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RESUMEN

El efecto del &cido drico sobre los monocitos y los macrofagos todavia no ha sido
caracterizado por completo. En esta tesis investigamos el efecto del acido drico sobre la
capacidad proinflamatoria de los macréfagos humanos y, posteriormente, examinamos el
mecanismo molecular posiblemente involucrado. Los monocitos humanos primarios se
diferenciaron en macréfagos y se expusieron a 0, 0.23, 0.45 o0 0.9 mmol/L de acido Urico
durante 12 horas, en presencia o ausencia de 1 mmol/L de probenecid, un inhibidor
competitivo del acido Urico. La produccion de marcadores proinflamatorios se midid por
citometria de flujo y la actividad fagocitica de los macréfagos se cuantificé como el nimero
de macrdfagos positivos para Escherichia coli marcadas con proteina verde fluorescente
(E.coli+GFP) por 100, entre la suma del numero macréfagos positivos y negativos para
E.coli+GFP. La expresion del transportador de aniones de urato 1 (URAT1) en los
macrofagos se midio por gPCR. En comparacion con las células control (0 mmol/L), el &cido
arico aumentd significativamente la produccion del factor de necrosis tumoral alfa (TNF-a),
el receptor tipo toll 4 (TLR4) y el cluster de diferenciacion (CD) 11c en los macréfagos. Por
el contrario, el tratamiento con &cido urico redujo de forma gradual la expresion de CD206,
el receptor 1 de quimiocinas con motivo CX3C (CX3CR1) y el receptor de quimiocinas C-
C tipo 2 (CCR2) en estas células inmunes. De manera adicional, el acido Urico aumento
progresivamente la actividad fagocitica de los macrofagos y disminuy6 la expresion de
URAT1. De acuerdo con lo esperado, el probenecid inhibié la produccién de citocinas
proinflamatorias y la actividad fagocitica en macréfagos expuestos al &cido Urico. Estos
resultados sugieren que el &cido Urico tiene un efecto directo de tipo proinflamatorio sobre

los macrofagos, posiblemente mediado a través de URATL.



ABSTRACT

The effect of uric acid on macrophages has not been fully elucidated. We investigated the
effect of uric acid on the proinflammatory ability of human macrophages and then examined
the possible molecular mechanism involved. Primary human monocytes were differentiated
into macrophages for subsequent exposure to 0, 0.23, 0.45, or 0.9 mmol/L uric acid for 12 h
in the presence or absence of 1 mmol/L probenecid, a non-specific blocker of uric acid. Flow
cytometry was used to measure proinflammatory marker production and phagocytic activity,
which was quantified as the percentage of GFP-labeled Escherichia coli positive
macrophages. qPCR was used to measure the macrophage expression of the urate anion
transporter 1 (URAT1). As compared to control cells, the production of tumor necrosis
factor-alpha (TNF-alpha), toll-like receptor 4 (TLR4), and cluster of differentiation (CD) 11c
was significantly increased by uric acid. In contrast, the number of macrophages expressing
CD206, CX3C-motif chemokine receptor 1 (CX3CR1), or C-C chemokine receptor type 2
(CCR2) were significantly reduced. Uric acid progressively increased macrophage
phagocytic activity and downregulated URATL1 expression. Probenecid inhibited both
proinflammatory cytokine production and phagocytic activity in macrophages that were
exposed to uric acid. These results suggest that uric acid has direct proinflammatory effects

on macrophages possibly via URATL.



INTRODUCCION

En los seres humanos y otros primates, el cido Urico es el producto final del metabolismo
de las purinas. Esta molécula se sintetiza principalmente en el higado, intestinos, endotelio
vascular y otros tejidos (Benn et al. 2018; El Ridi and Tallima 2017). Después de su
formacion, el acido Urico ingresa al torrente sanguineo en forma de urato. Al circular por los
rifiones el acido Urico se excreta y posteriormente se reabsorbe aproximadamente en un 90%,
a través del transportador de aniones de urato (URAT) como el URAT-1 (Enomoto et al.
2002). La concentracién sanguinea del acido urico depende directamente del balance entre
su velocidad de sintesis y excrecion (Maiuolo et al. 2016). En condiciones fisiologicas en
homeostasis las concentraciones normales de acido Urico en la sangre en hombres son de 3.4-
7 mg/dL y 2.4-6 mg/dL en mujeres (Zhu, Pandya, and Choi 2011). A concentraciones bajas,
el &cido urico es una molécula esencial para la homeostasis, actiia como un potenciador de la
respuesta inmune, contribuye en la reparacion de los tejidos dafiados y es el principal
antioxidante del medio extracelular (Ames et al. 1981; Nery et al. 2015; El Ridi and Tallima
2017). Sin embargo, cuando las concentraciones del &cido Urico se encuentran elevadas, una
condicién conocida como hiperuricemia (HU), el urato se protoniza y se convierte en
monourato de sodio, la molécula esencial para la nucleacion de los cristales de monourato.
Cuando estos cristales se depositan en el tejido articular, se convierten en unos potentes
desencadenantes de la respuesta inflamatoria, al inducir el reclutamiento de monocitos y
macrofagos hacia estos sitios y estimular la respuesta inflamatoria (Ghaemi-Oskouie and Shi

2011)

El &cido urico fue aislado por primera vez hace mas de dos siglos por Carl Scheele.
Desde entonces, se establecid que la hiperuricemia es el factor causal de una patologia
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inflamatoria conocida como gota (Rosendorff and Jogendra 2013). La gota es una artropatia
crénica ocasionada por la deposicién de cristales de acido drico en diversas articulaciones.
Estos cristales desencadenan una intensa respuesta inflamatoria que ocasiona episodios de
dolor intenso y causan incapacidad temporal en las personas que la padecen. De manera
interesante, evidencia reciente sugiere una posible asociacion entre la elevacién de los niveles
sanguineos de &cido urico y una mayor actividad de células del sistema inmunitario,
particularmente los macrofagos(Kim et al. 2015a; Li et al. 2023; Liu et al. 2022). Estas
células del sistema inmune innato son notables por su plasticidad, pues pueden realizar
multiples tareas tales como la fagocitosis, la produccién de citocinas inflamatorias y la

reparacion tisular, entre otras funciones (Martinez 2011; Murray 2017).

Ademas de su funcidn en la respuesta inmune, los macréfagos también desempefian
funciones importantes en el desarrollo y perpetuacion de diversos trastornos metabdlicos
como la resistencia a la insulina, la hiperglucemia, la Diabetes Mellitus, la hipertension
arterial sistémica y la hiperuricemia (Jiang et al. 2023; Krishnan et al. 2013). El
entendimiento de los mecanismos subyacentes en la relacion entre los macrofagos y los
trastornos metabdlicos, particularmente en el contexto de la hiperuricemia, es fundamental

para la investigacién bésica y clinica.



ANTECEDENTES

Acido Urico

El &cido urico (CsHsN4O3) es un &cido organico débil con un peso molecular de 165 kDa y
dos valores de pKa: pKai 5.8 y pKaz 9.8 (Mandal and Mount 2015). En los humanos, el &cido
arico es el resultado de la degradacion de las purinas y su sintesis inicia en el higado y otros
tejidos. La sintesis del acido Urico implica un proceso complejo que comienza cuando las
purinas adeninay guanina, provenientes de fuentes exdgenas y enddgenas, son metabolizadas
a nivel hepatico y gastrointestinal. El primer paso ocurre cuando la adenosina monofosfato
(AMP) se convierte en inosina por dos vias diferentes. La primera via consiste en eliminar
un grupo amino mediante la enzima desaminasa dando lugar a la inosina monofosfato (IMP),
a continuacion, el IMP es desfosforilado por la purina nucleotido fosforilasa (PNP) para
producir inosina. En el segundo mecanismo una nucleotidasa elimina un grupo fosfato dando
lugar a la adenosina, la cual es desaminada y forma la inosina. Por otra parte, la guanina
monofosfato (GMP) es desfosforilada por una nucleotidasa, generando guanosina. Los
metabolitos intermedios inosina y guanosina también son desfosforilados dando lugar a
hipoxantina y guanina, respectivamente. A continuacion, la hipoxantina es oxidada por la
xantino oxidasa (XO) generando xantina, mientras que también la guanina es desaminada
por la guanina desaminasa formando xantina. Posteriormente la XO oxida nuevamente a la

xantina para formar al acido Urico (Figura 1) (Benn et al. 2018).
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Figura 1. Sintesis del acido drico.

En la mayor parte de los mamiferos, el acido Grico es un producto intermedio que es
degradado mediante la enzima uricasa, una enzima peroxisomal que cataliza la oxidacion del
acido Urico y da lugar a la produccion de alantoina, un compuesto més soluble y de fécil
eliminacién (Mandal and Mount 2015). Sin embargo, en los seres humanos, una mutacion en
el gen de la uricasa impide la produccion de esta enzima, como consecuencia los seres
humanos son incapaces de catabolizar al &cido urico, lo que conduce a la acumulacion y

elevacion en la concentracion de &cido urico en los seres humanos (Figura 2).
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Figura 2. Catabolismo del acido urico por la enzima uricasa.
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Metabolismo renal del acido Urico

El metabolismo renal del acido Urico es un proceso sumamente complejo, en el que la sintesis
y el catabolismo se mantienen en niveles relativamente constantes, produciéndose entre 300
y 400 mg diariamente (Maiuolo et al. 2016b). De esta cantidad, los rifiones eliminan
aproximadamente dos tercios del acido urico, mientras que el tercio restante se excreta a

través del tracto gastrointestinal (Bobulescu and Moe 2012).

Después de ser transportado por la circulacion sanguinea, el acido drico ingresa a los rifiones
y circula a través los capilares, donde es filtrado por los glomérulos. En el tabulo contorneado
proximal, se lleva a cabo tanto la secrecion como la reabsorcion del &cido urico,
aproximadamente el 90% del acido urico filtrado es posteriormente reabsorbido. El sitio
principal donde esto ocurre es el segmento S1 del tibulo contorneado. En la parte basal de
sus células epiteliales se encuentran transportadores que intercambian aniones por acido
arico, como el transportador de glucosa 9 (GLUT-9) y los transportadores de aniones
orgénicos (OAT) 1 y 3. Por otro lado, en la porcién apical de las células epiteliales, se
encuentran varios transportadores de &cido Urico, siendo el URAT1 el transportador principal
de uratos. EI URAT1 esté codificado por el gen SLC22A12, y mutaciones en este gen estan
relacionadas con enfermedades relacionadas con el acido urico. En el segmento S2 del tubulo
proximal, el &cido Urico se secreta en mayor medida que el que se reabsorbe. La reabsorcion
post-secrecion tiene lugar en la porcién mas distal del tubulo proximal, aproximadamente
entre el 5-10% del &cido Urico que se filtra aparece en la orina. Esta alta tasa de reabsorcion
sugiere que el acido drico puede tener funciones bioldgicas (Bobulescu and Moe 2012;

Mandal and Mount 2015).
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Funciones biologicas del acido arico

Inicialmente se consider0d al acido Urico como una molécula sin funciones bioldgicas
significativas, siendo considerado Unicamente como el agente causal de la gota. No obstante,
investigaciones posteriores han revelado que el acido Urico desempefia diversas funciones

bioldgicas, las cuales se detallan a continuacion.

Funcion antioxidante. En los seres humanos, se ha demostrado que mas de la mitad de la
funcién antioxidante en el medio extracelular proviene del acido urico. El acido urico
desempefia un papel fundamental al proteger a las células contra el dafio oxidativo provocado

por los radicales libres y el peroxinitrito (Hooper et al. 1998).

En las células endoteliales se ha demostrado que las concentraciones elevadas de
acido drico pueden causar disfuncién endotelial. Estas células poseen el trasportador
URAT1, lo que permite el ingreso del acido Urico. Esto a su vez, desencadena un proceso
inflamatorio y el aumento del estrés oxidativo (Figura 3). Por otra parte, los tratamientos
hipouricemiantes han demostrado que mejoran la disfuncién endotelial en modelos
experimentales y pacientes con enfermedades cardiovasculares (Liang et al. 2015; Maruhashi

et al. 2018a).

12
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Figura 3. Mecanismos implicados en la disfuncion endotelial inducida por la hiperuricemia
(Tomado de Maruhashi et al. 2018)

Neuroproteccion: existe evidencia que sugiere que el &cido Urico desempefia un papel
neuroprotector. Por ejemplo, en personas con enfermedades neurologicas como la esclerosis
multiple, que se caracteriza por el dafio en las vainas de mielina que recubren las fibras
nerviosas, frecuentemente tienen niveles sanguineos de acido Urico mas bajos en
comparacion con las personas sanas. Ademas, se ha observado que, en personas con gota, la
prevalencia de enfermedades neuroldgicas tiende a ser baja. Estas observaciones sugieren
que el &cido Urico podria desemperfiar un papel importante en la preservacion de la funcion
cognitiva y en la reduccién del riesgo para desarrollar enfermedades neurodegenerativas,

como la enfermedad de Parkinson (Li et al. 2015; Mijailovic, Vesic, and Borovcanin 2022).

Cicatrizacion de heridas: En concentraciones fisioldgicas, cuando hay un dafio en los tejidos,
el &cido urico promueve la cicatrizacion de las heridas al funcionar como una sefial de alarma
enddgena que estimula el reclutamiento de plaquetas y la produccion de colageno con lo que

se estimula la activacion plaquetaria (Chung et al. 2004), ademas estimular la proliferacion
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de fibroblastos, células que participan en la reparacion de tejidos y facilita la adhesion de
neutrofilos y monocitos a la matriz extracelular (Nakamura et al. 2001). Por el contrario, se
ha observado que en personas con ulceras venosas tienen concentraciones elevadas de acido
rico en las heridas y que estad directamente relacionado con la severidad de la herida

(Fernandez, Upton, and Shooter 2014).

Respuesta inmune: EI acido Urico esta implicado en el desarrollo de la respuesta inmune.
Puede actuar como una sefial de peligro enddgena, que desencadena reacciones inmunes en
ciertos contextos, por ejemplo, en modelos animales de inflamacidn peritoneal, el &cido Urico
es esencial y suficiente para inducir respuestas inmunitarias mediadas por anticuerpos y
células (Shi, Galusha, and Rock 2006). El acido drico liberado en este contexto actua como
una sefial de peligro que estimula a las células dendriticas derivadas de monocitos
inflamatorios (Chen 2006). Ademas, el acido Urico liberado en las vias respiratorias de
pacientes asmaticos y en ratones expuestos a alérgenos es esencial para desarrollar la
inmunidad de tipo 2, eosinofilia y una mayor reactividad bronquial a alergenos inhalados y
a los acaros del polvo doméstico. Por otra parte, cuando se administraron cristales de urato
monosodico junto con proteinas inofensivas inhaladas, se desencadend una respuesta
inmunitaria de tipo 2 exacerbadas (Kool et al. 2011). Estos hallazgos sugieren que el acido

drico actta como un iniciador y amplificador crucial de la inflamacion.

Hiperuricemia y gota

La hiperuricemia, definida como una concentracion anormalmente elevada de &cido Urico en
sangre, es el agente etioldgico clave para el desarrollo de la artritis inflamatoria conocida

como gota (Benn et al. 2018). La hiperuricemia es el resultado del incremento de la
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produccion de acido drico, la disminucion en la excrecion renal de &cido urico o la
combinacion de ambos. Aungue los valores que definen a la hiperuricemia en adultos no son
iguales en todas las poblaciones, en general se considera tener esta condicion cuando la
concentracion de acido Urico en sangre es superior a 7,0 mg/dL en hombres y 6,0 mg/dL en
mujeres (Zhu et al. 2011). Cuando el &cido urico, encontrado en la circulacion sanguinea en
forma de urato, se encuentra en altas concentraciones, se protoniza y da lugar al urato
monosddico (MSU), la molécula esencial para la nucleacion o formacion de su forma
cristalizada. Cuando estos cristales se depositan en las articulaciones y en el tejido conectivo
periarticular, se convierten en unos potentes desencadenantes de la respuesta inflamatoria, al
inducir el reclutamiento de células inmunitarias hacia estos sitios y estimular la respuesta
inflamatoria (Ghaemi-Oskouie and Shi 2011), clinicamente interpretada como un ataque
agudo de gota. Los cristales de MSU localizados en las articulaciones interactian con los
macrofagos y residentes, asi como con neutréfilos y monocitos reclutados, células sinoviales
y endoteliales no hematopoyéticas. Todas estas células inmunes pueden fagocitar o endocitar
cristales de MSU, lo que provoca la activacion, lesion y liberacion de enzimas hidroliticas,
especies reactivas de oxigeno y la liberacién de patrones moleculares asociados al peligro
(DAMP) que pueden ser detectados por las células del sistema inmunoldgico innato. Una vez
en el interior de las células inmunes, los cristales de &cido Urico estimulan la activacion del
complejo multiproteico conocido como inflamosoma NLRP3 (NOD-like receptor protein 3).
Este inflamosoma escinde proteoliticamente a la pro-interleucina 1B (pro IL-1B) y genera a
su forma activa, la IL-1p en las articulaciones afectadas (Braga et al. 2017a). Una vez que es
liberada esta citocina, se inicia un proceso de reclutamiento de neutréfilos y monocitos al
sitio de produccidn, estas células inmunes producen especies reactivas de oxigeno, enzimas

proteoliticas, quimiocinas y citocinas inflamatorias como la proteina quimioatrayente de
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monocitos (MCP-1) y la molécula de adhesion intercelular 1 (ICAM-1) seguidas de la
activacion de los macréfagos y una mayor liberacion de moléculas inflamatorias mediadas
por el factor nuclear kappa B (NF-xB). Ademas, hay otras células que también estan activas
en los ataques agudos de gota, por ejemplo, los fibroblastos reclutados al sitio de inflamacién
secretan factores de crecimiento fibroblastico y matriz extracelular causante de fibrosis (Zhou

etal. 2012).

Hiperuricemia y enfermedades cardiovasculares

Existe evidencia de la fuerte asociacién entre la hiperuricemia y el desarrollo de
enfermedades cardiovasculares e hipertension. Estudios recientes sugieren que el acido drico
ingresa al mdsculo liso vascular mediante los transportadores URAT-1 y OAT9
desencadenando multiples vias de sefializacién que resultan en una mayor expresion de
mediadores inflamatorios. Esto a su vez, contribuye al aumento de la presion arterial, la
hipertrofia de células del masculo liso vascular e hipertension (Kanbay et al. 2013; Mazzali
et al. 2010). Adicionalmente, el &cido Urico disminuye la produccion de la enzima 6xido
nitrico sintasa generando asi una disminucion en la produccién del 6xido nitrico. Asimismo,
incrementa la produccién del factor de transcripcion NF-xB y las citocinas inflamatorias
TNF-oy la IL-6 las cuales conducen a la disfuncion de las células endoteliales vasculares(Cai
et al. 2017). Adicionalmente el acido Urico también activa el sistema renina-angiotensina
aumentando el estrés del reticulo endoplasmico, la produccion de especies reactivas de

oxigeno y nitrégeno, y la disminucion en la funcion antioxidante(Hong et al. 2020).
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Hiperuricemia y Diabetes Mellitus

La Diabetes Mellitus tipo 2 (DM2) es una enfermedad metabolica que ha incrementado
preocupantemente durante las Gltimas décadas. Se estima que para el afio 2045 habran cerca
de 700 millones de personas con DM2 (Cho et al. 2018; Tancredi et al. 2015). En numerosos
estudios clinicos han mostrado que las nifios y adultos con hiperuricemia tienen una mayor
prevalencia de resistencia a la insulina (Hu et al. 2021). Estos estudios también han mostrado
que la hiperuricemia es un factor de riesgo independiente para el desarrollo de hiperglucemia
y diabetes, independientemente de otras comorbilidades (Alemayehu et al. 2023; Jiang et al.
2023; Krishnan et al. 2013; Miranda et al. 2015). Adicionalmente, en modelos murinos de
hiperuricemia y en células hepéticas HepG2 y cardiomiocitos, se ha demostrado que el acido
Grico incrementa la produccion de especies reactivas de oxigeno, inhibe la transduccién de
la via de sefializacion de la insulina a través de la fosforilacion de la serina 307 del sustrato
del receptor de insulina (IRS), inhibe la fosforilacion de la serina 473 del AKT (también
conocida como protein cinasa B) e incrementa los niveles de glucosa en sangre (Zhi et al.

2016; Zhu et al. 2014).

Ademas, en personas con DM2 de larga evolucion existe un dafio a 6rganos blanco
como los rifiones y la retina. El dafio a estos érganos es cuantificado mediante la albuminuria,
es decir la cantidad de albumina en la orina y a nivel oftdlmico por el crecimiento de vasos
sanguineos en la retina o retinopatia diabética. En este sentido, se ha demostrado que los
niveles elevados de acido drico muestran una asociacion positiva y significativa con la
gravedad de la albuminuria y la retinopatia diabética en pacientes con DM2 (Pai et al. 2022;

Russo et al. 2022).
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Macrofagos

Los macrofagos son células del sistema inmune innato encontrados en la mayor parte de los
organos y tejidos del organismo. Estas células fueron descritas por primera vez por Elie
Metchnikov quien las nombré macrofagos, del griego "macro™ grande y “phagos” comedor,
debido a su capacidad fagocitica, es decir, su capacidad para ingerir particulas y
microorganismos. Ademas de la fagocitosis, los macréfagos desempefian otras funciones,
por ejemplo, participan en la formacion de los vasos sanguineos, embriogénesis, reparacion
y cicatrizacion de las heridas, ademas estan implicados de forma importante en la obesidad,

diabetes y el cancer (Martinez 2011; Martinez, Helming, and Gordon 2009).

Los macrdfagos exhiben una notable plasticidad que les permite modificar su fenotipo
y funcién dependiendo del microambiente en el que se encuentran. Cuando se enfrentan a
microorganismos patdgenos o sefiales moleculares de dafio, los macrofagos regulan la
respuesta inmune en sus diversas etapas; en primera instancia, inician y conducen el proceso
inflamatorio con el fin de destruir a los patdgenos. Posteriormente, se encargan de eliminar
células muertas y restos de patdgenos. Finalmente participan en la restauracion y
restablecimiento de los tejidos dafiados, devolviéndolos a su condicional inicial (Kim and

Nair 2019; Martinez 2011).

Tipos de macrdéfagos

Los macréofagos pueden tener 2 origenes: los macrofagos residentes, que surgen durante la

embriogénesis y los macrofagos derivados de monocitos (MDM).
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Macrofagos residentes

Los macrdfagos residentes se originan de precursores que estan presentes en el ser humano
desde el desarrollo embrionario y se originan en tres oleadas hematopoyéticas principales,
denominadas primitiva, predefinitiva y definitiva. Las dos primeras oleadas tienen lugar en
estructuras embrionarias, como el saco vitelino y la alantoides, donde surgen los primeros
macrdfagos residentes. Estos reciben diferentes denominaciones dependiendo del sitio donde
se encuentren. En la piel se les denomina células de Langerhans, en los pulmones células de
Kupffer y en el cerebro se les conoce como microglia. En la tercera oleada o fase definitiva,
surgen los macrdfagos residentes del sistema cardiaco, del musculo esquelético, osteoclastos
en el hueso y una cantidad adicional de células de Kupffer. En esta fase, los precursores
hematopoyéticos, incluidos los precursores de los monocitos se establecen en la medula 6sea

(Sreejit et al. 2020) como su sitio de produccion definitivo (Figura 4).

Primitive Pro-definitive Definitive
Day E6.5-E8.5 Day E&.5 and E10.5 Day E10.5-
Yolk sac Yolk sac, Allantois AGM Region, Fetal liver, BM

and Embryo proper

|
Nucleated erythrocytes, EMPs{give rise LT-HSC
magakaryocyles to pMACs)
Mac-CFC -
Microglia, Langerhans cells and Kupffer cells Kupfler cells, alvealar macrophages and

macrophages residing in cardiac system,
skeletal muscle, dermis and gut.

Figura 4. Origen de los macréfagos (Tomado de Sreejit, et al. 2020).

19



Macrofagos derivados de monocitos

Los macrofagos derivados de monocitos se originan a partir de la diferenciacion de sus
precursores celulares, los monocitos. Los monocitos son células del sistema inmune que se
generan en la medula 6sea y constituyen cerca del 10% de los leucocitos en los humanos. En
condiciones fisioldgicas, los monocitos circulan por los vasos sanguineos durante uno a tres
dias, después de lo cual son eliminados por el bazo y son restituidos por la medula 6sea para

mantener una cantidad constante en el torrente circulatorio (Italiani and Boraschi 2014).

En presencia de microorganismos patdgenos o sefiales de dafio tisular, tanto los
tejidos lesionados, asi como el endotelio vascular secretan citocinas inflamatorias como la
IL-6, IL-1B, TNF-a y quimiocinas como la proteina quimioatrayente de macréfagos 1y 2.
Estas citocinas viajan por la circulacion sanguinea y se unen a sus receptores localizados en
la membrana de los monocitos, con lo cual inicia el redireccionamiento de los monocitos
hacia el sitio de inflamacidn. Adicionalmente las células endoteliales cercanas a la zona de
lesion tisular expresan integrinas como la molécula de adhesion intercelular 1 (ICAM-1), la
molécula de adhesion vascular 1 (VCAM-1) y las selectinas P y E. Estas moléculas se unen
a glucoproteinas y receptores de integrinas presentes en los monocitos, como el antigeno 1
asociado a la funcion leucocitaria (LFA-1) y el antigeno de liberacion tardia (VLA-4), con lo
que disminuyen su velocidad de flujo y posteriormente se detienen en el sitio de inflamacion.
Las células endoteliales adyacentes modifican su citoesqueleto y permiten la extravasacion

de los monocitos hacia los tejidos lesionados (Gerhardt and Ley 2015).
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Diferenciacion de monocitos a macrofagos

En condiciones de homeostasis, las células estromales y endoteliales producen una cantidad
basal del factor estimulante de colonias de macréfagos 1 (M-CSF-1). Esta proteina es
esencial para el desarrollo de los monocitos y la diferenciacion de los macrofagos residentes.
Sin embargo, en un escenario inflamatorio, el endotelio y las células cercanas al sitio de dafio
tisular incrementan la produccion del M-CSF-1, el factor estimulante de colonias de
granulocitos-monocitos (GM-CSF) y la interleucina 34 (IL-34). El incremento en la
concentracion circulante de las proteinas mencionadas favorece una mayor produccién de
monocitos en la medula 6sea, su salida de la circulacion sanguinea y el reclutamiento de estos
monocitos, que posteriormente inician su diferenciacion hacia macrofagos (ltaliani and

Boraschi 2014; Martinez 2011).

En condiciones in vitro los macr6fagos pueden diferenciarse hacia un fenotipo basal
conocido como MO. Sin embargo, en condiciones in vivo los macréfagos adquieren diversos
fenotipos y funciones que dependen del microambiente, mismo que dirige el proceso de
diferenciacion hacia un perfil pro o antinflamatorio (Italiani and Boraschi 2014; Murray

2017).

Macrdéfagos M1

Los macrdfagos activados clasicamente o también conocidos como M1 son macrofagos
proinflamatorios que surgen como resultado de la exposicién a moléculas relacionadas con
microorganismos infecciosos, como el lipopolisacarido (LPS), el interferon gama (IFN-y) y
el factor de necrosis tumoral alfa (TNF-a). Estos macrdéfagos se caracterizan por su fenotipo

y funcién. Sus marcadores de superficie incluyen al CD80, CD86, CD11c, CCR2 y los
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receptores tipo Toll 2y 4 (TLR-2 y 4). Ademas, estos macrofagos expresan tipicamente a la
enzima o6xido nitrico sintasa inducible (iNOS), y producen cantidades significativas de
especies reactivas de oxigeno (ROS), TNF-a y las interleucinas (IL)1B, 6 y 12. Estas
moléculas contribuyen a amplificar la respuesta inflamatoria en el microambiente.
Adicionalmente estos macréfagos se pueden caracterizar por los marcadores gue reconocen
moléculas con capacidad quimioatrayente como CCL20, CXCL10, CXCL11 que inducen el

reclutamiento de monocitos y otras células inmunes (Murray 2017).

Macrofagos M2

Los macrdfagos activados alternativamente o también conocidos como M2, ejercen
funciones antinflamatorias, participan en la reparacion y cicatrizacién de los tejidos,
eliminacion de restos celulares y células apoptdticas, y son activos frente a parasitos(Italiani
and Boraschi 2014; Murray 2017). Existen varios subtipos de macréfagos M2 cuya
polarizacion depende del estimulo con el que son activados. A continuacion, se describen los

diferentes subtipos de macréfagos:

Macréfagos M2a: Se obtienen este subtipo de macréfagos cuando son estimulados con
citocinas tipo Th2 como la IL-4 e IL-13. Los macrofagos M2a se caracterizan por la
expresion elevada del receptor de manosa (CD-206) y de galactosa, ademas de la presencia
de la arginasa 1 (Arg-1), una enzima encargada de hidrolizar la L-arginina a L-ornitina, un
aminoacido fundamental para la replicacion, el crecimiento y la diferenciaciéon celular,
ademas de ser importante en la reparacion de lesiones (Italiani and Boraschi 2014; Martinez

et al. 2009; Murray 2017).
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Macrofagos M2b. Se obtienen con la estimulacion con complejos inmunes, agonistas de los
receptores tipo toll y el lipopolisacarido. Estos macrofagos producen citocinas
antiinflamatorias y proinflamatorias como IL-10, IL-1B y el TNF-a(Gordon 2003; Martinez

2011).

Macrofagos M2c. Son macréfagos activados por glucocorticoides, 1L-10 y el factor de
crecimiento transformante beta (TGF-B), también son Ilamados macrofagos desactivados.
Actuan eliminando células apoptoticas y secretan IL-10 Y TGF- (Gordon 2003; Italiani and

Boraschi 2014).

Macroéfagos y enfermedades metabdlicas

Los macrofagos desempefian un papel fundamental en el inicio, desarrollo y perpetuacion de
diversas alteraciones y patologias cardiometabdlicas. Por ejemplo, en modelos animales y en
sujetos con condiciones como hiperglucemia, diabetes, dislipidemias, obesidad e
hipertension arterial se ha observado un incremento en el nimero de monocitos y macréfagos
infiltrados en diversos 6rganos y tejidos como el endotelio de los vasos sanguineos, rifiones,
corazon y el tejido adiposo, en comparacion con sujetos sanos (Clozel et al. 1991). Estos
macrofagos reclutados adoptan un fenotipo proinflamatorio, en contraste con los sujetos

sanos en los que predominan los macr6fagos con un fenotipo antinflamatorio.

En este sentido, se ha observado que, en el tejido adiposo de ratones y humanos con
obesidad, los adipocitos hipertréficos activan diversas vias de sefializacion relacionadas con
la hipoxia y el estrés celular. Esto conlleva a la liberacion de &cidos grasos libres a la
circulacién sanguinea, al incremento en la produccion de especies reactivas de oxigeno y

nitrégeno y una produccion elevada de quimiocinas como CCL2. Estas moléculas
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desempefian un papel crucial en el direccionamiento de monocitos CCR2+ hacia el tejido
adiposo, donde posteriormente se diferencian hacia macréfagos. Se ha reportado un
incremento de hasta 4 veces el nimero de macrofagos infiltrados en el tejido adiposo de
individuos con obesidad comparados con sujetos delgados. Estos macréfagos adoptan una
disposicion caracteristica conocida como “estructuras similares a coronas” (CLS) con la que
rodean a los adipocitos disfuncionales (Hotamisligil et al. 1995). En estos conglomerados,
los macrofagos expresan cantidades elevadas de marcadores inflamatorios como TLR4 y
CDl11c+, y producen diferentes citocinas como la IL-1f, IL-6 y TNF-a. El incremento
sostenido de estas moléculas inflamatorias resulta perjudicial para los diferentes érganos y
tejidos, ya que modifica las vias de sefializacion metabdlicas. Por ejemplo, en los tejidos
dependientes de insulina, las citocinas inflamatorias alteran el metabolismo de los
carbohidratos al fosforilar la serina del IRS. Esta fosforilacion bloquea la via de sefializacion
de la insulina, con la consecuente inhibicion de la funcion del receptor de insulina (R1). Como
resultado de esta fosforilacion inadecuada la insulina no puede cumplir su funcién bioldgica,
una condicién conocida como resistencia a la insulina en la que las células son incapaces de
captar glucosa, lo que conduce al aumento de la glucosa en la circulacion sanguinea. Si esta
condicién persiste durante un periodo prolongado, puede llevar al desarrollo de la DM2

(Hotamisligil et al. 1995; Li et al. 2022; Russo et al. 2021).

Adicionalmente, se ha reportado que en la hipertension arterial, las dislipidemias y la
ateroesclerosis, se produce un aumento de citocinas inflamatorias tanto a nivel sistémico
como local (Fatkhullina, Peshkova, and Koltsova 2016; Hong et al. 2022; Ramji and Davies
2015; Zhang et al. 2023). Ademas, se ha observado un incremento en el nimero de monocitos

y macrofagos con fenotipo M1 en diferentes tejidos, como los rifiones, grasa perivascular,
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las placas ateromatosas en las arterias carétidas, el arco adrtico y las arterias coronarias
(Caillon, Paradis, and Schiffrin 2019; Rodriguez-Iturbe, Pons, and Johnson 2017). Cuando
se utilizan medicamentos antihipertensivos e hipolipemiantes, se observa una disminucion
en el reclutamiento de los macrofagos en los rifiones, grasa perivascular y las placas
ateromatosas, asi como la actividad de factores de transcripcidn implicados en la inflamacion
como el NF-xB. Adicionalmente se ha observado que al utilizar inhibidores especificos de
MCP-1, se consigue la disminucién en el reclutamiento de macrofagos en diferentes tejidos
como el endotelio vascular, asi como una reduccion moderada en la presion arterial

(Elmarakby et al. 2007).

Hiperuricemia y macrofagos

Diversos estudios clinicos han demostrado una asociacion significativa entre la hiperuricemia
y un estado inflamatorio sistémico. Esta asociacion es demostrada particularmente por una
mayor produccion de citocinas proinflamatorias, como la IL-6, IL-12 y el TNF-q, asi como
con la proteina C reactiva (Lyngdoh et al. 2011; Ruggiero et al. 2006). Ademas, se ha
observado que los sujetos con hiperuricemia presentan un mayor numero leucocitos
circulantes, en particular, de monocitos y un mayor nimero de macrofagos inflamatorios en

tejidos como el tejido adiposo y renal(Hotamisligil et al. 1995; Kim et al. 2015a).

