In these studies, we found a
higher a-diversity of the bacterial community in
gonadal-intact females than in males, as assessed by
both Shannon and Observed OTUs indexes under
normal feeding (NL-CD) or postnatal overfeeding (SL-
HFD) conditions (Supplementary Figure 1A).

In terms of bacterial composition, NL-CD males were
characterized by higher Elusimicrobia, Cyanobacteria,
and Verrucomicrobia phyla, whereas females were
characterized by higher Euryarchaeota and TM7 phyla. In
postnatal overfed rats (SL-HFD), differences in
Cyanobacteria, Euryarchaeota and TM7 remained
between sexes, in addition to higher Bacteroidetes and
Spirochaetes phyla in males and higher Firmicutes phyla
in females (Figure 1A; Supplementary Figure 2A).
Moreover, whereas no differences in the F/B ratio were
observed between sexes in animals under normal
feeding, we observed a higher ratio in females than in
males subjected to postnatal overfeeding (Figure 2).

Gut microbiota differences between sexes in
gonadectomized animals

We next evaluated the differences between
gonadectomized (GNX) males and females, under
normal feeding or overfeeding conditions.

We found no differences in the o-diversity of the
bacterial community between GNX males and females,
regardless of the feeding condition (Supplementary
Figure 1A). In terms of bacterial composition, most of
the differences at phylum level found between male and
female intact rats, both under normal feeding and
postnatal overfeeding conditions, were also presented in
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GNX animals. In fact, differences in TM7,
Cyanobacteria, and Euryarchaeota phyla under normal
feeding remained, whereas differences in Elusimicrobia
and Verrucomicrobia phyla were absent. In addition,
GNX males had higher Proteobacteria than GNX
females. In postnatal overfeeding condition, differences
in Cyanobacteria, Euryarchaeota, Firmicutes and TM7
remained between GNX males and females, whereas
differences in  Bacteroidetes and Spirochaetes
disappeared. Additionally, GNX males had higher
Elusimicrobia than GNX females (Figure 1B;
Supplementary Figure 2B). Moreover, whereas no
differences in the F/B ratio were observed between
sexes in GNX animals under normal feeding, we
detected a higher F/B ratio in GNX females than in
GNX males following postnatal overnutrition
(Figure 2). In addition, from 55 bacterial genera
included in LEfSe analysis, the abundance of 11 of
these was different between sexes under normal feeding
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conditions, and the difference in the abundance of 6 of
these disappeared after gonadectomy. Moreover, 8
additional  bacterial genera were differentially
represented between sexes only after gonadectomy in
conditions of normal feeding. By contrast, the
abundance of 13 genera was different between sexes
under postnatal overfeeding condition, and the
difference in the abundance of 5 of these disappeared
after gonadectomy. In addition, 9 additional bacterial
genera were differentially represented between sexes
only after gonadectomy in overfed animals
(Supplementary Table 1).

Impact of postnatal overfeeding in sex steroid
hormones levels

evaluated the relationship between the
insult  (postnatal  overfeeding) and
sex steroids by measuring their plasma

Next, we
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Figure 1. LEfSe analysis between sexes under normal feeding and overfeeding conditions in intact (A) and gonadectomized (B) animals. Cladogram
representing the taxonomic hierarchical structure of the identified differences between genders using Linear discriminant analysis effect size
(LEfSe). Each filled circle represents one phylotype. Red denotes bacterial taxa statistically overrepresented in females; green denotes bacterial taxa
overrepresented in males. Phylum and class are indicated by their names on the cladogram and the order, family, or genus are given in the key.
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Figure 2. Firmicutes/Bacteroidetes ratio in intact and gonadectomized animals under normal feeding and overfeeding
conditions. *P<0.05 in One-way ANOVA statistical analysis.
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levels using the sensitive gas chromatography-tandem
mass spectrometry method.

We found lower T, dihydrotestosterone, and
androstenedione serum levels in males subjected to
postnatal overfeeding that in those with normal feeding.
No differences in the serum concentrations of these
hormones, whose levels were much lower than in males,
were found in females, regardless of their nutritional
status. However, we found lower serum levels of
estradiol (E2) in females under normal feeding than in
those subjected to postnatal overfeeding, whereas no
differences in progesterone or estrone (E;) levels (the
latter was only detected in females) were found
(Table 1). Because of the surgical removal of the
gonads, sex steroid levels were not assessed in GNX
male or female rats.
Sex-dependent metabolic
gonadectomy

disruption after

Further, we studied the sex-dependent metabolic
alterations, alone or in combination with postnatal
overnutrition, caused by GNX in males and females.

No differences in body weight (BW) were found
between gonadal-intact and GNX males. By contrast,
the BW of GNX females was higher than in intact
females. We also observed in females an increase in
plasma leptin levels in parallel with changes in BW
after gonadectomy (Table 2).

Glucose tolerance, as measured by the area under the
curve (AUC) of glucose during glucose tolerance test
(GTT), was significantly worse in males subjected to
postnatal overfeeding (SL-HFD), in both gonadal-
intact and GNX conditions. However, GNX per se
did not alter AUC GTT wvalues in any of
the two nutritional conditions. Nonetheless, we
observed a higher AAUC GTT (as a net increment of
the AUC over basal levels) of glucose in GNX males
vs. intact males that were raised under postnatal
overfeeding conditions. In turn, in gonadal-intact
female rats, AUC GTT was not altered by SL-HFD,
while in GNX females, the same obesogenic diet
tended to increase glucose intolerance, although this
change did not reach statistical significance
(P=0.086). Regarding insulin sensitivity, obese (SL-
HFD) males displayed insulin resistance, defined by
significantly higher AUC during the insulin tolerance
test (ITT) values than in lean (NL-CD) males, but
GNX did not worsen insulin sensitivity neither in
NL-CD or SL-HFD conditions. In contrast, higher
insulin resistance was detected in SL-HFD females
only when they were previously ovariectomized
(Table 2).

Gonadal hormone contribution to gut microbiota
structure

Next, we evaluated the hormonal contribution to gut
microbiota structure by comparing the gut microbiota of
intact versus GNX males and intact versus GNX
females.

We found a higher o-diversity of the bacterial
community in GNX males than in intact males as
assessed by both Shannon and Observed OTUs indexes
under normal feeding conditions, while no differences
were found in overfed males (a trend for higher a-
diversity in GNX males was observed). However,
ovariectomy in females did not change these diversity
indexes (Supplementary Figure 1B).

In terms of bacterial composition under normal feeding
conditions, we observed that the gut microbiota of GNX
males was characterized by higher Firmicutes,
Deferribacteres and TM7 phyla, and lower
Bacteroidetes phylum, compared with intact males. By
contrast, in animals subjected to postnatal overfeeding,
the gut microbiota from GNX and intact males differed
in the minority phylum Elusimicrobia, which was more
abundant in GNX males. On the other hand,
gonadectomy slightly impacted on the gut microbiota
from females under normal feeding, with lower
Proteobacteria phylum in GNX females, whereas in
conditions of postnatal overfeeding, the gut microbiota
from GNX females was characterized by higher
Elusimicrobia and Spirochaetes phyla and lower
Actinobacteria phylum (Figure 3; Supplementary
Figure 3).

Microbiota putatively modulates host metabolism
via miRNAs

Finally, we evaluated the potential role of miRNAs on
the dialogue (cross-talk) between gut microbiota and
host organism in response to changes in sex hormones
and nutritional status.

To this end, we analyzed the relationship between the
bacterial taxa identified by LEfSe analysis according to
gender, sex hormones and obesity, and the expression
levels of the miRNAs in the small and large intestine,
determined by expression microarray analysis. Of note,
we did not include in the analysis all the bacterial taxa
but only those identified by LEfSe analysis in order to
reduce random associations (Supplementary Tables 2-5;
Figures 4, 5). From 758 miRNAs tested, the expression
of 99 and 101 miRNAs was detectable in the large and
small intestine, respectively, in at least 7 of the 8
experimental groups. From these, 54 miRNAs were
detectable in both the large and small intestine. From
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Table 1. Sex steroid plasma levels in intact animals under normal feeding and postnatal overfeeding conditions.

Males Females
Sex steroid (pg/ml) NL-CD SL-HFD p-value NL-CD SL-HFD p-value
Testosterone 9347.12+2850.11 2070.24+421.49  0.027 80.49+19.95 122.16+36.97 0.323
Dihydrotestosterone 87.23+22.91 22.63+5.31 0.016 3.74%1.05 8.15+2.33 0.097
Androstenedione 669.91+169.78  133.64+20.40 0.007 47.47+2.94 73.38+14.72 0.089
Estradiol 0.32+0.32 n.d. n.a. 3.19+0.13 8.46+2.33 0.032
Progesterone 909.23+125.72  765.00+317.08  0.679 18380.32+2037.92 16474.30+£3361.90 0.626
Estrone n.d. n.d. n.a. 1.00+0.27 2.79+1.68 0.278

NL-CD: normal litter, control diet. SL-HFD: small litter, high fat diet. Plasma was collected at PND-150 for determination of sex
steroids by mass spectrometry. p-value: One-way ANOVA statistical analysis. n.d.: not detectable; n.a.: not available.

