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Resumen del proyecto

Dado que la funcion renal depende de la homeostasis mitocondrial,
recientemente se ha sugerido que la disfuncion mitocondrial, especificamente
alteraciones en la bioenergética y estado redox, podrian ser un factor comun
involucrado en la génesis y progresion del dafio renal. En este sentido, el dafio renal
inducido por acido félico (FA) es un modelo experimental ampliamente utilizado para
estudiar los mecanismos involucrados en el dafio renal agudo (AKI). Aunado a esto,
la AKI inducida por FA puede evolucionar en un corto tiempo hacia la enfermedad
renal cronica (CKD), por lo que este modelo permite también estudiar la transicién
AKI-CKD. Sin embargo, los mecanismos moleculares relacionados a las
alteraciones mitocondriales, su evolucion a lo largo del tiempo y su participacion en
el génesis de la AKI y su posible progresion hacia la CKD siguen siendo poco
conocidos. Por otro lado, se ha sugerido que la N-acetilcisteina (NAC) podria ser un
agente protector capaz de prevenir la disfuncién mitocondrial y por lo tanto, el defio
renal. Esto dada la capacidad de la NAC para aumentar la cantidad de glutatién
mitocondrial, regulando asi los niveles de S-glutationilacion, modificacion
postraduccional reversible que ha surgido como un mecanismo protector, capaz de
vincular el metabolismo energético con la homeostasis redox mitocondrial. Sin
embargo, esta hipétesis tampoco se ha explorado.

El presente trabajo esta dividido en dos partes. En la primera demostramos por
primera vez que, a las 24 h posteriores a su administracion, el FA induce
alteraciones en la bioenergética, estado redox y dinamica mitocondrial, asi como
una mitofagia disfuncional. Dichos mecanismos favorecen en conjunto el desarrollo
de la AKI. Por su parte, el pretratamiento con NAC previene dichas alteraciones
mitocondriales a las 24 h y, por lo tanto, el desarrollo de la AKI. Estos efectos
protectores de la NAC estan relacionados con la capacidad observada de esta
molécula para preservar la S-glutationilacion de las proteinas y los niveles de
glutation en las mitocondrias. En la segunda parte de este trabajo, se procedié
evaluar temporalmente las alteraciones en la bioenergética y estado redox
mitocondrial en la progresién hacia la CKD. El estudio de la funcién mitocondrial en
diferentes puntos de tiempo revel6 que, durante el intervalo de tiempo evaluado,
existe un deterioro sostenido en la capacidad de fosforilacién oxidativa y en la B-
oxidacién mitocondrial, atribuibles a la disminucién en la actividad de los complejos
mitocondriales | y Ill. Esto junto con la permanencia del desacoplamiento y un
estado pro-oxidante en dicho organelo, favorece la transicion AKI-CKD. AUn mas,
la proteccion mitocondrial ejercida por la NAC en la AKI no sélo previene el deterioro
de la funcion mitocondrial a largo plazo, sino también el desarrollo de la CKD.
Tomados en conjunto, nuestros resultados no solo respaldan la idea de que estos
mecanismos mitocondriales pueden ser un blanco terapéutico para prevenir el
desarrollo de la AKI, sino que también respaldan la idea de que preservar la funcion
mitocondrial durante un evento de AKI puede ser una estrategia util para prevenir el
desarrollo de la CKD.



Abstract

Kidney function highly depends on mitochondrial homeostasis. Therefore, it has
been suggested that mitochondrial dysfunction, specifically alterations in
bioenergetics and redox state, are a common factor involved in the genesis and
progression of kidney damage. In this way, folic acid (FA) induced kidney damage
model is widely used to study the mechanisms involved in the acute kidney damage
(AKI). Furthermore, FA-induce AKI can quickly evolve into chronic kidney disease
(CKD), allowing us to study the AKI-CKD transition. However, the molecular
mechanisms related to the mitochondrial alterations, their evolution over time and
their participation in the genesis of AKI and its progression towards CKD remain
poorly understood. On the other hand, it has been suggested that N-acetylcysteine
(NAC) administration can be able to prevent mitochondrial dysfunction and the
posterior kidney damage. Thus, given the NAC ability of increase the mitochondrial
glutathione concentration and consequently regulating the levels of S-glutathione, a
reversible post-translational modification that has emerged as a protective
mechanism, able to link energy metabolism with mitochondrial redox homeostasis.
However, this hypothesis has not been explored.

The present work is divided into two parts. In the first one, it is demonstrated for the
first time that FA induces alterations in mitochondrial bioenergetics, redox state,
dynamics and mitophagy at 24 h after its administration. Furthermore, together these
alterations favor the AKI development. Meanwhile, NAC pretreatment prevents
these mitochondrial alterations at 24 h, avoiding AKI development. These NAC
protective effects are related to its ability of preserve the S-glutathionylation and
glutathione levels in mitochondria. In the second part, we proceeded to temporarily
evaluate the alterations in mitochondrial bioenergetics and redox state along the
AKI-CKD transition. This reveals a sustained impairment in the oxidative
phosphorylation capacity and in mitochondrial B-oxidation during the evaluated time,
which is attributable to the complex | and Il activities decrease. Which, together with
the permanence of the decoupling and a pro-oxidant state in this organelle, favors
the AKI-CKD transition. Furthermore, the mitochondrial protection exerted by NAC
in AKI prevents not only the long-term deterioration of mitochondrial function, but
also the CKD development. Taken together, our data support the idea that these
mitochondrial mechanisms are therapeutic targets to prevent the AKI development,
furthermore, preserving mitochondrial function during an AKI event can be a useful
strategy to prevent CKD development.



Agradecimientos

Se agradece al Consejo Nacional de Ciencia y Tecnologia (CONACYT) por la
beca para realizar mis estudios de doctorado y por el apoyo econémico (proyecto
A1-S-7495), al Programa de Apoyo a Proyectos de Investigacion e Innovacion
Tecnoldgica (PAPIIT) con nimero de proyecto IN202219 y al programa de Apoyo
alaInvestigacion y Posgrado (PAIP) 5000-9105 de la Facultad de Quimica por la
ayuda recibida para la elaboracion de este trabajo.

Se agradece también al Programa de Apoyo a los Estudios del Posgrado
(PAEP) por el apoyo recibido para presentar este proyecto en la 20th European
Bioenergetics Conference en agosto del 2018 Budapest, Hungria.



Dedicatorias personales

Con especial dedicacion a mis padres, por todo el apoyo, amor y confianza que me
han procurado durante toda mi vida, sin el que no hubiera sido posible este y cada
uno de los logros que he alcanzado durante mi vida. Porque ustedes siempre han
sido mi ejemplo de conciencia social, dedicacion, trabajo, principios, perseverancia
y lucha frente a las desigualdades sociales.
“Cuando el jilguero no puede cantar,
Cuando el poeta es un peregrino,
Cuando de nada nos sirve rezar.
Caminante no hay camino,
Se hace camino al andar.

