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RESUMEN

En los ultimos afios, el consumo de metformina (MET) ha aumentado no solo por la mayor
prevalencia de diabetes tipo 2, sino también por su uso para otras indicaciones como el cancer
y el sindrome de ovario poli quistico. En consecuencia, la MET se encuentra actualmente
entre las drogas de mayor peso liberadas a los ambientes acuaticos. Sin embargo, antes de
que este farmaco sea liberado a los diferentes cuerpos de agua, esta es parcialmente
biotransfomado a su principal producto de degradacion, la guanylurea (GUA), en las plantas
de tratamiento de aguas residuales (EDAR). Dado que existe una gran brecha de
conocimiento sobre la toxicidad de este farmaco y su metabolito en los organismos acuéticos,
nuestro objetivo fue investigar el impacto de la MET y la GUA en el desarrollo embrionario
y los biomarcadores de estrés oxidativo del pez cebra (Danio rerio). Para este efecto, los
embriones de pez cebra (4hpf) se expusieron a varias concentraciones de MET (1, 10, 20, 30,
40, 50, 75 and 100 pg/L) y GUA (25, 50, 100, 200, 250, 25000, 50000, 75000 pg/L) hasta
las 96 hpf. La MET acelero significativamente el proceso de eclosion en todos los grupos de
exposicion, mientras que la GUA indujo un retraso en la eclosion de una manera dependiente
de la concentracion. Ademads, tanto la MET como su producto de transformacion (TP)
indujeron varias alteraciones morfologicas en los embriones, afectando su integridad y
consecuentemente provocando su muerte. En cuanto al equilibrio oxidativo, la MET y la
GUA indujeron significativamente la actividad de las enzimas antioxidantes y los niveles de
biomarcadores de dafio oxidativo. Sin embargo, nuestro andlisis de IBR demostraron que los
biomarcadores de dafio oxidativo tienen mas influencia sobre los embriones. Por lo tanto, la
MET y la GUA puede afectar el desarrollo embrionario del pez cebra y el estrés oxidativo

puede estar involucrado en la generacion de este proceso embriotdxico.



ABSTRACT

In recent years, the consumption of metformin (MET) has increased not only due to the
higher prevalence of type 2 diabetes, but also due to their usage for other indications such as
cancer and polycystic ovary syndrome. Consequently, metformin is currently among the
highest drug by weight released into the aquatic environments. Nonetheless, before this drug
was released into the aquatic environment, MET is partially bio transformed in guanylurea
(GUA) in WWTPs. Since the toxic effects of this drug on aquatic species has been scarcely
explored, the aim of this work was to investigate the influence of MET and its main
metabolite on the development and redox balance of zebrafish (Danio rerio) embryos. For
this purpose, zebrafish embryos (4hpf) were exposed to several concentrations of MET (1,
10, 20, 30, 40, 50, 75 and 100 pg/L) and GUA (25, 50, 100, 200, 250, 25000, 50000, 75000
png/L) until 96 hpt. Metformin significantly accelerated the hatching process in all exposure
groups. Meanwhile, GUA delayed the hatching process in the embryos in a concentration
dependent manner. Moreover, MET and GUA induced several morphological alterations on
the embryos, affecting their integrity and consequently leading to their death. Concerning
oxidative stress response, we demonstrated that MET and GUA induced the activity of
antioxidant enzymes and increased the levels of oxidative damage biomarkers. However, our
IBR analysis demonstrated that oxidative damage biomarkers got more influence over the
embryos. Together these results demonstrated that MET and GUA may affect the embryonic
development of zebrafish and that oxidative stress may be involved in the generation of this

embryotoxic process.



INTRODUCCION

La metformina (MET) es la terapia oral de primera linea y el agente oral mas cominmente
recetado para tratar la diabetes tipo 2 (Foretz et al., 2014). No obstante, en los ultimos afios,
numerosos estudios han sugerido su uso para otras indicaciones como: sindrome de ovario
poli-quistico y cancer (Zaidi et al., 2019; Bahrambeigi et al., 2020; Guan et al., 2020). En
consecuencia, las prescripciones y el consumo de este farmaco estan aumentando a nivel
mundial, lo que lleva a su presencia en plantas de tratamiento de aguas residuales (EDAR).
En las EDAR, la MET se biotransforma parcialmente en guanylurea (GUA) (Tisler y
Zwiener, 2018), y debido a su caracter recalcitrante, ambos compuestos son liberados a los
ambientes acuaticos donde pueden exhibir diferentes efectos toxicos en organismos no
objetivo.

Entre los efectos toxicos que puede inducir la MET en las especies acudticas se encuentran
la alteracion endocrina y la intersexualidad. Niemuth et al., 2015, por ejemplo, demostraron
que 40 pg/L de este farmaco inducia la sobreexpresion de vitelogenina (VTG) en machos de
Pimephales promelas. De manera similar, Crago et al., 2016 observaron un impacto en la
expresion de la VTG, el receptor de estrégeno alfa y en la hormona liberadora de
gonadotropina 3 (GnRH3) en Pimephales promelas juvenil en concentraciones tan bajas
como 1 pg/L. De acuerdo con estos resultados, Lee et al., 2019 sefialaron que la MET podria
activar la AMPK al inhibir MRC 1 y, por tanto, afectar al eje hipotalamo-pituitario-gonadal
(HPG), lo que resulta en una alteracion del sistema reproductivo.

Otra respuesta dafiina que puede producir la MET en las especies acudticas es la
desregulacion metabolica. Los embriones de trucha marréon expuestos a varias

concentraciones de este farmaco (1 pg/L -1 000 pg/L) mostraron un aumento en la cantidad



de glucogeno hepatico, especialmente en peces expuestos a la concentracion mas baja de
MET (Jacob et al., 2018). De manera anéloga, las primeras etapas de la vida de la Medaka
japonesa expuesta a un rango de concentraciones relevantes de MET (1ug/L -100ug/L)
mostraron una alteracion significativa en la expresion de diferentes metabolitos asociados
con la energia celular y las vias de proliferacion/crecimiento celular (Ussery et al., 2018).
Con respecto a las respuestas toxicas del desarrollo embrionario, solo se han realizado dos
estudios en peces. En el primero, concentraciones ambientalmente relevantes de MET (1 pg/L
-100pg/L) redujeron significativamente las métricas de crecimiento y alteraron la expresion
de genes asociados con el crecimiento celular (Ussery et al., 2018). Segun los autores, estos
resultados pueden proporcionar evidencia de que los escenarios de exposicion ambiental
actuales pueden ser suficientes para causar efectos en los peces en desarrollo. En desacuerdo
con estos resultados, Jacob et al., 2018 sefialaron que la mortalidad y el desarrollo de
embriones de trucha marron (48 dpf) no se vieron afectados después de la exposicion a MET
(1pg/L -1 000 pg/L). No obstante, sugirieron que otras especies podrian reaccionar de manera
mas sensible a la MET.

Si bien la informacion con respecto a la toxicidad de la MET es escasa, el perfil toxicologico
de la GUA es aun mas desconocido. Hasta ahora, apenas un estudio ha evaluado los efectos
nocivos que puede inducir la GUA en los organismos acuaticos. En este estudio, los autores
investigaron los posibles mecanismos por los cuales 1 ng/l. de GUA puede afectar el
desarrollo de las primeras etapas de la vida (ESL) de la Medaka japonesa. Segin sus
resultados, después de 28 dias de exposicion, la GUA puede altera muchas vias importantes
involucradas en la salud general de los peces. Entre las vias afectadas por la GUA, se incluyen

la funcion y el desarrollo del sistema nervioso, el metabolismo celular, la comunicacion y



estructura celular y la desintoxicacion de especies reactivas de oxigeno (Ussery et al., 2021).
Ademas, sefialaron que concentraciones de GUA en varios 6rdenes de magnitud por debajo
de las de MET inducian efectos de crecimiento similares en medaka japonesa. Esto es
necesario recalcarlo, ya que como mencionamos anteriormente recientes estudios han
demostrado que concentraciones ambientalmente relevantes de MET pueden inducir
disrupcion endocrina, intersexualidad y embriotoxicidad en diferentes especies acuaticas. Por
lo tanto, se sugiere que estos efectos pudieran ser igualmente observados en organismos no
objetivo expuestos a GUA.

Dado que existe una gran brecha de conocimiento sobre la toxicidad de este farmaco y su
metabolito en los organismos acuaticos, nuestro objetivo fue investigar el impacto de la MET
y la GUA en el desarrollo embrionario y los biomarcadores de estrés oxidativo del pez cebra
(Danio rerio). Nuestra hipdtesis es que concentraciones ambientalmente relevantes de la
MET y la GUA seran capaces de interrumpir el desarrollo embrionario de este organismo de

agua dulce, a través de un mecanismo de estrés oxidativo.



ANTECEDENTES

1. Vias de entrada de la metformina al medio ambiente acudtico

Una de las rutas mediante las cuales la MET puede entrar al medio ambiente acudtico es a
través de su fabricacion, la cual puede conducir a la descarga directa de este fArmaco en
sistemas de residuos liquidos o sélidos. Sin embargo, la principal via de entrada de este
farmaco a los ambientes acudticos es a través de su consumo, tal y como se describe a
continuacion. Una vez que la MET es fabricada, esta se transporta y distribuye a las farmacias
y hospitales, donde se prescribe para pacientes con diabetes tipo 2, cancer y mujeres con
SOP. La Tabla 1 resume los datos de consumo de la MET de algunos paises en términos de

recetas emitidas por afio.

Tabla 1.
Prescripciones de metformina en 2018
Pais Prescripciones por afio (2018) Fuente
EE. UU. ° 81,305,416 MEPS, 2018.
Inglaterra 21.163.271 Prescribing and Medicines ‘Eeam Health and Social Care Information
entre, 2018.
Irlanda del Norte 435,432 Mulholland, 2018.
Gales 1,397,814 National Statistics Ystadegau Gwladol, 2018.
Escocia 1,249,597 Information Services Division National Services Scotland, 2018
Dinamarca 1,589,000 Sundhedsdata-Styrelsen, 2018.
Holanda 6,146,557 Zorginstituut Nederland, 2018.
Suecia 1,499,590 Socialstyrelsen, 2018.

° prescriptions in 2017

Una vez administrada, la MET se excreta de forma inalterada por la orina (Gong et al., 2012).
De esta manera, este material de desecho ingresa a los sistemas de alcantarillado, donde la
MET se transforma parcialmente en GUA, debido a la adaptacion de bacterias en las tuberias
de alcantarillado. Finalmente, este material de desecho se recolecta en las EDAR y se
descarga directamente sin tratamiento al medio ambiente o bien pasa por una o mas etapas
de tratamiento antes de ser descargado como efluente en el medio acuatico natural.

En el caso especifico de que la MET sea tratada en las EDAR, esta puede transformarse

bacterianamente en sus principales TP (GUA, MBG, 2,4-AMT, 2,4-DAT) (Tisler y Zwiener,



2018). Ademas, la cloracion, fitorremediacion y adsorcion en 6xido de grafeno (GO) son las
unicas técnicas que han mostrado altas tasas de remocion (Quintdo et al., 2016; Cui y
Schroder et al., 2016; Moogouei et al.,, 2018; Zhu et al. , 2017). Sin embargo, estos
tratamientos no se aplican en todas las EDAR. En consecuencia, se liberan grandes
cantidades de MET y GUA al medio acuético, donde pueden presentar diferentes toxicidades
en organismos no objetivo.
Otras vias de entrada de la MET al medio ambiente o incluso peor a la red alimentaria
humana, son el uso de lodos de depuradora como fertilizantes y acondicionadores del suelo
para el crecimiento de las plantas, y el riego de campos directamente con aguas residuales
(Eggen y Lillo, 2012; Lesser et al., 2018).
2. Ocurrencia de la metformina y sus productos de transformacion
La MET y la GUA tienen un Kow de -4.3 y -2.5 a pH 7.4, respectivamente (ter Laak y Baken,
2014). Tomando en cuenta estas propiedades, se espera que la distribucion en la fase acuosa
de la MET y la GUA sea alta, lo que se demuestra por su presencia ubicua en la superficie,
el suelo y el agua potable.
La Tabla 2 resume los datos recopilados de la literatura sobre la ocurrencia de MET y sus TP
sobre su presencia en el medio acuatico. Los datos recopilados tienen fechas entre 2014 y
2019 y se analizaran en las secciones siguientes.

2.1. Agua residual
La concentracion maxima de MET en los afluentes de las EDAR fue de 702 pg/L, en EE.
UU. (Oliverira et al., 2015). Este valor corresponde a una EDAR que recibe diariamente un

8% de los efluentes de un hospital de tamafio medio, con aproximadamente 600 camas.



Tabla 2.

Ocurrencia mundial de la metformina y sus productos de degradacion.

Concentraciones (pg/L) Fuente
Contaminante Pais
Afluente EDAR Efluente EDAR Agua Superficial Agua Potable Lodo (ng/g) Agua subterranea Efluente Hospitalario
(min. — max.) (min. — max.) (min. — max.) (min. — max.) (min. — max.) (min. — max.) (min. — max.)
Groenlandia n.d 358-6.8 0.0331-0.748 nd Yy nd n.d Huber et al., 2016
Canada n.d 0.067 — 10.608 0.012 - 1.487 n.d n.d n.d n.d Ghoshdastidar et al., 2015
n.d n.d 0.145-10.1 n.d n.d n.d n.d De Solla et al., 2016
nd-99 n.d n.d n.d n.d n.d n.d Blair et al., 2015
6.06 — 720 0.401 -58.9 n.d n.d n.d n.d 0.009 - 630 Oliveira et al., 2015
n.d 29.3-82.7 0.105-0.832 n.d n.d n.d n.d Meador et al., 2016
n.d n.d 0.0014 - 2.635 nd nd nd n.d Bradley et al., 2016
n.d n.d 0.0104 - 4.308 n.d n.d n.d n.d Bradley et al., 2017
USA nd n.d 0.00239 — 0.281 n.d n.d n.d n.d Bradley et al., 2017
n.d n.d 0.0105 -0.903 n.d n.d n.d n.d Elliott et al., 2017
n.d n.d n.d-33.6 n.d n.d n.d n.d Elliott et al., 2017
n.d n.d n.d-0.21 n.d n.d n.d n.d Weissinger et al. 2018
) n.d n.d nd-7.13 n.d n.d n.d nd Bai et al., 2018
Metformina
36.1-73.3 2.6-9.6 n.d n.d n.d n.d n.d Xing et al., 2018
40.7 - 94.6 3.01-3.77 n.d n.d n.d n.d n.d Estrada-Arriaga et al., 2016
13.4-32.1 0.0576 — 0.21 n.d n.d n.d n.d n.d Estrada-Arriaga et al., 2016
México n.d n.d n.d n.d n.d 0.0103 - 107 n.d Lesser et al., 2018
nd n.d n.d n.d n.d n.d 1.29-1.33 Pérez-Alvarez et al., 2018
n.d n.d n.d n.d n.d n.d 1.36 —1.48 Luja-Mondragén et al., 2019
Brasil n.d n.d n.d n.d n.d n.d 1.7-23 Chiarello et al., 2016
Islandia 1.79-59 0.234 - 5.59 n.d n.d 0.149 - 7.81 n.d n.a Huber et al., 2016
Islas Faroe 4.15-9.66 7.42-7.56 0.0614 - 0.0779 n.d 0.239-0.31 n.d n.d Huber et al., 2016
Polonia NMWNMM 0.0075 - 0.0629 n.d 0.0017 — 0.008 n.d n.d n.d Kot-Wasik et al., 2016
86.2 —142.3 34-64 0.001 -0.643 n.d n.d n.d n.d Trautwein et al., 2014
Alemania n.d n.d <0.46 — 1.66 n.d n.d n.d n.d Posselt et al., 2018
14 — 95 0.7-6.5 <0.001 -0.47 n.d n.d n.d n.d Tisler, & Zwiener, 2018
Espafia n.d-5.927 n.d-1.252 n.d-0.013 n.d n.d n.d n.d Carmona et al., 2017
Portugal 70325 0.05-58 nd n.d nd nd nd de %M__m Nmmw:&
Moldavia n.d n.d 0.1-0.24 n.d n.d n.d n.d Moldovan et., 2018
Rumania n.d n.d n.d-0.44 n.d n.d n.d n.d Moldovan et., 2018
Grecia n.d n.d n.d n.d o%%mm_ml n.d n.d Gago-Ferrero et al., 2015
<0.0251 - 1.167 <0.0167 — 0.026 n.d n.d n.d n.d n.d Kosma et al., 2015
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Turquia
Arabia
Saudita

China

Vietnam
Egipto
Camerun
Sudafrica

Alemania
Guanylurea
Grecia
China

n.d

n.d
4.02-31.2
n.d
n.d
nd
21-35
n.d
242 -53.6
nd
n.d
n.d
3.585-9.228
09-2.0
158 - 2100
nd
<0.0196 — 0.084
0.004-54

n.d

n.d
<3-4.51
n.d
n.d
n.d
0.01-0.64
n.d
n.d
n.d
0.168 — 5.61
n.d
0.167 — 0.566
28.2-67.2
26 -810
n.d
<0.0283 - 0.627
15-28

n.d

<0.00014 - 0.0141
n.d
0.007 — 4.8009
0.051 -2.917
n.d
0.0016 - 5.8
0.0002 -0.1214
n.d
0.01-8.247
0.021 - 0.063
n.d
0.065-0.316
0.004 - 0.391
<0.01 - 4.502
15 -222
nd
0.0012-3.5

n.d

nd
n.d
nd
nd
n.d
n.d
nd
nd
n.d
nd
nd
n.d
nd
nd
n.d
nd
nd

0.147 —
0.237
nd
n.d
nd
nd
n.d
n.d
nd
nd
n.d
nd
nd
n.d
nd
nd
n.d
nd
nd

n.d

nd
n.d
nd
nd
n.d—0.045
n.d
nd
nd
n.d
nd
nd
n.d
nd
nd
n.d
nd
nd

n.d

n.d
nd
n.d
n.d
n.d
nd
n.d
n.d
n.d
n.d

n.d-0.154

n.d
n.d
n.d
n.d
nd
n.d

Thomaidi et al., 2016

Guzel et al.,2018
Shraim et al., 2017
Ali et al.,2017
Kong et al., 2015
Kong et al., 2016
Yao et al., 2018
Asghar et al., 2018
Yan et al., 2019
Chau et al., 2018
Nguyen et al., 2018
Mayoudom et al., 2018
Archer et al., 2017
Trautwein et al., 2014
Tisler, & Zwiener, 2018
Posselt et al., 2018
Kosma et al., 2015
Yao et al.,, 2018

n.d: no disponible
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Otros paises con altas concentraciones de MET en los afluentes fueron Portugal con 325 pg/L
(de Jesus Gaffney et al., 2017) y Alemania con 142.3 pg/L (Trautwein et al., 2014). En
Portugal, las EDAR reciben aguas residuales urbanas e industriales de una red de
alcantarillado combinada, lo que puede justificar las altas concentraciones de MET en el
afluente. Sin embargo, lo que es ain mas notable es que los valores de MET en los efluentes
de las EDAR siguen siendo altos. Esto podria deberse a que los efluentes se trataron con un
sistema biologico, el cual se sabe que es poco eficaz en la eliminacién de MET.

Por otro lado, en Alemania, Trautwein et al., 2014, reportaron las concentraciones de
afluentes y efluentes de una EDAR disefiada para 600,000 habitantes. Aunque esta EDAR
también utiliza un tratamiento bioldgico, la MET se elimin6 en un 95.5%, alcanzando una
concentracion maxima de 6.4 pg/L. No obstante, se detectd GUA en concentraciones
preocupantes, con 67.2 pg/L en los efluentes.

Mas recientemente, Tisler y Zwiener, 2018 informaron que las concentraciones de GUA eran
mas altas que las concentraciones de MET. En este caso, no hubo una correlacion directa
entre la degradaciéon de MET y la formacion de GUA, ya que solo el 25% de la MET
degradada se pudo encontrar como GUA. Esto indica que podria haber otros procesos de
eliminacion bidticos o abidticos para la MET que pueden formar otros TP como: la MBG, el
2,4-DAT y el 2,4-AMT. De hecho, en este estudio se detecto MBG en los efluentes con una
concentracion de 0.122 pg/L, y aunque el 2,4-DAT y el 2,4-AMT no se cuantificaron, ambos
compuestos mostraron tendencias similares de respuesta creciente, con concentraciones mas
altas en el efluente que en el afluente.

2.2. Agua superficial

Cada vez hay més pruebas que sugieren que la MET y sus TP pasan o se forman en las EDAR,

lo que significa que los efluentes son la principal fuente de contaminacion de estos farmacos
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en las aguas superficiales. Una vez que la MET y sus TP entran al medio ambiente, su
presencia, persistencia y cantidad estdn determinadas en gran medida por el volumen de
consumo, la tasa de eliminacién en las EDAR y por un factor de dilucién en las aguas
superficiales. Por lo tanto, se espera que la concentracion de MET y sus TP sea menor en los
cuerpos de agua receptores.
Elliott et al., 2017b encontraron la concentraciéon mas alta de MET en muestras de agua
superficial de EE. UU. Los investigadores recolectaron un total de 292 muestras de aguas
superficiales de 12 afluentes estadounidenses. De todas estas muestras, la MET alcanzé una
frecuencia de deteccion del 71% y una concentracion maxima de 33.6 pg/L.
No obstante, como era de esperar, se han encontrado concentraciones mas altas de GUA en
aguas superficiales. Por ejemplo, en Alemania, Posselt et al., 2018 recolectaron multiples
muestras del rio Erpe, que recibe los efluentes de varias EDAR mas pequenas y una EDAR
grande. Entre todos los farmacos cuantificados, GUA alcanz6 una concentraciéon maxima de
222 ug/L.