Ademas, se ha reportado que en modelos de hiperuricemia existe un incremento
significativo en la produccion de MCP-1. Esto a su vez va acompafiado del aumento en el
namero de macrofagos infiltrados (Grainger et al. 2013; Kanellis et al. 2003; Kim et al.
2015b; Wasilewska et al. 2012). Estos macrdfagos expuestos a altas concentraciones de &cido

arico tienen la capacidad de inhibir la via de sefializacion responsiva a la insulina en tejidos
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como el tejido adiposo y el hepético (Baldwin et al. 2011; Yu et al. 2023). Por otro lado, en
las placas ateromatosas de ratones ApoE-/- con hiperuricemia se observa un infiltrado activo
de macrdfagos acompafiado de activacion de NF-«xB asi como produccion de IL-18 y MCP-
1 (Lee et al. 2021). Asimismo, en cultivos de macréfagos derivados de células THP-1y en
MDM, se ha demostrado que el acido Urico estimula la produccion de ROS producidas
mitocondrialmente. Estas ROS contribuyen al incremento en la produccion de IL-1p via el
inflamosoma NLRP-3 (Braga et al. 2017b; Kim et al. 2015b). De forma similar, en ratones
CD-1y en ratas OLETF que exhiben niveles elevados de &cido Urico, se ha observado un
mayor infiltrado de macréfagos en el intersticio tubular del rifién. Adicionalmente, se ha
reportado un incremento en la expresion de moléculas quimioatrayentes e inflamatorias como
el MCP-1, TGF-B y TNF-a. En contraste, cuando se usa alopurinol, un blogueador de la
reabsorcion de &cido Urico en los rifiones, disminuye el reclutamiento de macréfagos, la
produccion de moléculas inflamatorias, una mejora en la funcién renal y mejora la via de

sefializacion de la insulina (Kim et al. 2015b; Zhou et al. 2012).
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PLANTEAMIENTO DEL PROBLEMA

Los antecedentes mencionados sugieren la existencia de una relacion entre la elevacion de
los niveles de acido Urico y la polarizacion de los macréfagos hacia un fenotipo inflamatorio,
fendmeno que podria estar asociado con el desarrollo de alteraciones metabolicas como la
dislipidemia, la hiperglucemia y la resistencia a la insulina. Sin embargo, hasta el momento
no se conoce cual es la naturaleza de la relacion entre el &cido drico y el macrofago,
generando asi los siguientes cuestionamientos: ¢ El &cido Urico promueve de manera directa
la activacién inflamatoria de los macrofagos? ¢ Existe una proteina transportadora de acido
arico en los macrofagos? ¢Cuales son las vias de sefializacion involucradas en mediar el

efecto del &cido drico sobre los macréfagos?

27



HIPOTESIS

El &cido urico promueve directamente la activacion M1, y/o disminuye la activacion M2,
en macrofagos primarios de origen humano in vitro, de manera dependiente de la

concentracion y a través del transportador de aniones de urato como el URAT-1.
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OBJETIVOS

Objetivo general

Evaluar el efecto del &cido urico sobre la activacion de macréfagos primarios de origen

humano cultivados in vitro, estudiando las vias de sefializacion involucradas en mediar este

efecto.

Objetivos particulares

Determinar el efecto de concentraciones crecientes de acido Urico sobre la diferenciacion
de macrdéfagos derivados de monocitos en cultivo in vitro, evaluando la respuesta de estas
células a la exposicion a LPS.

Evaluar el perfil de activacién de macréfagos humanos cultivados en presencia de
concentraciones crecientes de cido Urico a través de la medicion de CD14, CD11c,
CD206, CCR2, y CX3CR1, TLR-4 en la superficie celular y TNF-a, IL-1B
intracelularmente por citometria de flujo.

Establecer si el macrofago posee el transportador de acido urico URAT 1y si éste es
regulado positiva o negativamente en relacion con la exposicion a este metabolito.
Evaluar el efecto del blogueador de URAT-1, probenecid, en los macr6fagos humanos
mediante la expresion de marcadores de superficie celular y citocinas.

Determinar la respuesta de los macrofagos expuestos al acido drico frente a un reto
inmunoldgico, analizando la actividad fagocitica de los mismos ante la exposicion a

Escherichia coli marcada con proteina verde fluorescente (E. coli+GFP).
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MATERIALES Y METODOS

Sujetos

Se obtuvieron concentrados leucocitarios de voluntarios varones sanos, con edades entre los
18 a 35 afios, sin alteraciones metabdlicas, que acudian a donacion de sangre del Hospital
General de México. Todos los participantes proporcionaron su consentimiento informado por
escrito, el cual fue previamente aprobado por el comité de ética institucional del Hospital
General de México (con numero de registro de aprobacion del comité de ética
DIC/11/UME/05/029), el cual garantizd la realizacion adecuada del estudio de acuerdo con

los principios descritos en la Declaracion de Helsinki(World Medical Association. 2001).

Los donantes de sangre fueron excluidos del estudio si tenian diagnostico previo de DM1y
DM2, enfermedad cardiovascular aguda o enfermedad hepética cronica, enfermedad renal
aguda o cronica, cancer, trastornos endocrinos, enfermedades infecciosas y enfermedades
inflamatorias o autoinmunes. También se excluyeron del estudio a pacientes seropositivos
para VIH, hepatitis tipo B y C, asi como aquellos sujetos que estaban bajo prescripcion de
medicamentos antiinflamatorios, antiplaquetarios, antihipertensivos e inmunomoduladores,

incluyendo medicamentos antiinflamatorios no esteroideos (AINES).

Aislamiento de monocitos y cultivo de macrdéfagos

Los concentrados leucocitarios (n=10) se diluyeron en una proporcion 1:2 utilizando PBS1x
(Sigma Aldrich, St. Louis, MO, EE. UU.) para llevar a cabo el aislamiento de las células
mononucleares de sangre periférica (PBMC) mediante centrifugacion por gradiente de
densidad para lo cual se utilizo histopaque-1077 (Sigma Aldrich, St. Louis, MO, EE. UU.).
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Posteriormente, los monocitos se aislaron de las PBMC mediante seleccion negativa
utilizando columnas magnéticas para CD14 (Miltenyi Biotec, Bergisch Gladbach,
Alemania). Los monocitos purificados se cultivaron en medio RPMI-1640 (Sigma Aldrich,
St. Louis, MO, EE. UU.) el cual fue suplementado con suero fetal bovino (FBS) al 10 %
(GibcoTM, Grand Island, NY, EE. UU.), L-glutamina 2 mM, 50 pg/ mL de gentamicina y
10 ng/mL de factor estimulante de colonias de macrofagos (M-CSF) (GibcoTM, Grand
Island, NY, EE. UU.) en placas de cultivo celular de 6 pozos (Costar, Kennebunk, ME, EE.
UU.), a una densidad de 3x10° monocitos. Los medios de cultivo y el M-CSF se
reemplazaron cada dos dias durante un periodo de siete dias. Tras la diferenciacion, los
macréfagos derivados de monocitos (MDM) se mantuvieron en medio RPMI-1640
suplementado, como se menciond anteriormente, y se expusieron a 0,23, 0,45 0 0,9 mmol/I
de &cido drico (Sigma Aldrich, St. Louis, MO, EE. UU.) durante 12 horas. Después de
realizar multiples curvas de tiempo-respuesta a 1, 3, 6 y 12 h, asi como 1,3,6 y 9 dias,
encontramos que los MDM exhibieron la actividad proinflamatoria mas significativa a las 12
horas del cultivo in vitro en presencia de &cido Urico, por lo que se decidio realizar todos los
experimentos en este momento. Antes de la exposicion al &cido urico, se agregé 1 mmol/L
de probenecid, un blogueador del transportador de acido Urico URATL1 (St. Louis, MO, EE.
UU.), y se reemplaz6 después de 6 h por medios de cultivo que contenian diferentes
concentraciones de cido urico. Los MDM de control se mantuvieron en medio RPMI-1640
suplementado con FBS en ausencia de &cido urico durante el mismo tiempo. Inmediatamente
después, se recogieron MDM utilizando scrapers estériles (Corning, Reynosa, Tamaulipas,
México) y se dividieron en partes iguales en 1 mL de PBS 1x (Sigma Aldrich, St. Louis, MO,

EE. UU.) para su analisis mediante citometria de flujo o en 300 uL de reactivo TRIzol (Life
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Technologies, Carlsbad, CA, EE. UU.) para ensayos de reaccidn en cadena de la polimerasa

cuantitativa (QPCR).

Ensayos de citometria de flujo

Después de recolectar las células, se resuspendieron 1 x 10° MDM en 50 uL de buffer de
tincion celular (BioLegend, Inc., San Diego, CA, EE. UU.). Las células se incubaron a 4°C
en la oscuridad con los anticuerpos anti-CD14 PE/Cy7, anti-CD206 APC/Cy7, anti-TLR4
PE, anti-CX3CR1 BV510, anti-CCR2 AF647 (BioLegend, Inc., San Diego, CA, EE. UU.) y
5 uL True-Stain Monocyte Blocker™ (BioLegend, Inc., San Diego, CA, EE. UU.) durante
20 minutos. Después de lavar con Cell Staining Buffer (BioLegend, Inc., San Diego, CA,
EE. UU.), se evalué la viabilidad celular de los MDM empleando 7-AAD (BD
Pharmingen™, San Jose, CA, EE. UU.) durante 10 min. Posteriormente las muestras fueron
analizadas en un citometro de flujo FACSCanto Il (BD Biosciences, San Jose, CA, EE. UU.)
mediante el software BD FACSDivaTM 6.0, adquiriendo 20.000 eventos por ensayo por
triplicado. Los controles de compensacion se realizaron utilizando UltraComp eBeads™
(Invitrogen, Carlsbad, CA, EE. UU.) para cada fluorocromo. Los datos de citometria de flujo
se analizaron utilizando el software FlowJo 10.0.7 (TreeStar, Inc, Ashland, OR, EE. UU.).
Para la tincion de citoquinas intracelulares, los MDM se trataron con Brefeldin A 1:1000
(BioLegend, Inc San Diego, CA, EE. UU.) durante las ultimas 2 h de cultivo in vitro. Después
de recolectar las células, se resuspendieron 1 x 10° MDM en 50 pL de tampon de tincion
celular (BioLegend, Inc., San Diego, CA, EE. UU.). Inmediatamente después, los MDM se
incubaron simultaneamente con anti-CD14 PE/Cy7, anti-CD11lc PE/Cy5, Zombie UV
Fixable Viability Kit y 5 uL True-Stain Monocyte Blocker™ (BioLegend, Inc., San Diego,

CA, EE. UU.) en la oscuridad durante 20 minutos a 4 °C. Posteriormente, los MDM se
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incubaron con 100 pL de medio de fijacion A (kit de permeabilizacion celular FIX &
PERM™) (Invitrogen™, Carlsbad, CA, EE. UU.) durante 15 min. a temperatura ambiente.
Posteriormente, los MDM se lavaron con Cell Staining Buffer (BioLegend, Inc., San Diego,
CA, EE. UU.) para su posterior incubacion con 100 pL. de medio de permeabilizacion B (FIX
& PERM™ Cell Permeabilization Kit) (Invitrogen™, Carlsbad, CA, EE. UU.) y
posteriormente con anti-TNF-o AF488 y anti-1L-1 beta Pacific Blue durante 20 minutos en
la oscuridad a temperatura ambiente. Inmediatamente después, los MDM se lavaron con Cell
Staining Buffer (BioLegend, Inc., San Diego, CA, EE. UU.) y luego se adquirieron en un
citometro de flujo BD Influx (BD Biosciences, San Jose, CA, EE. UU.) mediante el software
BD SortwareTM. 1.2, adquiriendo 20.000 eventos por prueba por triplicado. Los controles
de compensacion se realizaron utilizando UltraComp eBeads™ (Invitrogen™, Carlsbad, CA,
EE. UU.) para cada fluorocromo. Los datos de citometria de flujo se analizaron utilizando el

software FlowJo 10.0.7 (TreeStar, Inc, Ashland, OR, EE. UU.).

Actividad fagocitica de los macrofagos

Se transformo Escherichia coli de la cepa DH5a con el plasmido pCD353 (E. coli-GFP+)
que codifica la proteina verde fluorescente (GFP)-mut2 que esta regulada por un promotor
lactac. Se indujo el plasmido GFP usando isopropil-b-D-1-tiogalactopiranésido 1 mM
(Sigma Aldrich, St. Louis, MO, EE. UU.), como se describio anteriormente(lkeno and
Haruyama 2013). E. coli-GFP+ se cultivaron in vitro con macrofagos en una proporcion de
bacterias:células = 30:1 durante 1 hora. Posteriormente, las suspensiones celulares se
centrifugaron a 2500 rpm/15 minutos para eliminar las bacterias remanentes y luego se

resuspendieron en 50 uLL de PBS 1x estéril para su posterior analisis en un citometro de flujo
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FACSCanto Il (BD Biosciences, San Jose, CA, EE. UU.) mediante el software BD

FACSDivaTM 6.0, adquiriendo 20.000 eventos por prueba por triplicado.

Expresion del gen URATL1 por qPCR

Después de recolectar las células, se resuspendieron 1 x 108 MDM en reactivo TRIzol (Life
Technologies, Life Technologies, Carlsbad, CA, EE. UU.) a 4 °C. Inmediatamente después,
el ARN total fue aislado por el método de fenol/cloroformof/isotiocianato de guanidina de
acuerdo con las instrucciones del fabricante. Las muestras de ARN total se cuantificaron y
se sometieron a transcripcion inversa utilizando el sistema de retrotranscriptasa M-MLV en
presencia del cebador dT (Invitrogen, Carlsbad, CA, EE. UU.). Después de ser incubadas a
37 °C durante 60 min., las muestras de cDNA se obtuvieron y usaron para la amplificacion
usando la reaccion en cadena de la polimerasa en tiempo real (QPCR) en presencia de SYBR
Green Master Mix y AmpliTag® Fast DNA Polymerase (Applied biosystems, Foster City,
CA, EE. UU.), segln las instrucciones del fabricante. Los cebadores especificos para
humanos para URATL1 se disefiaron utilizando el software Primer-BLAST del Centro
Nacional de Informacion Biotecnoldgica (NCBI), Biblioteca Nacional de Medicina de EE.
UU., de la siguiente manera: cebador directo 5'-CGGACCTGTATCTCCACGTT-3', cebador
inverso 5-TGCCTTCTTTACTGCCTGGT -3’, desnaturalizacion a 94 °C durante 30 s,
recocido a 60 °C durante 45 segundos, elongacion a 72 °C durante 45 segundos y 28 ciclos
térmicos para una longitud de producto de 570 pares de bases (pb). La secuencia de ARN
ribosomal 18S se utiliz6 como control del gen de mantenimiento de la siguiente manera:
cebador  directo  5-CGCGGTTCTATTTTGTTGGT-3, cebador inverso 5'-
AGTCGGCATCGTTTATGGTC-3', desnaturalizacion a 94 °C durante 30 segundos,

hibridacién a 60 ° C durante 30 segundos, elongacion a 72 °C durante 30 s y 40 ciclos
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térmicos para una longitud de producto de 570 pb. La expresién del ARNm de URATL se
normaliz6 mediante el control del gen de limpieza y se notific6 como 2"*(AACt). Los
experimentos de gPCR se informan de acuerdo con las pautas de informacion minima para
la publicacion de experimentos de PCR en tiempo real cuantitativos (MIQE) para garantizar

la reproducibilidad.

Estadistica

La prueba de Shapiro-Wilk estimé la normalidad de la distribucién de los datos. Se utilizé
ANOVA unidireccional, seguido de una prueba de Tukey post-hoc, para comparar la
expresion de CD11c, CD206, TNF-a, IL-1B, TLR4, CX3CR1, CCR2y URAT1, asi como la
cantidad intracelular de E. coli-GFP+ en macrofagos derivados de monocitos que fueron
expuestos a 0, 0,23, 0,45 0 0,9 mmol/L de &cido drico. Todos los analisis estadisticos se
realizaron con el software GraphPad Prism 7. Las diferencias se consideraron significativas

cuando el valor de p < 0,05.
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RESULTADOS

Tras la diferenciacion en presencia de M-CSF durante siete dias, los macrofagos derivados
de monocitos humanos (MDM) mostraron un tamafio celular significativamente mayor que
los monocitos (Figura 4A y 4B). Ademas, mientras que los monocitos exhibieron una
apariencia tipica que consistia en células redondas, la MDM diferenciada aparecié como
células de forma fusiforme con numerosos seudopodos que aumentaron su complejidad
celular con respecto a los monocitos. Ademas, la diferenciacién a macrofagos también se
confirmé mediante la expresion en la superficie celular de CD14. En este sentido, MDM
mostré una reduccion significativa del 20 % en la expresién de CD14 en comparacién con la
encontrada en los monocitos (Figura 4C). Para evaluar los singletes se utiliz6 la dispersion
frontal y la dispersién del area (Figura 4D), para evaluar la viabilidad celular se usé la tincion
7-AAD. Luego, los monocitos vivos se seleccionaron en un grafico de area de dispersion
frontal/area de dispersion lateral para evaluar la expresién positiva de CD14 junto con TNF-

a, IL-1B, CD11c, CD206 y CX3CR1y CCR2 (Figura 4D).
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Figura 4. Estrategia para la caracterizacion primaria de macréfagos derivados de monocitos humanos. Se
aislaron monocitos humanos primarios obtenidos de concentrados leucocitarios (n = 10) y se diferenciaron a
macrdfagos en presencia de M-CSF durante siete dias. (A) Diagrama dot plot que muestra una comparacion
entre monocitos (puntos grises) y macréfagos (puntos negros) en términos de tamafio y complejidad de las
células. (B) Los macrdfagos son considerablemente méas grandes y complejos que los monocitos. (C) Como se
inform6 anteriormente, los macréfagos expresan una cantidad significativamente menor de CD14 en
comparacion con la que se encuentra en los monocitos. (D) Se seleccionaron a los macréfagos derivados de
monocitos (MDM) por singletes en un grafico de densidad de dispersion frontal del area/dispersion frontal de
la altura(FSC-A/FSC-H). Las células resultantes se seleccionaron nuevamente para la deteccion de macrofagos
vivos por medio de las tinciones 7AAD o Zombie UV. Luego, los macréfagos se seleccionaron en un gréafico
de densidad por la dispersién FSC-A vs SSC-A. Posteriormente se analizaron las células CD14+ que expresaban
simultdneamente uno los marcadores de superficie o citocinas (factor de necrosis tumoral alfa (TNF-o),
interleucina (IL-1) beta, CD11c, CD206, CX3CR1 y CCR2). Mon, poblacién de monocitos; M¢, poblacion de
macrdfagos; MFI, intensidad de fluorescencia media; FSC-H, dispersién frontal-altura; FSC-A, dispersion
frontal de &rea; SSC-A, dispersion lateral de area; TNF-a, factor de necrosis tumoral alfa; IL-1p, interleucina 1
beta; CD11c, cluster de diferenciacion 11c; CD206, cluster de diferenciacién 206 o receptor de manosg;
CXB3CR1, receptor 1 de quimiocinas con motivo CX3C; CCR2, receptor de quimiocinas C-C tipo 2; M-CSF,
factor estimulante de colonias de macréfagos.

En cuanto a la produccion de citocinas proinflamatorias, la exposiciéon de MDM a
concentraciones crecientes de acido Urico tendié a elevar el nimero de células TNF-a
positivas (+), aunque no se obtuvieron cambios estadisticamente significativos (Figura 5A).

Sin embargo, las MDM cultivadas in vitro en presencia de 0,23 mmol/L de acido urico
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mostraron un aumento significativo del 25% en la produccion de TNF-a con respecto a las
células control (Figura 5B). No se encontraron diferencias significativas cuando se comparo
MDM expuesto a 0,45 o 0,9 mmol/L de &cido urico con células de control, lo que sugiere
que el acido urico ejerce sus efectos sobre la produccion de TNF-a de forma dependiente de
la dosis (Figura 5B). A pesar de que la exposicion de MDM a niveles crecientes de acido
drico tendio a disminuir el nimero de células IL-1B+ o la produccion de IL-1B, no se

encontraron diferencias significativas (Figura 5C y D, respectivamente).
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Figura 5. Produccion intracelular de TNF-o e IL-1p en macrdéfagos primarios derivados de monocitos humanos
in vitro expuestos a acido urico (n=10). La exposicidn in vitro a concentraciones crecientes de acido Urico no
alterd el porcentaje de macréfagos primarios derivados de monocitos humanos que expresan TNF-a (A). La
exposicion in vitro a 0,23 mmol/L de &cido drico aumenté significativamente la produccion de TNF-a en
macrdfagos primarios derivados de monocitos humanos en comparacion con las células control (0 mmol/L de
acido drico) (B). La exposicion in vitro a concentraciones crecientes de &cido Urico tendid a disminuir el
porcentaje de macrofagos primarios derivados de monocitos humanos que expresan IL-1B, aunque no se
encontraron diferencias significativas (C). La exposicion in vitro a concentraciones crecientes de acido Urico
no alterd la produccién de IL-1 beta en macrdfagos primarios derivados de monocitos humanos (D). Los datos
se analizaron mediante ANOVA unidireccional seguido de la prueba post-hoc de Tukey para estimar las
diferencias significativas. Los datos se expresan como media = desviacion estdndar. Las diferencias se
consideraron significativas cuando p < 0,05 y se marcan con asteriscos de la siguiente manera: *** =p <0,0001.
TNF-a, factor de necrosis tumoral alfa; IL-1p, interleucina 1 beta; MFI, intensidad media de fluorescencia.
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Decidimos medir la produccion de TLR-4 como un regulador clave de la sintesis de TNF-a
ya que la exposicion de MDM al &cido drico aumento la expresion de TNF-a, pero no la de
IL-1B. En este sentido, el &cido drico indujo la expresion de TLR-4 en MDM de forma
dependiente de la dosis, aunque no se alcanzaron diferencias significativas en cuanto al
numero de células TLR-4+ (Figura 6A). Sin embargo, la exposicion de MDM a 0,23 mmol/L
de acido Urico promovidé un aumento significativo del 30% en la produccion de TLR-4 de
forma muy similar a la observada para el caso de TNF-a (Figura 6B). También se ha
demostrado que los macrofagos positivos para TNF-o expresan CD11c, una integrina que se
expresa en gran medida en los monocitos proinflamatorios reclutados hacia las placas
aterosclerdticas. El &cido urico no afect6 el nimero de MDM que expresan CD11c (Figura
6C); sin embargo, el acido Urico aumentd la expresién de CD1lc en MDM de forma
dependiente de la dosis, alcanzando la mayor produccion de esta integrina a 0,23 y 0,45

mmol/L de &cido drico (Figura 6D).
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Figura 6. Expresion en la superficie celular de TLR-4 y CD11c en macr6fagos primarios derivados de
monocitos humanos in vitro expuestos a acido Urico (n=10). La expasicidn in vitro a concentraciones crecientes
de acido Urico no alterd el porcentaje de macréfagos primarios derivados de monocitos humanos que expresan
TLR-4 (A). La exposicién in vitro a 0,23 mmol/L de &cido Urico aument6 significativamente la produccién de
TLR-4 en macr6fagos primarios derivados de monocitos humanos en comparacién con las células control (0
mmol/L de &cido urico) (B). La exposicion in vitro a concentraciones crecientes de acido Urico no altero el
porcentaje de macréfagos primarios derivados de monocitos humanos que expresan CD11c (C). La exposicion
in vitro a 0,23, 0,45 y 0,9 mmol/L de &cido Urico alterd significativamente la produccion de CD11c en
macrofagos primarios derivados de monocitos humanos en una forma de respuesta a la dosis en comparacion
con las células de control (0 mmol/L de &cido drico) (D). Los datos se analizaron mediante ANOVA
unidireccional, seguido de la prueba post-hoc de Tukey para estimar las diferencias significativas. Los datos se
expresan como media + desviacion estandar. Las diferencias se consideraron significativas cuando p < 0,05y
estan marcadas con asteriscos de la siguiente manera: * = p < 0,01; ** = p < 0,001; *** = p < 0,0001. TLR4,

receptor tipo toll 4; CD11c, grupo de diferenciacién 11c; MFI, intensidad de fluorescencia media.

Existen reportes que indican que los macrofagos ganan capacidad proinflamatoria mientras
pierden la capacidad antiinflamatoria. Por esta razén, queriamos medir la produccion de
CD206, un marcador expresado por macrofagos humanos y murinos con propiedades
antiinflamatorias. La exposicion de MDM a niveles crecientes de acido Urico redujo

progresivamente el numero de células que expresaban CD206 con respecto a las células
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control (Figura 7A). En general, el acido Urico no afecto la expresion de CD206 en MDM, a
excepcion de 0,45 mmol/L de &cido Urico que indujo un ligero aumento en la expresion de

este marcador antiinflamatorio caracteristico de los macréfagos M2 (Figura 7B).
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Figura 7. Expresion en la superficie celular de CD206 en macrofagos primarios derivados de monocitos
humanos in vitro expuestos a acido Urico (n=10). La exposicion in vitro a 0,23, 0,45 y 0,9 mmol/L de &cido
arico disminuy0 significativamente el porcentaje de macréfagos primarios derivados de monocitos humanos
que expresan CD206 en comparacion con las células control (0 mmol/L de &cido drico) (A). La exposicion in
vitro a 0,45 mmol/L de acido Urico aumento significativamente la produccion de CD206 en macrdfagos
primarios derivados de monocitos humanos en comparacion con las células control (0 mmol/L de acido Urico)
(B). Los datos se analizaron mediante ANOVA unidireccional seguido de la prueba post-hoc de Tukey para
estimar las diferencias significativas. Los datos se expresan como media + desviacion estandar. Las diferencias
se consideraron significativas cuando p < 0,05 y se marcan con asteriscos de la siguiente manera: * =p < 0,01;
** = p < 0,001. CD206, grupo de diferenciacion 206 o receptor de manosa; MFI, intensidad media de
fluorescencia.

A continuacion, decidimos examinar el efecto de este metabolito en la expresion de CX3CR1
y CCR2, dos receptores de quimiocinas que disminuyen en los macréfagos proinflamatorios.
La exposicion de MDM al &cido drico disminuy6 progresivamente el namero de macréfagos
CX3CR1+, alcanzando la méxima respuesta cuando las células se incubaron en presencia de
0,9 mmol/L de &cido drico (Figura 8A). Asimismo, el &cido Urico redujo gradualmente la
expresion de CX3CR1 en MDM en comparacion con la encontrada en las células control

(Figura 8B). Paralelamente, la exposicion de MDM al &cido drico disminuy6 gradualmente
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el nimero de células que expresaban CCR2, alcanzando el nivel més bajo de este receptor de
quimiocinas cuando se usaba 0,9 mmol/L de acido urico (Figura 8C). Como era de esperar,
el acido Urico también disminuyd la expresion de CCR2 en MDM a 0,45 y 0,9 mmol/l y
proporciond pruebas experimentales sélidas de que la produccion de CX3CR1 y CCR2 se

comporta de manera similar en macréfagos expuestos a LPS o acido drico.
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Figura 8. Expresion en la superficie celular de CX3CR1 y CCR2 en macrdfagos primarios derivados de
monocitos humanos in vitro expuestos a acido urico (n=10). La exposicion in vitro a 0,9 mmol/L de 4cido Urico
disminuyé significativamente el porcentaje de macrofagos primarios derivados de monocitos humanos que
expresan CX3CRL1 en comparacion con las células\control (0 mmol/L de &cido Urico) (A). La exposicion in
vitro a 0,45 y 0,9 mmol/L de &cido drico disminuy6 significativamente la produccion de CX3CRL1 en los
macrdfagos, en comparacion con las células control (O mmol/L de acido Urico) (B). La exposicidn in vitro a 0,9
mmol/L de &cido Urico disminuy¢ significativamente el porcentaje de macrofagos que expresan CCR2 en
comparacion con las células de control (0 mmol/L de &cido drico (C). La exposicion in vitro a 0,9 mmol/L de
acido drico disminuy6 significativamente disminucion de la produccién de CCR2 en macro6fagos, en
comparacion con las células control (0 mmol/acido Urico) (D). Los datos se analizaron mediante ANOVA
unidireccional seguido de la prueba post-hoc de Tukey para estimar las diferencias significativas. Los datos son
expresados como media + desviacion estandar. Las diferencias se consideraron significativas cuando p < 0,05
y se marcan con asteriscos de la siguiente manera: * = p < 0,01 ** = p < 0,001 *** = p < 0,0001 CX3CR1,
CX3C- receptor de quimiocinas motivo 1, CCR2, receptor de quimiocinas C-C tipo 2, MFI, intensidad media
de fluorescencia.
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La activacién proinflamatoria de los macr6fagos humanos también se asocia con una mayor
capacidad para fagocitar bacterias. Por lo tanto, evaluamos el efecto de aumentar las
concentraciones de &cido Urico en la actividad fagocitica de MDM mientras usamos E. coli-
GFP+. En ausencia de &cido urico, el 15% de los MDM fueron E. coli-GFP+ (Figura 9). Tras
la exposicion de los MDM a 0,23 mmol/L de acido Urico se observé que el 26% de los MDM
eran E. coli-GFP+. Ademas, los MDM expuestos a 0,45 y 0,9 mmol/L de &cido Urico tuvieron
un aumento del 40% y 120%, respectivamente, en comparacién con las células control, lo
que confirmd que el &cido Urico aumenta la capacidad fagocitica de los macréfagos humanos

cultivados in vitro.
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Figura 9. Actividad fagocitica bacteriana de macréfagos primarios derivados de monocitos humanos in vitro
expuestos a acido Urico. La exposicion in vitro a 0,23, 0,45 y 0,9 mmol/l de &cido drico mejord
significativamente la actividad fagocitica de los macr6fagos al aumentar progresivamente el porcentaje de
células positivas para la proteina fluorescente verde (GFP) de Escherichia coli en comparacidn con los controles
(0 mmol/acido lurico). Los datos se analizaron mediante ANOVA unidireccional seguido de la prueba post-hoc
de Tukey para estimar las diferencias significativas. Los datos se expresan como media + desviacion estandar.
Las diferencias se consideraron significativas cuando p < 0,05 y se marcan con asteriscos de la siguiente manera:
*=p<0,01;** =p<0,001; *** =p < 0,0001. GFP, proteina fluorescente verde; E. coli, Escherichia coli.
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Un objetivo adicional de este trabajo fue explorar el posible mecanismo molecular por el cual
el acido drico ejerce sus efectos sobre los macréfagos derivados de monocitos humanos. Por
esta razon, decidimos evaluar la expresion de URAT1, un mediador clave del transporte de
acido urico dentro de la célula. En particular, la exposicion de MDM a 0,23 mmol/L de acido
Grico indujo una reduccion significativa del 90 % en la expresion de URAT1 en comparacién
con la encontrada en células de control cultivadas en ausencia de este metabolito (Figura 10).
De manera similar, los MDM expuestos a 0,45 mmol/L de &cido drico mostraron una
disminucion significativa del 95% en los niveles de ARNm de URAT1 con respecto al
encontrado en las células de control. Vale la pena mencionar que la exposicion de MDM a
0.9 mmol/L de &cido Urico abolié totalmente la expresion de URAT1, lo que sugiere que
URAT1 es sensible a las concentraciones de acido Urico y puede participar en la mediacion

de los efectos de este metabolito en los macrofagos.
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Figura 10. Expresion de URAT1 en macré6fagos primarios derivados de monocitos humanos in vitro expuestos
a acido arico (n=10). La exposicion in vitro a 0,23, 0,45 y 0,9 mmol/L de &cido Urico eliminé progresivamente
la expresion de URAT1 en macréfagos primarios derivados de monocitos humanos en comparacion con los
controles (0 mmol/L de &cido Urico). La expresion de URAT1 se normaliz6 utilizando el gen del ARN ribosomal
18S como gen de control de mantenimiento y se notificé como un cambio de 2*(AACt) veces mediante la
reaccion en cadena de la polimerasa en tiempo real (QPCR) utilizando SYBR Green Master Mix y AmpliTag®
Fast DNA Polimerasa. Los datos se analizaron mediante ANOVA unidireccional seguido de la prueba post-hoc
de Tukey para estimar las diferencias significativas. Los datos se expresan como media * desviacion estandar.
Las diferencias se consideraron significativas cuando p < 0,05 y se marcan con asteriscos de la siguiente manera:
*** = p <0,0001. URATL, transportador de anién urato 1.
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Decidimos usar probenecid que es capaz de inhibir el transporte de acido Urico dependiente
de URAT1 y también examinar su efecto sobre la produccion de TNF-a y la actividad
fagocitica para confirmar la aparente participacion de URATL1 en los macréfagos. Como era
de esperar, el uso de probenecid elimind por completo la produccién de TNF-a en los
macrdfagos que también estuvieron expuestos a diferentes concentraciones de acido Urico
(Figura 11A). Asimismo, el probenecid también indujo una disminucion del 11% en el
numero intracelular de macréfagos E. coli-GFP+ que se trataron con 0,23 mmol/L de acido
rico (Figura 11B). Ademas, los MDM tratados con probenecid mostraron reducciones
significativas del 78 y el 61 % de E. coli-GFP+, incluso en presencia de 0,45y 0,9 mmol/Il
de acido drico, respectivamente. Estos resultados sugieren funcionalmente que el acido Urico
podria transportarse dentro del macréfago a través de URAT1 que, a su vez, podria mediar

sus efectos proinflamatorios en estas células inmunitaria.
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Figura 11. El probenecid parece abolir los efectos proinflamatorios del acido Urico dependientes de URAT-1
en macrdfagos derivados de monocitos humanos primarios (n=10). La exposicion in vitro a 1 mmol/L de
probenecid elimind el efecto estimulador del &cido Urico sobre la produccién de TNF-o en macrdéfagos
derivados de monocitos humanos primarios en comparacion con las células expuestas al &cido Urico en ausencia
de probenecid (A). La exposicion in vitro a 1 mmol/L de probenecid disminuy6 significativamente el efecto
estimulante del &cido Urico sobre la actividad fagocitica de los macréfagos primarios derivados de monocitos
humanos al disminuir el porcentaje de células positivas para Escherichia coli-GFP en comparacién con los
macrofagos expuestos al &cido Urico en ausencia de probenecid (B). Los datos se analizaron mediante ANOVA
unidireccional seguido de la prueba post-hoc de Tukey para estimar las diferencias significativas. Los datos se
expresan como media + desviacion estandar. Las diferencias se consideraron significativas cuando p < 0,05y
estan marcadas con asteriscos, asi: *** = p < 0,0001. TNF-a, factor de necrosis tumoral alfa; MFI, intensidad
de fluorescencia media; GFP, proteina fluorescente verde.
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DiscusioN

La asociacion de la hiperuricemia con el riesgo de desarrollar anomalias metabodlicas y
enfermedades cardiovasculares se ha relacionado con una mayor actividad proinflamatoria
de los macrofagos. Sin embargo, an se desconoce si la hiperuricemia simplemente coincide
con cambios en la actividad de los macréfagos o si el acido urico puede inducir directamente
la activacion proinflamatoria de los macréfagos humanos. Por esta razon, decidimos probar
el efecto in vitro del aumento de las concentraciones de &cido drico en el perfil

proinflamatorio de los macr6fagos humanos primarios derivados de monocitos.