Golpe a golpe, verso a verso...
Golpe a golpe, verso a verso...”

A Miriam, mi pareja durante todos estos afios. Por todo el apoyo, amor, tiempo y
carifio que me has brindado.
“Comenzamos felices a juntar cicatrices,

como buenas sefiales de los afios
y peldafio a peldafio, levantamos paisaje’.

A mi hermana, mis abuelos y al resto de mi familia, gracias por su apoyo, tiempo y

carifo.

A la doctora Tapia, al doctor Molina-Jijén y al doctor Pedraza gracias por su
orientacién. Agradezco también a los doctores, técnicos y compafieros del
laboratorio 315 y de los diferentes laboratorios involucrados en este proyecto, por
Su apoyo experimental, orientacién y comentarios que ayudaron a enriquecer este

trabajo.



Indice de abreviaturas y acrénimos

AKI
ADP
ATP
BSA
BUN
Cl

Cll
Cll
CIv
CKD
CCCP
CT
DCPIP
DHE
DMEM
DPI
Drpl
DT
DuB
EGTA
EDTA
ETS
FA
FF
FBS
Fisl
GFR
GPx
GR
GSH
GSSG
GST
Grx
G6PDH
H20:2
HEPES
HIF
HRP
H&E
RCI
KCN
L-NAME
MAP
MDA
MOM

Las siglas en ingles de dafio renal agudo
Adenosina-5-difosfato

Adenosina-5-trifosfato

Las siglas en ingles de albumina sérica bovina

Las siglas en ingles de nitrdgeno ureico en sangre
Complejo | del sistema de transporte de electrones
Complejo Il del sistema de transporte de electrones
Complejo 1l del sistema de transporte de electrones
Complejo 1V del sistema de transporte de electrones
Las siglas en ingles de insuficiencia renal cronica

Las siglas en ingles de m-clorocarbonilcianuro fenilhidrazona
Las siglas en ingles de tubulos coletores

Sal de sodio de hidrato de 2,6-diclorofenol

Las siglas en ingles de dihidroetidio

Medio de cultivo Dulbecco's Modified Eagle's

Las siglas en ingles de cloruro de difeniliodonio
Proteina 1 relacionada a la dinamina

Las siglas en ingles de tubulo distal

Decilubiquinona

Acido etilenglicol-bis(p-aminoetiléter)-N,N,N',N-tetraacético
Acido etilendiaminotetracético

Las siglas en ingles de sistema de transporte de electrones
Las siglas en ingles de &cido félico
Fraccion de filtracion

Las siglas en ingles de suero fetal bovino
Proteina de fision 1

Las siglas en ingles de tasa de filtracion glomerular
Glutatién peroxidasa

Glutation reductasa

Glutation reducido

Glutation disulfuro u oxidado

Glutation S-transferasa

Glutaredoxina

Glucosa-6-fosfato deshidrogenasa

Peroxido de hidrogeno

Acido 4-(2-hidroxietil)-1-piperazina etanosulfénico

Las siglas en ingles de factor inducible por la hipoxia
Las siglas en ingles de peroxidasa de "rabano picante"
Tincion de hematoxilina y eosina

Las siglas en ingles de indice de control respiratorio
Cianuro de potasio

NC-nitro-L-arginina metil éster

Las siglas en ingles de presion arterial media
Marcador de lipoeroxidacién malondialdehido

Las siglas en ingles de membrana externa mitocondrial



Mfnl
Mfn2
MPTs
NAC
NEM
NDUFB8
Nos

Nox
NRF1
NRF2
O2*
Opal
OXPHOS
P

PBS
Pink1
PGC-1a

Prx
PT
RBF
RVR
RPF
ROS
snGFR
SOD
SDS
S3
S4o
TAL

TDL

TFAM
TMPD
VAS2870

\
VDAC
4-HNE
AW¥Ym

Mitofusina 1

Mitofusina 2

Las siglas en ingles de modificaciones post-traduccionales
N-acetilcisteina

N-etilmaleimida

Subunidad beta 8 de la NADH deshidrogenasa
Sintasa de 6xido nitrico

NADPH oxidasa

Factor nuclear respiratorio 1

Factor nuclear respiratorio 2

Anidn superoxido

Proteina de atrofia éptica 1

Las siglas en ingles de fosforilacion oxidativa
Respiracion asociada a la OXPHOS

Solucién salina taponeada con fosfatos

Cinasa putativa inducida por PTEN 1

Coactivador-1 alfa del receptor gamma activado por
proliferadores de peroxisomas

Peroxiredoxina

Las siglas en ingles de tubulo proximal

Las siglas en ingles de flujo sanguineo renal

Las siglas en ingles de resistencia vascular renal

Las siglas en ingles de flujo plasmatico renal

Las siglas en ingles de especies reactivas de oxigeno
Filtracién glomerular por nefrona

Superéxido dismutasa

Dodecilsulfato de sodio

Estado 3 respiratorio

Estado 4 respiratorio inducido por oligomicina

Las siglas en ingles de segmento grueso ascendente del
asa de Henle

Las siglas en ingles de segmento delgado descendente del
asa Henle

Factor A de la transcripcion mitocondrial
Tetrametil-p-fenilendiamina
3-bensoxazol-2-il-3-bencil-3H-[1,2,3]triazolo[4,5-d]pirimidin-
7-il sulfuro, inhibidor de la Nox

Vehiculo

Canal anionico dependiente de voltaje
4-hidroxinonenal, marcador de estrés oxidante
Potencial de membrana mitocondrial



Tabla de contenido

RESUMEN I PIrOYECTO.......uiiiiieeerteeeee ettt st 2
Y 41 1= T TR 3
Yo [z Lo (= To 0 0T =T 01 (o 1SR 4
Dedicatorias PEISONAIES ...........ccveviiiiieieeceee ettt ettt s re b e e e s et e sreesbesteeraensesneensenes 5
indice de abreviaturas y aCrONIMOS............c.cuuevueeueveeveereeresesseeses s sessesses s sessesae s saesassessessaens 6
Q1K= o] F= o [ o] o1 1Y o T o OSSPSR 8
I [ 0T [0 o1 o ) o 1SRN 11
1.1 EITIAON Y SU @SITUCIUIA ..ottt ettt sttt st sbe et et eaeenesreenaeneas 11
....................................................................................................................................................... 13
1.2. La mitocondria €N €l FIAON .......c.ooiiiiieeccete e 13
AN ] (=T o =T [T o] (PR 16
2.1. La insuficiencia renal aguda (AKI) y la enfermedad renal crénica (CKD).................. 16
2.1. Las mitocondrias y su papel en la enfermedad renal ...........ccccceveviiveceneciece e, 17
2.1.1. Alteraciones en la bioenergética mitocondrial en la AKl y la CKD ...................... 17
2.1.2. Las ROS mitocondriales y el eStrés oXidante ...........ccccveereerieineneneneseeseneeees 18
2.1.3. Dindmica mitocondrial y recambio en el dafio renal ...........cccocecvevvennenvennenne 20

