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RESUMEN

Las glutation peroxidasas (GPx) son importantes enzimas antioxidantes. En vertebrados,
existen ocho isoformas de la GPx con diferente distribuciéon, especificidad de sustrato y funciones
no canonicas. En la secuencia del genoma del camarén blanco Litopenaeus vannamei, se
identificaron isoformas de la GPx, pero aun se conoce poco acerca de su modulacién durante el
estrés y sus mecanismos de regulacién. Durante su ciclo de vida, el camardn es afectado por
estresores ambientales como la hipoxia y reoxigenaciéon que inducen la acumulacién de especies
reactivas de oxigeno, por lo que la modulacion de la respuesta antioxidante es clave para la
resiliencia. En este trabajo, se caracterizo y analizd la expresion en hepatopancreas de la GPx4 de
L. vannamei durante la hipoxiay el silenciamiento de p53 para evaluar el rol de p53 como regulador
de la respuesta antioxidante de GPx4. También se determin0d el contenido de proteinas
carboniladas. Ademas, se evalud la expresion de GPx2 y GPx4 durante la hipoxia, reoxigenacion
y el silenciamiento de GPx4, para investigar si la modulacién de la respuesta antioxidante de estas
isoformas esté interrelacionada, y se evaluo la actividad enzimatica de GPx total y GPx4, asi como
los cambios en el contenido de glutatién. En L. vannamei existe un unico gen que codifica para la
GPx4 y que produce dos isoformas. En respuesta a hipoxia, la expresion de GPx4 presenté cambios
desde tiempos cortos hasta las 48 h. El silenciamiento de p53 redujo la expresion de GPx4 lo que
indica que la expresion de GPx4 es regulada por p53 en el camardn. Interesantemente, no
ocurrieron cambios en el contenido de proteinas carboniladas por efecto de la hipoxia, pero si por
efecto del silenciamiento de p53. Por otro lado, la GPx2 y GPx4 presentaron patrones de expresion
similares en respuesta a hipoxia y reoxigenacion en donde su expresion disminuyd durante la
hipoxia y se restableci6 en la reoxigenacién a las 6 h en camarones no silenciados.
Inesperadamente, el silenciamiento de GPx4 redujo la expresion de GPx2, lo que sugiere que la
expresion de GPx4 afecta a la expresion de GPx2. La actividad de GPx total, presentd cambios
durante la hipoxia y reoxigenacion de 6 h pero a las 12 h se mantuvo sin cambios, mientras que la
actividad de GPx4 no fue afectada por los estresores evaluados. El estado redox, no fue afectado a

las 6 h pero después de 12 h disminuyd en el hepatopancreas.

Palabras clave: Hipoxia, reoxigenacion, respuesta antioxidante, camarén blanco.
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ABSTRACT

Glutathione peroxidases (GPx) are important antioxidant enzymes. There are eight GPx
isoforms in vertebrates with different distribution, substrate specificity, and non-canonical
functions. In the genome sequence of the white shrimp Litopenaeus vannamei, GPx isoforms were
identified, but little is known about their modulation during stress and regulatory mechanisms. The
shrimp life cycle is affected by environmental stressors such as hypoxia and reoxygenation that
induce the accumulation of reactive oxygen species. Therefore, the modulation of the antioxidant
response is key for resilience. In this work, L. vannamei GPx4 was characterized and its expression
in hepatopancreas was analyzed during hypoxia and p53 silencing to assess the role of p53 as a
regulator of the GPx4 antioxidant response. Carbonylated protein content was also determined. In
addition, we evaluated the expression of GPx2 and GPx4 during hypoxia, reoxygenation, and GPx4
knock-down, to investigate whether the modulation of the antioxidant response of these isoforms
is interrelated; enzymatic activity of total GPx and GPx4 as well as the changes in glutathione
content were also determined. In L. vannamei there is a unique gene that codes for GPx4 and
produces two isoforms. In response to hypoxia, GPx4 expression presented changes from early
times up to 48 h. Silencing of p53 reduced GPx4 expression indicating that GPx4 expression is
regulated by p53 in shrimp. Interestingly, there were no changes in the content of carbonylated
proteins in response to hypoxia, but due to p53 silencing. On the other hand, GPx2 and GPx4
presented similar expression patterns in response to hypoxia and reoxygenation. Their expression
decreased during hypoxia and was restored on reoxygenation at 6 h in non-silenced shrimp.
Unexpectedly, GPx4 knock-down reduced GPx2 expression, suggesting that GPx4 affects GPx2
expression. Total GPx activity presented changes during hypoxia and reoxygenation at 6 h, but
remained unchanged at 12 h, while GPx4 activity was not affected by the stressors evaluated. The

redox state was not affected at 6 h but after 12 h, it decreased in the hepatopancreas.

Key words: hypoxia, reoxygenation, antioxidant response, white shrimp.
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1. SINOPSIS

1.1. Justificacion

El camardn blanco Litopenaeus vannamei, es un peneido de gran relevancia econémica debido a
que es el principal crustaceo cultivado en todo el mundo (Zhang et al., 2019). Durante su ciclo de
vida, el camaron es afectado por diversos estresores, entre ellos la hipoxia y la reoxigenacién, que
promueven la generacion de especies reactivas de oxigeno (ROS, siglas en inglés), las que al
reaccionar con biomoléculas como el DNA, lipidos y proteinas, provocan estrés oxidativo,
haciendo al organismo susceptible a diversas patologias (Parrilla-Taylor y Zenteno-Savin, 2011;
Trasvifia-Arenas et al., 2013). La hipoxia, definida como una concentracion de oxigeno disuelto
(OD) en el agua menor a 2 mg/L, es uno de los principales estresores abidticos que afectan a
organismos marinos, entre ellos el camaron (Breitburg et al., 2018). Durante la hipoxia, la
produccion de ROS aumenta en la mitocondria (Turrens, 2003), alterando el balance redox;
ademas, durante la reoxigenacion este incremento es mayor por la disponibilidad del oxigeno como
molécula precursora de ROS (Welker et al., 2013).

Una de las principales estrategias para contrarrestar los efectos negativos del estrés oxidativo, es la
modulacion de las ROS por medio de mecanismos antioxidantes (Welker et al., 2013). El sistema
antioxidante se compone de diversas moléculas de bajo peso molecular y enzimas que llevan a
cabo la reduccion de compuestos. Recientemente, la glutation peroxidasa 4 (GPx4) ha destacado
por su capacidad de reducir hidroperdxidos de lipidos directamente de la membrana celular a
diferencia de otras GPxs, por lo que es considerada también citoprotectora (Imai y Nakagawa
2003). En vertebrados, las respuestas de la GPx4 ante diferentes estresores, asi como los
mecanismos que las regulan, se han estudiado por su relevancia en la respuesta antioxidante
(Maiorino et al., 2018). Sin embargo, en invertebrados la informacion aun es escasa.

En el camardn blanco, algunos estudios han evaluado las respuestas antioxidantes a través de
enzimas como la superoxido dismutasa (SOD), catalasa (CAT) y glutation peroxidasa (GPXx)
durante la hipoxia y reoxigenacion (Estrada-Cardenas et al., 2021; Han et al., 2018; Li et al., 2016;

Parrilla-Taylor y Zenteno-Savin 2011). Li y colaboradores (2016), sefialan que en branquias y
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hepatopancreas de L. vannamei la actividad enzimatica de SOD y GPx incrementa por efecto de la
hipoxia. En este mismo organismo, se encontré también que tras 24 h de hipoxia la actividad
enzimética de SOD aumenta en musculo y hepatopancreas pero no la de CAT y GPx (Parrilla-
Taylor and Zenteno-Savin 2011). En otro estudio, se encontrd que la expresion de GPx no cambia
en respuesta a hipoxia y reoxigenacién en branquias y hepatopancreas de L. vannamei, mientras
que la expresion de CAT y SOD aumenta durante la reoxigenacién (Estrada-Céardenas et al., 2021).
Por lo contrario, la actividad enzimatica de GPx cambi6 en el hepatopancreas durante la
reoxigenacion pero la actividad de CAT y SOD permanecid sin cambios por efecto de la hipoxia y
reoxigenacion (Estrada-Cardenas et al., 2021). Aunque algunos elementos de la respuesta
antioxidante se han evaluado en el camardn blanco en respuesta a hipoxia y reoxigenacion, ain se
conoce poco acerca de las respuestas que enzimas de la segunda linea de defensa antioxidante,
como la GPx4, presentan ante estos estresores y la forma en la que son reguladas a nivel molecular.
Asimismo, se desconoce si las isoformas de la GPx mantienen alguna interrelacion que afecte la
modulacion de su respuesta antioxidante en el camarén, como ocurre en vertebrados (Ansong,
Yang y Diamond 2014; Florian et al., 2010). Por lo anterior, es necesario el estudio de las isoformas
de la GPx en L. vannamei y sus respuestas ante el estrés, para poder comprender las dindmicas y
mecanismos de adaptacion que se establecen durante la respuesta antioxidante, ante condiciones

de estrés que comUnmente afectan a este organismo.

1.2. Antecedentes

1.2.1. Desarrollo de Hipoxia Durante el Cultivo del Camaron Blanco

L. vannamei es un crustaceo decapodo nativo de la costa oriental del Océano Pacifico. Su cultivo
se ha introducido en todo el mundo y se estima que alrededor del 80% de la produccion de camardn
a nivel mundial corresponde a esta especie, por lo que es considerada una especie de alta relevancia
econdmica (Zhang et al., 2019). El cultivo de esta especie en particular se ha favorecido por sus

buenas caracteristicas de crecimiento en altas densidades de cultivo, ademas de su adaptabilidad a
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amplios intervalos de pH, temperatura y salinidad (Gonzélez et al., 2010; Pan et al., 2007). Sin
embargo, el cultivo del camar6dn blanco es afectado comdnmente por otros factores abi6ticos que
limitan su crecimiento, reproduccion y sobrevivencia.

Actualmente las constantes fluctuaciones de oxigeno que se producen durante el cultivo del
camaron constituyen uno de los principales retos para la camaronicultura. Durante el cultivo del
camaron, a consecuencia de los cambios diurnos y nocturnos, se presentan fluctuaciones en las
concentraciones de oxigeno disuelto en el agua. Durante el dia, los niveles de oxigeno suben por
la fotosintesis de las algas en el medio, mientras que durante la noche, descienden por el consumo
de los organismos en ausencia de la fotosintesis de las algas (Welker et al., 2013). Ademas, el
desarrollo de zonas hipoxicas se ha incrementado en los Ultimos afios en zonas costeras, por el
aumento de la temperatura en los océanos derivado del calentamiento global, asi como por el
incremento de las actividades antropogénicas (Breitburg et al., 2018).

La hipoxia, es uno de los principales factores que limitan la supervivencia, crecimiento y
reproduccion de los organismos marinos (Portner y Knust 2007). En el camaron blanco, la hipoxia
puede alterar los ciclos de muda (Charmantier et al., 1994), limitar la sobrevivencia (Duan et al.,
2014), alterar el metabolismo aerobio (Racotta et al., 2002) e incrementar la apoptosis en hemocitos
(Felix-Portillo et al., 2016). Adicionalmente, durante el periodo de restablecimiento del oxigeno
subsecuente a los periodos de hipoxia, conocido como reoxigenacion, se puede producir una mayor
cantidad de efectos negativos en el organismo por el aumento en la produccion de ROS (Welker et
al., 2013).

1.2.2. Estrés Oxidativo Durante la Hipoxia y Reoxigenacion

La produccion de ROS en los organismos, es un proceso constante durante el metabolismo aerobio;
se ha estimado que entre el 0.1 — 0.2 % del oxigeno consumido por la célula, es convertido en ROS
(Fridovich 2004). En sistemas bioldgicos, las principales ROS que se producen son el anién
superdéxido (O ), el radical hidroxilo (OH") y el peréxido de hidrégeno (H202) (Schieber y
Chandel, 2014). En condiciones normales, la produccién y eliminacién o reduccion de ROS en la

célula mantiene un balance, sin embargo, en condiciones de estrés la produccién de ROS aumenta
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ocasionando el desbalance del estado redox conocido como estrés oxidativo, que afecta al ADN,
lipidos y proteinas al promover la modificacion oxidativa de estas moléculas (Abele y Puntarulo,
2004).

En el caso del ADN, la interaccién del material genético nuclear y mitocondrial con las ROS puede
causar modificaciones en bases, como la 8-hidroxiguanosina, la escision de nucleétidos y la
formacidn de aductos (Bandyopadhyay et al., 1999; Valko et al., 2007). En cuanto a las proteinas,
su reaccion con las ROS promueve la oxidacion de aminoécidos, la formacion de aductos proteina-
proteina y la degradacién temprana (Berlett y Stadtman, 1997). Ademas, durante el estrés
oxidativo, se pueden producir modificaciones postraduccionales como la carbonilacion de
proteinas o la S-glutationilacion, lo que modifica la actividad catalitica de las enzimas, la estructura
de las proteinas y activa procesos de sefializacion oxidativa (Dalle-Donne et al., 2009). Por su
parte, los lipidos son altamente susceptibles a la oxidaciéon y el rompimiento durante el estrés
oxidativo, lo que puede desencadenar procesos degenerativos. Los hidroperoxidos de lipidos
(LOOHESs) son intermediarios no radicales de la oxidacion de lipidos, que reaccionan con otros
componentes lipidicos de la membrana celular causando su desestabilizacién y rompimiento.
Ademas, son precursores de genotoxinas como el malondialdehido (MDA) vy el 4-hidroxi-2-
nonenal (Blair 2001; Girotti 1998).

Contrario a lo que se podria esperar, durante la hipoxia, aumenta la produccion de ROS por el
complejo 111 de la mitocondria (Chandel et al., 1998; Turrens, 2003) y ésta es ain mayor durante
la reoxigenacion por la disponibilidad del oxigeno como molécula precursora (Welker et al., 2013).
La produccion de ROS durante la hipoxia y reoxigenacion juega un papel importante en la
respuesta adaptativa de los organismos, debido a que no solo estan implicadas en procesos
patoldgicos, sino también en procesos de sefializacion celular y regulacién (Valko et al., 2007).
Durante la hipoxia, se activan factores de transcripcion que regulan la expresion de genes
involucrados en la respuesta adaptativa (Li y Jackson, 2002). La regulacion de genes durante la
hipoxia constituye una estrategia importante para la sobrevivencia y adaptacion de los organismos
a su medio ambiente. Sin embargo, en invertebrados marinos ain no han sido completamente
elucidados los mecanismos que permiten la adaptacién y supervivencia. En el camaron blanco, el
estrés oxidativo se ha asociado a maltiples condiciones como la exposicion a xenobioticos (Qian
et al., 2014), cambios en el pH, salinidad (Pan et al., 2007) y temperatura (Gonzalez et al., 2010),

asi como la exposicion a condiciones de hipoxia y reoxigenacion (Parrilla-Taylor y Zenteno-Savin,
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2011). En este organismo, como en otros, los mecanismos antioxidantes desempefian un papel

importante para contender los efectos negativos del estrés oxidativo durante la hipoxia.

1.2.3. Respuesta Antioxidante

Debido a que los organismos se encuentran expuestos de manera constante al estrés oxidativo, el
papel del sistema antioxidante resulta de gran relevancia para el mantenimiento de la homeostasis
redox y la disminucion del dafio oxidativo. Los mecanismos de defensa de este sistema, incluyen
la prevencion de la formacion de nuevos radicales y ROS, la reduccion de estos mediante la
interaccion con otros compuestos o proteinas y la reparacion del dafio oxidativo (Ighodaro y
Akinloye 2018).

El sistema antioxidante se integra por distintos compuestos de bajo peso molecular y enzimas que
actuan en conjunto para llevar a cabo sus funciones. Entre los componentes enzimaticos del sistema
antioxidante se encuentran la superoxido dismutasa (SOD), la catalasa (CAT) y la glutation
peroxidasa (GPx), que son consideradas la primera linea de defensa antioxidante ya que actuan
directamente sobre el O2™ y el H20.; mientras que en la segunda linea de defensa antioxidante se
encuentran aquellas enzimas que evitan la formacion del radical OH" y otras ROS que pueden
formarse por la interaccion de componentes celulares con el OH" como los hidroperoxidos de
fosfolipidos (LOOHS) (Pradedova et al., 2011). La GPx4, es una de las principales enzimas en la
segunda linea de defensa antioxidante, que ademas tiene funciones citoprotectoras por su capacidad
de reducir directamente LOOHs en membranas celulares (Girotti 1998).

Ante condiciones de estrés, la regulacion de las respuestas antioxidantes ocurre por diferentes
mecanismos. En la teoria de preparacion para el estrés oxidativo (POS, siglas en inglés), propuesta
por Hermes-Lima et al., (1998) y que tras 20 afios ha ido cobrando fuerza con la contribucion de
diversos estudios que sustentan la idea, se propone que durante el estrés oxidativo ocurre la
activaciéon temprana de la respuesta antioxidante, como parte de un proceso de preparaciéon y
adaptacion de los organismos ante condiciones desfavorables (Giraud-Billoud et al., 2019). Sin

embargo, durante la hipoxia, la concentracidn de antioxidantes enzimaticos y no enzimaticos suele
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variar, dependiendo del tiempo que se prolongue esta condicion, mientras que los componentes no
enzimaticos resultan particularmente importantes durante la reoxigenacién (Li y Jackson, 2002).
En el camaron blanco, la expresion de la manganeso superdxido dismutasa (MnSOD) y la GPx,
aumenta a las 4 h en el hepatopancreas durante la hipoxia, pero tras 24 h de exposicion a hipoxia
la expresién de la GPx disminuye significativamente a diferencia de la expresion de la MnSOD
(Kniffin et al., 2014). En contraste, Garcia-Triana y colaboradores (2010) sefialan que en branquias
y hepatopancreas de L. vannamei la expresion de la MnSOD disminuye después de 6 h de hipoxia
y retorna a sus niveles normales durante la reoxigenacion. Trasvifia-Arenas y colaboradores (2013)
encontraron que en este mismo organismo la expresion de la CAT no presenta cambios por efecto
de la hipoxia en hepatopancreas, pero si en branquias. Por lo contrario, en el estudio realizado por
Estrada-Céardenas y colaboradores (2021) se encontrd que a las 24 h la expresion de CAT no
aumenta en branquias por efecto de la hipoxia pero si por efecto de la reoxigenacion, a diferencia
de la expresion de MnSOD que aumenta durante la hipoxia.