2.3. Agua subterranea
La contaminacion de las aguas subterraneas se ha convertido en una preocupacién publica
cada vez mayor, debido al aumento en la demanda de agua dulce. Sin embargo, en
comparacion con los numerosos esfuerzos realizados para evaluar la contaminacion de las
aguas superficiales, la calidad de las aguas subterraneas es relativamente poco conocida. Por
lo tanto, hay poca informaciéon disponible sobre la calidad del agua subterranea,
particularmente con respecto a la MET y sus TP. De 2014 a 2019, solo dos estudios
informaron las concentraciones de MET en las aguas subterraneas. Kong et al., 2016
muestrearon 17 pozos domésticos en el norte de China, y reportaron una concentracion

maxima de 0.045 pg/L, con un 7.4% de frecuencia de deteccion. Por otro lado, Lesser et al.,
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2018 recolectaron muestras de 17 pozos de agua subterrdnea del Valle del Mezquital, que
recibe mas del 70% de las aguas residuales generadas por el Area Metropolitana de la Ciudad
de México (21 millones de habitantes). En este estudio, la MET alcanzé una concentracion
maxima de 0.029 pg/L.

2.4. Agua potable
El agua subterrdnea es la fuente mas confiable de agua potable en muchas regiones del
mundo. No obstante, las aguas superficiales y subterraneas estan estrechamente relacionadas
y pueden transferirse contaminantes de unas a otras. Por lo tanto, los recursos de agua
subterranea estan cada vez mas amenazados por contaminantes quimicos como la MET y sus
TP, los cuales podrian potencialmente transferirse a los humanos a través del agua potable.
En Polonia, Kot-Wasik et al., 2016 estudiaron el agua tratada, que es basicamente agua
potable, de una planta de tratamiento de agua (WTP). Esta agua abastece a muchos distritos
y varios pueblos de Polonia. Segtin sus resultados, la MET alcanz6 un 64% de frecuencia de
deteccion y una concentracion maxima de 0.008 pg/L.

2.5. Lodo
Hasta la fecha, tres estudios han informado de la presencia de MET en lodos. Huber et al.,
2016 recolectaron muestras de lodo de tres paises diferentes, Islandia, Groenlandia y las Islas
Feroe, y reportaron concentraciones de MET de 7.81 pg/g, 0.55 pg/g y 0.31 pg/g,
respectivamente. Los otros dos estudios se realizaron en Grecia. Gago-Ferrero et al., 2015
recolectaron lodos de depuradora de cinco EDAR y una isla. De acuerdo a sus resultados, la
MET alcanzo6 una concentraciéon maxima de 0.078 pg/g. Por Gltimo, Thomaidi et al., 2016

investigaron la presencia de 50 productos farmacéuticos, incluida la MET, en muestras

14



recogidas de una EDAR de Atenas. La MET se cuantificd con una concentracion méaxima de
0.23 png/g.

Dado que la MET se usa ampliamente para el tratamiento de la diabetes, y su consumo ha
aumentado de manera constante en los ultimos afos. Las actividades hospitalarias y los
fabricantes de productos farmacéuticos son la principal fuente de estos contaminantes a
través de los efluentes. Se recomienda que las instalaciones sanitarias y farmacéuticas
controlen y evaluen sus descargas para reducir la carga de MET a cuerpos de agua sensibles.
Se han encontrado MET y GUA en altas concentraciones en efluentes y aguas superficiales.
Esto se debe a que la mayoria de los paises carecen de técnicas eficientes para eliminar estos
contaminantes de las EDAR. Los trabajos futuros deberian intentar mejorar la eficiencia de
estas técnicas antiguas o desarrollar nuevas técnicas con altas tasas de eliminacion.
Finalmente, se conoce poca informacion sobre la ocurrencia de la GUA y los otros TP de la
MET en el medio acuatico. Los trabajos futuros deberian estimular la investigacién para
comprender el riesgo potencial de estos contaminantes para los cuerpos de agua.

3. Efectos toxicos de la metformina y la guanylurea en especies acudaticas

Debido a sus altos volimenes de descarga, su alta persistencia para la degradacion y sus
posibles efectos toxicos sobre los organismos acudticos, se sugiere que la MET y sus TP
pueden convertirse en una amenaza mundial. Las siguientes secciones discutiran la
bioacumulacion de la MET y sus TP en animales y plantas acuaticas, asi como también se
discutiran los efectos toxicos en organismos no objetivo. Para ello, los datos se resumieron

en las Tablas 3 y 4.
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3.1. Bioconcentracion y bioacumulacion

Las concentraciones de MET y GUA, asi como los factores de bioconcentracion (BCF) y los

factores de bioacumulacion (BAF) para estos compuestos en especies acuaticas se resumen

en la Tabla 2.

Eggen y Lilo, 2012 investigaron la absorcion y translocacion de la MET en especies de
plantas comestibles y encontraron que la MET se acumula en tejidos vegetales aceitosos. Las
semillas de colza, por ejemplo, alcanzaron el valor mas alto del BCF con 21,72. En
comparacion, los BCF para cereales (cereales trigo, cebada y avena) (0,29-1,35), tomate

(0,02-0,06), calabaza (0,12-0,18), frijol (0,88) zanahoria (1,50-3,52) y patata (2,41) que

fueron mucho mas pequefios.

Tabla 3
Bioconcentracidon y bioacumualcion de la metformina
Especie Concentrauone; de nlwetformlna (ng/g) BCF o BAF Fuente
(min-max.)
na-5.0 .
Hordeum vulgare *na—265 BCF: 0.91
- n.a—-4.85 X
Vicia faba *na—425 BCF: 0.88
13.27 - 15.83 .
Solanum tuberosum *9 60 — 566 BCF: 2.41
Avena sativa n.a BCF: 1.35 Eggen and Lillo, 2012
Brassica rapa n.a BCF: 21.72
Brassica napus n.a BCF: 20.63
Daucus carota n.a BCF: 1.50 — 3.52
Solanum lycopersicum n.a BCF: 0.02 - 0.06
Cucurbita pepo n.a BCF:0.12-0.18
Triticum aestivum n.a BCF: 0.29
Lasmigona costata n.a—0.00665 BAF: 0.66 De Solla et al., 2016
Typha latifolia 1.2913 - 1,462.13 BAF: 0.09 — 53.34 Cui and Schroder, 2016
Leptocotius armatus n.a—0.028 n.a Meador et al., 2017
P n.a—0.0278 BCF:1.42 Meador et al., 2018
Oncorhvnchus tshawvischa n.a—0.04 n.a Yeh et al., 2017
4 4 n.a—0.0395 BCF:1.42 Meador et al., 2018
Oryzias latipes n.a-3,120 n.a Ussery et al., 2018
Leptophlebidae 0.0402 - 0.312 n.a
Economidae n.a—0.0284 n.a Althakafy et al., 2018

Cui y Schroder, 2016 evaluaron la captacion y translocacion de la MET en Typha latifolia.
Sus resultados mostraron que la concentracion de MET, en las raices, aumentd las dos

primeras semanas del experimento, hasta un maximo de 1,462.13 pg/g. Sin embargo,
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posteriormente estas de MET concentraciones disminuyeron, lo cual podria deberse a que la
MET se trasloc6 a otros tejidos como rizomas y hojas.

Con respecto a los animales acuaticos, se han realizado seis estudios en cinco especies
diferentes. Le Doujet, 2016 expuso juveniles de salmén del Atlantico a diferentes
concentraciones de MET durante 3, 7 y 10 dias. La cantidad detectada de este farmaco
medida en intestinos y branquias fue relativamente baja en comparacion con la concentracion
nominal de MET. Sin embargo, se observo un patron de acumulaciéon mayor de MET en las
branquias al tiempo de exposicion de 3 dias.

De Solla et al., 2016 midieron las concentraciones de MET en mejillones de agua dulce del
Grand River. Aunque los investigadores demostraron que los mejillones bioacumulan otras
drogas, la MET no mostr6 una absorciéon o acumulacion significativa en los mejillones.
Meador et al., 2017 estudiaron dos especies de peces de tres estuarios locales, el sculpin
cuerno de ciervo y el salmén Chinook juvenil. De acuerdo con sus resultados, solo el sculpin
cuerno de ciervo alcanzé una concentracion de MET por encima de los limites reportados,
con una concentracion maxima de 0.028 pg/g.

Ussery et al., 2018 expusieron la etapa embrionaria y larvaria de la Medaka japonesa a 10
png/L de MET durante 24h y 168h. Sus resultados sugieren que el endurecimiento del corion
influyo en la absorcién y acumulacion de la MET, ya que los embriones expuestos a MET,
antes del endurecimiento informaron tener concentraciones de MET mas altas. Ademas,
también cuantificaron la carga corporal de MET en las larvas y determinaron la velocidad a
la que las larvas pueden depurar la MET, después de una exposicion de 24 h. La carga

corporal de MET alcanz6 un maximo de 3,120 pg/g, y una vez que las larvas se transfirieron
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a agua limpia, la MET se excretd rapidamente, con cargas corporales por debajo del limite
de deteccion a las 24 h.
Finalmente, Althakafy et al., 2018, cuantificaron seis productos farmacéuticos y de cuidado
personal en siete muestras de invertebrados. La MET se detectd en dos especies diferentes
de insectos, Leptophlebidae y Economidae. Las concentraciones maximas de MET
encontradas en ambos invertebrados fueron 0.312 pg/gy 0.028 pg/g, respectivamente.

3.2. Efectos toxicos
Para discutir los efectos téxicos producidos por la MET y la GUA en organismos no objetivo,
los resultados reportados se clasificaron segun la especie en estudio, tal y como se muestra
en la Tabla 3.

3.2.1. Peces

Pimephales promelas
Niemuth et al., 2015 evaluaron los efectos de la MET a concentraciones ambientalmente
relevantes en pececillos de cabeza gorda. Sus resultados mostraron que la MET indujo un
aumento significativo en los niveles de VTG en los machos de este pez, lo que indica una
alteracion endocrina. Se cree que la sobreexpresion de la VTG puede ocurrir como resultado
de los efectos del farmaco sobre la sefializacion de la insulina.
Para el mismo afio, Niemuth y Klaper, 2015 evaluaron la intersexualidad en los tejidos de los
machos de Pimephales promelas expuestos a MET. Segun sus resultados, los peces expuestos
ala MET mostraron una alta incidencia de ovocitos en todo el tejido testicular. Lo que sugiere
que la MET provoca el desarrollo de gonadas intersexuales en los hombres, ademas de
reducir la fecundidad.
Tres afios después, Niemuth y Klaper, 2018 midieron la expresion de numerosos genes

relacionados con el sistema endocrino. De acuerdo a sus resultados, los peces expuestos a
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MET mostraron un aumento significativo en la expresion de AR, 33-HSD, 17B-HSD,
CYPI19A1 y SULT2AL.

Danio rerio
Crago et al., 2016 informaron un aumento en la expresion de los receptores de kisspeptina a
las 24 h posteriores a la fertilizacion (hpf). Ademas, después de 72 hpf, también aumento la
expresion de GnRH3. Este efecto puede explicarse porque la kisspeptina es vital para la
regulacion central de la actividad neurosecretora de GnRh.
Por otro lado, Monshi, 2017 evalu6 los efectos conductuales de muchos contaminantes de
drogas emergentes (EDC) en Danio rerio. Segun sus resultados, la MET disminuyo la
distancia maxima de nado de una manera dependiente de la concentracion.
Finalmente, Godoy et al., 2018, reportaron la aparicidon de escoliosis y pigmentacion anormal
en los embriones de pez cebra expuestos a concentraciones de 1,100 mg/L de MET. Ademas,
también realizaron un ensayo de comportamiento, donde se evalu6 la actividad locomotora
de embriones de pez cebra. Sin embargo, los investigadores informaron que la MET no
parece alterar el comportamiento de natacion.

Oryzias latipes
Lee, 2017, investigd los efectos de toxicidad aguda y crénica, asi como los efectos de
alteracion endocrina que la MET producia en los embriones de este pez. En su estudio, los
embriones alcanzaron una CLso de 383.3 mg/L y una NOEC de supervivencia de 100 mg/L.
Ademas, los peces machos expuestos a MET mostraron efectos estrogénicos, debido a un
aumento en la transcripcion del gen de VTG.
Por su parte Ussery et al., 2018, demostraron que la MET disminuy¢ significativamente la

longitud de los peces y el peso himedo de las larvas de Oryzias latipes. Ademas, sefialo que
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varios metabolitos asociados con la energia y la proliferacion celular se vieron
significativamente alterados en las larvas . Un afio después, Ussery et al., 2019 llevaron a
cabo un estudio para caracterizar los efectos de la toxicidad de GUA sobre el crecimiento de
larvas medaka, asi como su persistencia hasta la edad adulta. Sus resultados mostraron que,
de manera similar a la MET, la GUA también disminuy¢ significativamente la longitud de
los peces y el peso himedo de las larvas.

Finalmente, Lee et al., 2019 evaluaron diferentes biomarcadores de toxicidad reproductiva y

estrés oxidativo en Oryzias latipes. Segun sus resultados, los niveles de transcripciones de

ERa y CYP19a estaban elevados en los peces machos, mientras que, en las hembras, la
expresion génica de ERal y VTG2 se redujo significativamente. Ademas, ellos observaron
células en estadio de espermatogonio en las gonadas femeninas de los peces, lo sugiere que
la MET caus6 una alteracion endocrina en ambos sexos de O. latipes.
Betta splendens

MacLaren et al., 2018 realizaron un estudio de comportamiento para evaluar la agresividad
de los peces luchadores de Siam después de una exposicion cronica a MET. Después de 4 y
20 semanas, un iPad registr6 el nimero, la duracion y la extension de las aletas y los latidos
de la cola. Sus resultados mostraron que los peces expuesto a MET mostraban menos

agresion hacia un macho ficticio con respecto a los machos expuesto a la solucion de control.
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Tabla 4

Toxicidad producida por metformina y guanylurea

Tiempo de exposicion

Resultados

Fuente

Especie Concentracion de metformina
Pimephales promelas 40 pg/L
40 pg/L
1,10, 100 ng/L
40 pg/L
12.1,121, 1210, 12100 ng/L
Danio rerio

0.1,1,10 pg/L

0.01,0.1,1, 10, 100 uM

Oryzias latipes 20, 40, 80, 160, 320, 640 mg/L

3,10, 30, 100, 300 mg/L

0.03, 0.3, 3, 30 mg/L

10 pgiL

1,3.2, 10, 32, 100 pg/L

3.2 pglL

*1,3.2,10, 32, 100 ng/L
40, 120, 360 pg/L

40, 120, 360 pg/L

Betta splendes 40 pg/L y 80 pg/L

365d
28d
7d
365d

96h
24h

72h
24h
96h

30d

21d

24h

28d

165d

28d
4 semanas

15 semanas

4 semanas y 20
semanas

21

Machos: Intersexualidad (FNP frecuente y
presencia de ovocitos alveolares corticales
en los testiculos).

Males: VTG mRNA 1
Juveniles: VTG mRNA, ERa mRNA,
CYP3A126 mRNA, GhnRH3 mRNA 1
AR mRNA, HSD3 mRNA, HSD178 mRNA,
CYP19A1 mRNA y SULT2A1 mRNA *
EOMES mRNA T
KISS1y KISS1R mRNA 1

GnRH3 mRNA T
Distancia maxima de nado ¥
LCso = 383.3 mg/L

NOEC (supervivencia) = 100 Bm\_l
VTG1 mRNA y VTG2 mRNA T

Males: E2, ERa. mRNA, ERB mRNA, VTG1
mRNA, VTG2 mRNA, FSHR mRNA, LHR
mRNA, STAR mRNA, CYP11a mRNA,
HSD3B mMRNA, HSD11p2 mRNAy CYP11b
mRNA 1
T, 11-KT y CYP17 mRNA {

Hembras: 11-KTy CYP11b mRNA 1
HSD11B2 mRNA {
ETso (depuracion) = 4.88h

Niveles de acido estearico, acido palmitico,
metil-nicotinamida y acido araquidico 1
Peso, longitud, HCD mRNA, HGS mRNA N

Hembras: 11-KT 1
Peso y longitud
Machos: CYP19a mRNA, ERa mRNA 'y
ROs *
VTG1 mRNAy GSH
Intersexualidad
Hembras: ERa mRNA y CAT 1
ERB1 mRNAy VTG2 mRNA 4
Formacion de células en etapa de
espermatogonio
Machos: Latidos de la cola y extension de
las aletas 4

Niemuth and Klaper, 2015

Niemuth et al., 2015
Crago et al., 2016

Niemuth and Klaper, 2018

Johnson, 2018
Crago et al., 2016

Monshi, 2017
Lee, 2017

Ussery et al., 2018

Ussery et al., 2019
Lee etal., 2019

MacLaren et al., 2018



Especie

Concentraciéon de metformina

Tiempo de exposicion

Resultados

Fuente

Salmo trutta fario

Limnodynastes peronii

Daphnia magna

Daphnia similis

Brachionus calyciflorus
Plationus patulus
Mytilus edulis

Planorbarius corneus

Lemna minor

Hydra attenuate

Chlorella vulgaris

1,10, 100, 1000 pg/L

-0.5, 5, 50, 500 pgiL

*5-150 mg/L
20, 40, 80, 160, 320 mg/L

20, 40, 80 mg/L

5,10,
12.5, 20, 30, 50 mg/L

2.5,

5,8,
1,3,5,8, 11 mgiL

25, 50, 100, 200 pg/l

25, 50, 100, 200 pg/L
40 ng/L

0.01,0.1,1,10 mg/L

*0.1, 10, 100 mg/L

6.2, 12.5, 25, 50, 100, 200, 400
mg/L
2300, 2700, 3100, 3600, 4200,
5000 mg/L

200, 360, 650, 1200, 2000 mg/L
1.5,76.8, 767.8 mg/L

95d y 108d
30d
48h
48h

21d
48h

14d
16d

16d
7d

35d

21d
7d

96h
7d

96h

Contenido de glucégeno hepatico T
Peso 4
Niveles de glutamato, leucina, isoleucina,
valina y 4cido lactico 1
Longitud
ECs0 (inmoviizacion) = 40mg/L
ECs0 (inmovilizacisn) = 81.4 mg/L

NOEC (supervivencia) = 40 30\_1
ECso (inmovilizacién) = 14.3 3©\_|

EC1o (reproduccién) = 4.4 3@\_|
ri
rd
VTG mRNA T
NRRTy VO mRNA
Degeneracién de gametos
Hsp70 t
Peso 4
Dilatacién del lumen intestinal, alteracion
de las células digestivas (deformacion de
los nucleos, hiperplasia, hipertrofia y
vacuolizacién)
ECs0 (inhibicién del crecimiento) = 53.7 mg/L

LCs0 = 3918 mg/L
EC1o (reproduccion) = 701.8 30\_|

NPQ T
ETR, a, Ek and ¢PSII

Jacob etal., 2018

Melvin et al., 2017

Markiewicz et al., 2017
Lee, 2017

Godoy et al., 2018

Garcia-Garcia et al., 2017

Koagouw and Ciocan, 2018

Jacob et al., 2019

Godoy et al., 2018

Cummings et al., 2018

*concentraciones de guanylurea; - metformina + bezafibrato + atorvastatina mezcla de concentraciones; ; VTG: vitelogenina; ER: receptor de estrogenos; GnRH3:
hormona liberadora de gonadotropina 3; KISS1: kisspeptina 1; KISS1R: receptor de kisspeptina; E2: 17B-estradiol; FSHR: receptor de la hormona estimulante del
foliculo; LHR: receptor de la hormona luteinizante; STAR: proteina reguladora de la esteroidogénesis aguda; HSD3[3: 3B-hidroxiesteroide deshidrogenasa / delta 5
delta 4-isomerasa; HSD1132: 11B-hidroxiesteroide deshidrogenasa tipo 2; T: testosterona; 11-KT: 11-cetotestosterona; NPQ: enfriamiento no fotoquimico; ETR:
velocidad de transporte de electrones; a.: transporte de electrones; Ex: Irradiancia de saturacion; ¢PSII: rendimiento cuantico efectivo del PSII; PNF: foliculos
perinucleolares; ROS: especies reactivas de oxigeno; GSH: glutation; CAT: catalasa; NRRT: tiempo de retencion de rojo neutro; V9: envoltura vitelina de la zona
pelicida/dominio 9; Hsp70: proteinas de shock térmico de 70; AR: receptor de androgenos; HSD17f3: 17p-hidroxiesteroide deshidrogenasa; SULT2A1: miembro
1 de la familia 2A de las sulfotransferasas; r: tasa de aumento de la poblacion; HCD:  3-hidroxiacil-CoA deshidrogenasa; HGS: Sintesis de HMG-CoA; EOMES:

eomesodermina; MPO: mieloperoxidasa.
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Salmo trutta fario
Con el objetivo de investigar si la MET afectan la micro biota intestinal y el metabolismo de
los carbohidratos en la trucha marrén; Jacob et al., 2018 expusieron los embriones de Salmo
trutta fario a 5 concentraciones diferentes de MET. En general, sus resultados mostraron que
el glucogeno hepatico aumentd en las larvas expuestas. Ademas, los investigadores,
indicaron un efecto de la MET sobre las bacterias intestinales, con un aumento de
protobacterias y una reduccion de actino bacterias.

3.2.2. Anfibios

Limnodynastes peronii

En la medida de nuestro conocimiento, este es el inico estudio encontrado que ha evaluado
los efectos de la MET sobre el crecimiento y desarrollo de los anfibios. Melvin et al., 2017,
expusieron a los renacuajos de Limnodynastes peronii a una mezcla de medicamentos
ampliamente utilizados para tratar el sindrome metabodlico. En sus resultados demostraron
que los renacuajos no presentaban diferencias significativas en los niveles de triglicéridos
hepaticos o el colesterol. Sin embargo, hubo un aumento de glutamato, leucina, isoleucina y
valina.

3.2.3. Dafnidos

Daphnia magna

Para comprobar si la MET, la GUA y otros seis firmacos antidiabéticos orales podrian ser
una amenaza eco toxicologica, Markiewicz et al., 2017 llevaron a cabo una prueba de
inmovilizacion aguda en Daphnia magna. Al final de la prueba, los investigadores informaron
un valor de ECso(inmovilizacion) de 40 mg/L para GUA.
Como se menciond anteriormente, Lee, 2017 investigd los efectos de toxicidad aguda y

cronica de la MET, utilizando la Medaka japonesa. Sin embargo, en ese estudio, también
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realizo una prueba de toxicidad aguda y crénica con Daphnia magna. En este caso, después
de 48 h, los embriones alcanzaron una CEsoginmovilizaciony de 81,4 mg/L. Ademas, la
NOEC supervivencia) s€ determiné a los 21 dias y obtuvo un valor de 40 mg/L.