2.2. La S-glutationilacion y la regulacion de la homeostasis mitocondrial ........................ 21
2.3. El modelo de dafio renal por &cido félico (FA) y la N-acetilcisteina (NAC) ............... 22

G T 1111 {o%=od T o OSSOSO 24
4. HIPOIESIS ...ttt ettt sttt e e e s e e s e e aeeaesbe st e se s e s s eseeseeseese et e steabebensenee st eneesens 25
TR O o1 T=] 110 1= PR 25
5.1. ODJEUVO ENEIAL.......cuiieieiiteeeceeteee ettt st st e st sae s beebesbeesa e besanenre e 25
5.2. ODbJetiVOS PArtiCUIAIES........ccueeieieeteeieete ettt ettt te et s re et s teereebesreenne s 25
6. MaterialeS Y MELOUOS .......cecveiiieieeeeeeee ettt sttt b e et b et e s e e e e eseenas 25
B.1. REACHIVOS ...ttt s b e sttt et b s bbb st et et et e ene e 25
6.2. MOdelo eXPEIMENTAL........ccoeviireeeieceeeeeeeeee ettt s aesre e e e 27

6.3. Marcadores de dafio renal y parametros hemodinAmicCos..........ccceceverereriereereeeennn. 29
6.4. Estudios histolégicos y de microscopia electronica de trasmision ..........cccccceeveueeee. 30
6.5. Aislamiento de MItOCONAIIAS ........cccuriririrerieieieeee ettt 31

6.6. Consumo de O y B-oxidacion MitoCoONIales ...........cccceverreriereeeeieieece e 31



6.7. Potencial de membrana mitocondrial (AWm) ........cccocevriiiiniinieee e 32

6.8. Actividad de los complejos MitoCONIiales ...........ccoeeveririericieieeeeee e 32
6.8.1. Actividad del COMPIEJO | (CI) uecuviiieeeeiieeeeesieeeete et 32
6.8.2. ACHVIAAA eI Cll....oniiiiiicictce ettt 32
6.8.3. ACHIVIdAd el CllL...oceeeeiee ettt te e s 33
6.8.4. ACHIVIAAA TEI CV. ..ot 33

6.9. Actividad de 18 ATP SINTASA. ...c..cceeiriiririeeietcee et 33

6.10. Produccion de H2O02 MitoCONIial........cc.cevieeiriiinieinicinicieinieeeeeeee s 34

6.11. Marcadores de eStréS OXIANTE ..........ccueiriririeinieireee s 35

6.12. Actividad de las enzimas antioXidantes ...........ccceceverererienenienieieene e 35
6.12.1. Superoxido diSmMUASaA (SOD)......cccccveirieirieirereeree ettt 35
6.12.2. Glutation peroXidasa (GPX) .......ccourerererereriererirerieiesieresieesieesieesseesseesseesseneeseneas 36
6.12.3. PeroXir€dOXiNa (PIX) ..ccceceieeeieeieeeesiesieete st eeestestee e stessaestesteessessessessesseessessessnensens 37
B.12.4, CAAIASA.......eueeveeeieieteet ettt 38

6.13. Niveles de GSH y actividad de las enzimas del sistema de S-glutationilacion ...... 38
6.13.1. Contenido total de glutation, GSH Y GSSG .......ccccoviviirieirieenereeseeseeeees 38
6.13.2. ACHVIAA A€ 18 GIX..cuiiiiiiiricitictrieec ettt 38
6.13.3. ACtiVIdAd A€ 18 GST ..c.ecuiiiiieiiieee ettt 39
6.13.4. ACtividad de 18 GR ....cc.ciiiiiiiciicreeet ettt 40

6.14. AISIamIeNto de PT Y DT ..ottt sttt sre e 40

6.15. Determinacion de la produccién de ROS por la NADPH oxidasa (Nox) y la sintasa

de OXIAO NIIICO (NOS) ...ccuiiuiiiitiieieieeete ettt ettt ettt a et sa e seeseeaesbesbessesensenseneesens 41

6.16. Extraccion de proteina y Western BlOt............ccvevviriiiierereceeeseeese e 41

6.17. CUIIVO CEIUIAN........eiiiiieiiieice et 42

6.18. Consumo de oxigeno en células COMPIELAS .........cceeeevieeiecieiieciece e 42

6.18. ANAlISIS ESLAAISTICO......cueueeiiteiiiriet ettt 42

CRESUIAAOS ... 43

7.1, La AKIEINAUCIHA POF FA ...ttt et sttt et ae e ee e 43

7.1.1. El pretratamiento con NAC evita la AKI inducida por FA.......cccooerireienenens 43

7.1.2. LA NAC previene las alteraciones en la bioenergética mitocondrial relacionadas
con la disfuncion del Cl en la AKI inducida por FA ... 45

7.1.3. La NAC previene el estrés oxidante mitocondrial en la AKI inducida por FA.... 49

7.1.4. La NAC inhibe el aumento de la produccion de ROS en los segmentos
tubulares en la AKI INAUCIA POF FA .......ocooieeeeeeeeceee et 52