Pese a que algunos estudios han investigado los cambios en la respuesta antioxidante del camarén
durante la hipoxia y la reoxigenacion, en la mayoria de ellos, han sido evaluados como indicadores
de la respuesta antioxidante los cambios en la actividad y expresion de enzimas como la SOD, la
CAT y la GPx que componen la primera linea de defensa antioxidante. No obstante, el estudio de
los componentes antioxidantes que intervienen en otros niveles de la defensa antioxidante aportaria
informacion relevante que contribuya a describir un panorama mas extenso de la respuesta
antioxidante ante la hipoxia y reoxigenacion en crustaceos. En vertebrados, han sido identificadas
al menos ocho isoformas de la GPx con distinta distribucion celular y tisular, que intervienen en
diferentes puntos de la regulacion de la respuesta antioxidante (Brigelius-Flohé y Maiorino, 2013).
De manera similar, en el camaron blanco se han identificado algunas isoformas de la GPx, como
la GPx2 (Liu et al., 2007) y la GPx3 (Fan et al., 2022), y es probable que puedan existir algunas
otras que contribuyan en diferentes puntos de regulacion de la respuesta antioxidante, similar a lo

que ocurre en vertebrados.
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1.2.3.1. Glutation peroxidasas. Las glutation peroxidasas son enzimas con funciones antioxidantes
y con una amplia distribucion en todos los organismos vivos. En mamiferos, se han descrito al
menos ocho isoformas de la GPx, de las cuales cinco son selenoproteinas (Mariotti et al., 2012).
La existencia de varias isoformas de esta enzima en vertebrados podria sugerir una aparente
redundancia bioldgica, que se ha justificado por su accion a diferentes niveles de la defensa
antioxidante (Pradedova et al., 2011), distinta localizacion celular y tisular (Margis et al., 2008),
diferencias en la especificidad por sustratos (Brigelius-Flohé y Kipp 2012), asi como algunas

funciones no candnicas (Nomura et al., 2001; Puglisi et al., 2005) (Figura 1).

5

Figura 1. Distribucion celular de las isoformas de GPx (Buday y Conrad 2020).

En vertebrados, la GPx1 es una enzima ampliamente distribuida en todos los tejidos que se ubica
en el citosol y la mitocondria de las células, mientras que la GPx2 inicialmente fue descrita como
especifica del tracto digestivo y por lo tanto, se le nombré también como glutatién peroxidasa
gastrointestinal (GI-GPx, siglas en inglés); sin embargo, en mamiferos se ha encontrado su
expresion en otros tejidos (Brigelius-Flohé y Kipp 2012). La GPx3 por su parte, s una proteina

secretada que se encuentra en plasma, mientras que la GPx4 esta presente en la mitocondria, el
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citosol y el nucleo, donde su principal funcion es la proteccion del dafio oxidativo en membranas.
En cuanto a la GPx5, similar a la GPx3, es una proteina secretada y se encuentra nicamente en el
epididimo, mientras que la GPx6 es especifica del epitelio olfativo. La GPx7 y GPx8 por su parte,
han sido poco estudiadas hasta el momento por lo que la informacion acerca de éstas es escasa
(Brigelius-Flohé y Maiorino 2013; Maiorino et al., 2003).

Las GPxs llevan a cabo la reduccion del H2O. o hidroperdxidos organicos a agua y su
correspondiente alcohol usando al glutation (GSH), como electro donador. La interaccion de la
enzima con su sustrato requiere de la presencia de los residuos de Selenocisteina (Sec) o cisteina
(Cys), glutamina (GIn) y tript6fano (Trp) (Labunskyy et al., 2014). En algunas isoformas de la GPx
no selenodependientes, el residuo de Sec es sustituido por uno de Cys, sin embargo, éstas tienen
una baja actividad enzimatica en comparacion con aquellas que contienen a la Sec como residuo
catalitico redox activo (Toppo et al., 2008). La Sec en las GPxs selenodependientes es incorporada
al sitio catalitico en lugar de la Cys por la presencia del codon opalo (UGA), que usualmente causa
la terminacion de la traduccion (Margis et al., 2008). Un requerimiento importante para la insercion
de la Sec, es la presencia de un bucle en la region 3-UTR del mRNA conocido como secuencia de
insercion de selenocisteina (SECIS, siglas en inglés), que se encarga de reclutar al tRNA especifico,
asi como a las proteinas de unidn necesarias para la formacion del complejo encargado de la
insercion de este aminoacido modificado (Burk et al., 2003).

Otro aspecto relevante durante la insercion de Sec en las selenoproteinas, es la biodisponibilidad
de selenio (Se), ya que la disponibilidad y metabolismo del Se en los organismos regula la sintesis
de selenoproteinas y sus patrones de expresion en diferentes tejidos. En mamiferos, existe una
jerarquia en la distribucion del Se en la que se priorizan aquellos tejidos que mantienen funciones
vitales como el cerebro. Ademas, cuando la disponibilidad de Se es limitada, los transcritos de las
distintas selenoproteinas compiten para mantener su capacidad de biosintesis y aunque los
mecanismos que rigen esta jerarquia en la biosintesis de selenoproteinas no son bien comprendidos,
se ha sugerido que refleja la relevancia biol6gica de algunas selenoproteinas (Brigelius-Flohé 2006;
Schomburg y Schweizer 2009). Hasta el momento, la jerarquia establecida entre selenoproteinas
indica que pese a que la GPx1 se encuentra ampliamente distribuida en diferentes tejidos y
mantiene una alta actividad catalitica, al igual que la GPx3, se encuentran en un bajo orden

jerarquico, mientras que la GPx2 y GPx4 se encuentran en un orden de prioridad elevado
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(Schomburg y Schweizer, 2009), lo que podria sugerir que estas enzimas poseen una mayor

relevancia biologica.

1.2.3.2 Glutatién Peroxidasas en el Camardn Blanco. Las GPxs son la familia mas grande y
estudiada de selenoproteinas. En algunos organismos como el humano, el selenoproteoma es
codificado hasta por 25 genes, mientras que en organismos como el ratén tiene 24 genes (Mariotti
et al., 2012). En algunos organismos, los eventos evolutivos han modificado el uso de la Sec en
algunas proteinas en las que este aminoécido ha sido remplazado por una Cys (Lobanov et al.,
2007). Esta serie de cambios evolutivos ha ocasionado la pérdida de selenoproteinas en diferentes
organismos generando que entre especies existan diferencias importantes en la composicion del
selenoproteoma.

En algunos insectos como la mosca de la fruta Drosophila melanogaster, el mosquito Anopheles
gambiae y en la abeja Apis mellifera, el selenoproteoma consta Unicamente de una a tres
selenoproteinas, y de manera similar, en el nematodo Caenorhabditis elegans el selenoproteoma
contiene solo un unico gen (Kryukov y Gladyshev, 2000), mientras que en algunos hongos, el
selenoproteoma se ha perdido completamente (Lobanov et al., 2007). En contraste, en organismos
acuaticos se han identificado selenoproteomas grandes, y se sugiere que la mayor disponibilidad
del Se en el medio acuatico ha permitido a estos organismos conservar evolutivamente un
selenoproteoma mas abundante; un claro ejemplo es el pez cebra que posee un amplio
selenoproteoma (Labunskyy et al., 2014).

En L. vannamei, el selenoproteoma ain no ha sido estudiado en profundidad por lo que se
desconoce con exactitud cuantas proteinas lo integran y cuéles son los genes que las codifican, sin
embargo, se sabe que el camaron blanco cuenta al menos con una selenoproteina M (Clavero-Salas
et al., 2007), una GPx selenodependiente (Liu et al., 2007) y una GPx3 (Fan et al., 2022). A partir
de la publicacién de la secuencia del genoma del camar6n blanco por Zhang y colaboradores
(2019), fue posible identificar una gran cantidad de genes relacionados a mdaltiples procesos
bioldgicos, entre ellos varios implicados en la respuesta antioxidante y particularmente algunos
que corresponden a diferentes isoformas de la GPx (Cuadro 1). Sin embargo, se desconoce como
estas isoformas de la GPx son reguladas en el camardn en respuesta a estresores, asi como los

aspectos moleculares que se involucran en su respuesta antioxidante.
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En vertebrados, la respuesta antioxidante es regulada por diferentes factores de transcripcion, entre
ellos p53 que interviene en la respuesta antioxidante por medio de la regulacién de genes
prooxidantes y antioxidantes en respuesta al estrés (Budanov 2014). Por lo que es probable que
mecanismos similares estén involucrados en la regulacion de la respuesta antioxidante en el
camaron blanco. Ademas, es probable que exista también una regulacion por parte de las isoformas

de GPx que intervenga en la modulacion de sus respuestas antioxidantes.

Cuadro 1. Glutation peroxidasas de L. vannamei presentes en el genoma del camarén

Gen ID Proteina Longitud Nombre de la proteina
(amino &cidos)

113800343 XP_027206898.1 188 glutathione peroxidase-like isoform X1
113800343 XP_027206907.1 162 PHGPx-like isoform X2
113800343 XP_027206916.1 162 PHGPx-like isoform X2
113800343 XP_027206924.1 162 PHGPx-like isoform X2
113800343 XP_027206933.1 162 PHGPx-like isoform X2
113805292 XP_027212087.1 206 glutathione peroxidase 7-like
113809863 XP_027217345.1 115 epididymal secretory GPx-like, partial
113816684 XP_027224546.1 137 glutathione peroxidase-like
113816686 XP_027224548.1 107 glutathione peroxidase-like
113819894 XP_027227928.1 139 glutathione peroxidase 2-like
113819893 XP_027227927.1 202 glutathione peroxidase 2-like
113826359 XP_027235031.1 212 glutathione peroxidase-like

1.2.4. Regulacién de la Respuesta Antioxidante por p53

La proteina p53 es un factor de transcripcion que se activa en respuesta a distintos estimulos
celulares y se une a secuencias consenso en el DNA para regular la expresion de diferentes genes
(Nufiez-Hernandez et al., 2018). Por sus funciones, p53 es conocido como “el guardian del

genoma” ya que regula la respuesta celular ante el dafio al DNA y transactiva la expresion de genes
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relacionados con la generacion y eliminacion de ROS, lo que contribuye en el proceso de muerte
celular mediado por p53 (Li et al., 2017; Polyak et al., 1997). Durante el estrés oxidativo severo,
p53 induce la expresion de genes prooxidantes como PIG-3 y PIG-6 (Polyak et al., 1997) que
promueven la formacion de ROS y consecuentemente la muerte celular por apoptosis, sin embargo,
durante el estrés leve o0 moderado p53 induce la expresion de genes involucrados en la respuesta
antioxidante (Bensaad y VVousden, 2007), lo que contribuye a disminuir las alteraciones en el DNA
y el dafio celular durante los procesos fisiolégicos normales y de adaptacion a condiciones
estresantes (Sablina et al., 2005) (Figura 2).
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Figura 2. Funciones pro-oxidantes y antioxidantes de p53 ante diferentes contextos celulares.
Imagen modificada de: Olovnikov et al., (2009).

En la tilapia Oreochromis niloticus, la expresion de la MnSOD y la GPx es regulada por la union
de p53 a la region promotora de los genes que codifican para estas enzimas antioxidantes (Mai et
al., 2010). De manera similar, en el humano existen secuencias consenso para la unién de p53 en
la region promotora de los genes de la MnSOD y GPx (El-Deiry et al., 1992; Tan et al., 1999),
mientras que en este mismo organismo, la expresion de la GPx2 es regulada por p63, una proteina
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de la familia de p53, que promueve la expresion de la GPx2 y reduce el estrés oxidativo y la
apoptosis en células MCF-7 (Yan y Chen, 2006). Hussain y colaboradores (2004) encontraron que
la expresion de la MnSOD y GPx aumenta significativamente en cultivos de linea celular
fibrobléastica humana TR9-7 tras inducir la expresion de p53, en contraste, la expresion de CAT no
presentd cambios.

Las funciones de p53 como factor de transcripcion han sido ampliamente estudiadas en la
regulacion del ciclo celular, la senescencia, la apoptosis y el metabolismo celular en vertebrados,
sin embargo, sus funciones como regulador de la respuesta antioxidante, ain no han sido
completamente elucidadas. En invertebrados marinos, la relacion de p53y la respuesta antioxidante
ha sido evaluada en solo unos cuantos organismos. En el camaron Penaeus monodon, el
silenciamiento de p53 disminuye la expresion de la GPx4 en branquias y hepatopancreas; ademas,
ante condiciones de estrés por cambios en el pH (9.0), la salinidad (2.3 y 4.3 %) y la exposicion a
metales (Cu, Zny Cd), los genes de p53 y la GPx4 presentan tendencias similares de expresion, lo
que sugiere una posible regulacién de la expresion génica de la GPx4 por p53 (Li et al., 2017).
De manera similar, en L. vannamei el silenciamiento de p53 redujo la expresion de la MnSOD vy la
GPx, ademas, en respuesta a cambios en el pH (6.1, 8.1y 10.1) y la exposicion a Cd, la expresion
de p53, GPx y la MnSOD presentaron patrones similares, lo que indica una posible relacion entre
estos tres genes (Qian et al., 2014). A pesar de que hay informacion que sugiere que de forma
similar a lo que ocurre en vertebrados, p53 podria regular la respuesta antioxidante en crustaceos,
este aspecto no ha sido explorado en profundidad, por lo que aln se desconocen diversos aspectos

del papel de p53 en la respuesta antioxidante de crustaceos.

1.2.5. Relacion entre Isoformas de la Glutation Peroxidasa para la Modulacién de sus

Respuestas

Otro aspecto que resulta interesante en la regulacion de las GPxs es que, al existir varias isoformas
podrian presentarse interrelaciones para la modulacién de su respuesta antioxidante. En mamiferos
existen hasta ocho miembros en la familia de las GPxs que se diferencian por su secuencia primaria

(aminoacidos), especificidad de sustrato y su respectiva localizacién subcelular y tisular (Tian et
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al., 2021). Estas diferencias permiten que las isoformas de la GPx actien a diferentes niveles de la
defensa antioxidante (Girotti, 1998; Pradedova et al., 2011), modifiquen la sefializacion celular
mediada por ROS de diferentes formas y se involucren en otros procesos celulares (Kipp, 2017),
por lo que es importante que sus funciones se encuentren reguladas. Sin embargo, ain no esta bien
elucidado si las isoformas de la GPx interaccionan entre si, ya sea de manera directa o indirecta,
como parte de sus mecanismos de regulacién y como afecta esto a su respuesta antioxidante

En un estudio realizado en células de adenocarcinoma colorrectal (Caco-2) se encontrd que el
silenciamiento de GPx1 con iRNA, no afecta la expresion de otras selenoproteinas como la Sel W,
Sel H, GPx2 y GPx4, asimismo, el nivel de ROS no increment6 por efecto del silenciamiento de
GPx1 (Gong et al., 2012). Por lo contrario, Esworthy y colaboradores (2000), sefialan que durante
la inactivacion del gen de la GPx1 en ratones, los niveles de mRNA de GPx2 son afectados en el
yeyuno e ileon, llegando a reducirse hasta en un 50 % con respecto a los ratones control. En
contraste, la eliminacion del gen de GPx2 en ratones, incremento la expresion de GPx1 en colon e
ileon, principalmente en la base de criptas donde tipicamente se localiza la GPx2, sin embargo, no
hubo un incremento en los niveles de transcrito de GPx1, por lo que es probable que el incremento
ocurra por mecanismos post-transcripcionales. También se detectd un incremento en la actividad
de GPx en ileon y colon por efecto de la eliminacion del gen de GPx2, mientras que la actividad
de GPx4 no fue afectada (Florian et al., 2010).

De manera similar, otras selenoproteinas pueden establecer interacciones con isoformas de la GPx
afectando sus dinamicas. El incremento en la expresion de la proteina de union a selenio 1 (SBP1,
siglas en inglés) en células cancerigenas de colon HCT116 y células de cancer de mama MCF-7
redujo la actividad de GPx1 ~50%, mientras que la concentracion de proteina y los niveles de
transcritos permanecieron sin cambios indicando que la reduccion en la actividad ocurre por
mecanismos post-traduccionales. En contraste, la sobreexpresion de GPx1 en células MCF-7
disminuyd la cantidad de mRNA y proteina de SBP-1, asimismo, un constructo con un gen
reportero y con la secuencia promotora de SBP-1 de humanos, mostrd que la sobreexpresion de
GPx1 inhibe la transcripcion a partir del promotor de SBP-1 (Fang et al., 2010).

Por su parte, la eliminacidn del gen de la Sel P en ratones, redujo la expresion de Sel Wy GPx4 en
cerebro y testiculos, mientras que en pulmén y corazén ocurrié lo contrario e incrementd la
expresion de Sel Wy GPx4 (Hoffmann et al., 2007). Los cambios en los patrones de expresion y

actividad enzimatica de isoformas de la GPx ante el silenciamiento o eliminacién de otras
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selenoproteinas sugieren una relacion entre algunas de estas. Sin embargo, varios aspectos respecto
a las relaciones directas o indirectas que pueden establecerse y los mecanismos por los que ocurren
sigue sin estar claros. Por lo anterior, en este trabajo se plantearon la hipétesis y objetivos

siguientes.

1.3. Hipdtesis

La expresion de la GPx4 es modulada por p53 durante la hipoxia y a su vez, el silenciamiento de
GPx4 induce cambios en la respuesta antioxidante de GPx2 en camarones sometidos a hipoxia y

reoxigenacion.

1.4. Objetivo General

Caracterizar el gen de la GPx4 y evaluar la expresion de GPx4 durante la hipoxia y el
silenciamiento de p53, asi como los cambios en la expresion de GPx2 durante el silenciamiento de

GPx4 en camarones sometidos a hipoxia y reoxigenacion.

1.5. Objetivos Especificos

1. Caracterizar el gen de la GPx4 e identificar los sitios de regulacién por analisis in silico y
modelar su proteina.

2. Analizar el efecto del silenciamiento de p53 en los cambios de expresion de GPx4.

3. Evaluar el contenido de proteinas carboniladas como indicador de dafio oxidativo en
camarones silenciados en p53 durante la hipoxia.

4. Analizar el efecto del silenciamiento de GPx4 en la expresion de GPx2.
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5. Evaluar la actividad enzimatica de GPx total, GPx4 y el contenido de glutation en respuesta

a hipoxia y reoxigenacion en camarones silenciados en GPx4.

1.6. Seccidn Integradora

Esta tesis estd compuesta por dos articulos. En el primer articulo titulado “p53 knock-down and
hypoxia affects glutathione peroxidase 4 antioxidant response in hepatopancreas of the white
shrimp Litopenaeus vannamei”, publicado en el 2022 en la revista Biochimie, se caracterizd y
analizo el gen de la GPx4 de L. vannamei, ademas, se evalud la expresion de este gen en respuesta
a hipoxia y el silenciamiento de p53 en hepatopancreas del camaron. También, se determino el
contenido de proteinas carboniladas como indicador del dafio oxidativo. La finalidad de estos
analisis fue conocer el efecto de la hipoxia en la expresion de GPx4, asi como el rol de p53 como
posible regulador de la respuesta antioxidante.