Daphnia similis
Godoy et al., 2018 realizaron una prueba de toxicidad aguda y crénica. En ambas pruebas,
los recién nacidos de D. similis fueron expuestos a diferentes concentraciones de MET,
durante 48 horas y 14 dias, respectivamente. En la prueba aguda se registraron dafnidos
inmoviles, mientras que en la exposicion cronica se evalud la reproduccion. Las CEso
alcanzaron un valor de 14.3 mg /L y 4.4 mg/L, respectivamente.

3.2.4. Rotiferos

Brachionus calyciflorus & Plationus patulus
Estas dos especies de rotiferos se utilizan ampliamente para probar los efectos toxicos de los
xenobiodticos. Por ejemplo, Garcia-Garcia et al., 2017 cuantifican los cambios en el nivel de
poblacién en estos dos rotiferos expuestos a diferentes concentraciones de MET. Después de
16 dias, el crecimiento de la poblacién de ambos rotiferos se vio afectado negativamente por
la MET.

3.2.5. Mejillones

Mytilus edulis
Como sugieren numerosos estudios, los niveles farmacéuticos, tanto en aguas superficiales
como aguas subterraneas, se detectan en concentraciones mas altas durante la estacion seca.
Basandose en esto, Koagouw y Ciocan, 2018 estudiaron los efectos acumulativos de la
temperatura elevada y las altas concentraciones de MET. Segun sus resultados, los mejillones
expuestos a MET tuvieron una disminucion en el tiempo de retencion de rojo neutro (NRRT),

lo que indica una notable desestabilizacion de la membrana lisosomal. Ademas, la MET
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caus6 degeneracion folicular y degradacion de gametos, asi como un amento en la expresion
de VTG.
3.2.6. Caracoles

Planorbarius corneus
Jacob et al., 2019 expusieron a los grandes caracoles Ramshorn a multiples concentraciones
de MET y GUA para evaluar su impacto en la salud de los gasteropodos. Las proteinas de
estrés y los peroxidos lipidicos no mostraron cambios significativos. Sin embargo, en el
analisis histopatologico se observo dilatacion del lumen y una compartimentacion alterada
de las células digestivas. Estas reacciones observadas solo se encontraron en la concentracion
mas alta de ambos contaminantes.

3.2.7. Plantas y algas

Lemna minor
Godoy et al., 2018, expusieron a las plantas de L. minor a multiples concentraciones del
farmaco antidiabético, MET. Después de 7 dias, se determinaron las tasas de crecimiento de
acuerdo con el area total de las frondas. El valor de CE50 fue de 53,7 mg/L.

Chlorella vulgaris
Este organismo es cosmopolita y comparte similitudes en la maquinaria fotosintética con las
plantas terrestres. Tomando en cuenta lo anterior, Cummings et al., 2018 evaluaron si la MET
afectaba negativamente la fotosintesis de clorofilas. Segin sus resultados, el valor de
enfriamiento no fotoquimico (NPQ) aument6 con el tiempo, lo que sugiere que las células
eran menos capaces de utilizar la misma cantidad de energia luminosa. Ademas, la velocidad
de transporte de electrones y la irradiacion minima disminuyeron, lo que también indica una

capacidad reducida para procesar energia luminosa.
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JUSTIFICACION

En las ultimas décadas se ha despertado un especial interés sobre la presencia de varios
farmacos y otros contaminantes en el ambiente. Sin embargo, este interés no se ha visto
reflejando con investigacion cientifica suficiente. De hecho, la presencia de productos
farmaceéuticos en los ecosistemas acudticos continia aumentando, con una nueva generacion
de compuestos farmacéuticos ahora frecuentemente detectados en el rango de ng/L a pg/L en
aguas superficiales.

Actualmente, los productos farmacéuticos que generan un especial interés ambiental son
aquellos que comparten las siguientes propiedades: 1) alto volumen de produccién; 2)
persistencia ambiental; y 3) actividad biologica. Propiedades que como mencionamos
anteriormente la metformina cumple, y por tanto debe ser considerada un contaminante
ambientalmente relevante.

Si bien es cierto en los ultimos afios, la cantidad de estudios que han evaluado la ocurrencia
de la metformina en los diferentes cuerpos de agua, asi como sus efectos toxicos en
organismos no objetivo han aumentado, aun es necesario ampliar nuestro conocimiento sobre
este firmaco y su principal producto de degradacion la guanylurea.

Tomando en cuenta lo anterior, una de las areas que requiere mayor atencion es el estudio de
los efectos toxicos en etapas tempranas de la vida de los peces, ya que solo dos estudios han
evaluado los efectos de la metformina y la guanylurea en las larvas de Salmo trutta fario 'y
Oryzias latipes. Sin embargo, los resultados obtenidos en ambos estudios aun no son
concluyentes, dado que en un estudio los autores reportan que los embriones de Salmo trutta
fario expuestos a metformina no presentaron ningin dafio. Mientras que los embriones de
Oryzias latipes expuestos a este farmaco y a su principal metabolito mostraron una alteracion

significativa en la expresion de genes asociados al crecimiento.
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HIPOTESIS
La exposicion de ovocitos de Danio rerio a concentraciones de relevancia ambiental de
metformina y guanylurea inducirdn embriotoxicidad y teratogenicidad mediante el

mecanismo de estrés oxidativo.

OBJETIVO GENERAL:

Evaluar la embriotoxicidad y teratogenicidad inducida por metformina y su principal
producto de degradacion guanylurea en embriones de Danio rerio.
OBJETIVOS ESPECIFICOS:

e Analizar el dafio al desarrollo embrionario producido por metformina y guanylurea
en ovocitos de Danio rerio a través de los protocolos FET.

e Identificar y cuantificar las malformaciones generales y especificas del desarrollo en
embriones de Danio rerio, inducidas por la exposicion a metformina y guanylurea
por el método de Hermsen.

e Evaluar el estrés oxidativo inducido por metformina y guanylurea sobre los ovocitos
de Danio rerio mediante la cuantificacion del grado de lipoperoxidacion, el contenido
de hidroperdxidos y la actividad antioxidante de las enzimas superdxido dismutasa y

catalasa.
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METODO

1. Reactivos
El clorhidrato de metformina (nimero CAS: 1115-70-4) se adquirié en Toronto Research
Chemicals (Toronto, ON). Se prepararon soluciones madre de MET a una concentracion de
1 g/ L en agua ultra pura. La sal de sulfato de N-guanylurea hidratada (nimero CAS: 207300-
86-5) se adquirié de Sigma-Aldrich (St. Louis, MO). Se prepararon soluciones madre de
GUA auna concentracion de 10 g/ L en agua ultra pura.
Asimismo, todos los demas reactivos eran de calidad analitica y se adquirieron de Sigma-
Aldrich (St. Louis, MO), a menos que se indique lo contrario.

2. Obtencion de los ovocitos
La noche anterior al desove, se eligieron varios machos y hembras adultos de pez cebra
(proporcion 2: 1) con un tamafio de 4-5 cm y se colocaron en cdmaras de reproduccion
individuales. El desove fue estimulado por el inicio de la luz de la mafiana. Los ovocitos se
recolectaron, 1 hora después de la fertilizacion (hpf), se enjuagaron con agua ultrapura y se
blanquearon segtin los métodos de Westerfield, 2007 y Varga, 2011. Los ovocitos fertilizados
se clasificaron bajo un microscopio estereoscopico segun el protocolo de Kimmel et al. 1995.
Unicamente los ovocitos de en etapa de blastula media (equivalente a 2,5 hpf) fueron
seleccionados y se mantuvieron incubados en placas Petri a 27°C + 1°C hasta que estos
alcanzaron la etapa de esfera (4 hpf).

3. Evaluacion de la embriotoxicidad
Se seleccionaron setenta y dos embriones en la etapa de esfera (4hpf) y se distribuyeron
aleatoriamente en placas de 24 pocillos (1 embridn por pocillo). Cada pocillo contenia 2 mL

de solucion de control (agua ultra pura) o una soluciéon de prueba de MET o GUA,
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respectivamente. En el presente estudio se utilizaron diferentes concentraciones de MET 0,
1, 10, 20, 30, 40, 50, 75, 100 pg/L) y GUA (25, 50, 100, 200, 250, 25000, 50000, 75000
pg/L), las cuales se seleccionaron tomando en cuenta las concentraciones usadas en
experimentos previos y las concentraciones reportadas en los diferentes cuerpos de agua. Las
placas se mantuvieron a 27°C + 1°C. La mortalidad de los embriones, la tasa de eclosion y la
tasa de malformaciones se evaluaron en diferentes momentos (12, 24, 48, 72 y 96 hpf) durante
la exposicion a MET y GUA. La tasa de malformacion se expresé como el porcentaje de
embriones con al menos una malformaciéon en comparacion con el control. Se construy6 un
grafico con las principales malformaciones corporales producidas por GUA en embriones de
Danio rerio utilizando el software IBM SPSS Statistics 22. La mortalidad también se
documento diariamente utilizando un microscopio estereoscopico. Los embriones muertos se
descartan todos los dias. Una vez finalizado el tiempo de exposicion, contamos los embriones
vivos muertos y malformados y luego realizamos un andlisis de regresion lineal de maxima
verosimilitud para determinar la CL50 y la CE50m con sus intervalos de confianza del 95%
(p <0,05). Se utiliz6 el método de Spearman-Karber recortado (software US-EPA ver 1.5).
4. Evaluacion de los biomarcadores de estrés oxidativo

Se formaron 17 lotes, cada uno con 1600 Danio rerio en la etapa de esfera, en acuarios de 4
litros de capacidad. De los lotes formados, los primeros 16 se expusieron a todas las
concentraciones de MET y GUA, respectivamente. Mientras que el ultimo lote se expuso a
la solucidn de control (agua ultra pura). La temperatura se mantuvo a 27 ° C =1 ° C en todos
los lotes. En cada punto final (72 hpf'y 96 hpf), se seleccionaron al azar 800 embriones de
cada lote y se homogeneizaron en 1 ml de solucion tampon de fosfato (PBS, pH 7,4). Estos

puntos finales se seleccionaron porque en ese momento las larvas de pez cebra ya habian

29



eclosionado y su sistema enzimadtico ya estaba funcionando. Las muestras se separaron en
dos tubos Eppendorf. Por un lado, el tubo 1 contenia 300 uLL del homogeneizado y 300 uL
de una solucion de acido tricloroacético (TCA, 20%). Por otro lado, el tubo 2 contenia 700
pL del homogeneizado. Todos los tubos se mantuvieron a -20°C hasta su uso. El tubo 1 se
centrifug6 a 11 495 rpm durante 15 min a 4°C y el precipitado se utiliz6 para determinar el
contenido de carbonilo proteico (POx), mientras que el sobrenadante se utilizd para
determinar el grado de LPX y el contenido de hidroperdxido (HPx). El tubo 2 se centrifugd
a 12 500 rpm durante 15 min a 4°C y el sobrenadante se utilizé para determinar la actividad
de las enzimas antioxidantes: catalasa (CAT), superdxido dismutasa (SOD) y glutation
peroxidasa (GPx).

Para la cuantificacion de todos los biomarcadores de estrés oxidativo se utilizaron diferentes
métodos enzimaticos y colorimétricos. Los niveles de LPX, por ejemplo, se evaluaron con el
ensayo de acido tiobarbitirico documentado por Buege y Aust, (1978). De manera similar,
la reaccion de los grupos carbonilo con la 2,4-dinitrofenilhidrazina, informada previamente
por Levine et al., 1994, se us6 para evaluar la POx. Ademas, HPx se cuantifico utilizando el
ensayo de oxidacion ferrosa-xilenol explicado por Jiang et al., 1992.

Con respecto a las enzimas antioxidantes, el método de Radi et al., 1991, que se basa en el
consumo de H202 exdgeno, se utilizo para evaluar la actividad de CAT. Para la determinaciéon
de SOD se llevo a cabo el método de Misra y Fridovich, 1972, que miden la capacidad de
SOD para inhibir la auto oxidacion de la epinefrina a pH 10,2. Finalmente, la GPX se
determin6d mediante el procedimiento descrito por Gunzler y Flohe-Clairborne, 1985, que

evaltan la reduccion neta de glutation S-transferasa en 1 min a 37°C y pH 7.
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Los resultados del estrés oxidativo se normalizaron frente a las proteinas totales, que se
midieron con el método de Bradford, 1976.

5. Indice de respuesta de biomarcadores integrados (IBR)
Nuestros resultados de los biomarcadores de estrés oxidativo se aplicaron al indice IBR,
previamente informado por Sanchez et al., 2013. Brevemente, para la determinacion de IBR,
obtuvimos la relacion entre todos los biomarcadores de cada grupo de tratamiento (Xi) y los
biomarcadores del grupo de control (Xo). A continuacion, esta relacion (Xi/Xo) se
transformo logaritmicamente (Y1) para reducir la varianza. Con la finalidad de estandarizar
los valores de Y1, se utilizé la siguiente formula Zi= (Yi-p)/s, con la media () y la desviacion
estandar (s) de Yi. A continuacion, se calcul6 el indice de desviacion del biomarcador (A)
mediante la diferencia entre Ziy Z0. Los valores A se representaron en un grafico de estrellas
que representa las respuestas integradas de biomarcadores. Ademads, se sumo el valor
absoluto de A de cada biomarcador para obtener los valores de IBR.

6. Analisis estadistico
Los datos de los biomarcadores de estrés oxidativo se evaluaron con un analisis de varianza
bidireccional (ANOVA), considerando el tiempo como factor A y la concentracion como
factor B. Las variaciones entre las medias se evaluaron con el método de Student-Newman-
Keuls. Los datos sobre efectos embriotdxicos y teratogénicos se evaluaron utilizando la
prueba exacta de Fisher. Se aceptd la significancia cuando p <0,05, utilizando el software

SigmaPlot 12.3.
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RESULTADOS
1. Tasa de mortalidad y malformaciones

1.1.Metformina
La tasa de mortalidad acumulada de los embriones de pez cebra expuestos a cada
concentracion de MET se muestra en la Fig. 1A. En comparacion con el grupo de control, la
MET aument6 significativamente la tasa de mortalidad en los embriones de pez cebra de una
manera dependiente del tiempo y la concentracidon, alcanzando el mayor numero de
embriones muertos a la concentracion de 75 pg/L. Si bien, para la concentracion de 100 pg/L,
la tasa de mortalidad fue significativamente mayor que la de los controles, esta fue mucho
menor que en el resto de las concentraciones.
Al igual que en la tasa de mortalidad, la MET aumentd considerablemente la tasa de
malformaciones, alcanzando el pico maximo a la concentracion de 75 pg/L (Fig. 1B).
Después de esta concentracion, la MET mostr6 una importante disminucion en el nimero de
embriones malformados. Teniendo en cuenta estos datos, se calcularon la CLso y la
CEso(malformaciones), obteniendo un valor de 3.25 pg/L y 0.37 pg/L, respectivamente. Ademas,
el indice teratogénico de la MET en Danio rerio obtuvo un valor de 8,8. De acuerdo con los
criterios de Weigt et al., 2011, la MET deberia clasificarse como teratogénica.

1.2. Guanylurea
En comparacion con el grupo de control, la GUA aumentd la tasa de mortalidad y
malformaciones en los embriones de una manera dependiente de la concentracion (Fig. 2A-
B). La mayor tasa de mortalidad y malformaciones se obtuvo a la concentracion de 75,000
ng/L de GUA. Si bien una concentracion de 75,000 pg/L para cualquier compuesto toxico
no es relevante para el medio ambiente, cabe sefialar que la tasa de mortalidad promedio de

la GUA a una concentracién de 200 pg/L fue del 70.8%. Ademads, a esa concentracion, el
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86.1% de los embriones se encontraron con al menos una malformacion. Concentracion que
se ha informado previamente en aguas superficiales de Alemania (Posset et al., 2018).

Se calcularon la CLso y la CEso(malformaciones), obteniendo un valor de 38.5 ug/L y 18.5 pg/L,
respectivamente. Ademas, el indice teratogénico de la GUA en Danio rerio obtuvo un valor
de 2.1. Teniendo en cuenta los criterios de Weigt et al., 2011, la GUA también debe
clasificarse como teratogénica.

2. Tasa de eclosion
2.1. Metformina

Las tasas de eclosion de los embriones de pez cebra expuestos a MET y agua ultra pura se
muestran en la Fig. 1C. Como puede verse en esta figura, a las 24 hpf, los embriones
expuestos a 10ug/L, 20ug/L y 30ug/L de MET comenzaron a emerger del corion. Sin
embargo, este proceso solo resultd estadisticamente significativo para las dosis de MET de
10 pg/L y 20 pg/L. A las 48 hpf, la tasa de eclosion para todos los grupos de exposicion
aumento significativamente en comparacion con el grupo de control. El mayor numero de
embriones descorionados se obtuvo para la concentracion de 75 pg/L de MET. Ademas, a la
concentracion de 100 pg/L, la tasa de eclosion disminuy6 notablemente en comparacion con
el resto de los grupos de tratamiento. 24 horas después, a las 72 hpf, la mayoria de los
embriones del grupo de control y del grupo tratado con MET habian eclosionado. En este
momento, ninguno de los grupos de tratamiento mostré una diferencia significativa en
comparacion con el grupo de control. Finalmente, a las 96 hpf, todos los embriones de los

grupos de control y de tratamiento habian eclosionado.
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Fig. 1. Tasas de mortalidad, malformaciones y eclosion de los embriones de Danio rerio expuestos a MET
(ug/L). A representa la tasa de mortalidad acumulada de los embriones de pez cebra expuestos a cada
concentracion de MET a las 96 hpf. B representa la tasa acumulada de malformaciones de los embriones de pez
cebra expuestos a cada concentracion de MET a las 96 hpf. C representa la tasa de eclosion acumulada de los
embriones de pez cebra expuestos a cada concentracion de MET a 12, 24, 48, 72 y 96 hpf. Los datos se expresan

como la media + error estandar (SEM) de tres experimentos independientes. * denota un cambio significativo
con P<0.05.
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Fig. 2. Tasas de mortalidad, malformaciones y eclosion de los embriones de Danio rerio expuestos a GUA
(ug/L). A representa la tasa de mortalidad acumulada de los embriones de pez cebra expuestos a cada
concentracion de GUA a las 96 hpf. B representa la tasa acumulada de malformaciones de los embriones de pez
cebra expuestos a cada concentracion de GUA a las 96 hpf. C representa la tasa de eclosion acumulada de los
embriones de pez cebra expuestos a cada concentracion de GUA a 12, 24, 48, 72 y 96 hpf. Los datos se expresan

como la media + error estandar (SEM) de tres experimentos independientes. * denota un cambio significativo
con P<0.05.
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2.2.Guanylurea
Las diferencias en las tasas de eclosion entre los embriones de pez cebra expuestos a GUA y
el grupo de control se muestran en la Fig. 2C. Como se muestra en esta figura, los embriones
expuestos a 100 ng/L de GUA comenzd a emerger del corion a las 48 hpf. Sin embargo, este
proceso no fue estadisticamente significativo. En comparacion con el grupo de control, se
observo una disminucion significativa en la tasa de eclosion en todos los grupos de
exposicion, a 72 y 96 hpf. Ademas, esta disminucion en la tasa de eclosion mostré ser de una
manera dependiente de la concentracion, alcanzando el menor numero de embriones
descorionados a la concentracion de 75000 mg/L. A concentraciones ambientalmente
relevantes, la GUA también mostré una reduccion importante en la tasa de eclosion. Las
concentraciones cercanas a los 200 pg/L, por ejemplo, redujeron la tasa de eclosion en un
16%.
3. Efectos teratogenos
3.1. Metformina

Durante todo el periodo de exposicion, el desarrollo de los embriones en el grupo de control
fue normal. A diferencia del grupo de control, la MET caus6 malformaciones corporales en
todos los grupos de tratamiento y tiempo de exposicion (Fig. 3A). Las malformaciones
observadas incluyeron malformacion de la cola, escoliosis, edema pericardico, deformacién
de la yema, hipo pigmentacion, retraso del proceso de eclosion, ausencia de aleta, ausencia
de ojo y malformacion craneofacial. Entre estas, las malformaciones mas pronunciadas
fueron la malformacién de la cola y la escoliosis (Fig. 3B). Como se puede observar en la
figura 3, la severidad de las malformaciones se hizo mas evidente a medida que aumentaba

la concentracion, mostrando una mayor incidencia de embriones con edema pericardico,
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deformacién de la yema, ausencia de ojo y malformacion craneofacial. Las malformaciones
mas graves se observaron en los embriones expuestos a 75 pg/L. Después de esta
concentraciéon, la MET mostré una disminucidon significativa en la gravedad de las
malformaciones.
3.2. Guanylurea