7.1.5. La NAC previene la pérdida de la S-glutationilacion en el proteoma mitocondrial

en [a AKIINAUCIAA POI FA ...t 54
7.1.6. La NAC evita el desplazamiento de la dinAmica mitocondrial hacia la fision en
[a AKTINAUCIAA POI FA ...ttt st 56
7.1.7. El FA induce en la AKI una disminucion en la biogénesis mitocondrial y una
MILOfAGIA AIEIATA ......c.eeveieeeiietiee et st 59
7.1.8. ANEXOS PHIMEIA PAITE. ..c.eiuiiiiriiitirteriertetetet ettt r et eaeenes 61
7.2. La transicion AKI-CKD inducida por €l FA.........co e 64
7.2.1. El efecto de la NAC en la transicion AKI-CKD inducida por el FA ...................... 64
7.2.2. El FA induce la persistencia de la disfuncion en la bioenergética mitocondrial
durante la tranSiCiON AKI-CKD.........ccooiririnierieieeeeeeeese sttt s eneenes 66
................................................................................................................................................... 68
7.2.3. El FA induce una disfuncién persistente en la B-oxidacién durante la transicién
08 AKI @ CKD ..ottt sttt ettt et s te s e b e et eseeseeseetestessessensenseneeseans 68
7.2.4. El FA induce un estado pro-oxidante permanente en las mitocondrias durante
[a tranSiCiON de AKI-CKD.......cociieieieieeieeees ettt saestesbase s eneenneneas 71
7.2.5. Anexo segunda parte. Transicion de AKI-CKD ........ccccevieeevenieieneceeeseeeeins 73
8. DISCUSION ...ttt ettt ettt sttt et a e st e b e s te st et et e e e st e st eseebesbesae st e naeneeneeneeseenis 75
8.1. La NAC previene las alteraciones mitocondriales asociadas a la pérdida de la S-
glutationilacién en la AKI INAUCIA POF AF .......cuioieiececeeeee et 75
8.2. La evolucion temporal del deterioro en la bioenergética y estado redox inducida por
el FA favorece 1a tranSiCiON AKI-CKD .......ocoiiirieieiieieenerese et 81
0. CONCIUSIONES ...ttt sttt ae bbbt et e et e bt e st e bt s bt st et e b et e e e st eneenes 86
O oY= 1= od 11 7= 3PP 87
11, REFEIENCIAS ..cviieieieeeeeeee ettt et st e st et e et e st eseebesbestensenseneeneenensens 88
12.INAICE AE fIQUIAS. ...veeieiecteceee ettt st e e e be et s be e e st e sbe et e sbeess e besreenaenes 100

10



1.Introduccidén

1.1. El rindn y su estructura

Los rilones son dos érganos pares que se encuentran situados detras del peritoneo
a ambos lados de la columna vertebral, implicados en el mantenimiento de la
homeostasis corporal mediante la conservacion del equilibrio osmdético y la
eliminacion de desechos metabdlicos, entre otros mdultiples procesos. Dichos
organos reciben cerca del 25% del gasto cardiaco a través de la arteria renal [1], la
cual se ramifica en un sistema de arteriolas que regulan la entrada del flujo
sanguineo a las unidades funcionales del riion: las nefronas [2]. Una persona adulta
posee entre 1.5y 2 millones de nefronas, el 80% de las cuales se conocen como
corticales y poseen estructuras denominadas "asas de Henle" cortas, las cuales
penetran una distancia corta dentro de la médula. El otro 20% de las nefronas
reciben el nombre de yuxtamedulares y poseen asas de Henle largas, que penetran
profundamente en la médula [3].

Cada nefrona esta compuesta de un corpusculo renal encargado del proceso de
filtracion y una serie de segmentos tubulares adjuntos (ver Fig. 1). El corpusculo
renal estd conformado por un enramado capilar, conocido como glomérulo, y una
esfera que lo encierra, la capsula de Bowman. Por otro lado, la parte tubular
comprende el tubulo proximal (PT), el segmento delgado descendente del asa de
Henle (TDL), el segmento grueso ascendente del asa de Henle (TAL), el tubulo
distal (DT) y los tubulos colectores (CT) [2,4]. El glomérulo tiene como principal
funcidn la filtracién del plasma sanguineo para producir el ultrafiltrado, a través de
tres membranas que forman la barrera de filtracion glomerular [2]. La primera, el
endotelio fenestrado, estd conformado por células que forman poros con un
diametro aproximado de 70 a 100 nm, y su funcion es evitar el cruce de las células
sanguineas y moléculas cargadas negativamente [5]. La segunda, la membrana
basal glomerular, repele moléculas cargadas negativamente [4]. Finalmente, las
ranuras de filtracion de los podocitos poseen prolongaciones del citoplasma
conocidas como pendiculos, los cuales se entrelazan entre si y se enrollan
alrededor de los capilares glomerulares, donde forman ranuras de filtracion de 25 a
60 nm [6].

El fluido que entra al lumen de la nefrona a partir de la filtracién glomerular posee
una composicién muy similar a la del plasma. Sin embargo, dentro de los segmentos
tubulares se modifica la composicion del filtrado a partir de los procesos de
reabsorcion y secrecion. La reabsorcién hace referencia al movimiento de solutos
del lumen tubular de vuelta al plasma, esta se inicia en el PT, el cual representa el
segmento mas largo de la nefrona y constituye la mayor parte de la corteza renal
[5]. En él se efectlia la mayoria de la reabsorcién de solutos como sodio, cloro,
glucosa, aminoacidos, péptidos y bicarbonato. El PT esta constituido por dos partes,
la “inicial contorneada” que esté unida directamente al corpusculo renal en la corteza
y realiza la mayor parte de la reabsorcion, y la “parte recta”, que desciende en
direccién a la medula [4].

Desde el PT, el liquido desciende hacia el asa de Henle. En este punto el fluido que
entra en el asa de Henle es isotonico con respecto al plasma, sin embargo, durante
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Su paso por este segmento, se produce el alto gradiente osmético que permite al
agua ser removida a medida que atraviesa la médula renal mediante el mecanismo
conocido como flujo a contracorriente. Por su parte, la porcion ascendente del asa
de Henle es un continuo con el TD, por lo cual algunos autores lo consideran como
parte del mismo [4]. EI TD es inicialmente impermeable al agua y posee un
transporte activo considerable [2]. El siguiente segmento del DT es conocido como
"contorneado”, este segmento participa en la reabsorcion activa de calcio, ya que
tiene la mayor actividad de la Ca?*-ATPasa en la nefrona [7]. Finalmente, la regién
conectora del DT desemboca en el tubulo colector cortical, donde se lleva a cabo el
control hormonal de la reabsorcién de agua por medio de la hormona antidiurética
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Figura 1. Estructura de la nefrona. La unidad funcional del rifiédn se conoce como
nefrona. En la imagen superior observamos los dos tipos de nefronas. (1) La primera
conocida como cortical, se extiende desde la corteza hasta la medula interna. (2) La
nefrona yuxtamedular, se extiende desde la corteza hasta la medula interna. Ambos
tipos de nefronas estdn abastecidas del flujo sanguineo a partir de una serie de
capilares que desembocan en la arteria aferente, la cual suministra de sangre al primer
segmento de la nefrona, el glomérulo. El cual restituye los elementos no filtrados por
medio de la arteria eferente. Por su parte el filtrado glomerular viaja a través de una
serie de segmentos tubulares (flechas azules) donde se lleva acabo los procesos de
reabsorcién y secrecion, dando origen a la concentracion final de la orina. En el caso
de las nefronas yuxtamedulares, de manera paralela a los segmentos tubulares corre
una red de vasos sanguineos conocida como pars recta.