Después de confirmar que los monocitos humanos se diferenciaron correctamente en
macréfagos utilizando una estrategia que combinaba el tamafio y la complejidad de las
células, asi como la expresion de CD14, descubrimos que el &cido urico estimula la
produccion de TNF-a, pero no la de IL-1B, de manera dependiente de la dosis. EI TNF-a y
la IL-1p son citocinas proinflamatorias que desempefian funciones clave en procesos como
la fiebre, la caquexia, la inhibicion de la tumorigénesis, la muerte celular relacionada con la
piroptosis y el reclutamiento de células inmunitarias. Sin embargo, el TNF-a, pero no la IL-
1B, se ha asociado consistentemente con niveles séricos elevados de &cido urico en varios
escenarios patologicos. Por ejemplo, los niveles sericos de &cido Urico aumentan a medida
que los monocitos productores de TNF-a también aumentan en mujeres con preeclampsia.
De manera similar, se ha demostrado que el &cido Urico estimula la expresion de TNF-o en
las células del masculo liso vascular de ratas Sprague-Dawley. Por otro lado, la IL-1B
plasméatica mostré una asociacién muy pobre con el aumento de los niveles séricos de acido
drico en 1684 mujeres y hombres, mientras que los valores séricos de TNF-a aumentaron en
la misma proporcion que el acido Urico plasmatico. Junto con la informacion previa, nuestros
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resultados proporcionan una evidencia experimental de que el acido Urico podria favorecer
un estado proinflamatorio al estimular principalmente la produccion de TNF-a en los
macréfagos humanos. Es bien sabido que la sintesis de TNF-a depende de la via de
sefializacion dependiente de TLR4, mientras que la produccion de IL-1B depende de la
actividad del inflamasoma. Por esta razon, decidimos evaluar TLR4 en los mismos

macréfagos diferenciados in vitro.

TLR4 es una proteina transmembrana capaz de reconocer numerosos patrones
moleculares asociados a dafios (DAMP) y patrones moleculares asociados a patdgenos
(PAMP), incluidos los &cidos grasos libres y LPS. Cuando se activa, TLR4 es capaz de
inducir la activacion del factor nuclear kappa B (NF-kB), lo que finalmente conduce a la
produccion de TNF-a. De acuerdo con esta informacion, nuestros resultados demuestran que
TLR4 se produce en respuesta al &cido Urico de la misma manera que lo hace el TNF-a en
los macréfagos humanos. En este sentido, un trabajo previo informé que el riesgo de gota,
una patologia conocida por el depdsito de cristales de urato monosaddico en las articulaciones
esta directamente asociado con el polimorfismo rs2149356 relacionado con la produccion
alta de TLR4. Asimismo, un estudio muy reciente demostrd que el acido drico promueve la
expresion de ARNm de TLR4 en adipocitos de rata in vitro. Por lo tanto, especulamos que el
acido Urico puede inducir la produccion de TNF-a a través de la mayor expresion de TLR4,
un fendmeno que proporciona caracteristicas proinflamatorias a los macréfagos humanos.
Sin embargo, la idea de que el &cido Urico puede inducir la expresion de TLR4 debe tomarse
con precaucion, ya que solo evaluamos TLR4 a nivel de proteina sin evaluar su capacidad

como transductor de sefial celular.
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Hasta aqui, nuestros resultados parecian indicar que el acido Urico ejerce la capacidad
de polarizar los macréfagos humanos hacia un estado proinflamatorio. Asi, decidimos
confirmar la capacidad aparentemente proinflamatoria de los macréfagos analizando CD11c
y CD206. CD11c es una integrina beta-2 que se expresa en gran medida en monocitos y
macréfagos con importantes funciones proinflamatorias, mientras que CD206, también
conocido como receptor de manosa, es una lectina de tipo C que se expresa
predominantemente en macr6fagos murinos y humanos que ejercen funciones
antiinflamatorias. Curiosamente, descubrimos que el &cido drico puede aumentar la
expresion de CD11c al mismo tiempo que reduce la cantidad de macréfagos que expresan
CD206. En este sentido, se ha informado previamente que el bloqueo de la sintesis de acido
drico por el tratamiento con uricasa disminuye el nUmero de monocitos CD11c+ en ratones,
lo que sugiere, por primera vez, una relacion entre el &cido Urico y la produccién de CD11c.
Paralelamente, un informe anterior mostré que los macréfagos localizados en liquido sinovial
de pacientes con gota tienden a mostrar una expresion reducida de CD206 en comparacion
con la que se encuentra en los macro6fagos de pacientes con artritis reumatoide. En conjunto,
esta informacion concuerda con la idea de que los macrofagos adoptan funciones
proinflamatorias mientras pierden capacidades antiinflamatorias en presencia de niveles

elevados de 4cido Urico.

La idea de que el acido urico podria actuar como un estimulo proinflamatorio directo
para los macr6fagos humanos también esta respaldada por dos hechos adicionales: (a) el
patron de expresion de CX3CR1 y CCR2 y (b) la actividad fagocitica de los macréfagos.
CX3CR1y CCR2 participan en la mediacion del reclutamiento de monocitos en los sitios de

inflamacion, donde estas células se diferenciaran en macréfagos y orquestaran respuestas
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inflamatorias o reparacion de tejidos. Curiosamente, numerosos estudios han informado
consistentemente la regulacion a la baja de CX3CR1 y CCR2 en presencia de estimulos
inflamatorios prototipicos, como LPS. En este sentido, un trabajo seminal informé que los
monocitos circulantes de pacientes sépticos o incubados con LPS muestran una expresion
dramaticamente disminuida de CX3CR1. De manera similar, la exposicion in vitro e in vivo
de células sanguineas periféricas murinas a LPS puede regular a la baja la expresion de CCR2
con consecuencias directas para la capacidad migratoria de los macréfagos. Por lo tanto, la
expresion de CX3CR1y CCR2 parece comportarse de manera similar en los macréfagos que
estan expuestos a LPS o acido Urico, lo que proporciona una sélida evidencia experimental
sobre el posible papel inflamatorio de este metabolito en los macr6fagos. Ademas, es bien
sabido que los macréfagos con funciones proinflamatorias muestran una mayor capacidad
para fagocitar bacterias que la descrita en los macrofagos antiinflamatorios. Curiosamente,
la exposicion de los macréfagos a concentraciones crecientes de &cido Urico mejoro
progresivamente su actividad fagocitica, 1o que una vez mas respalda la nocién de que el

acido urico actta como un estimulo proinflamatorio directo para estas celulas inmunitarias.

Ademas de estudiar el efecto aparentemente proinflamatorio del acido urico sobre los
macrofagos, también queriamos explorar el mecanismo molecular potencialmente
involucrado. En nuestro estudio, la produccién de TNF-a, TLR4 y CD11c en respuesta al
acido Urico mostrd una tipica relacion dosis-respuesta, donde se encuentra un efecto maximo
y, mas alla de este punto, se puede ver una meseta, lo que indica saturacién y la supresion
del efecto observado. La relacion dosis-respuesta se ha atribuido a la interaccion entre el
ligando y su receptor, lo que nos sugiri6 la posible implicacion de una molécula capaz de

transportar &cido urico al interior del macréfago, como es el caso de URAT1. De esta forma,
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describimos por primera vez que los macr6fagos humanos expresan URATL, una proteina
transmembrana que solo habia sido reportada en células endoteliales, adipocitos y
condrocitos de cartilago. En particular, encontramos que la expresiéon de URAT1 en los
macréfagos disminuyd a medida que aumentaba la concentracion de acido Urico, lo que
podria explicar parcialmente el hecho de que la expresion de TNF-a, TLR4 y CD1lc
alcanzara un punto de saturacion, lo que a su vez condujo a una disminucion de sus niveles
de proteina. Teniendo en cuenta que el acido drico puede aumentar la actividad
transcripcional de NF-kB en la linea celular beta pancreatica Min6, especulamos que la
produccion de TNF-a en los macrdéfagos podria depender de la interaccién entre el acido

rico, URAT1 y posiblemente NF-kB.

Realizamos ensayos funcionales destinados a bloquear farmacoldgicamente este
transportador de urato usando probenecid para confirmar la posible participacion de URAT1
en la mediacion de los efectos del acido drico en los macrofagos. El probenecid actia como
un inhibidor competitivo de URATY, evitando asi la recaptacion y el transporte de acido Urico
por las células del tubo proximal renal. Curiosamente, el bloqueo de URAT1 elimind la
produccion de TNF-a y la actividad fagocitica que se habia visto anteriormente con el &cido
arico, lo que sugiere que el efecto proinflamatorio del &cido Urico depende por completo de
su entrada a los macrofagos. En este sentido, se ha propuesto previamente que la entrada de
urato monosaddico a las células THP-1 puede inducir la fosforilacion de kB a través de las
tirosina-quinasas de la familia Src, lo que lleva a la activacion de NF-kB vy, finalmente, a la
produccidn de citoquinas proinflamatorias. De esta forma, nuestros resultados confirman que
(1) la entrada de acido drico a los macrofagos tiene efectos proinflamatorios por un

mecanismo aun desconocido, y (2) la entrada de acido urico a los macrofagos parece implicar
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a URAT1, cuya expresion es, a su vez, sensible a diferentes concentraciones de acido urico.
Sin embargo, URAT1 no es el Unico transportador de urato y el probenecid no es un inhibidor
especifico de URATL, por lo que la medicion en macrofagos de otros transportadores de
urato, incluido el transportador de aniones organicos (OAT) 1, OAT3y el miembro 2 de la
subfamilia G del casete de unién a ATP (ABCG2), y queda por hacer la prueba de otros

inhibidores de la captacion de urato, como la benzbromarona, el dotinurad y losartan.
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CONCLUSION

El acido drico actia como un estimulo proinflamatorio para los macrofagos humanos
primarios cultivados in vitro mediante (a) el aumento de la producciéon de TNF-a, TLR4 y
CDl11c, (b) el incremento en de la actividad fagocitica de los macréfagos y (c) la disminucion
en la expresion de CD206, CX3CR1y CCR2. El posible mecanismo por el cual el &cido Urico
ejerce sus efectos proinflamatorios sobre los macréfagos humanos parece involucrar a
URAT1 en una forma de respuesta a la dosis. URAT1 podria, a su vez, mejorar la activacion
de NF-kB y conducir a la produccion de citocinas proinflamatorias por vias que ain no se
han dilucidado (Fig. 12). El uso de probenecid demostré funcionalmente que la entrada de
acido urico al macrofago tiene acciones proinflamatorias y depende parcialmente de URAT1
(Fig. 12). Estos resultados proporcionan una solida evidencia experimental que respalda la
idea de que los niveles elevados de &cido Urico pueden promover directamente el estado
inflamatorio sistémico mediado por macréfagos que, a su vez, estd asociado con un alto
riesgo cardiovascular en pacientes con enfermedades cronicas. La nocién de que el acido
Urico podria actuar como un ligando metabdlico con efectos proinflamatorios en los

macrofagos humanos debe examinarse més a fondo.
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Figura 12. Mecanismo propuesto mediante el cual el acido Urico ejerce efectos
proinflamatorios sobre los macréfagos a través de URAT-1.
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Abstract: The relationship of uric acid with macrophages has not been fully elucidated. We
investigated the effect of uric acid on the preinflammatory ability of human macrophages and
then examined the possible molecular mechanism involved. Primary human monocytes were
differentiated into macrophages for subsequent exposure to 0, 0.23, 0.45, or 0.9 mmol/L uric acid
for 12 h, in the presence or absence of 1 mmol/L probenecid. Flow cytometry was used to measure
proinflammatory marker production and phagocytic activity that was quantified as a percentage
of GFP-labeled Escherichia coli positive macrophages. qPCR was used to measure the macrophage
expression of the urate anion transporter 1 (URAT1). As compared to control cells, the production of
tumor necrosis factor-alpha (TNF-alpha), toll-like receptor 4 (TLR4), and cluster of differentiation
(CD) 11c was significantly increased by uric acid. In contrast, macrophages expressing CD206,
CX3C-motif chemokine receptor 1 (CX3CR1), and C-C chemokine receptor type 2 (CCR2) were
significantly reduced. Uric acid progressively increased macrophage phagocytic activity and
downregulated URAT1 expression. Probenecid—a non-specific blocker of URAT1-dependent uric
acid transport—inhibited both proinflammatory cytokine production and phagocytic activity in
macrophages that were exposed to uric acid. These results suggest that uric acid has direct
proinflammatory effects on macrophages possibly via URAT1.

Keywords: macrophage; uric acid; TNF-alpha; TLR4; phagocytosis; probenecid; URAT1

1. Introduction

In humans, monosodium urate—also referred to as uric acid—is the end-product of purine
metabolism [1]. Uric acid is mainly excreted in urine and then reabsorbed in epithelial cells of the
proximal convoluted tubule by urate transporters, such as the urate anion transporter 1 (URAT1), a
transmembrane protein highly expressed in endothelial cells, adipocytes, and cartilage chondrocytes [2-5].
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Normal blood levels of uric acid are 2.4-6.0 mg/dL for women and 3.4-7.0 mg/dL for men [6,7]. However,
hyperuricemia is a pathological entity that is characterized by blood uric acid values beyond upper
limits that has been largely associated with metabolic syndrome and increased cardiovascular risk [8-10].
In this sense, a recent study conducted in 22,983 Chinese adults demonstrated that subjects with
hyperuricemia had higher prevalence of cardiovascular risk factors, such as dyslipidemia, hypertension,
and type 2 diabetes (T2D), than individuals with normal uricacid values [11]. Itis also worth mentioning
that uric acid concentration associated directly with the number of cardiovascular risk factors; in other
words, the cardiovascular risk increases as the uric acid elevates in blood.

The association of hyperuricemia with cardiovascular diseases is accompanied by a low-grade
inflammation state thatis characterized by increased proinflammatory activation of macrophages [11,12].
In this regard, the exposure of ApoE~~ mice to allopurinol (an inhibitor of uric acid production) does
not only reduce atherosclerotic plaque size, but also macrophage infiltration and the expression of
tumor necrosis factor-alpha (TNF-alpha) and interleukin (IL-) 1 beta, both typical proinflammatory
cytokines [12]. Thus, such a seminal work proposed, for the first time, a relationship between uric acid
and macrophages in the scenario of cardiovascular disease.

Macrophages are innate immune cells that differentiate from monocytes and play prominent
roles in phagocytosis, inflammation, and wound healing [13]. Macrophages exhibit extremely high
plasticity by exerting the ability of orchestrating either proinflammatory responses or anti-inflammatory
actions, depending on the extracellular milieu [14]. In the presence of prototypical molecules, such
as lipopolysaccharide (LPS) and/or interferon gamma (IFN-gamma), human macrophages show
proinflammatory functions by producing TNF-alpha, IL-1 beta, CD1lc, and toll-like receptor 4
(TLR4) [15,16]. On the contrary, the exposure of macrophages to dexamethasone or cytokines, such as
interleukin IL-4 and IL-13, leads these cells to adopt an anti-inflammatory profile that is characterized
by the production of IL-10 and/or CD206 [15]. Furthermore, the exposure of macrophages to pro-
or anti-inflammatory stimuli also affects the expression of molecules that are involved in leukocyte
trafficking, such as CX3C-motif chemokine receptor 1 (CX3CR1) and C-C chemokine receptor type 2
(CCR2) [17,18]. More importantly, the inflammatory activation enhances the ability of macrophages to
ingest bacteria with respect to that described in macrophages with anti-inflammatory functions [19,20].

Although previous evidence suggests that high uric acid levels associate with increased
proinflammatory activity of human macrophages, there is not yet conclusive data in this respect. For
this reason, we investigated the effect of increasing uric acid concentrations on the proinflammatory or
anti-inflasnmatory ability of primary human macrophages in vitro, and then examined the possible
molecular mechanism involved.

2. Materials and Methods

2.1. Subjects

Human monocytes were isolated from buffy coat suspensions of ten healthy male volunteers
aged 18-35 years with no metabolic alterations, attending the Blood Bank of the General Hospital of
Mexico. All of the participants provided written informed consent, being previously approved by the
institutional ethical committee of the General Hospital of Mexico (registration number of the ethical
code approval: DIC/11/UME/05/029), which guaranteed that the study was conducted in rigorous
adherence to the principles that were described in the 1964 Declaration of Helsinki and its posterior
amendment in 2013. Blood donors were excluded of the study if they had previous diagnosis of type 1
Diabetes Mellitus (T1D), T2D, cardiovascular disease, acute or chronic liver disease, acute or chronic
renal disease, cancer, endocrine disorders, infectious diseases, and inflammatory or autoimmune
disease. We also excluded of the study to HIV, HCV, and HBV-seropositive patients, and suhjects
with anti-inflammatory, antiplatelet drugs, anti-hypertensive, and immunomodulatory medication,
including non-steroidal anti-inflammatory drugs.
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2.2. Monocyte Isolation and Macrophage Culture

Buffy coat suspensions (r = 10) were separately diluted 1:2 with PBS1X (Sigma Aldrich, St. Louis,
MO, USA) for the subsequent isolation of peripheral blood mononuclear cells (PBMCs) by density
gradient centrifugation while using histopaque-1077 (Sigma Aldrich, St. Louis, MO, USA). The
monocytes were then isolated from PBMCs by CD14-negative selection using magnetic columns
(Miltenyi Biotec, Bergisch Gladbach, Germany). Purified monocytes were placed in RPMI-1640
medium (Sigma Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Gibco™,
Grand Island, NY, USA), 2 mM L-glutamine, 50 ug/mL gentamicin, and 10 ng/mL macrophage-colony
stimulating factor (M-CSF) (Gibeo™, Grand Island, NY, USA) in six-well cell-culture plates (Costar,
Kennebunk, ME, USA), at a density of 3 x 106 monocytes per well. Culture media and M-CSF were
replaced every other day for seven days. Upon differentiation, the monocyte-derived macrophages
(MDM) were cultured in RPMI-1640 medium supplemented, as mentioned above and exposed to
0.23, 0.45, or 0.9 mmol/L uric acid (Sigma Aldrich, St. Louis, MO, USA) for 12 h. After performing
several time-response curves at 1, 3, 6, and 12 h, and one, three, six, and nine days, we found
that MDM exhibited the most significant proinflammatory activity at 12 h of in vitro culture in the
presence of uric acid, and we decided to perform all experiments at this time. Prior uric acid exposure,
1 mmol/L probenecid—a non-specific blocker of URAT1-dependent uric acid transport (St. Louis,
MO, USA)—was added and replaced after 6 h by culture media that contained different uric acid
concentrations. Control MDM were placed in supplemented RPMI-1640 medium in the absence of
uric acid for the same time. Immediately after, MDM were collected while using sterile cell scrapers
(Corning, Reynosa, Tamaulipas, Mexico) and equally divided into 1 mL PBS1X (Sigma Aldrich, St. Louis,
MO, USA) for flow cytometry analysis or 300 uL. TRIzol Reagent (Life Technologies, Carlsbad, CA,
USA) for quantitative polymerase chain reaction (qQPCR) assays.

2.3. Flow Cytometry Assays

After collecting the cells, 1 % 108 MDM were resuspended in 50 I Cell Staining Buffer (BioLegend,
Inc., San Diego, CA, USA). Subsequently, the cells were incubated with anti-CD14 PE/Cy7, anti-CD206
APC/Cy7, anti-TLR4 PE, anti-CX3CR1 BV510, anti-CCR2 AF647 (BioLegend, Inc., San Diego, CA,
USA), and 5 pL True-Stain Monocyte Blocker™ (BioLegend, Inc., San Diego, CA, USA) for 20 min. in
darkness at 4 °C. After being rinsed with Cell Staining Buffer (BioLegend, Inc., San Diego, CA, USA),
MDM were incubated with 7-AAD (BD Pharmingen™, San Jose, CA, USA) for 10 min. for subsequent
analysis on a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA) by means of BD
FACSDiva™ software 6.0, acquiring 20,000 events per test in triplicate. The compensation controls
were performed using UltraComp eBeads™ (Invitrogen, Carlsbad, CA, USA) for each fluorochrome.
Flow cytometry data were analyzed using the Flow]o 10.0.7 software (TreeStar, Inc, Ashland, OR,
USA). For intracellular cytokine stain, MDM were treated with 1:1000 Brefeldin A (BioLegend, Inc.,
San Diego, CA, USA) for the last 2 h of in vitro culture. After collecting cells, 1 x 108 MDM were
resuspended in 50 uL Cell Staining Buffer (BioLegend, Inc., San Diego, CA, USA). Immediately after,
the MDM were simultaneously incubated with anti-CD14 PE/Cy7, anti-CD11c PE/Cy5, Zombie UV
Fixable Viability Kit, and 5 uL True-Stain Monocyte Blocker™ (BioLegend, Inc., San Diego, CA, USA)
for 20 min. in darkness at 4 °C. Afterwards, MDM were incubated with 100 uL Fixation Medium A
(FIX & PERM™ Cell Permeabilization Kit) (Invitrogen™, Carlsbad, CA, USA) for 15 min. at room
temperature. Afterwards, MDM were rinsed with Cell Staining Buffer (BioLegend, Inc., San Diego,
CA, USA) for subsequent incubation with 100 L. Permeabilization Medium B (FIX & PERM™ Cell
Permeabilization Kit) (Invitrogen™, Carlsbad, CA, USA), and anti-TNF-alpha AF488 and anti-IL-1 beta
Pacific Blue for 20 min. in darkness at room temperature. Inmediately after, the MDM were rinsed
with Cell Staining Buffer (BioLegend, Inc., San Diego, CA, USA) and then acquired on a BD Influx flow
cytometer (BD Biosciences, San Jose, CA, USA) by means of BD Sortware™ software 1.2, acquiring
20,000 events per test in triplicate. Compensation controls were performed using UltraComp eBeads™
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(Invitrogen™, Carlsbad, CA, USA) for each fluorochrome. Flow cytometry data were analyzed while
using the FlowJo 10.0.7 software (TreeStar, Inc, Ashland, OR, USA).

2.4, Macrophage Phagocytic Activity

Escherichia coli of the strain DH5a were transformed while using the green fluorescent protein
(GFP)-mut2 encoding plasmid pCD353 (E. coli-GFP+) that is regulated by a lactac promoter. GFP was
induced using 1mM isopropyl-b-D-1-thiogalactopyranoside (Sigma Aldrich, St. Louis, MO, USA),
as previously described [21]. E. coli-GFP+ were in vitro cultured with macrophages in a ratio of
bacteria:cells = 30:1 for 1 h. Afterwards, cell suspensions were centrifuged at 2500 rpm/15 min. to
remove remnant bacteria and then resuspended in 50 uL of sterile PBS 1X for posterior analysis on
a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA) by means of BD FACSDiva™
software 6.0, acquiring 20,000 events per test in triplicate.

2.5. URAT1 Gene Expression by gPCR

After collecting cells, 1 % 10¢ MDM were resuspended in TRIzol Reagent (Life Technologies,
Life Technologies, Carlsbad, CA, USA) at 4 °C. Immediately after, the total RNA was isolated by the
phenol/chloroform/guanidine isothiocyanate method according to the manufacturer’s instructions.
Total RNA samples were quantified and subjected to reverse transcription using the M-MLV
Retrotranscriptase system in the presence of dT primer (Invitrogen, Carlsbad, CA, USA). After
being incubated at 37 °C for 60 min., cDNA samples were obtained and used for amplification
while using the real-time polymerase chain reaction (qQPCR} in the presence of SYBR Green Master
Mix and AmpliTag® Fast DNA Polymerase (Applied biosystems, Foster City, CA, USA), according
to the manufacturer’s instructions. Human-specific primers for URAT1 were designed using the
Primer-BLAST software from the National Center for Biotechnology Information (NCBI), U.S. National
Library of Medicine, as follows: forward primer 5-CGGACCTGTATCTCCACGTT-3, reverse primer
5-TGCCTTCTTTACTGCCTGGT-3", denaturation at 94 °C for 30 s, annealing at 60 °C for 45 s,
elongation at 72 °C for 45 s, and 28 thermal cycles for a 570 base pair (bp) product length. The
18S-ribosomal RNA sequence was used as house-keeping gene control as follows: forward primer
5-CGCGGTTCTATTTTGTTGGT-3, reverse primer 5'-AGTCGGCATCGTTTATGGTC-3, denaturation
at 94 °C for 30 s, annealing at 60 °C for 30 s, elongation at 72 °C for 30's, and 40 thermal cycles for a 570 bp
product length. URAT1 mRNA expression was normalized using the house-keeping gene control and
reported as 2°(AACt). The gPCR experiments are reported according to the Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines to guarantee reproducibility.

2.6. Statistics

The Shapiro-Wilk test estimated the normality of data distribution. One-way ANOVA, followed
by a post-hoc Tukey test, was used to compare the expression of CD11c, CD206, TNF-alpha, IL-1
beta, TLR4, CX3CR1, CCR2, and URATI, as well as the intracellular amount of E. coli-GFP+ in
monocyte-derived macrophages that were exposed to 0, 0.23, 0.45, or 0.9 mmol/L uric acid. All of the
statistical analyses were performed using the GraphPad Prism 7 software. Differences were considered
to be significant when p < 0.05.

3. Results

Upon differentiation in the presence of M-CSF for seven days, human monocyte-derived
macrophages (MDM) showed significantly higher cell size than monocytes (Figure 1A,B). Furthermore,
while monocytes exhibited a typical appearance that consisted of round cells, differentiated MDM
appeared as fusiform-shaped cells with numerous pseudopodia that increased their cell complexity
with respect to monocytes (Figure 1A B). Additionally, macrophage differentiation was also confirmed
by means of CD14 cell surface expression. In this sense, MDM showed a significant 20% reduction
in CD14 expression when compared to that found in monocytes (Figure 1C). Once gated for singlets
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on a forward scatter height/forward scatter area density plot (Figure 1D), the living cells were gated
while using the 7-AAD staining for dead cells. The living monocytes were then gated on a forward
scatter area/side scatter area plot to assess CD14 positive expression together with TNF-alpha, IL-1
beta, CD11c, CD206, and CX3CR1, and CCR2 (Figure 1D).
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Figure 1. Gating strategy for primary human monocyte-derived macrophage characterization.
Primary human monocytes were isolated from buffy coat suspensions (n = 10) and differentiated
into macrophages in the presence of M-CSF for seven days. (A) Dot plot showing a comparison
between monocytes (grey dots) and macrophages (black dots) in terms of cell size and complexity.
(B) Macrophages are considerably larger and more complex than monocytes. (C) As previously
reported, macrophages exhibit significantly decreased CD14 cell surface expression as compared
to that found in monocytes. (D) Monocyte-derived macrophages (MDM) were gated for singlets
on a forward scatter height/forward scatter area density plot. Resulting cells were gated again for
detection of living macrophages by means of the ZAAD or Zombie UV stains. Macrophages were
then gated on a side scatter area/forward scatter area density plot for detection of CD14+ cells that
simultaneously expressed tumor necrosis factor-alpha (TNF-alpha), interleukin (IL-1) beta, CD11c,
CD206, CX3CR1, and CCR2. Mon, monocyte population; M$, macrophage population; MFL, mean
fluorescence intensity; FSC-H, forward scatter height density plot; FSC-A, forward scatter area density
plot; SSC-A, side scatter area density plot; TNF-a, tumor necrosis factor alpha; IL-1b, interleukin 1 beta;
CD1le, cluster of differentiation 11c; CD206, cluster of differentiation 206 or mannose receptor; CX3CR1,
CX3C-motif chemokine receptor 1; CCR2, C-C chemokine receptor type 2; M-CSF, macrophage-colony
stimulating factor.

Regarding the production of proinflammatory cytokines, the exposure of MDM to increasing uric
acid concentrations tended to raise the number of TNF-alpha+ cells, although no significant changes
were reached (Figure 2A). However, MDM in vitro cultured in the presence of 0.23 mmol/L uric acid
showed a significant 25% increase in TNF-alpha production with respect to that found in the control
cells (Figure 2B). No significant differences were found when compared MDM exposed to 0.45 or
0.9 mmol/L uric acid with control cells, thus suggesting that uric acid exerts its effects on TNF-alpha
production in a dose-dependent fashion (Figure 2B). Despite exposure of MDM to increasing uric acid
levels tended to diminish either the number of IL-1 beta+ cells or IL-1 beta production, no significant
differences were found (Figure 2C,D, respectively).
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Figure 2. Intracellular production of TNF-alpha and IT -1 beta in primary human monocyte-derived
macrophages in vitro exposed to uric acid. In vitro exposure to increasing concentrations of uric acid
did not alter the percentage of primary human monocyte-derived macrophages expressing TNF-alpha
(A). In vitro exposure to 0.23 mmol/L uric acid significantly increased TNF-alpha production in primary
human monocyte-derived macrophages as compared to control cells (0 mmol/L uric acid) (B). In vitro
exposure to increasing concentrations of uric acid tended to decrease the percentage of primary human
menocyte-derived macrophages expressing IL-1 beta, although no significant differences were found
(C). In vitro exposure to increasing concentrations of uric acid did not alter IL-1 beta production in
primary human monocyte-derived macrophages (D). Data were analyzed using one-way ANOVA
followed by the post-hoc Tukey test fo estimate significant differences. Data are expressed as mean
+ standard deviation. Differences were considered significant when p < 0.05 and are marked with
asterisks as follows: *** = p < 0.0001. TNF-alpha, tumor necrosis factor alpha; IL-1 beta, interleukin
1 beta; MFl, mean flucrescence intensity.

We decided to measure TLR4 production as a key regulator of TNF-alpha synthesis since expostire
of MDM to uric acid increased the expression of TNF-alpha, but not IL-1 beta. In this sense, uric acid
induced TLR4 expression on MDM in a dose-dependent fashion, even though no significant differences
were reached in terms of the number of TLR4+ cells (Figure 3A). However, exposure of MDM to
0.23 mmol/L uric acid promoted a significant 30% increase in TLR4 production in a very similar way
than that observed for the case of TNF-alpha (Figure 3B). TNF-alpha positive macrophages have been
also shown to produce CD1l1c, an integrin that is highly expressed in proinflammatory monocytes
recruited toward atherosclerotic plaques. Uric acid did not affect the number of MDM expressing
CD1le (Figure 3C); however, uric acid increased CD11c expression on MDM in a dose-dependent
fashion, reaching the highest production of this integrin at 0.23 and 0.45 mmol/L uric acid (Figure 3D).
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Figure 3. Cell surface expression of TLR4 and CD11¢ in primary human monocyte-derived macrophages
in vitro exposed to uric acid. In vitro exposure to increasing concentrations of uric acid did not alter
the percentage of primary human monocyte-derived macrophages expressing TLR4 (A). In vitro
exposure to 0.23 mmol/L uric acid significantly increased TLR4 production in primary human
moenocyte-derived macrophages as compared to control cells {0 mmol/L uric acid) (B). Invitro
exposure to increasing concentrations of uric acid did not alter the percentage of primary human
monocyte-derived macrophages expressing CD11c {C). In vitro exposure to .23, 0.45, and 0.9 mmol/L
uric acid significantly altered CD11c production in primary human monocylte-derived macrophages ina
dose-response manner as compared te control cells (0 mmol/T. uric acid) (D). Data were analyzed using
one-way ANOVA, followed by the post-hoc Tukey test to estimate significant differences. Data are
expressed as mean =+ standard deviation. Differences were considered to be significant when p < 0.05
and are marked with asterisks as follows: * = p < 0.01; ** = p < 0.001; *** = p < 0.0001. TLR4, toll-like
receptor 4; CD1lc, cluster of differentiation 11c; MFI, mean fluorescence intensity.

It is well known that macrophages gain proinflammatory ability while losing the anti-inflammatory
capacity. For this reason, we wanted to measure CD206 production, a typical anti-inflammatory
marker of human and murine macrophages. As expected, the exposure of MDM to increasing levels of
uric acid progressively reduced the number of cells expressing CD206 with respect to control cells
(Figure 4A). Overall, uric acid did not affect CD206 expression in MDM, except for 0.45 mmol/L uric
acid that induced a slight increase in the expression of this anti-inflammatory marker (Figure 4B).
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Figure 4. Cell surface expression of CD206 in primary human monocyte-derived macrophages in vitro
exposed to uric acid. In vitro exposure to 0.23, 0.45, and 0.9 mmol/L uric acid significantly decreased the
percentage of primary human monocyte-derived macrophages expressing CD206 as compared to control
cells (0 mmol/L uric acid) (A). In vitro exposure to 0.45 mmol/L uric acid significanily increased CD206
production in primary human monocyte-derived macrophages as compared to control cells (0 mmol/L
uric acid) (B). Data were analyzed using one-way ANOVA followed by the post-hoc Tukey test to
estimate significant differences. Data are expressed as mean = standard deviation. Differences were
considered significant when p < 0.05 and are marked with asterisks as follows: *=p < 0.01;** =p <0.001.
CID206, cluster of differentiation 206 or mannose receptor; MFI, mean fluorescence intensity.

We decided to examine the effect of this metabolite on the expression of CX3CR1 and CCR2,
two chemokine receptors that decreases in proinflammatory macrophages. The exposure of MDM to
uric acid progressively diminished the number of CX3CR1+ macrophages, reaching the maximum
response when cells were incubated in the presence of 0.9 mmol/L uric acid (Figure 5A). Likewise,
uric acid gradually reduced CX3CR1 expression in MDM as compared to that found in the control
cells (Figure 5B). In parallel, the exposure of MDM to uric acid gradually decreased the number of
cells expressing CCR2, reaching the lowest level of this chemokine receptor when using 0.9 mmol/L
uric acid (Figure 5C). As expected, uric acid also diminished CCR2 expression in MDM at 0.45 and
0.9 mmol/L and provided solid experimental evidence that CX3CR1 and CCR2 production behaves
similarly in macrophages that were exposed either to LPS or uric acid.