Durante todo el periodo de exposicion, el desarrollo de los embriones en el grupo de control
fue normal. Por el contrario, la GUA caus6 varias malformaciones corporales en todos los
grupos de tratamiento y tiempo de exposicion (Fig. 4A). Las malformaciones observadas
incluyeron malformacion de la cola, escoliosis, edema pericardico, deformacion de la yema,
hipo pigmentacion, retraso del proceso de eclosion, ausencia de aleta, ausencia de ojo y
malformacion craneofacial. Entre estas, las malformaciones mas pronunciadas fueron la
malformacion de la cola y la escoliosis (Fig. 4B). Ademas, es de destacar que la severidad de
las malformaciones fue mas evidente a medida que aumentaba la concentracion. Por ejemplo,
a medida que aumentaba la concentracion, también aumentaba la incidencia de embriones
con edema pericardico, deformacion de la yema, ausencia de aleta, ausencia de ojo y
malformacion craneofacial. Las malformaciones mas graves se observaron en los embriones
expuestos a 75000 pg/L. No obstante, a concentraciones ambientalmente relevantes, la GUA
también indujo malformaciones que pueden afectar la integridad de los peces y provocar su

muerte.
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Fig. 3. Principales malformaciones inducidas por cada concentracion de MET en los embriones de Danio rerio.
A Fotos representativas de las anomalias morfologicas que presentaron los embriones de pez cebra expuestos a
concentraciones ambientalmente relevantes de MET a las 96 hpf. Las flechas indican todas las malformaciones
encontradas en cada embrion. B Incidencia acumulada de cada malformacion encontrada en los embriones de
pez cebra expuestos a MET, expresada en porcentaje. Los datos se expresan como media + error estandar (SEM)
de tres experimentos independientes. MT: malformacion de la cola; S: escoliosis; PE: edema pericardico; YD:
deformacion del saco vitelino ; H: hipo pigmentacion; DHP: retraso del proceso de eclosion; FA: ausencia de
aletas; EA: ausencia de ojos; CFM: malformacion craneofacial.
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Fig. 4. Principales malformaciones inducidas por cada concentracion de GUA en los embriones de Danio rerio.
A Fotos representativas de las anomalias morfologicas que presentaron los embriones de pez cebra expuestos a
concentraciones ambientalmente relevantes de GUA a las 96 hpf. Las flechas indican todas las malformaciones
encontradas en cada embrion. B Incidencia acumulada de cada malformacion encontrada en los embriones de
pez cebra expuestos a GUA, expresada en porcentaje. Los datos se expresan como media + error estaindar (SEM)
de tres experimentos independientes. MT: malformacion de la cola; S: escoliosis; PE: edema pericardico; YD:
deformacion del saco vitelino ; H: hipo pigmentaciéon; DHP: retraso del proceso de eclosion; FA: ausencia de
aletas; EA: ausencia de ojos; CFM: malformacion craneofacial.
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4. Evaluacion del estrés oxidativo
4.1. Actividad antioxidante producida por la metformina
La actividad antioxidante de SOD, CAT y GPx, en los embriones de Danio rerio expuestos
a MET se muestra en la Fig. 5. Como puede verse en esta figura, la actividad de todas las
enzimas, en todos los grupos de exposicidon, mostrd un aumento significativo en comparacion
con el control. grupo. Ademds, a medida que aumentaba la concentracion, también
aumentaba la actividad de las enzimas, alcanzando el pico maximo a la concentracion de 75
ng/L. Después de esta concentracion, la actividad de todas las enzimas disminuyd
significativamente en comparacion con el resto de los grupos de tratamiento. En cuanto al
tiempo de exposicion, no se encontraron diferencias significativas en la actividad de la SOD.
No obstante, a la concentracion de 50 ug/L, la actividad enzimatica de CAT mostré un
aumento significativo a las 96 hpf en comparacion con las 72 hpf. Ademas, la actividad
enzimatica de GPx se increment6 significativamente a las concentraciones de 40 pug/L, 50
ug/L'y 75 pg/L de una manera dependiente del tiempo.
4.2. Daio oxidativo producido por la metformina

Los niveles de LPX, HPx y POx en embriones de Danio rerio expuestos a MET se muestran
en la Fig. 6. Al igual que en las enzimas antioxidantes, los niveles de todos los biomarcadores
de dafio oxidativo, en todos los grupos de exposicion, exhibieron un aumento significativo
en comparacion con el grupo de control. Ademas, los niveles de todos los biomarcadores de
dafo oxidativo aumentaron a medida que aumentaba la concentracion, alcanzando el pico
mas alto con una dosis de 75 ug/L de MET. Por otro lado, a una concentracion de 100 ug/L,
los niveles de LPX, HPx y POx disminuyeron considerablemente en comparacion con el
resto de los grupos de tratamiento. En cuanto al tiempo de exposicion, los niveles de LPX 'y

HPx aumentaron significativamente a las concentraciones de 50 pg/L y 75ug/L. Sin
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embargo, no se encontraron diferencias en los niveles de POx a las 96 hpf en comparacion
con las 72 hpf.
4.3. Actividad antioxidante producida por la guanylurea
La actividad antioxidante de SOD, CAT y GPx, en embriones de Danio rerio expuestos a
GUA se muestra en la Fig.7. A partir de esta imagen, se puede ver que la actividad de las
enzimas, en todos los grupos de exposicion, mostré un aumento significativo en comparacion
con el grupo de control. Ademas, conforme la concentracion aumentaba, la actividad de las
enzimas también aumentd, alcanzando el pico maximo a la concentracion de 75000 pg/L. En
cuanto al tiempo de exposicion, no se encontraron diferencias significativas en la actividad
de CAT. No obstante, en comparacion con las 72 hpf, la actividad enzimatica de CAT y GPX
mostr6é un aumento importante a las 96 hpf, en todos los grupos de tratamiento.
4.4. Dafo oxidativo producido por la guanylurea

Los niveles de LPX, HPx y POx en los embriones de Danio rerio expuestos a GUA se
muestran en la Fig. 8. Al igual que en las enzimas antioxidantes, los niveles de todos los
biomarcadores de dafio oxidativo, en todos los grupos de exposicion, exhibieron un aumento
significativo en comparacion con el grupo de control. Ademas, los niveles de todos los
biomarcadores de dafio oxidativo aumentaron de manera dependiente de la concentracion,
alcanzando el pico mas alto con una dosis de 75000 pg/L de GUA. De manera similar, los
niveles de LPX en todos los grupos de exposicion también aumentaron de manera
dependiente del tiempo. Sin embargo, en comparacion con las 72 hpf, no se encontraron

diferencias significativas en los niveles de HPx y POx a las 96 hpf.
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5. IBR
5.1. Metformina
Los valores de IBR aumentaron a medida que las concentraciones de MET aumentaban, lo
que indica que las altas concentraciones de este firmaco indujeron efectos mas pronunciados
en los embriones, con la excepcion de la concentracion de 100 pg/L (Fig. 9). Estos efectos
se centraron principalmente en el dafio oxidativo, ya que el grafico de estrellas se desvid
principalmente a estos biomarcadores. En la concentracién mas baja, por ejemplo, el
biomarcador de dafio oxidativo que mas afect6 a los embriones fue POx. No obstante, a
medida que aumentaban las concentraciones, los biomarcadores HPx y LPx tenian mas
influencia sobre el embridon. En cuanto al tiempo de exposicion, las concentraciones de 50
ug/L'y 75 pg/L mostraron un aumento significativo en los valores medios de IBR.
5.2. Guanylurea

Los valores de IBR aumentaron de una manera dependiente de la concentracion, lo que indica
que altas concentraciones de este producto de degradacioén indujeron mas efectos de estrés
oxidativo en los embriones (Fig. 10). Estos efectos se centraron principalmente en el dafio
oxidativo, ya que el gréafico de estrellas se desvio principalmente a estos biomarcadores. En
la concentracién mas baja, por ejemplo, el biomarcador de dafio oxidativo que mas afecto a
los embriones fue la POx. No obstante, a medida que aumentaban las concentraciones, los
biomarcadores HPx y LPx tenian mds influencia sobre el embrién. En cuanto al tiempo de
exposicion, ninguna concentracion mostrd un aumento significativo en los valores medios de

IBR en comparacion con las 72 hpf.
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DISCUSION

En el presente estudio, se investigaron los efectos nocivos del farmaco antidiabético MET y
de su principal producto de degradacion GUA sobre el desarrollo embrionario de Danio
rerio. Nuestros resultados demostraron que las concentraciones ambientalmente relevantes
de MET y GUA pueden aumentar la tasa de mortalidad y malformaciones en los embriones
de pez cebra. Sin embargo, estos resultados no concuerdan con los encontrados por Jacob et
al., 2018, quienes sefialaron que concentraciones de MET de 1 pg/L a 1000ug/L no afectaron
la tasa de mortalidad de los embriones de trucha marrén. Ademas, Jacob et al., 2019
establecieron que 10, 100 y 1000 pg/L de GUA no inducian ningtn efecto letal en larvas y
juveniles de trucha marrdn. Las diferencias entre los estudios pueden explicarse debido a las
diferentes temperaturas de incubacion. Los embriones de trucha marrdn, por ejemplo, se
incubaron a 7°C y 11°C, mientras que los embriones de pez cebra se mantuvieron en camaras
climaticas a 27°C. Esto es digno de mencién, ya que Jacob et al., 2018 encontraron
concentraciones mas altas de la MET en embriones de trucha marron expuestos a 11°C en
comparacion con la temperatura mas baja. Por tanto, se sugiere que la temperatura puede
mejorar la absorcion de este farmaco. Otro factor que puede influir en los resultados de ambos
estudios son las diferencias en las etapas de desarrollo embrionario. Por ejemplo, en nuestro
estudio, los embriones de pez cebra expuestos a MET se encontraban en la etapa de esfera (4
hpf), mientras que los embriones de trucha marrén expuestos a esta droga estaban en la etapa
de ojos (48 dpf). Es bien sabido que a medida que pasa el tiempo la estructura del corion
cambia y la dureza de la membrana embrionaria comienza a elevarse, lo que conduce a una
baja permeabilidad. Ussery et al., 2018, por ejemplo, demostraron que los embriones Medaka

japoneses expuestos a 10ug/L de 14C-MET antes del endurecimiento (<6 hpf) tenian
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significativamente mas 14C-MET en comparacion con los embriones expuestos a este
compuesto después del endurecimiento del corion (24 hpf). Dado que el desarrollo
embrionario de la medaka japonesa y el pez cebra son comparables (Furutani-Seikia y
Wittbrod, 2004), sugerimos que la MET tuvo un comportamiento de absorcion similar en el
pez cebra. Por lo tanto, MET podria ser absorbido facilmente por el pez cebra en la etapa de
esfera, pero no en la trucha marrén en la etapa de ojos, lo que lleva a una respuesta toxica
diferente, siendo esta tltima mas severa en el pez cebra. En general, las propiedades quimicas
y la estructura de la GUA son similares a las de la metformina (Scheurer et al., 2012), lo que
podria indicar un comportamiento ambiental comparable y respuestas tdxicas paralelas
(Escher y Fenner, 2011). Aunque hay escasez de informacion sobre la toxicidad de la GUA,
y no se sabe si este TP actlla de manera similar a la MET, Ussery et al., 2019 describieron
efectos toxicos comparables en el desarrollo de 1a Medaka japonesa para ambos compuestos.
Sin embargo, las concentraciones de GUA que indujeron efectos en los peces fueron
inferiores a las del MET. Esto es importante de mencionar, ya que la facilidad que presenta
la MET de ser absorbida por los embriones antes del endurecimiento del corion puede que
también la presente la GUA.

Curiosamente, la MET y la GUA no solo aumentaron la tasa de mortalidad y malformaciones
en los embriones de pez cebra, sino que también alteraron el proceso de eclosion en los peces.
En el caso de los embriones expuestos a MET se observo un proceso de eclosion anticipada,
mientras que en los embriones expuesto a GUA se observo un retraso en la eclosion. Estos
hallazgos son consistentes con los reportados por Flores et al., 2020, quienes demostraron
que la MET indujo una eclosion anticipada (48hpf) en los embriones de pez cebra expuestos

a varias concentraciones (10ug / L - 2000000ug / L) de este farmaco. De manera analoga, en
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un estudio comparativo aleatorizado, Rowan et al., 2008 mostraron que las tasas de partos
prematuros espontaneos y iatrogénicos eran mas altas en las mujeres tratadas con metformina
que en las que recibian insulina. La eclosion anticipada de los peces o bien el retardo en la
eclosion son importantes, ya que los peces eclosionados/no eclosionados son mas vulnerables
a los depredadores, el estrés mecanico y osmdtico y los agentes toxicos presentes en los
cuerpos de agua, lo que provoca alteraciones mas graves en su desarrollo. Las alteraciones
de la eclosion en peces pueden ser inducidas por varios factores enddgenos y exogenos,
incluidos agentes toxicos, disponibilidad de oxigeno, moduladores quimicos del sistema
nervioso central, liberacién de enzimas proteoliticas y niveles hormonales (De la Paz et al.,
2017). No obstante, los mecanismos y vias implicados no se han dilucidado por completo.
Dado que estudios anteriores han demostrado que la MET puede ser un disruptor endocrino
(Niemuth y Kapler, 2015; Lee, 2017; Monshi, 2017; Niemuth et al., 2018; Lee et al., 2019),
se puede sugerir que las alteraciones hormonales en los peces podrian estar involucradas en
el proceso de eclosion acelerada. Ademas, como la MET y la GUA han mostrado efectos
similares antes, este podria ser el mecanismo por el cual la GUA también alteran el proceso
de eclosion. No obstante, se necesitan mas estudios, primero para investigar si este TP puede
alterar los niveles hormonales y, segundo, si esta alteracion estd relacionada con el proceso
de eclosion.

Durante todo el periodo de exposicion, la MET y la GUA indujeron varias malformaciones
en los embriones de pez cebra. Entre estas, se incluye la malformacién de cola, escoliosis,
edema pericardico, deformacion del saco vitelino, hipo pigmentacion, ausencia de aletas,
ausencia de ojos y malformacion craneofacial. De acuerdo con estos resultados, un estudio
realizado en embriones de pollo mostr6 que multiples concentraciones (0,1 mg / ml - 5 mg /

ml) de MET mostraban un retraso en el cierre de los neuroporos anteriores y posteriores, lo
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que provocaba anomalias cerebrales, ausencia de yemas en las extremidades, asi como un
retraso en la formacion de ojos, otoquistes, corazdn, branquias y somitas (Siripattanaphol et
al., 2020). Ademas, Flores et al., 2020 sefialaron que la MET puede causar microcefalia y
disminucion de la longitud de la cola en embriones de pez cebra expuestos a multiples
concentraciones (10pug / L - 2000000ug / L) de este farmaco. Con respecto a la GUA, en un
estudio mas reciente, Ussery et al., 2021 demostraron que este TP desregulaba el receptor 1b
de rianodina del musculo esquelético (Ryrl) y dos poliamidas importantes putrescina y O-
fosfocolamina en larvas de Medaka japonesas. Esto es de suma importancia ya que la O-
fosfocolamina participa en las vias de sefalizacion celular que regulan la proliferacion,
diferenciacion, necrosis y apoptosis celular, asi como en la respuesta al estrés oxidativo (Toda
et al., 2017; Bridges et al., 2018). Por lo tanto, se sugiere que la desregulacion de estas vias
de sefializacion puede conducir a anomalias en el desarrollo.

Hoy en dia se sabe que las especies reactivas de oxigeno (ROS) regulan factores de
transcripcion clave que a su vez regulan diferentes cascadas de sefalizacion celular
implicadas en la proliferacion, diferenciacion y apoptosis (PaSkova et al., 2011). Sin
embargo, luego de una exposicion a cualquier compuesto toxico, el equilibrio entre ROS y
enzimas antioxidantes se ve afectado y puede ocurrir dafio oxidativo en el organismo (Nita y
Grzybowski, 2016). En consecuencia, el dafio oxidativo puede deteriorar el ADN y promover
la apoptosis celular, afectando la integridad del organismo (Rai et al., 2015; Kreuz y Fischel,
2016). Aqui, demostramos que después de una exposicion aguda a MET y GUA en las
primeras etapas de la vida del pez cebra, ambos compuestos puede inducir una respuesta de
estrés oxidativo en los embriones. Ademas, nuestros analisis de IBR indicaron que a medida

que aumentaban las concentraciones de MET y GUA, también aumentaban los valores

52



medios de IBR. Por lo tanto, las respuestas al estrés oxidativo en los organismos fueron mas
pronunciadas a medida que aumentaba la concentracion. De acuerdo con nuestros resultados,
Ussery et al., 2021 indicaron que 1 ng/L de GUA puede alterar varias vias involucradas en la
salud general de los embriones de Medaka japoneses, incluida la desintoxicacion de ROS,
entre otras. Ademas, la MET también se ha asociado con una mayor produccion de ROS.
Anedda et al., 2008, por ejemplo, indicaron que la MET aument6 los niveles de ROS en las
células 3T3-L1. De manera anéaloga, Queiroz et al., 2014 demostraron que la MET indujo la
detencion del ciclo celular y aumento la apoptosis celular en células MCF-7 tratadas con 10
mM de este farmaco. Ademas, explicaron que estas respuestas estaban mediadas por el estrés
oxidativo y que un tratamiento con SOD y CAT mejoro6 la viabilidad celular. Finalmente, en
un estudio mas reciente, Lee et al., 2019 evaluaron la toxicidad acuéatica de la MET bajo un
régimen de exposicion multigeneracional y encontraron que este firmaco aumento el
contenido de ROS y disminuy¢ la actividad de GSH en peces FO. Ademas, la actividad de
CAT también aumento6 significativamente con el tratamiento de MET, lo que sugiere que las
concentraciones ambientalmente relevantes de este contaminante pueden causar estrés
oxidativo en Oryzias latipes.

En cuanto al mecanismo de accioén de la MET, este farmaco puede inhibir el complejo I de
la cadena de transporte de electrones (ETC) mitocondrial, provocando diferentes cambios en
la membrana mitocondrial y la produccion de ATP (Andrzejewski et al., 2014; Cameron et
al., 2018). Las mitocondrias son una fuente importante de ROS y, como mencionamos
anteriormente, estas ROS son importantes en la sefializacion redox dentro de las células. No
obstante, las ROS también pueden contribuir a inducir dafo oxidativo a las mitocondrias,
afectando su capacidad para sintetizar ATP y para llevar a cabo sus funciones metabolicas

(Adam-Vizi y Chinopoulos, 2006). Las mutaciones del ADN mitocondrial pueden alterar los
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elementos de la cadena respiratoria o los ARN ribosomales y de transferencia necesarios para
la expresion del gen mitocondrial, lo que da lugar a varias enfermedades (Tuppen et al.,
2010). Ademas, la acumulacién de mitocondrias disfuncionales puede aumentar los efectos
dafiinos de los inhibidores del complejo I de la cadena de transporte de electrones (ETC)
sobre la supervivencia celular (Espada et al., 2020). Aunque ningun estudio ha demostrado
que la GUA pueda inhibir el complejo I del ETC mitocondrial, estudios recientes han
demostrado que la GUA ejerce efectos sobre los peces ELS de manera similar a la MET
(Ussery et al., 2021). Por lo tanto, sugerimos que las anomalias corporales encontradas en
este estudio pueden ser una consecuencia de la inhibicion del complejo I del ETC
mitocondrial. Complementando lo anterior, un estudio reciente investigo los efectos toxicos
que los farmacos inhibidores mitocondriales inducian en embriones de pez cebra. En sus
resultados sefalaron que diferentes concentraciones (0,3 nM - 10 mM) de inhibidores del
complejo I y Il indujeron varias anomalias del desarrollo en los embriones de pez cebra. Estas
malformaciones incluyeron edema, defectos en los ojos, la cabeza y el esqueleto, hipo
pigmentacion, detencion de la géstrula, necrosis del saco vitelino y sangrado (Pinho et al.,
2013).

Hay dos mecanismos por los cuales las mitocondrias aumentan la produccion de superoxido.
En el primero, la reserva de NADH disminuye, por ejemplo, por una interrupcion en la
cadena respiratoria, una baja demanda de ATP y/o una pérdida de citocromo ¢ por apoptosis.
Esto conduce a la formacion de superoxido, en el mono nucledtido de flavina (FMN), en una
tasa que depende de la relacion NADH / NAD + (Kushnareva et al., 2002; Liu et al., 2002;
Kussmaul y Hirst, 2006). En el segundo, hay una falta de produccion de ATP, una fuerza
protonmotriz alta y una coenzima Q reducida, lo que conduce a un transporte de electrones

inverso a través del complejo I, que produce una cantidad importante de superdxido (St-
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Pierre et al., 2002; Liu et al., 2002). Hasta ahora, se cree que la inhibicién del complejo
mitocondrial I por la MET puede interrumpir el flujo de electrones y causar la generacion de
superoxido por una reduccion de FMN (Lee et al., 2019). No obstante, se necesitan mas
estudios para comprender mejor el mecanismo por el cual este farmaco aumenta la
produccion de superdxido en las mitocondrias. Ademas, los estudios futuros también
deberian dilucidar si este mecanismo podria ser similar en la GUA.

En concentraciones bajas (1ug/L - 75ug/L), la MET aument6 la mortalidad, la gravedad de
las malformaciones, la tasa de eclosion y los biomarcadores de estrés oxidativo de una
manera dependiente de la concentracion. No obstante, a una concentracion de 100 pg/L,
todos los criterios de valoracion evaluados en este trabajo se redujeron significativamente
con respecto a los otros grupos de tratamiento. Curiosamente, este no es el primer estudio
que encuentra estas variaciones en concentraciones mas altas de este firmaco. Jacob et al.,
2018, por ejemplo, demostraron que la cantidad de glucdogeno hepatico aumentd en
embriones de trucha marron expuestos a MET. No obstante, este aumento fue
especificamente mayor en los peces expuestos a la dosis mas baja de MET. Mientras tanto,
en dosis mas altas, el contenido de glucdgeno en el higado mostrd una gran inconsistencia.
De manera similar, Flores et al., 2020 sefialaron que a la mayor concentracion de MET, el
100% de los embriones mostraron una eclosion anticipada. Sin embargo, a la misma
concentracion, la MET concibi6 un 0% de teratogenicidad. Por lo tanto, sugerimos que la
MET podria experimentar una dosis-respuesta bifasica. La hormesis es un fenomeno de
respuesta a la dosis, caracterizado por una respuesta a una dosis baja que tiene un efecto

opuesto al observado en dosis altas (Ray et al., 2014). Ademas, esto es altamente
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generalizable, ya que es independiente del modelo bioldgico, el punto final medido, la clase

quimica y la variabilidad interindividual (Calabrese y Mattson, 2017).
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CONCLUSION

Hasta donde sabemos, este es el primer estudio que proporciona evidencia de dafio oxidativo
en embriones de peces expuestos a concentraciones ambientalmente relevantes de GUA.
Dado que el dafio oxidativo puede causar dafo directo al ADN y apoptosis celular, creemos
que esto puede estar involucrado en la generacion de las malformaciones corporales
encontradas en este estudio. Ademas, como la MET inhiben el complejo mitocondrial 1y
Ussery et al., 2021 demostraron que la MET y la GUA tienen un mecanismo de accién
similar, se podria sugerir que el dafio oxidativo inducido por ambos compuestos esta
relacionado con la inhibicién del complejo mitocondrial I. Estudios futuros deben dilucidar
si el aumento de la produccion de ROS en ambos compuestos esta relacionado con la
inhibicion del complejo mitocondrial I y / o si estdn involucrados otros mecanismos. Ademas,
dado que actualmente existe una gran laguna de conocimiento sobre la toxicidad de estos
compuestos, se necesitan mas estudios para comprender mejor el impacto ambiental de este

farmaco y su producto de TP.
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ABSTRACT

Metformin (MET) is the most common drug used to treat type 2 diabetes, but also it is used as an anti-
cancer agent and as a treatment for polycystic ovary syndrome. This drug is not metabolized in the
human body, and may enter into the environment through different pathways. In wastewater treatments
plants (WWTPs), this contaminant is mainly transformed to guanylurea (GUA). However, three further
transformation products (TPs): (a) 2,4- diamino-1,3,5-triazine, 4-DAT; (b) 2-amino-4-methylamino-1,3,
5-triazine, 2,4-AMT; and (c) methylbiguanide, MBG; have also been associated with its metabolism.
MET, GUA and MBG have been found in WWTPs influents, effluents and surface waters. Furthermore,
MET and GUA bioaccumulate in edible plants species, fish and mussels potentially contaminating the
human food web. MET is also a potential endocrine disruptor in fish. Phytoremediation, adsorption
and biodegradation have shown a high removal efficiency of MET, in laboratory. Nonetheless, these
removal methods had less efficiency when tried in WWTPs. Therefore, MET and its TPs are a threat to
the human being as well as to our environment. This review comprehensively discuss the (1) pathways
of MET to the environment and its life-cycle, (2) occurrence of MET and its transformation products (3)
removal, (4) toxic effects and (5) future trends and perspectives of possible methods of elimination in
water in order to provide potential options for managing these contaminants.
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1. Introduction

Diabetes mellitus is a metabolic disorder that occurs when the
body cannot produce enough insulin or cannot use this hormone
effectively, leading to consistent hyperglycemia (Chellappan
et al., 2018). Currently, over 451 million people worldwide are esti-
mated to have diab and app! ly 87% to 91% of all peo-
ple with diabetes suffer type 2 diabetes (T2D) (Cho et al., 2018).