1.2. La mitocondria en el rifion

En los rifiones, los procesos de transporte activo son la fuerza motriz que hace
posible la reabsorcion de los distintos solutos, por lo que este érgano posee una
demanda energética alta, utilizando alrededor del 7% del oxigeno total consumido
por el cuerpo [8]. La mayor contribucion al consumo de oxigeno renal esta dada por
el transporte activo de sodio, el cual depende de la actividad mitocondrial [9]. Debido
a los diferentes requerimientos energéticos a lo largo de la nefrona, cada segmento
tubular tiene una abundancia mitocondrial diferente [8,10,11], teniendo una mayor
densidad mitocondrial aquellos segmentos con mayor tasa de reabsorcién, como el
PT contorneado y la TAL [10].

Por otro lado, la actividad del sistema de fosforilacion oxidativa (OXPHOS)
mitocondrial también depende del tipo y disponibilidad de sustratos [12]. Si bien en
el rifdn la demanda energética es predominantemente sostenida por la 3-oxidacion
de acidos grasos [13], existe una preferencia de cada segmento de la nefrona por
ciertos sustratos. En el caso del PT, la OXPHOS es mantenida predominantemente
por la B-oxidacion de &cidos grasos de cadena media y larga, seguidos por los
cuerpos cetonicos, el acido lactico e intermediarios del ciclo del acido citrico como
el malato [14,15], siendo el aporte glucolitico de ATP casi inexistente en este
segmento [8]. Por su parte, el TDL posee una densidad mitocondrial pobre y un
aporte de la OXPHOS limitado, siendo los sustratos preferidos el piruvato y la
glucosa [8]. Mientras que en la parte medular, la glicdlisis anaerobia tiene una mayor
contribucion [8]. Al contrario, en la TAL y el TD, el alto consumo de oxigeno genera
un enriquecimiento mitocondrial, en donde se oxidan &cidos grasos, cuerpos
cetdnicos, glucosa, lactato, glutamato y glutamina pero no malato, succinato o
citrato [11]. Finalmente en el caso de los conductos colectores, los experimentos de
deprivacion de sustratos revelan que estos son capaces de mantener el contenido
de ATP intracelular incluso después de 30 minutos de deprivacion [16], sugiriendo

gue poseen una alta actividad glicolitica, asi como reservas enddgenas de sustratos.

Estudios de microscopia confocal multifotdnica han demostrado que el potencial de
membrana mitocondrial (AWYm) también cambia a lo largo de la nefrona. En estos
estudios en ratones anestesiados, se reveld un mayor AYm en el PT, seguido por
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la TAL [17,18]. Ademas, en estados patolégicos como la hipoxia, el A¥Ym
rapidamente colapsa en el PT, pero no en el DT [18]; lo cual es consistente con la
pobre capacidad de PT para obtener energia de la glucdlisis [8]. La funcion renal
depende en gran parte del equilibrio entre los procesos que regulan la dindmica y
recambio mitocondrial (fision, fusion, biogénesis y mitofagia) [8,19], por lo que las
patologias mitocondriales son un factor muy importante en el desarrollo de diversas
enfermedades renales [20-22].

El rindbn se considera como el segundo Organo con mayor capacidad de
gluconeogénesis solo después del higado [23]. En condiciones fisioldgicas
normales, la contribucion del rifidn a la glucosa en sangre es del 25%, sin embargo
esta puede llegar hasta cerca del 45% después de ayuno prolongado [24]. Esto se
ha asociado principalmente a la capacidad del rifidn sintetizar glucosa a partir de
precursores no carbohidratos como los acidos carboxilico y los amino acidos [25].
En condiciones normales sustratos representan el 90% de la gluconeogénesis en el
riion: lactato, glutamina, glicerol y alanina. Sin embargo, estas contribuciones
pueden llegar a variar durante periodos de ayuno [24,25]. Para el analisis de la
gluconeogénesis renal, dicho o6rgano puede considerarse divido en dos
compartimientos separados, la corteza donde produce y libera glucosa
principalmente por el PT, y la medula en la que la gluconeogénesis es minima y se
utilizan altas cantidades glucosa [26]. EI PT, en especial el segmento S3 del mismo,
reabsorbe glucosa y sintetiza la mayor cantidad de glucosa, pero no es capaz de
metabolizarla, dada la falta de actividad y abundancia de enzimas glucoliticas como
la hexocinasa en este segmento [26]. En contraste, en las regiones medulares de la
nefrona como el asa de Henle, la glucosa en el fluido tubular es minima y asi como
la gluconeogénesis, sin embargo estas regiones usan glucosa proporcionado por el
TP y entregada por del flujo sanguineo [24,26]. Por otro lado, la mitocondria renal
tiene un papel fundamental en la a gluconeogénesis en los segmentos corticales,
esto a partir del aporte de ATP necesario para esta via biosintética [24—26]. De
hecho, la abundancia mitocondrial en estos segmentos correlaciona con la
expresion y actividad de las enzimas gluconeogenicas como la fosfoenolpiruvato
carboxiquinasa, asi el consumo de lactato, glutamina y alanina en los mismos
[23,26]. Asi mismo, el suministro de piruvato a partir de amino acidos como la
glutamina y el glutamato, depende de las transaminasas mitocondriales y del
correcto flujo en el ciclo de Krebs [23,26]. AUn mas, dicha produccion es sensible a
inhibidores del ETS como la antimicina A [24—-26], confirmando el papel fundamental
de la mitocondria en la regulacion de esta via metabdlica.

Adicionalmente, las mitocondrias se consideran como un eje central en la regulacion
redox celular en el rifién, dado que dicho organelo es uno de los principales sitios
de produccion de especies reactivas de oxigeno ROS en la célula [21,27]. En las
mitocondrias, la produccion de ROS, incluso en condiciones no patolégicas,
depende directamente de la actividad de las deshidrogenasas del sistema de
transporte de electrones (ETS), de la B-oxidacion y del ciclo de Krebs [28,29]. Por
lo que, multiples sitios de produccion de ROS han sido identificados hasta ahora,
cuyas contribuciones dependen de la disponibilidad de sustratos y el balance
energeético, entre otros factores [12,28]. De igual manera, la mitocondria y las ROS
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producidas por dicho organelo también pueden regular la activacion el inflamosoma
NLRP3 y el desencadenamiento de la muerte celular por apoteosis [30]. La
activacion mitocondrial del inflamosoma NLRP3 lleva a la activacion de la
sefalizacion mediada por el factor nuclear kappa B (NF-kB) en células
proinflamatorias como los macrofagos, monocitos y neutrofilos [30], contribuyen asi
a los procesos regenerativos o fibroticos en el rifién [31,32]. Aunado a esto, la
mitocondria junto con la aldosterona, median la transicion epitelio-mesenquimo en
las células tubulares [33], regulando la respuesta al dafio renal.