El analisis de la secuencia del genoma del camardn indico que en L. vannamei hay un Gnico gen
que codifica para la GPx4 y que produce cinco variantes del transcrito, éstas fueron verificadas
experimentalmente por secuenciacion y sus secuencias fueron publicadas en la base de datos del
National Center for Biotechnology Information (NCBI) con los cddigos de acceso: GPx4TV1Lyv,
OL630777; GPx4TV2Lv, OL630778; GPx4TV3Lv, OL630779; GPx4TV4Lv, OL630780 y
GPx4TV5Lv. OL630781. El analisis in silico indicoé que dos isoformas con diferente localizacion
celular son producidas a partir del gen de la GPx4. Ademas, se identificaron por analisis
bioinformatico, secuencias consenso para la union de HIF-1, p53 y p63 en la region promotora del
gen. Como parte de los analisis in silico, también se realiz6 el modelado por homologia de la GPx4
de L. vannamei y se evalu6 su relacion filogenética con otras secuencias de aminoacidos de GPxs
de otros crustaceos. EI modelado por homologia predijo una estructura monomérica con un
plegamiento que es caracteristico de tioredoxinas. Por su parte, el arbol filogenético indicé que la
GPx4 de L. vannamei se encuentras evolutivamente mas cercana a la GPx7 y GPx4 de otros
crustaceos que a la GPx1, 2, 3,5y 6.

Para evaluar el efecto de la hipoxia y el silenciamiento de p53 en la expresion de GPx4, se

emplearon muestras de camarones provenientes de un bioensayo realizado en el 2019 por la Dra.
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Laura Camacho Jiménez, quien sometié a los organismos a las siguientes condiciones: normoxia
(5.04 £ 0.17 mg O2/L), normoxia y el silenciamiento de p53 con dsRNA (dsp53), hipoxia (1.05 +
0.09 mg O2/L) e hipoxia con dsp53. Los tratamientos tuvieron una duracién de 1, 6, 24 y 48 h. A
partir de las muestras recolectadas de este bioensayo se determind la expresion de GPx4 en
masculo, branquias y hepatopancreas. La expresion de GPx4 fue mayor en el hepatopancreas,
seguida de branquias, mientras que en musculo result6 indetectable. Tomando en consideracion lo
anterior, los andlisis para evaluar los cambios en la expresion de GPx4 en respuesta a hipoxia y el
silenciamiento de p53, asi como el contenido de proteinas carboniladas, fueron realizados
empleando hepatopancreas. Al evaluar la expresion de GPx4, se encontrd que tanto la hipoxia como
el silenciamiento de p53 tienen un efecto importante en los cambios en la expresion de GPx4.
Durante el silenciamiento de p53 la expresion de GPx4 disminuyd significativamente desde la
primera hora, indicando que la expresion de GPx4 es regulada por este factor de transcripcion, lo
que es consistente con los resultados obtenidos en el andlisis in silico de la region promotora del
gen. Por otro lado, la expresion de GPx4 también presenté cambios en respuesta a hipoxia,
incrementando durante la primera hora, pero disminuyendo a las 6 y 48 h.

En el segundo articulo, titulado “Responses and modulation of the white shrimp Litopenaeus
vannamei glutathione peroxidases 2 and 4 during hypoxia, reoxygenation and GPx4 knock-down”,
que fue enviado a la revista Biochimie el 07 de febrero del 2023 y se encuentra en revision, se
evaluaron los cambios en la expresion de GPx2 y GPx4 en respuesta a la hipoxia, reoxigenacion y
el silenciamiento de GPx4 en el hepatopancreas del camaron. También se analizaron los cambios
en la actividad enzimatica de GPx total y GPx4, asi como en el contenido de glutation alas 0, 6 y
12 h. El silenciamiento de la GPx4 disminuy0 la expresion de GPx2, sugiriendo una relacién entre
estas dos selenoproteinas. Ademas, la GPx2 y GPx4, presentaron patrones de expresion similares
en respuesta a hipoxia y reoxigenacion; en ambos casos ocurrié una reduccion en la expresion por
efecto de la hipoxia y un restablecimiento durante la reoxigenacion a las 6 h, mientas que las 12 h
no se encontraron cambios. Por otro lado, la actividad enziméatica de GPx4 no present6 cambios
por efecto de ninguno de los estresores evaluados, mientras que la actividad de GPx total
incremento por efecto de la reoxigenacion a las 6 h.

Finalmente, el contenido de glutation no cambid por efecto de la hipoxia, reoxigenacién o el
silenciamiento de GPx4, sin embargo, la relacion GSH/ GSSG (glutatién reducido/glutation

oxidado), empleada como indicador del estado redox, presentd una importante disminucion a las
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12 h durante la hipoxia y reoxigenacion, indicando que en este tiempo el estado redox del
hepatopéancreas es afectado por estos estresores. En conjunto estos resultados indican que la hipoxia
y reoxigenacion son importantes estresores que afectan el estado redox del camarén y producen
cambios en la expresion de enzimas antioxidantes como la GPx2 y GPx4, asi como cambios en la
actividad enzimética de GPx total. Los hallazgos reportados en este estudio sugieren también una
relacion entre la GPx2 y GPx4, ya que la expresion de GPx2 disminuyé por efecto del
silenciamiento de GPx4 en hepatopancreas, ademas, la expresion de GPx2 y GPx4 presentd una

respuesta paralela durante la hipoxia y reoxigenacion.
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ABSTRACT

Hypoxia (<2 mg Oy/L) is one of the main environmental stressors that affects aquatic organisms,
including the white shrimp (Litopenaeus vannamei). During hypoxia, reactive oxygen species (ROS)
accumulation induces oxidative stress and damage to biomolecules. Redox state and ROS overproduction
are modulated by the antioxidant system that is composed of several antioxidant enzymes, proteins, and
other small compounds. Glutathione peroxidase 4 (GPx4) has emerged as an important antioxidant
enzyme with cytoprotective roles. In vertebrates, antioxidant and pro-oxidant stress responses are
regulated by several factors, including the p53 protein. However, little is known about GPx4 responses in
crustaceans and the regulation by p53. Herein we analyzed and characterized the L vannamei GPx4 and
evaluated the responses to hypoxia and p53 knock-down, We found a unique GPx4 gene that produces
five transcript variants (TVs) and only two protein isoforms with distinct cellular localization. GPx4
expression in hepatopancreas during hypoxia and p53 knock-down changed duning short and long-term
hypoxia, suggesting that GPx4 may be a sensitive indicator of antioxidant imbalance during stress.
Knock-down of p53 induced a reduction in GPx4 expression, indicating that p53 modulates GPx4 re-
sponses duning stress. This agrees with our findings of putative consensus sequences for p53 in the GPx4
gene promoter by in silico analysis. Also, the antioxidant response was effective in preventing major
protein damage during hypoxia since no changes were detected in carbonylated proteins content in
hepatopancreas during hypoxia. Conversely, p53 knock-down produced significant changes in car-

bonylated proteins,
© 2022 Elsevier BV. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

redox state and ROS levels are modulated by the antioxidant system
that counteract oxidative stress.

Hypoxia is occurring more frequently in aquatic zones during
recent years, affecting the aquaculture of many organisms [1],
including the white shrimp (Litopenaeus vannamei), that is the most
cultivated penaeid species worldwide [2]. However, this shrimp
appears to survive quite well to harsh hypoxic conditions [3).
During hypoxia, higher cellular ROS production can damage pro-
teins, lipids, and DNA. In L vannamei as in other organisms, the

* Comresponding author,
E-mail address: gyepiz@aad mx (G. Yepiz-Plascencia).

https;//doi.org) 10,1016/ bloche. 2022 03.010

Some antioxidant responses of L. vannamei to hypoxia have been
evaluated in several studies [4-7]; but most of the reports focus on
the first antioxidant defense line that includes the enzymes su-
peroxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6) and
glutathione peroxidase (GPx, EC 1.11.1.9). The main functions of
these enzymes are to prevent oxidative damage. However, once
ROS production overpasses the antioxidant capacity, a second
antioxidant defense line with regenerative and cytoprotective roles
prevents the degenerative phase during oxidative stress [89].

Glutathione peroxidase 4 (GPx4, EC 1.11.1.12) is a member of the

0300-9084/0 2022 Elsevier BV, and Société Frangaise de Biochimie et Biologic Moléculaire (SFBBM). All nghts reserved,
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widespread family of glutathione peroxidases of the second anti-
oxidant defense line, since unlike other GPxs, its main function is to
reduce lipid hydroperoxides in membranes, thus, it is considered a
cytoprotective protein [8]. Few studies in marine invertebrates have
explored GPx4 as a stress responsive biomarker. In Penaeus mono-
don, GPx4 gene expression increased in gills and hepatopancreas in
response to salinity changes and metals exposure as Cu?* and Zn?"
[10]. Similarly, in the mussel Perna perna, GPx4 enzymatic activity
increased after cadmium, cooper, iron, and lead exposure in the
digestive gland [11], and in the oriental river shrimp Macro-
brachium nipponense, GPx4 expression increased after 12 h of
hypoxia in gills and hepatopancreas [ 12].

The antioxidant responses to stress can be regulated by tran-
scription factors depending on the cellular context. Although some
of the genes and proteins involved in the different stress responses
of the molecular oxygen sensor pathway are known [13,14), deep
understanding about many others remains unclear in crustaceans.
The p53 protein is a transcription factor that transactivates a wide
range of genes involved in stress responses. Genes or proteins
involved in cell cycle arrest, DNA-repair and senescence that are
regulated by p53 are among the most studied [15], but recent
studies also report p53 as regulator of antioxidant genes in verte-
brates [16-20] and a few more suggest that this also occurs in in-
vertebrates [21,22]. In the shrimp Penaeus monodon, p53 silencing
decreased GPx4 expression and interestingly, during exposure to
salinity stress the expression of GPx4 and p53 changed in similar
manners, suggesting a relationship among them [22]. Likewise in L.
vannamei p53 silencing decreased MnSOD and GPx expression, also
suggesting that these genes might be regulated by p53 [21]. To our
knowledge, GPx4 has not been studied in L. vannamei. Thus, the aim
of this work was to characterize GPx4 and evaluate its gene
expression during hypoxia and p53 knock-down, to assess the
regulatory role of p53 on GPx4 responses in hepatopancreas. Also,
carbonylated proteins content as indicator of oxidative stress
damage was evaluated,

2. Materials and methods
2.1. GPx4 nucleotide sequence analysis

For nucleotide sequences analyses, L. vannamei GPx4 genomic
and predicted mRNA sequences were obtained from the white
shrimp genome database (BioProject: PRINA508983) (Table 1). All
GPx4 nucleotide cDNA sequences were experimentally verified by
sequencing. For GPx4 transcript variants (TVs) sequencing.
different fragments were amplified from hepatopancreas cDNA
using specific forward primers (Table 2), since each TV mainly differ
in the sequence of their first non-coding exon. PCR reactions were
done using the PCR Master Mix 2x (Thermo Scientific, California,
USA) and a 250 nM primers concentration, each reaction was
adjusted to a final volume of 20 uL and submitted to the following
cycling conditions: 95 °C, 3 min (1 cycle), 95 °C, 1 min, 58 “C, 1 min,
72 “C, 30 s (35 cycles) and one final extension cycle at 72 “C for
5 min. All the amplicons were cloned in the pGEM®-T Easy vector
(Promega, Wisconsin, USA) in Escherichia coli TOP10 competent
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Table 2

Primers used for GPx4 nudleatide sequence analyses and RT-qPCR reactions.
Primer Sequence (5'- 3')
GPx4FWTV3 CACACTTACTCTCTCCATCTTG
GPXAFWTV2 AAGCACTGGGTGTGCTCAG
GPx4FwTvays CGCAATCTGAAAACAACACCC
GPx4Rv6 GICTTACATATACTTTTIGGAGGTC
FWGPx4AIITV TCATGGCTTCAGAGTCAGCC
GPx4Rv2 CAGCGTGAACTACACCGAGT
L8F2 TAGCCAATGTCATCCCCATT
L8R2 TCCTGAAGGGAGCTTTACACG

cells and sequenced in the Laboratory of Genomic Services LAN-
GEBIO of CINVESTAV using universal plasmid-specific primers. The
sequences obtained were analyzed with the Unipro UGene V.33
software, while the promoters and consensus sequences search in
the GPx4 gene were done in the TRANSFAC® software from gen-
explain (https://portal.genexplain.com/cgi-bin/portalflogin.cgi),

2.2. Amino acid sequence analysis

The GPx4 amino acid sequences were deduced from the cDNA
nucleotide sequences obtained. Protein sequences comparisons
with other GPx4 of vertebrates and invertebrates were done by
multiple sequence alignment in Clustal Omega (https://www.ebi
acuk/Tools/msa/clustalo/) and edited with the BioEdit 7.2.6.1 soft-
ware, Data of the sequences used for the multiple sequence align-
ment are detailed in Table 3. The catalytic residues of GPx4 were
identified using the InterProScan (https://www.ebiacuk/interpro/
search/sequence/), while the peptide signals search was done
with Phobius (https://phobiussbesuse/) and TargetP-2.0 server
(http:/www.cbsdrudk/services/TargetP/).

2.3. Phylogenetic analysis

Phylogenetic analysis was performed in MEGA-X 10.0.5 with a
total of 25 amino acid GPx sequences from invertebrates. The best-
fit model of amino acid substitution was obtained using the
maximum likelihood (ML) method and the WAG model with a
discrete Gamma distribution (+G) was selected for tree construc-
tion. Each node was determined from 1000 bootstrap replicates and
the tree was rooted to E. coli GPx amino acid sequence,

24. Homology modelling of the GPx4 protein

The GPx4 protein structure was modeled by homology in the
Phyre2 server (http://www.sbg.bio.ic.ac.uk/&#x223C;phyre2/html/
pagecgi?id- index) [23), using as template the crystal structure of
the phospholipid hydroperoxide glutathione peroxidase wildtype
form (apo) of human GPx4 with Se-Cys46 (PDB: 6HN3) that shares
an identity of 65.81% with the GPx4 of L. vannamei. The three-
dimensional (3D) model was visualized and edited with PyMOL
Molecular Graphics System 2.0.7,

Table 1

Nucleotide and predicted protein sequences of GPx4 in the white shrimp genome.
Gene 1D locus GenBank Accession no, Transcript variant Protein 1soform Length (aa)
LOC113800343 XM_027351097.1 1 XP_027206898.1 X1 188
LOC113800343 XM_027351106.1 2 XP_027206907.1 X2 162
LOC113800343 XM_027351115.1 3 XP_027206916.1 X2 162
LOC113800343 XM_027351123.1 4 XP_027206924.1 X2 162
LOC113800343 XM_ 0273511321 5 XP.027206933.1 X2 162
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Table 3

Sequences incuded in the multiple protein alignment.
Organism scientific name GenBank Accession no. Isoform Organism scientific name GenBank Accession no. Isoform
Penaeus vannamet XP_027206898.1 1 Chanos chanos XP_030629352.1 -
Penaeus vannamet XP_027206507.1 2 Gallus gailus AAM18080.2 -
Penacus monodon APMS6331.1 - Homo sapiens NP_001034937.1 C
Macrobrachium nipponense QIHO5100.1 - Mus musculus NP_001032830.2 B
Soylla paramamosain AlW42687.1 - Dermacentor variabiks ACF35507.1 -

2.5. Experimental organisms and hypoxia and p53 silencing assay

The hypoxia bioassay and silencing of p53 was previously re-
ported by Nunez-Hernandez et al. (2021) | 24]. Briefly, a fragment of
695 bp of the L vannamei p53 coding sequence (GenBank number
KX179650) was used to obtain single stranded RNA (ssRNA) sense
and antisense using the T7 RiboMAX Large Scale RNA Production
System (Promega, Madison, WI, USA). The dsRNA was obtained by
hybridization of equal amounts of the sense and antisense ssRNA
heated at 80 °C for 10 min and cooled down slowly at room tem-
perature. The hybridization was verified by 2% agarose gel elec-
trophoresis. The dsRNA was stored at -20 °C until the silencing
assay.

The animals used were obtained as post-larvae from a com-
mercial farm in Sonora, Mexico, and transported to the Laboratory
of Marine Invertebrates Physiology at CIAD and grown until they
reached a juvenile stage. Shrimp were placed in 100 L tanks filled
with seawater (28 = 1 °C, 35 = 1% salinity, 5 + 1 mg O,/L) and fed
daily with three rations of a commercial shrimp feed corresponding
to 3% of their wet weight. Feces and residual food were removed
from the tanks to maintain the quality of the water. The seawater
was fully exchanged each time that ammonia concentration over-
passed 3.0 mg/L.

For the hypoxia and p53 silencing assay, 240 healthy juvenile
shrimp (8.69 + 0.80 g) were employed. Before the experiment,
shrimp were re-distributed in aquaria (15 organisms per tank) fil-
led with 50 L of seawater (28.24 + 0.48 °C, 35 + 1% salinity) under
normoxia (5.04 + 017 mg O;/L). The animals were fed every day
with a commercial diet corresponding to 3% of their wet weight
until the assay. The experimental treatments assigned to each
aquarium were normoxia (5.04 + 0.17 mg 0,/L), normoxia silenced
with p53 dsRNA (dsp53), hypoxia (1.05 + 0.09 mg Oz/L) and hyp-
oxia with dsp53. The animals assigned to the silenced p53 treat-
ments were intramuscularly injected 24 h before starting the
hypoxia assay with a sterile syringe with 1 pg of p53 dsRNA per
gram of body weight, dissolved in 100 pL of sterile saline solution
(SS) (20 mM Tris, 400 mM NaCl, pH 7.5). while non-silenced
treatments were injected with SS only. Each treatment had four
different sampling times: 1, 6, 24 and 48 h. For hypoxia establish-
ment, nitrogen gas was bubbled in the aquarium to reach a dis-
solved oxygen concentration (DO) of 1.05 + 0.09 mg O,/L; and then
the DO was monitored each hour with a portable oximeter ProODO
(YSL, Yellow Spring, OH, USA) and adjusted when necessary, by
regulating air and nitrogen supply. At the end of each treatment, six
shrimp of each experimental condition were dissected to collect
gills, muscle and hepatopancreas, A portion of each tissue (-50 mg)
was placed in a microtube with ten volumes of TRisure reagent
(Bioline, London, UK) for RNA extraction, while for carbonylated
proteins quantification, a portion of hepatopancreas was placed in
an empty microtube, The samples were immediately frozen in adry
ice/ethanol (96%) bath and stored at —80 “C until their analysis,

2.6. RNA isolation and GPx4 mRNA quantification by RT-qPCR

For GPx4 expression analysis, total RNA was isolated from gills,

hepatopancreas, and muscle of non-silenced shrimp kept under
normoxic conditions (n = 5), while hepatopancreas was selected
for analysis (n = 5) of hypoxia effect on GPx4 expression during p53
silencing, due to its key role in detoxification and redox homeo-
stasis in shrimp [4,25). Total RNA isolation was performed following
the recommendations of TRIsure reagent (Bioline) protocol. The
integrity of the total RNA was verified by 1% agarose gel electro-
phoresis and concentration and purity were evaluated by absor-
bance at 260 nm and the 260/280 ratio in a NanoDrop One
spectrophotometer (Thermo Fisher Scientific). For elimination of
residual genomic DNA, DNAse | (Roche, Mannheim, Germany) was
used for the treatment of total RNA, Two ¢DNA reactions for each
total RNA sample were performed from 500 ng using the Quanti-
Tect Reverse Transcription kit (Qiagen, Valencia, CA, USA).