Table 2. Metabolic parameters in intact and gonadectomized animals under normal feeding and under postnatal

overfeeding.
Males Females
non-GNX GNX p-value non-GNX GNX p-value

Body weight (g) NL-CD 356.96+12.47 328.78+7.71 0.079 223.5315.62 256.3145.45 0.006
SL-HFD 478.61+7.65 481.31+15.16 0.826 260.30+8.65 319.73+8.92 <0.001
p-value <0.001 <0.001 0.011 <0.001

Leptin (ng/ml) NL-CD 10.26+2.90 8.69+2.44 0.691 3.77£0.51 7.43+0.95 0.014
SL-HFD 34.0315.02 32.45+3.79 0.813 10.19+1.81 22.62+4.09 0.010
p-value 0.005 0.001 0.014 0.005

AUC GTT NL-CD 18230.00+818.40 17381.43+£1473.46 0.404 21231.25+£1434.01 20641.25+£1452.55 0.601
SL-HFD 23947.50+1215.50 24797.50+£1255.93 0.558 22875.00+£1000.87 24111.25+£1329.62 0.514
p-value 0.001 0.005 0.330 0.086

A AUC GTT NL-CD 4835.00£531.22 3855.71+758.97 0.118 6126.25+769.10 7021.25+625.65 0.348
SL-HFD 3798.75+£1084.42 8687.50+1328.90 0.023 8340.00+1237.97 6066.25+542.50 0.089
p-value 0.394 0.003 0.078 0.230

. NL-CD 5986.25+240.34 7126.25+585.95 0.130 6593.75+215.38 5890.00+264.53 0.111
SL-HFD 7705.00+268.30 7623.75+£327.63 0.841 6275.00+138.07 7401.25+553.07 0.132
p-value 0.005 0.561 0.327 0.030

NL-CD: normal litter, control diet. SL-HFD: small litter, high fat diet. GNX: gonadectomized animals. Non-GNX: intact animals.
Glucose tolerance test (GTT) was performed at PND-120. Insulin tolerance test (ITT) was performed one week later than GTT.
Body weight corresponds to PND-150 animals. p-value: One-way ANOVA statistical analysis.

the correlation analysis, we selected 27 miRNAs in the
small intestine and 25 in the large intestine (1 miRNA
were shared by both the large and small intestine), in
which Pearson’s correlation coefficient was > 0.9 or
< -09 and P<0.01. Further, we performed a
supplemental analysis with the 51 selected miRNAs
using the DIANAtools V.3. DIANA-miRPath is a web-
server which provides accurate statistics and can
accommodate advanced pipelines. miRPath can utilize
predicted miRNA targets (in CDS or 3’-UTR regions)
provided by the DIANA-microT-CDS algorithm or
even experimentally validated miRNA interactions
derived from DIANA-TarBase [18]. Thus, in addition to
several KEGG pathways related with metabolism, our
approach detected miRNA-mediated associations
between the gut microbiota and sex steroid-related

pathways. The functions of KEGG, in which selected
miRNAs were assigned, included the metabolism of
lipids, amino acids, cofactors and vitamins, signal
transduction, and endocrine systems. Specifically,
insulin, GnRH, estrogen, and prolactin signaling
pathways, as well as progesterone-mediated oocyte
maturation, were involved (Supplementary Tables 6, 7).

DISCUSSION

Our study documents that many of the differences in the
gut microbiota found between males and females, both
under normal and overfeeding conditions, persisted
after gonadectomy. However, removing the sex
hormones shaped several gut microbiota features
towards a more deleterious profile, especially in
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females, mainly when animals were subjected to
postnatal overfeeding. In addition, our study also shows
that overnutrition in females significantly increased F/B
ratio as compared with males.

Previous observations in humans showed that the F/B
ratio, which is of major importance in the development
of obesity as it increases in this condition [19], is higher
in women than in men under obesity conditions [9], and
increases in women after menopause [15]. Consistent
with this, our study showed that the F/B ratio was
higher in females than in males subjected to postnatal
overfeeding, both in intact and GNX animals, even
taking into account that the gonadectomy of males, as
previously shown in mice [20], increased the F/B ratio.
In line with this, our study showed that this increase
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was proportional to the prevailing T levels, being higher
in normal fed animals than in postnatal overfed males,
which showed a decline of endogenous T levels due to
obesity [21].

By contrast to males, in which no changes in BW were
observed after gonadectomy, in females, ovariectomy
caused an increase in BW in parallel with the rise in
leptin levels. This observation may be explained on the
basis of the anti-obesity effect of estrogens through
decreasing food intake and increasing energy
expenditure [22]. In fact, animal studies have shown
that while females are relatively resistant to diet-
induced obesity, ovariectomy reverses this protective
effect [23], whereas estrogens protect ovariectomized
females from obesity [24].
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Figure 3. LEfSe analysis between intact and gonadectomized animals under normal feeding and overfeeding conditions in females (A) and
males (B). Cladogram representing the taxonomic hierarchical structure of the identified differences between genders using Linear
discriminant analysis effect size (LEfSe). Each filled circle represents one phylotype. Red denotes bacterial taxa statistically overrepresented in
intact animals; green denotes bacterial taxa overrepresented in gonadectomized animals. Phylum and class are indicated by their names on

the cladogram and the order, family, or genus are given in the key.

It has been proposed that the gender differences in the
incidence during adulthood of cardiometabolic diseases -
a set of interrelated cardiovascular and metabolic diseases
- may be explained, at least partially, by sex-specific
effects of dietary factors during early stages of life, in
addition to maternal conditions in the uterus [25]. Herein,
we show that the postnatal overfeeding (continued with
an obesogenic diet after weaning) of females had a
discernible impact on the F/B ratio, a phenomenon that
was not observed in males. This contrasts with previous
observations from studies in animal models, mostly
performed only in males, that showed an obese
microbiota pattern characterized by a high F/B ratio [19].
Thus, our study suggests that persistent overnutrition
since lactation may have a durable influence on the

sensitivity of gut microbiota to diet-induced changes in
the adulthood. This idea is supported by the fact that
obesity in childhood, which is associated with a higher
risk of obesity in adulthood [26], is linked to alterations
in gut microbiota at an early age [27]. Moreover, the
influence of postnatal overfeeding in shaping gut
microbiota in females, but not in males, may also help to
explain the inconsistent results surrounding changes in
F/B ratio in several studies in humans, as the period of
life in which overfeeding triggered obesity seems to be
important for determining gut microbiota dysbiosis. In
fact, while several studies have shown an increased F/B
ratio in obesity [28, 29], others did not confirm these
observations [30], or even showed that this ratio was
reduced in obese subjects [31].
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Moreover, postnatal overfeeding and gonadectomy also
impacted differentially on several bacterial taxa at lower
hierarchical levels. In relation to metabolic disease, our
study showed that the lower abundance of Bacteroides
genus and Prevotellaceae family in females as
compared with males, which has been associated to
metabolic syndrome in humans [32], disappeared after
gonadectomy under normal feeding conditions, but not
under postnatal overfeeding conditions. In addition, we
also observed a higher abundance of Clostridiaceae
family in females after gonadectomy under normal
feeding conditions; this family is also related with
metabolic syndrome in humans [33].

All together, these alterations in gut microbiota suggest
a higher impact of GNX in females when animals were
postnatally overfed, a phenomenon which is consistent
with previous observations in humans, in which the
differences in the gut microbiota between men and
postmenopausal women are influenced by the grade of
obesity [9, 15]. In addition, the combination of both
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Figure 4. Heatmap from the Pearson’s correlation coefficient
between the bacterial genera (A) and species (B) identified by
LEfSe analysis and the expression levels of the miRNAs in the
large intestine.

overfeeding and sex steroid removal by gonadectomy
seems to have a more deleterious effect in females than
in males, as suggested by the abundance of two SCFA-
producing bacterial genera, Butyricimonas and
Roseburia. In fact, the lower abundance of these
bacterial genera in GNX females under postnatal
overfeeding supports the idea that the microbiota in
males, but presumably not in females, is able to adapt
itself when it is exposed to high caloric supply early on
life, and is able to maintain a higher SCFA production
than in females. This, therefore, may impact
differentially on disease predisposition between
genders, and might also affect disease incidence. In fact,
it has been described that metabolic diseases increase
after menopause in women in parallel with estrogen
depletion [5], which is also related with gender
differences in fat distribution [34].

We also explored whether the dialogue, or cross-talk,
between gut microbiota and host organism in response
to changes in sex hormones and nutritional status can
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small intestine.
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take place through regulation of miRNA expression in the expression in small intestine of another two

the small and large intestines, which is increasingly mMiRNAs, miR-181a-5p and miR-139-5p, both involved
recognized as transmitters or decoders of dysbiosis into in the estrogen signaling pathway, was related with the
cardiometabolic diseases [35, 36]. Based on KEGG intestinal abundance of Parabacteroides and Clostridium
pathways, our study identified miR-23b-5p and miR- (from Peptostreptococcaceae family) in the first case,
186-5p, expressed in the small intestine, as potential and with Ruminococcus flavefaciens in the second.
modulators of steroid biosynthesis, in response to gut
microbiota changes. In fact, we found a relationship in We also identified platelet activation as one of the
terms of abundance-expression of these miRNAs with pathways that may be modulated by gut microbiota-
an unknown bacterial species from the Parabacteroides mMiRNAs cross-talk in response to sex steroid-related
genus (in the case of miR-23b-5p) and with an unknown alterations. In fact, it was recently shown that T reduces
genus from the S24-7 family (miR-186-5p). These platelet activation in elderly people [37]. Taking into
findings point out that these bacterial taxa might be account the decline in T seen in aging [6], a potential
related in modulating steroid biosynthesis. In addition, role of the gut microbiota through miRNA actions
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Figure 6. Impact of gonadal hormone depletion, alone or combined with postnatal overfeeding, on the sex-differences in gut
microbiota, subsequent metabolic alterations and potential miRNAs involved. Upper panel: gender differences in intact and
gonadectomized animals. GNX, gonadectomized animals. The bacterial taxa indicated are more abundant in the gender shown by the symbol.
Intermediate panel: impact of depletion of gonadal hormones. The variables indicated are more abundant in the animal model shown (intact
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inducing changes in blood platelets might be suggested.
This idea is also supported by the previously described
aging-induced changes in the gut microbiota [38].

Moreover, our study showed that gut microbiota-
miRNAs cross-talk may also influence the intestinal
barrier integrity through modulation of adherens
junctions, which, together with the tight junction,
provide important adhesive contacts between epithelial
cells, and are involved in intestinal barrier permeability
[39]. However, this potential mechanism would be
complementary to the direct effect through bacterial
species involved in the stability of the mucosal layer
[40]. In addition, diet may also exert its effect through
the cross-talk between gut microbiota and the intestinal
expression of mMiRNAs, as evidenced by the relationship
between miR-125a-3p, involved in adherens junctions,
and the abundance of Bacteroides in the small intestine,
associated to a meat-rich diet, as most of the species are
bile acid resistant [41].