Por otro lado, 98% —99% de la carga filtrada por la nefrona de Ca?* es reabsorbida
por los tubulos renales a partir del transporte activo secundario dependiente de la
produccion de ATP mitocondrial [34]. Dicho organelo no solamente sostiene la
absorcién del Ca?* en los segmentos tubulares, si no que junto con el reticula
endoplasmico (ER) es considerado como uno de uno de los sitios principales de
regulacion de la concentracion intracelular de Ca?* [35,36]. En condiciones de
reposo, la concentraciéon mitocondrial de Ca?* es de aproximadamente 100-200 nM.
Sin embargo, bajo estimulacion, las mitocondrias pueden acumular de 10 a 20 veces
mas Ca?* que el compartimento citosélico [36]. La membrana externa mitocondrial
(MOM) es altamente permeable al Ca?* gracias a los altos niveles del canal selectivo
de aniones dependientes de voltaje (VDAC). Mientras que la entrada de Ca?* a
través de la membrana interna mitocondrial (MIM) esta regulada principalmente por
el complejo del uniportador mitocondrial de Ca?* (MCU) y esta regulada por el AWm
[35,36]. Por ultimo, las mitocondrias interactian fisica y funcionalmente con una
gran cantidad de organelos, siendo la interaccion con el ER de particular interés
para la regulacion celular [37]. La comunicacion entre estos organulos es a traves
de las membranas mitocondrias-ER asociadas (MAM), las cuales tiene un papel
fundamental en las funciones celulares como la sefalizacién de Ca?*, el transporte
de lipidos, el metabolismo energético y la muerte [37,38]. Por tal motivo, cualquier
alteraciéon en los segmentos renales hay una estrecha correlacion entre las
funciones mitocondriales y del ER [39].
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2. Antecedentes

2.1. La insuficiencia renal aguda (AKI) y la enfermedad renal crénica (CKD)
El término insuficiencia renal aguda (AKI) se utiliza para englobar un conjunto de
patologias que se caracterizan por un deterioro repentino de las funciones renales
en un intervalo de tiempo relativamente corto, generando un aumento en la
creatinina en sangre, asi como la desregulacion en la homeostasis acido-base y
osmotica del rifién [40,41]. A nivel mundial, se ha observado un aumento creciente
en el numero de casos de AKI durante las Ultimas dos décadas [42], estimandose
gue anualmente 13 millones de personas experimentan episodios de AKI [43]. Esto
genera un escenario alarmante, puesto que la AKI se asocia con altas tasas de
mortalidad en pacientes con complicaciones cardiovasculares [44]. Si bien existen
diversas causas de la AKI, las m&s comunes son: procesos isquémicos o de
oclusion, asi como el consumo de ciertos farmacos y la exposicion a contaminantes
ambientales, son [45-48].

Por otro lado, la enfermedad renal cronica (CKD) se da como resultado de una serie
de insultos agudos y/o continuos, que generan la pérdida inicial de nefronas. En un
intento por compensar dicha pérdida, el rifibn desencadena cambios
hemodinamicos, vasculares e inflamatorios, que conducen a una mayor pérdida de
nefronas, generando asi dafios a largo plazo y la pérdida progresiva de la funcion
renal [49,50]. De acuerdo con la Kidney Disease Outcomes Quality Initiative
(KDOQI) de la Fundacion Nacional Americana del Rifidén, que toma como principal
pardmetro de referencia a la tasa de filtracion glomerular (GFR), la CKD en humanos
puede definirse como: una GFR menor a 60 mL/min/1.73 m? por 3 meses 0 mas,
junto con anormalidades funcionales y estructurales en el rifiédn, que puede o no
manifestarse por el incremento en los marcadores clinicos de dafio renal [51]. La
naturaleza progresiva de la enfermedad llevé a la KDOQ)I a clasificarla en 5 estadios
tomando como parametro la caida en la GFR, donde menos de 15 mL/min/1.73m?
se considera como estadio 5 o enfermedad renal en etapa terminal, punto en el cual
el paciente precisa de didlisis o trasplante para sobrevivir.

En las ultimas décadas, el numero de pacientes con CKD ha aumentado
dramaticamente, pasando a la lista de las principales causas de mortalidad a nivel
mundial, del puesto 27 en 1990 al puesto 18 en 2014 [52,53]. En México, la CKD
representa la octava causa de defuncién en varones y la sexta en mujeres de entre
20 a 59 afos. La situacion en nuestro pais es alarmante debido a que presenta el
mayor incremento en el nimero de pacientes por millén de habitantes de América
Latina [54,55] y las mayores tasas de mortalidad en pacientes [56,57]. En estudios
realizados en poblaciones americanas se ha identificado a la hipertension, la
diabetes mellitus, la hiperlipidemia, la proteinuria, la obesidad, el tabaquismo y el
uso indiscriminado de medicamentos como los principales factores de riesgo en la
poblacién [49,51,58].

Asi mismo, se ha demostrado tanto en modelos animales como en pacientes, que
un episodio fuerte de AKI o una serie de ellos puede resultar en el desarrollo de
CKD [5,50,51]. Dado que ambas enfermedades estan consideradas como
problemas crecientes de salud publica en todo el mundo [59-61] y al hecho de que
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los enfoques clinicos muchas veces son insuficientes para prevenir el avance de
estas enfermedades [49,51,62], se ha propuesto la idea de que para desarrollar
mejores terapias se debe partir de una visibn mas integrativa de los procesos
involucrados en la génesis de la AKI y su progresion hacia la CKD [40,63].

2.1. Las mitocondrias y su papel en la enfermedad renal

Los rifiones tienen una alta demanda energética y un alto consumo de oxigeno
asociado a la OXPHOS [8,26]. Ademas de ser las principales productoras de ATP
en el rifion, las mitocondrias modulan funciones celulares relacionadas a la
homeostasis de calcio, apoptosis y sefalizacion celular [21,64—-66] y se les
considera como uno de los principales sitios de generacién de ROS [28], las cuales
en exceso contribuyen al desarrollo y progresiéon de diversas enfermedades. Dado
que la homeostasis mitocondrial es esencial para el mantenimiento de la funcion
renal [66], en los ultimos afios ha tomado fuerza la idea de que la disfuncién
mitocondrial juega un papel fundamental en la génesis y el desarrollo de
enfermedades renales [22,66—68].