GPx4 gene expression was evaluated in duplicates of each cDNA
by qPCR with the specific primers FWGPx4AlITv and GPx4Rv2 (147
bp product) (Table 2). Previously, a high efficiency of p53 silencing
(76.6—95.4%) was reported for the animals employed in this study
[24]. For data normalization, gene expression of L8 ribosomal
protein was measured as reference gene with the specific primers
L8F2 and L8R2 (166 bp product) (Table 2). The qPCR reactions were
performed with the 5x HOT FIREPol EvaGreenk qPCR Mix Plus
(Solis BioDyne, Estonia) at a final volume of 15 pL using as template
1 uL of cDNA (equivalent to 50 ng of total RNA) and primers con-
centration of 325 and 1000 nM for GPx4 and L8, respectively. All
qPCR analyses were performed in a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) with the following
running conditions: 95 °C, 12 min (1 cycle); 95 °C, 155,58 °C, 20 s,
72 °C, 30 s (40 cycles). At the end of each RT-qPCR run, a melting
curve from 65 to 95 °C with increases of 0.3 “C each 5 s was per-
formed to verify the specificity of the reaction by measuring the
change in fluorescence. Negative controls (no template) were
included to discard reagents contamination. The efficiency of the
reactions was determined by running standard curves ranging from
25 % 10't0o4.0 x 102 ng/uL of cDNA. GPx4 relative expression was
calculated by the 2 % method [26).

2.7. Carbonylated proteins quantification

Carbonylated proteins content was quantified as a proxy to
evaluate the oxidative damage to proteins during hypoxia and p53
knock-down. For the determinations, crude extracts from hepato-
pancreas (68.4 + 28.7 mg; n = 5) were prepared, The tissues were
homogenized in 1:10 (w/v) in sodium phosphate buffer (0.075 M
NazHPO4, 0.025 M NaH2P04,1 mM EDTA, 1 mM PMSF; pH 7.6), with
a manual homogenizer (Kontes™ Pellet Pestle™ Cordless Motor)
and centrifugated at 9000xg for 15 min at 4 “C. The supernatants
(crude extracts) were collected and used for carbonylated proteins
and protein concentration quantification. Carbonylated proteins
determinations were performed by duplicated in each sample us-
ing the assay kit (MAKO094, Sigma-Aldrich, Castle Hill, Australia)
according to the supplier’s recommendations. Briefly, carbonylated
proteins were evaluated by detection of the dinitrophenylhy-
drazone (DNP) adducts that are produced by derivatization of
carbonyl groups in proteins with 24-dinitrophenylhydrazine
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(DNPH) and are proportional to carbonylated proteins present in
the sample. DNP detection was performed spectrophotometrically
at 375 nm in a Multiskan Sky microplate spectrophotometer
(Thermo Scientific). Protein content in the samples was determined
by the Pierce method based on bicinchoninic acid (BCA), using
bovine serum albumin for the standard curve. Protein carbonyl
content was expressed as the amount of protein carbonyls in nmol
per mg protein (nmol/mg protein).

2.8. Statistical analysis

Normality of data and variance equality were determined by
D'Agostino Kurtosis test and Levene's tests, respectively. The sta-
tistical differences in GPx4 expression among each tissue were
analyzed by one-way ANOVA, while the effect of p53 silencing
during hypoxia in GPx4 expression and carbonylated proteins
content was determined with a Two-way ANOVA with a factorial
design 2 x 2. The variation factors were the shrimp silencing (ds)
with two levels, p53 silenced (dsp53) and non-silenced (SS) and the
dissolved oxygen (DO) condition at two levels, normoxia (N) and
hypoxia (H); also, the interaction DO x ds was tested. Mean com-
parisons were done by the Tukey-Kramer multiple comparison test
with a p < 0.05. Time as a variable was not considered in this study,
thus a normoxic control was included at each tested time. Data
were plotted in the software GraphPad Prism version 5 as
mean + standard error of the mean (SEM).

3. Results
3.1. The white shrimp GPx4 gene has five transcript variants

L. vannamei as other organisms, has an antioxidant battery that
comprises distinct enzymes. However, to our knowledge, there is
only one report of GPx in this shrimp species until now [27]. By
analyzing the nucleotide sequences of the L. vannamei genome
recently available, but not completely annotated [2], the search for
GPx revealed that the shrimp has several GPxs enzymes, including
one GPx4. We found a unique GPx4 gene with 6 exons interrupted
by 5 introns that gives rise to five transcript variants (TV1-5) that
differ in the length of their first non-coding exon (Fig. 1). All GPx4
transcript variants were experimentally verified by sequencing and
submitted to GenBank annotated in the National Center for
Biotechnology Information (NCBI) with the following accession
numbers: GPx4TV1Lv, OL630777; GPx4TV2Lv, OL630778;
GPx4TV3Lv, OL630779; GPx4TV4Lv, OL630780 and GPx4TV5Lv.
0L630781. GPx4 TV1 has a coding region (CD) of 566 bp that is
translated into 188 amino acids, while GPx4 TV2-5 share the same
ORF of 488 bp that corresponds to 162 amino acids; the difference
corresponds to an extension of 26 amino acid residues in the N-
terminal derived protein from GPx4TV1. Therefore, only two pro-
teins isoforms are produced from the same GPx4 gene, GPx4 X1 and
GPx4 X2.

GPx4 gene promoter analysis by Match in the TRANSFAC®
software, returned one putative site in the first intron at position
2910 bp (Fig. 1). It is probable that this promoter directs the tran-
scription of GPx4TV3 since its first exon is produced from a region
that for the other TVs, is part of the first intron. Regarding the GPx4
TV 2-5 promoter, it could not be identified by in silico analysis.
Additionally, putative consensus sequences for the binding of
transcription factors were identified. The consensus sequence
ACGTG for HIF-10. was found 16 bp upstream of the translation
initiation codon of the TV1 on the coding strand while putative
response elements for proteins of the p53 family such as p53 and
p63 were found downstream (Fig. 2).
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3.2. Amino acid sequence analysis

Amino acid sequences analysis was performed for the two
L. vannamei GPx4 isoforms. As we expected, GPx4 X1 and X2 share
high identity (86.1%) since the only difference is the 26 amino acid
residues extension in the N-terminal. The search for signal peptide
indicated that the GPx4 X1 isoform, unlike the GPx4 X2, has in the
N-terminus a signal peptide composed of 28 amino acids that di-
rects GPx4 X1 to mitochondrial localization (Fig. 3). The multiple
amino acid sequences alignment with other organisms showed that
the GPx4 proteins are highly conserved proteins. L. vannamei GPx4
isoforms identity values were from 40.1% to 98.7% with respect to
diverse vertebrates and invertebrate amino acid sequences, while
as expected, the highest identities were with other crustaceans as
P. monodon (85.1%), M. nipponense (70.3%), Scylla paramamosain
(62.6%), and the insect American dog tick Dermacentor variabilis
(58.1%), respect the L. vannamei GPx4 X1 isoform. Similarly, GPx4
X2 presented the highest identity with other invertebrate amino
acid sequences as P. monodon (98.7%), M. nipponense (81.5%),
S. paramamosain (71.6%), and D. variabilis (67%). Both, GPx4 X1 and
GPx4 X2, share the lowest identity with vertebrate sequences that
were from 40.1% to 63.1%.

The catalytic residues of the L. vannamei GPx4 were found
embedded in the conserved motifs GxgNvAx, U(C)g towards the N-
terminus, fPcnQFgxq a few residues downstream and the
WNFxkxlvx;Gx,vxry towards the C-terminus at positions U®, Q'°°,
and W'3, in the GPx4 X1 and U9, Q74 and W'?7 in GPx4 X2 (Fig. 3).
Selenocysteine (Sec) was identified as the redox-active catalytic
residue in both, GPx4 X1 and X2, confirming that the shrimp GPx4
is a selenoprotein.

3.3. Homology modeling of the GPx4 protein

The L. vannamei GPx4 3D protein model was predicted by ho-
mology from the crystallographic structure of the phospholipid
hydroperoxide glutathione peroxidase wildtype form (apo) of hu-
man GPx4 with Se-Cys46 at 1.01 A of RMSD value (Fig. 4). The
structure obtained was feasible since Ramachandran plots favored
the protein structure in 96.62%. In L. vannamei as in other organ-
isms, the GPx4 protein has a monomeric structure that fits with the
characteristic thioredoxin folding that is common in proteins that
interact with substrates that possess a thiol or a disulfide group,
such as thioredoxins, glutaredoxins, glutathione-s- transferases,
DsbA, and glutathione peroxidases [28]. The L. vannamei GPx4
protein structure consists of a central four-stranded B-sheet and
two peripheric, flanked by six o-helix. These structures form
together the characteristic fold of the thioredoxin proteins with the
B3 and B4 running in parallel while 5 and f6 are antiparallel
(Fig. 4A). The catalytic residues identified in the 3D structure were
the redox-active Sec®” found in the loop prior the o3 helix, and the
GIn'% and Trp ™3 localized in the loops before the o4 helix and p5
sheet, respectively. This spatial distribution leaves the catalytic
triad in proximity for their interaction (Fig. 4B and C).

34. Phylogenetic analysis

The phylogenetic tree construction was done with 25 GPxs
protein sequences of invertebrates (Fig. 5). The white shrimp GPx4
isoforms appear to be more closely related to GPx7 than to GPx1-6
of invertebrates, since the clustering of the sequences in the
phylogenetic tree presented two main clades. One clade mostly
grouped the tetrameric GPxs as GPx1-3,5 and 6, supported by a
bootstrap value of 93%; another clade clustered the sequences of
GPx4 and GPx7 that are monomeric proteins (bootstrap value of
86%).
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3.5. Tissue distribution of GPx4

Tissue expression patterns of GPx4 in the white shrimp were
analyzed by RT-qPCR in gills, muscle, and hepatopancreas since
these tissues have high metabolic rates and are more susceptible to
oxidative damage. The basal expression analysis in these tissues
showed a higher expression of GPx4 in hepatopancreas followed by
gills with a 14.98-fold lower expression (Fig. GA) (p < 0.05), while in
muscle, GPx4 expression could not be detected.

3.6. Effect of hypoxia and p53 silencing on GPx4 gene expression

The hypoxia effect in GPx4 expression was evaluated in hepa-
topancreas since this organ plays a key role in redox homeostasis
maintenance [25,29]; and also, this tissue has higher basal
expression compared to gills and muscle. GPx4 expression was
evaluated at four different times 1, 6,24 and 48 h to assess early and
late responses to hypoxia in p53 silenced and non-silenced shrimp.
GPx4 expression did not present significant changes after 1 h
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hypoxia in non-silenced shrimp although expression was 1.38-fold
more with respect to the normoxia control (p > 0.05), while
silenced shrimp had an expression of 2,08-fold higher than its
silenced control in normoxia after 1 h of hypoxia (p < 0.05) (Fig. 6A).
Conversely, after 6 h, GPx4 expression decreased in both, silenced
and not silenced shrimp during hypoxia 156 and 183-fold
compared to the normoxic controls, respectively (p < 0.05). GPx4
expression tended to increase in non-silenced shrimp to 2.08-fold

with respect to the normoxic control during long term hypoxia of
24 h (p = 0.06). Interestingly, the opposite occurred in silenced
shrimp, with GPx4 expression 1,99-fold less with respect to the
silenced normoxia control after 24 h of hypoxia (p = 0.06). Finally,
after 48 h non-silenced animals presented a significant reduction of
4.68-fold in GPx4 gene expression during hypoxia (p < 0.05), a
stronger effect compared to the results of 6 h (Fig. GB).
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3.7. Carbonylated proteins accumulation during hypoxia and p53
knock-down

Carbonylated proteins content was analyzed to evaluate the
oxidative damage induced by hypoxia exposure in p53 silenced and
non-silenced shrimp, since carbonylated protein accumulation is
the most general indicator of protein oxidation and oxidative
damage [30]. Carbonylated proteins content did not present
changes by effect of hypoxia compared to normoxia in both,
silenced and non-silenced shrimp (p > 0.05), However, p53 knock-
down induced significant changes in carbonyls content regardless
of oxygenation conditions. At the first hour, the accumulation of
carbonylated proteins was higher in p53 silenced shrimp, but the
concentrations decreased after 24 h and remained low until 48 hin
comparison to the non-silenced shrimp (p < 0.05) (Fig. 7).

4. Discussion

4.1. In L vannamei two selenodependent isoforms of GPx4 are
transcribed from one unique gene

GPx4 has emerged as one of the most important selenoproteins
in vertebrates with multiples functions due to its substrate pro-
miscuity and its activity as moonlight protein [31--33), however, in
invertebrates GPx4 has not been studied in depth. In the white
shrimp, a unique GPx4 genomic sequence was identified from the
genome database and as in the vertebrates GPx4 gene, different TVs
are produced that yield two GPx4 protein isoforms. This strategy
may be relevant for regulation of the GPx4 protein synthesis, since
the quantity of TVs produced from a given gene has been associated
to its importance in humans, where genes with more TVs mainly
fulfill roles as housekeeping and essential genes [34]. In agreement,
the L vannamei GPx4s seem to be a highly conserved selenopro-
teins, since both isoforms, GPx4 X1 and GPx4 X2, share high
identity in primary sequence with the homologs from vertebrates
and invertebrates as shown in the multiple alignment analysis.
Also, the catalytic triad Sec, Gln and Trp was found embedded in
highly conserved motives (Fig. 3) and the protein homology model
showed the proximity of the catalytic residues key for the enzyme
activity where Gin and Trp contribute to the activation of the Sec
and facilitate the cleavage of the hydroperoxy bond and dissocia-
tion of the thiol group [3536]. Furthermore, the Sec residue

conservation ensures the enzyme function since its mutation leads
to loss of enzyme function in selenodependent GPxs [37,38].

4.2. The evolutionary closeness of GPx proteins in L vannamei is
similar to vertebrates

The phylogenetic tree distribution clustered the GPx sequences
in two main clades that separate the tetrameric from monomerics
GPx isoforms. The tree indicated that the two L vannamei GPx4
isoforms are more closely related to GPx7 than to GPx1-6 from
other invertebrates. In addition, GPx 4 and 7 appear to diverge very
early during evolution from the other GPx proteins. The conser-
vation among GPxs protein sequences and their function point to a
sub-functionalization of GPx4 [39), and the changes prompted
distinctive catalytic functions of GPx4 as a reductant of phospho-
lipid hydroperoxides and as moonlight protein in vertebrates, and
the same could have occurred in invertebrates since these simi-
larities were found in the present study.

In vertebrates, it is thought that many GPx selenoproteins
evolved to generate new isoforms, A phylogenetic study by Margis
et al. (2008) [39] pointed out that GPx5 and GPx6 arose from the
successive duplication of GPx3. Similarly, other evolutionary
studies suggested that GPx7 arose from an ancestor of GPx4 [40,41].
Our findings in the phylogenetic analysis of GPxs, suggest that the
evolutionary path of these enzymes in L vannamei could have been
analogous in vertebrates, and after the duplication events GPx4 and
7 diverged from GPx1-6.

4.3. Tissue abundance of GPx4 mRNA

Due to its importance in membranes protection in most or-
ganisms, GPx4 is widely expressed. Herein we analyzed GPx4
expression in muscle, gills, and hepatopancreas, because they are
highly metabolic active tissues in shrimp. GPx4 expression was
detected in hepatopancreas with the highest expression, followed
by gills and was undetectable in muscle, There are still many as-
pects of the selenoproteome and its role in many biological dy-
namics that are not fully elucidated in crustaceans: however, the
current knowledge about the biological role of selenium and sele-
noproteins in vertebrates led us to hypothesize that these proteins
functions are similar. The crustacean hepatopancreas resembles
many of the vertebrate functions of liver, In mammals, selenium is
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accumulated mainly in the liver and incorporated in many sele-
noproteins, as occurs with Sel P [42]. In mice, selenoproteins are
expressed in several organs with differences in expression. In the
liver, Sel P and GPx4 are highly expressed [43]. Similarly,
L vannamei could express high levels of selenoproteins as the GPx4
in hepatopancreas. Moreover, hepatopancreas high metabolic rate
makes it more susceptible to oxidative damage compared to other
more resilient tissues [4). Thus, GPx4 high expression might be of
utmost importance to maintain redox homeostasis and tissue
integrity in this organ. Likewise, in P. monodon. hepatopancreas has
higher GPx4 expression compared to other tissues as muscle, brain,
and ovary [10].

In contrast, L. vannamei GPx4 expression was undetectable in
muscle. In other organism such as the bluefin tuna Thunnus mac-
coyii [44). M. nipponense | 12] and P. monodon [ 10] GPx4 is expressed
in muscle at low levels. Although all tissues can synthesize sele-
noproteins, their specific requirements are different, thus, selenium
availability is under regulation. In vertebrates, two receptors from
the family of low-density lipoproteins, the Seppl and the apoli-
poprotein E receptor-2 (apoER2), facilitate selenium endocytosis.
These receptors are differentially distributed among tissues and in
muscle, their expression is lower than in other organs [45]. Similar
tissue distribution patterns of selenium could occur in crustaceans,
since GPx4 expression in L. vannamei muscle was undetectable.

4.4. p53 knock-down and hypoxia affects GPx4 expression in
shrimp

The antioxidant enzyme GPx4 recently has emerged as a suit-
able indicator of oxidative stress, loss of antioxidant homeostasis
and alteration of cellular integrity [31,46). However, in crustaceans,
its response mechanism to different stressors remains poorly un-
derstood. In the present study we focused on the GPx4 responses
during hypoxia in the white shrimp, and also aimed to investigate
the role of p53 as regulator of the antioxidant response of GPx4
under low DO. The hepatopancreas is a very responsive organ in
shrimp, since several biochemical and physiological changes can be
detected during hypoxic stress as other studies report [4,6,47]. In
concordance with these studies, changes in GPx4 expression were
detected in hepatopancreas of p53 silenced and non-silenced
shrimp during the elapsed times of hypoxia exposure.