Intestinal absorption of bacterial components, such as
endotoxin lipopolysaccharide, induces inflammation
through toll-like receptor activation, which may
promote insulin resistance [42]. In line with this, our
study also showed the relationship between the
intestinal expression of the insulin signaling-related
miR-27a-3p, and the abundance of Butyricimonas in the
large intestine. Moreover, this bacterial genus is a
butyrate-producer [43], which may also be involved in
insulin signaling, as SCFA increases the action and
release of insulin through intestinal incretins [44, 45].
Furthermore, SCFA are also involved in energy
metabolism and appetite regulation [46], which may be
partially responsible of the weight gain in females after
GNX, a condition in which the abundance of this genus
is higher in males than in females (GNX, SL-HFD).
Additionally, miR-27a-3p is also involved in mediating
sex-steroid actions in other tissues, such as
progesterone-mediated oocyte maturation, therefore
supporting the view that the cross-talk between gut
microbiota and the host via specific mMiRNAs may also
involve gonadal steroid mediated events. This idea is
also supported by the relationship found between miR-
181a-5p, related with the estrogen signaling pathway,
and the abundance of Parabacteroides in the small
intestine, a genus associated to sulphate assimilation but
also a producer of SCFA [47]. Overall, our results
support the idea that gut microbiota-miRNA cross-talk
may serve as decoder of changes in the gut microbiota
composition into the host metabolism, in line with
previous data [35, 36].

In conclusion, our study documents the contribution
of gonadal hormones to defining sex-dependent
differences on gut microbiota, and discloses a potential

role of gonadal hormones in shaping gut microbiota, as
consequence of the interaction between sex and
nutrition (Figure 6). Thus, the development of therapies
aimed at restoring gut microbiota alterations in elderly
people, in order to reduce the risk of diseases such as
CVD, should be gender-specific. Our data suggest that
the changes in gut microbiota, observed in conditions of
sex hormone decline, such as those caused by ageing in
men and menopause in women, may exert different
effects on the host organism, which are putatively
mediated by gut microbiota-miRNA cross-talk.

MATERIALS AND METHODS
Animals and diets

Wistar male and female rats bred in the vivarium of the
University of Cordoba were used. The animals were
maintained at 22 + 1°C under constant conditions of light
(14 hours) with free access to water. The experimental
animals were fed a control diet (CD), D12450B (10%,
20%, and 70% calories from fat, protein, and
carbohydrate, respectively), or a high-fat diet (HFD),
D12451 (45%, 20%, and 35% calories from fat, protein
and carbohydrate, respectively; Research Diets Inc., New
Brunswick, NJ, USA). All the experimental protocols
were approved by Cordoba University Ethical Committee
for animal experimentation and conducted in accordance
with the European Union guidelines for use of
experimental animals.

Experimental design

On postnatal day (PND)-1, pups were cross-fostered
and reared in two different litter sizes: small litters
(SLs) (4 pups per litter; as a model of postnatal
overnutrition) or normal litters (NLs) (12 pups per
litter), as extensively described previously [48-50]. The
animals were weaned at PND-23 and housed in groups
of four or five rats per cage. From weaning onwards,
subgroups of NL and SL females and males were fed
CD or HFD ad libitum, respectively; thus, two
experimental groups (NL-CD and SL-HFD) were
generated, representative of the lean and obese
phenotype, respectively. On PND-90, subsets of
animals from each group were subjected to
gonadectomy, via bilateral abdominal approach in the
case of females, or via scrotal route in case of males, as
a model of cessation of gonadal secretions. At PND-
120, the animals were subjected to a GTT, and one
week later to an ITT to assess the development of
insulin resistance in the different experimental models.

Experiments were terminated at PND-150, both in
gonadal-intact and GNX animals; the latter, 60 days
after surgical removal of the gonads. At this stage,
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phenotypic indices and serum biochemical/hormonal
parameters were monitored; sampling in the groups of
intact females was carried out at the same stage of the
ovarian cycle, namely, diestrus-1. Rats were euthanized
by decapitation and trunk blood was collected for
analyses. Additionally, sections of small and large
intestine were dissected and fecal samples were
obtained from the different study groups directly from
stool expulsion stimulated by manual handling. Samples
were frozen in liquid nitrogen and stored at -80 °C until
analysis.

Phenotypic indices and hormonal measurements

Terminal BW was monitored on PND-150 intact and
GNX rats. Glucose concentrations were measured in
blood samples, taken from the experimental animals at
PND-120 after overnight fasting. In PND-150, serum
levels of leptin were assayed by double-antibody RIA,
using the kit provided by EMD MILLIPORE (St.
Charles, MO, USA). The sensitivity limit of the assay
was 0.8 ng/mL, and the intra- and inter-assay
coefficients of variation were less than 4% and 9%,
respectively. In addition, in intact animals of both
experimental groups (NL-CD and SL-HFD), sex steroid
plasma levels were determined using a thoroughly
validated, sensitive gas chromatography-tandem mass
spectrometry method, in keeping with previous
references [51, 52]. Next, the serum levels of T,
dihydrotestosterone, androstenedione, progesterone, E;:
and E, were measured. The lowest levels of
quantification in the assay were: 8 pg/mL for T, 2.5
po/mL for dihydrotestosterone, 12 pg/mL for
androstenedione, 74 pg/mL for progesterone, and 0.5
pag/mL for E; and Ey, in line with previous references
[51, 52].

Glucose tolerance tests and insulin tolerance tests

To assess glucose handling in all the experimental
groups, the rats were subjected to GTT on
approximately PND-120. The rats were fasted overnight
and subsequently received an intraperitoneal (ip) bolus
of glucose (1 g/kg BW). Blood glucose levels were
determined before (0) and at 20, 60, and 120 minutes
post administration. After complete recovery, one week
later, insulin sensitivity was assessed using ITT. For
this, the rats were fasted overnight, followed by an ip
injection of LUl insulin (Sigma-Aldrich, St. Louis, MO)
per kg BW. Blood glucose levels were measured before
(0) and at 20, 60, and 120 minutes after insulin
administration. Integral glucose changes and net
increases in integral glucose levels were estimated as
area under the curve (AUC) and delta area under the
curve (AAUC), respectively, during the 120 min period
after the glucose or insulin administration, as calculated

by the trapezoidal method. All glucose concentrations
were measured using a handheld glucometer (ACCU-
CHECK Aviva; Roche Diagnostics).

Intestinal microbiota analysis

DNA extraction from feces was performed using the
QlAamp DNAStool Mini Kit Handbook (QIAGEN,
Hilden, Germany), following the manufacturer’s
instructions. The microbiota composition analysis
of the fecal samples was performed on a MiSeq Illlumina
platform (lllumina, San Diego, CA, USA), according to
the manufacturer's instructions. Briefly, polymerase
chain reaction (PCR) was performed using 0.2 pM
of the primer 5’-TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAG-3' and 5-GTCTCGTGGGCTC
GGAGATGTGTATAAGAGACAG-3’ [53] to generate
amplicons containing the hypervariable region V3 of the
16s rRNA gene. KAPA HiFi HotStart ReadyMix
(KAPABIOSYSTEMS) and 1.25 pl of extracted DNA
(5 ng/l in 10 mM Tris pHS8.5) were used with the
following PCR parameters: 3 minutes denaturation at
95°C, followed by 25 cycles (30 s at 95°C, 30 s at 60°C,
30 s at 72°C) and a final extension at 72°C for 5 min. The
amplicon purification was performed using Agentcourt
AMPure XP beads (Beckman Coulter). A second PCR
reaction attaches dual indices and Illumina sequencing
adapters. For this, the Nextera XT Index Kit was used.
This PCR was performed with a KAPA HiFi HotStart
ReadyMix (KAPABIOSYSTEMS), 5 ul of the previous
amplicon, 5 pl of each Nextera XT Index Primer 1(N7xx)
and 5 uL of each Nextera XT Index Primer 2(S5xx), with
the following cycle parameters: 3 minutes denaturation at
95°C, followed by 8 cycles (30 s at 95°C, 30 s at 55°C, 30
s at 72°C), and a final extension at 72°C for 5 min. The
PCR product purification was performed using
Agentcourt AMPure XP beads (Beckman Coulter).
Sequencing data were analyzed and visualised using
QIIME 2 v. 2019.7 [54]. Demultiplexed single-end reads
containing V3 hypervariable region were truncated at 212
bp (Quality score median >30), and denoised using the
DADA2 method [55]. After filtering, the high-quality
reads of the 64 samples (n = 8 for each group) ranging
from 224,029 to 18,682 sequence counts were taken, with
the rarefaction depth established at 18,500 sequence
counts. Bacterial a-diversity across the samples was
calculated using the observed OTUs and Shannon indexes
[56]. Principal component analysis of community
structure (beta-diversity) was performed using the
unweighted and weighted UniFrac distance metrics [57]
and analyzed by permutational multivariate analysis of
variance (PERMANOVA). Taxonomy was assigned to
the high-quality reads using g2-feature-classifier [58] with
a sequence identity threshold of 99%, interrogating the
sequences with the Greengenes database (13 8) [59]. To
be consistent with the taxonomic data obtained from 16S
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rRNA, only taxa in the bacteria domain were included in
the statistical analysis. The relative taxonomic abundance
was measured as the proportion of reads over the total in
each sample assigned to a given taxonomy. To exclude
bacterial taxa that were not present in the majority of
samples, a cut-off for exclusion was fixed; only bacterial
taxa containing sequence reads in at least 75% of total
samples were considered. Linear discriminant analysis
(LDA) effect size (LEfSe) (http://huttenhower.
sph.harvard.edu/galaxy/) was used to compare groups at
baseline and visualize the results using taxonomic bar
charts and cladograms [60].