Proinflammatory activation of human macrophages is also associated with an increased ability
to phagocytose bacteria. Thus, we evaluated the effect of increasing uric acid concentrations on the
phagocytic activity of MDM while using E. coli-GFP+. In the absence of uric acid, MDM were able to
ingest around 15% of E. coli-GFP+ (Figure 6). Notably, the exposure of MDM to 0.23 mmol/L uric acid
induced a significant 26% increase in the intracellular number of E. coli-GFP+ as compared to control
cells (Figure 6). Accordingly, MDM exposed te 0.45 and 0.9 mmol/L uric acid showed significant
40 and 120% increases, respectively, in the intracellular amount of E. coli-CFP+ as compared to control
cells (Iigure 6), which confirmed that uric acid acts as a proinflammatory stimulus for in vitro cultured
human macrophages.
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Figure 5. Cell surface expression of CX3CR1 and CCR2 in primary human monocyte-derived
macrophages in vitro exposed to uric acid. In vitro exposure to 0.9 mmol/L uric acid significantly
decreased the percentage of primary human monocyte-derived macrophages expressing CX3CR1 as
compared to control cells (0 mmol/L uric acid) (A). In vitro exposure to 0.45 and 0.9 mmol/L uric acid
significantly decreased CX3CR1 production in primary human monocyte-derived macrophages as
compared to control cells (00 mmol/T. uric acid} (B). In vitro exposure to 0.9 mmol/T. uric acid significantly
decreased the percentage of primary human monocyte-derived macrophages expressing CCR2 as
compared to control cells (0 mmol/L uric acid {C). In vitro exposure to 0.9 mmol/L uric acid significantly
decreased CCR2 production in primary human monocyte-derived macrophages as compared to control
cells (0 mmol/L uric acid} (D). Data were analyzed using one-way ANOVA followed by the post-hoc
Tukey test to estimate significant differences. Data are expressed as mean + standard deviation.
Differences were considered to be significant when p < 0.05 and are marked with asterisks as follows:
*=p<001;* =p < 0.007;" = p < 0.0001. CX3ICR1, CX3C-motif chemokine receptor 1; CCR2, C-C
chemokine receptor type 2; MFI, mean fluorescence intensity.
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Figure 6. Bacterial phagocytic activity of primary human monocyte-derived macrophages in vitro
exposed to uric acid. In vitro exposure to 0.23, 0.45, and 0.9 mmol/L uric acid significantly enhanced
the phagocytic activity of primary human monocyte-derived macrophages by progressively increasing
the percentage of Cscherichia coli-green fluorescent protein (GI'P) positive cells as compared to controls
(0 mmol/L uric acid). Data were analyzed using one-way ANOVA followed by the post-hoc Tukey
test to estimate significant differences. Data are expressed as mean + standard deviation. Differences
were considered significant when p < 0.05 and are marked with asterisks as follows: * = p < 0.01;
** = p < 0.001; *™ = p < 0.0001. GFP, green fluorescent protein; E. coli, Eschericitin coli.
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An additional goal of this work was to explore the possible molecular mechanism by which
uric acid exerts its effects on human monocyte-derived macrophages. For this reason, we decided to
evaluate URAT1 expression, a key mediator of uric acid transport inside the cell. Notably, the exposure
of MDM to 0.23 mmol/L uric acid induced a significant 90% reduction in URATT expression when
compared to that found in control cells cultured in the absence of this metabolite (Figure 7). Similarly,
MDM exposed to 0.45 mmol/L uric acid showed a significant 95% decrease in the mRNA levels of
URAT?1 with respect to that found in control cells (Figure 7). It is worth mentioning that exposure of
MDEM to 0.9 mmol/L uric acid totally abolished URAT1 expression (Figure 7), thus suggesting that
URAT1 is sensitive to uric acid concentrations and it may take part in mediating the effects of this
metabolite on macrophages.
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Figure 7. URAT1 expression in primary human monocyte-derived macrophages in vitro exposed to
uric acid. In vitro exposure to 0.23, 0.45, and 0.9 mmol/L uric acid progressively abolished URAT1
expression in primary human monocyte-derived macrophages as compared to controls (0 mmol/L uric
acid). URAT1 expression was normalized using the 185-ribosomal RNA gene as house-keeping control
gene and reported as 2 (AACt)-fold change by real-time polymerase chain reaction (qPCR) using SYBR
Green Master Mix and AmpliTaq® Fast DNA Polymerase. Data were analyzed using one-way ANOVA
followed by the post-hoc Tukey test to estimate significant differences. Data are expressed as mean
+ standard deviation. Differences were considered significant when p < 0.05 and are marked with
asterisks as follows: ** = p < 0.0001. URAT1, urate anion transporter 1.

We decided to use probenecid that is able to inhibit URAT1-dependent uric acid transport
also examining its effect on TNF-alpha production and phagocytic activity to confirm the apparent
involvement of URAT1 in macrophages. Asexpected, the use of probenecid totally abolished TNF-alpha
production in macrophages that were also exposed to different concentrations of uric acid (Figure 8A).
Likewise, probenecid also induced an 11% decrease in the intracellular number of E. coli-GFP+
macrophages that were treated with 0.23 mmol/L uric acid (Figure 8B). Furthermore, MDM treated
with probenecid showed significant 78 and 61% reductions in the percentage of E. coli-GFP+, even
in the presence of 0.45 and 0.9 mmol/L uric acid, respectively (Figure 8B). These results functionally
suggest that uric acid might be transported inside the macrophage via URAT1 that, in turn, could
mediate its proinflammatory effects on these immune cells.
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Figure 8. Probenecid seems to abolish URAT1-dependent proinflammatory effects of uric acid on
primary human monecyte-derived macrophages. In vitro exposure to 1 mmol/L probenecid abolished
the stimulatory effect of uric acid on TNF-alpha production in primary human monocyte-derived
macrophages as compared 1o cells exposed 1o uric acid in the absence of probenecid (A). In vitro
exposure to 1 mmol/L probenecid significantly decreased the stimulatory effect of uric acid on the
phagocylic activily of primary human monocyle-derived macrophages by decreasing the percentage of
Fscherichia coli-GFP positive cells as compared to macrophages exposed to uric acid in the absence of
probenecid (B}). Data were analyzed using one-way ANOVA followed by the post-hoc Tukey test to
estimate significant differences. Data are expressed as mean = standard deviation. Differences were
considered significant when p < 0.05 and are marked with asterisks, as follows: ** = p < 0.0001. TNF-a,
tumor necrosis factor alpha; MFI, mean fluorescence intensity; GFD, green fluorescent protein.

4. Discussion

The association of hyperuricemia with the risk of developing metabolic abnormalities and

cardiovascular diseases has been linked to an increased proinflammatory activity of macrophages [22,23].

However, it remains unknown whether hyperuricemia merely concurs with changes in macrophage

activity or if uric acid is able to directly induce preinflammatory activation of human macrophages.

For this reason, we decided to test the in vitro effect of increasing the uric acid concentrations on the
proinflammatory profile of primary human macrophages differentiated from circulating monocytes.
We found that uric acid stimulates TNI-alpha production, but not IL-1 beta, in a dose-dependent
fashion after confirming that human monocytes were properly differentiated into macrophages using
a strategy that combined cell size and complexity as well CD14 expression. TNF-alpha and IL-1
beta are proinflammatory cytokines that play key roles in fever, cachexia, tumorigenesis inhibition,
pyroptosis-related cell death, and immune cell recruitment [24-26]. However, TNF-alpha, but not IL-1
beta, has been consistently associated with increased serum levels of uric acid in several pathologic
scenarios. For instance, the serum uric acid levels rise as TNT-alpha-producing monocytes also
increase in women with preeclampsia [27]. Similarly, uric acid has been shown to stimulate TNF-alpha
expression in vascular smooth muscle cells of Sprague-Dawley rats [28]. On the other hand, plasma
IL-1 beta showed very poor association with increasing serum levels of uric acid in 1684 women

and men, whereas TNF-alpha serwun values rose in the same proportion than plasma uric acid [10].

Together with previous information, our results provide strong experimental evidence that uric acid
might favor a proinflammatory state by predominantly stimulating TNI-alpha production in human
macrophages. It is well known that TNF-alpha synthesis depends on the TLR4-dependent signaling
pathway, whereas IL-1 beta production depends on the activity of the NLRP3 (NOD-LRR-and pyTin
domain-containing protein 3) inflammasome [29-31]. For this reason, we decided to assess TLR4 in the
same in vitro differentiated macrophages.

TLR4 is a transmembrane protein that is able to recognize numerous damage-associated molecular
patterns (DAMP) and pathogen-associated molecular patterns (PAMPs), including free-fatty acids and
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LPS [32,33]. Upon activation, TLR4 is capable of inducing downstream nuclear factor-kappa B (NF-kB)
activation, finally leading to TNF-alpha production [34]. Concurring with this information, our results
demonstrate that TLR4 is produced in response to uric acid in the same way that TNE-alpha does in
human macrophages. In this regard, a previous work reported that the risk of gout—a pathology known
by deposition of monoscedium urate crystals in joints—is directly associated with the polymorphism
rs2149356 related to high TLR4 production [35]. Likewise, a very recent study demonstrated that uric
acid promotes the mRNA expression of TLR4 in rat adipocytes in vitro [36]. Thus, we speculate that
uric acid is able to induce TNF-alpha production via TLR4 activation, a phenomenon that provides
proinflammatory features to human macrophages. However, the idea that uric acid can activate TLR4
should be taken with caution, since we only evaluated TLR4 at the protein level without assessing its
ability as a cell signal transducer.

Until here, our results appeared to indicate that uric acid exerts the ability to polarize human
macrophages towards a proinflammatory state. Thus, we decided to confirm the apparently
proinflammatory capacity of macrophages by analyzing CD11c and CD206. CD11c is a beta-2 integrin
that is highly expressed in monocytes and macrophages with prominent proinflammatory functions,
whereas CD206—also referred to as the mannose receptor—is a C-type lectin that is predominantly
expressed in murine and human macrophages exerting anti-inflammatory actions [37-39]. Interestingly,
we found that uric acid is able to increase CD11c production at the same time, which reduces the
number of macrophages expressing CD206. In this sense, it has been previously reported that blockage
of uric acid synthesis by uricase treatment decreases the number of CD11c+ monocytes in mice [40],
which suggested, for the first time, a relationship between uric acid and CD11lc production. In
parallel, a previous report showed that macrophages from synovial fluid of patients with gout tend
to show reduced CD206 expression as compared to that found in the macrophages of patients with
rheumatoid arthritis [41]. Altogether, this information concurs with the idea that macrophages adopt
proinflammatory functions while losing anti-inflammatory capacities in the presence of elevated levels
of uric acid.

The idea that uric acid might act as a direct proinflammatory stimulus for human macrophages
is also supported by two additional facts: (a) the expression pattern of CX3CR1 and CCR2 and
(b) the phagocytic activity of macrophages. CX3CR1 and CCR2 are both involved in mediating
monocyte recruitment to the inflammation sites, where these cells will differentiate into macrophages
and orchestrate inflammatory responses or tissue repair [42,43]. Interestingly, numerous studies
have consistently reported the downregulation of CX3CR1 and CCR2 in the presence of prototypical
inflammatory stimuli, such as LPS. In this sense, a seminal work reported that circulating monocytes
either of septic patients or incubated with LPS show dramatically decreased CX3CR1 expression [44].
Similarly, in vitro and in vivo exposure of murine peripheral blood cells to LPS can downregulate CCR2
expression with direct consequences for macrophage migratory ability [45,46]. Therefore, CX3CR1 and
CCR2 expression appears to behave similarly in macrophages that are exposed either to LPS or uric
acid, which provides solid experimental evidence regarding the possible inflammatory role of this
metabolite in macrophages. Additionally, it is well known that macrophages with proinflammatory
functions show greater ability to phagocytose bacteria than that described in anti-inflammatory
macrophages [19,20]. Interestingly, the exposure of macrophages to increasing uric acid concentrations
progressively improved their phagocytic activity, which once again supports the notion that uric acid
acts as a direct proinflammatory stimulus for these immune cells.

Besides studying the apparently proinflammatory effect of uric acid on macrophages, we also
wanted to explore the molecular mechanism that is potentially involved. In our study, the production
of TNF-alpha, TLR4, and CD1lc in response to uric acid exhibited a typical dose-response relationship,
where a maximum effect is found and, beyond this point, a plateau can be seen, which indicates
saturation and the abolishment of the observed effect [47]. The dose-response relationship has been
attributed to the interaction between ligand and its receptor [47,48], which suggested to us the possible
involvement of a molecule able to transport uric acid inside the macrophage, as is the case of URATI.
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In this way, we describe for, the first time, that human macrophages express URAT], a transmembrane
protein that had been only reported in endothelial cells, adipocytes, and cartilage chondrocytes [5].
Notably, we found that URAT1 expression in macrophages decreased as uric acid concentration
increased, which might partially explain the fact that TNF-alpha, TLR4, and CD11c expression reached
a saturation point, which in turn led to a decrease their protein levels. Taking into consideration that
uric acid can increase NF-kB transcriptional activity in the pancreatic beta cell line Min6 [49], we thus
speculate that TNF-alpha production in macrophages might depend on the interaction among uric
acid, URAT1, and possibly NF-kB.

We performed functional assays aimed to pharmacologically block this urate transporter using
probenecid to confirm the possible involvement of URAT1 in mediating the effects of uric acid on
macrophages. Probenecid acts as a competitive inhibitor of URAT1 thus preventing reuptake and
transport of uric acid by cells of the renal proximal tube [50]. Interestingly, the blockage of URAT1
abolished TNF-alpha production and phagocytic activity previously seen with uric acid, which suggests
that the proinflammatory effect of uric acid entirely depends on its entry to macrophages. In this
regard, it has been previously proposed that the entry of monosodium urate to THP-1 cells can induce
IkB phosphorylation via Src family tyrosine kinases, thus leading to NF-kB activation and, finally,
proinflammatory cytokine production [51]. In this way, our results confirm that (1) the entry of uric
acid to macrophages has proinflammatry effects by a mechanism that is still unknown, and (2) entry of
uric acid to macrophages seems to involve URAT1, whose expression is, in turn, sensitive to different
concentrations of uric acid. However, URAT1 is not the only urate transporter and probenecid is not a
URAT]1 specific inhibitor, so measuring in macrophages other urate transporters, including organic
anion transporter (OAT) 1, OAT3, and ATP-binding cassette subfamily G member 2 (ABCG2), and
testing other urate uptake inhibitors, such as benzbromarone, dotinurad, and losartan, remains to
be done.

5. Conclusions

Uric acid acts as a proinflammatory stimulus for in vitro cultured primary human macrophages
through (a) increasing the production of TNF-alpha, TLR4, and CD11c, (b) improving the macrophage
phagocytic activity, and (c) decreasing CD206, CX3CR1, and CCR2 expression. The possible mechanism
by which uric acid exerts its proinflammatory effects on human macrophages appears to involve
URAT1 in a dose-response fashion. URAT1 might, in turn, enhance NF-kB activation and lead to the
production of proinflammatory cytokines by ways that remain to be elucidated. The use of probenecid
functionally demonstrated that the entry of uric acid to the macrophage (d) has proinflammatory
actions and (e) partially depends on URAT1. These results provide solid experimental evidence
supporting the idea that elevated levels of uric acid can directly promote the macrophage-mediated
systemic inflammatory state that is, in turn, associated with high cardiovascular risk in patients with
chronic diseases. The idea that uric acid might act as a metabolic ligand with proinflammatory effects
on human macrophages should be further examined.
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Experimental evidence in mice suggests a role for interleukin- (IL-) 13 in insulin resistance and low-grade systemic inflammation.
However, [L-13 serum levels have not been assessed in subjects with insulin resistance, and associations of IL-13 with parameters of
low-grade systemic inflammation are still unknown. Our main goal was to examine the systemic levels of IL-13 in patients
with insulin resistance, while also studying the relationship of IL-13 with anthropometric, metabolic, and low-grade
systemic inflammatory markers. Ninety-two participants were included in the study and divided into insulin-resistant
patients and noninsulin-resistant controls. Blood levels of IL-13, glucose, insulin, triglycerides, cholesterol, tumor necrosis
factor-alpha (TNF-a), IL-10, proinflammatory (Mon-CD11¢"CD206 ), and anti-inflammatory (Mon-CD1l¢ CD2067)
monocytes, as well as anthropometric parameters, were measured in all volunteers. Insulin-resistant patients showed 2.5-fold
higher serum levels of IL-13 than controls (P < 0.0001) and significantly increased values of TNF-a and Mon-CD11¢"CD206™,
with concomitant reductions in IL-10 and Mon-CD11c"CD206™. Increased IL-13 was extraordinarily well associated with
hyperglycemia (r=0.7362) and hypertriglyceridemia (r=10.7632) but unexpectedly exhibited no significant correlations with
TNF-a (r=0.2907), IL-10 (r = —0,3882), Mon-CD11c"CD206™ (r=0.2745) or Mon-CD11¢ CD206" (r=-0,3237). This study
demonstrates that IL-13 serum levels are elevated in patients with insulin resistance without showing correlation with
parameters of low-grade systemic inflammation.

linked to obesity and low-grade systemic inflammation
[3, 4]. Specifically, increased body mass index (BMI} and
visceral fat accumulation have been shown to augment the

Insulin resistance is a key pathophysiological event in the
development of type 2 diabetes (T2D), a serious public health
problem of global proportions, with alarmingly high morbid-
ity and mortality rates in several countries including USA
and Mexico [1, 2]. A growing body of clinical and experimen-
tal evidence has consistently shown that insulin resistance is

risk to develop dyslipidemia, hyperglycemia, and insulin
resistance [5]. Low-grade systemic inflammation is charac-
terized by abnormally high serum levels of proinflammatory
cytokines (ie., tumor necrosis factor alpha [TNF-¢]) and
increased percentage of proinflammatory monocytes such

81



as monocytes that exhibit high expression of CD1lc and
no expression of CD206 (Men-CD11c"CD2067) [6, 7).
Low-grade systemic inflammation is also associated with
decreased serum concentrations of anti-inflammatory cyto-
kines such as interleukin- (IL-} 10 and low percentages of
monocytes exerting anti-inflammatory abilities as is the
case of monocytes that show high expression of CD206 and
no expression of CD11c (Mon-CD11c”CD206") [7, 8]. High
amounts of TNF-a have been reported to concur with
increased adiposity [9], hypertriglyceridemia [8], and
impaired insulin sensitivity in adipose and hepatic tissue
[10]. Moreover, Saghizadeh and coworkers have previously
demonstrated that TNF-« is actively expressed in skeletal
muscle tissue of insulin-resistant patients as compared to
subjects with normal insulin sensitivity [11]. In the same
sense, TNF-a infusion in healthy individuals is able to induce
muscle insulin resistance by increasing phosphorylation of
p70 S6 kinase, extracellular signal-regulated kinase —1/2
(ERK-1/2}, and c-Jun NH2 terminal kinase (JNK} [12]. Inter-
estingly, phosphorylation of p70 S6 kinase, ERK-1/2, and
JNK is associated with decreased activation of the insulin
receptor substrate-1 (IRS-1) and Akt substrate 160 [12],
which supports the notion that TNF-« is a major contributor
of insulin resistance in skeletal muscle. On the other side,
decreased IL-10 has been related to elevated serum concen-
trations of TNF-a, increased proportion of Mon-CD11c*
CD206~ over the Mon-CD11c CD206" subpopulation,
hyperglycemia, and higher levels of insulin resistance in
obese subjects [7, 13]. Therefore, low-grade systemic inflam-
mation has now gained increasing attention since it appears
to play a causative role in the development of insulin resis-
tance in liver, adipose tissue, and skeletal muscle of obese
patients [14].

IL-13 is a cytokine belonging to the alpha-helix protein
family that is mainly produced by activated Th2 cells, mast
cells, and basophils and has been widely studied in the sce-
nario of helminth parasite infections and allergic asthma
[15, 16]. Nevertheless, recent experimental evidence in mice
has now found that IL-13 may also participate in low-grade
systemic inflammation and insulin resistance [17, 18]. In this
sense, it has been reported that exogenous administration of
IL-13 improves insulin sensitivity while also decreasing TNF-
« expression and macrophage infiltration in epididymal adi-
pose tissue of C57BL/6] mice fed a high-fat diet (HFD} [17].
Likewise, a further study demonstrated that IL-13 gene trans-
fer plays a protective role during experimental obesity by
diminishing adipocyte hypertrophy, glucose intolerance,
insulin resistance, and macrophage infiltration into adipose
tissue of HFD-fed C57BL/6] mice [18]. Interestingly, IL-13
has been also associated with improved insulin secretion. In
this sense, Darkhal and colleagues previously showed that
IL-13 gene overexpression concurs with increased insulin
serum levels in mice [18]. Additionally, a recent study dem-
onstrated that IL-13 in vitro increases insulin secretion in
beta-cells of humans and rats [19], supporting the fact that
IL-13 also has an impact on insulin production and release.
In parallel, IL-13 has been also shown to play a role in the
development of insulin resistance in human beings. In this
regard, a previous study demonstrated that IL-13 serum
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levels are reduced in T2D patients that exhibit increased
insulin resistance [20]. However, the role of IL-13 in the
pathogenesis of insulin resistance in humans is still unclear,
and potential associations of this cytokine with parameters
of low-grade systemic inflammation and metabolic dysfunc-
tion remain obscure.

The main goal of this work was to examine the systemic
levels of IL-13 in patients with insulin resistance, while also
studying the relationship of IL-13 with parameters of
low-grade systemic inflammation such as TNF-g IL-10,
Mon-CD11c*CD206~ percentage, and Mon-CD11¢ CD206"
percentage, and other insulin resistance-related metabolic
markers including fasting blood glucose and insulin, BMI,
central obesity, body fat percentage, waist-to-hip ratio,
triglycerides, and cholesterol.

2. Materials and Methods

2.1. Subjects. Ninety-two Mexican adult women and men
from the south-central region of Mexico were included in
the study. All of the volunteers provided written informed
consent, previously approved by the institutional review
board of the General Hospital of Mexico, which guaranteed
that the study was conducted in accordance with the princi-
ples described at the Helsinki Declaration. Volunteers were
excluded from the study if they had previous or recent diag-
nosis of Diabetes Meilitus, cardiovascular diseases, chronic
renal disease, chronic or acute hepatic disease, blood pressure
higher than 135/85mm Hg, inflammatory or autoimmune
disorders, acute or chronic infectious diseases, cancer, and
endocrine disorders including hypothyreidism. We also
excluded pregnant or lactating women, patients with cardio-
vascular drug therapy including anti-inflammatory, antiag-
gregant, and antihypertensive drugs, and subjects without
having an overnight fasting of 8-10 hours. All participants
enrolled into the study received full medical evaluation,
including achievement of clinical history and physical exam-
ination by expert physicians.

2.2, Insulin Resistance Assessment. The insulin resistance
level was estimated by means of calculating the homeostatic
model assessment of insulin resistance (HOMA-IR} in each
participant. The HOMA-IR value resulted from multiplying
fasting insulin concentration (mU/l) by fasting glucoese con-
centration (mmol/l) and then divided by 22.5. Cut-off points
for insulin resistance were given according to previous
studies validated in the Mexican population [21], as follows:
subjects showing HOMA-IR< 3.8 were considered as the
control group by having a normal level of insulin resistance.
On the contrary, subjects showing HOMA-IR > 3.8 were con-
sidered as the insulin-resistant group by having a significant
level of insulin resistance.

2.3. Anthropometric Measurements. BMI resulted from divid-
ing corporal weight (kg) by height squared (m”) and was
recorded in all participants, as follows: BMI 18.5-24.9 kg/
m?, normal weight subjects; BMI 25-29.9 kg/m?, overweight
subjects; and BMI > 30 kg/m’, obese subjects. Central obesity
was estimated in each participant by measuring the midpeint
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between the lower rib margin and iliac crest with a conven-
tional tape in centimeters (cm). Cut-off point values for
central obesity were given as follows: women showing
80 ¢cm waist circumference or higher were considered to have
central obesity, while men showing 90 cm waist circumfer-
ence or higher were considered to have central obesity. Body
fat percentage was individually estimated by means of usinga
body composition analyzer (TANITA®, Body Composition
Analyzer, Model TBF-300A, Tokyo, Japan).

2.4. Metabolic Measurements. Blood samples were collected
after overnight fasting and placed into pyrogen-free tubes
(Vacutainer™, BD Diagnostics, NJ, USA} at room temper-
ature. Afterwards, collection tubes were centrifuged at
1000g/4°C for 25min and serum samples obtained and
stored at —80°C until use. Serum levels of insulin were
individually measured in triplicate by means of the
Enzyme-Linked ImmunoSorbent Assay (ELISA), following
the manufacturer’s instructions (Abnova Corporation,
Taiwan). Serum levels of glucose were individually measured
in triplicate by the glucose oxidase assay, following the man-
ufacturer’s instructions (Megazyme International, Ireland).
Total cholesterol and triglyceride levels were individually
measured in triplicate by enzymatic assays according to the
manufacturer’s instructions (Roche Diagnostics, Mannheim,
Germany). All biochemical parameters were measured at the
same time to avoid procedural variations.

2.5. Assessment of the Serum Levels of IL-13, TNF-«, and
IL-10 by ELISA. Blood samples were collected after over-
night fasting and placed into pyrogen-free tubes (Vacutainer,
BD Diagnostics, NJ, USA) at room temperature. Afterwards,
collection tubes were centrifuged at 1000g/4°C for 25 min
and serum samples cbtained and stored at —80°C until use.
Serum levels of 11-13, TNF-«, and IL-10 were determined
in triplicate by ELISA, following the manufacturer’s instruc-
tions (Peprotech, Mexico}. All cytokines were measured at
the same time to avoid procedural variations.

2.6. Characterization of Monocyte Surface Markers by Flow
Cytometry. Blood samples were collected after overnight fast-
ing and placed into pyrogen-free tubes containing EDTA
(Vacutainer, BD Diagnostics, NJ, USA). Afterwards, collec-
tion tubes were centrifuged at 1800g/8°C for 10min and
white blood cells (WBCs) separated using a micropipette.
WBCs were separately placed into 1.6ml pyrogen-free
eppendorf tubes containing 1 ml of ACK Lysing Buffer (Life
Technologies, USA} and incubated at 4°C for 5 min. Immedi-
ately after, cell suspensions were centrifuged at 18004/8°C for
5minutes and resulting cell pellets washed twice using PBS
1X (Sigma-Aldrich, Mexico). After an extra centrifugation
step, supernatants were discarded and resulting cell pellets
resuspended in 50 ul of PBS 1X (Sigma-Aldrich, Mexico}
for posterior cell counting using trypan blue staining with
Neubauer chamber. In each case, 3 ul of Human TruStrain
Reagent (BioLegend Inc., USA) was added to 1% 10° WBCs
and then incubated for 7 minutes on ice. Afterwards, each
WBC sample was simultaneously incubated with human
anti-CD14 PE/Cy7, anti-CD11c PE/Cy5, and anti-CD206/

Cy7 APC at 8°C for 20min in the absence of light. Analysis
of the cell surface markers CD11c and CD206 was exclusively
performed on CD14-positive cells that correspond to mono-
cytes, using a FACSCanto II flow cytometer (BD Biosciences,
Mexico} by means of BD FACSDiva™ software 6.0, acquiring
50,000 events per test in triplicate. PE/Cy7 mouse IgG2,
APC/Cy7 mouse IgG1, and PE/Cy5 mouse IgG1 (BioLegend
Inc., USA) were used as isotype control antibodies.

2.7. Statistical Analysis. Student’s ¢-test was used to compare
noninsulin-resistant (NIR} and insulin-resistant (IR) subjects
in terms of age, HOMA-IR, BMI, waist circumference, body
fat percentage, waist-to-hip ratio, fasting blood glucose,
serum insulin, systolic blood pressure, total cholesterol, tri-
glycerides, TNF-a, IL-10, Mon-CD11c"CD206™ percentage,
and Mon-CD11c” CD206" percentage. Student’s #-test results
are expressed as mean + standard deviation. Pearson’s corre-
lation coefficient was calculated for examining the associa-
tion of IL-13 with anthropometric, metabolic, and systemic
inflammation parameters. Pearson’s correlation coefficient
results are expressed as coefficients ()} and P values. Differ-
ences were considered significant when P < 0.05. All statis-
tical analyses were performed using the GraphPad Prism
6.01 software.

3. Results

Ninety-two participants of both sexes were included in
the study (47 noninsulin-resistant and 45 insulin-resistant
subjects). No significant differences were found in age (for
noninsulin-resistant controls mean age 31.02+10.41 years,
whereas for insulin-resistant subjects mean age 36.75%
11.18 years), woman/man proportion (23 women and 24
men in the noninsulin-resistant group, whereas 22 women
and 23 men in the insulin-resistant group), and systolic blood
pressure (SBP) (for noninsulin-resistant controls mean sys-
tolic pressure 128.40+3.57mmHg, whereas for insulin-
resistant subjects mean systolic pressure 127.9 + 4.28 mmHg)
(Table 1). On the other hand, BMI, waist circumference,
and body fat percentage exhibited a significant increase
in insulin-resistant subjects as compared to noninsulin-
resistant controls (Table 1}. Similarly, fasting blood glucose,
serum insulin, and HOMA-IR were also higher in the
insulin-resistant group than in the neoninsulin-resistant
group (Table 1}. When dyslipidemia was evaluated, triglycer-
ide values showed a clear elevation in insulin-resistant sub-
jects with respect to noninsulin-resistant controls; however,
cholesteral levels did not significantly differ between groups
(Table 1). In terms of systemic inflammatory parameters,
serum levels of TNF-a were significantly increased in the
insulin-resistant group as compared to noninsulin-resistant
individuals, whereas IL-10 was clearly reduced in insulin-
resistant subjects with respect to controls (Table 1}. At the
same time, insulin-resistant subjects showed a significant
increase in the proinflammatory monocyte percentage
(Mon-CD11c"CD206™) accompanied by decreasing num-
bers of monocytes with anti-inflammatory profile (Mon-
CD11¢ CD206"} as compared to controls. Figure 1 shows
representative flow cytometry dot plots illustrating the
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TasLe 1: Demographic, anthropometric, metabolic, and
immunological characteristics of the study subjects.

Parameters NIR IR P
Gender (W/M) 23/24 22/23 n.s.
Age (years) 310221041 36.75x11.18 ns.

BMI (kg/mz) 26821489 32.92+234 <0001
‘Waist circumference (cm) 86.87+ 13.00 10500+ 6.21 <0.001

Body fat (%) 2661815 36.99x742 <0.001
‘Waist-to-hip ratio 092x0.12 0.97+0.04 ns.
SBP (mmHg) 1284+3.57 127.9+428 ns.
Blood glucose (mg/dl) 84.17+£9.79 104.9+558 <0.0001
Serum insulin (mU/1) 1116 +238  21.56+1.89 <0.0001
HOMA-IR 2.28£0.39 559+064 <0.0001

Total cholesterol (mg/dl)
Triglycerides (mg/dl)

193.7£10.28 198.0x10.18 ns.

159.40 £37.93 256.6+13.19 <0.0001
TNF-a (pg/ml) 826x3.45  30.29+3.93 <0.0001
IL-10 (pg/ml) 100.8 £26.41 37.04x 1036 <0.0001
Mon-CD11c"CD206™ (%) 28.30+17.18 60.93+20.68 <0.001
Mon-CD11c CD206" (%) 24231946  6.05£571 <0.0001

Dataare expressed as mean + standard deviation. Significant differences were
estimated by means of performing two-way Student’s ¢-test. Differences
were considered significant when P <0.05. W: women; M: men; BMI:
body mass index; SBP: systolic blood pressure; HOMA-IR: homeostatic
model assessment of insulin resistance; TNF-a: tumor necrosis factor
alpha; IL: interleukin; Mon CD11c*CD206 : proinflammatory monocytes;
Mon CD1lc CD206: anti-inflammatory monocytes; r.s: nonsignificant
differences.

amount of Mon-CD11c¢*CD206™ in (A} noninsulin-resistant
controls and (B) patients with insulin resistance, as well as
the amount of Mon-CD11¢”CD206" in (C) noninsulin-
resistant controls and (D) patients with insulin resistance.

When IL-13 was examined, we found a significant
2.5-fold increase in the serum levels of IL-13 in insulin-
resistant subjects as compared to noninsulin-resistant
controls (37.69+17.82 versus 15.88+6.71pg/ml, resp.}
(Figure 2).

IL-13 was significantly elevated in the insulin-resistant
group. Therefore, our next step was to identify anthropomet-
ric, metabolic, and inflammatory parameters that were
clearly related to the elevation in the serum concentrations
of this cytokine. IL-13 exhibited a strong positive correlation
with BMI (r=10.6727, P <0.0001) and waist circumference
(r=0.6394, P < 0.0001) (Figures 3(a) and 3(b}, resp.). More-
over, serum levels of IL-13 were moderately associated with
body fat percentage (r=0.4310, P < 0.001} and waist-to-hip
ratio (r=0.2410, P = 0.026) (Figures 3(c} and 3(d), resp.).

In the specific case of metabolic parameters, serum I1L-13
showed a strong positive relationship with fasting blood
glucose (r=10.7362, P <0.0001} and HOMA-IR (r=0.6673,
P <0.0001) (Figures 4(a} and 4(c), resp.). Despite being sig-
nificant, statistical correlation between IL-13 and serum
insulin was positive but tended to be moderate (r = 0.5468,
P <0.0001) (Figure 4(b)). Furthermore, IL-13 was strongly
related to the amount of triglycerides (r=0.7632, P<
0.0001) but showed no significant correlation with total cho-
lesterol (r = 0.2104, P = 0.055) (Figures 5(a) and 5(b), resp.).
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In terms of systemic inflammatory markers, circulating
levels of IL-13 exhibited no significant correlations with
serum TNF-a (r=0.2907, P=0.066) or Mon-CD11c"
CD206" monocyte percentage (r=0.2745, P =0.062), both
of them typical proinflammatory parameters (Figures 6(a)
and 6(b), resp.). On the contrary, IL-13 was barely correlated
with IL-10 serum levels (r = —0,3882, P = 0.0471) but showed
no significant association with Mon-CD11c”CD206" mono-
cyte percentage (r =—0.3237, P=0.0544), which have been
shown to exert anti-inflammatory actions (Figures 6(c)
and 6(d), resp.).

4. Discussion

IL-13 is a cytokine that belongs to the alpha-helix protein
family and is mainly produced by Th2-activated T lympho-
cytes, mast cells, and basophils [22]. Besides having been
shown to play a critical role in helminth parasite infections
and allergic asthma [13, 14], IL-13 has been now suggested
to exert additional functions in the development of metabolic
alterations such as insulin resistance and hyperglycemia
[17, 18]. However, clinical findings in humans regarding
the role of IL-13 in metabolic disease are still controversial.