2.1.1. Alteraciones en la bioenergética mitocondrial en la AKI y la CKD

Se ha demostrado en los modelos in vivo de AKI inducidos por cisplatino,
isquemial/reperfusion [17], gentamicina [17] y maleato [69], que los segmentos
tubulares ricos en mitocondrias como el PT y TAL son los mas propensos a sufrir
dafio. Ademas, en estos modelos existe una correlacion entre el dafio tubular y
alteraciones mitocondriales tales como: la disminucion en el AWm, la caida en los
niveles de ATP y un desplazamiento de la dinamica mitocondrial hacia la fision
[17,69]. Aunado a esto, las alteraciones en la bioenergética mitocondrial se han
relacionado con defectos tubulares en pacientes con patologias renales, como el
sindrome de Fanconi, el sindrome de Bartter y la enfermedad renal quistica, entre
otros [20,70].

En el caso de la CKD, esta se desarrolla como resultado de un conjunto de
mecanismos patologicos, que incluyen variaciones hemodinamicas, hipertrofia,
inflamacion, fibrosis y estrés oxidante [50]. Por lo que la pérdida continua de
nefronas desencadena una hipertrofia compensatoria y el aumento en la sintesis de
biomacromoleculas en el rifion [50]. Asi mismo, la GFR por nefrona (snGFR)
aumenta, favoreciendo mayores tasas de reabsorcion de solutos y por tanto mayor
consumo de energia por nefrona [71,72]. El aumento en la reabsorcion de solutos y
la hipertrofia compensatoria generan una demanda excesiva de ATP en los
segmentos tubulares, lo cual se ha postulado que induce estrés en las mitocondrias
[50,73-75]. En la literatura existe un consenso de que las mitocondrias en la
progresion hacia la CKD no son capaces de responder efectivamente a este
aumento en la demanda de ATP [73,76,77], como lo demuestra la acumulacién de
fosfato inorganico, los bajos niveles de ATP, el aumento en el consumo de oxigeno
y la disminucién del transporte de sodio en el rifion. Dichos cambios se han descrito
ampliamente en pacientes con CKD [78-80] y son particularmente mayores en los
segmentos altamente dependientes del ATP mitocondrial, como el PT [81-84].

En el caso de los modelos de CKD por nefrectomia, en estudios realizados a 8, 12
y 13 semanas después de la cirugia, se observaron menores niveles de ATP en la
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corteza renal, un menor AWm, alteraciones en el ETS y especificamente una menor
actividad de los complejos mitocondriales | (CI) y lll (ClII) y la pérdida de la definicién
de las crestas mitocondriales en el PT [32,85,86]. Lo que sugiere que en estadios
avanzados hay una acumulacién de mitocondrias disfuncionales y con produccién
ineficiente de ATP [32,74,85-88]. En comparacion, a 9 meses de evolucion en la
CKD inducida por isquemia/reperfusion, se observo la acumulacion de mitocondrias
pequefias, con crestas anormales y signos de degradacion proteolitica [89,90].
Aunado a esto, evidencias recientes sugieren que el ciclo de Krebs renal también
se encuentra disfuncional en la CKD. En las biopsias renales de pacientes con CKD
se ha descrito una reduccién en los niveles de mRNA de las proteinas del ciclo de
Krebs y de los metabolitos de esta via en orina [80].

En conjunto, estos datos sugieren que las alteraciones en la bioenergética
mitocondrial son un mecanismo comun involucrado en la progresion hacia la CKD.
Sin embargo, nuestro conocimiento sobre las alteraciones en la bioenergética
mitocondrial renal y su participacion en la progresion hacia la CKD es limitado, dado
que la informacion existente en la literatura es escasa. Aunado a esto, los datos
acerca de las mediciones bioenergéticas y del consumo de oxigeno mitocondrial
realizadas por oximetria de baja resolucién en algunos casos son contradictorios
[91-93] y los trabajos existentes se han realizado en un solo tiempo [73,74,93]. Por
lo que, hasta la fecha, no existe una descripcion temporal de los cambios que
ocurren en las mitocondrias a lo largo de la progresion hacia la CKD.

2.1.2. Las ROS mitocondriales y el estrés oxidante

Los niveles excesivos de ROS mitocondriales conducen al estrés oxidante, definido
como un desequilibrio entre la produccion de ROS y el sistema antioxidante [94]. El
cual se ha asociado ampliamente con cambios en la bioenergética mitocondrial
[73,91,95] y con la alteracién en los procesos que regulan la dinamica y recambio
mitocondriales [96,97]. De hecho, el estrés oxidante se ha relacionado con la
génesis y la progresiéon de diversas patologias renales incluidas la AKl y la CKD
[98-100]. En el caso de la AKI, en diversos modelos animales se ha descrito que el
aumento del estrés oxidante precede a la pérdida del AWYm y al aumento en los
marcadores de dafio renal clinicos [20,101-104]. Por su parte en los estudios de
progresion hacia la CKD, la participacion del estrés oxidante, y en especial el
mitocondrial, estd menos estudiada. En el caso de los modelos de nefrectomia, a
las 24 h posteriores a la cirugia, se describi6 un aumento en la produccion
mitocondrial de ROS y un aumento en los niveles de los marcadores de estrés
oxidante en la mitocondria [73]. Por su parte, en estadios mas avanzados,
posteriores a los 28 dias, se ha reportado que los niveles de ROS mitocondriales y
los marcadores de estrés permanecen altos, asi como una disminucién en los
niveles de glutation reducido (GSH) y una actividad reducida de la superéxido
dismutasa (SOD) mitocondrial [32,85,86,88,105]. Tomados en conjunto, estos datos
sugieren un estado pro-oxidante permanente en las mitocondrias a lo largo de la
progresion hacia la CKD, sin embargo, esta hipétesis no ha sido mediante estudios
temporales.
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Recientemente se propuso que en condiciones patologicas, las mitocondrias
integran un mecanismo de retroalimentacion positiva de produccion de ROS con la
NADPH oxidasa (Nox) en el rifidén, la cual presenta subunidades membranales tanto
en la membran citoplasmica como mitocondrial [87,106,107]. Como se describe en
la figura 2, en modelos murinos las ROS mitocondriales son capaces de activar a la
proteina cinasa C (PKC), lo que conduce a la fosforilacion de la subunidad p47phox
de la Nox y por tanto a la activacion de esta enzima [108,109]. Por su parte, el
aumento excesivo en la produccion de ROS por la Nox puede inducir la disfuncién
del ETS mitocondrial, principalmente en el CI, favoreciendo asi el aumento en la
produccion de ROS mitocondriales [107,109]. Este mecanismo es particularmente
importante ya que la sobreactivacion de la Nox ha sido ampliamente reportada en
diversos modelos de CKD y se ha relacionado fuertemente con el dafio tubular, la
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Figura 2. Mecanismo Nox/mitocondria de aumento de la produccion de ROS.
La sobre activacion de la Nox aumenta la produccién de superéxido (O2"), el cual
genera estrés oxidante en las mitocondrias. Dicho estrés promueve
modificaciones postraduccionales irreversibles en proteinas mitocondriales,
especialmente en componentes del ETS, desacoplando a la mitocondria y
aumentando la produccion de ROS mitocondriales. Por su parte, las ROS
mitocondriales activan a la Nox, mediante la activacion de diversas isoformas de
la PKC. Esto desencadena la fosforilacién de la subunidad p47phox de Nox, que
aumenta la activacién de esta enzimay por tanto la produccion de O;". Este circulo
vicioso de produccion de ROS induce el estrés oxidante y contribuye a la
progresion hacia la CKD. ETS= sistema de transporte de electrones; CI-CV=
complejos mitocondriales | a V; Nox= NADPH oxidasa, PKC= proteina cinasa C;
ROS= especies reactivas de oxigeno; pSer304 = fosforilacion de serina 304.
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glomeruloesclerosis, el aumento en las citocinas proinflamatorias y los factores
profibroticos [110-112], asi como la sobreactivacion del sistema renina-
angiotensina Il [113-115].