RNA isolation from the small and large intestine

Frozen tissue was ground to a fine powder in liquid
nitrogen, using a mortar and pestle. RNA was isolated
with the commercial kit Direct-zol™ RNA MiniPrep
Plus (Zymo Research Corp., CA, USA, and quantified
using the v3.5.2 Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Cambridge, UK).

MiRNA expression analysis

miRNA expression profiles were generated using the
SurePrint Rat miRNA Microarrays (Rat miRNA 8x15K
Microarray, Release 21.0, Agilent Technologies Inc.,
Santa Clara, CA, USA). RNA samples of each
experimental group were pooled and labeled using the
miRNA Labeling and Hyb Kit (Agilent Technologies
Inc.), according to the manufacturer's instructions.
Hybridization was performed using this latter kit, also
according to the manufacturer's instructions. Microarray
images of each slide were obtained with a Gene Pix
4000B scanner (Axon Instruments, Union City, CA,
USA). Image quantization was performed using Agilent
Feature Extraction Software (Agilent Technologies
Inc.). Raw microarray data were analyzed using the
limma R package [61]. Spots with foreground mean and
median differing by more than 50 were filtered out and
data quality was checked using limma tools.
Background correction was performed using saddle-
point approximation in the normal-exponential
convolution method Normexp [62]. Next, within arrays
Print-tip loess [63] and between arrays quantile were
used for normalization. Finally, replicate spots in the
array data were averaged.

Software for miRNA analysis

To identify the role of selected miRNAs in the cellular
processes, we performed an analysis using the
DIANAtools V.3. DIANA-miRPath is a web-server
(http://diana.imis.athena-innovation.gr/DianaTools/index.
php), which provides accurate statistics and can
accommodate advanced pipelines. DIANA-miRPath can

utilize predicted miRNA targets (in CDS or 3’-UTR
regions) provided by the DIANA-microT-CDS algorithm
or even experimentally validated miRNA interactions
derived from DIANA-TarBase [18].

Statistical analysis

The PASW statistical software package, version 20.0
(IBM Inc., Chicago, IL, USA), was used for statistical
analysis of the data. We used One-way ANOVA to test
the differences in the plasma metabolites between
groups of animals. Pearson’s correlation test was used
to evaluate the relationship between miRNA intestinal
expression and bacterial taxa abundance. Data are
presented as mean * standard error of the mean. P-
values <0.05 were considered statistically significant in
all the statistical analyses.
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CVD: cardiovascular diseases; T: testosterone; F/B:
Firmicutes/Bacteroidetes; SCFA: short chain fatty
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estradiol; Ei: estrone; AUC: area under the curve;
AAUC: delta area under the curve; GTT: glucose
tolerance test; ITT: insulin tolerance test; LEfSe: Linear
discriminant analysis (LDA) effect size; CD: control
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Supplementary Figures

A Sex effect on alpha diversity.

GNX animals in normal feeding

GNX animals in postnatal overfeeding

(NL-CD) (SL'HFD) females
500 males 450
0 — I ‘females 400 1 § T
400 ~ 350 . males
2 30 F 2 300 i
g
| 300 % 260
E 250 T 200
g 200 g 1
£ 150 £ 150 4
100 100
50 50 |
0 0
2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 22000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Sequencing Depth Sequencing Depth
Intact animals in normal feeding Intact animals in postnatal overfeeding
50 (NL-CD) females 450 (SL'HFD) females
400 . - — . 200 o R ~ o
350 ; 350 "
3 300 males 3 300
9 S males
< 250 <! 250
g g
z 200 2 20
b §
5 150 3 150
S 3
100 100
50 50
0 o+
2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 22000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Sequencing Depth Sequencing Depth
Observed otus __ Shannon
GNX animals in normal feeding 0.495 0.834
GNX animals in postnatal overfeeding 0.294 0.753
Intact animals in normal feeding 0.027 0.016
Intact animals in postnatal overfeeding 0.021 0.027
Kruskal-Wallis statistical analysis p-values
B Gonadectomy effect on alpha diversity.
Females under normal feeding Females under postnatal overfeeding
- - GNX
500 (NL-CD) GNX 50 (SL-HFD) B
jzg _ - —— - 400 — intact
« | intact . 50
2 30 F 2 300
| 300 S 250
E 250 | T o
9 200 2 |
g 150 ¢ £ 150
100 - 100
50 1 50
0 0
2000 O 2000 4000 6000 8000 10000 12000 14000 16000 18000 2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Sequencing Depth Sequencing Depth
Males under normal feeding Males under postnatal overfeeding
500 (NL-CD) GNX 400 (SL-HFD) GNX
450 - - a 350 | — -
400 - 20
3 350 d i @ 1 7 .
intact
5‘ 300 g 250 intact
o |
g 250 g 200
3 200 @ 150
€ 150 K
100 100
50 50 -
0 ~ - - - - - [ + - - - -
2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 2000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Sequencing Depth Sequencing Depth

Observed otus _ Shannon
Females under normal feeding 0.600 0.916
Females under postnatal overfeeding 1.000 0.208
Males under normal feeding 0.046 0.027
Males under postnatal overfeeding 0.059 0.074

Kruskal-Wallis statistical analysis p-values

Supplementary Figure 1. Diversity indexes according to sex, gonadectomy and feeding conditions. (A) Sex effect on alpha
diversity; (B) Gonadectomy effect on alpha diversity.
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Supplementary Figure 2. Linear discriminant analysis (LDA) scores between sexes under normal feeding and overfeeding conditions, in

intact (A) and gonadectomized (B) animals.
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Supplementary Figure 3. Linear discriminant analysis (LDA) scores between intact and gonadectomized animals, under normal feeding and

overfeeding conditions in females (A) and males (B).

WWWw.aging-us.com

115
19998

AGING


115


Supplementary Tables
Please browse Full Text version to see the data of Supplementary Tables 2 to 7.

Supplementary Table 1. Bacterial genera with different abundance between sexes in intact and gonadectomized
animals.

Normal feeding Postnatal overfeeding
non-GNX GNX non-GNX GNX
Methanobrevibacter F F F F
Bacteroides M M M
Parabacteroides M M
Prevotella (Prevotellaceae) M M
Unknown (f_RF16) M M M M
Unknown (f_S24-7) F
Butyricimonas M

CF231 M

Unknown (Elusimicrobiaceae) M M M
Elusimicrobium M M
Lactobacillus F

Unknown (Christensenellaceae) M
Clostridium (Clostridiaceae) F

Roseburia M
Unknown (Peptococcaceae) F F F
rc4-4 M M
Clostridium (Peptostreptococcaceae) F

Unknown (Ruminococcaceae) M
Oscillospira F F
Phascolarctobacterium M

Unknown (Mogibacteriaceae) F

Unknown (Desulfovibrionaceae) M

Desulfovibrio F F F
Flexispira M

Helicobacter M F

Treponema M

Unknown (f_F16) F F F F
Unknown (f_WCHB1-25) M M M

Defluviitalea M

GNX: gonadectomized animals. Non-GNX: intact animals. M: higher abundance in males. F: higher abundance in females.
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Supplementary Table 2. Relationship between the bacterial genera identified by LEfSe analysis and the expression
levels of the miRNAs in large intestine.

Supplementary Table 3. Relationship between the bacterial species identified by LEfSe analysis and the expression
levels of the miRNAs in large intestine.

Supplementary Table 4. Relationship between the bacterial genera identified by LEfSe analysis and the expression
levels of the miRNAs in small intestine.

Supplementary Table 5. Relationship between the bacterial species identified by LEfSe analysis and the expression
levels of the miRNAs in small intestine.

Supplementary Table 6. KEGG pathways related with miRNAs expression in the intestine.

Supplementary Table 7. KEGG pathways associated with microbiome-related miRNAs.
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Supplementary Table 2. Relationship between the bacterial genera identified by LEfSe analysis and the expression levels of the miRNAs in large intestine.
Pearson’s correlation analysis coefficient (Corr.) and P-value.
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g g g g g g g g g g g g g g g g g g g g g
Corr.  -0.129 0408 -0.587 0006 0658 0268 -0.043 0127 0912 0432 -0245 0089 0838 0451 0158 0.956 0931 0495 0520 0488 -0519
Meth i t
ethanobrevibacter pvalue 0782 0363 0126 0990 0108 0560 0927 0786  0.004 0332 0597 0850 0019 0309 0735  0.001 0002 0212 0232 0220  0.232
Corr.  -0250 0845 0486 0323 0402 -0330 -0434 0246 0313 0929 0711 0078 -0.688 0337 0134 -0561 -0.668 0481 0932 0568  0.288
Parabacteroides

p-value 0.588 0.017 0.222 0.479 0.371 0.470 0.331 0.596 0.495 0.002 0.073 0.867 0.088 0.461 0.775 0.190 0.101 0.228 0.002 0.142 0.532
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ki RF1
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Clostridium
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Supplementary Table 3. Relationship between the bacterial species identified by LEfSe analysis and the expression levels of the miRNAs in large

intestine. Pearson’s correlation analysis coefficient (Corr.) and P-value.
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(Methanobrevibacter)
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Unknown (Lactobacillus) Corr. -0.133  -0.311 0.902 -0.431 -0.492 -0.443 0.179 -0.128 0.891 0.208 -0.276 -0.065 0.917 0.739 0.789 -0.399 -0.365 -0.424 0.172 0.493 -0.168 -0.371 -0.238 -0.346
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Ruminococcus flavefaciens

Unknown
(Phascolarctobacterium)

Unknown (Treponema)

p-value

Corr.

p-value

Corr.

p-value

Corr.

p-value

0.776

-0.100

0.832

-0.405

0.368

-0.144

0.758

0.496

-0.427

0.339

0.279

0.545

-0.270

0.558

0.005

-0.383

0.396

-0.280

0.543

-0.300

0.513

0.286

0.068

0.874

0.191

0.650

0.131

0.757

0.262

0.953

0.001

0.065

0.890

0.922

0.003

0.319

0.330

0.469

0.398

0.376

0.252

0.585

0.702

0.481

0.275

0.498

0.256

0.258

0.576

0.785

0.236

0.611

-0.499

0.254

0.119

0.800

0.007

-0.585

0.168

-0.610

0.145

-0.569

0.183

0.655

-0.394

0.382

-0.386

0.392

-0.458

0.301

0.548

-0.454

0.306

0.340

0.456

-0.256

0.580

0.891

-0.446

0.316

0.689

0.087

-0.180

0.700

0.004

-0.704

0.077

-0.607

0.148

-0.690

0.086

0.057

-0.222

0.632

0.079

0.866

-0.260

0.573

0.035

-0.253

0.583

-0.553

0.198

-0.408

0.364

0.375

0.561

0.190

0.926

0.003

0.578

0.174

0.420

0.877

0.009

0.714

0.072

0.979

<0.001

0.343

0.911

0.004

0.638

0.123

0.724

0.066

0.713

-0.142

0.762

-0.398

0.377

-0.294

0.522

0.261

-0.249

0.590

-0.573

0.179

-0.373

0.409

0.690

-0.219

0.602

0.040

0.925

-0.211

0.616

0.412

-0.428

0.338

0.314

0.493

-0.239

0.605

0.571

-0.186

0.660

0.208

0.621

-0.124

0.769

0.447

0.070

0.882

0.020

0.966

-0.023

0.962
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Supplementary Table 4. Relationship between the bacterial genera identified by LEfSe analysis and the expression levels of the miRNAs in small

intestine. Pearson’s correlation analysis coefficient (Corr.) and P-value.