In this sense, it has been previously shown that serum
levels of IL-13 are significantly reduced in type 2 diabetic
patients with coronary artery disease as compared to healthy
controls [23]. Similarly, a recent study demonstrated that
type 2 diabetic patients show decreased serum levels of IL-
13 with respect to normal-glucose tolerant individuals [20].
On the contrary, it has been also reported that morbidly
obese patients with insulin resistance exhibit higher values
of serum IL-13 than normal weight controls, and bariatric
surgery was able to reduce IL-13 serum concentrations after
1-year of the surgical procedure [24]. Likewise, expression
of interleukin-13 receptor subunit alpha-2 (IL-13RA2) has
been demonstrated to increase in peripheral blood mononu-
clear cells (PBMC) of obese children with abnormal insulin
sensitivity as compared to normal weight boys [25]. This
apparent contradiction could be attributed to the possible
role of IL-13 in the insulin resistance pathogenesis that
involves the liver, adipose tissue, skeletal muscle, and pancre-
atic beta-cells. In this regard, a previous study in mice
showed that IL-13 gene deficiency concurs with reduced
phosphorylation of IRS-1 and AKT in liver, adipose tissue,
and skeletal muscle, which was directly related to decreased
insulin sensitivity in the aforementioned tissues [26]. Inter-
estingly, IRS-1 and AKT phosphorylation was found to
depend on the activation of the signal transducer and activa-
tor of transcription (STAT) 3 and STAT®6 [26], a well-known
family of transcription factors with the ability to elicit anti-
inflammatory signaling pathways in response to IL-13. Also,
IL-13 has been shown to promote insulin secretion in pan-
creatic beta-cells [19], which is associated with compensatory
hyperinsulinemia atmed to counteract hyperglycemia and
insulin resistance, Then, it is reasonable to speculate that
IL-13 plays a protective role in insulin resistance by promot-
ing IRS-1 and AKT phosphorylation in insulin-dependent
tissues via STAT3 and STAT6 activation as well as improve-
ment of the beta-cell function. However, together with other
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FIGURE 1: Representative dot plots showing percentages of proinflammatory and anti-inflammatory monocytes in patients with insulin

resistance and noninsulin-resistant controls. (a) and (b) illustrate representative flow cytometry dot plots showing percentages of

proinflammatory monocytes that express CD11c but do not express CD206 (Mon-CD11¢"CD2067) in controls and insulin-resistant
patients, respectively. (c) and (d) illustrate representative dot plots showing percentages of anti-inflammatory monocytes that express
CD206 but do not express CD1lc (Mon-CD11c CD206") in controls and insulin-resistant patients, respectively. Dot plot quantification

can be seen in Table 1.

studies [17, 24, 25], our work shows a significant increase in
the serum levels of IL-13 in insulin-resistant patients, which
appears to disagree with previous evidence. In this sense, a
previous work showed that IL-13 serum levels significantly
increase as the severity of T2D-related chronic heart failure
also increases [27]. Similarly, a very recent study demon-
strated that IL-13 gene expression tended to increase in the
left ventricular free wall of T2D patients with heart failure
as compared to healthy donors [28]. Interestingly, despite

IL-13 gene tended to be upregulated, the IL-13 receptor
subunit alpha 1 (IL-13Ral) production was significantly
decreased in the same cardiac muscle specimens of T2D
patients with heart failure, who are by definition insulin-
resistant [28]. In some extent, this information is consistent
with our findings and suggests a progressive loss of the cellu-
lar capacity to respond to IL-13 in the scenario of insulin
resistance. Such a state of “IL-13 action resistance” may
partially explain the increment of the IL-13 serum levels in
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Ficure 2 Serum levels of IL-13 in patients with insulin
resistance and controls. Systemic levels of IL-13 showed a 2.5-
fold significant increase in patients with insulin resistance as
compared to noninsulin resistance controls. NIR: noninsulin
resistance controls; [R: patients with insulin resistance. A 3.8 cut-
off point was used for defining insulin resistance in the study
population. Data are expressed as meanzstandard deviation.
Differences were considered significant when P <0.05 and
calculated using Student’s ¢-test.

several cohorts of patients with insulin resistance, including
our own study population. To the best of our knowledge, this
is one of the first studies suggesting a state of IL-13 action
resistance, characterized by high levels of IL-13, reduced
activation of the IL-13-dependent signaling pathway in
insulin-dependent tissue, and consequently increased insu-
lin resistance. Nevertheless, we have drawn a speculative
hypothesis to explain the apparently contradictory results
regarding the role of IL-13 in the development of insulin
resistance, and the discussion of this information makes
no attempt to conjecture beyend that. For this reason, it
is still of enormous importance to study the role of IL-
13 in the pathogenesis of insulin resistance, also evaluating
the possible existence of a state of IL-13 action resistance
in patients with altered insulin sensitivity.

In our study, serum concentrations of IL-13 exhibited a
strong correlation with obesity-related anthropometrical
parameters including BMI and central obesity. As it has been
previously reported, increased BMI and central obesity are
key contributing factors to the development of insulin resis-
tance, metabolic syndrome, and type 2 diabetes [29]. Central
obesity directly results from the expansion of white adipose
cells that accumulate around the viscera of the abdominal
cavity [30]. Interestingly, it has been recently shown that
increased central obesity and body weight are associated with
elevation in the circulating levels of IL-13 [31]. Furthermore,
Kwon and coworkers demonstrated that IL-13 is overpro-
duced in the white adipose tissue of HFD-fed mice and obese
humans while also reported that adipocytes were the main
cellular source of this cytokine [17]. These findings may
explain the extremely strong association observed in our
study between serum IL-13 levels and obesity-related anthro-
pometrical parameters such as central obesity and, in some
extent, BML In other words, our data confirm a direct link
between fat mass expansion and IL-13 overproduction,
which could be supported by the fact that hypertrophic
and hyperplasic adipocytes increase their ability to synthe-
stze 1L-13. However, we only studied the relationship of
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obesity-related anthropometrical parameters with IL-13
serum concentrations by means of statistical correlation
models and the discussion of these results makes no
attempt to conjecture beyond that. Further research is
needed to draw conclusions regarding the capacity of white
adipose cells to release IL-13 into the bloodstream and the
potential role of this cytokine in the development of insulin
resistance in obese patients.

Another phenomenon captured in our study is that IL-13
serum levels appear to be extraordinarily correlated with ele-
vated blood values of glucose in the study population, and
especially in subjects with insulin resistance. Consistent with
our results, Nehete and coworkers previously demonstrated
that obese chimpanzees show increased serum levels of IL-
13, glucese, and glucagon, a peptide hormone in charge of
raising glucose concentration in the bleodstream [32]. This
finding suggests a direct link among IL-13, glucagon, and ele-
vated glucose levels. In this sense, glucagon-like peptide-1
(GLP-1} is a peptide hormone able to reduce glucose levels
by restricting the secretion of glucagon [33]. Recently, GLP-
1 has been also shown to decrease IL-13 production in LPS-
treated human eosinophils [34], which supports the idea that
increased serum IL-13 could be directly associated with ele-
vated blood glucose levels via glucagon-dependent mecha-
nisms. Nevertheless, it is important to note that IL-13 has
been also demonstrated to downregulate the hepatic produc-
tion of glucose in mice [26] and increase glucose uptake in
skeletal muscle cells in vitro [20], which seems to disagree
with our results. We want to speculate that such a discrep-
ancy could be explained by the fact that protective effects of
IL-13 depend on reaching a critical concentration, in which
high IL-13 levels are able to counteract the elevation of blood
glucose and insulin resistance. In this hypothetical scenario,
it is expected to find a positive correlation between IL-13
and insulin, a hormone widely known to counteract the
effects of glucagon and decrease glucose levels. Interestingly,
our results show a positive correlation between increased I1L-
13 and elevated values of serum insulin. Consistent with this
hypothesis, it has been recently demonstrated that IL-13
promotes beta-cell survival and insulin secretion in human
pancreatic beta-cell in vitro cultures [19]. However, it is still
of great importance to examine the possible effect of IL-13
in regulating glucagon, GLP-1, insulin, and blood glucose
levels with the aim of merging apparently controversial data
regarding the role of this cytokine in glucose metabolism.

Numerous studies have suggested a direct relationship
between IL-13 and lipid metabolism, especially in the sce-
nario of metabolic dysfunction. For instance, a recent work
demonstrated that PBMC show increased IL-13 expression
in type 2 diabetic nephropathy patients that also exhibit
hypertriglyceridemia [35]. Similarly, overweight and obese
pregnant women with gestational hypertension show
increased IL-13 concentration, which in turn is associated
with elevated triglyceride levels [36]. Moreover, metabolic
syndrome subjects exhibit increased serum IL-13 that is also
correlated with rising concentration of blood sugar and tri-
glycerides [37]. Our data expand on this body of work by
revealing that circulating levels of IL-13 are strongly corre-
lated with triglyceride values in insulin-resistant individuals.
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Ficure 3: Correlation analysis between [L-13 serum levels and anthropometric parameters in the study population. (a) Correlation analysis
between IL-13 serum levels and BMI. (b} Correlation analysis between IL-13 serum levels and waist circumference. (¢) Correlation analysis
between IL-13 serum levels and body fat percentage. (d) Correlation analysis between [L-13 serum levels and waist-to-hip ratio. Serum levels
of IL-13 were moderately associated with BMI and waist circumference and showed to be barely related to body fat percentage and waist-to-
hip ratio. BMI: body mass index. Coefficients (r) and P values were calculated by Pearson’s correlation model. The correlation level was

considered significant when P < 0.05.

Interestingly, Tsao and coworkers previously demonstrated
that IL-4, another Th2 cytokine with a similar structure and
function to IL-13, is able to induce lipolysis in 3T3L1 adipo-
cytes, thus increasing glycerol release and secretion into the
culture supernatant [38]. This work concurs with our find-
ings and reveals a novel function of Th2 cytokines in the reg-
ulation of triglyceride metabolism; however, there is no
evidence yet exploring whether IL-13 may have a similar
effect to IL-4. Further research is needed to evaluate the pos-
sible role of IL-13 in lipid metabolism and identify novel
molecular targets with the aim of reducing triglyceride levels
and cardiovascular risk in patients with insulin resistance.
Besides examining its association with insulin resistance-
related metabolic markers, 11.-13 was also studied in terms of
low-grade systemic inflammation. As described above, low-
grade systemic inflammation is hallmarked by increased
levels of proinflammatory cells and cytokines whereby
immune cells and cytokines with anti-inflammatory actions
are decreased [39]. Consistent with this notion, we saw a
clear elevation in the circulating levels of TNF-« and proin-
flammatory monocytes Mon-CD11¢*CD206” in insulin-
resistant patients with respect to noninsulin-resistant
controls. Simultaneously, circulating levels of IL-10 and
anti-inflammatory monocytes Mon-CD11¢”CD206" were
also significantly diminished in patients with insulin resis-
tance. However, this state of low-grade systemic inflamma-
tion did not relate to serum IL-13, although several reports
suggest an association of IL-13 with proinflammatory and

anti-inflammatory immune responses [17, 18, 40, 41]. In
this sense, it has been previously reported that IL-13 does
not always correlate with low-grade systemic inflammation
parameters. In fact, a recent study conducted in morbidly
obese men with metabolic syndrome showed a significant
increase in the serum levels of IL-6 and IL-12, both
cytokines with proinflammatory actions, without reporting
any difference in IL-13 [42]. Similarly, TNF-a soluble
receptor levels were shown to raise in plasma of burn-
induced systemic inflammatory response syndrome children
whereas 1L-13 serum levels remained unchanged [43].
Furthermore, Matia-Garcfa and coworkers recently reported
that young obese subjects with hypertriglyceridemia exhibit
low-grade systemic inflammation characterized by increasing
levels of C-reactive protein (CRP) and IL-6, accompanied by
reduced IL-10 serum concentration [44]. Interestingly, IL-13
showed neither statistical changes between obese and normal
weight subjects nor significant correlation coefficients with
CRP, 1I1-6, and 11-10 [44]. Therefore, our results reveal that
serum levels of 11-13 elevate in insulin resistance without
showing correlation with markers of low-grade systemic
inflammation in humans.

Finally, it is important to note that serum IL-13 levels
appear to be grouped in two main clusters, characterized by
high and low preduction of this cytokine. Notably, ninety-
five percent of low-IL-13 preducers showed a HOMA-IR
value below 3, whereas an inverse tendency was seen in
high-IL-13 producers that exhibited increasing levels of
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Ficure 4: Correlation analysis between [L-13 serum levels and parameters of glucose metabolism in the study population. (a) Correlation
analysis between IL-13 serum levels and blood glucose. (b) Correlation analysis between IL-13 serum levels and insulin. (c) Correlation
analysis between IL-13 serum levels and HOMA-IR value. Serum levels of IL-13 were strongly associated with blood glucose and showed
to be moderately related to insulin and HOMA-IR value. HOMA-IR, homeostatic model assessment of insulin resistance. Coefficients (r)
and P values were calculated by Pearson’s correlation model. The correlation level was considered significant when P < 0.05.
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Ficure 5: Correlation analysis between IL-13 serum levels and parameters of lipid metabolism in the study population. (a) Correlation
analysis between IL-13 serum levels and triglycerides. (b) Correlation analysis between IL-13 serum levels and total cholesterol. Serum
levels of IL-13 were strongly associated with blood triglycerides but showed no significant correlation with cholesterol. Coefficients (r) and
P values were calculated by Pearson’s correlation model. The correlation level was considered significant when P < 0.05.

insulin resistance (HOMA-IR >4.5). Moreover, ninety per-  levels higher than 200 mg/dl (data net shown), which sug-
cent of high-IL-13 producers had central obesity and hyper- gests that increased IL-13 could concur with the development
glycemia, while a similar amount also showed triglyceride of metabelic syndrome. However, we did not categorize the
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Ficure 6: Correlation analysis between IL-13 serum levels and parameters of low-grade systemic inflammation in the study population. (a)
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and the percentage of proinflammatory monocytes Mon-CD11¢*CD206™. () Correlation analysis between IL-13 serum levels and circulating
concentration of IL-10. (d) Correlation analysis between IL-13 serum levels and the percentage of anti-inflammatory monocytes Mon-
CD11c CD206". Serum levels of IL-13 were barely associated with IL-10 but showed no significant correlations with TNF-a, Mon-
CD11¢"CD2067, and Mon-CD11¢”CD206", Mon-CD11¢"CD2067, proinflammatory monocytes that express CD11lc but do not express
CD206; Mon-CD11¢ CD206", anti-inflammatory monocytes that express CD206 but do not express CD11c. Coefficients (r) and P values
were calculated by Pearson’s correlation model. The correlation level was considered significant when P < 0.05.

study subjects according to the number of metabolic syn-
drome risk factors and the discussion of these results makes
no attempt to conjecture beyond that. Further cinical
research is needed to understand whether low and high-IL-
13 producers have different risks for developing metabolic
syndreme and its cardiovascular comorbidities.

5. Conclusions

This study demonstrates that serum levels of IL-13 are sig-
nificantly elevated in insulin-resistant patients without
showing correlation with parameters of low-grade systemic
inflammation such as TNF-a, IL-10, and monocytes that
show expression of CD1lc and CD206. Hyperglycemia
and hypertriglyceridemia appear to be strongly linked to
the increase in IL-13, which suggest a novel role of this
cytokine in the regulation of glucagon-dependent pathways
and lipolysis that should be addressed in patients at higher
cardiovascular risk such as the vast majority of individuals
living with insulin resistance, metabolic syndrome, and
T2D. Current results alse allow us to speculate regarding
the existence of a state of 1L-13 action resistance that could
be associated with increased serum IL-13 levels in insulin-
resistant patients, a notion that needs to be elucidated in

basic and clinical research studies. The study of IL-13 in the
development of insulin resistance may provide novel insights
regarding the role of cytokines in the pathogenesis of meta-
bolic disease and immune hyperactivation. We also remark
the urgency of performing clinical studies evaluating whether
IL-13 may represent a novel risk marker of insulin resistance
in human beings.
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Abstract: Increasing evidence has demonstrated that oxidized low-density lipoproteins (oxLDL) and
lipopolysaccharide (LPS) enhance accumulation of interleukin (IL)-1 beta-producing macrophages
in atherosclerotic lesions. However, the potential synergistic effect of native LDL (nLDL) and LPS
on the inflammatory ability and migration pattern of monocyte subpopulations remains elusive
and is examined here. In vitro, whole blood cells from healthy donors (n = 20) were incubated with
100 pg/mL nLDL, 10 ng/mL LPS, or nLDL + LPS for 9 h. Flow cytometry assays revealed that
nLDL significantly decreases the classical monocyte (CM) percentage and increases the non-classical
meonocyte (NCM) subset. While nLDL + LPS significantly increased the number of NCMSs expressing
IL-1 beta and the C-C chemokine receptor type 2 (CCR2), the amount of NCMs expressing the CX3C
chemokine receptor 1 (CX3CR1) decreased. In vivo, patients (n = 85) with serum LDL-cholesterol
(LDL-C) >100 mg/dL showed an increase in NCM, IL-1 beta, LPS-binding protein (LBP), and
Castelli’s atherogenic risk index as compared to contrels (n = 65) with optimal LDL-C concentrations
(<100 mg/dL). This work demonstrates for the first time that nLDL acts in synergy with LPS to alter
the balance of human monocyte subsets and their ability to produce inflammatory cytokines and
chemokine receptors with prominent roles in atherogenesis.

Keywords: atherogenesis; monocyte subpopulations; native LDL; LPS; IL-1 beta; CCR2; CX3CR1; LBP

1. Introduction

Atherosclerosis is a chronic inflammatory disease of the arteries and a leading cause
of death worldwide [1]. Atherogenesis is the pathological process through which athero-
matous plaque is formed in the inner layer of the arteries, leading to vessel thickening,
arterial remodeling, and potential obstruction of blood flow at the site of the lesion [2].
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Atherosclerotic plaque formation is a highly dynamic process involving the adhe-
sion of circulating monocytes to the tunica intima, wherein these cells differentiate into
macrophages [3]. Then, monocyte-derived macrophages can migrate to the subendothelial
space and turn into foam cells after ingesting oxidized low-density lipoproteins (oxL.DL),
triggering an inflammatory response that injures endothelial cells and promotes arterial
remodeling [4]. In this scenario, the role of macrophages and oxL.LDL in atherogenesis
appears to be clear [5]; however, monocytes and native LDL (nLDL) might also contribute
to atherosclerosis by mechanisms that are not yet fully understood.

In the blood stream, human monocytes are sorted into three subsets based on the
cell surface expression of CD14 and CI>16 [6]. Classical monocytes (CMs) express high
CD14 levels but do not express CD16 (CD14++CD16—). Intermediate monocytes (IMs)
exhibit CD16 expression and high CD14 levels (CD14++CD16+), while non-classical mono-
cytes (NCMs) also express CD16 but show low CD14 levels (CD14+CD16+) [7]. Upon
lipopolysaccharide (LP'S) stimulation, human monocyte subpopulations differentially re-
spond to produce interleukin (IL)-1 beta, a proinflammatory cytokine with key roles in
atherosclerosis [8]. Monocyte subsets also differentially express the C-C chemokine re-
ceptor type 2 (CCR2) and the CX3C chemokine receptor 1 (CX3CR1), each of which are
chemokine receptors with prominent functions in cell migration and endothelial adhesion
during atherosclerosis [9,10].

The immune function of monocyte subpopulations is regulated by prototypical fac-
tors such as LPS, double-stranded ribonucleic acid {(dsRNA), and tumor necrosis factor
alpha (TNF-alpha) [11,12]. However, emerging evidence suggests that non-prototypical
immunometabolic ligands can also influence the cytokine and chemokine expression profile
in these cells. In this sense, excess glucose increases TNF-alpha expression in in vitro cul-
tured primary human monocytes [13]. Free-fatty acids induce IL-1 beta secretion in in vitro
cultured THP-1 cells and primary human monocytes [14]. Furthermore, immunometabolic
agents can also act in synergy with prototypical immune factors to regulate the activity of
monocyte subsets. In this regard, low concentration of high-density lipoproteins (HDL)
increases I1-1 beta expression in NCMs stimulated with LPS and in subjects with high
serum levels of LPS-binding protein (LBP) [15-17]. On the contrary, the study of the action
of LDL in monocytes has been restricted to its role as oxLDL [4,5], even though accumu-
lating evidence also suggests that monocytes and nLDL could interact in circulation, thus
contributing to atherosclerotic plaque formation [18,19]. In this sense, elevated circulating
nLDL levels are associated with an increment in the percentage of CMs that can migrate
into endothelial tissue by mainly expressing CX3CR1 and CCR2 in ApoE~/~ mice, an animal
model of atherosclerosis [20]. In parallel, LPS directly increases lipid deposition in primary
human adventitial fibroblasts, inducing secretion of molecules with prominent roles in
atherosclerosis such as monocyte chemoattractant protein 1 (MCP-1), the main ligand for
CCR2 [21]. Interestingly, consumption of Western-style high-fat diets is associated with
increased serum LPS levels in humans [22,23]. However, the potential contribution of nLDL
and LPS to the inflammatory activity of human monocyte subsets during atherogenesis
remains unclear.

The main goal of this study was to examine the effect of nL.DL on the immune function
of human monocyte subpopulations in in vitro LPS-stimulated primary monocytes and in
patients with high LDL-cholesterol (LDL-C) and LBP serum levels.

2, Materials and Methods
2.1. In Vitro Culture of Primary Human Monocyles

Twenty healthy blood donors with LDL-C serum levels less than 100 mg/dL and
high-sensitive C-reactive protein (hs-CRP) serum values of 1.35 & 0.26 mg/L, on average,
were enrolled in the study. Each participant agreed to donate 8 mL of blood, which was
collected into a tube containing heparin (VacutainerTM, BD Diagnostics, Franklin Lakes, NJ,
USA). Subsequently, whole blood samples were individually divided and placed in 6-well
cell-culture plates (Costar, Kennebunk, ME, USA), adding 2 mL of blood plus 1 mL of
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RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine serum
(FBS), 2 mM L-glutamine, 10 nM HEPES buffer, and 50 g /mL gentamicin (GibcoTM, Grand
Island, N'Y, USA) per well. The blood sample contained in the first well was designated as
the control and received 300 pl. of RPMI-1640 for 9 h. The second well was incubated in the
presence of 100 ug nLDL (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 300 uL of RPMI-
1640 for 9 h. The third well was incubated in the presence of 10 ng/mL LPS (Sigma-Aldrich,
St. Louis, MO, USA) dissolved in 300 uL of RPMI-1640 for 9 h. The sample contained in the
fourth well was incubated in the presence of 100 ug nLDL plus 10 ng/mL LPS dissolved
in 300 uL of RPMI-1640 for 9 h. Exposure time of in vitro cultures was selected based on
time-response curves at 3, 6, and 9 h, finding that monocytes show the most significant
changes at 9 h. The cell-culture plates were incubated at 37 °C in humidified 5% CO,
atmosphere. For intracellular cytokine stain, white blood cells (WBCs) were treated with
1:1000 Brefeldin A (BicLegend, Inc., San Diego, CA, USA) for the last 2 h of in vitro culture.
All of the participants provided written informed consent, previously approved by the
institutional ethical committee of the General Hospital of Mexico (registration number of
ethical approval code: DI/20/501/03/17), which guaranteed that the study was conducted
in rigorous adherence to the principles described in the 1964 Declaration of Helsinki and
its posterior amendment in 2013.

2.2. Flow Cytometry

After incubation, whole blood samples were collected and centrifuged at 500x g
for 10 min. Immediately afterwards, WBCs were separated using a micropipette and
resuspended in 1 mL PBS1X (Sigma-Aldrich, St. Louis, MO, USA). After an additional
centrifugation step and removal of the supernatant, each cell pellet was resuspended in
50 uL cell staining buffer (BioLegend, Inc., San Diego, CA, USA). WBCs were incubated
with 5 uL True-5Stain Monocyte Blocker™ (BioLegend, Inc., San Diego, CA, USA) for 10 min
onice. Then, WBCs were incubated with anti-CD14 PE/Cy7, anti-CD16 PE /Cy5, anti-CCR2
AF647, anti-CX3CR1 BV510, Zombie ultraviolet (UV) Fixable Viability Kit (BioLegend,
Inc., San Diego, CA, USA), and anti-human leukocyte antigen-DR (HLA-DR) BUV661
(BD Biosciences, San Jose, CA, USA) for 20 min in darkness at 4 °C. Afterwards, WBCs
were incubated with 100 uL Fixation Medium A (FIX & PERM™ Cell Permeabilization
Kit) (InvitrogenTM, Carlsbad, CA, USA) for 20 min at room temperature. After being
rinsed using Cell Staining Buffer (BioLegend, Inc., San Diego, CA, USA), peripheral blood
mononuclear cells (PBMCs) were incubated with 100 ul, Permeabilization Medium B
(FIX & PERM™ Cell Permeabilization Kit, InvitrogenTM, Carlsbad, CA, USA) and anti-
IL-1 beta Pacific Blue (BioLegend, Inc., San Diego, CA, USA) for 20 min in darkness at
room temperature. After being rinsed using Cell Staining Buffer (BioLegend, Inc., San
Diego, CA, USA), PBMCs were acquired on a BD Influx flow cytometer (BD Biosciences,
San Jose, CA, USA) using the BD Sortware™ goftware 1.2, acquiring 20,000 events per test
in triplicate. For the gating strategy, WBCs were first gated on a time/side scatter density
plot, and then gated on the Zombie UV negative cell population for detection of living cells.
Afterwards, living cells were gated for singlets on a forward scatter (FS)/Trigger Pulse
Width density plot. Monocytes were recognized on the HLA-DR gating. Then, monocytes
were selected using the rectangular gating strategy on the CD14+/CD16+ population for
identification of CMs (CD14++CD16—), IMs (CD14++CD16+), and NCMs (CD14+CD16+),
as previously reported [24]. The median fluorescence intensity (MFI) for IL-1 beta, CCR2,
and CX3CR1 was obtained by considering both positive and negative cell populations for
each marker. The percentage of positive cells for each marker was obtained using proper
fluorescence minus one (FMO) controls. Compensation controls were performed by means
of UltraComp eBeads™ (InvitrogenTM, Carlsbad, CA, USA) for each fluorochrome. Data
were analyzed by means of the Flow]o 10.0.7 software (TreeStar, Inc., Ashland, OR, USA).
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2.3. Subjects for In Vivo Assays

One hundred fifty volunteers from both sexes, aged 18 years or older, with 8 h fasting
who attended the Blood Bank and the Department of Internal Medicine of the General Hos-
pital of Mexico were included in the study. A group of three trained physicians registered
gender, age, body mass index (BMI), waist circumference, body fat percentage, and the
serum levels of glucose, insulin, C-reactive protein (CRP), total cholesterol, triglycerides,
HDL-C, and LDL-C in all participants. BMI resulted from dividing weight by height
squared. Waist circumference was measured at the midpoint between the lower rib margin
and the iliac crest using a tape. Body fat percentage was obtained by means of a body
composition analyzer (TANTTA® Body Composition Analyzer, Model TBF-300A, Tokyo,
Japan). CRP was measured in triplicate by immunoturbidimetry (Randox Laboratories,
Meenmore, Ireland). Serum glucose, total cholesterol, triglycerides, HDL-C, and LDL-C
were measured in triplicate by enzymatic assays (Roche Diagnostics, Mannheim, Germany).
Serum insulin was measured in triplicate by the Enzyme-Linked Immunosorbent Assay
(ELISA) (Abnova, Corporation, Taipei City, Taiwan). The estimate of insulin resistance
was individually calculated using the homeostatic model assessment of insulin resistance
(HOMA-IR) by multiplying glucose concentration (mM) by insulin concentration (mU/L)
and then dividing by 22.5. All of the participants received full medical evaluation and
provided written informed consent, previously approved by the institutional ethical com-
mittee of the General Hospital of Mexico (registration number of ethical approval code:
DIC/11/UME/05/029), which guaranteed that the study was conducted in rigorous ad-
herence to the principles described in the 1964 Declaration of Helsinki and its posterior
amendment in 2013. Volunteers were excluded from the study if they had a previous
diagnosis of type 1 diabetes (T1D), T2D, coronary disease, acute or chronic liver or renal
disease, cancer, endocrine disorders, infectious diseases, chronic inflammatory disease,
and /or autoimmune disorders. We also excluded from the study human immunodeficiency
virus (HIV), hepatitis C virus (HCV), and hepatitis B virus (HBV)-seropositive patients,
pregnant or lactating woman, and subjects with anti-inflammatory or immunomodulatory
medication, including non-steroidal anti-inflammatory drugs (NSAIDs).

2.4. Effects of LDL and LBP on Monocyte Subpopulations and I1.-1 Beta In Vivo

According to clinical guidelines of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel III), the study participants were divided in two
groups of LDL-C concentration, as follows: subjects with optimal concentration of LDL-C
< 100 mg/dL, and individuals with high concentration of LDL-C > 100 mg/dL [25]. Then,
BML waist circumference, body fat percentage, glucose metabolism, HOMA-IR, and lipid
profile were registered and compared between both groups. Blood samples (6 mL) were
obtained from all volunteers for posterior isolation of WBCs. WBCs were incubated with
anti-CD14 PE/Cy7 and anti-CD16 FITC, acquiring 20,000 events per test in triplicate on a
BD Influx flow cytometer (BD Biosciences, San Jose, CA, USA) using the BD SortwareT™
software 1.2 and the Flow]o 10.0.7 software (TreeStar, Inc., Ashland, OR, USA), as described
above. In all participants, serum IL-1 beta (Peprotech, Mexico City, Mexico) and LBP
(InvitrogenTM, Carlsbad, CA, USA) were measured in triplicate by ELISA and analyzed
according to LDL-C levels.

2.5. Statistics

Normality of data distribution was estimated by the Shapiro-Wilk test. For in vitro
assays, one-way ANOVA, followed by a post-hoc Tukey test, was used to compare per-
centages of CMs, IMs, and NCMs, and expression of IL-1 beta, CCR2, and CX3CR1 in the
cell groups designated as control, nLDL, LPS, and nLDL + LPS. For in vivo assays, the
unpaired Student’s t-test was used to compare subjects with serum LDL-C < 100 mg/dL
and individuals with serum LDL-C > 100 mg/dL in terms of gender, age, BMI, waist cir-
cumference, body fat percentage, fasting glucose, insulin, HOMA-IR, CRP, total cholesterol,
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triglycerides, HDL, percentages of CMs, IMs, and NCMs, serum IL-1 beta, and circulating
LBP levels. Differences were considered significant when p < 0.05. All of the statistical
analyses were performed by means of the GraphPad Prism 7 software (GraphPad Software,
LaJolla, CA 92037, USA).

3. Results

For the gating strategy, WBCs were first gated on a time/ side scatter (S5) density plot, and
then gated on the Zombie UV negative cell population for detection of living WBCs (Figure 1,
top panel). Afterwards, WBCs were gated for singlets on a forward scatter (FS)/Trigger
Pulse Width density plot, and after that gated on the HLA-DR+ population for monocyte
recognition. Monocytes were then gated on the CD14+/CD16+ population for identification
of CMs (CD14++CD16—), IMs (CD14++CD16+), and NCMs (CD14+CD16+). Monocyte
subsets were then gated on the IL-1 beta+, CCR2+, and CX3CR1+ populations for assessing
the effects of nLDL and LPS on the immune activity of these cells (Figure 1, bottom panel).
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Figure 1. Gating strategy for characterizing human monocyte subsets. White blood cells were first gated on a time/side
scatter (S5) density plot, and then gated on the Zombie UV negative cell population for detection of living cells. After-
wards, living cells were gated for singlets on a forward scatter (FS)/Trigger Pulse Width density plot. Monocytes were
recognized on the HLA-DR gating. Then, monocytes were gated on the CD14+/CD16+ population for identification of
CMs (CD14++CD16—), IMs (CD14++CD16+), and NCMs (CD14+CD16+). Expression of IL-1 beta, CCR2, and CX3CR1 was
measured in all monocyte subsets. SSC, side scatter; FSC, forward scatter; HLA-DR, human leukocyte antigen-DR isotype;
CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes; IL-1 beta, interleukin 1 beta; CCR2,
C-C chemokine receptor type 2; CX3CR1, CX3C chemokine receptor 1.

Figure 2 illustrates representative plots showing the percentages of CMs, IMs, and
NCMs treated with nLDL and /or LPS (Figure 2A-D). As compared to control cells, the per-
centage of CMs was significantly reduced when treated with 100 ug/mL nLDL (Figure 2E).
While the percentage of IMs did not change (Figure 2F), the percentage of NCMs exhibited
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a significant 20% increase when exposed to 100 ptg/mL nLDL with respect to that found
in untreated cells (Figure 2G). Monocyte subpopulations also differentially responded
to LPS. LPS, alone or in combination with nLDL, induced a significant 10% increase
in CMs (Figure 2E). Conversely, IMs and NCMs showed significant reductions when
treated with LPS or nLDL + LPS with respect to that found in control cells (Figure 2EG,
respectively). The percentages of CMs, IMs, and NCMs showed similar behavior in re-
sponse to LPS or nLDL + LPS, suggesting that this effect was mainly mediated by LPS
(Figure 2E-G, respectively).
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Figure 2. Effects of nLDL and LPS on the dynamics of human monocyte subpopulations. Repre-
sentative plots showing the percentages of CMs, IMs, and NCMs in response to control conditions
(A), nLDL (B), LPS (C), or a combination of nLDL + LPS (D). nLDL significantly decreased the CM
percentage and increased the amount of NCMs as compared to control cells (E,G, respectively). LPS,
alone or in combination with nLDL, significantly increased the CM percentage and decreased the
amount of IMs and NCMs (E-G, respectively). Cells were incubated in the presence or absence of
100 ug/mL nLDL and/or 10 ng/mL LPS for 9 h. Data are expressed as mean = standard deviation.
Data were compared using one-way ANOVA followed by the post-hoc Tukey test. Differences were
considered significant when p < 0.05. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. CM,
classical monocytes; IM, intermediate monocytes; NCM, non-classical monocytes; nLDL, native
low-density lipoproteins; LPS, lipopolysaccharide.
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Exposure of cells to nLDL and LPS not only affected the balance among monocyte
subpopulations but also their ability to produce IL-1 beta, a cytokine with key proinflam-
matory actions. Hxposure of monocytes to 100 pg/mL nLDL had no significant effects
on IL-1 beta production in all monocyte subpopulations (Figure 3A). LPS significantly
increased IL-1 beta production in CMs, IMs, and NCMs, and this increase was even more
evident when cells were exposed to LPS in combination with nLDL (Figure 3A). In parallel,
the percentages of CMs, IMs, and NCMs that expressed IL-1 beta also tended to decrease
in response to nLDL (Figure 3B). LPS, alone or in combination with nLDL, significantly
increased the number of IL-1 beta+ cells in all monocyte subpopulations with respect to
untreated cells (Figure 3B).
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Figure 3. Effects of nLDL and LPS on IL-1 beta production in human monocyte subpopulations. Although no significant
differences were found, nLDL tended to decrease IL-1 beta production in CMs, IMs, and NCMs (A, left, middle, and right
panels, respectively). LPS, alone or in combination with nLDL, significantly increased IL-1 beta expression in CMs, IMs, and
NCMs (A, left, middle, and right panels, respectively). Although no significant differences were found, nLDL tended to
decrease the percentages of [L-1 beta+ cells in all monocyte subsets (B, left, middle, and right panels, respectively). LPS,
alone or in combination with nLDL, significantly increased the amount of IL-1 beta+ cells in all monocyte subpopulations
(B, left, middle, and right panels, respectively). Cells were incubated in the presence or absence of 100 ug/mL nLDL
and/or 10 ng/mL LPS for 9 h. Data are expressed as mean + standard deviation. Data were compared using one-
way ANOVA followed by the post-hoc Tukey test. Differences were considered significant when p < 0.05. * = p < 0.05;
** = p < 0.01; *** = p < 0.001; #*** = p < 0.0001. CM, classical monocytes; IM, intermediate monocytes; NCM, non-classical
monocytes; nLDL, native low-density lipoproteins; LPS, lipopolysaccharide; IL-1 beta, interleukin 1 beta; MFI, median

fluorescence intensity.