During the first hour of hypoxia, GPx4 expression tended to
increase in non-silenced shrimp, while in silenced shrimp the in-
crease was clear. In living organisms, the ability to adapt or main-
tain the response is determinant for resilience during hypoxia and
one of the first adaptative responses is a concomitant rise in anti-
oxidant genes expression [48,49]. In L vannamei initial GPx4
changes after 1 h of hypoxia may correspond to an initial response
to adapt to oxygen limitation. On the other hand, although p53
silenced shrimp presented similar expression patterns at 1 and 6 h,
in general, gene expression levels were lower than those found in
non-silenced organisms, suggesting that p53 knock-down may
decrease GPx4 expression. As transcription factor, p53 regulates
expression of many genes responsive to stress, as in the case of pro-
oxidant and antioxidant genes [ 15,16]. Thus, we suggest a regulator
function of p53 on GPx4 gene expression based on the remarkably
GPx4 down-regulation exhibited by p53 silenced shrimp. These
findings are strengthened by our in silico analysis of GPx4 nucleo-
tide sequences where p53 and p63 regulative consensus sequences
in the GPx4 gene promoter were found. In this sense, GPx4 down-
regulation in p53 silenced organisms may be due to a low activation
of transcriptional response of antioxidant genes caused by the p53
knock-down. Similarly, in P. monodon and L. vannamei, GPx4 and
GPx and MnSOD expression, respectively, decreased after p53
silencing [21.22].
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In contrast to the initial responses to hypoxia, GPx4 gene
expression decreased significantly after 6 h of hypoxia in both,
silenced and non-silenced shrimp. It is possible that after 1 h of
hypoxia exposure, important shifts in shrimp responses occurred
due to a higher stress generated by a prolonged hypoxia exposure
that led to a metabolic suppression. This is one of the most common
responses to prolonged hypoxia that leads to reduction of tran-
scription rate and protein synthesis as a biological strategy for
energy conservation [50]. Thus, abrupt decrease in GPx4 expression
was detected after 6 h of hypoxia. Similarly, in another study,
L vannamei GPx expression in hepatopancreas presented an initial
up-regulation after 4 h of hypoxia exposure, but after 24 h it was
down-regulated |51]. Likewise, in this same species, cyclic serious
medium hypoxia induces a significant decrease in MnSOD and GPx
expression in hepatopancreas and midgut after 1 day of exposure
[47]).

Concerning GPx4 expression, after 24 h of hypoxia this tended to
increase in non-silenced shrimp and to decrease in p53-silenced
shrimp in response to hypoxia. In non-silenced shrimp, this is
similar to the response after 1 h of hypoxia. Comparable outcomes
were reported for GPx4 expression in hepatopancreas of
M. nipponense after 24 h of hypoxia | 12]. Interestingly, this increase
did not occur in p53 silenced shrimp and GPx4 expression
remained comparable to the control in normoxia until 48 h of
hypoxia, unlike non-silenced animals that presented a drop in GPx4
expression, Recently, it has been reported that the isoforms of p53,
FLp53 and ANp53, decrease their expression and in consequence
total p53, during long term hypoxia of 48 h in L vannamei hepa-
topancreas [24), and this may lead to a down-regulation of p53
regulated genes. But, it is known that the p53 pathways of regu-
lation are complex and can result in context and tissue dependent
responses [15]. At the same time, different interactions with other
transcription factors as the hypoxia inducible factor (HIF-1) can be
stablished to redirect some adaptative biological responses to stress
[52]. Therefore, further studies that address these complex dy-
namics could contribute to a better understanding of the regulation
of the antioxidant system and GPx4 modulation during stress.

4.5. Accumulation of carbonylated proteins during hypoxia and p53
silencing

Carbonylated proteins accumulation is employed as a good and
stable indicator of oxidative stress since protein carbonyl derivates
are rapidly generated during stress and remain chemically stable
for detection |30]. Thus, we evaluated the carbonylated protein
content at different hypoxia exposure times in p53 silenced and
non-silenced shrimp to assess the oxidative damage that is gener-
ated under these conditions. Previous reports indicate that eleva-
tion and accumulation of carbonylated proteins can occur during
hypoxia and heat stress in L vannamei [53,54). However, those
results differ from our findings, since there were no significant
changes in carbonylated proteins content detected in hypoxia,
indicating that oxidative stress remains well-modulated by the
antioxidant defense system of shrimp, during the exposure to 1, 6,
24 and 48 h of hypoxia. Herein, we reported that GPx4 presented an
active response to hypoxia, in which GPx4 expression was up-
regulated from the first hour of hypoxia exposure and this might
have contributed to the maintenance of redox homeostasis in the
white shrimp. Lu et al. (2009), reported that GPx4 over-expression
protected retinal pigment epithelium (RPE) cells from oxidative
damage after exposure to paraquat, H0; and O, by decreasing
carbonylated proteins content; in contrast to over-expression of
other antioxidant proteins as SOD 1 and 2, in which carbonylated
proteins content was increased remarking the antioxidant effect of
GPx4 [55].
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Onthe other hand, p53 knock-down induced significant changes
in carbonylated proteins content in L vannamei hepatopancreas.
p53 regulates a large group of pro-oxidant and antioxidant proteins
depending on their cellular context. Thus, during p53-knockdown
its responses can be altered and induce oxidative changes that
can be detected by oxidative damage markers as the carbonylated
proteins content, During the first hour, carbonylated proteins
content was higher in silenced shrimp compared to non-silenced.
Also, after 1 h GPx4 expression was lower in silenced shrimp in
contrast to non-silenced regardless of oxygenation condition. These
responses indicate that GPx4 down-regulation during p53 knock-
down results in higher carbonylated proteins content. Besides, it
is probable that responses of other p53 regulated pro-oxidant and
antioxidant genes that were modified during p53 silencing
contributed to oxidative damage and carbonylated proteins eleva-
tion in hepatopancreas. Some of p53 regulated antioxidant genes
previously reported in mammals are GPx, MnSOD [20], GPx1,
SESN1, SESN2 [16] and GPx2 [ 18] just to name a few. Interestingly
after 24 h, p53 knock-down shrimp had a significantly decrease in
carbonylated proteins, indicating that oxidative stress damage was
reduced from 24 to 48 h in shrimp hepatopancreas.

5. Conclusions

GPx4 is considered one of the most important members of the
GPx protein family in mammals. However, in crustaceans there are
only a few reports about its biological implications and responses
against stress conditions. Herein we address this gap of information
providing knowledge about GPx4 gene structure and its products in
the white shrimp. Our findings reveal that GPx4 expression
changes during hypoxia and that these changes are different in p53
silenced shrimp, suggesting p53 as GPx4 regulator. However, we
still are far from elucidating the complete panorama. Therefore,
more evidence about GPx4 expression regulation and its conse-
quences in this organism is needed for a broader vision of
L. vannamei biological dynamics during hypoxia.
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Abstract

Glutathione peroxidases (GPx) are important antioxidant enzymes that act at distinct levels of the
antioxidant defense. In vertebrates, there are several GPx isoforms with different cellular and
tissue distribution, but little is known about their interrelationships. The shrimp Litopenaeus
vannamei is the main crustacean cultivated worldwide. It is affected by environmental stressors,
including hypoxia and reoxygenation that cause reactive oxygen species accumulation. Thus, the
antioxidant response modulation is key for shrimp resilience. Recently, several GPx isoforms
genes were identified in the L. vannamei genome sequence, but their functions are just beginning
to be studied. As in vertebrates, shrimp GPx isoforms can present differences in their antioxidant
responses. Also, there could be interrelationships among the isoforms that may influence their
responses. We evaluated shrimp GPx2 and GPx4 expression during hypoxia, reoxygenation, and
GPx4 knock-down using RNA. for silencing, as well as the enzymatic activity of total GPx and
GPx4. Also, glutathione content in hepatopancreas was evaluated. GPx2 and GPx4 presented
similar expression patterns during hypoxia and reoxygenation. Their expressions decreased
during hypoxia and were reestablished in reoxygenation at 6 h in non-silenced shrimp.
Unexpectedly, GPx2 expression was down- regulated by GPx4 knock-down, suggesting that
GPx4 affects GPx2 expression. Total GPx activity changed in hypoxia and reoxygenation at 6 h
but not at 12 h, while GPx4 activity was not affected by any stressor. The GSH/GSSG ratio in
hepatopancreas indicated that at early hours, the redox status remains well-modulated but at 12 h

it is impaired by hypoxia and reoxygenation.

Keywords: Glutathione peroxidases; hypoxia; reoxygenation; redox status; oxidative stress;

shrimp
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1. Introduction

Glutathione peroxidases are enzymes with antioxidant functions that are widely distributed in all
living organisms. Most glutathione peroxidase (GPx) isoforms identified are selenodependent; in
mammals, at least eight GPx isoenzymes with different cellular and tissular localization have
been identified and five of them are selenoproteins [1,2]. The existence of several GPx
isoenzymes in vertebrates has been justified by their actions at different levels of the antioxidant
defense [3,4], distinct cellular and tissular distribution [2], differences on substrate specificities
[5] and, in some cases such as GPx4, some non-canonical functions [6-8]. Consistent with those
differences, GPx isoforms are involved in several distinct cellular regulatory processes in
different forms, and their functions are regulated in diverse pathways [9]. Among GPx isoforms,
GPx4 is especially interesting due to its involvement in processes such as ferroptosis cell death
[10], sperm stability and motility [7,8], cellular survival to apoptosis [6,11], and redox
homeostasis [12]. However, its interrelationship with other GPx isoforms and how this affects the
antioxidant response is still unclear. In mice, GPx1 knock-out (KO) did not affect GPx3 and
GPx4 expression and enzymatic activity indicating that GPx1 is expressed independently of
GPx3 and GPx4 [13]. Conversely, in GPx2 KO mice, total GPx enzymatic activity increased
alongside GPx1 protein presence in colon and ileum, where GPx2 is typically localized, even
though the GPx1 mRNA abundance did not increase, suggesting that an up-regulation may occur
at the translational level [14]. Thus, it has been suggested that a molecular cross-talk between

selenoproteins can occur [15].

Although in vertebrates, a molecular crosstalk between selenoproteins has been suggested, in
invertebrates this aspect remains unclear. The white shrimp Litopenaus vannamei is an important

economic penaeid shrimp and one of the most worldwide cultivated crustacean species [16]. The
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first GPx identified in L. vannamei was reported by Liu et al., (2007) with wide tissular
distribution, but no identification of the specific GPx isoform was done. In the recently reported
shrimp genome sequence [16], there are several GPx genes isoforms, including a GPx4 gene that
produces two protein isoforms [17]. In the white shrimp, as in other organisms, the antioxidant
response is crucial to cope with the oxidative stress that can damage DNA, proteins, and lipids.
During its life cycle, shrimp is subjected to environmental stressors that increase reactive oxygen
species (ROS) production and oxidative stress, including hypoxia (<2 mg O/L) and
reoxygenation [18]. This has prompted studies of the responses of antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT), and GPx to hypoxia and reoxygenation [19-21]. In
gills and hepatopancreas of L. vannamei, SOD and GPx enzymatic activity increased during
hypoxia [18]. Interestingly, in this same organism, short-term hypoxia (24 h) increased SOD
enzymatic activity in muscle and hepatopancreas but not CAT and GPx activities, although
during the first hour of reoxygenation the enzymatic activities decreased [20]. Another study in
shrimp indicated that during hypoxia and reoxygenation, GPx gene expression did not changed in
gills and hepatopancreas unlike CAT and SOD that increased their expression during
reoxygenation; on the contrary, GPx enzymatic activity increased in hepatopancreas during
reoxygenation but not CAT and SOD activities [22]. Although these studies have evaluated some
antioxidant responses against hypoxia and reoxygenation in shrimp, little is known about the
specific roles of GPx isoforms and their interactions, as well as their potential mutual regulation
during stress conditions. Thus, this work aimed to evaluate the gene expression changes of two L.
vannamei GPx isoforms, GPx2 and GPx4, in response to hypoxia and reoxygenation during
GPx4 knock-down, as well as total GPx and GPx4 enzymatic activity, to assess the changes and
response patterns of those GPx isoforms when GPx4 expression is knock-down in shrimp. In

addition, glutathione levels were analyzed to evaluate the redox state changes in these conditions.
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2. Materials and Methods

2.1. Experimental organisms and bioassay of hypoxia, reoxygenation and GPx4 silencing

For GPx4 silencing in shrimp, briefly, a fragment of 494 bp of L. vannamei GPx4 coding
sequence (GenBank: OL630780.1) was amplified from a corresponding previously cloned
plasmid DNA (pDNA) using the GPx4 specific primers T7GPx4AllIFw/GPx4Rv6 and
FWGPx4AIlITv/T7GPx4Rv6 that includes the T7 promoter sequence (Table 1). The amplicons
were used to produce sense and anti-sense single stranded RNA (ssRNA) with the T7
RiboMAX™ Express Large Scale RNA Production System (Promega, Madison, WI, USA). To
obtain double stranded RNA (dsRNA), hybridization of sSRNAs were done by mixing equal
amounts of both, sense and anti-sense ssSRNA,; the mix was heated up to 90 °C for 3 min, 80 °C
for 20 min, and cooled down slowly to room temperature for hybridization. The formation of

dsRNA was verified by 2.5 % agarose gel electrophoresis.

Shrimp employed in the bioassay were obtained as post-larvae from a local laboratory in the
Hermosillo, Sonora, Mexico, close to the by coast, and grown until they reached a juvenile stage
in the Laboratory of Marine Invertebrates Physiology in CIAD. Shrimp were placed in 350 L
tanks filled with seawater (27 £ 1 °C, 35 % salinity, 5 £ 1 mg O/L) with constant water
recirculation and were fed with a commercial diet at 3% of their wet weight divided in three

portions per day.

Previous to the hypoxia, reoxygenation, and GPx4 silencing bioassay, 300 organisms (12.44 +
0.69 g) were redistributed in aquaria filled with 35 L of seawater (15 organisms per tank) (27 + 1
°C, 35 % salinity, 5 = 1 mg O>/L). Water exchanges of 80 % volume were done every 24 h to

avoid ammonia concentration above 3.0 mg/L. The experimental conditions were: Normoxia
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(5.80 + 0.36 mg O2/L), normoxia silenced with dSRNA GPx4 (dsGPx4), hypoxia (1.09 + 0.06 mg
O2/L), hypoxia dsGPx4, reoxygenation and reoxygenation dsGPx4 for 0, 6 and 12 h. For GPx4
knock-down, the organisms assigned to the silenced treatments were intramuscularly injected
with a sterile syringe 24 h before the start of the treatment with 1.15 pg of GPx4 dsRNA per
gram of weight, dissolved in 100 pL of sterile saline solution (SS) (0.9 % NaCl), while non-
silenced animals were injected with SS only. The hypoxia conditions were established by
bubbling nitrogen gas in the aquaria until the dissolved oxygen (DO) concentration of 1.09 £+ 0.06
mg O2/L was reached. The DO conditions were monitored every hour with a portable oximeter
ProODO (YSI, Yellow Spring, OH. USA) and were adjusted by bubbling nitrogen gas as
necessary. At the end of each treatment, 15 shrimp were dissected to collect hepatopancreas. A
portion (~ 50 mg) of tissue was collected in a microtube with ten volumes of TRI-reagent
(Sigma-Aldrich, St. Louis, MO. USA) for RNA extraction, while for enzymatic activity assays
and glutathione quantification, the samples were placed in an empty microtube. Once collected,

the samples were immediately frozen in dry ice and stored at -80 °C until analysis.

2.2. GPx2 and GPx4 quantification of relative expression by RT-gPCR

For GPx2 and GPx4 mRNA quantification, total RNA from hepatopancreas was isolated from
five organisms from each experimental treatment with TRI-reagent according to the manufacturer
recommendations. The concentration, integrity and purity of total RNA were analyzed by the
260/280 nm absorbance ratio in a spectrophotometer NanoDrop One (Thermo Fisher Scientific)
and 1 % agarose gel electrophoresis. Residual gDNA was eliminated using DNAse | (Roche,
Mannheim, Germany) and two cDNAs for every shrimp were synthesized from 500 ng of each
total RNA using the QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA. USA) and

oligo dT.
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For relative expression evaluation by RT-qPCR, specific primers for total GPx2 and total GPx4
were designed. Based on the information available in the shrimp genome, and previous reports
[17], in L. vannamei, both, GPx2 and GPx4, have two isoforms each one. In the case of GPx2,
they are produced from two distinct genes, while GPx4 has one unique gene that is transcribed to
generate five transcript variants that finally produces two GPx4 isoforms [17]. Hence, specific
primers were designed in conserved common regions present in all transcript variants of GPx2
and separately for GPx4 to evaluate the relative expressions. Total GPx2 and GPx4 relative
expression was evaluated by RT-qPCR by duplicate for each cDNA with the specific primers
GPx2AlIFwW/GPx2AlIRv for total GPx2 expression analysis and FWGPx4AlITv and GPx4Rv2 for
total GPx4 expression; the products amplified were 147 bp and 105 bp, respectively (Table 1).
Gene expression of the ribosomal protein L8 was evaluated as reference gene for data
normalization with the specific primers L8F2 and L8R2 that amplify a fragment of 166 bp (Table
1). All the RT-gPCR reactions were performed in a final volume of 15 puL with the HOT FIREPol
EvaGreen® gPCR Mix Plus (Solis BioDyne, Estonia) using 1 uL of cDNA (equivalent to 50 ng
of total RNA) as template and primer concentration of 325 nM for total GPx2 and GPx4
reactions, while for L8 reactions, the concentration was 1000 nM. Quantitative-real time RT-
gPCR analyses were performed in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). Total GPx2 running conditions were: 95 °C, 12 min (1 cycle); 95 °C, 15 s,
59 °C, 20's, 72 °C, 30 s (40 cycles) while for total GPx4 and L8 they were the following: 95 °C,
12 min (1 cycle); 95 °C, 155,58 °C, 20°s, 72 °C, 30 s (40 cycles). The specificity of the reactions
was verified by running a melting curve from 65 to 95 °C with increases of 0.3 °C each 5 s, while
the efficiency of the reactions was determined by running standard curves from 2.5 x 10* to 4.0 x
1072 ng/uL of cDNA derived from total RNA. GPx2 and GPx4 relative expression were

calculated by the 24“4 method [23].
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2.3. Enzymatic activities of total GPx and GPx4

For total GPx and GPx4 enzymatic activities, crude extracts were prepared by homogenization of
72.70 £18.27 mg of hepatopancreas in 1:10 (w/v) buffer 100 mM Trizma/Base, pH 8.0,
containing 1.5 mM NaNs, 2.0 mM EDTA, 250 mM sucrose, 1 mM PMSF and 0.1 % Triton X-
100 with a manual homogenizer (Kontes™ Pellet Pestle™ Cordless Motor) and centrifuged at
15,000 xg at 4°C for 15 min. The supernatant (crude extract) was collected in a microtube and

frozen at -80 °C until the analyses.