Q. Q.
& o & & g & & 2 & & = &5 =2 = 4 2 & & 2 & o o &
L R 8 g & @ & > S 2 < 0 by & & 3 & & & iy = a 3 2
% 3 & 8 & 8 i 3 3 3 e - 2 £ 2 8 5 g e 2 2 % o 8
— I il Ll D o0 il - - el . x B . d -4 b N ' ~ | o o s
& B & @ % @ 3 o) & 4 z E & & = £ £ & g ko £ £ £ &
€ 5 € £ £ g EE  E E g e £ g 5 g g £ 3 g 3 5 E
¢ € ¢ ¢ & g & & 2 ¢ B8 °F & g g B g & g &8 g & £ ;8
Corr. 0.690 -0.277 0.917 0.592 0.247 -0.047 0.656 0.851 -0.446 -0.287 -0.449 0.409 0.59 -0.393  0.610 0.809 -0.159 -0.044 0.584 0.623 0.250 0.530 0.548 0.437
Bacteroides
p-value  0.086 0.547 0.004 0.122 0.593 0.920 0.109 0.015 0.268 0.533 0.265 0.363 0.123 0.383 0.108 0.015 0.734 0.925 0.169 0.135 0.589 0.221 0.203 0.279
Corr. 0.926 -0.334 0.705 0.261 -0.121 -0.130 0.813 0.980 -0.385 -0.360 -0.483 0.479 0.718 -0.460 0.783 0.956 -0.263 -0.133 0.851 0.523 0.489 0.713 0.452 0.659
Parabacteroides
p-value  0.003 0.465 0.077 0.533 0.797 0.781 0.026 <0.001 0.347 0.428 0.225 0.277 0.045 0.299 0.022 <0.001 0.569 0.777 0.015 0.228 0.266 0.072 0.309 0.075
Corr. 0.291 -0.107 0.818 0.481 0.035 -0.273 0.056 0.929 -0.133 -0.211 -0.267 0.862 0.166 -0.438 0.151 0.485 -0.221 -0.017 0.391 0.943 -0.183 -0.043 0.940 -0.006
Prevotella
p-value  0.526 0.820 0.025 0.227 0.941 0.554 0.905 0.002 0.753 0.649 0.522 0.013 0.695 0.325 0.721 0.223 0.635 0.971 0.386 0.001 0.694 0.927 0.002 0.989
Corr. -0.090 -0.504 -0.486 -0.199 0.201 -0.122 -0.032 -0.351 0.570 -0.494 -0.334 -0.513 -0.300 0.930 0.008 -0.079 -0.259 -0.593 -0.496 -0.438 0.205 -0.030 -0.446 0.064
Unknown (f_S$24-7)
p-value  0.848 0.249 0.268 0.636 0.665 0.795 0.946 0.440 0.140 0.260 0.418 0.239 0.470 0.002 0.985 0.853 0.574 0.161 0.258 0.326 0.659 0.949 0.316 0.881
Corr. 0.797 -0.389 0.670 0.349 -0.070 -0.199 0.234 0.966 -0.177 -0.436 -0.494 0.874 0.330 -0.349 0.241 0.590 -0.155 -0.240 0.535 0.867 0.000 0.020 0.919 0.032
Butyricimonas
p-value  0.032 0.389 0.099 0.397 0.882 0.669 0.614 <0.001 0.674 0.328 0.213 0.010 0.424 0.443 0.565 0.124 0.739 0.604 0.216 0.011 1.000 0.966 0.003 0.940
Corr. 0.878 -0.274 0.488 0.031 -0.298 -0.129 0.912 0.761 -0.181 -0.336 -0.398 0.196 0.727 -0.281 0.948 0.948 -0.367 -0.137 0.833 0.217 0.631 0.904 0.086 0.924
CF231
p-value  0.009 0.552 0.266 0.942 0.517 0.782 0.004 0.047 0.668 0.462 0.329 0.674 0.041 0.541 <0.001 <0.001 0.418 0.770 0.020 0.641 0.129 0.005 0.855 0.001
Corr. -0.384  0.901 -0.03 -0.266 -0.340 0.081 -0.458 -0.447 -0.211 0.905 0.904 -0.158 -0.185 -0.457 -0.351 -0.540 0.177 0909 -0.135 -0.131 -0.545 -0.152 -0.255 -0.181
Mucispirillum
p-value  0.395 0.006 0.949 0.524 0.456 0.862 0.302 0.314 0.616 0.005 0.002 0.735 0.661 0.302 0.395 0.167 0.705 0.005 0.773 0.779 0.206 0.744 0.580 0.667
Corr. 0.227 -0.352  0.466 0.426 -0.102 -0.101 0.045 0911 -0.070 -0.394 -0.437 0.937 0.226 -0.339 0.066 0.384 0.010 -0.274 0.435 0.851 -0.153 -0.170 0.958 -0.154

Unknown
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(Elusimicrobiaceae)

Elusimicrobium

Clostridium
(Peptostreptococcaceae)

Unknown
(Desulfovibrionaceae)

Treponema

Unknown (f_WCHB1-25)

p-value

Corr.

p-value

Corr.

p-value

Corr.

p-value

Corr.

p-value

Corr.

p-value

0.665

-0.131

0.780

0.911

0.004

0.712

0.073

-0.338

0.458

0.499

0.254

0.493

-0.348

0.444

-0.253

0.585

0.271

0.557

-0.212

0.649

-0.338

0.458

0.352

0.569

0.182

0.178

0.703

0.844

0.017

0.438

0.325

0.860

0.013

0.341

0.966

<0.001

-0.452

0.261

0.123

0.772

0.837

0.010

0.578

0.133

0.847

0.713

0.072

-0.361

0.427

0.035

0.941

0.966

<0.001

0.147

0.752

0.849

0.322

0.481

-0.229

0.622

0.079

0.866

0.914

0.004

-0.131

0.779

0.933

0.096

0.839

0.832

0.020

0.639

0.122

-0.015

0.974

0.246

0.595

0.011

0.572

0.180

-0.055

0.906

0.245

0.597

-0.045

0.923

0.956

0.001

0.881

-0.031

0.942

-0.301

0.469

-0.918

0.001

-0.095

0.823

-0.205

0.625

0.439

-0.373

0.410

-0.214

0.645

0.217

0.640

-0.174

0.710

-0.391

0.386

0.327

-0.484

0.224

-0.261

0.532

0.035

0.934

-0.249

0.552

-0.483

0.226

0.006

0.328

0.472

-0.149

0.750

-0.027

0.954

-0.259

0.575

0.790

0.034

0.626

0.132

0.756

0.487

0.221

0.625

0.098

0.125

0.768

0.327

0.429

0.511

0.064

0.891

-0.226

0.627

-0.595

0.159

0.353

0.437

-0.334

0.465

0.888

0.086

0.840

0.641

0.086

0.401

0.325

-0.129

0.762

0.263

0.530

0.395

0.228

0.588

0.676

0.066

0.485

0.223

-0.261

0.532

0.586

0.127

0.985

0.309

0.499

-0.362

0.425

0.027

0.954

0.910

0.004

-0.111

0.813

0.600

-0.258

0.576

-0.212

0.647

0.437

0.327

-0.128

0.784

-0.180

0.700

0.388

-0.096

0.837

0.716

0.070

0.582

0.170

-0.501

0.252

0.438

0.326

0.032

0.634

0.126

-0.187

0.688

0.193

0.678

-0.201

0.666

0.881

0.009

0.773

-0.407

0.364

0.970

<0.001

0.271

0.557

-0.603

0.152

-0.080

0.865

0.747

-0.114

0.807

0.732

0.061

0.866

0.012

-0.216

0.642

0.043

0.927

0.003

0.756

0.049

-0.270

0.559

0.054

0.908

-0.022

0.962

0.914

0.004

0.742

-0.167

0.692

0.721

0.044

0.336

0.416

-0.364

0.376

0.037

0.931
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Supplementary Table 5. Relationship between the bacterial species identified by LEfSe analysis and the expression levels of the miRNAs in small
intestine. Pearson’s correlation analysis coefficient (Corr.) and P-value.

rno-miR-181a-5p
rno-miR-6330
rno-miR-125a-3p
rno-miR-1912-5p
rno-miR-29a-5p
rno-miR-3561-3p
rno-miR-133a-3p
rno-miR-1843b-5p
rno-miR-1843a-5p
rno-miR-344b-3p
rno-miR-764-3p
rno-miR-759
rno-miR-23b-5p
rno-miR-128-1-5p
rno-miR-186-5p
rno-miR-99b-3p
rno-miR-6322
rno-miR-211-5p
rno-miR-139-5p
rno-miR-449a-5p
rno-miR-760-3p
rno-let-7f-2-3p
rno-miR-497-3p
rno-miR-3553
rno-miR-1249
rno-miR-1956-5p