MET is the first-line oral therapy and the most commonly pre-
scribed oral agent for T2D (Foretz et al., 2014; Rena et al,, 2013).
It is currently thought to be the highest drug by weight released
into the aquatic environment. In the US, prescriptions of MET
increased, more than 56% in an eight-year period, from 49.2 million
in 2007 to 76.9 million in 2014 (Kleinrock, 2012; Aitken et al.,
2015). Similarly, the prescriptions in Netherlands and Western
Europe prescriptions also increased by 26% between 2008 and
2012 (ter Laak and Baken, 2014). Furthermore, it is expected that
MET consumption steadily increase in the upcoming years, as
numerous studies suggest MET usage as an anticancer agent
(Mallik and Chowdhury, 2018; Morales and Morris, 2015). Like-
wise, MET has been also associated with regularization of the men-
strual cycle and most hormonal profiles in women with polycystic
ovary syndrome (PCOS) (Yang et al., 2018) which also, may further
intensify the global use of MET.

Due to its high consumption, low octanol-water partition coef-
ficient (Kow), and its null metabolism by the human body (Gong
et al., 2012). MET is expected to be present worldwide in wastew-
ater treatment plants (WWTPs) effluents, and surface waters. How-
ever, during its pass through the WWTPs, MET is biologically
transformed to guanylurea (GUA). A bacterial double dealkylation
(where both methyl groups are removed at the terminal nitrogen)
has been proposed as the main mechanism for the conversion of
MET to GUA in WWTPs (Markiewics et al., 2017a).

Although, some studies have shown a direct correlation
between the degradation of MET and the production of GUA. Some

others have shown that GUA concentrations in effluents are signif-
icantly lower than MET concentrations in influents (Kosma et al.,
2015), but also that GUA concentrations are higher in influents
than in effluents (Tisler and Zwiener, 2018). This may be explained
by the formation and subsequent degradation of intermediates
metabolites. For example, 3 further transformation products
(TPs) of MET: a) 2,4- diamino-1,3,5-triazine, 2,4-DAT; b) 2-amin
0-4-methylamino-1,3,5-triazine, 2,4-AMT; c¢) methylbiguanide,
MBG) have been detected in WWTPs effluents and in surface
waters (Tisler and Zwiener, 2018).

In view of the fact that MET and its TPs are often found at high
concentrations in the aquatic environment and can exhibit differ-
ent toxicities in non-target organisms, a timely review seems
appropriate. The aim of this work was to comprehensively investi-
gate the occurrence of MET and its four TPs in influents and efflu-
ents of WWTPs, surface water, groundwater and sludge.
Additionally, we evaluate and comp tr involved in

the removal of MET and finally, we discuss the toxic effects of

Table 1
Prescriptions of metformin in 2017.
Country Prescriptions  Source
per year
us 81,305,416 MEPS, 2018
England 21,163271 Prescribing and Medicines Team Health and
Social Care Information Centre, 2018.
North 435,432 Mulholland, 2018.
Ireland
Wales 1397814 National Statistics Ystadegau Gwladol, 2018.
Scotland 1,249597 Information Services Division National
Services Scotland, 2018
Denmark 1,589,000 Sundhedsdata-Styrelsen, 2018.
Netherlands 6,146,557 Zorginstituut Nederland, 2018.
Sweden 1,499,590 Socialstyrelsen, 2018.

* prescriptions in 2016
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Table 2

‘Worldwide occurrence of metformin and its transformation products.

Emerging Country Concentrations (pug/L) Source
pollutant
WWTP Influent WWTP Effluent (min. Surface Water (min.  Drinking Water (min.  Sludge (ug/g) (min. G (min. pital Effluent (min.
(min.-max.) ~max.) ~max.) ~max.) ~max.) ~max.) ~max.)
Metformin Greenland  n.a 3.58-6.8 0.0331-0.748 na 0.455-0.553 na na Huber et al., 2016
Canada na 0.067-10.608 0.012-1.487 na na na na Ghoshdastidar et al..
2015
n.a na 0.145-10.1 na na na na 2016
usAa n.a-99 na na na na na na Blair et al., 2015
6.06-720 0.401-58.9 na na na na 0.009-630 Oliveira et al., 2015
na 29.3-82.7 0.105-0.832 na na na na Meador et al., 2016
na na 0.0014-2.635 na na na na Bradley et 2016
na na 0.0104-4.308 na na na na Bradley et al., 2017a
na na 0.00239-0.281 na na na na 2017b
na na 0.0105-0.903 na na na na 2017
n.a na n.a-33.6 na na na na 2017
na na na-0.21 na na na na Weissinger et al.
2018
na n.a na-7.13 na na na na
36.1-73.3 26-96 na na na na na
Mexico 40.7-94.6 3.01-3.77 na na na na na
13.4-321 0.0576-0.21 na na na na na Estrada-Arnaga
et al. 2016
na na na na na 0.0103-107 na Lesser et al., 2018
na na na na na n.a 1.29-1.33 Pérez-Alvarez et al.,
2018
na na na na na na 1.36-1.48 Luja-Mondragén
et al. 2019
Brazil na na na na na na 1.7-23 Chiarello et al., 2016
Iceland 1.79-59 0.234-5.59 n.a na 0.149-7.81 na na Huber et al., 2016
Faroe 4.15-9.66 7.42-7.56 0.0614-0.0779 na 0.239-0.31 na na Huber et al., 2016
Islands
Poland 3.8187-16.7907 0.0075-0.0629 na 0.0017-0.008 na na na Kot-Wasik et al.,
2016
Germany 862-142.3 34-64 0.001-0.643 na na na na Trautwein et al.,
2014
na na <0.46-1.66 na na na na Posselt et al., 2018
14-95 0.7-6.5 <0.001-0.47 na na na na Tisler, & Zwiener,
2018
Spain n.a-5927 na-1.252 na-0.013 na na na na
Portugal 70-325 0.05-58 na na na na na
et al., 2017
Moldova na na 0.1-024 na na na na Moldovan et al.,
2018
Romania na na n.a-0.44 na na na na Moldovan et al.,
2018
Greece na na na na 0.0414-0.0782 na na Gago-Ferrero et al.,
2015
<0.0251-1.167 <0.0167-0.026 na na na na na Kosma et al., 2015
na na na na 0.147-0.237 na na Thomaidi et
Turkey na na <0.00014-0.0141 na na na na
Saudi 4.02-31.2 <3-4.51 na na na na na Shraim et al.,
Arabia na na 0.007-4.8009 na na na na Ali et al..2017
China na na 0.051-2917 na na na na Kong et al, 2015
n.a na na na na n.a-0.045 na Kong et al., 2016
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Source

Hospital Effluent (min.

~max.)

Groundwater (min,

~-max.)

-max.)

~max.)

Surface Water (min.  Drinking Water (min.  Sludge (pg/g) (min.

~max.)

WWTP Effluent (min.
-max.)

Concentrations (pg/L)
(min.-max.)
21-35

na

WWTP Influent

Country

Emerging
pollutant

Table 2 (continued)
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MET and its TPs towards different aquatic organisms (dahpnids,
fish, etc.).

2. Pathways to the environment: Life-cycle of metformin

er, & Zwiener,

The lifecycle begins with the manufacture of MET, which can
lead to its direct discharge into liquid or solid waste systems.
The manufactured MET is transported and distributed to hospital
pharmacies, where is prescribed for patients with T2D, cancer
and women with PCOS. Table 1 summarized MET consumption
data of some countries in terms of prescriptions issued. Despite
the increasing prevalence of diabetes worldwide, there is a cur-
rently huge knowledge gap about the consumption patterns of this
anti-diabetic drug. In the future, it will be helpful to study its con-
sumption pattern in order to provide a better diabetes control as
well as to have better understanding and control on its environ-
mental discharges.

Once administered MET is excreted unaltered form (Gong et al.,
2012). Thereby, this waste material enter to the sewer system,
where MET is partially transformed to GUA due to bacteria adapta-
tion in the sewage pipes. Finally, this waste material is collected in
WWTP, and either directly discharged untreated into the environ-
ment or passed through one or more treatment steps before being
discharged as effluent into the natural aquatic environment.

If MET is treated in WWTPs, it can be bacterially transformed to

its main TPs (GUA, MBG, 24-AMT, 2,4-DAT) (Tisler and Zwiener,
2018). Chlorination, phytoremediation and adsorption in graphene
oxide (GO) are the only techniques that have shown high rates of
removal (Quintdo et al., 2016; Cui and Schréder, 2016; Moogouei
et al., 2018; Zhu et al., 2017). However, these treatments are not
applied in all WWTPs. In ¢ q e, huge of MET and
GUA are released in to the aquatic environment where they can
exhibit different toxicities in non-target organisms.
333 3 % 4 AN Other pathways for the entrance of MET into the environment
or even worst into the human food web, are the use of sewage
sludge as soil fertilizer and conditioner for plant growth, or the irri-
gation of fields directly with wastewater (Eggen and Lillo, 2012;
Lesser et al., 2018).

Trautwein et al.,

3
3
2

na
na
na
na
na
na
na
na
na
na
na
na

na
na
na
na
na
na
na
na
na
na
na
na
na

na
na
na
na
na
na
na
na
na
na
na
na
na

n
na
na
n

00016 - 58
0002-0.1214
1-8.247
021-0.063
a
0.065-0.316
0.004-0391
<0.01-4.502
15-222
0.0012-35
<0.01-0.031

3. Occurrence of metformin and its transformation products

0,
n
0.
0.
n

MET and GUA have a K,,, of —4.3 and 2.5 at pH 7.4, respec-
tively (ter Laak and Baken, 2014). Based on these properties, distri-
bution in the aqueous phase for MET and GUA is expected to be
high, which is demonstrated by its ubiquitous presence in surface,
ground and drinking water.

Table 2 summarize the data collected from literature regarding
the occurrence of MET and its TPs about its presence in the aquatic
environment. Data collected have dates between 2014 and 2019,
and will be discussed in the subsequent sections.

0.01-064

na

na

na

0.168-5.61

na

0.167-0.566

28.2-672

26-810

na

<0.0283-0.627
28

0.035-0.122

3.1. Wastewater

2.42-53.6
n
na
n
3.585-9.228
0.9-2.0
158-2100
na
<0.0196-0.084
0.004-54

a

The maximum concentration of MET in WWTP influents was
702 pug L, in US (Oliverira et al., 2015). This value correspond to
a WWTP that recives daily 8% effluents from a one mid-size hospi-
tal, with approximately 600 beds.

Other countries with high concentrations of MET in influents
were Portugal with 325 pg L' (de Jesus Gaffney et al., 2017) and
Germany with 142.3 pg L' (Trautwein et al., 2014).

In Portugal, the WWTP receive urban and industrial wastewater
from a combined sewage network, which may justifies the high
influent concentrations of MET. However, what is even more
remarkable is that MET values in WWTP effluents still being high.

Vietnam
Egypt
Cameroon
South
Africa
Germany
Greece
China

Methylbiguanide Germany

Guanylurea

n.a: not available; bql: below quantification limit.
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Table 3
Removal of MET and its transformation products by various processes.
Method Material Metformin Concentrations Time Other Results Source
conditions
Adsorption 0.003 g GO 10 mg/L 266h  14.85- Qe: 47.1 mg/g Zhu et al., 2017
44.85°C Ka: 0.0007 g/mgemin
pH: 4-11 RE: 80% in 033 h
Uptake | (pH: 4-6)
AG® and AH®: -
AS”: +
0.05g TNTs 30 mg/L 3h 27C Qe: 29.69 mg/g Orona-Néavar
pH: 6 Ka: 0.6120 g/mgemin etal, 2018
Groundwater RE |
Qe: 4.66 mg/g
Ka: 1.1008 g/mgemin
Biodegradation 04 g/L sludge 25-30 mg/L 40w na MET was completely degraded after Markiewicz et al.,
*25-30mg/L 40w na 15 days 2017a
GUA detected
No significant decrease was observed after
27 days
04 g/L sludge 20 mg/L MET 25d Aerobic20°C  MET reached an average degradation of Markiewicz et al.,
76% 2017b
The mineralization ranged from 0% to 51%
0.5 mL sludge 215 mg/L (MET) +2452 mg/L 30d Aerobic 40% of GUA degraded after 4d Briones et al.,
(GUA) + 5000 mg/L (GLU) 20d 30°C 34% of MET was degraded from day20to 2018
2452 mg/L (GUA) + 5000 mg/L 20d pH: 7 30 (no further degradation)
(GLU) 10d Aerobic GUA was completely degraded after
© 2452 mg/L 10d 30°C 12 days
215 mg/L (MET) + 5000 mg/L pH: 7 25% of GUA was degraded after 19 days
(GLU9 Aerobic MET was completely degraded after 7 days
215 mg/L 30C GUA reached a maximum of 111.3 mg/L
pH: 7 after 9 days
Aerobic MET was completely degraded after 9 days
30C GUA bdl
pH: 7
Aerobic
30°C
pH: 7
3 g/L sludge 5 mg/L (MET) + 13 mg/L (GUA) na Aerobic 99% of MET degraded after 12 days Tisler and
8 g/L sludge 40 mg/L (MET + 40 mg/L GUA) na 22°C GUA reached 90% of MET concentration Zwiener, 2019
9mg/L na Aerobic after 12 days
30 g/L sludge 9mg/L na 22C 98% of GUA degraded after 45 days
6 mg/L na Aerobic MBG reached a maximum of 0.05 pmol/L
“8mg/L na 22C after 7 days
Anaerobic MBG was no longer detectable after
22C 17 days
Anaerobic 2,4-AMT reached a maximum of
22C 037 umol/L after 7 days
Anaerobic After 45 days 0.08 pumol/L of 24-AMT were
22°C still detectable
GUA was completely degraded after
47 days
MBG show similar trend
2.4-AMT reached the maximum amount
after 21 days
2.4-DAT detected
MET was completely transformed into GUA
after 5 days
GUA was completely degraded after
36days
2.4-AMT reached a maximum of 4 pmol/L
after 14 days
57% of 2,4-AMT was incomplete degraded
after 24 days
MET was completely degraded after
40 days
GUA was completely degraded after
17 days
MBG and 2 4-AMT were completely
degraded after 40 days
GUA was completely degraded after 8 days
(continued on next page)
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Table 3 (continued)

Method Material Metformin Concentrations Time Other Results Source
conditions
Photodegradation  UV-C 10 mg/L 30min - 9.2% of MET was degraded0.72% if Quintdo et al.,
120 mg/Lof  mineralization 2016
TiO2 31% of MET was degraded
uv254 2 pmol/L 70 min  21.85°C K: 0.0037/min Neamtu et al,
300-600 uM  Kd: 0.0029-0.0152/min 2014
21.85°C Kd: 0.0038-0.0055/min
300-600 uM
30-60 uM
21.85°C
Phytoremediation Typha latifolia 6.5-32.3 mg/L MET 28d na R: 74-81.1% Cui and Schroder
Ka: 0.0631-0.0969/d et al, 2016
MBG increased at a maximum
concentration of 26.7 nmol/g
Amaranthus 20 mg/L MET 14d pH: 55 R: 63% Moogouei et al.,
retroflexus 50 mg/L MET R: 58.4% 2018
Phragmites R: 50.03%
australis R:35.7%
Ricinus R: 45.06%
communis R:21%
Brassica napus R:31.06%
Celosia cristata R: 56.98%
Helianthus R:58%
annuus R:58.1%
R: 69.53%
R: 65.7%
Other 10 mg/LNaCl0  10mg/L 30min  23°C 60% of MET was degraded Quintdo et al,
8 mg/L Ozone - 60% of MET was degraded 2016
20% of mineralization
60 mg/L SME 230.8 ng/L (WWTP) 1h pH: 7 21% of MET was degraded Mohd Amin et al
+20 mg/L CS 2016
G conc n.a: not i Ks: coefficient; D: desorption; GO: graphene oxide; Qa: adsorption quantity; RE: removal efficiency; TNTs:

titanate nanotubes; Ka: adsorption rate; Kd: degradation rate constant; MWHC: Maximum water holding capacity; bdl: below detected; R: remediation; SME: Smectite; CS:

clay starch.

This could be because effluents were treated with a biological sys-
tem, which is known to be poorly efficient in the removal of MET.

On the other hand, in Germany, Trautwein et al. (2014),
reported influent and efluent concentrations of a WWTP designed
for 600,000 population equivalent. Although this WWTP also use a
biological treatment, MET was removed in a 95.5%, reaching a max-
imum concentration of 6.4 pg L. Nevertheless, GUA was detected
in concentrations of concern, with 67.2 ug L in effluents.

More recently Tisler and Zwiener (2018) reported GUA concen-
trations were higher than MET concentrations. In this case, there
was no direct correlation between MET degradation and GUA for-
mation, since only 25% on molar basis of degraded MET could be
found as GUA. This indicates there could be other biotic or abiotic
removal processes for MET which may form other TPs such as:
MBG, 2,4-DAT and 24-AMT. In fact, in this study MBG was
detected in the effluents with a concentration of 0.122 pg L™,
and even though 2,4-DAT and 2,4-AMT were not quantified, both
compounds showed similar increasing response trends, with
higher concentrations in the effluent than in the influent.

3.2. Surface water

Increasing evidence suggests MET and its TPs pass through or
are formed in WWTPs, which means effluents are the major source
of these contaminants in surface water. Once MET and its TPs enter
the environment, its presence, persistence and quantity are largely
determined by the volume of consumption, removal rate in
WWTPs and by a dilution factor in surface water. Hence, it is
expected, the concentration of MET and its TPs will be lower in
receiving water bodies.

The highest concentration of MET in surface water was found in
US by Elliott et al. (2017). They collected a total of 292 surface-
water samples from 12 US tributaries. From all these samples,

MET reached a detection frequency of 71% and a maximum con-
centration of 33.6 pg L.

Nonetheless, as it was expected, higher concentrations of GUA
have been found in surface water. For instance, in Germany,
Posselt et al. (2018) collected multiples samples from Erpe River,
which receives effluent water from several smaller WWTPs and
one large WWTP. Between all the drugs quantified, GUA reached
a maximum concentration of 222 pg L.

3.3. Groundwater

Groundwater contamination has become a growing public con-
cern, because of the dramatically increasing fresh water demand.
However, compared to the numerous efforts undertaken to evalu-
ate contamination of surface water, the quality of groundwater is
relatively poorly understood. Thus, there is little information avail-
able on groundwater quality, particularly with respect to MET and
its TPs.

From 2014 to 2019, only two studies reported concentrations of
MET on groundwater. Kong et al. (2016) sampled 17 domestic
wells in North China, and reported a maximum concentration of
0.045 pug L', with a 7.4% of detection frequency, and Lesser et al.
(2018) collected ples from 17 gro r wells of the Mez-
quital Valley, which receives more than 70% of the wastewater
generated by Mexico City Metropolitan Area (21 million inhabi-
tants). Here, MET reached a maximum concentration of 0.029 ng
L.

3.4. Drinking water

Groundwater is the most reliable source of public drinking
water in many regions of the world. Nonetheless, surface and
ground water are closely related, and can transfer contaminants
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from one to another. Thereby, groundwater resources are increas-
ingly threatened by chemical contaminants like MET and its TPs,
and could potentially be transferred to humans through drinking
water.

In Poland, Kot-Wasik et al. (2016) studied treated water, which
is basically drinking water, from a water treatment plant (WTP).
This water supplies many districts and several villages in Poland.
According to their results, MET reached a 64% of detection fre-
quency and a maximum concentration of 0.008 ug L.

3.5. Sludge

In extend to our knowledge to date only, three studies have
reported the presence of MET on sludge. Huber et al. (2016) col-
lected sludge samples from three different countries, Iceland,
Greenland and Faroe Island, and reported 7.81 ugg ', 0.55 ugg '
and 0.31pgg ' concentrations of MET, respectively. The other
two studies were performed in Greece. Gago-Ferrero et al. (2015)
collected sewage sludge from five WWTPs and an island, in this
study MET reached a maximum concentration of 0.078 ugg .

Lastly, Thomaidi et al. (2016) investigated the occurrence of 50
pharmaceuticals, included MET, in samples were collected at the
Athens STP. MET was quantified with a maximum concentration
of 023 ugg .