Besides IL-1 beta expression, monocyte subsets have also been shown to differentially
express chemokine receptors. In this sense, CCR2 expression was clearly higher in CMs
than IMs and NCMs; however, CMs did not differentially express CCR2 in response to
nLDL, alone or in combination with LPS (Figure 4A). Overall, the percentage of CMs
and IMs expressing CCR2 did not change in response to nLDL or LPS (Figure 4B, left and
middle panels, respectively). Conversely, nLDL + LPS significantly increased the amount of
NCMs expressing CCR2 as compared to that found when cells were only exposed to nLDL
(Figure 4B, right panel). Expression of CX3CR1 was significantly higher in IMs and NCMs
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than CMs (Figure 4C). Furthermore, nLDL induced a decrease in CX3CR1 expression
that was even more evident in NCMs than CMs and IMs (Figure 4C, right panel). The
exposure of cells to LPS, alone or in combination with nLDL, decreased the expression of
CX3CR1 in all monocyte subpopulations (Figure 4C). Interestingly, the number of CX3CR1+
NCMs significantly decreased in response to nLDL (Figure 4D, right panel), while LPS
together with nLDL had the same effect upon IMs and NCMs (Figure 4D, middle and right
panels, respectively).
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Figure 4. Effects of nLDL and LPS on CCR2 and CX3CR1 expression in human monocyte subpopulations. Although no
significant differences were found, CCR2 expression was clearly higher in CMs than in IMs and NCMs (A, left, middle,

and right panels, respectively). The number of CCR2+ cells increased in the CM subset as compared to IM and NCM

subpopulations (B, left, middle, and right panels, respectively). In the NCM subset, LPS acted in synergy with nLDL to

increase the amount of CCR2+ cells as compared to that found in cells only treated with nLDL (B, right panel). Expression

99



Biomolecules 2021, 11, 1169

9 of 15

of CX3CR1 increased in IMs and NCMs as compared to CMs (C, left, middle, and right panels, respectively). In NCMs,
nLDL significantly decreased CX3CR1 expression as compared to control cells (C, right panel). LPS, alone or in combination
with nLDL, decreased CX3CR1 expression in CMs, IMs, and NCMs (C, left, middle, and right panels, respectively). In IMs,
LPS decreased the percentage of CX3CR1+ cells as compared to control cells (D, middle panel). In NCMs, nLDL significantly

decreased the amount of CX3CR1+ cells as compared to control cells (I, right panel). Cells were incubated in the presence

or absence of 100 ug/mL nLDL and/or 10 ng/mL LPS for 9 h. Data are expressed as mean + standard deviation. Data

were compared using one-way ANOVA followed by the post-hoc Tukey test. Differences were considered significant when

p<0.05.*=p<0.05* =p < 0.0]; ¥ = p < 0.001; *** = p < 0.0001. CM, classical monocytes; IM, intermediate monocytes;

NCM, non-classical monocytes; nLDL, native low-density lipoproteins; LPS, lipopolysaccharide; CCR2, C-C chemokine

receptor type 2; CX3CR1, CX3C chemokine receptor 1; MFL median fluorescence intensity.

In vitro, nLDL and LPS not only changed the balance of monocyte subsets but also the
expression pattern of molecules that have been previously associated with the inflammatory
response in atherogenesis. Thus, we decided to confirm these results by conducting similar
experiments but now with an in vivo approach in patients with elevated LDL-C serum
levels. Table 1 summarizes the differences in metabolic syndrome-related risk factors
between subjects with normal and elevated LDL-C serum levels (76.53 + 4.1 vs. 128.7 4 3.6,
respectively). There were no significant differences between subjects with LDL-C values
below and above 100 mg/dL with respect to sex proportion, age, BMI, waist circumference,
body fat percentage, triglycerides, HDL-C, fasting insulin and glucose, HOMA-IR, and
CRP (Table 1). On the contrary, total cholesterol and Castelli’s cardiovascular risk index II
significantly increased in subjects with LDL-C greater than 100 mg/dL (Table 1).

Table 1. Anthropometric and biochemical parameters of the study subjects. The study participants
were divided into two groups of LDL-C concentration, as follows: subjects with optimal concentration
of LDL-C < 100 mg/dL, and individuals with high concentration of LDL-C > 100 mg/dL. Total
cholesterol and Castelli’s atherogenic risk index significantly increased in patients with LDL-C greater
than 100 mg/dL. Abbreviations: F, female; M, male; BMI, body mass index; LDL-C, low-density
lipoproteins; HDL-C, high-density lipoproteins; HOMA-IR, homeostatic model assessment of insulin
resistance; CRP, C-reactive protein; a.u., arbitrary units. Data are presented as mean £ standard
deviation. Differences were considered significant when p < 0.05.

LDL-C

<100 mg/dL >100 mg/dL p-Value

Sex (F/M) 28/37 41/44 0.2650

Age (years) 47.2 +£1.056 4949 +1.031 0.1913

BMI (kg/m?) 28.22 £ 1.172 28.05 &+ 0.9035 0.9155
Waist circumference (cm) 91.58 £ 294 96.73 £ 2.002 0.1696
Body fat (%) 31.87 £ 1.696 3191 £ 2614 0.9909
Cholesterol (mg/dL) 166.7 + 7.079 2207 £4.723 <0.0001
Triglycerides (mg/dL) 242.6 4+ 41.08 1864 +£11.14 0.0769
LDL-C (mg/dL) 76.53 + 4156 128.7 4+ 3.653 <0.0001
HDL-C (mg/dL) 4213 +£3.4 47.06 +2.226 0.2332
Insulin (uWI/L) 14.43 + 1.057 13.52 4+ 0.8046 05208
Glucose (mmol /L) 5.104 £ 0.2653 5.346 4+ 0.2502 0.5675
HOMA-IR (a.u.) 3.299 £+ 0.3261 3.126 + 0.1866 0.6290
CRP (mg/L) 5.095 + 04755 5.012 + 0.6004 0.6328
Castelli’s risk index II 1.966 4+ 0.1827 2.892 £ 0.1294 0.0002

Confirming our in vitro results, the CM percentage significantly decreased in subjects
with LDL-C > 100 mg/dL (Figure 5A). Although the IM percentage showed no differences
(Figure 5B), the NCM percentage exhibited a significant 1.5-fold increase in individuals with
LDL-C greater than 100 mg/dL (Figure 5C). The serum levels of IL-1 beta also significantly
increased in subjects with LDL-C values above 100 mg/dL (Figure 5D). Moreover, LBP
levels clearly raised in subjects with LDL-C > 100 mg/dL, suggesting the presence of
abnormally high LPS serum values in these individuals (Figure 5E).
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Figure 5. Levels of CMs, IMs, NCMs, IL-1 beta, and LBP in subjects with optimal and high serum levels of LDL-C. (A) The
CM percentage significantly decreased in patients with serum LDL-C > 100 mg/dL (n = 85) as compared to controls
(n = 65). (B) There were no significant changes between subjects with optimal and high LDL-C concentration for the IM
percentage. (C) The NCM percentage significantly increased in patients with serum LDL-C > 100 mg/dL as compared to
controls. (D) IL-1 beta serum levels significantly increased in patients with serum LDL-C > 100 mg/dL as compared to
controls. (E) LBP serum levels significantly increased in patients with serum LDL-C > 100 mg/dL as compared to controls.
Data are expressed as mean + standard deviation. Data were compared using the unpaired Student’s f-test. Differences
were considered significant when p < 0.05. * = p < 0.05; ** = p < 0.01; *** = p < 0.0001. CM, classical monocytes; IM,
intermediate monocytes; NCM, non-classical monocytes; IL-1 beta, interleukin 1 beta; LBP, LPS-binding protein; LDL-C,

low-density lipoproteins.

4, Discussion

Macrophages and oxLDL are considered to be the main contributors to foam cell
formation and inflammatory cell infiltration in atherosclerotic lesions [18]. However, the
fact that monocytes and nLDL are able to interact in the blood stream has raised the
question as to whether these precursors might also play a pivotal role in atherogenesis [19].
In this sense, intraperitoneal administration of triglyceride-rich lipoproteins decreases the
number of non-classical Ly6C/Grllow monocytes in mice [26]. Similarly, dyslipidemia
with elevated levels of either LDL or very low-density lipoproteins (VLDL) increases both
classical Ly6C /Grlhigh and non-classical Ly6C /Grllow monocyte subsets in mice fed a
high—fat diet [19]. In line with this evidence, our results demonstrate that nLLDL can alter
the balance of human monocyte subpopulations by directly decreasing CMs and increasing
NCMs in vitro and in vivo.

The mechanism through which nLDL induce imbalance of monocyte subsets remains
unclear, and it probably involves CD14 and CD16 expression. As mentioned, CD14
and CD16 expression is the primary feature that defines monocyte subpopulations in
humans [27]. CD14 is a transmembrane protein that forms the LPS receptor complex
together with Toll-like receptor 4 (TLR4) and the myeloid differentiation factor 2 (MD-2) [28].
The trimeric CD14/TLR4/MD-2 complex triggers the nuclear factor kappa B (NFkB)-
dependent signaling pathway in charge of regulating the expression of inflammatory
cytokines such as 1L.-6, TNF-alpha, and IL.-1 beta [29]. CID14 expression is regulated by
specificity protein 1 (Spl), a transcription factor that is activated via LDL receptor (LDLr)
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promoter [30,31]. This body of evidence supports the idea that nLDL could decrease the
CM proportion and increase the NCM percentage by regulating CD14 expression, probably
via LDLr-Spl. CD16 is an Fe-gamma receptor that recognizes IgG-coated microorganisms
and immune complexes [32]. Recent evidence has demonstrated that CD16 expression is
under the post-transcriptional control of microRNA (miR)-218 in human natural killer (NK)
cells [33]. In vitro, oxLDL are able to decrease miR-218 expression in cardiac microvascular
endothelial cells from rats. In vivo, miR-218 expression is inversely correlated with oxLDL
levels in patients with coronary artery disease (CAD) [34]. In this sense, the increase
in CD14+CD16+ non-classical monocytes and the decrease in CD14+CD16— classical
monocytes that we found may be potentially related to the miR-218 suppression that
in turn favors CD16 expression, promoting conversion of classical monocytes into non-
classical monocytes in response to nLDL. Thus, circulating nLDL may induce imbalance
of human monocyte subpopulations by mechanisms able to regulate CD14 and CD16
expression such as those orchestrated by LDLr, Spl, and miR-218; however, this hypothesis
remains to be elucidated in further studies.

A solid body of evidence has demonstrated that human monocyte subsets display im-
portant inflammatory actions by preferably expressing IL-1 beta in response to LPS [8,35].
LPSis a component of the outer membrane of Gram-negative bacteria that can translocate
across the intestinal wall to the hepatic portal circulation, wherein it binds to LBP [36].
The LPS/LBP complex is considered a key inflammatory trigger for monocytes and
macrophages and has been found to be increased in obese subjects with atherosclerotic
heart disease, among whom nLDL is also increased [37,38]. Upon recognition, LPS induces
the NF«kB-dependent synthesis of pro-IL-1 beta, which in turn is proteolytically excised
by the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome to
form mature IL-1 beta [39]. IL-1 beta has multiple functions in atherogenesis. In human
microvascular endothelial cells, IL-1 beta stimulates the expression of the intracellular ad-
hesion molecule-1 (ICAM-1) and the vascular cell adhesion molecule-1 (VCAM-1), which
have the ability to recruit leukocytes into the inner layer of arteries [40]. In human aorta
smooth muscle cells, IL-1 beta induces the expression of the monocyte chemoattractant
protein-1 (MCP-1), which in turn contributes to mononuclear cell migration toward the
vascular endothelium [41]. IL-1 beta also directly promotes atherosclerotic lesion formation
by stimulating production of platelet-derived growth factor, a molecule with the ability to
induce proliferation of vascular smooth muscle cells in the atheroma [42]. Interestingly,
the exposure of endothelial cells and vascular smooth muscle cells to LPS increases release
of IL-1 beta in atherosclerotic plaques of patients with suboptimally controlled hyperlipi-
demia LDL [43]. Our data expand on this body of evidence by demonstrating for the first
time that LPS acts in synergy with nLDL to increase IL-1 beta synthesis in in vitro cultured
human monocytes, especially CMs and IMs. In vivo, our results confirm this finding by
revealing that subjects with elevated LDL-C serum levels also display higher LBP, IL-1 beta,
and atherogenic index than those found in individuals with optimal LDL-C concentrations.
However, it is worth mentioning that we still need to assess the potential effect of LDL
particle number and size on the dynamics of human monocyte subpopulations and their
ability to produce IL-1 beta, which may expand on the knowledge regarding the multiple
actions of LDL in the inflammatory response associated with atherosclerosis.

nLDL and LPS not only displayed synergistic effects on the distribution of human
monocyte subsets and their ability to produce IL-1 beta, but also affected the expression
pattern of chemokine receptors such as CCR2 and CX3CR1. CCR2 is a C-C chemokine
receptor mainly expressed in mononuclear cells that mediates migration of monocytes to
inflamed tissues in response to MCP-1 [44]. CX3CR1 is the cell receptor for fractalkine, a
chemokine with the ability to induce retention of monocytes in circulation, preferably those
expressing CD16 such as IMs and NCMs [45]. In our study, the number of CCR2+ NCMs
increased in response to nLDL and LPS, which may act in favor of promoting recruitment
of these cells to the vascular endothelium. In line with these findings, a seminal work
conducted by Han et al. informed that CCR2 expression increases in primary monocytes
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from patients with elevated LDL-C serum values with respect to normocholesterolemic
controls [46]. Additionally, exposure of THP-1 monocytes to nLDL induces a significant
increase in both CCR2 expression and in vitro chemotactic response to MCP-1, suggesting
that nLDL can directly enhance monocyte recruitment to the atherosclerotic lesion [46].
Concurring with the idea of increased cell recruitment, our data show that nLDL and LPS
also decreased the amount of CX3CR1+ NCMs. In this sense, Nielsen et al. found altered
expression of TNF-alpha and CX3CR1 in primary monocytes from patients with familial
hypercholesterolemia as compared to subjects with normal LDL-C levels [47]. Interestingly,
TNF-alpha and CX3CR1 expression positively correlated with increased intima-media
thickness and hs-CRP, both of which are markers of atherosclerosis and cardiovascular
risk [47]. In parallel, Geng et al. demonstrated that L.PS administration to ApoE ™/~ mice
enhances monocyte recruitment and macrophage accumulation in aortic atherosclerotic
plaques, which concurs with increased lipid deposition in the atheroma [48]. Altogether,
these findings support the idea that nLDL and LPS may directly contribute to atherogenesis
by altering the expression pattern of inflammatory cytokines and chemokine receptors
in monocytes, which may promote recruitment of these cells to atherosclerotic plaques.
However, this notion should be still tested in in vivo experimental approaches focused on
characterizing how nLDL and LPS affect the recruiting pattern of IL-1 beta-, CCR2-, and
CX3CR1-producing monocytes to atherosclerotic lesions.

As we have outlined here, nLDL appear to have additional proinflammatory roles
in atherogenesis that differed from those classically described for oxLDL [49]. Moreover,
the effects of nLDL on the inflammatory ability of human monocyte subpopulations are
enhanced by LPS, confirming previous evidence suggesting that nLDL and LBP form a
negative loop that contributes to atherosclerosis [50-52].

5. Conclusions

In conclusion, using in vitro and in vivo complementary assays, this work demon-
strates for the first time that nLDL act in synergy with LPS to alter the balance of human
monocyte subsets and their ability to produce inflammatory cytokines and chemokine
receptors with prominent roles in atherogenesis.
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Sucralose is a noncaloric artificial sweetener that is widely consumed worldwide and has been associated with alteration in glucose
and insulin homeostasis. Unbalance in monocyte subpopulations expressing CD11c and CD206 hallmarks metabolic dysfunction
but has not yet been studied in response to sucralose. Our goal was to examine the effect of a single sucralose sip on serum insulin
and blood glucose and the percentages of classical, intermediate, and nonclassical monocytes in healthy young adults subjected to
an oral glucose tolerance test (OGTT). This study was a randomized, placebo-controlled clinical trial. Volunteers randomly
received 60 mL water as placebo (1n=20) or 48 mg sucralose dissolved in 60 mL water (n=25), fifteen minutes prior to an
OGTT. Blood samples were individually drawn every 15 minutes for 180 minutes for quantifying glucose and insulin
concentrations. Monocyte subsets expressing CD11c and CD206 were measured at -15 and 180 minutes by flow cytometry. As
compared to controls, volunteers receiving sucralose exhibited significant increases in serum insulin at 30, 45, and 180 minutes,
whereas blood glucose values showed no significant differences. Sucralose consumption caused a significant 7% increase in
classical monocytes and 63% decrease in nonclassical monocytes with respect to placebo controls. Pearson’s correlation models
revealed a strong association of insulin with sucralose-induced monocyte subpopulation unbalance whereas glucose values did
not show significant correlations. Sucralose ingestion decreased CD11c¢ expression in all monocyte subsets and reduced CD206
expression in nonclassical monocytes suggesting that sucralose does not only unbalance monocyte subpopulations but also alter
their expression pattern of cell surface molecules. This work demeonstrates for the first time that a 48 mg sucralose sip increases
serum insulin and unbalances monocyte subpopulations expressing CD11c and CD206 in noninsulin-resistant healthy young
adults subjected to an OGTT. The apparently innocuous consumption of sucralose should be reexamined in light of these results.

1. Introduction taste of sweetness without increasing the calories of food
and beverages [1]. For this reason, consumption of noncalo-
Noncaloric artificial sweeteners, including aspartame, acesul-  ric artificial sweeteners is now widely spread among people

fame k, and sucralose, are food additives that preserve the from all ages and sociceconomic status worldwide [2, 3].
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Nevertheless, a growing number of clinical and experimental
studies have now suggested that noncaloric artificial sweet-
eners are linked to the development of metabolic abnormal-
ities including insulin resistance and glucose intolerance,
especially sucralose [4-8]. A seminal study demonstrated
that ingestion of 48 mg sucralose significantly increases
the serum values of glucose and insulin in morbidly obese
subjects of both sexes subjected to a 75 g oral glucose toler-
ance test (OGTT) [9]. Similarly, overweight subjects that
consumed sucralose prior to an OGTT exhibited a 1.2-fold
elevation in the insulin peak as compared to placebo con-
trols [10]. Therefore, the apparently innocuous effect of
sucralose and others noncaloric artificial sweeteners on glu-
cose and insulin homeostasis should be reexamined in light
of this evidence.

It is now well accepted that low-grade systemic inflam-
mation is a central player in obesity and contributes to the
pathogenesis of metabolic disease, especially alteration of
glucose and insulin homeostasis [11-13]. Besides being char-
acterized by abnormally high levels of cytokines such as
tumor necrosis factor alpha (TNF-alpha) and interleukin-1
beta (IL-1beta), low-grade systemic inflammation is accom-
panied by alteration in monocyte subpopulations [14]. In
humans, circulating monocytes are sorted in three different
subpepulations according to the cell surface expression of
CD14 and CD16 [15]. Classical monocytes exhibit high
CD14 levels and show no expression of CD16 (CD14™"
CD16). The intermediate monocyte subpepulation shows
high CD14 expression and also exhibit CD16 expression
(CD14""CD16") whereas nonclassical monocytes produce
low CD14 levels and show expression of CD16 (CD14"
CD16") [15, 16). Interestingly, the percentage of nonclassi-
cal monocytes has been shown to elevate in obese subjects
that exhibit increased insulin resistance and metabolic syn-
drome [17, 18]. In the same sense, the classical monocyte
subpopulation has been shown to increase in obese individ-
uals and correlates with higher proportion of CD11c" mac-
rophages in the visceral adipose tissue (VAT) [19]. CD1l1c
is a beta-2 integrin with prominent functions in cell adher-
ence of monecytes and macrophages to vascular endothelial
tissue and VAT [19, 20]. Furthermore, monocytes have
been shown to express CD206 [21], a cell surface marker
highly expressed in anti-inflammatory macrophages that is
also associated with improved insulin sensitivity in both
humans and mice [22, 23]. In this way, modulation of
CD1lc and CD206 expression in monocyte-macrophage
lineage cells is crucial not only in typical immune functions
such as cell migration and inflammatien but also in obesity
and insulin resistance [24]. Thus, imbalance in monocyte
subpepulations expressing CD11lc and CD206 hallmarks
metabolic dysfunction but has not yet been studied in
response to noncaloric artificial sweetener consumption
such as sucralose.

The main goal of this study was to examine the effect of a
single sucralose sip on the percentages of classical, intermedi-
ate, and nonclassical monocytes expressing CD1lc and
CD206 in healthy young adults subjected to an OGTT, while
also exploring the possible relationship of monocyte subpop-
ulations with changes in glucose and insulin homeostasis.

Journal of Immunology Research

2. Materials and Methods

2.1. Subjects and Study Design. Forty-five healthy adult
volunteers of both sexes with homeostasis model assess-
ment (HOMA) values <3.8, aging between 18 and 35 years,
who attended to the Department of Internal Medicine and
the Laboratory for Proteomics and Metabolomics of the
General Hospital of Mexico from September 2016 to April
2018 were included in the randomized, parallel-group,
placebo-controlled clinical trial. All of the study participants
provided written informed consent, previously approved by
the Institutional Ethical Committee of the General Hospital
of Mexico, which guaranteed that the study was conducted
in rigorous adherence to the principles described in the
1964 Declaration of Helsinki and its posterior amendment
in 2013. Subjects were excluded of the study if they had
previous diagnosis of type 1 diabetes mellitus (T1D), type
2 diabetes mellitus (T2D}, cardiovascular disease, acute or
chronic liver disease, acute or chronic renal disease, cancer,
endocrine disorders, infectious diseases, and inflammatory
or autoimmune disease. We also excluded of the study to
HIV-, HCV-, and HBV-seropositive patients, pregnant or
lactating women, and individuals with anti-inflammatory,
antiaggregant, antihypertensive, and immunomodulatory
medication including nonsteroidal anti-inflammatory drugs.
All participants included in the study had 8-10 hr overnight
fasting before being subjected to the OGTT.

2.2. Oral Glucose Tolerance Test. The present study was a
randomized, parallel-group, placebo-controlled clinical trial,
where volunteers randomly drank 60mL water as placebo
(n=20) or 48mg sucralose dissolved in 60mL water
(n=25), fifteen minutes prior to an OGTT. A regular “light”
beverage available in the market approximately contains
48 mg sucralose. For this reason, we decided to use 48 mg
sucralose dissolved in 60 mL water, as previously reported
[9]. Each participant had up to three minutes to finish the
sip of water or sucralose. Starting with oral glucose load at
min zero, venous blood samples were drawn from all study
subjects every 15 min for 180 min for quantifying the blood
levels of glucose and insulin. Additional blood samples were
also collected at -15 and 180 min for white blood cell isola-
tion and characterization of monocyte subpopulations by
flow cytometry.

2.3. Anthropometric and Biochemical Measurements. Body
mass index (BMI), waist circumference, and blood pressure
were measured in all study volunteers. Serum levels of insulin
were measured in triplicate by the enzyme-linked immuno-
sorbent assay (ELISA} following the manufacturer’s instruc-
tions (Abnova Corporation, Taiwan}. Serum levels of
glucose were measured in triplicate by the glucose oxidase
assay, following the manufacturer’s instructions (Megazyme
International, Ireland). The HOMA index was individually
calculated by multiplying glucose concentration (mmol/L)
by insulin concentration (mU/L} and then divided by 22.5.
The cut-off point for HOMA index was established according
to studies previously validated in a Mexican population [25].
Total cholesterol, low-density lipoproteins (LDL), high-
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density lipoproteins (HDL), and triglyceride levels were
measured in triplicate by enzymatic assays following the
manufacturer’s instructions (Reche Diagnostics, Mannheim,
Germany). Glycated hemoglobin (HbA1c), blood urea nitro-
gen (BUN), serum creatinine, and hematic biometry were
determined by standard laboratory assays.

2.4. Flow Cytometry. Isolation of white blood cells was per-
formed by centrifuging blood samples previously collected
in tubes containing EDTA (Vacutainer™, BD Diagnostics,
NJ, USA} at 1800 g for 10 min. Then, white blood cells were
placed in 1.6 mL pyrogen-free Eppendorf tubes containing
1mlL ACK Lysing Buffer (Life Technologies, USA) and incu-
bated at 4°C for 5min. Afterward, cell suspension was centri-
fuged at 1800 g/4°C for 10 min and cell pellets washed twice
with PBS 1x (Sigma-Aldrich, Mexico). After an additional
centrifugation step and removal of the supernatant, cell
pellets were resuspended in 50 L PBS 1x (Sigma-Aldrich,
Mexico). Immediately after, 3 L. Human TruStrain Reagent
(BioLegend Inc., USA} was added to 2 % 10° white blood cells
and then incubated for 10 min at 4°C. Then, each cell suspen-
sion was incubated with anti-CD14 PE/Cy7, anti-CD16
FITC, anti-CD11lc¢c APC, and anti-CD206 PE (BioLegend
Inc., USA) for 30 min at 4°C. Flow cytometry analysis was
performed on a FACSCanto II flow cytometer by using the
BD FACSDiva™ software 6.0 (BD Biosciences, Mexico),
acquiring 1 x 10° monocyte events per test in duplicate.

2.5. Gating Strategy for Flow Cytometry. White blood cells
were gated for singlets on a forward scatter height/forward
scatter area density plot. Afterward, areas corresponding to
lymphocyte, polymorphonuclear leukocyte, and monocyte
cell populaticns were clearly revealed and gated on a FSC-
Afside scatter area plot. The monocyte gate was then selected
for detection of living monocytes by using the Live/Dead
Aqua Stain (Thermo Fisher Scientific Inc., USA) and poste-
rior measurement of CD14, CD16, CD1lec, and CD206
exclusively on this immune cell population. In this way,
we deliberately excluded any other CD14-CD16-CD11c-
CD206 signal coming from a different cellular source than
monocytes. Monocyte subpopulations were then character-
ized according to the cell surface expression of CD14 and
CD16 as follows: CD14**CD16, dassical monocytes;
CD14**CD16", intermediate monocytes; and CD14*CD16%,
nonclassical monocytes.

2.6. Statistics. Normality of data distribution was estimated
by the Shapiro-Wilk test. The Student T-test was used to
compare the placebo and sucralose groups regarding age,
BMI, waist circumference, systolic and diastolic blood pres-
sure, blood glucose, glycated hemoglobin percentage, serum
insulin, HOMA-IR, total cholesterol, LDL, HDL, triglycer-
ides, blood urea nitrogen, serum creatinine, and hematic
biometry, and data were expressed as mean + standard devi-
ation. The mean fluorescence intensity (MFI} of CD11c and
CD206 as well as the percentages of classical, intermediate,
and nonclassical monocytes at -15 and 180 min of the OGTT
were analyzed using two-tailed 2-way ANOVA with correc-
tion for multiple comparisons by means of the Bonferroni

multiple comparison test, and data were expressed as
media + standard deviation. Differences in the mean values
of glucose and insulin at -15, 0, 15, 30, 45, 60, 75, 90, 105,
120, and 180 min of the OGTT, between volunteers enrolled
in placebo or sucralose groups, were estimated by means of
two-tailed 2-way ANOVA with correction fer multiple com-
parisons using the Bonferroni multiple comparison test, Fur-
thermore, the women/men proportion in placebo and
sucralose groups was analyzed by means of the chi-squared
test and data expressed as absolute values. Pearson’s correla-
tion coefficients were estimated for examining the statistical
correlation of classical, intermediate, and nonclassical
monocytes with glucose and insulin and expressed as coeffi-
cients (r} and P values. Differences were considered signifi-
cant when P < 0.05. Statistical analyses were performed by
means of the GraphPad Prism 6.01 software (GraphPad
Software, La Jolla, CA 92037 USA).

3. Results

There were no differences between subjects receiving placebo
(n="20) or sucralose (n=25) in terms of demographic, met-
abolic, and hematic characteristics, including gender, age,
BMI, HOMA-IR, lipid profile, renal function, and monocytes
per microliter of blood (Table 1).

Blood glucose values showed no significant differences in
subjects receiving placebo or sucralose all along the oral glu-
cose tolerance test (Figure 1(a)}. On the contrary, volunteers
that received 48 mg sucralose prior glucose load showed a
significant 1.3-fold increase in the serum levels of insulin at
30min as compared to subjects drinking water as placebo
(P =0,041} (Figure 1(b}). At 45 min, subjects receiving sucra-
lose exhibited a significant 1.4-fold elevation in serum insulin
with respect to placebo controls (P = 0.046) (Figure 1(b}). At
180 min, subjects that received sucralose showed a significant
2-fold increase in the serum levels of insulin as compared to
placebo controls (P = 0.048) (Figure 1(b)).

Representative dot plots illustrating monocyte subpopu-
lations in subjects that received placebo or sucralose are
shown in Figure 2. At the beginning of the oral glucose toler-
ance test (-15min}, no differences were seen in the percent-
ages of classical, intermediate, and nonclassical monocytes
in subjects receiving placebo or sucralose (Figure 2(a} versus
2¢, respectively). At the end of the experiment (180 min), the
percentage of classical monocytes increased in subjects that
received 48 mg sucralose as compared to placebo controls
(Figure 2(d) versus 2b, respectively). In contrast, the nonclas-
sical monocyte percentage was reduced in subjects exposed
to sucralose with respect to placebo controls (Figure 2(d} ver-
sus 2b, respectively). Quantification of monocyte subpopula-
tion percentages confirmed a significant 7% increase in the
number of classical monocytes from subjects that received
sucralose in comparison to controls receiving placebo
(P =0.0028) (Figure 2(e)). On the other side, the nonclassical
monocyte percentage exhibited a significant 63% reduction
in subjects exposed to sucralose with respect to placebo con-
trols (P <0.0001) (Figure 2(e)). No significant differences
were found in the percentage of intermediate monocytes in
subjects that received placebo or sucralose.
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Tasre 1: Demographic, metabolic, and hematic characteristics of the study population.
Parameters Placebo Sucralose P value
Gender (W/M) 8/12 8/17 0.288
Age (years) 21.55+2.18 22.36 £ 2.99 0.158
BMI (kg/m?) 24.58 £3.63 23.67 +2.88 0.177
‘Waist circumference (cm) 82.27 £8.44 78.57 £ 8.37 0.074
SBP (mmHg) 111.10 £ 8.16 113.70 £ 13.91 0.225
DBP (mmHg) 70.75+5.77 71.16 £7.33 0.419
Blood glucose (mg/dL) 88.20 £ 6.65 89.96 £ 5.68 0.172
HbAlc (%) 5,260,224 5,23+0,19 0.497
Serum insulin (zU/L) 7.94+291 8.31+£2.82 0.335
HOMA-IR (a.u) 1.75+£ 0.70 1.85+0.65 0.298
Total cholesterol (mg/dL) 166.70 £ 31.21 168.60 + 32.53 0.418
LDL (mg/dL) 102,10 +28.92 99.80 + 26,60 0.393
HDL (mg/dL) 43,05+ 10.60 44,40 = 12.20 0.349
Triglycerides (mg/dL) 111.20 £ 58.10 118.20 £ 102,70 0.392
BUN (mg/dL) 22.40+£6.98 23.71 £ 5,95 0.249
Serum creatinine (mg/dL) 0.82+0.13 0.7810.13 0.165
Hematocrit (%) 45.63 +3.53 44.04 + 4.37 0.097
Total leukocytes (103/ML) 6,38 +£1.49 6,05+ 0.96 0.187
Monocytes (103/yL) 0.43+0.11 0.39 1 0.10 0.109
Monocytes (%) 6.9421.77 6422133 0.134

Data are expressed as media =+ standard deviation. The Shapiro-Wilk test was used to estimate normality in data distribution. Significant differences were
estimated by means of performing the Student T-test with the exception of women/men proportion that was estimated by means of the chi-squared test.
Differences were considered significant when P < 0.05. Abbreviations: W: women; M: men; BMI: body mass index; SBP: systolic blood pressure; DBP:
diastolic blood pressure; HbAlc: glycated hemoglobin; HOMA -IR: homeostatic model assessment of insulin resistance; LDL: low-density lipoprotein; HDL:

high-density lipoprotein; BUN: blood urea nitrogen; a.u.: arbitrary units.

Analysis of Pearson’s correlation coefficients showed no
significant associations of monocyte subpopulations with
blood glucose (Table 2). On the contrary, serum insulin
showed a positive relationship with classical monocytes
(r=0.41, P=0.02), whereas it also exhibited a strong inverse
association with nonclassical monocytes (r=—0.42, P =0.01}
(Table 2).

At the beginning of the OGTT, CD11c expression in clas-
sical, intermediate, and nonclassical monocytes showed no
significant differences in subjects receiving placebo or sucra-
lose (Figure 3(a}). At 180 min, CD'11c expression was signif-
icantly reduced in intermediate and nonclassical monocytes
of subjects receiving sucralose as compared to placebo con-
trols (P =0.0012 and P = 0.0064, respectively) (Figure 3(a)).
CD11c expression also exhibited a significant reduction in
intermediate and nonclassical monocytes of subjects exposed
to sucralose at the beginning (-15min) and at the end
(180 min) of the OGTT (P = 0.0004 and P =0.0001, respec-
tively) (Figure 3(a}). In classical monocytes, CD11c expres-
sion significantly diminished in the sucralose group at the
beginning (-15min) and at the end (180 min) of the OGTT
(P=0.0008) (Figure 3(a)}.

At the beginning of the OGTT, CD206 expression in clas-
sical, intermediate, and nonclassical monocytes showed no
significant differences in subjects that received placebo or

sucralose (Figure 3(b)). At 180 min, CD206 expression was
significantly reduced in nonclassical monocytes of volunteers
that received sucralose as compared to placebo controls
(P=0.0098) (Figure 3(b)).

4. Discussion

Noncaloric artificial sweeteners are now consumed by mil-
lions of people from all ages, gender, and sociceconomic
status around the globe [26]. However, sucralose and other
noncaloric artificial sweeteners have been now linked to dis-
turbances in glucose and insulin homeostasis in both animal
models and humans [5-9]. For this reason, it is still of great
relevance to keep characterizing the possible deleterious
effects of sucralose on human metabolism in randomized,
parallel-group, placebo-controlled clinical trials.