Corr. 0.684 -0.273 0.919 059 0.249 -0.048 0.651 0.849 -0.442 -0.285 -0.446 0.410 0.559 0587 -0.392 0.608 0.807 -0.160 -0.040 -0.041 0.579 0.626 0.241 0.527 0.550 0.435

Unknown (Bacteroides)
p-value 0.090 0.553 0.003 0.119 0.591 0.919 0.113 0.016 0.273 0.536 0.268 0.361 0.192 0.126 0.385 0.110 0.016 0.732 0.932 0931 0.173 0.132 0.602 0.224 0.200 0.281

Corr. 0.970 -0.233 0483 -0.106 -0.328 -0.291 0.927 0.728 -0.361 -0.273 -0.343 0.252 0.906 0.650 -0.452 0.824 0.948 -0.457 -0.498 -0.097 0.931 0.290 0.754 0.832 0.156 0.824

Unknown (Parabacteroides)
p-value <0.001 0.616 0.272 0.802 0.473 0.527 0.003 0.064 0.379 0.553 0.406 0.585 0.005 0.081 0.309 0.012 <0.001 0.303 0.256 0.836 0.002 0.528 0.050 0.020 0.739 0.012

Corr. 0.838 -0.357 0.745 0.409 -0.050 -0.059 0.735 0.962 -0.311 -0.396 -0.526 0.557 0.656 0.704 -0.428 0.752 0.920 -0.182 -0.206 -0.167 0.786 0.586 0.364 0.628 0.547 0.590

Parabacteroides distasonis
p-value 0.019 0432 0.055 0.315 0915 0.899 0.060 0.001 0.453 0379 0.180 0.194 0.109 0.051 0.338 0.031 0.001 0.696 0.657 0.720 0.036 0.167 0.422 0.131 0.204 0.124

Corr. 0.301 -0.115 0.823 0.487 0.039 -0.268 0.064 0.931 -0.134 -0.219 -0.276 0.861 0.057 0.172 -0.434 0.158 0.490 -0.218 -0.055 -0.023 0.393 0.942 -0.181 -0.038 0.940 -0.002
Unknown (Prevotella,

Prevotellaceae) p-value 0512 0.806 0.023 0.221 0933 0.560 0.892 0.002 0.752 0.637 0.508 0.013 0.904 0.684 0.331 0.709 0.217 0.638 0.907 0961 0.383 0.002 0.698 0.935 0.002 0.996

Corr. 0.796 -0.389 0.670 0.349 -0.070 -0.199 0.234 0.966 -0.177 -0.436 -0.494 0.874 0326 0.330 -0.349 0.241 0.590 -0.155 -0.234 -0.240 0.534 0.867 -0.001 0.020 0.919 0.032

Unknown (Butyricimonas)
p-value 0.032 0.389 0.099 0.397 0.882 0.669 0.614 <0.001 0.674 0.328 0.214 0.010 0.475 0.424 0.442 0.566 0.124 0.740 0.614 0.605 0.217 0.011 0.999 0.967 0.003 0.941

Corr. 0.878 -0.274 0.488 0.031 -0.298 -0.130 0.912 0.761 -0.181 -0.336 -0.398 0.197 0.790 0.727 -0.281 0.948 0.948 -0.367 -0.333 -0.137 0.833 0.217 0.631 0.904 0.086 0.924

Unki CF231
nknown (s ) p-value 0.009 0552 0.267 0.942 0516 0.782 0.004 0.047 0.669 0.462 0329 0.672 0.034 0.041 0.541 <0.001 <0.001 0.418 0.465 0.769 0.020 064 0.129 0.005 0.854 0.001

Corr. -0.383 0.900 -0.028 -0.266 -0.339 0.082 -0.458 -0.446 -0.214 0.905 0.904 -0.158 -0.422 -0.185 -0.458 -0.352 -0.541 0.178 -0.336 0.910 -0.135 -0.131 -0.545 -0.153 -0.255 -0.183
Mucispirillum schaedleri

p-value 0396 0.006 0.952 0.525 0457 0.861 0.302 0316 0.611 0.005 0.002 0.735 0.346 0.662 0.301 0.393 0.167 0.703 0.462 0.004 0.773 0.780 0.206 0.743 0.581 0.665

o . Corr. -0.131 -0.349 0.569 0.966 0.713 0.322 0.096 0.572 -0.031 -0.373 -0.484 0.328 -0.078 0.132 0.064 0.086 0.228 0.310 0.606 -0.258 -0.096 0.634 -0.408 -0.114 0.756 -0.167
Unknown (Elusimicrobium)
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p-value
Corr.
Ruminococcus flavefaciens
p-value
Corr.
Unknown (Treponema)
p-value

0.780

-0.593

0.160

-0.338

0.458

0.444

-0.120

0.797

-0.212

0.649

0.182

0.155

0.741

0.438

0.325

<0.001

0.780

0.022

0.837

0.010

0.072

0.839

0.018

0.966

<0.001

0.481

0.720

0.068

0.913

0.004

0.838

-0.316

0.490

-0.015

0.974

0.180

-0.051

0.914

-0.045

0.923

0.941

0.193

0.647

-0.095

0.823

0.410

-0.095

0.839

-0.173

0.710

0.224

-0.152

0.720

-0.249

0.553

0.472

-0.140

0.765

-0.259

0.575

0.869

-0.554

0.197

-0.179

0.701

0.755

-0.176

0.677

0.125

0.768

0.891

0.339

0.457

0.353

0.437

0.840

-0.294

0.480

-0.129

0.761

0.588

-0.400

0.326

-0.262

0.531

0.499

0.791

0.034

0.910

0.004

0.149

0.940

0.002

0.761

0.047

0.576

-0.195

0.675

-0.128

0.785

0.838

-0.622

0.136

-0.501

0.252

0.126

-0.201

0.666

-0.200

0.666

0.364

-0.638

0.123

-0.603

0.152

0.807

-0.383

0.396

-0.216

0.642

0.049

0.031

0.948

-0.022

0.962

0.692

-0.456

0.256

-0.364

0.376
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Supplementary Table 6. KEGG pathways related with miRNAs expression in the intestine.

KEGG pathway P-value
1. Metabolism

1.0 Global and overview maps

2-Oxocarboxylic acid metabolism 0.011
Fatty acid metabolism 0.009
1.3 Lipid metabolism

Fatty acid biosynthesis 0.001
Fatty acid elongation 0.028
1.5 Amino acid metabolism

Lysine degradation <0.001
1.7 Glycan biosynthesis and metabolism

Other types of O-glycan biosynthesis 0.003
1.8 Metabolism of cofactors and vitamins

Vitamin B6 metabolism 0.011
2. Genetic Information Processing

2.1 Transcription

Spliceosome 0.002
2.2 Translation

mMRNA surveillance pathway 0.006
2.3 Folding, sorting and degradation

Protein processing in endoplasmic reticulum <0.001
Ubiquitin mediated proteolysis 0.025
RNA degradation 0.012
3. Environmental Information Processing

3.2 Signal transduction

Rap1 signaling pathway 0.011
MAPK signaling pathway <0.001
ErbB signaling pathway 0.018
TGF-beta signaling pathway <0.001
Hippo signaling pathway <0.001
VEGF signaling pathway 0.029
TNF signaling pathway 0.002
HIF-1 signaling pathway 0.006
FoxO signaling pathway <0.001
Sphingolipid signaling pathway <0.001
AMPK signaling pathway 0.002
mTOR signaling pathway 0.005
3.3 Signaling molecules and interaction

ECM-receptor interaction 0.005
4. Cellular Processes

4.1 Transport and catabolism

Endocytosis 0.001
4.2 Cell growth and death

Cell cycle <0.001
Oocyte meiosis <0.001
p53 signaling pathway 0.001
4.3 Cellular community - eukaryotes

Focal adhesion <0.001
Adherens junction <0.001
Signaling pathways regulating pluripotency of stem cells <0.001
5. Organismal Systems

5.1 Immune system

Platelet activation 0.030
Fc gamma R-mediated phagocytosis 0.005
5.2 Endocrine system

Insulin signaling pathway 0.001
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GnRH signaling pathway

Estrogen signaling pathway
Progesterone-mediated oocyte maturation
Prolactin signaling pathway

Thyroid hormone signaling pathway
5.6 Nervous system

Neurotrophin signaling pathway

5.8 Development

Axon guidance

5.10 Environmental adaptation
Circadian rhythm

6. Human Diseases

6.1 Cancers: Overview

Pathways in cancer

Central carbon metabolism in cancer
Choline metabolism in cancer
Transcriptional misregulation in cancer
Proteoglycans in cancer

Viral carcinogenesis

6.2 Cancers: Specific types

Colorectal cancer

Pancreatic cancer

Glioma

Thyroid cancer

Acute myeloid leukemia

Chronic myeloid leukemia

Melanoma

Renal cell carcinoma

Bladder cancer

Prostate cancer

Endometrial cancer

Small cell lung cancer

Non-small cell lung cancer

6.4 Neurodegenerative diseases

Prion diseases

6.8 Infectious diseases: Bacterial
Epithelial cell signaling in Helicobacter pylori infection
Salmonella infection

Shigellosis

Bacterial invasion of epithelial cells

6.9 Infectious diseases: Viral

Human T-cell leukemia virus 1 infection
Hepatitis B

Hepatitis C

Epstein-Barr virus infection

6.10 Infectious diseases: Parasitic
Toxoplasmosis

Chagas disease (American trypanosomiasis)

0.012
0.001
0.001
0.030
<0.001

<0.001

<0.001

0.013

<0.001
0.005
0.006
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
0.007
<0.001
0.007
<0.001
<0.001
<0.001
<0.001
0.012
<0.001

<0.001

0.047
0.005
<0.001
<0.001

0.032
<0.001
0.032
0.001

0.033
0.005
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Supplementary Table 7. KEGG pathways associated with microbiome-related miRNAs.