Total GPx and GPx4 enzymatic activities were analyzed by a simultaneous assay recently
described by Stolwijk et al., (2020) [24], that permits to evaluate the enzymatic activity of total
GPx and GPx4 in a single assay using phosphatidylcholine hydroperoxides (PCOOH) as specific
substrate for GPx4 and H20> as a substrate for all GPxs. The PCOOH employed as GPx4
substrate was synthesized according to the method described by Stolwijk et al., (2020) with the
following modifications. The PCOOH synthesis was done from 5 mg of L-a-phosphatidylcholine
type 1V-S (PC) (Sigma-Aldrich, Saint Louis, MO, USA: P3644) dissolved in 0.518 mL of
chloroform. PC was added slowly at a rate of 1 drop per 2 s to 2 mL of buffer solution (0.2 M
Trizma/Base, pH 8.8, 3 mM sodium deoxycholate) with constant stirring at medium to high
speed. After PC addition a cloudy emulsion was formed and then, 18 mL more of buffer solution
was added at a rate of 1 mL per 10 s and the stirring speed was changed to medium-low; mixing
continued until the solution became clear. The synthesis of PCOOH was initiated with the
addition of 25,000 U of soybean lipoxidase type-V (Sigma-Aldrich, Saint Louis, MO, USA:
L6632) to the PC solution. The PC hydroperoxidation reaction was done at room temperature for
1 h with constant agitation at medium to low speed to maintain air saturation. The synthesized

PCOOH was purified from the buffer components using a Sep-Pak C18 cartridge (Waters
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Corporation, Milford, MA. USA). Before PCOOH purification, the C18 cartridge was activated
and equilibrated with 6 and 10 volumes of methanol and milli-Q water, respectively; then the
PCOOH mixture was loaded into the C18 column and slowly passed through the cartridge at a
rate of a drop per second. Since PCOOH remains retained in the cartridge, 10 Milli-Q water
volumes were passed through to expel the aqueous components of the buffer. To elute the
PCOOH retained in the cartridge 1.5 mL of methanol was used. Three syntheses were required to
obtain the total substrate volume needed for all assays of enzymatic activity; the batches were
synthesized and mixed for storage at -20 °C. The PCOOH concentration was evaluated
spectrophotometrically at 234 nm before each experiment using methanol as blank and the
extinction molar coefficient €234 nm= 25,000 Mt cm* and adjusted to 2 mM with methanol for the

assays.

The simultaneous assay for the total GPx and GPx4 enzymatic activity evaluation was performed
following the method described by Stolwijk et al., (2020) in which NADPH oxidation, that in a
coupled reaction with the glutathione reductase (GR) is equivalent to GPx enzymatic activity, is
monitored at 340 nm after substrate addition [24]. The reactions were done in a microplate at a
final volume of 250 L, adding to the wells 12.5 L of crude extract as sample and 12.5 uL of 4
mM NADPH, 12.5 uL GR 30 U mL%,12.5 pL of 60 mM GSH, and 192.5 pL of assay buffer
(100 mM Trizma/Base, pH 8.0, 1.5 mM NaNs, 2.0 mM EDTA, 0.1 %Triton X-100) in the
mentioned order. The reaction components were incubated for 5 min at 37 °C for their full
reduction. After incubation, kinetic measurement of the background was performed monitoring
the absorbance at 340 nm each 10 s during 100 s. Since GPx4, unlike other GPxs uses lipid
hydroperoxides as substrate and is expected that its activity is lower than the total GPx activity,

to initiate the reactions 3.75 pL of 2 mM PCOOH were added as GPx4 substrate, and
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immediately, the GPx4 dependent NADPH oxidation was monitored for 100 s with readings each
10 s. Finally, at about 200 s, 3.75 pL of 17 mM H.0. was added to measure the total GPx
NADPH-dependent oxidation for 100 s. The background, PCOOH, and H>O> slopes were
determined (slopes 1, 2, and 3, respectively) for GPx4 and total GPx enzymatic activity
calculations. The GPx4 dependent rate was obtained by subtracting from the value of slope 2 the
value of slope 1, while the total GPx dependent rate was obtained from the subtraction of the
slope 2 value from the slope 3 value. GPx4 and total GPx rates values were used for the
enzymatic activity calculation using the NADPH molar extinction coefficient. The protein
content was evaluated in the samples by the bicinchoninic acid method (Pierce BCA Protein
Assay Kit, Thermo Fisher Scientific), using bovine serum albumin for the standard curve to

express the enzymatic activities of GPx4 and total GPx as activity in milliunits/mg of protein.

2.4. Glutathione quantification

The content of reduced glutathione (GSH) and its disulfide (GSSG) were evaluated in
hepatopancreas crude extracts (n=4) with the Sigma-Aldrich kit 38185, following the
manufacturer recommendations. Briefly, total glutathione (Gt) and GSSG were determined in
samples by the reaction with DTNB (5,5’ -dithiobis (2-nitrobenzoic acid)) that forms TNB (5’ -
thio-2-nitrobenzoic acid), a yellow derivate, by GSH oxidation. For GSSG quantification, a
masking reagent was used to remove GSH. Each quantification was done by duplicate and the
absorbance was recorded at 415 nm in a Multiskan Sky microplate reader (Thermo Scientific,
Waltham, MA, USA). The GSH content in the samples was calculated from Gt and GSSG

values.

2.5. Statistical analysis
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Data were analyzed for normality and homoscedasticity. Data sets that met the assumptions of
normality and equality of variance were analyzed by one-way ANOVA and Tukey-Kramer post
hoc test to determine the effect of hypoxia and reoxygenation in total GPx2 and GPx4 expression,
as well as in total GPx and GPx4 enzymatic activity and GSH, GSSG, Gt content, and
GSH/GSSG ratio, while non-parametric analyses of Kruskal-Wallis test with Dunn's post hoc test
were performed in those that did not meet the normality and homoscedasticity assumptions. To
assess the GPx4 silencing efficiencies, T-student tests were done to compare silenced groups with
their respective non-silenced controls. All tests were performed in the NCSS (2011) software
with a level of significance of p <0.05. Data were plotted in the software GraphPad Prism

version 5 as mean * standard error of the mean (SEM).

3. Results and discussion

3.1. GPx4 knock-down in shrimp hepatopancreas

Total GPx4 expression was evaluated in silenced and non-silenced shrimp to determine GPx4
silencing efficiencies. The silencing of GPx4 was effective, since in GPx4 knock-down shrimp
GPx4 the expression was significantly reduced at 6 and 12 h (Table 2) (p < 0.05). GPx4
expression decreased 81.43% at 12 h in silenced shrimp (p < 0.05), while at 0 h decreased 23.90
% (p > 0.05). During normoxia and hypoxia, GPx4 silencing efficiencies increased across time,
until reaching the maximum with 81.43 % and 66.51 % at 12 h, respectively, while in
reoxygenation, the maximum was obtained at 6 h, but subsequently decreased at 12 h from 62.03
% to 53.84 %. Similarly, during p53 knock-down in P. monodon, at 0 h post-injection with p53

dsRNA, p53 expression did not decrease, but from 12 to 72 h, it was reduced 88.67 %, and after
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96 h, was only 20% less than in the un-silenced animal [25]. Also, in L. vannamei

hepatopancreas, p53 silencing reduced p53 expression 77.9 % at 24 h and 90.6 % at 48 h [26].

Other studies that performed GPx4 silencing, reported efficiencies of 50 % in vertebrates derived
MEL cells [27], ~ 50 — 60 % in Caco-2 cells [28], and 32 % in Huh7.5 cells [29]. Although GPx4
silencing efficiencies herein obtained in L. vannamei hepatopancreas were similar, ranging from
23.90 % to 81.43 %, there are several aspects that influence silencing, including cell-specific
factors and molecular aspects of the individual interference RNA (iRNA) method used [30].
Therefore, the silencing efficiencies are variable and different efficiencies can be obtained
depending on the organisms, target gene, experimental conditions [30], handling of the organisms

[31], and time, just to mention a few.

3.2. Total GPx2 and GPx4 gene expression during hypoxia and reoxygenation in GPx4

knock-down shrimp

In hepatopancreas, total GPx2 expression was higher compared to total GPx4 expression (p <
0.05), suggesting that in this tissue, GPx2 could exert a major antioxidant response in comparison
to GPx4 (Figure 1). Although, initially GPx2 was found in the gastrointestinal tract and thus
named gastrointestinal glutathione peroxidase (GI-GPx) in mammals, it has also been found in
other tissues [5]. In the white shrimp, Liu et al., (2007) characterized a GPx selenodependent
with wide tissue distribution [32], that now, consistent with the shrimp genome data, matches
with a GPx2 isoform, and according to our findings, has high expression in shrimp
hepatopancreas (Figure 1B) (p<0.05). Although the main function of GPxs is the reduction of
hydroperoxides, the isoforms have different substrate specificities and are also involved in
distinct biological roles [33], thus, it could be expected that they have different tissue specific

expression levels as was found in L. vannamei hepatopancreas.
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On the other hand, in L. vannamei hepatopancreas, total GPx2 and total GPx4 were very
responsive to hypoxia, reoxygenation and GPx4 knock-down from early hours. Total GPx4
expression changed from the 6 h in response to changes in the DO, and GPx4 knock-down (p <
0.05) (Figure 1A). During hypoxia, GPx4 expression decreased at 6 h in non- silenced shrimp
with a 2.44-fold change compared to the normoxic control and recovered during reoxygenation (p
< 0.05) (Figure 1A). This agrees with a previous report in L. vannamei GPx4 expression in
hepatopancreas, in which GPx4 expression decreased at 6 h of hypoxia exposure [17].
Interestingly, total GPx2 expression patterns were similar to those of total GPx4 at 6 h, since in
non-silenced shrimp, total GPx2 expression decreased during hypoxia with 2.03-fold change and
increased after reoxygenation up to 1.88-fold compared to its 6 h normoxic control (p < 0.05)
(Figure 1B). In the shrimp P. monodon, GPx1 and GPx7 have different expression patterns in
gills and hepatopancreas under saline challenge, metals exposure, and pathogen infection with
Vibrio harveyi and Streptococcus agalactiae [34]. Similarly, in the marine teleost Sparus aurata,
GPx1 and GPx4 expressions varied during confinement and fasting stress [35]. Although there
are differences in the GPxs expression patterns, cellular and tissular distribution, and substrate
utilization [2], some of their responses might converge under specific stressors to counteract
oxidative stress as seems to occur in the white shrimp hepatopancreas during hypoxia and
reoxygenation, where the GPx2 and GPx4 responses converge decreasing their expression during
hypoxia at 6 h, probably due to the use of energy for maintenance of other functions necessaries
to overcome the stress [35,36], and to recover during reoxygenation. Moreover, GPx2 and GPx4
gene expression in L. vannamei might go under similar regulation during changes in the DO
concentration, mediated by oxygen responsive elements. During stress, transcription factors such
as HIF-1, p53, AP-1, c-Jun, and NF-kappa B are regulated in response to ROS, inducing changes

in the expression of several genes [37,38]. In vertebrates, some antioxidant genes, including the
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GPx genes, are regulated by HIF-1 [39,40] and p53 [41-44]. Also, current evidence suggests that
similarly, antioxidant responses in crustaceans could be mediated by HIF-1 [45] and p53

[17,25,46] during stress.

In addition, unexpectedly, total GPx2 expression was reduced by GPx4 knock-down in shrimp
hepatopancreas (Figure 1B). During the reduction or elimination of one of the elements of the
antioxidant response, oxidative imbalance might be promoted and therefore, the development of
compensatory mechanisms could be expected to avoid oxidative damage. In mice, GPx2 KO was
compensated by GPx1 up-regulation at the post-translational level in crypts where GPx2 is
preferentially expressed [14]. However, in L. vannamei hepatopancreas, the opposite occurs and
GPx2 expression was reduced during GPx4 knock-down. These responses depend on the cellular
context, implicated genes, and complex molecular cross-talk, since GPxs as antioxidant enzymes
reduce ROS levels and can impact signal transduction pathways and ROS responsive elements
present in several antioxidant genes [15], therefore, different molecular cross-talk can occur
depending of the biological perturbations that the organisms face. In agreement, some reports
point to different interrelationships among selenoproteins. In Caco-2 cells, GPx1 knock-down did
not affect GPx2 and GPx4 expression keeping their ability to compensate GPx1 low expression
[47], while in mice, Sel P deletion decreased GPx1, GPx4, and Sel W expression in different

tissues [48].

On the other hand, at 12 h total GPx2 and GPx4 expression did not have statistically significant
changes in response to hypoxia and reoxygenation, due to the high biological variability in
shrimp. However, total GPx2 and total GPx4, unlike at 6 h responses, presented tendencies with
differences in their expression patterns; since total GPx4 expression appeared to increase with

1.87-fold change during reoxygenation compared to normoxia treatment in non-silenced shrimp
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(p > 0.05), while in silenced shrimp, the increase was significant (p < 0.05). In contrast, total
GPx2 expression at 12 h did not present statistically significant changes neither in silenced, nor in
non-silenced shrimp, despite during reoxygenation total GPx2 expression was 1.57-fold lower

compared to the 12 h normoxia control in non-silenced shrimp (p > 0.05).

3.3. Enzymatic activity of total GPx and GPx4, glutathione content and redox status during

hypoxia and reoxygenation in hepatopancreas of GPx4 knock-down shrimp.

To get insight about how the GPxs antioxidant enzymatic response is affected during hypoxia,
reoxygenation, and GPx4 knock-down, we evaluated total GPx and specific GPx4 enzymatic
activities using a specific substrate for GPx4 and a common substrate for all GPxs. As we
expected, the total GPx enzymatic activity was several times higher than GPx4 activity in shrimp
hepatopancreas (Figure 2). Also, the changes in enzymatic activities of total GPx and GPx4 in
response to hypoxia and reoxygenation were different at the distinct tested times, while the
activities of total GPx and GPx4, were not affected by GPx4 knock-down, indicating that the
antioxidant response can be maintained even when GPx4 transcripts presence is reduced (Figure
2). In agreement with this result, the redox status, evaluated by the GSH/GSSG ratio, was not
affected by GPx4 silencing neither (Table 3), indicating that GPx4 knock-down does not induce a
major oxidative stress in shrimp hepatopancreas. GPx4 is the only one GPx from this family that
can reduce lipid hydroperoxides directly from membranes and their dysfunction or elimination
has been associated with multiple dysfunctions and cellular death in vertebrates [49,50].
However, surprisingly in shrimp hepatopancreas, GPx4 knock-down did not alter glutathione
redox status significantly in any of the evaluated times (Table 3), indicating that the antioxidant
response is well modulated in this tissue, probably because the GPx4 enzymatic activity is not

totally impaired by GPx4 knock-down neither, even though the GPx4 silencing efficiencies
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obtained ranged from 23.90 % to 81.43 %. It is worth to remember that silencing using RNAI
degrades the target transcript, but the decrease in protein concentration due to silencing may take
time, since transcription and translation rates are not exactly coupled, each is differently regulated
by their own pathways and also, the impact of distinct effectors can vary. Moreover, the effect
over the amount of the protein already present before the silencing may take some time to occur
and be reflected in enzyme activity [51]. It is also possible that other antioxidant elements could

be contributing to oxidative stress modulation as well.

On the other hand, hypoxia and reoxygenation induced significant changes in total GPx
enzymatic activity at 6 h, but not in GPx4 (Figure 2). During hypoxia, non-silenced shrimp
presented a reduction tendency in total GPx enzymatic activity with a 1.97-fold less in enzymatic
activity (p = 0.06) and a reestablishment of the enzymatic activity during reoxygenation (p <
0.05) (Figure 2A). In another study done in L. vannamei, Parrilla-Taylor and Zenteno-Savin
(2011) found that GPx enzymatic activity in hepatopancreas is not altered at 24 h by hypoxia and
reoxygenation, but in gills, it increased significantly due to reoxygenation [52]. Similarly, in this
same organism, the GPx enzymatic activity in hepatopancreas did not change after 24 h of
hypoxia exposure but it was higher after reoxygenation [22]. These reports agree with our
findings at 6 h, which indicates that during hypoxia and reoxygenation, changes in total GPx
enzymatic activity responses occur from early hours of stress exposure. However, at 12 h, total
GPx activity did not change in response to hypoxia and reoxygenation neither in silenced nor in
non- silenced shrimp, therefore it is probable that against changes in the oxygen supply, L.
vannamei goes through distinct adaptation phases across time that involves changes in the
biological responses such as enzymatic activity adjustments, as occurs against other stressors.

During cyclic serious medium hypoxia, L. vannamei GPx expression in hepatopancreas is down-
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regulated after 1 d of exposure, reestablishing on the third day, but during day 14 and 28, it was

down-regulated again [53].

Interestingly, unlike total GPx enzymatic activity, GPx4 activity was unaffected by hypoxia or
reoxygenation, since in both, silenced and non-silenced shrimp, no changes in GPx4 enzymatic
activity were found in any of the evaluated times (Figure 2B). During hypoxia the synthesis of
several selenoproteins and their activities can be impaired due to the down-regulation of some
enzymes needed for selenium recycling, activation, and generation of the Sec-loaded tRNA.
Nevertheless, selenoprotein biosynthesis reduction led by post-translational mechanisms during
hypoxia seems to be specific for some selenoproteins, since under hypoxia, hepatocytes cells
maintain GPx4 gene expression and enzymatic activity, while other selenoproteins as GPx1,
selenoprotein P and deiodinases type 1, decline in their protein concentration and enzymatic
activity during low oxygen supply in human hepatoma HepG2 cells [54]. GPx4 is the main
enzyme that reduces membrane lipid hydroperoxides directly, thus it is considered essential for
cell protection [50]. Therefore, it is likely that as in selenium deprivation, where GPx4 and GPx2
biosynthesis is prioritized above others as GPx1 and GPx3 [55]; during hypoxia GPx4 function is

favored over other GPxs due to its biological relevance.

On the other hand, despite the early changes presented in the total GPx enzymatic activity, in
shrimp hepatopancreas, GSH and GSSG content was maintained without statistically significant
changes in silenced and non-silenced shrimp during hypoxia and reoxygenation at 6 and 12 h,
due to the high shrimp biological variability; however, variations in their concentrations were
reflected in the changes at 6 h in total glutathione content (p < 0.05) (Table 3). Glutathione is the
main low molecular weight antioxidant in cells, since its antioxidant functions are exerted at

different levels of the antioxidant defense, thus, during stress, changes in the glutathione content
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can be expected [56]; however in L. vannamei hepatopancreas, the changes in GSH, GSSG and
total glutathione concentrations during hypoxia and reoxygenation were subtle (Table 3).
Similarly, the redox status in hepatopancreas was not affected by hypoxia and reoxygenation at 6
h but at 12 h it decreased in non-silenced shrimp (p < 0.05). Although in shrimp hepatopancreas,
the antioxidant response seems to be well modulated during hypoxia and reoxygenation in early
hours, at which changes in GPx2 and GPx4 expression occur as well as in the enzymatic activity
of total GPx, it is likely that under prolonged stress, the antioxidant response is overcamed, since
during hypoxia and reoxygenation in the white shrimp, a high ROS production is triggered [57],
which can result in oxidative damage, carbonylated proteins increase [58], and changes in redox
status. Interestingly, in a previous report, we found that in L. vannamei after 24 h of hypoxia and
reoxygenation exposure, the redox status was not altered [22]. This might suggest that the redox
imbalance detected at 12 h could be transitory in shrimp hepatopancreas. In the brown garden
snail Helix aspersa, the redox status is not perturbed by anoxia and reoxygenation [59]. Also, in
the crab Neohelice granulata, the redox status, evaluated by the GSH/GSSG ratio, is not affected
in muscle by hypoxia but it is by reoxygenation [60]. Responses of those organisms to similar
stressors to the ones we evaluated differ from our findings in the white shrimp hepatopancreas,
which could be related to the hypoxia tolerance of the organisms and their adaptation strategies,
since during stress, changes in the redox status can be promoted by several mechanisms and
variations of the rate of glutathione synthesis, recycling, metabolism and glutathionylation of
proteins [61]. However, according to our findings, the white shrimp appears to be a quite resilient
organism able to endure different abiotic stressors, including hypoxia and reoxygenation, by
modulation of the antioxidant response [22,53,62,63], in which, GPx2 and GPx4 play an

important role as essential selenoproteins involved in the antioxidant responses.
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4. Conclusions

Hypoxia and reoxygenation are common stressors for the white shrimp that impair the redox
status by modulation of the glutathione content. GPx2 and GPx4 were responsive at early hours
promoting the adaptation to changes in oxygen supply through changes in their gene expression
patterns and enzymatic activity. Surprisingly, gene expression regulation of GPx2 and GPx4 in
the shrimp suggests an interrelationship that remains unclear, in which GPx2 expression is down-

regulated during GPx4 knock-down. Thus, further studies that address this issue are needed.
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Tables

Table 1. Primers used for dsSRNA synthesis and for RT-gqPCR analysis.