In this study, we found that ene single 48 mg sip of sucra-
lose, a sucralose amount that is contained in numerous
“light” beverages available in the market, increases serum
insulin but not glucose in age- and sex-matched healthy
young adults subjected to an OGTT. These data appear con-
trary to previous information showing that a similar amount
of sucralese is able to elevate both insulin and glucose in
morbidly obese individuals receiving a glucose load [9].
Nevertheless, this apparently contradictory evidence should
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Ficure 1: Blood levels of glucose and insulin in healthy young adults that received sucralose or placebo during an oral glucose tolerance test.
Volunteers randomly received 60 mL water as placebo (1 = 20) or 48 mg sucralose dissolved in 60 mL water (1 = 25) 15 min prior to a 75 g oral
glucose tolerance test (OGTT). Starting with glucose load at minute zero, venous blood samples were drawn from all study subjects every
15 min for 180 min for quantifying the blood levels of glucose and insulin. (a) Blood glucose did not show significant changes in subjects
receiving placebo or sucralose all along the OGTT. (b) Serum insulin significantly increased at 30, 45, and 180 min in volunteers that
received sucralose as compared to placebo controls. Timing of stimulation with sucralose, placebo, or glucose is shown on the graphic by
black arrows. The placebo group is shown in open circles, whereas the sucralose group can be seen in closed circles. Data are expressed as
media + standard error. Significant differences between subjects receiving placebo or sucralose were estimated on each point of the OGTT
by performing two-tailed 2-way ANOVA with correction for multiple comparisons by means of the Bonferreni multiple comparisons test.
Significant differences are indicated by asterisks. Differences were considered significant when P < 0.05.

be examined in light of previous information showing that
healthy young adults with no insulin resistance have the abil-
ity to increase insulin secretion and thus effectively decrease
the excess of blood glucose [27, 28]. In contrast, numerous
studies have consistently shown that nondiabetic morbidly
obese subjects exposed to a glucose load can clearly increase
insulin secretion without achieving blood glucose clearance
due to a marked insulin resistance [29-32]. In this scenario,
it is feasible to suppose that sucralose consumption may have
differential effects on healthy young adults and morbidly
obese subjects due to the presence of insulin resistance. In
other words, sucralose ingestion may stimulate insulin secre-
tion and, in this way, reduce glucose levels in healthy young
adults but not morbidly obese subjects that show higher
levels of insulin resistance and thus glucose intolerance.
The fact that sucralose is able to stimulate directly insulin
secretion has been previously reported in pancreatic beta cell
lines and mouse islets [33], but remains elusive in humans.
However, present results support the role of sucralose in pro-
moting pancreatic insulin secretion in healthy young women
and men that show normal insulin sensitivity, a probable
phenomenon that needs to be confirmed in other human
populations with different genetic background.

As mentioned before, low-grade activation of monocytes
and macrophages has been shown to associate with the devel-
opment of hyperinsulinemia, glucose intolerance, and insulin
resistance [17-19, 34]. In this sense, it is well known that
nutritive sweeteners such as sucrose or glucose exert the abil-
ity to increase TNF-alpha and IL-lbeta expression and
downregulate interlenkin-10 (IL-10) production in human

monocyte-derived macrophages in vitro [35, 36]. However,
the effect of noncaloric artificial sweeteners on immune cells
remains elusive. A previous study showed that exposure of
human whole blood leukocytes to sucralose is able to sup-
press interleukin-6 (IL-6} and IL-10 secretion in vitro, even
in the presence of phytohemagglutinin (PHA) or lipopoly-
saccharide (LPS) [37]. Likewise, the CD3"* T cell percentage
has been shown to increase in Peyer’s patches and lamina
propria of mice receiving sucralose in drinking water [5].
Moreover, CD3* T cells in Peyer’s patches also showed eleva-
tion in TNF-alpha and interferon-gamma (IFN-gamma}
production, accompanied by reduced expression of IL-10,
which supports the role of sucralose in modulating immune
cell activation [5]. Concurring with previous informatien,
our findings show for the first time that a single sip of sucra-
lose significantly increases the percentage of classical mono-
cytes and reduces the nonclassical moenocyte subpopulation
in healthy young adults receiving a 75 g glucose load.
Another phenomenon captured in our study involves
the possible mechanism by which sucralose exerts its effects
on classical and nonclassical monocytes in healthy young
adults. Sweet taste of sucralose and other caloric and non-
caloric sweeteners is mediated by G protein-coupled recep-
tors (GPCR} T1R1, T1R2, and TIR3 [38]. Sweet taste
receptors were firstly described in the gut [39], enteroendo-
crine cells, and pancreas [40]. Nevertheless, TIR3 has been
also indentified in mouse peritoneal macrophages [41].
Notably, in vitro exposure of TIR3 to trehalose (a disaccha-
ride consisting of two molecules of glucose) has been shown
to associate with suppression of TNF-alpha and IL-1beta
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Froure 2: Percentages of dassical, intermediate, and nonclassical monocytes in healthy young adults that received sucralose or placebo at the
beginning and at the end of an oral glucose tolerance test. Representative flow cytometry dot plots showing the percentages of classical (CM),
intermediate (IM), and nonclassical monocytes (NCM) in the placebo group at the beginning (a) and at the end (b) of the oral glucose
tolerance test {(OGTT). Representative dot plots showing the percentages of CM, IM, and NCM in the sucralose group at the beginning
and at the end of the OGTT can be seen in {c) and {d), respectively. {e) As expected, quantification of monocyte subpopulation
percentages showed no differences between placebo and sucralose groups at the beginning of the OGTT (-15 min). At 180 min, the CM
percentage sighificantly increased whereas the NCM percentage decreased in volunteers that received 48 myg sucralose as compared to
subjects that received water as placebo. No significant differences were seen in the IM percentage. The placebo group is shown in open
bars, whereas the sucralose group can be seen in dosed bars. Monocytes were gated on a CD14'CD1s" dot plot to identify monocyte
subpopulations as fellows: CD147'CDI16, classical monocytes; CD14" CD16”, intermediate monocytes; and CD14'CD16", nonclassical
monocytes. Data are expressed as media + standard deviation. Significant differences between placebo and sucralose groups were estimated
by performing two-tailed, 2-way ANOVA followed by the Bonferroni multiple comparisons test. Significant differences are indicated by
asterisks, Differences were considered significant when P < 6.05.
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TaBLE 2: Statistical correlations of monocyte subpopulations with blood levels of glucose and insulin in placebo and sucralose groups.

Placebo Sucralose
-15 180 -15 180
r P v P r P r P
Classical monocyte (%) 024 0.12 0.35 0.06 0.19 0.18 0.14 025
Intermediate monocyte (%) -0.15 0.28 -0.25 0.13 -0.20 0.16 0.06 038 Glucose
Nonclassical monocyte (%) -0.20 0.18 -0.24 0.14 -0.37 0.06 0.12 027
Classical monocyte (%) 001 046 0.10 033 0.06 037 0.41 .02
Intermediate monocyte (%) 031 0.08 -0.21 0.17 0.24 0.12 027 0.09 Insulin
Nonclassical monocyte (%) -0.36 0.06 0.04 0.42 -0.29 0.07 -0.42 0.01

Coefficients () and P values were calculated by the Pearson correlation model. The correlation level was considered significant when P < 0.05. Significant
associations are marked in italic.
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Ficure 3: Cell surface expression of CD11c and CD206 in classical, intermediate, and nonclassical monocytes of healthy young adults that
received sucralose or placebo at the beginning and at the end of an oral glucose tolerance test. (a) As expected, CD11c expression showed
no differences between placebo and sucralose groups at the beginning (-15 min) of the oral glucose tolerance test (OGTT). At 180 min,
CD11c expression significantly decreased in intermediate monocytes (IM) and neonclassical monocytes (NCM) of subjects that received
48 mg sucralose as compared to placebo controls. When comparing -15 and 180 min, classical menocytes (CM), IM, and NCM showed
decreased CD11c expression in volunteers receiving sucralose. (b) CD206 expression showed no differences in subjects receiving placebo
or sucralose at the beginning of the OGTT (-15min). At 180 min, CD206 expression significantly decreased in the NCM subpopulation of
subjects that received sucralose as compared to placebo controls. The placebo group is shown in open bars, whereas the sucralose group
can be seen in closed bars. Monocytes were gated on a CD147CD16" dot plot to identify CD14™CD16" classical monocytes,
CD14™CD16" intermediate monocytes, and CD147CD16" nonclassical monocytes and then measure the mean fluorescence intensity
(MFI) of CD11c and CD206 on each monocyte subset. Data are expressed as media + standard deviation. Significant differences between
subjects receiving placebo or sucralose were estimated by performing two-tailed, 2-way ANOVA followed by the Bonferroni multiple
comparisons test. Significant differences are indicated by asterisks. Differences were considered significant when P < 0.05.

expression in murine macrophages [41]. It is then feasible to
speculate that sucralose may alter CD14 and CD16 expres-
sion via T1R3, which would lead to unbalance in the percent-
ages of classical and nonclassical monocytes. However, we
still need to measure sweet taste receptor expression on
human monocyte subpopulations to draw major conclusions
regarding this point.

Another possible mechanism by which sucralose may
orchestrate dynamic changes in classical and nonclassical

monocyte subsets involves the probable role of serum insulin.
In our study, increase in serum insulin was importantly cor-
related with elevation of classical monocytes and reduction of
nonclassical monocytes only in volunteers that drank sucra-
lose but not placebo. Devevre and coworkers previously dem-
onstrated that serum insulin is significantly associated with
classical, intermediate, and nonclassical monocyte subpopu-
lations of morbidly obese patients with insulin resistance
[18]. Moreover, another study showed that insulin is able to
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induce protein kinase B (AKT)} phosphorylation in both
human classical and nonclassical monocyte subsets in a
dose-dependent fashion in vitro [42]. Furthermore, Bunn
and coworkers also reported that insulin boosts the
palmitate-induced TNF-alpha and IL-6 expression in human
monocytes in vitro [43]. Taking into account that (1) sucra-
lose can directly stimulate pancreatic insulin secretion via
TIR2 and T1R3[33] and (2) insulin is able to regulate human
monocyte activity [42, 43], it is then reasonable to suppose
that serum insulin may directly modify the percentages of
classical and nonclassical monocytes in subjects receiving
sucralose but not placebo. Although plausible, it is a specula-
tive scenario and further experimental studies should be per-
formed with the aim of determining the exact mechanism by
which sucralose affects human monocyte subpopulations
in vivo.

In humans, monocyte subpopulations have been shown
to exert different immune roles that are associated with
expression patterns of cell surface molecules [16]. In this
sense, classical and intermediate monocytes have been
described to express CCR2 and CD11c and thus play pivotal
roles in cell adhesion and migration [19, 44]. On the other
hand, nonclassical monocytes have been shown to exert
inflammatory actions within the circulation and pregressive
loss of CD206 expression on these immune cells is associated
with enhanced proinflammatory capacity [21]. In this sense,
our results show that sucralose consumption associates with
low CD11c expression in all monocyte subsets and suggest
alteration of the migratory capacity of these cells. However,
such a hypothesis needs to be experimentally tested before
drawing major conclusions regarding the effect of sucralose
on the monocyte migratory capacity. To this respect, it has
been previously reported that trehalose ingestion reduces
CD11c expression in the colonic mucosa of mice treated with
2,4,6-trinitrebenzenesulfonic acid (TNBS), which in turn was
associated with less infiltration of immune cells and improve-
ment of intestinal inflammation [45]. However, to the best of
our knowledge this is the first study reporting that sucralose
consumption is able to decrease CD11c expression in human
monocytes, a hotion that may opeh new avenues to investi-
gate the effect of sucralose on immune cells. In parallel, our
findings also show that sucralose consumption associates
with low expression levels of CD206 in nonclassical meno-
cytes. Since CD206 is a cell surface marker related to the
anti-inflammatory ability of mononuclear cells, it is thus
feasible to speculate that sucralose ingestion may associate
with increased proinflammatory capacity of human mene-
cytes. As mentioned above, Rosales-Gomez and collaborators
recently demonstrated that sucralose consumption exerts
proinflammatory effects on mouse CD3" T cells by rising
TNF-alpha and IFN-gamma expression and reducing the
expression of IL-10 [5]. Similarly, Bian and coworkers found
increased expression of the proinflammatory markers TNF-
alpha and nitric-oxide synthase 2 (NOS2}) in the liver of mice
receiving sucralose in the drinking water [46]. Present
evidence concurs with our findings and supports the idea
that sucralose may exert proinflammatory actions on non-
classical monocytes by decreasing CD206 expression. Never-
theless, we want to state that we still did not conduct any

Journal of Immunology Research

experimental in vitro study that firmly supports a direct role
of sucralose on the anti-inflammatory activity of monocyte
subsets and we are unable to draw solid conclusions regard-
ing this topic at this time. Therefore, further in vitro studies
are needed to characterize the possible effect of sucralose as
a nonprototypic proinflammatory signal able te decrease
CD206 expression in human monocytes.

It is worth mentioning that this study has some limita-
tions including a possible participation of the sucralese sweet
taste that may modify insulin secretion via the central ner-
vous system as well the limited number of participants in
each group. The amendment of these limitations (ie., by
using capsules containing sucralose) will bring more solid
data to study the effect of sucralose on human metabolism
and immunology.

5. Conclusions

This work demonstrates that a single sip of 48 mg sucralose
increases the serum levels of insulin in age- and sex-
matched non-insulin-resistant young adults subjected to an
OGTT. Sucralose consumption was not only related to
elevated levels of insulin but also increased proportion of
classical monocytes and reduced percentage of nonclassical
monocytes that in turn showed low expression levels of
CD11c and CD206. Present results expand on the body of
work that links sucralose consumption with unbalance of
immune cell populations and alteration of insulin homeosta-
sis. This work is relevant since the amount of sucralose stud-
ied here is contained in numerous “light” beverages available
in the market and encourages further research focused on
exploring the potential long-term impact of noncaloric artifi-
cial sweeteners on insulin metabelism and immune response
in humans.
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1 | INTRODUCTION

Insulin resistance is the inability of skeletal muscle, liver
and adipose tissue to respond to normal levels of insulin
that results in alteration of glucose homeostasis." In normal

Abstract

Insulin resistance is the inability to respond to insulin and is considered a key
pathophysiological factor in the development of type 2 diabetes. Tumor necrosis fac-
tor-alpha (TNF-alpha) can directly contribute to insulin resistance by disrupting the
insulin signalling pathway via protein-tyrosine phosphatase 1B (PTP1B) activation,
especially in adipocytes. Infliximab (Remicade®) is a TNF-alpha-neutralizing anti-
body that has not been fully studied in insulin resistance. We investigated the effect
of infliximab on TNF-alpha-induced insulin resistance in 3T3L1 adipocytes in vitro,
and examined the possible molecular mechanisms mvolved. Once differentiated, adi-
pocytes were cultured with 5 mmol L 2—deoxy—D—g1ucose—3H and stimulated twice
with 2 pmol L' insulin, in the presence or absence of 5 ng/ml. TNF-alpha and/or
10 ng/ml. infliximab. Glucose uptake was measured every 20 minutes for 2 hour,
and phosphorylated forms of insulin receptor (IR), insulin receptor substrate-2 (IRS-
2), protein kinase B (AKT) and PTP1B were determined by Western blotting. TNF-
alpha-treated adipocytes showed a significant 64% decrease in insulin-stimulated
glucose uptake as compared with control cells, whereas infliximab reversed TNF-
alpha actions by significantly improving glucose incorporation. Although IR phos-
phorylation remained unaltered, TNF-alpha was able to increase PTP1B activation
and decrease phosphorylation of IRS-2 and AKT. Notably, infliximab restored
phosphorylation of IRS-2 and AKT by attenuating PTP1B activation. This work
demonstrates for the first time that infliximab ameliorates TNF-alpha-induced insulin
resistance in 3T3L1 adipocytes in vitro by restoring the insulin signalling pathway
via PTP1B inhibition. Further clinical research is needed to determine the potential
benefit of using infliximab for treating insulin resistance in patients.

conditions, insulin binds to IR and orchestrates phosphory-
lation of the IRS protein familyAZ Downstream, IRS activa-
tion leads to phosphorylation of PI3-kinase (PI3K) that in
turn triggers phosphorylation of AKT? Upon activation,
AKT orchestrates translocation of cytoplasmic vesicles
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containing glucose transporter proteins (GLUT) into the
plasma membrane that facilitates transport of glucose for
cell metabolism.!? Glucose uptake via activation of the
IRS-PI3K-AKT pathway is able to reduce glucose levels in
the extracellular milien, which in turn contributes to
decrease hyperglycaemia.3 In insulin resistance, activation
of the insulin signalling pathway is progressively abrogated
resulting in glucose intolerance, hyperglycaemia and hyper-
insulinemia.* For this reason, insulin resistance is consid-
ered a key pathophysiological factor in the development of
type 2 diabetes (T2D),** a chronic disease with increasing
morbidity and mortality rates around the glcnb&6

TNF-alpha is a cytokine with prominent actions in cell
differentiation and apoptosis, inflammation, autoimmunity
and recruitment of other immune cell types toward periph-
eral tissues.”” TNF-alpha has been also shown to play a
pivotal role in glucose homeostasis by promoting insulin
resistance in mice and humans, especially in adipose tis-
sue."™"! In this sense, mRNA and protein levels of TNF-
alpha have been previously reported to elevate in visceral
adipose tissue of high-fat diet (HFD)-fed mice and obese
subjects that show increased insulin resistance.'” Moreover,
TNF-alpha-deficient mice are protected against insulin
resistance development,’® while also TNF-alpha directly
induces insulin resistance in 3T3L1 adipocytes in vitro.'*

TNF-alpha favours insulin resistance by abrogating
phosphorylation of IRS-1 and AKT in a variety of insulin-
dependent cells including adipocytes.15 Besides reducing
IRS-1 and AKT activation, TNF-alpha can also attenuate
GLUT4 expression in adipcucytes,ll’16
that this proinflammatory cytokine is able to disrupt the
insulin signalling pathway in adipose tissue. Thus, block-
age of TNF-alpha actions is now considered a matter of
urgency to improve insulin action in adipose tissue of
patients with insulin resistance such as T2D patients.

Infliximab (Remicade®) is a chimeric monoclonal IgGl
antibody that specifically binds to TNF-alpha and prevents the
interaction of TNF-alpha with TNF-alpha receptor (TNFR) 1
and TNFR2.Y For this reason, infliximab has been used to
treat a variety of autoimmune and chronic inflammatory dis-
eases such as rheumatoid arthritis, Crohn's disease, ulcerative
colitis, psoriatic arthritis and ankylosing spondylitis.“g'23 Inter-
estingly, besides exerting anti-inflammatory actions, inflix-
imab has been also shown to improve insulin resistance. In
this sense, theumatoid arthritis patients receiving infliximab
show decreased values of the homeostatic model assessment
of insulin resistance (HOMA-IR) as well as increase in the
quantitative insulin sensitivity check index (QUICKI)‘Z’4 Simi-
larly, non-digbetic patients with ankylosing spondylitis also
exhibit reduced HOMA-IR and increased QUICKI after
2 hour of receiving an intravenous infliximab infusion.?’
However, despite the clinical evidence, there are no studies
exploring the effect of infliximab on TNF-alpha-imduced

which demonstrates

insulin resistance in target organs of insulin such as adipose
tissue. Here, we investigated the effect of infliximab on TNF-
alpha-induced insulin resistance in 3T3L1 adipocytes in vitro
and examined the possible molecular mechanisms involved.

2 | MATERIAL AND METHODS

2.1 | 3T3L1 cell line differentiation

The murine 3T3L1 cell line (ATCC®, USA) was propa-
gated in Dulbecco’'s Modified Eagle Medium (DMEM)-
High Glucose (Thermo Fisher-Scientific, USA) containing
10% foetal bovine serum (FBS) and 50 pg/mL gentamicin
(Sigma-Aldrich, USA) for 4 days at 37°C in humidified
5% CO, atmosphere, using 6-well cell-culture plates
(Costar, USA) at a density of 50 X 10° cells per well. Once
fihroblasts reached about 80% confluence, they were differ-
entiated into adipocytes using DMEM supplemented with
10% FBS, 50 pg/mL gentamicin, 1 pmol L' dexametha-
sone, 0.5 mmol L' IBMX and 1 pmol L' insulin
(Sigma-Aldrich, USA). Culture media were replaced every
other day for 6 days. Mature adipocytes were seen after
10 days on the in vitro culture conditions described above.

2.2 | Glucose uptake assay

For glucose uptake assay, 3T3L1 mature adipocytes were
in vitro cultured in DMEM containing 10% FBS, 50 pg/mL
gentamicin and 5 mmol L™ 2-deoxy-D-glucose-"H (Sigma-
Aldrich, USA) for 2 hour at 37°C in humidified 5% CO,
atmosphere, using 6-well cell-culture plates at a density of
30 x 10* cells per well. Adipocytes were stimulated twice
at zero and 60 minutes with 2 pmol L' insulin. In the
infliximab-treated group, adipocytes were stimulated with
10 ng/mL infliximab (Remicade®, Janssen Biotech, USA)
at the beginning of the 2-hour in vitro assay. In the TNF-
alpha-treated group, adipocytes were stimulated with 5 ng/
ml murine TNF-alpha (Peprotech,Mexico) at the beginning
of the 2-hour in vitro assay. In the infliximab+TNF-alpha-
treated adipocyte group, 10 ng/mL infliximab was added at
the beginning of the 2-hour in vitro assay, whereas 5 ng/mL
murine TNF-alpha was added five minutes later. Control
cells received neither infliximab nor TNF-alpha stimulation.
All cultured 3T3L1 adipocytes were collected every
20 minutes for 2 hour for measuring glucose uptake in
counts per minute (cpm), using a liquid scintillation counter
(Beckman-Coulter, USA).

2.3 | Western blot for pIR, pIRS-2, pAKT
and pPTP1B

Two hours after having been incubated with or without TNF-
alpha and/or infliximab, 3T3L1 adipocytes were collected
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and disrupted in protein extraction buffer containing
500 mmol L™! Tris-HC1 (1 mL/50 x 10* cells) and protease
inhibitor cocktail (Calbiochem, Germany). After 15 minutes
of centrifugation at 20 800 g/4°C, the supernatant was recov-
ered for total protein quantification by measuring absorbance
at 595 nm using the Bradford Protein Assay (Bio-Rad,
USA). Then, 30 mg of total protein extract was boiled in
Laemmli sample buffer and separated by SDS-PAGE (10%
acrylamide) to transfer into PYDF membranes. Membranes
wete blocked overnight in PBS 1X buffer (0.2% Tween 20)
containing 1% BSA. Immediately after, PVDF membranes
were washed five times in PBS 1X-Tween 20 and separately
incubated for up to 60 minutes at room temperature with
1:250 rabbit anti-mouse phosphorylated insulin receptor
(pIR, 90 KDa), 1:500 rabbit anti-mouse phosphorylated pan-
AKT (pAKT, 56 KDa), 1:650 rabbit anti-mouse phosphory-
lated protein-tyrosine phosphatase 1B (pPTP1B, 50 KDa),
1:1000 goat anti-mouse beta-Actin (42 KDa) (Abcam, USA)
or 1:250 rabbit anti-human phosphorylated insulin receptor
substrate-2 (pIRS-2, 160 KDa) (Merck-Millipore, Germany).
Protein bands for pIR, pIRS-2, pAKT and pPTP1B were
visualized using the peroxidase-diaminobenzidine reaction
(Sigma-Aldrich, Mexico) and quantified by optical density
(OD) analysis using beta-Actin as control.

2.4 | Statistical analysis

The Shapiro-Wilk test was performed to estimate normality
in data distribution and then proceed to perform one-way
ANOVA followed by a post-hoc Tukey test. Data represent
at least five independent experiments and are expressed as
media + SD. Statistical analysis was performed using the
GraphPad Prism 6.01 software. Areas under the curve
(AUC) were calculated using R statistics and expressed as
arbitrary units (a.u). Differences were considered significant
when P < 0.05.

3 | RESULTS

After 40 minutes of having been in vitro stimulated with
insulin, TNF-alpha-treated 3T3L1 adipocytes started to show
a significant decrease in glucose uptake with respect to con-
trol untreated cells (Figure 1A). Infliximab exhibited no dele-
terious effects on glucose incorporation when added alone
but clearly blocked TNF-alpha actions by improving glucose
uptake in 3T3L1 cells in vitro (Figure 1A). At the end of the
in vitro culture, 3T3L1 adipocytes treated with TNF-alpha
showed a significant 2.6-fold reduction in glucose incorpora-
tion as compared to control cells (P < 0.0001). In contrast,
adipose cells stimulated with infliximab and TNF-alpha
exhibited a 2-fold increase in glucose uptake with respect to
adipocytes only treated with TNF-alpha (P < 0.0001),
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FIGURE 1 Infliximab restores insulin-dependent glucose uptake
in TNF-alpha-treated 3T3L1 adipocytes. 3T3L1 adipocytes were

in vitro stimulated twice with 2 pmol L™ insulin at zero and

60 minutes in the presence of Zfdeoxnyfglucose}H as well as
infliximab and/or TNF-alpha for 2 hours. Control adipocytes received
neither infliximab nor TNF-alpha stimulation. (A} After 40 minutes,
TNF-alpha (dotted grey line with solid squares) significantly
decreased glucose uptake in 3T3L1 adipocytes as compared to control
(black line with solid circles) and infliximab-treated adipocytes
(dotted grey line with solid triangles). In contrast, infliximab restored
cellular glucose incorporation by inhibiting TNF-alpha (dotted black
line with hollow thombus). Asterisks (*) indicate significant
differences with respect to control untreated cells. (B} Glucose uptake
kinetics in all groups was quantified as area under the curve (AUC).
Overall, TNF-alpha induced 64% decrease in the AUC of glucose
uptake as compared with control and infliximab-treated adipocytes.
On the confrary, infliximab partially blocked TNF-alpha actions by
increasing 50% the AUC of glucose uptake in 3T3L1 adipocytes.
Asterisks (*) indicate significant differences among groups. Data are
expressed as media + SD. Significant differences were estimated by
means of performing one-way ANOVA followed by a post-hoc
Tukey test. Differences were considered significant when P < 0.05
and can be seen as asterisks (*) on the figure. TNF-alpha, tumor
necrosis factor-alpha; cpm, counts per minute; a.u., arbitrary units
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although glucose incorporation values were 0.15-fold lower
than those found in control cells (P = 0.0002) (Figure 1A).
Glucose uptake kinetics in 3T3L1 adipocytes was also ana-
lyzed as area under the curve (AUC) and can be seen in Fig-
ure 1B.  Overall, TNF-alpha-treated 3T3L1 adipocytes
showed a significant 64% decrease in the AUC of glucose
uptake as compared with control cells (P < 0.0001) (Fig-
ure 1B}. On the contrary, infliximab did not alter the AUC of
glucose incorporation when added alone but partially
reverted TNF-alpha actions by increasing 50% the AUC of
glucose uptake in these adipose cells (P < 0.0001) (Fig-
ure 1B). Although use of infliximab significantly reversed
the effect of TNF-alpha on 3T3L1 adipocytes in vitro, the
AUC of glucose incorporation was 15% lower than that
found in control cells (P < 0.001) (Figure 1B).

Neither TNF-alpha nor infliximab, alone or combined,
altered the phosphorylation pattern of pIR in 3T3L1

A TNF-alpha - + - +
Infliximab - - + +

PIR — 5 s ———
PIRS-2 —b- (M. o ——

e —
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adipocytes when compared to umtreated cells (Figure 2A,
B). On the contrary, pIRS-2 was significantly decreased
by 3.25-fold in 3T3L1 adipocytes treated with TNF-alpha
as compared to untreated cells (P < 0.0001) (Figure 2A,
C). Infliximab showed no effect on pIRS-2 when added
alone but significantly reverted TNF-alpha actions by
restoring phosphorylation of pIRS-2 at similar levels than
those found in control cells (P < 0.0001) (Figure 2A, C).
‘When in vitro treated with TNF-alpha, 3T3L1 adipocytes
showed a significant 2-fold decrease in pAKT as com-
pared to untreated cells (P < 0.0001) (Figure 2A, D). On
the other hand, infliximab had no effect on pAKT when
added alone but partially reestablished phosphorylation of
this protein in TNF-alpha-weated 3T3L1 adipocytes
(P =0.0021); however, AKT phosphorylation levels
remained nether in comparison to control cells (Figure 2A
and D) (P = 0.0034).
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FIGURE 2 Inflixitab restores phosphorylation of the insulin signaling pathway in TNF-alpha-treated 3T3L1 adipocytes. (A) Representative
Western blot showing phosphorylated forms of IR, IRS-2 and AKT in 3T3L1 adipocytes with and without TNF-alpha or infliximab treatment.
The beta-Actin was used as control for optical density (OD) analysis. (B} According to OD analysis, neither TNF-alpha nor infliximab, alone or
combined, altered pIR in 3T3L1 adipocytes. (C) TNF-alpha induced 65% decrease in pIRS-2 as compared with control and infliximab-treated
adipocytes. On the contrary, infliximab blocked TNF-alpha actions by restoring phosphorylation of IRS-2 in 3T3L1 adipocytes. (D) TNF-alpha
induced 50% decrease in pAKT as compared with control and infliximab-treated adipocytes. On the other hand, infliximab blocked TNF-alpha
actions by partially restoring phosphorylation of AKT in 3T3L1 adipocytes. Asterisks (*) indicate significant differences among groups. Data are
expressed as media + SD. Significant differences were estimated by means of performing one-way ANOVA followed by a post-hoc Tukey test.
Differences were considered significant when 7 < 0.05. TNF-alpha, tumor necrosis factor-alpha; pIR, phosphorylated form of insulin receptor;
PIRS-2, phosphorylated form of insulin receptor substrate-2; pAKT, phosphorylated form of protein kinase B; OD, optical density
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The effects of TNF-alpha and infliximab on pPTP1B
can be seen in the representative Western blotting shown
in Figure 3A. TNF-alpha-treated 3T3L1 adipocytes exhib-
ited a significant 4-fold increase in pPTP1B as compared
to untreated cells (P = 0.0055) (Figure 1B). On the con-
trary, infliximab showed no effect on pPTP1B when added
alone but revoked TNF-alpha actions by partially reducing
phosphorylaton of PTP1IB in 3T3L1 adipocytes
(P = 0.0372) (Figure 3B).

4 | DISCUSSION

TNF-alpha has been consistently shown to play a causal
role in the development of insulin resistance in adipose tis-
sue of HFD-fed mice and humans with obesity. For
instance, T2D patients carrying the TNF-alpha 308 G/A
polymorphism that has been associated with increased
TNF-alpha levels, show higher values of the homeostatic
model assessment of insulin resistance (HOMA-IR) than
patients with the G/G wild genotype26 For this reason,
numerous studies are now focused on finding novel thera-
peutic agents with the ability to abrogate the effects of
TNF-alpha on insulin sensitivity, although results are still
controversial. In this regard, Sprague-Dawley rats teated
with goat anti-murine TNF-alpha IgG antibody showed
improvement in insulin-mediated glucose wransport in skele-
tal muscle.?” In contrast, blockage of TNF-alpha using the
recombinant-engineered  human  TNF-alpha-neutralizing
antibody CDP571 did not show improvement in insulin
sensitivity of patients with T2D.%* Our study shows that
neutralization of TNF-alpha improves glucose uptake by
reversing insulin resistance and provides solid evidence
regarding the use of therapeutic agents against TNF-alpha
for improving insulin sensitivity in adipose cells. However,
these results should be considered with caution as they
reflect only the behaviour of an adipocyte cell line on
in vitro culture conditions.

Infliximab is a medication used to treat patients with
autoimmune and chronic inflammatory diseases."*? Nota-
bly, besides improving joint pain, swelling and inflamma-
tion, infliximab also reduces the levels of serum insulin,
fasting glucose and insulin resistance in patients with anky-
losing spondylitis and rheumatoid arthritis.**® Tt has been
also reported that obese people show improvement in insu-
lin resistance when treated with S mg/kg infliximab every
2 months, including a T2D patient who did not longer
require insulin administration about 5 months after inflix-
imab therapy.?' Concurring with previous evidence, our
data reveal that infliximab directly reverses insulin resis-
tance and restores glucose homeostasis in adipose cells,
even under proinflammatory conditions such as those pro-
moted by TNF-alpha.
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FIGURE 3 Infliximab attenuates TNF-alpha-induced PTP1B
activation in 3T3L1 adipocytes. (A) Representative Western blot
showing phosphorylated form of PTP1B in 3T3L1 adipocytes with
and without TNF-alpha or infliximab treatment. beta-Actin was used
as control for optical density (OD) analysis. (B} According to OD
analysis, TNF-alpha induced a 4-fold increase in phosphorylation of
PTPIB as compared to control and infliximab-treated adipocytes.
However, infliximab blocked TNF-alpha actions by decreasing
PTPIB activation in 3T3L1 adipocytes. Asterisks (*) indicate
significant differences among groups. Data are expressed as media +
standard deviation. Significant differences were estimated by means
of performing one-way ANOVA followed by a post-hoc Tukey test.
Differences were considered significant when P < 0.05. TNF-alpha,
tumor necrosis factor-alpha, pPTP1B, phosphorylated form of protein-
tyrosine phosphatase 1B; OD, optical density

Another phenomenon captured in our study involves the
possible molecular mechanism by which infliximab exerts
its beneficial effects on TNF-alpha-induced insulin resis-
tance in 3T3L1 adipocytes in vitro. Our data show that
TNF-alpha is not able to impair insulin-mediated IR phos-
phorylation, a finding that has been previously reported in
mice and rats.}*#3%*3 Thus, it is reasonable to consider that
TNF-alpha may promote adipocyte insulin resistance by
inducing downstream activation of PTP1B. PTP1B is a
negative regulator of the insulin signalling pathway with
the ability to dephosphorylate tyrosine residues in numer-
ous activated tyrosine kinase proteins including the IRS
protein fa.mily‘ﬁ‘34 A previous work reported that mice
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lacking PTP1B expression (PTP1B™) show enhanced
insulin sensitivity and normal body weight, even after hav-
ing been fed a HFD.> Notably, re-expression of PTP1B in
the liver of PTP1B™"" mice attenuated whole-body insulin
sensitivity and IRS-2 activation in hepatocytes.’® A similar
study showed that PTP1B activity abrogates phosphoryla-
tion of IRS-1 in skeletal muscle cells that results in
decreased insulin sensitivity and altered glucose homeosta-
sis.%® Our data expand on this body of work by revealing
for the first time that TNF-alpha-induced PTP1B activation
can directly decrease phosphorylation of IRS-2 in adipose
cells, which in torn might lead to AKT inhibition and
increased insulin resistance. Furthermore, our results also
demonstrate that infliximab is able to reverse PTP1B acti-
vation, which (a) confirms the causative role of TNF-alpha
in insulin resistance and (b) might explain the improvement
of IRS-2 phosphorylation and glucose uptake in adipocytes
exposed to a proinflammatory milien (Figure 4).

PTPIB has now emerged as a key molecule in mediat-
ing TNF-alpha-induced insulin-

insulin resistance in

TNF-alpha-induced insulin resistance

o

-
L -

<9

o

dependent cells as is the case of skeletal muscle cells and
adipocytes. For this reason, a growing number of studies
have examined the effect of PTP1B inhibitors on insulin
resistance. In this sense, Yi-ming Ma and coworkers previ-
ously showed that CCF06240, a PTP1B inhibitor, restores
insulin sensitivity in HFD-fed mice and promotes phospho-
rylation of IRS-1 in HepG2 cells in vitro.” Similarly, a
recent study reported a decrease in blood glucose and insu-
lin resistance in ob/ob mice receiving Fudan-Yueyang-
Ganoderma-lucidum (FYGL), a proteoglycan with the abil-
ity to inhibit PTP1B.*® Interestingly, FYGL was also
shown to improve insulin-stiniulated glucose uptake and
activation of IRS-1, PI3K and AKT by blocking PTP1B
activation in rat myoblast L6 cells.® Consistent with previ-
ous evidence, we found that infliximab also acts as PTP1B
inhibitor by exerting the ability to improve insulin sig-
nalling pathway and consequently glucose homeostasis in
3T3L1 adipocytes exposed to TNF-alpha in vitro.