KEGG pathway

Human miRNA

2-Oxocarboxylic acid metabolism (hsa01210)
Acute myeloid leukemia (hsa05221)

Adherens junction (hsa04520)

Adrenergic signaling in cardiomyocytes (hsa04261)
Allograft rejection (hsa05330)

Alzheimer's disease (hsa05010)

Amoebiasis (hsa05146)

AMPK signaling pathway (hsa04152)

Antigen processing and presentation (hsa04612)

Arrhythmogenic right ventricular cardiomyopathy (ARVC) (hsa05412)

Axon guidance (hsa04360)

Bacterial invasion of epithelial cells (hsa05100)
Biosynthesis of unsaturated fatty acids (hsa01040)
Biotin metabolism (hsa00780)

Bladder cancer (hsa05219)

Cell cycle (hsa04110)

Central carbon metabolism in cancer (hsa05230)
Chronic myeloid leukemia (hsa05220)

Circadian entrainment (hsa04713)

Colorectal cancer (hsa05210)

Cytokine-cytokine receptor interaction (hsa04060)
Dorso-ventral axis formation (hsa04320)
ECM-receptor interaction (hsa04512)

Endometrial cancer (hsa05213)

Epithelial cell signaling in Helicobacter pylori infection (hsa05120)

Epstein-Barr virus infection (hsa05169)

hsa-miR-505-5p-L
hsa-miR-181a-5p-S

hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-99b-5p-L; hsa-miR-181a-5p-S;hsa-miR-125a-3p-S;hsa-miR-186-5p-S; hsa-miR-99b-3p-S; hsa-miR-139-5p-S

hsa-miR-181a-5p-S

hsa-miR-382-5p-L

hsa-let-7e-3p-L

hsa-miR-382-5p-L

hsa-miR-27a-3p-L; hsa-miR-186-5p-S

hsa-miR-382-5p-L; hsa-miR-211-5p-S

hsa-miR-505-5p-L

hsa-miR-27a-3p-L; hsa-miR-505-5p-L; hsa-miR-99b-5p-L

hsa-miR-27a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-99b-3p-S
hsa-miR-21-5p-L

hsa-miR-181a-5p-S

hsa-miR-27a-3p-L; hsa-miR-181a-5p-S

hsa-miR-27a-3p-L; hsa-miR-21-5p-L; hsa-miR-186-5p-S; hsa-miR-99b-3p-S
hsa-miR-27a-3p-L; hsa-miR-382-5p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S
hsa-miR-27a-3p-L; hsa-miR-181a-5p-S; hsa-miR-186-5p-S

hsa-miR-369-3p-L

hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S; hsa-miR-186-5p-S
hsa-miR-211-5p-S

hsa-miR-181a-5p-S

hsa-miR-27a-3p-L; hsa-miR-382-5p-L; hsa-miR-125a-3p-S; hsa-miR-23b-5p-S; hsa-miR-211-5p-S
hsa-miR-27a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-139-5p-S
hsa-miR-10a-3p-L

hsa-miR-186-5p-S
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ErbB signaling pathway (hsa04012)
Estrogen signaling pathway (hsa04915)
Fatty acid biosynthesis (hsa00061)
Fatty acid degradation (hsa00071)
Fatty acid elongation (hsa00062)

Fatty acid metabolism (hsa01212)
Focal adhesion (hsa04510)

FoxO signaling pathway (hsa04068)
Glioma (hsa05214)

Glycerolipid metabolism (hsa00561)
Glycosphingolipid biosynthesis - ganglio series (hsa00604)

hsa-miR-27a-3p-L; hsa-miR-139-5p-S
hsa-miR-181a-5p-S; hsa-miR-139-5p-S

hsa-miR-27a-3p-L

hsa-miR-21-5p-L; hsa-miR-29a-5p-S

hsa-miR-21-5p-L; hsa-miR-29a-5p-S

hsa-miR-27a-3p-L; hsa-miR-21-5p-L

hsa-miR-27a-3p-L; hsa-miR-125a-3p-S; hsa-miR-186-5p-S

hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S

hsa-miR-27a-3p-L; hsa-miR-181a-5p-S; hsa-miR-139-5p-S
hsa-let-7e-3p-L
hsa-miR-187-3p-L

Glycosphingolipid biosynthesis - lacto and neolacto series (hsa00601) hsa-miR-505-5p-L
Hepatitis B (hsa05161) hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S
HIF-1 signaling pathway (hsa04066) hsa-miR-181a-5p-S

Hippo signaling pathway (hsa04390) hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-29a-5p-S; hsa-miR-99b-3p-S; hsa-miR-139-5p-S

Insulin signaling pathway (hsa04910)

Leukocyte transendothelial migration (hsa04670)
Long-term depression (hsa04730)

Lysine degradation (hsa00310)

Melanoma (hsa05218)

Metabolism of xenobiotics by cytochrome P450 (hsa00980)
Morphine addiction (hsa05032)

mRNA surveillance pathway (hsa03015)

mTOR signaling pathway (hsa04150)

Mucin type O-Glycan biosynthesis (hsa00512)
Neurotrophin signaling pathway (hsa04722)
NF-kappa B signaling pathway (hsa04064)
Non-homologous end-joining (hsa03450)

hsa-miR-27a-3p-L
hsa-miR-99b-5p-L
hsa-miR-99b-5p-L

hsa-miR-27a-3p-L; hsa-miR-505-5p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S; hsa-miR-186-5p-S

hsa-miR-27a-3p-L; hsa-miR-181a-5p-S

hsa-miR-497-3p-S

hsa-miR-369-3p-L

hsa-miR-29a-5p-S

hsa-miR-27a-3p-L; hsa-miR-382-5p-L

hsa-miR-27a-3p-L; hsa-miR-99b-5p-L; hsa-miR-29a-5p-S
hsa-miR-27a-3p-L; hsa-miR-181a-5p-S; hsa-miR-139-5p-S
hsa-miR-139-5p-S

hsa-miR-99b-3p-S
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Non-small cell lung cancer (hsa05223)

One carbon pool by folate (hsa00670)

Oocyte meiosis (hsa04114)

Other types of O-glycan biosynthesis (hsa00514)

p53 signaling pathway (hsa04115)

Pancreatic cancer (hsa05212)

Pantothenate and CoA biosynthesis (hsa00770)
Parkinson's disease (hsa05012)

Pathways in cancer (hsa05200)

Phosphatidylinositol signaling system (hsa04070)
PI3K-Akt signaling pathway (hsa04151)

PPAR signaling pathway (hsa03320)

Prion diseases (hsa05020)

Progesterone-mediated oocyte maturation (hsa04914)
Prolactin signaling pathway (hsa04917)

Prostate cancer (hsa05215)

Protein processing in endoplasmic reticulum (hsa04141)
Proteoglycans in cancer (hsa05205)

Regulation of actin cytoskeleton (hsa04810)

Renal cell carcinoma (hsa05211)

RNA degradation (hsa03018)

Salmonella infection (hsa05132)

Serotonergic synapse (hsa04726)

Shigellosis (hsa05131)

Signaling pathways regulating pluripotency of stem cells (hsa04550)
Small cell lung cancer (hsa05222)

Sphingolipid metabolism (hsa00600)

Sphingolipid signaling pathway (hsa04071)

hsa-miR-27a-3p-L; hsa-miR-181a-5p-S

hsa-miR-125a-3p-S

hsa-miR-27a-3p-L; hsa-miR-29a-5p-S

hsa-miR-505-5p-L

hsa-miR-27a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-186-5p-S; hsa-miR-497-3p-S
hsa-miR-27a-3p-L; hsa-miR-181a-5p-S

hsa-miR-181a-5p-S

hsa-miR-23b-5p-S; hsa-miR-99b-3p-S

hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-186-5p-S
hsa-miR-483-5p-L

hsa-miR-382-5p-L; hsa-miR-181a-5p-S

hsa-let-7e-3p-L

hsa-miR-27a-3p-L; hsa-miR-382-5p-L; hsa-miR-186-5p-S

hsa-miR-27a-3p-L; hsa-miR-186-5p-S

hsa-miR-21-5p-L; hsa-miR-181a-5p-S

hsa-miR-27a-3p-L; hsa-miR-181a-5p-S; hsa-miR-186-5p-S; hsa-miR-139-5p-S
hsa-miR-27a-3p-L; hsa-miR-483-5p-L; hsa-miR-181a-5p-S; hsa-miR-186-5p-S; hsa-miR-211-5p-S

hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S; hsa-miR-29a-5p-S; hsa-miR-186-5p-S

hsa-miR-181a-5p-S; hsa-miR-186-5p-S
hsa-miR-27a-3p-L; hsa-miR-181a-5p-S

hsa-miR-187-3p-L; hsa-miR-181a-5p-S; hsa-miR-497-3p-S
hsa-miR-505-5p-L

hsa-miR-483-5p-L

hsa-miR-27a-3p-L; hsa-miR-10a-3p-L

hsa-miR-27a-3p-L; hsa-let-7e-3p-L; hsa-miR-181a-5p-S
hsa-miR-181a-5p-S

hsa-miR-21-5p-L; hsa-miR-186-5p-S

hsa-miR-27a-3p-L; hsa-miR-181a-5p-S
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Spliceosome (hsa03040) hsa-miR-99b-5p-L

Steroid biosynthesis (hsa00100) hsa-miR-23b-5p-S; hsa-miR-186-5p-S

Sulfur metabolism (hsa00920) hsa-miR-505-5p-L

Synaptic vesicle cycle (hsa04721) hsa-miR-187-3p-L

Terpenoid backbone biosynthesis (hsa00900) hsa-miR-181a-5p-S

TGF-beta signaling pathway (hsa04350) hsa-miR-27a-3p-L; hsa-miR-10a-3p-L; hsa-miR-125a-3p-S; hsa-miR-29a-5p-S; hsa-miR-186-5p-S
Thyroid cancer (hsa05216) hsa-miR-27a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S
Thyroid hormone signaling pathway (hsa04919) hsa-miR-27a-3p-L; hsa-miR-21-5p-L