Primer Gene Accession Number Sequence (5°- 3)

T7GPx4AllFw LOC113800343 GTTAATACGACTCACTATAGGGCATGGCTTCAGAGTC

T7GPx4Rv6 LOC113800343 GTTAATACGACTCACTATAGGGCATATACTTTTGGAGG

FWGPx4AllTv LOC113800343 TCATGGCTTCAGAGTCAGCC

GPx4Rv6 LOC113800343 GACCTCCAAAAGTATATGTAAGAC

GPx4Rv2 LOC113800343 CAGCGTGAACTACACCGAGT
LOC113819893

GPx2AIIFw LOC113819894 GAAGTTCCAGGGGAAGGTGGT
LOC113819893

GPx2AIlIRv LOC113819894 TCGCCGAACTCTTCCTTGAGT

L8F2 LOC113804304 TAGGCAATGTCATCCCCATT

L8R2 LOC113804304 TCCTGAAGGGAGCTTTACACG

Table 2. GPx4 silencing efficiency in shrimp hepatopancreas.

Condition 0 h, (p- value) 6 h, (p- value) 12 h, (p value)
Normoxia 23.90 %, (p >0.05) 51.45%, (p <0.05) 81.43 %, (p <0.05)
Hypoxia - 46.76 %, (p <0.05)  66.51 %, (p < 0.05)

Reoxygenation

62.03 %, (p <0.05) 53.84 %, (p <0.05)
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Table 3. Concentrations of total glutathione, GSH, GSSG, and GSH/GSSG ratio in shrimp
hepatopancreas during hypoxia, reoxygenation and GPx4 knock-down.

Total

Treatment glutathione GSH GSSG GSH/QSSG
(umol/L) (umol/L) (umol/L) ratio

Normoxia 0 h SS 11.1+2.0° 3.0+£0.8°% 58+1.0° 06+0.2°
Normoxia 0 h dsGPx4 55+0.8° 3.1+14° 2.7+0.3°% 1.0+05°
Normoxia 6 h SS 9.4+15° 9.3+3.1° 42+04° 20+£0.6°
Normoxia 6 h dsGPx4 12.8+2.4° 41+15° 6.5+1.6° 08+04°
Hypoxia 6 h SS 16.8+1.0° 46+18° 8.6+£04°% 05+£0.2°
Hypoxia 6 h dsGPx4 9.0+£32%® 7.8+54° 41+13° 1.3+05%
Reoxygenation 6 h SS 19.6 £9.1% 18.6+7.4° 8.3+4.3°% 3.6+£23°
Reoxygenation 6h dsGPx4 9.1+18% 85+21° 41+0.9° 21+01°
Normoxia 12 h SS 9.0+1.2° 16.2+4.9° 41+08°% 40+1.0°
Normoxia 12h dsGPx4 11.8+2.2° 10.1+1.8° 54+1.1°% 23+0.6%
Hypoxia 12 h SS 11.8+2.7°% 6.5+2.6° 57+14°% 1.3+05°
Hypoxia 12 h dsGPx4 152+6.0° 21.5+103° 6.7+24°% 26+06°
Reoxygenation 12 h SS 13.1+3.7° 8.1+34°% 59+15°% 1.2+0.3°
Reoxygenation 12 h dsGPx4 13.3+3.2° 9.8+4.3°% 6.0+1.2°% 14+04°

Data is expressed as mean + SEM (n=4). Different letters indicate statistical differences between
normoxia, hypoxia and reoxygenation treatments at given time (p<0.05).
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Figure captions

Figure 1. Gene expression of (A) total GPx4, and (B) total GPx2 during normoxia (N), hypoxia
(H) and reoxygenation (R) in non-silenced (SS) and GPx4 knock-down (dsGPx4) shrimp at 0, 6
and 12 h. Data shown as mean = SEM (n=5). Different letters indicate statistical differences

(p<0.05).

Figure 2. Enzymatic activity of (A) total GPx, and (B) GPx4 in response to normoxia (N),
hypoxia (H) and reoxygenation (R) in non-silenced (SS) and GPx4 knock-down (dsGPx4) shrimp
at 0, 6 and 12 h. Data shown as mean + SEM (n=4). Different letters indicate statistical

differences (p<0.05).
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4. RESULTADOS Y DISCUSION

4.1, Caracterizacion de la GPx4 de L. vannamei

Tras la basqueda en la base de datos en la que se deposito la secuencia del genoma del camarén y
el analisis de secuencias codificantes para GPx, se identificd que en el camardn blanco existen
varios genes que codifican para isoformas de la GPx tal como ocurre en vertebrados (Margis et al.,
2008). Solo se encontr6 un gen codificante para la GPx4 que se compone por seis exones
interrumpidos por cinco intrones que dan origen a cinco variantes de transcrito que producen dos
isoformas de la enzima. Las secuencias de las variantes de transcrito de GPx4 del camardn fueron
obtenidas experimentalmente y depositadas en la base de datos de NCBI con los siguientes numeros
de acceso: GPx4TV1Lv, OL630777; GPx4TV2Lv, OL630778; GPx4TV3Lv, OL630779;
GPx4TV4Lv, OL630780 y GPx4TV5Lv, OL630781.

En otros organismos como ratas y ratones, el uso de promotores diferentes para el inicio de la
transcripcion en sitios alternativos permite que al menos tres variantes de transcrito se produzcan
a partir del gen de GPx4 y se generen las isoformas citosélicas, mitocondriales y nucleares (Imai
et al., 2006; Maiorino et al., 2003). De manera similar en el camarén blanco, el inicio de la
transcripcion en sitios alternativos podria dar origen a las variantes de transcrito de la GPx4 ya que
estas difieren Unicamente en la longitud de su primer exon, sin embargo, se requiere profundizar
mas en este aspecto para definir los mecanismos exactos por los que esto ocurre.

El analisis in silico y basqueda de elementos de regulacion en la regién promotora del gen de GPx4,
indico la presencia de secuencias consenso de reconocimiento para HIF-1, p53 y p63. En el
humano, los genes de la GPx y GPx2, presentan elementos de respuesta a p53 (Tan et al., 1999) y
p63 (Yan y Chen 2006), respectivamente, mientras que los genes de GPx3 (Bierl et al., 2004) y
GPx8 (Bosello-Travain et al., 2015), son regulados por HIF-1. Similarmente en la tilapia
Oreochromis niloticus, los genes de GPx y MnSOD son regulados por p53 (Mai et al., 2010). Es
probable que de manera similar a lo que ocurre en vertebrados, en el camarén HIF-1, p53 y p63
intervengan en los cambios en la expresion de GPx4 en respuesta a estimulos especificos.

Por otro lado, el analisis de las secuencias de aminoéacidos de las isoformas de la GPx4, GPx4 X1

78



y GPx4 X2, de 188 y 162 amino&cidos respectivamente, indico la presencia de una sefial peptidica
en la GPx4 X1 que conduce a su localizacion mitocondrial, mientras que la GPx4 X2 es citosolica.
En otros organismos como ratas (Maiorino et al., 2003), ratones (Imai et al., 2006) y el salmén del
Pacifico (Wang et al., 2012), se han identificado isoformas mitocondriales y citosélicas de la GPx4
(Imai et al., 2006; Maiorino et al., 2003). En ambas isoformas de la GPx4 se localizaron los
residuos cataliticos de Sec, GIn y Trp embebidos en motivos altamente conservados.

A través del modelado por homologia de la proteina, se predijo una estructura monomérica que
presenta el plegamiento caracteristico de tioredoxinas, que es comUn en proteinas que interaccionan
con grupos tioles como ocurre en las GPxs (Martin, 1995). La distribucién espacial de los residuos
cataliticos indicO que estan dispuestos en proximidad con una orientacion cercana a la superficie
de la proteina, lo que posiblemente facilita su interaccion con los hidroperdxidos de fosfolipidos
de membrana. El analisis filogenético por su parte, indicé que ambas isoformas de la GPx4 de L.
vannamei han divergido evolutivamente a traves del tiempo de la GPx1, 2, 3, 5y 6 de otros
crustaceos, ubicandose asi en el arbol filogenético en un clado separado en el que se agrupan con
la GPx4 y GPx7 de otros crustaceos. Algunos estudios filogenéticos han sugerido que en
mamiferos, la GPx7 ha surgido de la GPx4 como ancestro (Maiorino et al., 2015), y es probable
que esto haya ocurrido en crustaceos también.

Para conocer la distribucion de la GPx4 en tejidos del camarodn, se analizé la expresion de GPx4
en hepatopancreas, branquias y musculo, que son tejidos con una alta actividad metabolica y por
lo tanto podrian tener una elevada produccion de ROS. Los resultados obtenidos indicaron que la
GPx4 se expresa mayormente en hepatopancreas seguido de branquias, mientras que en musculo,
la expresion fue indetectable. En vertebrados, el selenio es acumulado y metabolizado
principalmente en el higado, en donde es incorporado a algunas selenoproteinas (Burk y Hill 2005).
Aunque las rutas del selenio en invertebrados no se han detallado hasta el momento, es probable
que guarden similitud con las de vertebrados.

En este sentido, el hepatopancreas por sus similitudes funcionales con el higado en mamiferos,
podria involucrarse en la utilizacién del selenio y presentar una alta expresion de algunas
selenoproteinas en comparacion con otros tejidos. En L. vannamei la expresion de Sel M en
hepatopancreas es casi cuatro veces mayor que en branquias (Garcia-Triana et al., 2010). En este
mismo organismo, la GPx3 presentd una alta expresion en hepatopancreas en comparacién con

otros tejidos como el corazdn, masculo, estémago y el pedinculo ocular (Fan et al., 2022). De
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manera similar, en P. monodon la GPx4 tiene una alta expresion en hepatopancreas en contraste
con otros tejidos como el masculo, cerebro y ovarios (Li et al., 2017).

Por otra parte, en el camardn la expresion de GPx4 en el musculo fue indetectable. En otros
crustaceos como los camarones Macrobrachium nipponense (Xu et al., 2020) y P. monodon (L. et
al., 2017), se ha detectado la expresion de GPx4 en musculo, aunque con niveles bajos en
comparacion con otros tejidos. A pesar de que todos los tejidos son capaces de sintetizar
selenoproteinas, sus requerimientos pueden variar, lo que determinaré sus patrones de expresion.
En vertebrados, los receptores que facilitan la endocitosis del selenio en diferentes tejidos, Seppl
y apoER2, tienen baja expresion en musculo en comparacién con otros tejidos (Burk y Hill 2015),
lo que puede afectar a la biosintesis de selenoproteinas. Estos patrones de distribucion del selenio
podrian ser similares en crustaceos, ya que en L. vannamei la expresion de GPx4 en musculo resultd
indetectable. En la carpa Cyprinus carpio, la acumulacién de selenio ocurre principalmente en el
rifidn seguido del higado, mientras que en el masculo la cantidad almacenada fue muy poca. En
este mismo organismo, la suplementacion con selenio dietario incrementé la actividad de GPx en
el higado a los 30 y 60 dias de suplementacion (Elia et al., 2011). Similarmente, en el camaron
blanco, la suplementacion dietaria con selenio aumentd la actividad enzimatica de GPx en el

hepatopancreas a las ocho semanas (Yu et al., 2021).

4.2. Efecto de la Hipoxia y el Silenciamiento de p53 en la Expresion de GPx4 y el Contenido de

Proteinas Carboniladas

Debido a que resultados previos indicaron que la GPx4 presenta una alta expresion en
hepatopancreas en contraste con otros tejidos, se decidié emplear este tejido para el resto de las
evaluaciones. La eficiencia del silenciamiento de p53 en hepatopancreas fue evaluada previamente
por Nufiez-Hernandez y colaboradores (2021) quienes reportaron eficiencias de silenciamiento
entre el 76.6 % y el 95.4.%.

El silenciamiento de p53, redujo la expresion de GPx4 en casi todos los tiempos evaluados,
independientemente de las condiciones de oxigenacién; durante la primera hora, la expresion de
GPx4 se redujo hasta casi 2 veces. En vertebrados, p53 regula la expresion de enzimas
antioxidantes como la GPx (Mai et al., 2010; Tan et al., 1999), GPx2 (Yan and Chen 2006) y
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MnSOD (Mai et al., 2010). En invertebrados como L. vannamei (Qian et al., 2014) y P.monodon
(Li et al., 2017), se ha sugerido que de manera similar p53 esta involucrado en la respuesta
antioxidante. Consistente con estos reportes y con los hallazgos del andlisis in silico del promotor
del gen de la GPx4, en el que fueron identificados elementos de respuesta de p53 y p63, asi como
con el andlisis de la expresion de GPx4 en camarones silenciados, en L. vannamei p53 regula la
expresion de GPx4 en el hepatopancreas. Ademas, ocurrieron cambios significativos en el
contenido de proteinas carboniladas durante el silenciamiento de p53.

El contenido de proteinas carboniladas es un buen indicador de estrés oxidativo, ya que se generan
rapidamente durante el estrés y permanecen estables (Dalle-Donne et al., 2003). Durante la primera
hora, el contenido de proteinas carboniladas incremento en camarones silenciados, mientras que a
las 24 y 48 h hubo una marcada disminucion. Esto indica que durante la primera hora ocurre un
mayor dafio oxidativo por efecto del silenciamiento de p53, pero que a las 24 y 48 h el estrés
oxidativo es contenido y la cantidad de proteinas carboniladas disminuye. p53 regula diversos
genes prooxidantes y antioxidantes, dependiendo del contexto celular, por lo que es probable que
durante el silenciamiento de p53 sus respuestas sean alteradas induciendo cambios oxidativos
(figura 3). Algunos de los genes regulados por p53 en mamiferos son el de la GPx, MnSOD (Mai
et al., 2010), GPx2 (Yany Chen 2006) , SESN1, SESN2 y GPx1(Sablina et al., 2005).
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Figura 3. Cambios en la expresion de GPx4 y el contenido de proteinas carboniladas en respuesta
a la hipoxia y el silenciamiento de p53. N: Normoxia; H: Hipoxia; SS: Organismos no silenciados;
dsp53: Organismos silenciados en p53; -: Sin cambios significativos.
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Por otro lado, el efecto de la hipoxia también indujo cambios interesantes en la expresion de GPx4.
Durante la primera hora, en camarones no silenciados la expresion de GPx4 fue 1.38 veces mayor
durante la hipoxia en comparacion con su control en normoxia, sin embargo, el incremento no
resulté estadisticamente significativo, mientras que en los silenciados, la expresion de GPx4
aumento significativamente 2.08 veces en respuesta a hipoxia. En contraste, a las 6 h la expresion
de GPx4 disminuyd en camarones silenciados y sin silenciar por efecto de la hipoxia, indicando
que durante un periodo de hipoxia méas prolongado, pueden ocurrir cambios adaptativos en la
expresion de GPx4. Durante la hipoxia, la capacidad de adaptacion de los organismos es clave para
la resiliencia y una de las primeras respuestas adaptativas es el incremento en la expresion de genes
antioxidantes (Giraud-Billoud et al., 2019).

El aumento en la expresion de GPx4 en el hepatopancreas de L. vannamei durante la primera hora
podria reflejar una respuesta adaptativa temprana ante la baja disponibilidad de oxigeno. Sin
embargo, es probable que durante un estrés mas prolongado, como el de 6 h, las respuestas
bioldgicas hayan sido modificadas para suplir las necesidades del organismo. Entre las respuestas
mas comunes al estrés prolongado por hipoxia se encuentra la depresion metabdlica, durante la que
ocurre una reduccion de la tasa de transcripcion y traduccién con el fin de disminuir la biosintesis
de proteinas para el ahorro de energia (Hochachka 1997). En L. vannamei, la expresion de GPx en
hepatopancreas es regulada positivamente durante las primeras 4 h de hipoxia, pero a las 24 h ésta
es regulada negativamente (Kniffin et al., 2014). Similarmente, en el intestino medio y
hepatopancreas del camaron, la hipoxia media ciclica disminuyd la expresion de MnSOD y GPx
tras un dia de exposicién (Han et al., 2018).

Interesantemente, a las 24 h no se encontraron cambios significativos por efecto de la hipoxia tanto
en camarones silenciados como no silenciados, pero a las 48 h hubo una disminucion en la
expresion de GPx4 en los organismos no silenciados por efecto de la hipoxia. Nufiez-Hernandez y
colaboradores (2021), reportaron que en L. vannamei, la expresion de p53 en el hepatopancreas
disminuye significativamente a las 48 h por efecto de la hipoxia (Nufiez-Hernandez et al., 2021),
por lo que podria haber una regulacion negativa de los genes responsivos a p53, entre ellos genes
antioxidantes como el de la GPx4. Pese a esto, el contenido de proteinas carboniladas no presentd
cambios a las 48 h por efecto de la hipoxia. En este sentido, es importante considerar que las
respuestas prooxidantes y antioxidantes mediadas por p53 varian con el contexto celular, y aunque

hay una regulacién negativa en la expresion de GPx4 a las 48 h durante la hipoxia, existen otros
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elementos de la respuesta antioxidante que podrian contribuir a mantener la homeostasis redox

durante este tiempo y evitar asi el dafio oxidativo en biomoléculas.

4.3. Efecto del Silenciamiento de la GPx4 en la Expresion de GPx2 Durante la Hipoxia y

Reoxigenacion

Para estudiar con mayor profundidad las respuestas antioxidantes de la GPx4 y su regulacion, se
evalud la expresion de GPx2 y GPx4 durante la hipoxia, reoxigenacion y el silenciamiento de
GPx4, para investigar si la modulacion de la respuesta antioxidante de estas isoformas se encuentra
interrelacionada y si esto influye en la respuesta antioxidante del camardn blanco ante condiciones
de estrés como la hipoxia y reoxigenacion. Para ello se realiz6 un bioensayo de silenciamiento de
GPx4, hipoxia y reoxigenacion. El silenciamiento de GPx4 fue efectivo alcanzando porcentajes de
silenciamiento entre 23.90 y 81.43 % en hepatopancreas.