As MET is widely use for the treatment of diabetes, and its con-
sumption has risen steadily in the last years. Hospital activities and
pharmaceutical manufacturers are the major source of these con-
taminants via effluent. It is recommended that healthcare and
pharmaceutical facilities monitor and assess their discharges in
order to reduce the loading of MET to sensitive water bodies.
MET and GUA have been found in high concentrations in effluents
and surface waters. This because, most of the countries lack of effi-
cient techniques to remove these contaminants from WWTPs.
Future works should try to enhance the efficiency of these old tech-
niques or develop new techniques with high removal rates.

Finally, little information is known about the occurrence of GUA
and other TPs in the aquatic environment. Future works should
stimulate research to understand the potential risk of these con-
taminants to the water bodies.

4. Removal

Overall, the mechanisms involved in the removal of pharmaceu-
ticals in WWTPs are adsorption, biodegradation, abiotic degrada-
tion and phytoremediation. Due to its low Kow, MET and GUA are
expected to be removed in WWTPs mainly through
phytoremediation.

The following section briefly discusses the removal efficiency of
MET achieved under different treatments techniques. Additionally,
Table 3 summarizes the removal rates of MET during each treat-
ment process.

4.1. Adsorption of MET

Graphene oxide (GO) can be used as an adsorbent to remove
MET from water, Zhu et al. (2017) carried out a study under differ-
ent temperatures and pH values. In this study, GO exhibited a high
adsorption capacity, with an 80% of MET removed within 20 min.
However, the adsorption capacity was strongly dependent on tem-
perature, pH and ionic strength.

Orona-Navar et al. (2018) evaluated the adsorption behavior of
six organic pollutants, using titanate nanotubes. MET was quickly
adsorbed onto nanotubes, when the compounds was dissolved in
ultra-pure water. However, removal efficiency decreased in ground
water matrices, due to the presence of other ions, which interact
with the active sites at the titanate nanotubes.

4.2. Biodegradation of MET

Markiewicz et al. (2017a) used activated sewage sludge to
tested primary biodegradation of MET, GUA, and other antidiabetic
drugs. MET was completely eliminated in 15 days, with the gradual
appearance of GUA. However, one of the replicates exhibited a long
lag phase, indicating a two-step conversion of MET to GUA. A dou-
ble dealkylation was proposed as a possible degradation pathway
of MET degradation.

Briones et al. (2018) used glucose (GLU) as co-substrate to
enrich cultures with specific degraders of MET and GUA. As a single
substrate, GUA only reached a 25% of degradation after 19 days.
However, in the presence of GLU, it was completely degraded, after

Table 4
Bioconcentration and bioacc ion of in and

Species in Conc (ng/g)(min-max) BCF or BAF Source

Hordeum vulgare na-50 BCF: 091 Eggen and Lillo, 2012
" na-265

Vicia faba na-485 BCF: 088
“na-425

Solanum tuberosum 1327-1583 BCF: 2.41
* 2.60-5.66

Avena sativa na BCF: 1.35

Brassica rapa na BCF: 21.72

Brassica napus na BCF: 20.63

Daucus carota na BCF: 1.50-3.52

Solanum lycopersicum na BCF: 0.02-0.06

Cucurbita pepo na BCF: 0.12-0.18

Triticum aestivum na BCF: 029

Lasmigona costata n.a-0.00665 BAF: 0.66 De Solla et al., 2016

Typha latifolia 12913-1462.13 BAF: 0.09-53.34 Cui and Schrder, 2016

Leptocottus armatus na-0.028 na Meador et al, 2017
n.a-0.0278 BCF:1.42 Meador et al, 2018

Oncorhynchus tshawytscha na-0.04 na Yeheral, 2017
n.a-0.0395 BCF:1.42 Meador et al, 2018

Oryzias latipes na-3,120 na Ussery et al., 2018

Leptophlebidae 0.0402-0.312 na Althakafy et al. 2018

Economidae n.a-0.0284 na

" Guanylurea concentrations; n.a = not available; BCF: bioconcentration factor; BAF: bioaccumulation factor
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12 days. This evidence suggests, microbes only used GUA as a
nitrogen source, when there is an absence of easily biodegradable
carbon.

Finally, Tisler and Zwiener (2019) carried out and study to
investigate the formation and biodegradation of GUA and other
TPs of MET. From this study, they showed GUA degradation was
much faster under anaerobic conditions, whereas MET degradation
was fast under aerobic conditions.

4.3. Photodegradation

Quintdo et al. (2016) evaluated MET degradation through pho-
tolysis (UV-C) and photocatalysis (TiO,/UV-C). Both methods led
to a low degradation of MET, with removal efficiencies of 9.2%
for UV-C and 31% for TiO,/UV-C, after 30 min.

On the other hand, Neamtu et al. (2014) compared the pho-
tolytic degradation of eight micropollutants exposed to UV,s4 nm
in the presence of H,0, and Fe(ll). According to their results,
MET was one of the most persistent compounds, with less than
24% of removal, after 60 min of treatment.

4.4. Phytoremediation

Cui and Schroder (2016) assessed the removal efficiency of MET
by Typha latifolia. After 28 days, the removal efficiency reached a
range of 74.0-81.1%. The study concludes that MET can be effi-
ciently removed from aqueous solutions by Typha latifolia plants.

Moogouei et al. (2018) evaluated the uptake of MET using arid
and semi-arid plants. According to their results, H. annuus showed
the highest removal efficiency, suggesting that this plant could be
considered a potential candidate for phytoremediation of wastew-
aters in a future.

4.5. Other methods

During their study of photolysis and photocatalysis, Quintio
et al. (2016) also assessed the degradation of MET, using an ozona-
tion and chlorination process. In this case, both process showed
similar capacities in the depletion of MET, reaching a removal effi-
ciency of 60% after 30 min. However, five by-products were
detected, and also were persistent after the treatment.

As a new alternative for the removal of pharmaceuticals in
WWTPs effluents, Mohd Amin et al. (2016) tested a combination
of clay with biodegradable polymeric flocculants. This clay-starch
combination achieved the removal of 70% of the total measured
pharmaceutical compounds. However, MET only reach a 21% of
removal after 60 min of treatment.

Biological treatments could be efficient for the removal of MET
under aerobic conditions, due to its fast degradation. Nonetheless,
sequencing batch reactors in WWTPs mostly work under anaerobic
and anoxic conditions, which implies a non-quickly and fully
degradation of MET. These treatments not only do not remove
MET from wastewater, but also produce other TPs, which were also
found in high concentrations in multiple water bodies.

Ozonation, chlorination and photodegradation processes do not
lead to the complete degradation of MET. These processes should
be complemented with other treatment techniques like GO and
phytoremediation. We mention these two, because both have
reached high removal rates of MET in few time. However, future
works should focus trying to demonstrate their efficiency in
WWTPs.

5. Toxic effects

The occurrence of MET and its TPs has become a progressively
important issue, due to its ubiquitously distribution in the aquatic
environment. These contaminants can cause oxidative stress and
reproductive toxicity, through endocrine disruption, on non-
target organisms (Niemuth and Klaper, 2015; Lee et al, 2019).
Due to its high volumes of discharge, its high persistence for degra-
dation and their potential toxic effects on aquatic organisms, it is
suggested that MET and its TPs can be become a worldwide threat.

Following sections will discuss the bioaccumulation of MET and
its TPs in aquatic animals and plants, as well as the toxic effects on
non-target organisms are also discussed. For this purpose, data was
summarized in Table 4 and 5.

5.1. Bioconcentration and bioaccumulation

MET and GUA concentrations, as well as bioconcentration fac-
tors (BCFs) and bioaccumulation factors (BAFs) for these com-
pounds are summarized in Table 4.

Eggen and Lilo, 2012 investigated the uptake and translocation
of MET in edible plant species, and found that MET is accumulated
in oily plant tissues. Seeds of rape reached the highest BCF value
with 21.72. In comparison, BCFs for grains (cereals wheat, barley
an oat) (0.29-1.35), tomato (0.02-0.06), squash (0.12-0.18), bean
(0.88) carrot (1.50-3.52) and potato (2.41) were much smaller.

Cui and Schroder, 2016 assessed the uptake and translocation of
MET in Typha latifolia. Their results showed that MET concentra-
tion, in roots, increased the first two weeks of the experiment, until
amaximum of 1462.13 pg g ', but thereafter decreased concentra-
tions. This, could be, due to MET was translocated to other tissues
such as rhizomes and leaves.

Regarding aquatic animals, six studies have been carried out in
five different species. Le Doujet (2016) exposed juvenile Atlantic
salmon to different concentrations of MET during 3, 7 and 10 days.
The detected amount of drug measured in carcasses and gills was
relatively low compared to the nominal concentration of MET.
However, a higher accumulation pattern of MET in gills was
observed at the exposure time of 3 days.

De Solla et al. (2016), who measured MET concentrations in
caged freshwater mussels, from the Grand River. Although,
researchers demonstrated that mussels bioaccumulate other
drugs, MET showed no significant uptake or accumulation in
mussels.

Meador et al. (2017) studied two fish species from three local
estuaries, staghorn sculpin and juvenile Chinook salmon. Accord-
ing to their results, only staghorn sculpin reached a MET concen-
tration above of the reporting limits, with a maximum
concentration of 0.028 ug g '. One year later, they also conducted
a laboratory study with 400 juvenile Chinook salmon. Fishes were
dosed for 32 days and MET achieved a maximum concentration of
0.039 pgg '; similar results were reported by Yeh et al. (2017)
under the similar conditions.

Ussery et al. (2018) exposed embryonic and larval stage of Japa-
nese medaka for either 24 or 168 h to 10 ug L' of MET. Their
results, suggest MET that the hardening of the chorion influenced
MET uptake and accumulation, since embryos exposed to MET,
prior to hardening reported to have higher MET concentrations.
Additionally, they also quantified body-burden of MET in larvae,
and determined the rate at which larvae medaka can depurate
MET after an exposure of 24 h. Body-burden of MET reached a
maximum of 3120 ugg ', and once larvae were transferred to
clean water, MET was rapidly excreted, with body-burdens below
detection limit within the 24 h.
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Table 5
Toxicity produced for metformin and guanylurea.
Species Metformin Concentrations Time Results Source
Pimephales promelas 40 pg/L 365d Males: Intersexuality (Frequent PNF and Niemuth and Klaper, 2015
possibly cortical alveolar oocytes
clumping throughout testis)
Weight |
40 pg/L 28d Males: VTG mRNA expression | Niemuth et al., 2015
1,10, 100 pg/L 7d Adult: No significant differences Crago et al, 2016
Juvenile: VIG mRNA, ERx mRNA,
CYP3A126 mRNA, GnRH3 mRNA |
40 pg/L 365d AR mRNA, HSD3 mRNA, HSD178 mRNA, Niemuth and Klaper, 2018
CYP19A1 mRNA, and SULT2A1 mRNA |
12.1, 121, 1210, 12100 ng/L 9h EOMES mRNA | Johnson, 2018
121,121, 1210, 12,100 9%h Neutrophil degranulation no change Gordon, 2018
MPO mRNA no change
Danio rerio 0.1, 1, 10 ug/L 24h KISS1 and KISSTR mRNA | Crago et al.,, 2016
72h GnRH3 mRNA | (Unpublished)
0.01,0.1, 1, 10, 100 uM 24h Mean angle | Monshi, 2017
Maxim accumulated distance |
100, 180, 330, 600, 1100, 1500, 2000 mg/L 96h LCso=1315.5mg/L Godoy et al., 2018
0.05, 0.5, 5, 50, 100, 180, 330, 600 mg/L 120h Scoliosis and abnormal pigmentation
No significant differences
Oryzias latipes 20, 40, 80, 160, 320, 640 mg/L 96h LCs0=383.3 mg/L Lee, 2017
3, 10, 30, 100, 300 mg/L 30d NOEC (survivaty = 100 mg/L
0.03, 0.3, 3, 30 mg/L 21d VTG1 mRNA and VIG2 mRNA |
Males: E2, ERx mRNA, ERp mRNA, VIG1
mRNA, VIG2 mRNA, FSHR mRNA, LHR
mRNA, STAR mRNA, CYP11a mRNA,
HSD3p mRNA, HSD1152 mRNA and
CYP11b mRNA |
T, 11-KT and CYP17 mRNA |
Eemales: 11-KT and CYP11b mRNA |
HSD11B2 mRNA |
10 pg/L 24h ETso (depuration) = 4.88 h Ussery et al, 2018
1,3.2,10, 32, 100 pg/L 28d Stearic acid, palmitic acid, methyl-
32 pg/lL 165d nicotinamide, and arachidic acid |
Weight, length, H(D mRNA, HGS mRNA
and L-proline |
Females: 11-KT |
1,32, 10, 32, 100 ng/L 28d Weight and length | Ussery et al., 2019
“1ng/Ly75pug/L 165d No significant differences
32 pg/L (MET) + 75 pg/L (GUA) 165d No significant differences
40, 120, 360 pg/L aw Males: CYP19a mRNA, ERx mRNA and ROS Lee et al, 2019
40, 120, 360 ug/L 15w 1
VTG1 mRNA and GSH |
Gonad intersex
Eemales: ERe mRNA and CAT |
ERB1 mRNA and VTG2 mRNA |
i tage cells f
Males: Gonad intersex
Females: Spermatogonium-stage cells
formation
Betta splendes 40 pg/L 4w Males: Time exhibiting gill flaring and tail Maclaren et al., 2018
80 pg/L 20w beats |
aw Males: Time exhibiting gill flaring and fin
20w spreading |
Males: Time exhibiting gill flaring and tail
beats |
Males: Time exhibiting gill flaring and fin
spreading |
Salmo trutta fario 1. 10, 100, 1000 pg/L 95d Liver glycogen | Jacob et al, 2018
1. 10, 100, 1000 pg/L 108d Weight |
Liver glycogen |
Weight |
Limnodynastes peronii © 05, 5. 50, 500 pug/L 30d Weight, glutamate, leucine, isoleucine, Melvin et al.. 2017
valine, and lactic acid |
Length |
Daphnia magna ©5-150 mg/L 48h ECso (immobitization) = 40 mg/L Markiewicz et al, 2017
20, 40, 80, 160, 320 mg/L 48h ECs0 (immobilzation) = 81.4 mg/L Lee, 2017
25,5, 10, 20, 40, 80 mg/L 21d NOEC (survivat; =40 mg/L
Daphnia similis 5.8, 12.5, 20, 30, 50 mg/L 48h ECs0 (immobitization) = 14.3 mg/L Godoy et al, 2018
1.3,5.8 11 mg/L 14d ECi0 (reproduction) =44 mg/L
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Table 5 (continued)

Species Metformin Concentrations Time Results Source
Brachionus calyciflorus 25, 50, 100, 200 pg/L 16d rl Garcia-Garcia et al., 2017
Plationus patulus 25, 50, 100, 200 pg/L 16d r}
Mytilus edulis 40 pg/L 7d VTG mRNA expression | Koagouw and Ciocan, 2018
NRRT and V9 mRNA expression |
Follicle degeneration and gamete
degradation
Planorbarius corneus 0.01,0.1, 1, 10 mg/L 35d Hsp70 1 Jacob et al., 2019
* 0.1, 10, 100 mg/L 21d Weight |
Dilation of the lumen, vacuolization in
crypt cells and protrusion of the apex in
digestive cells
Hsp70 1
Weight |
Dilation of the lumen, disturb of the
compartmentation in the digestive cells,
deform of the nuclei, hyperplasia,
hypertrophy, and vacuolization in crypt
cells
Lemna minor 6.2, 125, 25, 50, 100, 200, 400 mg/L 7d EC50 (growth inhibition) = 53.7 mg/L Godoy et al., 2018
Hydra attenuate 2300, 2700, 3100, 3600, 4200, 5000 mg/L 9h LCso = 3918 mg/L
200, 360, 650, 1200, 2000 mg/L 7d EC10 (reproduction) = 701.8 mg/L
Chlorella vulgaris 1.5,76.8, 767.8 mg/L 96 h NPQ 1 Cummings et al,, 2018
Culture density, ETR, o, Ek and 6PSII |
‘G « in + bezafibrate + atorvastatin mixture conc : VIG: vitelk ER: estrogen receptor; GnRH3: gonadotropin-releasing

hormone3; KISS1: kisspeptin KISS1R: kisspeptin receptor; E2: I7B-eslradlol FSHR: follicle snmulamg hormone receptor; LHR: luteinizing hormone receptor; STAR:

steroidogenic acute regulatory protein; HSD3p: 3p-hy

delta 5 delta 4-i

2; T: testos-

terone; 11-KT: 11 NPQ: che

HSD11p2: hy y id 11-p dehyd

ical quenching: ETR: electron transport rate; a: electron transport; E,: minimum saturating irradiance; éPSIl:

effective quantum yield of PSIl; PNF: peri nudeolar follicles; ROS: reactive oxygen species; GSH: glutathione; CAT: (a(ahse NRRT: neutral red retention time; V9: vitelline

envelope zona pellucida domain 9; Hsp70: heat shock protein 70; AR: androgen receptor; HSD17f: 17-hy y
member 1; r: rate of population increase; HCD: p HYDROXYACYL-CoA dehydrogenase; HGS: HMG-CoA synth:

Finally, Althakafy et al. (2018), quantified six PPCPs in seven
invertebrate samples. MET was detected in two different species,
may fly and caddis fly. The maximum concentrations of MET found
in both invertebrates were 0312pugg ' and 0028 pgg '
respectively.

5.2. Toxicological effects
In order to discuss the toxic effects produced by MET and GUA

in non-target organisms, the reported results were sorted out
according to the species under study, as is shown in Table 5.

5.2.1. Fish

y : SULT2AL:
EOMES: dermin h !

[amaly 2A

a; MPO: |

immune suppression, leaving organisms vulnerable to a viral
infection.

5.2.1.2. Danio rerio. Crago et al., 2016 reported an increased expres-
sion of kisspeptin and kisspeptin receptor at 24 h post fertilization
(hpf). Additionally, after 72hpf, expression of GnRH3 was also
increased. This relation may be explained, because kisspeptin is
vital for the central regulation of GnRh neurosecretory activity
and timing puberty.

Monshi (2017) evaluated the behavioral effects of many emerg-
ing drugs contaminants (EDCs) in Danio rerio. According to their
results, MET decreased maximum accumulated distance, and
increased the mean angle in a concentration-dependent manner.

Fmally. Godoy et al. (2018), reported scoliosis and abnormal

5.2.1.1. Pimephales promelas. Niemuth et al. (2015) d the
effects of MET at environmentally relevant concentrations in fat-
head minnows. Their results showed MET induced significant up-
regulation of VTG in male fish, indicating endocrine disruption. It
is thought VTG overexpression may occur as a result of the drug's
effects on insulin signaling.

For the same year, Niemuth and Klaper (2015) evaluated male
tissues intersexuality, in FHMs exposed to MET. According to their
results, exposed FHMs exposed to MET showed a high oocytes
occurrence throughout testicular tissue. Suggesting that, MET
causes the development of intersex gonads in males, as well as
reduce fecundity.

Three years later, Niemuth and Klaper (2018) measured the
expression of numerous endocrine-related genes. Their study
demonstrated significant up-regulation of the AR, 33-HSD, 17p-
HSD, CYP19A1, and SULT2A1 genes in the testis of FHM exposed
to MET.

Finally, Johnson (2018), exposed FHMs to different drugs for
96 h at diverse concentrations in order to identify their effects on
T cells. Expression of eomes in the spleen was significantly
decreased in FHMs exposed to MET, which may suggest a state of

ation app. d in embryos exposed to MET, at concentra-
nons of 1100 mg L. In addition, they also performed a behavioral
assay, where locomotor activity of zebrafish embryos was evalu-
ated. However, researchers reported that the swimming behavior
seems not to be disrupted by MET.

5.2.1.3. Oryzias latipes. Lee (2017), investigated the acute and
chronic toxicity effects, as well as endocrine disruption effects of
MET on this fish. In their study, embryos reached a LC50 of
383.3 mg L"and a survival NOEC of 100 mg L. Additionally, male
fish exposed to MET showed estrogenic effects, due to an up-
regulation on the transcription of the VTG gene transcription.

In an early life stage study (ELS-study), Ussery et al. (2018),
demonstrated that fish length and wet weight of larval was signif-
icantly decreased by MET. Also, several metabolites associated
with cellular energetics as well as with proliferation were signifi-
cantly altered. One year later, Ussery et al. (2019) carried out a
study to characterize GUA toxicity effects on the growth of larval
medaka, as well as its persistence into adulthood. Their results
showed that fish length and wet weight of larval was significantly
decreased by GUA. Growth effects produced by GUA were similar
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to those found in medaka exposed to MET. However, these effects
occurred at lesser concentrations.

Finally, Lee et al. (2019) evaluated reproductive toxicity and
oxidative stress markers in Oryzias latipes. According to their
results, transcriptions levels of ERx and CYP19a were elevated in
male fish, meanwhile on female fish, gene expression of ERB1
and VTG2 was significantly decreased. Spermatogonium stage cells
were observed in female gonads. This suggest MET caused an endo-
crine disruption in both sex of O. latipes.

5.2.1.4. Betta splendens. MacLaren et al. (2018) performed a behav-
ioral study to evaluate aggressiveness of Simase fighting fish after a
chronic exposure to MET. After 4 weeks and 20 weeks, an iPad
recorded the number and duration of gill flaring, fin spreading
and tail beats. Their results showed fish exhibited less aggression
toward a dummy male.

5.2.1.5. Salmo trutta fario. To investigate, whether MET impact the
gut microbiome, and carbohydrate metabolism of brown trout;
Jacobetal.(2018) exposed Salmo trutta fario embryos to 5 different
concentrations of MET. In general, their results showed that the
hepatic glycogen increased in the exposed larvae. Additionally,
microbiome analyses indicated an effect of MET on intestinal bac-
teria, with an increase of Protobacteria and a reduction of
Actinobacteria.

5.2.2. Amphibians

5.2.2.1. Limnodynastes peronii. To the extent of our knowledge this
is the only study found, that have evaluated MET effects on growth
and development in amphibians. Melvin etal. (2017), they exposed
Limnodynastes peronii tadpoles to a mixture of drugs widely used to
treat metabolic syndrome. In their results demonstrated, tadpoles
did not show any significant differences in hepatic triglycerides
or cholesterol. However, there was an increase, in glutamate, leu-
cine, isoleucine and valine.