Little is known yet about the activity of PTPIB in
other tissues different from adipose tissue. In this sense,

Infliximab ameliorates TNF-alpha-induced insulin resistance

>
Adipocyte,
[ v

FIGURE 4 Possible molecular mechanism involved in mediating the effect of infliximab on TNF-alpha-induced insulin resistance in
adipocytes in vitro. In TNF-alpha-induced insulin resistance (left panel), TNF-alpha binds to TNFR found on the cell surface of adipocytes,
which in tumn triggers PTP1B activation. Downstream, PTP1B is able to dephosphorylate IRS-2 that in tum leads to AKT arrest, even though
insulin is continually binding to IR. Altematively, AKT phosphorylation may be directly inhibited by PTP1B; however, there are not yet solid
evidence supperting this notion. As a consequence of IRS-2 and AKT attenuation, GLUT4 translocation into the plasma membrane is arrested
that in turn impedes the intracellular transport of glucose and leads to hyperglycaemia. On the contrary (right panel), infliximab specifically binds
to TNF-alpha and neutralizes the interaction of TNF-alpha with TNFR that results in PTP1B attenuation. In consequence, IRS-2 and AKT are
normally phosphorylated in response to insulin, which facilitates membrane translocation of GLUT4 and promotes glucose homeostasis, even
when TNF-alpha levels are elevated. TNF-alpha, tumor necrosis factor-alpha, TNFR, tumor necrosis factor-alpha receptor; PTP1B, protein-
tyrosine phosphatase 1B; IR, insulin receptor; IRS-2, insulin receptor substrate-2; AKT, protein kinase B; GLUT4, glucose transporter protein 4
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liver-specific PTPIB™~ mice show improved glucose
homeostasis and lipid metabolism, accompanied by reduc-
tion in HFD-induced endoplasmic reticulum stress.>® Inter-
estingly, aging has been shown to increase PTP1B
expression and insulin resistance in liver of rats, a phe-
nomenon that can be reversed by workout.™ It has been
also shown that PTPIB contributes to hypothalamic
inflammation and leptin resistance in rodents fed a
HFD.* As a matter of fact, PTPIB™" mice exhibit
decreased TNF-alpha expression, accompanied by
increased interleukin-10 mRNA levels in the hypothala-
mus, even under HFD-feeding ** Notably, TNF-alpha has
been shown to increase PTP1B expression in hypothala-
mic organotypic cultures in a dose and time-dependent
fashion.*® Nevertheless, despite PTPIB has been consis-
tently shown to mediate msulin and leptin resistance in
response to proinflammatory signals including endoplas-
mic reticulom stress, aging and TNF-alpha, there is still
scant evidence regarding the benefit of using PTP1B and
TNF-alpha-specific inhibitors. In this semse, this work
brings to light the potential impact of using infliximab as
a PIPIB inhibitor for ameliorating TNF-alpha-induced
insulin resistance in adipose tissue. For this reason, we
encourage exploring the possible effect of infliximab on
other signaling cascades stimulated by TNF-alpha that
may also disrupt insulin-dependent glucose uptake in adi-
pocytes in vitro and in vivo, such as those depending on
extracellular-signal-regulated  kinases
(ERK). The implications for understanding the mecha-
nisms through which infliximab improves TNF-alpha-
induced insulin resistance are profound, and the idea that
further knowledge of these pathways might allow predic-
tion of susceptibility to type 2 diabetes adds a compelling
degree of urgency to further study.

In conclusion, this work demonstrates for the first time
that infliximab ameliorates TNF-alpha-induced insulin
resistance in 3T3L1 adipocytes in vitro by restoring phos-
phorylation of key mediators of the insulin signaling path-
way such as IRS-2 and AKT via PTP1B inhibition that in
consequence improves insulin-dependent glucose uptake in
these adipose cells (Figure 4).
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Emerging data suggest that elevated glucoss may promote inflammatory activation of monocytic lineage
cells with the ability to injure vascular endothelial tissue of diabetic patients, however evidence in primary
human monocytes and macrophages is still insufficient. We investigated the effect of high glucose con-
centration on the inflammatory capacity of human macrophages tn wiro and examined whether similar
responses were detectable in circulating monocytes from prediabetic patients. Primary monocytes were
isolated from healthy blood donors and differentiated into macrophages. Differentiated macrophages
were expased to normal levels of glucose (NG), high glucose (HG) or high manmitel as osmatic pressure
control {OP) for three days. Using PCR, ELISA and flow cytometry, we found that HG macrophages showed
owverexpression of CD1 1c and inducible nitric oxide synthase as well as down-regulation of arginase-1
and imterleukin [IL}-10 with respect to NG and OF macrophages. Consistent with tn vitro results, cirou-
lating monacytes from hyperglycemsc patients exhibited higher levels of CD11c and lower expression
of CDA0E than monocytes from nomaoglycemic controls. In subjects with hyperglycemia, elevation in
CD11c” monocytes was associated with increased obesity, insulin resistance, and triglyceridemia as well
as low serum [L-10. Our data suggest that human monocytes and macrophages undergo M1-like inflam-
matory podarization when exposed to high levels of glucose on in vitre culture conditions and in patients
with hyperglycemia. These results demonstrate that excess glucose has direct effects on macrophage
activation thouwgh the molecular mechanisms mediating such a response remain to be elucidated.

© 2016 European Federation of Immunological Societies. Published by Elsevier BV, All rights reserved.

1. Intreduction

Abbreviations: AGEs, advanced ghycation end products; PEC, protein kinase C;
ROS, reactive cxygen species; CI, cluster of differentiation; iNOS, inducible nitric
owide symthass; TNF-w, tumar necrosis factor alpha; IL, interlevking Arg-1, arginass
1; LPS, lipopolysaccharide; PAMCs, peripheral blood mononuclear cells; PR, paly-
merass chain reaction; ELISA, ereyme-linksd ImmunocSorbent Assay; WHCs, whit=
blood cells; BMI, body mass index; HOMA-IR, homeostatic mode] assessment for
insalin resistance; M, male; F, female; NG, normal glucase levels; HG, high glucoss
lewels; 0P, csmotic pressure control; MDM, monocyte-derived macrophages; M-
C5F, macrophage-colony stimulating factor; M1, classically activated macrophage;
MZ, alternatively activabed macrophage.

* Correspanding author.
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Hyperglycemia is ametabolic alteration characterized by abnor-
mally high levels of blood glucose (blood glucose=55mM or
100 mg/dl} [1], Hyperglycemia is considered a key component of
the metabolic syndrome and hallmark of Disbetes Mellitus, a chronic
disease with high prevalence and mortality rates worldwide [2-4].,
In diabetic patients, hyperglycemia has been shown to adversely
affect both large and small blood vessels, leading to macro- and
microvascular complications that include coronary artery disease
aswell asdiabetic nephropathy, neuropathy, and retinopathy [5-7].

DIE5-2478/0 2016 Eurcpean Federation of Immunalogical Societies. Published by Elsevier BY. All rights reserved.
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MNumerous studies have proposed three main mechanisms through
which high levels of glucose may damage vascular endothelial
tissue; intracellular glucose toxicity, production of advanced gly-
cation end products (AGEs), and protein kinase C (PKC) activation
|8-10]. Intracellular glucose toxicity {also referred to as the palyol
pathway) is able to elicit endothelial release of reactive oxygen
species (ROS), while AGEs and PKC activation are involved in
promoting leukocyte adhesion to vascular endothelial tissue and
subsequent blood vessel injury [10-12]. Interestingly, emerging
data have now pointed to macrophage inflammatory activation
as a possible additional mechanism through which high levels of
glucose may also damage vascular endothelium.

Macrophages are white blood cells that originate from mono-
cytes [13]. In the bone marrow, hematopoietic stem cells
are capable of differentiating into monocytes, Monocytes are
believed to persist in blood circulation for 4-7 days and after-
ward migrate into tissues where they will differentiate into tissue
resident macrophages [13,14]. Depending on the extracellular
milieu, macrophages are capable of carrying out inflammatory
or anti-inflammatory actions [15-17]. Macrophages displaying a
pro-inflammatory phenotype of activation (also referred to as M1,
or classically activated) are characterized by expression of spe-
cific cell surface markers such as the cluster of differentiation
(CD) 11c [18,19]. Functionally, M1 macrophages are character-
ized by production of inflammatory mediators including inducible
nitric oxide synthase (iNOS), tumor necrosis factor alpha (TNF-a),
and interleukin (IL}-1B [20]. In contrast, macrophages exhibiting
anti-inflammatory activation (also referred to as M2, or alterna-
tively activated) typically show expression of CD206 and arginase
1 (Arg-1) as well as increased production of IL-10, a cytokine
with potent immunoregulatory actions [20-22]. A growing body
of experimental evidence has recently suggested that excessive
amounts of glucose may be capable of acting directly on monocyte-
macrophage cell lines by shifting the polarization of these immune
cells toward a pro-inflammatory state that resembles an M1 pheno-
type [17,23-25], Indeed, RAW2647 cells(a monocyte-macrophage
cell line derived from murine leukemia) significantly increase THF-
o production after being exposed to high levels of glucose [23).
Similarly, exposure to high glucose levels results in stimulation of
IL-& and IL-8 secretion in lipopolysaccharide (LPS)-stimulated U937
monocytes [17]. Furthermore, murine peritoneal macrophages
show increased mRMNA levels of TNF-a, IL-1B, IL-6, and IL-12 in
response to elevated concentrations of glucose | 24| Human periph-
eral blood mononuclear cells (PEMCs) have been demonstrated
to exhibit decreased production of 1L-10 when exposed to high
glucose conditions [25)], These findings suggest that excess glu-
cose may be assodiated with an M1/M2 imbalance; however, such
a phenomenon has not been explored in primary human mono-
cytes and macrophages to date, To this end, we chose to investigate
the effect of high levels of glucose on the inflammatory and anti-
inflammatory capacity of human macrophages in vitro, while also
examining whether a similar response could be seen in circulating
monocytes from patients with hyperglycemia.

2. Materials and methods
21. Subjects

For in vitro studies, ten healthy male wvolunteers with no
metabolic disease were included. For in vivo studies, 101 women
and men attending the Blood Bank or the Internal Medicine Depart-
ment of the General Hospital of Mexico were included and divided
into normoglycemic or hyperglycemic groups. All of the partic-
ipants provided written informed consent, previously approved
by the institutional ethical committee of the General Hospital of

Mexico, which guaranteed that the study was conducted in accor-
dance with the principles described at the Helsinki Declaration. For
both in vitro and in vivo studies, subjects were excluded if they
had previous diagnosis of non-communicable or infectious dis-
eases. We also excluded pregnant or lactating women as well as
subjects taking any Kind of anti-inflammatory, anti-aggregant, or
anti-hypertensive medication.

22 Monocyte isolation and cell culture

For in vitro studies, buffy coat samples were collected from each
donor (n=10) and separately diluted 1:2 with phosphate saline
buffer 1X (PBS 1X, Sigma-Aldrich, Mexico) for posterior isolation
of PEMC by density gradient centrifugation using histopague-
1077 (Sigma-Aldrich, Mexico). Monocyte cells were then isolated
from PBMC by CD14-negative selection using magnetic columns
(Miltenyi Biotec, Germany). Purified monocytes were placed in
glucose-free RPMI-1640 medium containing 10% fetal bovine
serum (FBS), 2mM L-glutamine, 50pg/ml gentamicin, 5.5mM
p-glucose, and 10pg/ml macrophage-colony stimulating factor
(M-CSF) in &-well cell-culture plates (Costar, USA), at a density
of 3« 105 monocytes per well. Culture media and M-C5F were
replaced every other day for six days.

23. High glucose stimulation

After six days of in vitro colture differentiation, monocyte-
derived macrophages (MDM) were exposed to a high glucose
environment. Control MDM (MG) were incubated in glucose-
free RPMI-1640 medium containing 10% FBS, 2 mM L-glutamine,
50 pgiml gentamicin, and 5.5mM D-glucose for three days
designed to resemble normal glucose levels observed in healthy
subjects, High glucose MDM (HG) were incubated in glucose-
free RPMI-1640 medium containing 10% FBS, 2 mM L-glutamine,
50 pg/ml gentamicin, and 15 mM D-glucose for three days designed
to resemble sugar levels seen in diabetic patients with uncontrolled
hyperglycemia. Control for osmotic pressure (OP) was achieved
by incubating MOM in glucose-free RPMI-1640 medium contain-
ing 10% FBS, 2mM L-glutamine, 30 pg'ml gentamicin, 5.5mM
p-glucose, and 9,5mM D-manitol for three days, After three days
in culture, MDM were harvested using sterile cell scrapers (Corn-
ing, USA) and supernatant was collected from each culture well.
Collected MDM were equally divided into 1 ml of PBS 1X {Sigma-
Aldrich, Mexico) or 500l of TRIzol Reagent (Life Technologies,
USA) for being used in flow cytometry and RT-PCR assays, respec-
tively.

24. Characterization of cell surface markers by flow cytometry

After collecting MDM, 1 = 105 cells were resuspended in 50l
of sterile PBS 1X (Sigma-Aldrich, Mexico). Immediately after, 3 pl
of Human TruStrain (BioLegend, Inc., USA) was added and incu-
bated for 5 min on ice, Then, MDM were simultaneously incubated
with anti-CD45 FITC, anti-CD14 PE/Cy7, anti-CDM 1c PE/CyS, and
anti-CD206/ Cy7 APC (Biolegend, Inc., USA) for 20 min for posterior
analysis on a FACSCanto [l flow cytometer (BD Biosciences, Mexico)
by means of BD FACSDiva™ sofrware 6.0, acquiring 50,000 events
per test in triplicate, FITC mouse 1gG1, PE/CyT mouse 1gG2, APC/Cy7
mouse IgG1, and PE/CyS mouse IgG1 (Biolegend, Inc., USA) were
used as isotype control antibodies for cell surface staining of (D45,
CD14, CD206, and CD11c, respectively.

25, Cytokine production by ELISA

In vitre production of TMF-x and IL-10 were measured in MDM
culture supernatants by the Enzyme-Linked ImmunoSorbent Assay
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(ELISA) (Peprotech, Mexico), using 100 pl of undiluted supernatant
per test. All cytokine measurements were performed in triplicate
according to manufacturer’s instructions,

25 Gene expression profile by RT-PCR

After collecting MDM, 1 = 108 cells were resuspended in 500 .l
of TRIzol Reagent (Life Technologies, USA) for posterior RMA
isolation following manufacturer's instructions, Then, total RNA
samples were reverse-transcribed by means of the M-MLV Retro-
transcriptase system using dT primer (Invitrogen, USA). Resulting
cDMNA samples were specifically amplified by polymerase chain
rezction { PCR) using TagDNA polymerase (Biotecnologias Universi-
tarias, UNAM, Mexico) and human-specific primers to detect mRMA
levels of iNOS, and Arg-1, 185-ribosomal RNA was used to contral
for constitutive expression, Relative expression of each amplified
gene was obtained by optical density analysis (0D} using the 185-
ribosomal RMA as the control for constitutive expression.

2.7. Anthropometric, metabolic, and immunelogical
measurements in normoglycemic and hyperglycemic subjects

For in vivo studies, body mass index (BMIL waist circumfer-
ence, and body fat percentage were individually recorded in 101
subjects, Serum glucose levels were measured in triplicate by
the glucose oxidase assay, following the manufacturer's instruc-
tions [ Megazyme International, Ireland ), Serum insulin levels were
measured in triplicate by ELISA, following the manufacturer's
instructions {Abnova Corporation, Taiwan), The estimate of insulin
resistance was individually calculated by means of the homeo-
stasis model assessment of insulin resistance (HOMA-IR]. Total
cholesterol and triglyceride levels were individuzlly measured
in triplicate by enzymatic assays according to manufacturer's
instructions {Roche Diagnostics, Mannheim, Germany). Serum lev-
els of TMF-zx and IL-10 were measured in triplicate by ELISA kits
(Peprotech, Mexico) using serum samples diluted 1:250 in PBS 1X
(Sigma-Aldrich, Mexico). All of the metabolic and immunclogical
measurements were performed at the same time in order to avoid
procedural variations.

2.8 White blood cell isolation and characterzation of monocyte
surface markers

Twenty milliliters of venous blood were obtained from eachi sub-
ject and collected into tubes containing EDTA (Vacutainer™, BD
Diagnostics, N, USA), Collection tubes were then centrifuged at
1800z for 10min and white blood cells (WBCs) separated using
a micropipette, Total WBCs were separately placed into 1.6ml
pyrogen-free eppendorf tubes containing 1 ml of ACK Lysing Buffer
(Life Technologies, USA) and incubated at 4 °C for 8 min. Each sam-
ple was then centrifuged at 1800g/4°C for 4min and cell pellets
washed twice with PBS 1X (Sigma-aldrich, Mexico). After an addi-
tional centrifugation step and removal of the supernatant, each cell
pellet was resuspended in 50 pl of PBS 1 X ({Sigma-Aldrich, Mexico).
On each test, 3 pl of Human Trustrain Reagent (Biolegend, Inc.,
USA) was added to 2 « 10° WBCs and then incubated for 5min
on ice. Immediately after, WBCs were incubated with anti-CD45
FITC, anti-CD14 PE/Cy7, anti-CD1 1c PE/Cy5, and anti-CD206/Cy7
APC following the same experimental procedure described above.
Assessment of the levels of C0M1c and CD206 was performed on
CD45°CD14" double positive cells, which correspond to circulating
monocytes.

28, Sratistical analysis

For in vitro studies, Friedman test was used to compare control,
HG, and OF MDM groups in terms of CD11c and CD206 expression,
aswell as TNF-m and IL-10in vitro production. One-way ANOVA, fol-
lowed by a post-hoc Tukey test, was used to compare the expression
of iNDS and Arg-1 in HG, NG, and OF macrophages. For in vive stud-
ies, t-test was used to compare normoglycemic and hyperglycemic
subjects in terms of BMI, waist circumference, body fat percent-
age, fasting glucose, fasting insulin, HOMA-IR, total cholesteral,
and triglycerides. Mann-Whitney test was used to compare normo-
glycemic and hyperglycemic subjects in terms of CI¥ 1 c and CO206
expression as well as TNF-a and IL-10 serum levels. All statistical
analyses were performed using the GraphPad Prism 5 software.
Differences were considered significant when P< 0,05,

3. Results

With regard to M1 macrophage cell-surface markers, all cul-
tured macrophages showed expression of CD11c, irespective of
having been exposed to normal (NG) or high (HG) glucose con-
centrations (Fig. 1AL In contrast, a 2-fold increase in the intensity
of CD1 1c expression was observed in MDM exposed to high glu-
cose concentrations as compared with MDM exposed to normal
glucose concentrations or hyperosmotic {OP) conditions (Fig. 1B).
With regard to M2 macrophage cell-surface markers, neither the
percentage of MDM producing CD206 nor the intensity of CO206
expression significantly differed in response to high glucose levels
or hyperosmolar conditions (Fig. 1C and D, respectively),

In terms of the cytokine production profile associated with
macrophage polarization, no significant differences were observed
in the secretion level of TNF-o in MDM exposed to high glucose
concentrations with respect to NG and OF human macrophages
(Fig. 2A), In contrast, a 3-fold reduction in the average secretion
of IL-10 was seen in MDM cultured in high glucose concentra-
tions as compared with cells exposed to normal levels of glucose or
hyperosmaolar conditions (Fig. 2B]). With respect to gene expression
markers for M1 macrophages, a significant 3-fold increase in the
expression of iINOS was observed when MDM were cultured under
elevated concentrations of glucose as compared with NG and OP
human macrophages{Fig. 2C). In terms of gene expression markers
for M2 macrophages, expression of Arg-1 exhibited 2 clear 3,5-fold
decrease in MDM treated with high glucose concentrations in com-
parison with macrophages exposed to normal levels of glucose or
hyperosmaolar conditions (Fig. 20,

After evaluating the effect of high levels of glucose upon
human macrophages in witro, we attempted to corroborate
our main fndings in circulating monocytes of patients with
hyperglycemia. No significant differences were observed in the
awverage age and woman/man ratio between hyperglycemic and
normoglycemic individuals (Table 1) However, subjects with
hyperglycemia showed higher values of BMI (30,77 £321 versus
2376+2.56 kg,l'rnl}l, waist circumference (0942 + 10,63 wversus
8217 +7.46cm), and body fat percentage (33.17 £7.34 versus
26334+ 8.07) than normoglycemic controls (Table 1), Insulin
resistance and triglycerides were also prominently elevated
in hyperglycemic subjects when compared to normoglycemic
individuals (for HOMA-IR, 409+ 162 wversus 251 +067, and
for triglycerides, 2192 +42 56 mg/dl versus 147.5% 1875 mg/dL
respectively) (Table 1). Serum insulin and total cholesterol were
slightly higher in hyperglycemic subjects than in normoglycemic
individuals {for insulin, 15.43 + 6.05 versus 12,67 +£3.19mU/], and
for cholesterol, 196.9+9.10 versus 192341047 mg/dl, respec-
tively] (Table 1),

127



B4 L Torres-Costro et ol § Immunology Letters 176 (2016) 81 -85

=
m
O

Em. J_ im- ahb
o . ssoco T

2 " | -

. f| 2 5

]

o
m
1

:
|_|]]
—

(T
T

op NG HE w i) W 4 ar NG HE
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Tabile 1

Anthropometric and metabolic characteristics of the study subjects. Subjects were
divided into normeoglycemic or hyperglycemic individuals depending on the lewels
af fasting blood glucose. Data are presented as median + standard deviationn=101.
Signifcant differences were estimated by means of the Student's T-test. Diferences
were considered significant when P<0.05.

Mormaoglycemic  Hyperplyoemic  Powalue

n=51 n=50
Gender (M/F) A |21 00739
e (ymars) JLDE£11.41 IRT2L 1040 o.os01
BMI (kgfm™) BIe+ 256 T7 321 =0.0001
Waist circumference [cm) ELI17 £7.46 09,47 + 10063 <00001
Body fat [¥) 33T LR07 1317 +£734 «<0L0001
Fasting blood glucose {mefdl)  Bl34+4.14 107.2+328 <0u0001
Serumn insulin [mlIT) 1267 +£1.19 15.43 + 605 00046
HOMA-IR 251 =067 409+ 162 <0u0001
Tatal cholesteral {mgfdl) 19231047 1960+ 010 onso2
Trighycerides (mgldl) 1751875 2192+ 4256 =0.0001

Abbreviations: M, mals; F, female; BEMI, body mass index; HOMA-IE, homesostatic
mode] ase=ssment of insulin resistance.

The percentage of circulating monocytes expressing (D' 1c was
1.8 times higher in hyperglycemic subjects than in normoglycemic
individuals, although no differences were observed in the intensity
of CD1 1c expression between groups (Fig. 3A and B, respectively).
Concomitantly, a 3-fold decrease was found in the percentage
of circulating CD206* monocytes in hyperglycemic subjects with
respect to normoglycemic controls (Fig, 3C). The intensity of CD206
expression in the total percentage of circulating monocytes from
normoglycemic and hyperglycemic individuals did not show any
significant difference (Fig. 3D).

The percentage of CD11c* monocytes showed a significant
inverse relationship with the number of circulating monocytes
expressing CD206 in our study population {r= —0.6624, P<0.0001)
(Fig. 4). Ninety four percent of hyperglycemic subjects had a high

percentage of circulating CD11c” monocytes, frequently accompa-
nied by low numbers of (D206 monocytes. In contrast, sixty three
percent of individuals with normal levels of blood glucose exhib-
ited high values of circulating CD206* monocytes, accompanied by
a low percentage of CD1 1c™ monocytes (Fig. 4.

Consistent with in vitro results, systemic levels of TNF-x did
not significantly differ between normoglycemic and hyperglycemic
subjects (Fig. 5A). However, patients with hyperglycemia exhibited
a 1.5-fold decrease in the serum levels of IL-10 as compared with
individuals showing normal glycemia (Fig, SB).

4. Discussion

CD11c is a heterodimeric integrin expressed in monocytes
and macrophages exhibiting an inflammatory response [26-28].
CD11¢ has been shown to mediate monocyte recruitment to the
inner lining of arteries, where these cells are able to differenti-
ate into macrophages and foam cells contributing to the formation
of atherosclerotic lesions and acute coronary arteritis [29-32].
It is well known that several immunclogical stimuli can induce
CD11c expression in M1 macrophages including interferon gamma
(IFN-y], LPS, lipocalin, and galectin-3 [33-36]. Howewver, little is
understood about the role of non-immunological stimuli, such as
glucose, in promoting CD1 1c expression in macrophages [37]. Our
data show that elevated levels of glucose have an effect on CD11c
expression in human monocytes and macrophages. In vitro, CD11c
was expressed by all cultured macrophages, regardless of glucose
exposure, which is consistent with previous reports demonstrat-
ing that adherence to a plastic surface is capable of inducing CD11c
expression on macrophages [38,39]. However, the expression of
CD11coneach macrophage was considerably increased in response
to excess glucose suggesting that the production rate of this inte-
grin may be susceptible to modulation by glucose concentrations
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Fig. 2. Cytokine production and gens expression profile of human macrop hapes expased to high bevels of glucos=. After three days of in witre culture, no significant differences
were observed in the secretion bevel of TNF-x (A) in aman monocyte-derived macrophages exposed to high lewels of glucos= with respect to NG and OF macrophages. [n
cantrast, secretion of [L-10 showed a significant reduction in HEG macrophages as compared with NG and OF macrophages (Bl A significant increzse in the expression of
iNOS was observed in HG macrophages a5 compared with NG amd OF macrophages (C) In contrast, expression of Arg-1 exhibited 2 clear decrease in HG macrophages as
compared with NG and OF macrophages (). Representative agarcse gels showing differential sxpression of iNOS and Arg-1 are shown In A and B, data are expresssd as
median and int=r-guartile range in a2 box plot analysis. In C and [, data are expresssd 25 mean + standard deviation. Differences were considered significant when P<0.05,
as follows: *significant diference versus the OP group; Psignifcant difference versus the NG group; ¢significant difference versus the HG group. NG, normal glucose levels
{5.5mM p-glucose); HG high glucose levels (15 mM D-glucose); OF, control of osmotic pressure (5.5 mb D-glocose + 5.5 mb mannital. )

independent of the in vitro adherence effect. Our in vive findings
support the idea that there is a relationship between high levels of
glucose and CD11c expression as the number of circulating mono-
cytes expressing {01 1 ¢ increased in hyperglycemic subjects when
compared to euglycemic individuals. These data support the idea
that non-immunological stimuli, specifically metabolism-related
stimuli such as glucose, have the ability to alter the inflimmatory
profile of monocytes and macrophages [40]. This notion is consis-
tent with prior studies demonstrating that elevated levels of plasma
triglycerides also seem to be capable of stimulating CDV 1 ¢ expres-
sion in circulating monocytes from healthy individuals after eating
a standardized high-fat meal [41]. Our data show that CD11c"
monocytes are mast strongly associated with hyperglycemia, but
also exhibit a positive correlation with high triglyceride levels in
our study population, which would support the aforementioned
findings (data not shown). The implications for understanding
the mechanisms through which glucose concentrations and other
metabolism-related stimuli are able to induce CD11c expression
on human monocytes and macrophages are profound and the idea
that further knowledge of these pathways might allow prediction
of cardiovascular disease susceptibility adds a compelling degree
of urgency to further study.

As described above, increased production of CDV 1c is strongly
indicative of inflammatory polarization in both monocytes
and macrophages [26-28). This possible M1-like phenotype in
macrophages exposed to high glucose was also supported by
increased mREMNA levels of iNO5, 2 marker consistently expressed
by proinflammatory macrophages both in vive and in vitro [42,43],
iNOS is known to play a major role in the production of nitric
oxide, a free radical that can in turn stimulate NF-kB-dependent
inflammatory pathways in M1 macrophages [44-47]. In contrast,
M2 macrophages are characterized by high levels of Arg-1, a key
marker of alternative activation in these immune cells [48], Our
data demonstrate a relationship between elevated glucose concen-
tration and increased iNOS expression as well as Arg-1 reduction
in human macrophages, This relationship suggests a role for excess
glucose in biasing macrophages toward an M1-like phenotype. As
mRMA expression is not always correlated with protein synthesis
and enzymatic activity, it is important to note that iNOS and Arg-1
were assessed by means of mRMA analysis only and the discussion
of these results makes no attempt to conjecture beyond that. Fur-
ther research is needed to draw conclusions regarding the role of
high concentrations of glucose on the protein levels and enzymatic
activity of iINOS and Arg-1 in human macrophages.
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Consistent with an apparent inclination toward an M1-like phe-
notype, we found that human macrophages exposed to excess
glucose have a reduction in IL- 10 secretion, It has been proposed
that IL-10-producing macrophages may play a pivotal role in pre-
venting vascular endothelial damage during hyperglycemia as it
occurs in atherosclerosis. Sato et al. recently demonstrated that
the number of IL-10-producing macrophages decreases in the
hemorrhagic atheromatous plagues of patients with acute coro-
nary syndrome (ACS) and hyperglycemia when compared to ACS
patients without hyperglycemia who have more stable plagues
[49]. Additionally, Chung et al, have shown that adipose tissue
macrophages from hyperglycemic mice have less capacity for
expressing IL-10 than macrophages derived from adipose tissue
of mice exhibiting normal levels of plasma glucose [40], Our data
expand on this body of work by revealing that increased levels of
glucose are associated with diminished 1L-10 secretion in human

A

macrophages, which may negatively affect their capacity to regu-
late inflammatory events, These in vitro data are congruent with
in wivo results showing that patients with hyperglycemia exhibit
high percentages of circulating CD1 1c* monocytes and low sys-
temic values of IL-10. However, further clinical studies are needed
to clarify the relationship between CD1 1c* monocytes and decreas-
ing serum levels of IL-10 in hyperglycemic patients,

Another phenomenon captured in our study is that
macrophages exposed to high glucose concentrations exhibit
low production of IL-10 without a concomitant increase in the
synthesis of TNF-. In the presence of prototypic activating
stimuli such as IFN-wLPS or IL-4/IL-13, macrophages are capable
of polarizing toward M1 or M2 phenotypes, which in turn are
characterized by increased production of TNF-ox and IL-10, respec-
tively [50-52], However, numerous studies have also reported
non-prototypic activating stimuli with the capacity to prime
macrophages to assume an M2-like phenotype, as is the case of
M-CSF [52-55], M-CSF has been shown to induce a state in which
macrophages appear to be primed for a M2-like profile denoted
by high production of IL-10, whereas macrophages exposed to
granulocyte-macrophage colony stimulating factor seem to be
capable of overproducing TNF- [56]. M-CSF is produced by a
variety of epithelial and stromal cells which drive macrophages
to adopt an M2-like phenotype under normal homeostatic con-
ditions [16,57-59). OQur in vitro culture system used M-CSF to
differentiate human monocytes into MDM and this exposure may
largely explain that the resulting macrophages showed improved
IL-10 secretion but negligible capacity to produce TMF-w. In this
scenario, it is reasonable bo consider that prolonged exposure of
macrophages to elevated levels of glucose may not only reduce
IL-10 secretion, but also favor the production of pro-inflammarory
cytokines, which would support the body of work that suggests
M2 macrophages initially lose anti-inflammatory capacity prior to
adopting an M1 inflammatory profile [60-53].

Consistent with evidence of possible M2 to M1 repolarization,
wee found that the monocyte subpopulation primed to an inflam-
matory phenotype (CD11c* monocytes) is inversely correlated
with the subpopulation of monocytes exhibiting an M2 phenotype
[CD206* monocytes) in the circulation of hyperglycemic patients.
Despite having been firstly described in obese mice (high-fat diet),
CD11c and CD206 are also now recognized as cell surface mark-
ers for M1 and M2 macrophages in human beings, respectively
|E4-66]. In this sense, our results suggest that CD206™ monocytes
may be converted into C0V 1c” monocytes in response to high glu-
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cose concentrations, which supports the idea that macrophages
may be primed toward an inflammatory phenotype in the first
stages of monocyte differentiation. Interestingly, the imbalance
between both monocyte subpopulations was not only associated
with hyperglycemia bur also with increased insulin resistance,
triglycerides, BMI and central obesity. This could suggest that the
phenotype of monocytes is influenced by numerous parameters
of metabolic dysfunction, which should be taken into account in
designing therapeutic interventions focused on monocyte repolar-
ization in prediabetic and diabetic patients.

With regard to the possible cell mechanisms involved in the
inflammatory polarization of human macrophages, it has been
demonstrated that high levels of glucose are associated with ele-
vation of the glucose efflux into the intracellular space [E]. In
endothelial and smooth muscle cells, the increase of the intracellu-
lar glucose concentration induces activation of the polyol pathway
that results in overproduction of sorbitol and fructose by aldose
reductase and sorbitol dehydrogenase, respectively. The excessive
activity of both enzymes has been associated with imbalance in the
Redox cell mechanisms that in turn leads to free radical overpro-
duction [8,11].In macrophages, production of freeradicals hasbeen
shown to activate NFkB-dependent signaling pathways resultingin
inflammaatory cytokine release [46,47 |. Thereby, it is reasonable to
consider that high levels of glucose may trigger the polyol pathway
in macrophages, which could lead to free radical production, NFxB-
dependent signaling pathway activation, and fnally macrophage
inflammatory polarization. However, to the best of our knowledge
there is not yet solid evidence demonstrating the role of the polyol
pathway upon free radical production and NFkE activation during
macrophage polarization and these speculations should be care-
Fully considered in further studies,

5. Conclusions

Our data demonstrate for the first time that high glucose con-
centrations have direct effects on the polarization of primary
human macrophages toward an M1-like phenotype, characterized
by up-regulation of CD11c and iNOS as well as down-regulation
of Arg-1 and IL-10, The apparent inclination to M1-like activ-
ity was also observed in circulating monocytes in the setting of
hyperglycemia, in which we found increased values of CD11c”
monocytes accompanied by decreased levels of CD206" monocytes
and IL-10. Furthermore, this study included an osmaotic pressure
control in all of the in vitro experiments in order to ensure that the
results attributed to elevated glucose concentrations were not due
to hyperosmolarity caused by the elevated levels of glucose. The
molecular mechanisms through which high glucose concentrations
and other non-prototypical metabolic stimuli are able to promote
the expression of pro-inflammatory markers in monocytes and
macrophages remain unclear and will require further study. In
patients with elevated risk of developing vascular endothelial dam-
age, including the vast number of people living with diabetes across
the world, the potential impact of such work stands to be profound,
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