En L. vannamei, tanto GPx2 como GPx4, se expresan en hepatopancreas, aunque la GPx2 presentd
una mayor expresion que GPx4 por lo que la respuesta antioxidante mediada por GPx2 podria ser
mayor en este tejido. En mamiferos, la GPx2 se expresa en varios tejidos como los del sistema
gastrointestinal, células epiteliales de pulmon y algunas células cancerigenas (Brigelius-Flohé y
Kipp 2012). Previamente en el camardn blanco, Liu y colaboradores (2007) identificaron una GPx
selenodependiente que no fue clasificada, sin embargo, ahora consistente con la secuencia del
genoma del camaron se sabe que esta corresponde a una GPx2. Estos autores reportaron una amplia
distribucion de GPx2 en musculo, hepatopancreas, branquias, intestino y hemocitos, lo que indica
que la GPx2 en el camaron, a diferencia de lo que ocurre en mamiferos, se expresa en diferentes
tejidos, incluyendo el hepatopancreas en el que presento alta expresion en comparacién con la de
GPxA4.

Ademas, en vertebrados las isoformas de la GPx han demostrado estar involucradas en diferentes
procesos bioldgicos gracias a que su especificidad por los sustratos es distinta, lo que les permite
actuar en diferentes cascadas de sefializacidn, por lo que su expresion se encuentra finamente
regulada por distintas vias y puede presentar patrones diferentes de expresion (Stoytcheva y Berry

2009). La GPx2 tiene una especificidad de sustrato similar a la de la GPx1 con preferencia por los
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hidroperoxidos del &cido linoleico, mientras que la GPx4 es una enzima maés lipofilica con
preferencia por los hidroperéxidos de membrana. Ademas, la GPx2 presenta preferencia por el
GSH como electrodonador, mientras que la GPx4 no es tan selectiva y reacciona incluso con
algunos tioles (Brigelius-Flohé y Kipp 2012).

En cuanto a las principales funciones de la GPx2 y GPx4, mas alla de su rol como enzimas
antioxidantes, en vertebrados, la GPx2 participa en el proceso anti-inflamatorio, la inhibicion de la
apoptosis y de la proliferacion celular cancerigena (Brigelius-Flohé y Kipp 2012). Por otra parte,
las funciones de la GPx4 se han asociado mas a la proteccion de membranas, inhibicién de la
apoptosis (Imai y Nakagawa 2003; Nomura et al., 2000), y como proteina estructural (Puglisi et
al., 2005; Ursini et al., 1999). En ratdn, varias selenoproteinas entre ellas la GPx1, GPx2, GPx3y
GPx4, presentaron diferencias en la abundancia de sus transcritos en el cerebro, testiculos, higado,
rindn, pulmon, corazon, intestino y bazo (Hoffmann et al., 2007). De manera similar, en
hepatopancreas de camaron, la GPx2 y GPx4 se expresan en diferente proporcion lo que podria
estar relacionado con la especificidad de sustrato, requerimientos tejido-especificos, asi como las
funciones especificas de cada una.

Interesantemente, el silenciamiento de GPx4 redujo la expresion de GPx2 alas 0, 6y 12 hen la
mayoria de los tratamientos. Durante la reduccion o eliminacion de uno de los elementos de la
respuesta antioxidante puede promoverse el estrés oxidativo, por lo que podria esperarse el
desarrollo de mecanismos compensatorios para evitar el dafio oxidativo en el organismo. Sin
embargo, este tipo de respuestas son dependientes del contexto celular, los genes implicados y las
relaciones estrechas entre moléculas, ya que las GPxs como moléculas antioxidantes regulan los
niveles de ROS en la célula, lo que puede modificar diferentes vias de trasduccion de sefiales asi
como la activacién de elementos de respuesta de algunos genes sensibles a ROS (Ansong et al.,
2014).

De acuerdo con lo anterior, varios reportes indican que algunas selenoproteinas pueden establecer
distintas relaciones. En el ratdn, el knock-out (KO) de GPx2 es compensado con la regulacion
positiva de GPx1 a nivel postraduccional en células de la cripta del colon, en donde GPx2 es
preferencialmente expresada (Florian et al., 2010). Por su parte, en células Caco-2, el KO de GPx1
no afecta la expresion de GPx2 y GPx4, que mantuvieron su habilidad para compensar la baja
expresion de GPx1 (Gong et al., 2012). Interesantemente en el raton, la delecién de la Sel P

disminuyd la expresion de algunas selenoproteinas como la GPx1 , GPx4 y Sel W, en diferentes
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tejidos (Hoffmann et al., 2007). En contraste, el KO de GPx1 en el ratdn no afectd los niveles de
MRNA de GPx3 'y GPx4 en el pulmoén y rifidn, lo que indica que en este organismo los genes de la
GPx1, GPx3y GPx4 se expresan de manera independiente (Cheng et al., 1997).

A pesar de que en vertebrados algunas de las respuestas y relacion entre las isoformas de la GPx
han sido evaluadas, muchos aspectos ain permanecen sin ser completamente comprendidos. Por
su parte, los estudios de este tipo en invertebrados aiin son pocos como para definir los mecanismos
a través de los cuales las isoformas de la GPx intervienen en los cambios de expresion de otras
isoformas. Sin embargo, la disminucion en la expresién de GPx2 en hepatopancreas del camarén
por efecto del silenciamiento de GPx4 podria indicar que en este organismo, la expresion de estas
dos isoformas de la GPx mantiene una relacion de dependencia, en la que la GPx4 parece jugar un
papel importante en la expresion de GPx2, pero los mecanismos por los que esto ocurre aun no son
claros.

Por otro lado, en respuesta a hipoxia y reoxigenacion, la GPx2 y GPx4 presentaron patrones de
expresion similares ya que a las 6 h la expresion de GPx2 y GPx4 disminuy0 por efecto de la
hipoxia y se reestablecio durante la reoxigenacion en camarones no silenciados, mientras que a las
12 h no ocurrieron cambios estadisticamente significativos en su expresion. En P. monodon, la
GPx1 y GPx7 tuvieron patrones de expresion diferentes en branquias y hepatopancreas, en
respuesta a la exposicion a metales, cambios en la concentracion salina e infeccidn por patdgenos
(Liu et al., 2018). Similarmente, en el pez dorado Sparus aurata, la expresion de GPx1y GPx4 fue
diferente en respuesta al estrés por confinamiento y ayuno (Malandrakis et al., 2014).

Aun cuando en algunos organismos las isoformas de la GPx presentan diferentes patrones de
expresion (Margis et al., 2008), frente a estresores especificos, algunas de sus respuestas podrian
converger para contrarrestar los efectos del estrés oxidativo, justo como parece ocurrir en el
hepatopancreas de L. vannamei durante la hipoxia y reoxigenacion, en el que las respuestas de
GPx2 y GPx4 convergen disminuyendo su expresion durante la hipoxia a las 6 h y restableciéndola
durante la reoxigenacion. Ademas, los cambios en la expresion de GPx2 y GPx4 podrian responder
a cambios en la activacidn de factores de transcripcion que podrian tener en comun, como p53. En
vertebrados, p53 es capaz de regular la expresion de enzimas antioxidantes como la MnSOD
(Hussain et al., 2004) y la GPx1 (Tan et al., 1999), mientras que la expresion de GPx2 mas bien es
activada por p63, otra proteina de la familia de p53, aunque su funcién como enzima inhibidora de

la apoptosis en células MCF-7 si es dependiente de p53 (YYan and Chen 2006).
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En el camar6n blanco se demostrd que p53 es capaz de promover cambios en la expresion de GPx4
y esto mismo podria ocurrir con GPx2. En este mismo organismo, Nufiez-Hernandez y
colaboradores (2021) encontraron que la expresion de p53 en el hepatopancreas disminuye por
efecto de la hipoxia a las 24 y 48 h. Asimismo, es probable que los cambios en la expresion de
GPx2 y GPx4 en respuesta a hipoxia y reoxigenacién se deban a una respuesta adaptativa ya que
ante condiciones de estrés, la depresién metabdlica suele ser una de las principales respuestas
encaminadas a la supervivencia del organismo. Por lo tanto, es posible que a las 6 h ocurriera una
disminucion en la transcripcion por el uso de energia para el mantenimiento de otras funciones
necesarias para adaptarse y superar el estrés por hipoxia (Hochachka 1997), y restablecerse durante

la reoxigenacion.

4.4, Cambios en la Actividad Enzimética de GPx Total, GPx4 y el Contenido de Glutation

Durante la Hipoxia, Reoxigenacion y el Silenciamiento de GPx4

Para conocer cémo la respuesta antioxidante de GPx es afectada en respuesta a hipoxia y
reoxigenacion en camarones silenciados en GPx4, evaluamos la actividad enzimatica de GPx total
y GPx4, asi como los cambios en el contenido de glutation, como indicador de cambios en el estado
redox. De acuerdo con lo esperado, la actividad enzimatica de GPx total resulté considerablemente
mayor comparada con la de GPx4 en hepatopancreas. El analisis de la secuencia del genoma del
camaron publicada por Zhang y colaboradores (2019), indicé que en el camaron blanco existen al
menos ocho genes que codifican para isoformas de la GPx (Cuadro 1), por lo que no es sorpresivo
que la actividad de GPx total resulte mayor que la de GPx4, ya que todas las isoformas de la GPx
emplean al H.O, como sustrato, pero solo la GPx4 es capaz de reducir hidroperdxidos de
fosfolipidos (Brigelius-Flohé y Maiorino 2013).

Por otro lado, el silenciamiento de GPx4 no afecto la actividad enzimatica de GPx total y GPx4, lo
que indica que la respuesta antioxidante es mantenida aun cuando la expresion de GPx4 y GPx2 es
reducida por efecto del silenciamiento de GPx4. Asimismo, el silenciamiento tampoco indujo
cambios en el contenido de glutation ni en el estado redox, evaluado mediante la relacion

GSH/GSSG. Estos resultados sugieren que el estrés oxidativo no incrementa en hepatopancreas
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por efecto del silenciamiento de GPx4 y esto podria deberse a que la actividad enzimética de GPx4
no es afectada al silenciar GPx4. Ademas, es probable que durante el silenciamiento otras enzimas
antioxidantes estuvieran contribuyendo a la homeostasis redox para evitar el desbalance oxidativo.
En el cefalotérax del camarén Fenneropenaeus chinensis, el silenciamiento de GPx induce la
expresion de CAT y peroxirredoxina (Prx), que también reducen el H20-, lo que indica que existe
una respuesta compensatoria a nivel transcripcional (Wang et al., 2012). Por otra parte, hay que
considerar que el silenciamiento conduce a la degradacion del transcrito diana, sin embargo, la
disminucion en la concentracion de proteina por efecto del silenciamiento puede tomar tiempo
debido a que las tasas de transcripcion y traduccién no estan exactamente acopladas y cada una es
regulada por sus propias vias y distintos efectores (Hausser et al., 2019). Ademas, la proteina
presente previo al silenciamiento puede tomar tiempo en disminuir y por lo tanto en afectar la
actividad enzimatica.

Por su parte, la actividad enzimatica de GPx total presenté cambios en respuesta a hipoxia y
reoxigenacion. A las 6 h, la actividad de GPx total no presenté cambios por efecto de la hipoxia,
en camarones no silenciados, pero hubo un incremento durante la reoxigenacion, mientras que a
las 12 h no ocurrieron cambios en la actividad de GPx total. Parrilla-Taylor y Zenteno-Savin
(2011), encontraron que en branquias del camardn blanco, la actividad de GPx, no cambia por
efecto de la hipoxia, pero que durante la reoxigenacion si incrementa significativamente. De
manera similar, en el hepatopancreas de este mismo organismo, la hipoxia de 24 h no indujo
cambios en la actividad enzimatica de GPx, pero durante la reoxigenacion si aumentd (Estrada-
Cérdenas et al., 2021).

Estos reportes concuerdan con los resultados obtenidos a las 6 h, lo que sugiere que los cambios
que ocurren durante la hipoxia y reoxigenacién en la actividad enzimética de GPx total podrian ser
inducidos desde horas tempranas. En el camardn, como en otros organismos, durante la adaptacion
a condiciones estresantes, las respuestas biologicas como ajustes en la actividad de algunas enzimas
que contribuyen a su adaptacién como las GPxs, pueden variar en funcion del tiempo. En el
hepatopancreas de L. vannamei, la hipoxia media ciclica de 1 dia disminuyé la expresion de GPx
y se restableci¢ al tercer dia, pero durante el dia 14 y 28 volvi6 a disminuir (Han et al., 2018).
Pese a las diferencias encontradas en la actividad enzimatica de GPx total, la actividad de GPx4 no
fue afectada por la hipoxia y reoxigenacion, lo que sugiere que las respuestas de las isoformas

podrian ser diferentes ante el estrés por hipoxia. La GPx4 es considerada como una enzima de alta
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relevancia bioldgica por sus funciones estructurales (Puglisi et al., 2005), antioxidantes y como
citoprotector (Maiorino et al., 2018). Ademaés, se ha encontrado que la eliminacion del gen de la
GPx4 en ratones produce la muerte temprana en etapa embrionaria (Imai et al., 2003). En contraste,
otras isoformas de la GPx han sido consideradas como de menor relevancia bioldgica. En este
sentido, es probable que durante la hipoxia, la biosintesis y funcion de la GPx4 sea favorecida sobre
otras isoformas de la GPx por su relevancia para el organismo, de manera similar a lo que ocurre
durante la baja biodisponibilidad de selenio, donde la biosintesis de GPx2 y GPx4 es priorizada
sobre la de GPx1y GPx3 (Schomburg and Schweizer 2009). En células HepG2, la hipoxia afecta
la biosintesis de selenoproteinas como la Sel P y deionidasas tipo 1, mientras que la expresion de
GPx4 parece ser priorizada (Becker et al., 2014).

Al analizar el contenido de GSH y GSSG, no se encontraron cambios significativos por efecto de
la hipoxia y reoxigenacion a las 6 y 12 h, pese a que ante condiciones de estres, lo esperado es que
el contenido de GSH disminuya por la reduccion de ROS y que el GSSG incremente (Masella et
al., 2005). Aunqgue la hipoxia y reoxigenacion son importantes estresores para el camarén, esto
sugiere que ante estas condiciones las respuestas y mecanismos antioxidantes son capaces de evitar
el desbalance y dafio oxidativo en hepatopancreas, ya que no solo no se encontraron cambios en el
contenido de GSH y GSSG, sino que tampoco ocurrieron cambios en el contenido de proteinas
carboniladas evaluado a las 1, 6, 24 y 48 h en respuesta a hipoxia. Pese a que los cambios en las
concentraciones de GSH y GSSG fueron sutiles, a las 12 h el estado redox evaluado por la
proporcion GSH/GSSG, disminuy0 notablemente durante la hipoxia y reoxigenacion en camarones
no silenciados. Aunque la respuesta antioxidante en el hepatopancreas del camardn parece ser
modulada desde horas tempranas durante la hipoxia y reoxigenacion, con cambios en la expresion
de GPx2 y GPx4 asi como de la actividad enzimética de GPx4 y GPx total, es probable que ante
un estrés prolongado ocurra el desbalance del estado redox (figura 4), ya que durante la hipoxia y
reoxigenacion en L. vannamei se desencadena una alta produccién de ROS (Zenteno-Savin et al.,
2006), que puede resultar en dafio oxidativo con incremento en el contenido de proteinas

carboniladas (Gonzélez-Ruiz et al., 2020) y cambios en el estado redox.
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Figura 4. Cambios en la expresion de GPx4 y GPx2, actividad enzimética de GPx total y GPx4 y
en la proporcién GSH/GSSG por efecto de la hipoxia (H) y la reoxigenacion (R) en camarones no
silenciados (SS) y silenciados en GPx4 (dsGPx4). -: Sin cambios significativos.

En otros organismos, como el caracol Helix aspersa, el estado redox no es afectado por la anoxia
y reoxigenacion a las 5 h (Welker et al., 2016). Similarmente, en el cangrejo Neohelice granulata,
el estado redox, evaluado segun la proporcion GSH/GSSG en musculo, no es afectado a las 4 h por
la hipoxia pero si por la reoxigenacion (Geihs et al., 2016). Por otro lado, en ratas Sprague-Dawley,
la hipoxia y reoxigenacion disminuyen la proporcion GSH/GSSG en cerebro a las 6 h (Coimbra-
Costa et al., 2017). Algunas de las respuestas de estos organismos a estresores similares a los
evaluados difieren de nuestros hallazgos en hepatopancreas, sin embargo, es necesario considerar
las diferencias en los tiempos de exposicion, las caracteristicas de los tejidos evaluados, asi como
la tolerancia a hipoxia de los organismos. Ademas, puede haber diferencias marcadas en los
mecanismos de adaptacion, que podrian influir en cambios en el estado redox entre los que podrian
estar variaciones en la tasa de sintesis, reciclaje, metabolismo y glutationilacién de proteinas
(Forman 2016). Sin embargo, de acuerdo con nuestros hallazgos, el camaron blanco es un
organismo resiliente capaz de tolerar cambios en las concentraciones de oxigeno disuelto como la
hipoxia y la reoxigenaciéon mediante la modulacion de la respuesta antioxidante, en la que se

involucran selenoproteinas como GPx2 y GPx4.
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5. CONCLUSIONES

El camardn blanco cuenta con al menos ocho genes que codifican para isoformas de la GPX,
entre ellos uno que codifica para la GPx4 y que produce cinco variantes de transcrito y dos
isoformas con distinta localizacion celular. En hepatopancreas del camardn blanco, la GPx2 y
GPx4 son responsivas ante el estrés por hipoxia y reoxigenacion desde horas tempranas, ya que en
respuesta a estos estresores ocurren cambios importantes en la expresion génica y la actividad
enzimatica. Aunque la hipoxia y reoxigenacion son estresores importantes para el camardn blanco,
el estado redox en hepatopancreas no es afectado por estas condiciones en tiempos tempranos (6
h). Sin embargo, ante condiciones prolongadas (12 h), el estado redox es alterado lo que podria
traer consecuencias negativas para el camarén, aunque el contenido de proteinas carboniladas no
presentd cambios por efecto de la hipoxia.

Por otro lado, la expresion de GPx4 esta regulada por el factor de transcripcion p53 y la expresion
de GPx2 es afectada por cambios en la expresion de GPx4, lo que sugiere una interrelacion entre

estas dos selenoproteinas, sin embargo, los mecanismos aun no estan claros.
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6. RECOMENDACIONES

Los resultados obtenidos indican que en el camaron blanco existen varias isoformas de la
GPx, sin embargo, solo unas cuantas han sido caracterizadas y estudiadas como la GPx2, GPx3y
GPx4, por lo que el estudio y caracterizacion de otras isoformas podria aportar informacion
relevante para una comprension mas completa de la respuesta antioxidante y su regulacion en este
organismo. Por otro lado, en vertebrados, varias isoformas de la GPx se involucran en diferentes
procesos biolégicos més alla de su funcién antioxidante, por lo que el estudio de estas enzimas

desde otra perspectiva podria aportar informacion novedosa.
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