5.2.3. Crustaceans

5.2.3.1. Daphnia magna. In order to check if MET, GUA and other six
oral antidiabetic drugs might be an ecotoxicological threat, Mar-
kiewicz et al, 2017 carried out an acute immobilization test in
Daphnia magna. At the end of the test, researchers reported an
EC50 value of 40 mg L' for GUA.

As mentioned aboy, Lee (2017) investigated acute and chronic
toxicity effects of MET, using Japanese medaka. However, in that
study, he also performed an acute and chronic toxicity test with
Daphnia magna. In this case, after 48 h, embryos reached an EC50
of 81.4mg L. Additionally, survival NOEC was determined at
21d, and got value of 40 mg L.

5.2.3.2. Daphnia similis. For D. similis, Codoy et al. (2018 ) performed
an acute and chronic toxicity test. In both test, neonates were
exposed to different concentrations of MET, for 48 h and 14d,
respectively. In acute test, immobile daphnids were recorded,
while in chronic exposure, reproduction was assessed. The ECsq
were 14.3 mg L'and 4.4 mg L', respectively.

5.2.4. Rotifers

5.2.4.1. Brachionus calyciflorus & Plationus patulus. These two spe-
cies of rotifers are widely used for testing the effects of toxicants
and xenobiotics. For instance, Garcia-Garcia et al. (2017) quantify
the population level changes in these two rotifers exposed to dif-
ferent MET concentrations. After 16d, the population growth of
both rotifers was adversely affected by MET.
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5.2.5. Mussels

5.2.5.1. Mytilus edulis. As numerous studies suggest, pharmaceuti-
cal levels, both in surface water and groundwater, are detected at
higher concentrations during dry season. Based on this, Koagouw
and Ciocan (2018) studied the cumulative effects of elevated tem-
perature and high concentrations of MET. According to their
results, mussels exposed to MET had a decline in neutral red reten-
tion time (NRRT), indicating a remarkable lysosomal membrane
destabilization. Furthermore, MET caused follicle degeneration
and gamete degradation, as well as an upregulation in VTG.

5.2.6. Snails

5.2.6.1. Planorbarius corneus. Jacob et al. (2019) exposed the big
Ramshorn snails to multiple concentrations of MET and GUA to
assess their impact on the health of gastropod. Stress proteins
and lipid peroxides did not show significantly changes. However,
in the histopathological analysis, dilatation of the lumen and a dis-
turbed compartmentation of the digestive cells were observed.
These observed reactions were only found at the highest concen-
tration of both contaminants.

5.2.7. Aquatic plant

5.2.7.1. Lemna minor. Godoy et al. (2018), exposed L. minor plants
to multiple concentrations of the antidiabetic drug. After 7 days,
growth rates were determined according to the total frond area.
The ECs, value was of 53.7 mg L.

5.2.8. Hydroid

5.2.8.1. Hydra attenuata. Godoy et al. (2018) performed acute and
chronic toxicity test in H. attenuata. Similarly, Hydras were exposed
to different concentrations of MET. However, in this case, exposure
times were 96 h and 7d, respectively. The LG5 and ECsq were
3918 mg L''L and 701.8 mg L', respectively.

5.2.9. Algae

5.2.9.1. Chlorella vulgaris. This organism is cosmopolitan and shares
similarities in photosynthetic machinery with land plants. Based
on this, Cummings et al. (2018) evaluated, whether MET negatively
affects chlorophytes photosynthesis. According to their results,
non-photochemical quenching (NPQ) value increased over time,
suggesting cells were less capable to use the same amount of light
energy. Moreover, electron transport rate and minimum irradiance
decreased, which also indicate a reduced capacity to process light
energy.

Bioconcentration and bioaccumulation factors of MET and GUA
suggest both contaminants are barely accumulated in animals.
However, in oily plant tissues these contaminants are largely accu-
mulated. It is important to regulate the use wastewater in the irri-
gation of farmlands, to avoid entrance of MET to the human food
web. In general, strategies for ion potential
of chemicals need to be further optimized and harmonized, as few
studies quantify stationary concentrations. MET is well known as
an endocrine disruptor, due to the overexpression that produces
in many endocrine-related genes. However, the mechanism by
which it is generated has not been elucidated.

Studies on early life stage are scarce, as only two authors have
reported their results. Embryotoxicity and teratogenic effects of
MET and its TPs should be further investigated.

Finally, as MET produced behavioral changes in two different
species, Danio rerio and Betta splendens, it is reco! ded to study
in extent the neurotoxicological effects of this antidiabetic drug.

ing bioacc
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6. Conclusions, future trends and perspectives

Although in North America and Europe have a huge volume of
literature available regarding this topic, both continents still have
extremely limited information on the occurrence of MET in oceans
and seas. Furthermore, from 2014 to 2019, only Poland reported its
MET concentrations in drinking water. Distribution, transport and
fate of MET in marine and coastal regions, as well as in drinking
water need to be further investigated. On the other hand, most of
the countries have showed a lack of interest and necessity for mon-
itoring the occurrence of GUA and other MET TPs. However, all
these transformation products should be also i d. Since
MET is accumulated in edible plant species, fish and mussels, this
drug could be considered as a p ial hazard to the human
health. It is necessary to enhance our efforts to remove MET from
wastewater and sewage sludge. Further research is needed, in
plants; to understand the uptake and translocation processes,
and the possible biodegradation pathways of MET on these organ-
isms. In animals, more toxicological studies should be performed
to understand the effects of MET and its TPs, because the physio-
logical, biochemical and genetical changes produced in the fish
during its exposure to these contaminants are likely to modify
the quality of the human food.

Regarding toxic effects, it is important that future works try to
unify/harmonize/match their evaluation criteria, because there is
an important fluctuation in the evaluation conditions, but also it
is important to investigate the effects produced at environmentally
relevant concentrations. It should be highlighted the lack of infor-
mation regarding the toxic effects of GUA and other TPs, this
should be urgently further investigated.

Until now, phytoremediation, biodegradation and adsorption
have been the best methods to remove MET from water. However,
these methods have showed lower removal rates in the field than
in the laboratory. It is important to look new alternatives for the
removal of this drug in wastewater. For instance, the combination
of these methods could be a good option to improve the removal
efficiency of MET in WWTPs. Finally as mentioned along this
review, MET is highly encountered in the form of GUA in the envi-
ronment, however there is a huge gap in the study of the removal
of GUA from water, this should also be addressed promptly.
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ARTICLE INFO ABSTRACT

Handling Editor: James Lazorchak In recent years, the consumption of metformin has increased not only due to the higher prevalence of type 2

diat but also due to their usage for other indications such as cancer and polycystic ovary syndrome.

Keywords: Consequently, metformin is currently among the highest drug by weight released into the aquatic environments.
Annfd:abenc drug Since the toxic effects of this drug on aquatic species has been scarcely explored, the aim of this work was to
Metformin

investigate the influence of metformin on the development and redox balance of zebrafish (Danio rerio) embryos.
For this purpose, zebrafish embryos (4 hpf) were exposed to 1, 10, 20, 30, 40, 50, 75 and 100 pg/L metformin
until 96 hpf. Metformin significantly accelerated the hatching process in all exposure groups. Moreover, this drug
induced several morphological alterations on the embryos, affecting their integrity and consequently leading to
their death. The most frequent malformations found on the embryos included malformation of tail, scoliosis,
pericardial edema and yolk deformation. Regarding oxidative balance, metformin significantly induced the ac-
tivity of antioxidant enzymes and the levels of oxidative damage biomarkers. However, our IBR analisis
demonstrated that oxidative damage biomarkers got more influence over the embryos. Together these results
demonstrated that metformin may affect the embryonic development of zebrafish and that oxidative stress may
be involved in the generation of this embryotoxic process.

Oxidative stress
Teratogenesis
Embryotoxicity

1. Introduction

Metformin (MET) is the most common drug prescribed to treat type 2
diabetes. Nonetheless, in recent years, numerous studies have suggested
its usage for other indications such as: polycystic ovary syndrome and
cancer (Zaidi et al., 2019; Bahrambeigi et al., 2020; Guan et al., 2020).
In consequence, the prescriptions and consumption of this drug are
increasing worldwide, leading to its presence in wastewater treatment
plants (WWTPs). Once in WWTPs, MET is partially bio-transformed to
guanylurea (GUA), and both compounds are released in to the aquatic
environments, where they can exhibit different toxic effects in
non-target organisms (Elizalde-Velazquez and Gomez-Olivan, 2020).
The concentration of MET in worldwide water bodies ranges from ng/L
to pg/L, with up to 33.5 pg/L detected in surface water (Elliot et al.,
2017; Yao et al., 2018; Posselt et al., 2018).

Among the toxic effects that MET may induce in aquatic species are

* Corresponding author.

endocrine disruption and intersexuality. Niemuth et al. (2015), for
instance demonstrated that 40 pg/L of this drug induced the over-
expression of vitellogenin (VTG) in fathead minnow (FHM) males.
Similarly, Crago et al. (2016) observed impacts on expression of VTG,
estrogen receptor o (ERa) and gonadotropin releasing hormone 3
(GnRH3) in juvenile FHM at concentrations as low as 1 pg/L. In agree-
ment with these results, Lee et al. (2019) pointed out that MET could
activate AMPK by inhibiting MRC 1 and thereby affects the
hypothalamus-pituitary-gonadal (HPG) axis, resulting in reproductive
system disturbance.

Another harmful response that MET may produce in aquatic species
is metabolic dysregulation. Brown trout embryos exposed to several
concentrations of this drug (1 pg/L —1 000 pg/L) showed an increase in
the amount of hepatic glycogen, especially in fish exposed the lowest
MET concentration (Jacob et al., 2018). Analogously, early life stages of
Japanese medaka exposed to a range of relevant concentrations of MET
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(1 pg/L —100 pg/L) had significantly altered metabolomes (Ussery et al.,
2018). Changes in metabolite response factors and gene expression may
indicate the cellular pathways affected by the presence of pollutants. In
this case, MET mainly affected metabolites associated with cellular en-
ergetic and cell proliferation/growth pathways.

Regarding embryonic develop toxic resp only three
studies have been carried out in fish. In the first one, environmentally
relevant concentrations of MET (1 pg/L —100 pg/L) significantly
reduced growth metrics and altered the expression of genes associated
with cell growth (Ussery et al., 2018). According to the authors, their
results may provide evidence that current environmental exposure sce-
narios may be sufficient to cause effects on developing fish. In
disagreement with these results, Jacob et al. (2018) pointed out that
mortality and development of brown trout embryos (48 dpf) were not
influenced, after MET exposure (1 pg/L —1 000 pg/L). Nonetheless, they
suggested that other species could react more sensitively to MET.
Finally, this year, Parrot et al. (2021) investigated the chronic effects of
environmentally relevant concentrations of MET (0.020 pg/L - 269
pg/L) in early life stages of fathead minnows. In their results, MET did
not affect survival or growth of larval fish.

In order to fill the current knowledge gaps about the embryotoxicity
effects that MET may induce in aquatic species, we carried out a study in
zebrafish embryos. Our hypoth is that envi lly rel
concentrations of MET would be capable of dlsrupt the embryonic
develop of this fresk or h an oxidative stress
mechanism.

2. Methods
2.1. Ethical approval

This research protocol was reviewed and approved by the Ethics and
R h C of the A University of the State of
Mexico (UAEM) to ensure that experiments are conducted in accordance
with institutional standards for animal care (approval ID: RP. UAEM.
ERC.132.2020). The provisions of the Mexican official standard on the
breeding, care and use of laboratory animals (NOM-062-ZOO- 1999)
were also taken into account.

2.2. Compounds

Metformin hydrochloride (CAS number: 1115-70-4) was purchased
from Toronto Research Chemicals (Toronto, ON). Stock solutions of
MET were prepared at a concentration of 1 g/L in ultrapure water.

Likewise, all other reagents were of analytical grade and were pur-
chased from Sigma-Aldrich (St. Louis, MO), unless otherwise indicated.

2.3. Zebrafish maintenance

Wild-type (AB strain) zebrafish embryos, were maintained at the
Autonomous University of State of Mexico (Toluca, Mexico) in an open
water system supplied with d, dechl d, charcoal-filtered
and UV-sterilized tap water. Feeding was performed three times a day
with Spirulina flakes (Ocean Nutrition, US) supplemented with brine
shrimp (Artemia sp. nauplii) to promote spawning activity. Water quality
parameters are shown in Table 1. All p were itored and
c lled during zebrafish e and breeding, as well as during
subsequent experiments.

2.4. Zebrafish embryo collection

At the night before spawning, several males and females adults of
zebtaﬁsh (21 ratio) with size 4-5 cm were chosen, and placed on in-
id ding chambers. The sp ing was induced by the onset of
light in the moming. Embryos were collected, at 1 h post-fertilization
(hpf), rinsed in embryo water and bleached according to established
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Table 1

Water quality parameters.
Parameter Value = SD
pH 7.35+0.15
Hardness 95 = 5 mg/L CaCO3
Un-ionized ammonia 0.009 = 0.003 mg/L
Alkalinity 95 + 5 mg/L CaCO3
Nitrate (NO* 3.1+ 0.2 mg/L
Nitrite (NO* 0.030 + 0.010 mg/L
Dissolved Oxygen 10.5 + 0.5 mg/L
Conductivity 390 £ 35 pS/cm
Salinity 0.7 +02 g/L

Data represents the medium values of all replicates from all exper-
iments = SD.

protocols (Westerfield, 2007; Varga, 2011). Fertilized embryos were
classified under a stereoscopic microscope according to standard
methods (Kimmel et al., 1995) and middle blastula stage embryos
(equivalent to 2.5 hpf) were selected. After the selection, middle blastula
stage embryos were kept in an incubator (27 °C+ 1 °C) and left in the
ultrapure water until embryos reached sphere stage (4 hpf). In Fig. 1A,
we have depicted the general scheme of the procedure, and we included.

2.5. Zebrafish embryo toxicity test

Seventy two embryos at the sphere stage (4 hpf) were selected and
randomly distributed into 24-well plates (1 embryo per well). Each plate
contained either a control solution (ultrapure water) or a test solution of
MET (1, 10, 20, 30, 40, 50, 75, 100 pg/L). Three 24-well plates were
used per test solution of MET as is shown in Fig. 1B. Furthermore, the
exposure of embryos to each test solution of MET was carried out per
triplicate, in three independent experiments to guarantee the repro-
ducibility of results. The concentrations used on this experiments were
based on pre-experiments (Elizalde-Velazquez and Gomez-Olivan,
2020). Sample size was calculated according to the OECD 236 Guide-
lines, which indicate to perform the test in 24-well plates. Furthermore,
in this study, we opted to use three 24-well plates per treatment to
guarantee statistical significance. In order to minimize the biases in this
research, we considered the following points: 1) the main researcher of
this research would know the treatments at which embryos were
exposed; 2) one lab technician would be in charge of preparing the test
solutions and the e of the sy and 3) another lab tech-
nician would be in charge of the randomization process. Tl'us way, lab
technicians were blinded to tr during sy e,
while researchers were blinded to t during randomization.
Randomization was carried out as follows. Total of embryos were
divided in 9 groups (72 embryos per group) that represented the control
solution and each of the test solutions of MET. Next, all groups were
assigned with a number from 1 to 9 using the standard = INT (RAND ()
function in Microsoft Excel. This way, numbers represented the treat-
ment at which embryos were exposed. Plates were maintained at 27 °C+
1 °C, and under same light/dark periods (14:10). Lab technicians were
blinded to treatment during systems maintenance, while researchers
were blinded to treatment during randomization. Embryo mortality,
hatching rate and malformation rate were assessed at different times
(12, 24, 48, 72 and 96 hpf) during the course of MET exposure. Mal-
formation rate was given as the percentage of embryos with at least one
malformation with regard to the control. A graphic with the principal
body alterations induced by MET exposure on embryos of Danio rerio
was created using IBM SPSS Statistics 22 software. Mortality of embryos
was also eval d using a pic microscope, and dead embryos
were removed daily. At the end of exposure time (96 hpf), live dead and
malformed embryos were counted and a maximum likelihood linear
regression analysis was done to determine LCsq and ECsqp, with their
95% confidence intervals (p < 0.05). Spearman-Karber method trimmed
was used (US-EPA software ver 1.5). In order to depict the cumulative
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Fig. 1. Experimental design. A general scheme of the procedure B zebrafish embryo toxicity test p dure C oxidati

morality rate of the embryos at 12, 24, 48, 72 and 96 hpf, we performed
a Kaplan-Meier analysis, using the SigmaPlot 12.3 software.

2.6. Oxidative stress in zebrafish embryos

Nine systems, each with 1600 Danio rerio at the sphere stage, were
formed in aquariums of 4 L capacity. From these, eight were exposed to
every MET concentrations and the last one was exposed to the control
solution as is shown in Fig. 1C. Sample size was established based on pre-

cycles (14:10) were kept constant in all the systems. For sampling, a
mean of 500 embryos were randomly selected at 72 hpf and 96 hpf, and
ized in 1 mL of phosphate buffer solution (pH 7.4). In order to
minimize the biasesin dus research, we considered the following points:
1) the main researcher of this research would know the treatments at
which embryos were exposed; 2) one lab technician would be in charge
of preparing the test solutions and the mai e of the systems; and
3) another lab technician would be in charge of the randomization
process. 'l'hls way, lab technicians were blinded to treatment during
e, while researchers were blinded to treatment

experiments (Nogueira et al, 2019). Briefly, for y de-
terminations, they used a total of 700 unhatched zebrafish embryos at
the beginning of each Here, we opted to use 800 embryos
considering the high rates of mortality reached by MET during the fish
embryotoxicity test. Furthermore, in this study we duplicate the number
of embryos due to samples were taken up at 72 hpf and 96 hpf. These

dp times were selected b at that time the zebrafish embryos
had already hatched and their enzymatic system was already working.
All along the exp period, temp (27 °C+1 °C) and light/dark

dunng d ion. Rand ion was performed as follows. Em-
bryos from each system were divided into 10 groups (a mean of 100
embryos per group), and groups were dwitha ber b 1
and 2 using the standard = INT (RAND () function in Microsoft Excel.
This way, 1 represents the groups that were used at 72 hpf, while 2
symbolizes the groups used at 96 hpf. Lab technicians were blmded to

during sy while hers were blinded
to during randomization. Samples were d in two

P
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Eppendorf tubes. On one hand, tube 1 contained 300 pL from the ho-
mogenate and 300 pL of a solution of trichloroacetic acid (TCA, 20%).
On the other hand, tube 2 contained 700 pL from the homogenate. All
tubes were maintained at —20 °C until they were use. Tube 1 was cen-
trifugated at 11 495 rpm for 15 min at 4 “C and the precipitate was used
to assess the protein carbonyl content (POx), while the supernatant was
used to measure the levels of lipid peroxidation (LPX) and the hydro-
peroxide content (HPx). Tube 2 was centrifugated at 12 500 rpm for 15
min a( 4 °C and the supernatant was used to determine the activity of
anti lase (CAT), superoxide di (SOD), and
glutathione peroxidase (GPx).

Oxidative damage biomarkers and antioxidant enzymes activity
were determined by different methods. The thiobarbituric acid assay for
instance, was used to determine the LPX levels on fish (Buege and Aust,
1978). Analogously, the determi of POx was carried out by the
method of Levine et al. (1994), which is centered on the reaction of the
carbonyl groups with 2,4-dinitrophenylhydrazine. In addition, for the
quantification of HPx, we used the ferrous oxidation-xylenol assay
described by Jiang et al. (1992).

Regarding antioxidant enzymes, CAT was eval d by the hod
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2.9. Statistical analysis

Once all endpoints were 1 d, results were analyzed by a
researcher who did not know the treatment at which embryos were
exposed. Results, from all three repli of each exp were
pooled and evall d as follow: Oxid stress bi rkers data was
examined using a two-way analysis of variance (ANOVA), considering
time as factor A and concentration as factor B. Addmonally, variations
between the means were d with the Studi Keuls
method, using SigmPlot 12.3 software. All oxidative stress biomarkers
passed the normality test, excluding LPX. Thus, we opted to use a dot
plot to show the distribution of data of this biomarker. This graphic was
done in StatGraphic Centurion 16.02.04 and an ANOVA non-parametric
was also carried out. Please head over supplementary material to see this
graphic (Fig. 1S). Embryotoxic and teratogenic effects data were eval-
uated by Fisher's exact test. Significance was accepted when p < 0.05,
using SigmPlot 12.3 software. Statistical analysis was blinded to
researchers.

3. Resul

of Radi et al. (1991) based on the consumption of exogenous H,0,. For
SOD determination, we used the enzymatic assay of Misra and Fridovich
(1972) that measure the ability of SOD to inhibit the autoxidation of
epinephrine at pH 10.2. Finally, the method of Gunzler and
Flohe-Clairborne (1985) was used to assess the GPx activity, based on
the net reduction of glutathione S-transferase in 1 min at 37°C and pH 7.
from all biomarkers were normalized against total protei
which were analyzed with the method of Bradford (1976). Furthermore,
the experiments were replicated three times.