Transcriptional misregulation in cancer (hsa05202) hsa-miR-27a-3p-L; hsa-miR-21-5p-L; hsa-miR-181a-5p-S; hsa-miR-186-5p-S
Tyrosine metabolism (hsa00350) hsa-miR-369-3p-L

Ubiquitin mediated proteolysis (hsa04120) hsa-miR-27a-3p-L

Valine, leucine and isoleucine biosynthesis (hsa00290) hsa-miR-505-5p-L

Viral carcinogenesis (hsa05203) hsa-miR-27a-3p-L; hsa-miR-181a-5p-S; hsa-miR-125a-3p-S; hsa-miR-186-5p-S
Viral myocarditis (hsa05416) hsa-miR-382-5p-L

Vitamin B6 metabolism (hsa00750) hsa-miR-186-5p-S

hsa: Homo sapiens; -L: large intestine; -S: small intestine
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Abstract

Gonadal steroids strongly contribute to the metabolic programming that shapes the Key Words
susceptibility to the manifestation of diseases later in life, and the effect is often sexually
dimorphic. Microbiome signatures, together with metabolic traits and sex steroid levels,
were analyzed at adulthood in neonatally androgenized female rats, and compared

with those of control male and female rats. Exposure of female rats to high doses of
androgens on early postnatal life resulted in persistent alterations of the sex steroid
profile later on life, namely lower progesterone and higher estradiol and estrone levels,
with no effect on endogenous androgens. Neonatally androgenized females were
heavier (10% at early adulthood and 26% at adulthood) than controls and had impaired
glucose homeostasis observed by higher AUC of glucose in GTT and ITT when subjected
to obesogenic manipulations. Androgenized female displayed overt alterations in gut
microbiota, indicated especially by higher Bacteroidetes and lower Firmicutes abundance
at early adulthood, which disappeared when animals were concurrently overfed at
adulthood. Notably, these changes in gut microbiota were related with the intestinal
expression of several miRNAs, such as miR-27a-3p, miR-29a-5p, and miR-100-3p.

Our results suggest that nutritional and hormonal disruption at early developmental
periods not only alters the metabolic programming of the individual later in life but

also perturbs the architecture of gut microbiota, which may interact with the host by a
cross-talk mediated by intestinal miRNAs; phenomena that may contribute to amplify the
metabolic derangement caused by obesity, as seen in neonatally androgenized

gut microbiota
hormones
sex steroids

metabolic diseases
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Introduction

Sex steroids are key metabolic regulators in different
tissues, with proven roles in the control of food intake
and energy homeostasis, whose deregulation is frequently
linked to the manifestation of diseases (Mauvais-Jarvis
et al. 2013). In addition, the incidence of metabolic
diseases and their co-morbidities is sexually dimorphic,
and varies depending on the gonadal status; for example,
increases after menopause (Mauvais-Jarvis 2015).

However, the influence of gonadal factors is rather
complex. For instance, male hypogonadism is considered
a risk factor for the development of cardiovascular
complications associated to type 2 diabetes, suggesting
that low testosterone in adult men is detrimental for
metabolic and cardiovascular homeostasis (Rao etal. 2013).
By contrast, androgen excess in women, a characteristic of
polycystic ovary syndrome (PCOS), is associated to insulin
resistance, which also contributes to the excessive ovarian
androgen production (Witchel ef al. 2019).

Early metabolic programming by sex steroids also
contributes to define differences in susceptibility to later
development of the metabolic disease. Inappropriate
exposures to sex steroids during early maturational
periods (e.g. excessive androgenization in utero) have
been linked to the development of insulin resistance and
PCOS (Witchel & Tena-Sempere 2013). Hence, gonadal
hormones are likely to influence metabolic homeostasis
via multiple, frequently redundant, regulatory systems,
and can be considered as genuine modifiers of metabolic
homeostasis, which may contribute to generate differences
in susceptibility for the developing of cardiometabolic
disease (Faulkner & Belin de Chantemele 2019).

Gut microbiota is now recognized as an organ
integrated in the metabolism of the host (Tremaroli &
Backhed 2012), and it has been proposed that alteration of
the gut microbiota structure may trigger the development
of cardiometabolic diseases (Jie et al. 2017). Notably, sex
hormones appear to be one of the factors driving gut
microbiota differences between males and females, which
may also contribute to the sexual dimorphism in disease
susceptibility (Cross et al. 2018). In addition, it has been
shown that the gut microbiota structure is influenced
by the combined effects of sex, gonadal hormones, and
obesity, with specific abnormalities in women with PCOS
(Insenser et al. 2018).

In this study, we aimed to explore, using suitable
preclinical (rat) models, the putative role of sex
steroid milieu at early developmental periods, alone
or in combination with obesogenic insults later in life,

Hormonal disruption and gut 247:1 70

microbiota

as persistent modifiers of gut microbiota architecture, in
the context of development of metabolic alterations. In
order to shed light on the putative mechanisms for the
integration between gut microbiota and host, we also
explored the cross-talk between gut microbiota and the
host through regulation of the expression of miRNAs
in small and large intestine, as intestinal miRNAs are
increasingly recognized as potential decoders of the
impact of dysbiosis into cardiometabolic diseases (Liu
et al. 2016, Serino 2016).

Materials and methods

Animals and diets

Wistar male and female rats bred in the vivarium of
the University of Cordoba were used. The animals were
maintained at 22 + 1°C under constant conditions of
light (14 h) with free access to water. The experimental
animals were fed a control diet (CD), D12450B (10, 20,
and 70% calories from fat, protein, and carbohydrate,
respectively), or a high fat diet (HFD), D12451
(45%, 20%, and 35% calories from fat, protein and
carbohydrate, respectively; Research  Diets Inc,
New Brunswick, NJ, USA).

Experimental design

On postnatal day (PND)-1, males and female pups were
cross-fostered and reared in two different litter sizes:
small litters (SLs: 4 pups per litter; as a model of postnatal
overnutrition) or normal litters (NLs: 12 pups per litter),
as extensively described previously (Castellano et al.
2011, Sanchez-Garrido ef al. 2013, 2014). Immediately
afterwards, subsets of female pups of the two litter sizes
were androgenized by a single s.c. injection of a bolus of
1.25 mg of testosterone propionate dissolved in olive oil
(100 pL), whereas the remaining female pups were injected
with vehicle (olive oil), following previously validated
protocols (Pinilla et al. 2002). After weaning on PND-23,
groups of androgenized or vehicle-treated females, as well
as males, were randomly pooled within each category
(androgenization or vehicle; NL or SL) to avoid the bias
of differences in body weight (BW) between the different
subgroups, and were housed in a number of four-five rats
per cage. From weaning onwards, the groups of SL rats
(either males, vehicle-treated or androgenized females)
were fed with an HFD, while the NL groups received a CD;
all animals had access to food ad libitum.
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Analyses were applied at two age points, on PND-50
and PND-150, representative of young adult (PND-50)
or adult rats (PND-150), in order to check the short- and
long-term the impact of the different stressors (neonatal
androgenization, and obesogenic dietary patterns). Rats
of both age-groups were killed by decapitation, and
trunk blood and fecal and tissue samples were collected
for analyses. These analyses included phenotypic indices
and biochemical/hormonal parameters in serum, as
well as fecal and intestinal samples. In intact females,
sampling was carried out at the same stage of the ovarian
cycle, namely diestrus-1, and was conducted between
9:00 h and noon to avoid the potential interference of
circadian variations (Castellano et al. 2011). Small and
large intestine sections were dissected and fecal samples
were obtained from the different study groups directly
from stool expulsion stimulated by manual handling.
The samples obtained were frozen in liquid nitrogen
and stored at —80°C until analysis. All the experimental
protocols were approved by Cordoba University Ethical
Committee of animal experimentation and conducted in
accordance with the European Union guidelines for the
use of experimental animals.

Phenotypic indices and hormonal measurements

Body weight (BW) and basal blood glucose levels were
recorded in all the experimental groups, at the two age-
points (PND-50 and -150); glucose levels were determined
after overnight fasting. In addition, serum level of leptin
was assayed at the same ages by a double-antibody RIA,
using the kit provided by EMD MILLIPORE. The limit
of sensitivity of the assay was 0.801 ng/mlL, and the
intra- and inter-assay coefficients of variation were less
than 4 and 9%, respectively. At the two ages, the serum
levels of ghrelin were also measured using a Bio-Plex Rat
Diabetes Assay, provided by Bio-Rad Laboratories. The
limit of sensitivity of the assay was 0.3 pg/mL, and the
intra- and inter-assay CVs were 4 and 4%, respectively.
In all experimental groups, sex steroid plasma levels
were determined at PND-50 and -150, using a sensitive
gas chromatography-tandem mass spectrometry method,
thoroughly validated as described in previous references
(Nilsson et al. 2015, Velasco et al. 2019).

Glucose tolerance tests and insulin tolerance tests

Rats of all experimental groups were subjected to glucose
tolerance tests (GTTs) at the two age groups indicated
previously. Rats were fasted overnight and subsequently
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received an intraperitoneal (ip) bolus of glucose (1 g/kg
BW). Glucose levels were determined in blood before (0)
and at 20, 60, and 120 min post-administration. After
complete recovery 1 week later, insulin sensitivity was
assessed by an insulin tolerance tests (ITT). Rats were
fasted overnight, following an ip injection of 1UI insulin
(Sigma-Aldrich) per kg body weight. Blood glucose levels
were measured before (0) and at 20, 60, and 120 min after
insulin administration. Integral glucose changes levels
were estimated as area under the curve (AUC), during the
120 min period after glucose or insulin administration,
as calculated by the trapezoidal method. All glucose
concentrations were measured using a handheld
glucometer (ACCU-CHECK Aviva; Roche Diagnostics).

Intestinal microbiota