2.7. Metformin determination

For the zebrafish embryo toxicity test, water samples from all of the
seventy two wells for each treatment group were collected and stored at
—20 “C until their quantification. Similarly, for the oxidative stress test,
water samples from each of the nine systems were collected and stored at
—20 °C until their quantification. Water samples for both studies were
taken up at O time, as well as at 12, 24, 48 and 96 hpf. MET determi-
nation in water samples was perfomed on an Agilent 1260 HPLC system
coupled to an API 5500 Qtrap MS equipped with a Turbo V Ion spray
source. Positive ESI parameters were optimized to the following condi-
tions: nebulizer gas 310 kPa; turbo gas 448 kPa; ion spay voltage 4.5 kV;
collision gas: medium; curtain gas 172 kPa; and a ion source tempera-
ture 550 “C. >98% nitrogen was used as deolvation nebulizer and
collision gas. Instrument control, data acquisition and data processing
were performed with Analyst 1.6 software. Separation was performed
using a Xbridge Phenyl column (150 mm x 2.1 mm, particle size 3.5
pm). The mobile phase consisted of a mixture of water with 5 mM
ammonium formate as eluent A and MeOH 100% with 5 mM ammonium
formate as eluent B. The flow rate was of 100 pL/min and the injection
volume was of 50 pL.

d biomarker

28. Integ sponse index (IBR)

Oxidative stress results were applied into the “Integrated Biomarker
Response (IBR) Index™ described by Sanchez et al. (2013). This tool can
be used to integ multi-bi ker r (Sanchez et al., 2013).
For the IBR calculation, all biomarkers from each treatment group (Xi)
were compared to biomarkers of the control group (Xo). The ratio be-
tween Xi and Xo was Iog nansformed (Yi) to reduce variance. Next, Yi
values were dardi g the foll g formula Zi=(Yi-p)/s
and using the mean () and standard deviation (s) of Yi. Thereafter, the
biomarker deviation index (A) were calculated thought the difference
between Zi and ZO0. Finally, A values were pictured in a star plot that

3.1. Mortality test

The cumulative mortality rate of zebrafish embryos exposed to each
MET concentration is showed in Fig. 2A. When compared with the
control group, MET significantly increased the mortality rate in zebra-
fish embryos in a time and concentration dependent manner, reaching
the highest number of dead embryos at the concentration of 75 pg/L.
Although, for the concentration of 100 pg/L, the mortality rate was
significantly higher than the controls, this was much lower than in the
rest of the concentrations. As same as in mortality rate, MET consider-
ably increased the malformation rate, reaching the maximum peak at
the concentration of 75 pg/L (Fig. 2B). After this concentration, MET
showed an important decrease in the number of malformed embryos.
Taking into account this data, LCso and ECsom were calculated, getting a
value of 3.25 pg/L and 0.37 pg/L, respectively. Furthermore, the tera-
togenic index of MET in Danio rerio got a value of 8.8. According to the
criteria of Weigt et al. (2011), MET should be classified as teratogenic.

3.2. Hatching rate

Hatching rates of zebrafish embryos exposed to MET and ultrapure
water are depicted in Fig. 2C. As can be seen from this figure, at 24 hpf,
embryos exposed to 10 pg/L, 20 pg/L and 30 pg/L of MET started to
emerge from chorion. However, this process was only found to be sta-
tistically significant for 10 pg/L and 20 pg/L dose of MET. At 48 hpf, the
hatching rate for all exposure groups was significantly increased
compared with the control group. The highest number of embryos
dechorionated was obtained for the concentration of 75 pg/L of MET.
Furthermore, at the concentration of 100 pg/L, the hatching rate notably
decreased compared with the rest of the treatment groups. 24 h later,
most of the embryos of the control group and the MET treated group had
hatched. At this moment, none of the treatment groups showed a sig-
nificant difference compared with the control group. Finally, at 96 hpf,
all of the embryos from the control and treatment groups had hatched.

3.3. Teratogenic effects induced by MET

During all the exp period, develop of the embryos in the
control group was normal. Unlike control group, MET caused body
malformations inall t groups and exposure time (Fig. 3A). The
observed malformations included malformation of tail, scoliosis, peri-
cardial edema, yolk deformation, hypopigmentation, delay of the
hatching process, fin absent, eye absent and craniofacial malformation.

represents the integrate biomarker resp Furth the absol
value of A from each biomarker was summed to get the IBR values.

Among these, the most pronounced malformations were malformation
of tail and scoliosis (Fig. 3B). As can be seen in Fig. 3, the sternness of
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A Fig. 2. Mortality, malformations and hatching rate in
Danio rerio embryos exposed to MET (pg/L). A rep-
resents the cumulative mortality rate of zebrafish
embryos exposed to each MET concentration at
12,24,48,72 and 96 hpf. B represents the cumulative

1 ions rate of zebrafish embryos exposed to
E each MET concentration at 96 hpf. C represents the
z lative hatchi; rate of zebrafish embryos
Z i exposed to each MET concentration at 12, 24, 48, 72
and 96 hpf. Data are d as means + dard
error (SEM) from three independent experiments. *
02 denote a significant change with P < 0.05.
00 -+
o 20 0 0 s 100
Time
B 100 -
- S . T "
Kl .
! 60 =
5
E ©
; 20
o
Control 1 10 20 30 40 50 7 100
tgh
C 100
80 ——1
——10
% 60 —— 20
» 30
F o ——40
s -——50
20 ——
—e— 100
° —e— Control
4] 24 a8 2 %

hpt

malformations was more evident as concentration increase, showing a
higher incidence of embryos with pericardial edema, yolk deformation,
eye absent and craniofacial malformation. The most severe malforma-
tions were observed for the embryos exposed to 75 pg/L. After this
concentration, MET showed a significant decrease in the severity of
malformations.

3.4. Antioxidant activity induced by MET

The antioxidant activity of SOD, CAT and GPx, in Danio rerio em-
bryos exposed to MET is depicted in Fig. 4. As can be seen in this figure,
the activity of all enzymes, in all exposure groups, showed a significant
increase compared with control group. Furthermore, as the concentra-
tion increased, the activity of the enzymes also increased, reaching the
maximum peak at the concentration of 75 pg/L. After this concentration,
the activity of all enzymes significantly declined compared with rest of
the treatment groups. Regarding exposure time, no significant differ-
ences were found in the activity of SOD. Nonetheless, at the concen-
tration of 50 pg/L, the enzymatic activity of CAT showed a significant
increase at 96 hpf compared to 72 hpf. Moreover, the enzymatic activity
of GPx was significantly increased at the concentrations of 40 pg/L, 50
pg/L and 75 pg/L in a time dependent manner.

3.5. Oxidative damage induced by MET

The levels of LPX, HPx and POx in Danio rerio embryos exposed to
MET are shown in Fig. 5. As same as in the antioxidant enzymes, the
levels of all oxidative damage biomarkers, in all exposure groups,
exhibited a significant increase compared with the control group.
Additionally, the levels of all oxidative damage biomarkers increased as
the concentration did, reaching the highest peak at a dose of 75 pg/L of
MET. On the other hand, at a concentration of 100 pg/L, the levels of
LPX, HPx and POx considerably decreased ¢ d with the rest of the
treatment groups. Regarding exposure time, the levels of LPX and HPx
significantly increased at the concentrations of 50 pg/L and 75 pg/L.
However, no differences were found in the levels of POx at 96 hpf
compared to 72 hpf.

3.6. IBR

IBR values increased as MET concentrations increased, indicating
that high concentrations of this drug induced more pronounced effects
in the embryos, with the exception of the 100 pg/L concentration
(Fig. 6). These effects were mainly focused on oxidative damage as the
star plot was mainly deviated to these biomarkers. At the lowest con-
centration, for instance the oxidative damage biomarker that more
impacted the embryos was POx. Nonetheless, as the concentrations
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Fig. 3. Main malformations induced by each con-
centration of MET in Danio rerio embryos. A Repre-
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increased, the HPx and LPx biomarkers got more influence over the
embryo. Regarding exposure time, the concentration of 50 pg/L and 75
pg/L showed a significant increase in the mean IBR values.

3.7. Metfromin determination

For both test, MET concentrations in water samples was in accor-
dance with the nominal MET concentrations (Table 2 and Table 3). Since
the concentration of MET was mantained above 80% for all samples,
analyses of the results were based on nominal values.

4. Discussion

In the present study, the harmful effects of the antidiabetic drug MET
on the embryonic development of Danio rerio were investigated. Our
results d ated that envir lly relevant concentrations of
MET may increase the mortality and malformation rate in zebrafish
embryos. Nonetheless, these results are not in agreement with those
found by Jacob et al. (2018), who pointed out that MET concentrations
from 1 pg/L to1000 pg/L did not affect the mortality rate of brown trout
embryos. Differences between studies may be explained due to the dis-
similar incubation temperatures. Brown trout embryos, for instance
were incubated at 7 “Cand 11 °C, while zebrafish embryos were kept in

HDHP ®mD WmFA

BEA  m(CFM

climate chambers at 27 °C. This is noteworthy, as Jacob et al. (2018)
found higher concentrations of MET in brown trout embryos exposed to
11 °C compared to the lower temperature. Thus, it is suggested that
temperature may enhance the uptake of this drug. Another factor that
may influence the results of both studies are the differences in the stages
of embryonic develop For ple, in our study, zebrafish em-
bryos exposed to MET were at the sphere stage (4 hpf), while brown
trout embryos exposed to this drug were in the eyed stage (48 dpf). It is
well known that as time passes the structure of chorion change and the
toughness of the embryo membrane begins to raise, leading to a low
permeability. Ussery et al. (2018), for instance demonstrated that Jap-
anese medaka embryos exposed to 10 pg/L of **C-MET prior to hard-
ening (<6 hpf) had significantly more '*C-MET relative to embryos
exposed to this compound post-chorion hardening (24 hpf). Since the
embryonic develop of Jap daka and zebrafish are compa-
rable (Furutani-Seikia and Wittbrod, 2004), we suggest MET had a
similar uptake behavior in zebrafish. Therefore, MET could be easily
absorbed by zebrafish at sphere stage, but no in brown trout in eyed
stage, leading to a different toxic response, with the latter being more
severe in zebrafish.

Interestingly, MET not only increased the mortality and malforma-
tions rate of zebrafish, but also accelerate the hatching process in fish.
These findings are consistent with those reported by Flores et al. (2020),
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Fig. 4. Activity of antioxidant enzymes, SOD (F (8,144) = 6797.101; n = 9; p
< 0.001) A, CAT (F (8,144) = 630.279; n = 9; p < 0.001) B and GPx (F (8,144)
=56.674; n = 9; p < 0.001) C, in Danio rerio embryos exposed to MET at 72 hpf
and 96 hpf. Data are expressed as the mean of three replicates + standard error
(SEM). * indicate a significant change with P < 0.05.

who d d that MET induced an anticipated hatching (48 hpf) in
b h embryos exposed to 1 i (10 1g/L-2000000

pg/L) of this drug. Analogously, in a domized comp -vestudy,

Rowan et al. (2008) exhibited the rates of sp and iatrog

preterm births were higher in women treated with metformin than those
with insulin. Anticipated hatching in fish is important as hatched fish are
more vulnerable to predators, mechanical and osmotic stress, and toxic
agents present in the water bodies, leading to more severe alterations in
its developmem. Hatching alterations in fish can be induced by several
and g factors, including toxic agents, oxygen
avanlabihty, central nervous system chemical modulators, release of
pmtzolyuc enzymes and hormonal levels (l)e la Paz et al, 2017).
the and p lved has not been
completely elucidated. Since prevnous studws have demonstrated that
MET may be an endocrine disruptor (Niemuth and Kapler, 2015; Lee,
2017; Monshi, 2017; Niemuth et al., 2018; Lee et al., 2019), it could be
suggested that the hormonal disturbances on fish might be involved in
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Fig. 5. Levels of LPX (F (8,144) = 467.969; n = 9; p < 0.001) A, HPx (F
(8,144) = 243.986; n = 9; p < 0.001) B and POx (F (8,144) = 92.710;n = 9; p
< 0.001) C, in Danio rerio embryos exposed to MET at 72 hpf and 96 hpf. Data
are expressed as the mean of three replicates + standard error (SEM). * indicate
a significant change with P < 0.05.

the accelerate hatching process. Nevertheless, future studies should
elucidate the mechanism by which this drug may alter the hatching
process of fish.

During all the exposure period, MET induced several malformations
on zebrafish embryos. Among these, it is included malformation of tail,
scoliosis, pericardial edema, yolk deformation, hypopigmentation, fin
absent, eye absent and craniofacial malformation. In agreement with
these results, a study carried out in chick embryo showed that multiple
concentrations (0.1 mg/ml - 5 mg/ml) of MET displayed a delay in
closure of anterior and posterior neuropores, leading to brain abnor-
malities, absence of limb buds, as well as a delay in the eye, otocyst,
heart, branchial and somites formation (Siripattanaphol et al., 2020).
Furthermore, Flores et al. (2020) pointed out that MET may cause
microcephaly and decreased tail length in zebrafish embryos exposed to
multiple concentrations (10 pg/L - 2000000 pg/L) of MET. One possible
mechanism through which MET may induce these malformations on fish
may be oxidative stress. As it is known, reactive oxygen species (ROS)
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Fig. 6. IBR values and star plots of oxidative stress response of Danio rerio embryos exposed to MET. Biomarkers from each treatment groups (colors lines) were
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P

biomarker. Letters (A-H) represent each of the MET concentrations tested in this study, arranged from the lowest to the highest. (For interp of the refe
to color in this figure legend, the reader is referred to the Web version of this article.)
Table 2 Table 3
Measured concentrations of MET in the zebrafish embryo toxicity test. Measured concentrations of MET in the oxidative stress test.
Nominal MET at diferent times (pg/L) Nominal d MET at diferent exp times (ug/L)
;;';;"‘““’ Ohpf  12hpf  24hpf 48hpf 72hpf 96 hpf aEr O™ onpf  12hpf 24hpf  48hpf  72hpf 96 hpf
Control <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ Control <LoQ <loQ <LoQ <LoQ <LoQ <loQ
1 pg/L 0.98 = 0.89 0.89 0.88 0.88 0.87 1pg/L 101 = 091 0.90 0.90 088 0.86
0.03 +0.02 = 0.02 £0.02 =001 +0.01 0.01 +0.01 +0.01 +=0.01 +0.02 +0.01
10 pg/L 9.97 = 9.05 9.01 8.99 8.92 8.85 10 pg/L. 10.03 9.30 9.29 9.28 926 9.21
0.06 +0.05 = 0.04 +0.04 005 +0.04 +0.02 +0.02 001 +0.01 +0.02 +0.02
20 pg/L 19.93 18.21 18.07 17.92 17.77 17.61 20 pg/L 20.04 19.01 18.98 18.85 18.80 18.73
+0.12 +£009 £010 010 010 +0.09 +0.05 £0.04 003 003 004 +003
30 pg/L 30.11 28.54 28.10 27.63 27.35 27.02 30 pg/L. 30.03 28.53 28.30 28.19 27.96 27.94
+0.21 +£019 £017 015 015 016 +0.05 +£004 +003 £003 =004 003
40 pg/L 40.02 37.33 37.01 36.95 36.81 36.77 40 pg/L 40.05 38.25 38.04 37.93 37.40 37.08
+0.50 +0.43 +0.40 +042 +040 042 +0.05 +0.05 004 =004 +0.03 +0.03
50 pg/L 50.05 48.20 47.34 47.01 46.73 46.48 50 pg/L 50.01 49.51 49.04 48.78 4846 48.02
+0.64 +0.58 +0.60 +0.61 +0.59 +0.62 +0.06 +0.04 004 003 +0.03 +0.05
75 pg/L 75.01 7220 71.83  71.04 7042  69.90 75 g/l 75.02 7418 7375 7344 7284 7239
+0.73 +0.70 +0.69 +070 £0.69 +=0.71 +0.03 +£0.05 £003 +0.03 =0.03 +0.04
100 pg/L 100.45 96.02 9%5.18 94.31 92.83 91.60 100 pg/L 100.04 98.73 98.20 98.03 97.93 97.90
+0.91 +0.85 +0.83 +084 080 082 +0.09 £010 +£010 =0.08 +0.08 +0.09
Values mean + dard d of each LoQ: limit of Values reprenset mean + standard deviation of each concentration. LoQ: limit of
quannﬁmtlon (500 ng/L). quantification (500 ng/L).

act as a primary and secondary messengers to induce the cell growth or
death. Funhennore, redox system contml dzﬂ'mem transcriptions fac-
tors that r cell Ived in prolife

dxfl'erennauon and apoptosls (Pasko\d et al 2011). Therefore, oxida-
tive stress may disrupt several important reactions that affect the
development of the embryos. Here, we demonstrated that after an acute
exposure to MET on early life stages of zebrafish, this drug may induce
an oxidative stress response on the embryos. Furthermore, our IBR an-
alyses indicated that as MET concentrations increased, mean IBR values

with these findings, Anedda et al. (2008) indicated that MET increased
the levels of ROS and lowers the aconitase activity in 3T3-L1 cells.
Similarly, Queiroz et al. (2014) d ated that MET induced cell
cycle arrest and increased cell apoptosis in MCF-7 cells treated with 10
mM of this drug. M , they explained these were
mediated by oxidative sn'ss, and a treatment with SOD and CAT
improved cell viability. Finally, in a more recent study, Lee et al. (2019)
evaluated the MET aquatic toxicity under a multi-generational exposure
regxmen, and found that this drug increased the ROS content and

also increased. Therefore, oxidative stress resp in the org:
were more p ced as the conc increased. In agreement

d the GSH activity in FO fish. Furthermore, CAT activity was
also significantly increased under MET treatment, suggesting that
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environmentally relevant concentrations of this pollutant may cause
oxidative stress in Oryzias latipes.
Mitochondria are an important source of ROS and as we aforanen-

Chemosphere 285 (2021) 131213

5. Conclusion

Embry posed to envi lly rel ions of MET

h

tioned, these are involved in several cell signaling p ys. Ni

less, ROS may also produce to oxidative damage in the proteins,
membrane and DNA of mitochondria, affecting the mitochondrial ca-
pacity to synthesize ATP and to carry out their metabolic functions
(Adam-Vizi and Chinopoulos, 2006). This is noteworthy, as mitochon-
drial DNA (mDNA) alterations may disturb respiratory chain elements or
ribosomal and transfer RNAs, causing several diseases (Tuppen et al..
2010). Additionally, the accumulation of dysfunctional mitochondria
may increase the undesirable effects of electron-transport chain (ETC)
complex I inhibitors on cell survival (Espada et al., 2020).

One of the metformin’s primary functions is the inhibition of com-
plex I of the mitochondrial ETC, leading to different changes in the
mitochondrial membrane and ATP production (Andrzejewski et al.,
2014; Cameron et al., 2018). These changes may result in an increased
production of ROS, affecting the mitochondrial integrity, and triggering
the activation of the cell's apoptotic machinery. Therefore, the body
ies and the accel hatching process found in this study
may be a consequence of the inhibition of complex I of the mitochon-
drial ETC. In agreement with our results, a recent study investigated the
toxic effects that mitochondrial inhibitors drugs induced in zebrafish
embryos. In their results pointed out that different concentrations (0.3
nM-10 mM) of complex I and II inhibitors induced several malforma-
tions in embryos of this fish. These malformations included edema, eye,
head and skeletal defects, hypopi ion, gastrula arrest, yolk sac
necrosis and bleeding (Pinho et al., 2013).

There are two mechanisms by which mitochondria increase the
production of superoxide. In the first one, the NADH pool is reduced, for
example by alterations in the respiratory chain, low ATP demand and
loss of cytochrome ¢ trough the apoptosis. This leads to the formation of
superoxide, at the flavin mononucleotide (FMN), in a rate that is
established by the amount of FMN reduced (Kushnareva et al., 2002; Liu
et al., 2002; Kussmaul and Hirst, 2006). In the second one, there is no
ATP production and there is a high protonmotive force and a reduced
coenzyme Q (CoQ) which leads to a reverse electron transport through
complex I, producing large amount of superoxide (St-Pierre et al., 2002;
Liu et al., 2002). Until now, it is believed that the inhibition of mito-
chondrial complex I by MET may disrupt the electron flow, and cause
the superoxide generation by an FMN reduction (Lee et al., 2019).
Nonetheless, more studies are needed to better understand the mecha-
nism by which this drug increases the production of superoxide in the
mitochondria.

At low concentrations (1 pg/L-75 pg/L), MET increased the mor-
tality, malformations severity, hatching rate, and oxidative stress bio-
markers in a concentration depend Ni hel at a
concentration of 100 pg/L, all the endpoints evaluated in this work were

T
abnor

d an anticipated hatching process, making them more vulnerable
to other stressors present in the environment. MET also induced several
morphological alterations on the embryos, affecting their integrity and
consequently leading to their death. Among the main malformations
induced by MET, it is included malformation of tail, scoliosis, pericardial
edema, craniofacial malformation and yolk deformation. Since oxidative
damage biomarkers (LPX, HPx, POx) increased in the embryos exposed
to MET, we suggest that the embryotoxic effects of this drug may be
induce through an oxidative stress mech To the date is believed
that this oxidative stress response is closely related to the metformin
capacny of inhibit the mitochondrial complex I. Nonetheless, more
are needed to fully comprehend the mechanism by which MET
may induce oxidative stress on fish. A significant decline in the mor-
tality, malformations severity, hatching rate, and oxidative damage was
found at the highest concentration used in this study. Variability in the
concentration-effect relation in MET is also indicated in other studies,
and this might be ded to the h is ph that are c
in environmental toxicology. However, mechanistic explanations for
this phenomenon are still lacking, and need to be further analyzed to
better understand the environmental impact of this drug.
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A dix A. Suppl

PP PP

y data

significantly declined with regard the other treatment groups.
ingly, this is not the first study that found these variations at higher
concentrations of this drug. Jacob et al. (2018) for instance, demon-
strated that the quantity of hepatic glycogen was increased in brown
trout embryos exposed to MET. Nonethel this increase was specif-
ically higher in fish exposed to the lowest MET dose. Meanwhile, at
higher doses, the glycogen content in the liver showed a high inconsis-
tency. Similarly, Flores et al. (2020) pointed out that at the highest
concentration of MET, 100% of the embryos showed an anticipated
hatching. However, at the same concentration, MET conceived a 0% of
teratogenicity. Therefore, we suggest MET could experience a biphasic
dose-response. Hormesis is a dose-response phenomenon, characterized
by alow dose response that is opposite in effect to that seen at high doses
(Ray et al., 2014). Furthermore, this is highly generalizable, being in-
dependent of biological model, endpoint measured, chemical class, and
interindividual variability (Calabrese and Mattson, 2017).

ppl y data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2021.131213.
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Enclosed please find the manuscript with title “Guanylurea alters the embryogenesis of
zebrafish via inducing an oxidative stress response” to be considered for publication in
Science of the Total Environment. All of the authors have read and approved the revised
manuscript.

This paper shows how guanylurea (main metabolite of metformin) in environmentally
relevant concentrations is capable of generating oxidative stress in embryos of a model
widely used in ecotoxicology, such as Danio rerio. It is also shown that this compound is
capable of generating alterations to embryonic development and teratogenic effects,
demonstrating that both guanylurea can be dangerous for hydrobionts in water bodies.
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