Adicionalmente, se sabe que las ROS mitocondriales son capaces de promover
diversos procesos relacionados con la progresion de la CKD. Tal es el caso del
factor inducible por la hipoxia (HIF), el cual puede ser estabilizado por las ROS tanto
en normoxia como en hipoxia [82,116]. Aunado a esto, se sabe que HIF activa
procesos como la inflamacion, la apoptosis y posteriormente la fibrosis, relacionados
a la pérdida progresiva de la funcion renal [117]. Asi mismo, las ROS mitocondriales
también pueden activar al inflamasoma NLRP3, el cual aumenta la respuesta
inflamatoria activando la sefalizacion mediada por el factor nuclear kappa B (NF-
KB), contribuyendo aun mas al proceso fibrético [31,32]. De igual manera, las ROS
mitocondriales junto con la aldosterona favorecen la transicion epitelio-mesénquima
en las células tubulares [118], promoviendo asi el proceso fibrotico.

2.1.3. Dindmica mitocondrial y recambio en el dafio renal

La mitocondria es un organelo altamente dinamico, el cual se encuentra
constantemente involucrado en procesos de fision (fragmentacion) o fusion (union).
Asi como en procesos de degradacion de sus componentes dafiados y de sintesis
de nuevos componentes (biogénesis). En conjunto, estos procesos determinan su
morfologia, tamafio y distribucién a lo largo de la célula [119,120]. La fusién
mitocondrial esta regulada por las proteinas implicadas en la fusion de la MOM
mitofusinas 1 (Mfnl) y 2 (Mfn2), y por la proteina que participa en la fusion de la
MIM, la proteina de atrofia Optica 1 (Opal) [19]. Por otro lado, el proceso de fision
estd regulado por la proteina 1 relacionada a la dinamina (Drpl) y por cuatro
proteinas adaptadoras: la proteina de fision 1 (Fisl), el factor de fisibn mitocondrial
y los factores de alargamiento mitocondrial 1y 2 [19,121].

Por otro lado, la bioenergética mitocondrial esta estrechamente coordinada con la
dinamica, favoreciendo la fisién o la fusién dependiendo de la demanda de energia
[107,108]. Asi mismo, las ROS mitocondriales pueden regular la morfologia y la
dinamica mitocondrial, favoreciendo el estrés oxidante en términos generales y la
fragmentacién de las mitocondrias y su posterior degradaciéon [122]. Por lo tanto,
existe una estrecha relacion entre los procesos bioenergéticos, redox y dinamicos
en las mitocondrias [123].

Por otro lado, el proceso de degradacion selectiva de las mitocondrias por autofagia
se conoce como mitofagia. Este proceso estd regulado por la cinasa putativa
inducida por PTEN 1 (Pinkl), cuyo aumento en la MOM es causada por la
despolarizacién de las mitocondrias [124]. La proteina Pinkl activa a la E3-
ubiquitina ligasa Parkin, que ubiquitina a las proteinas de la MOM permitiendo el
reclutamiento de maquinaria de autofagia [122]. La importancia de este proceso
radica en eliminar a las mitocondrias dafadas, evitando asi la acumulacion nociva
de mitocondrias dafiadas y por tanto el aumento del estrés oxidante [125].

En el caso del rifidn, en los modelos de AKI por cisplatino y maleato, se ha descrito
un desplazamiento de la dinamica mitocondrial hacia la fision [19]. Asi mismo, se ha
descrito la acumulaciéon de proteinas de autofagia y de mitofagia en ratas con
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nefrectomia a los 28 dias posteriores a la cirugia [74]. Esto en conjunto con estudios
de microscopia electrénica que revelan la acumulacion de cuerpos autofégicos,
podria indicar una mitofagia defectuosa en el dafo renal [74,126]. Sin embargo
existen discrepancias en los cambios temporales en las proteinas de dinamica
[73,74,88,92,127] y biogénesis mitocondriales [74,88] en la AKI y su transicion hacia
la CKD, mientras que los datos existentes sobre la mitofagia son insuficientes [74].
Por lo tanto, mayores estudios de estos mecanismos permitirian profundizar mas
acerca de su papel en las alteraciones de la funcién mitocondrial en la enfermedad
renal, esto con el objetivo de desarrollar terapias que permitan prevenir el avance
de la CKD.

2.2. La S-glutationilacion y la regulacion de la homeostasis mitocondrial

Si bien es cierto que un aumento sostenido y descontrolado en la produccion de
ROS se relaciona con el dafio en diversas patologias [111], la nocidn de que algunas
ROS juegan un papel como segundos mensajeros en la sefalizacion celular es
también un concepto bien aceptado [128]. Este papel dual ha generado la propuesta
de que las ROS poseen un efecto hormético, que consiste en generar un estimulo
a bajas concentraciones, pero tienen un efecto perjudicial a niveles superiores [129].
En estudios recientes se ha demostrado que la sefalizacién por ROS juega un papel
importante en la regulacion de funciones renales como la gluconeogénesis, el
transporte de glucosa, la retroalimentacion tdbulo-glomerular y la reabsorcion
[111,129-131]. Para que la sefalizacion redox pueda considerarse como tal, se
requiere de la existencia de una serie de sensores sensibles a cambios rapidos en
el microambiente redox [128,129]. Los grupos tiol (SH) de las cisteinas, parecen ser
los candidatos ideales, ya que pueden ser modificados postraduccionalmente
dependiendo de los cambios redox [97] y del microambiente [97,132]. Estas
modificaciones postraduccionales (PTMs) son conocidas como S-oxidaciones.

Recientemente una PTM, la S-glutationilacién (la adicion reversible de una molécula
de glutation, GSH) se ha comenzado a considerar como un mecanismo de
sefalizacion redox [96,97]. En el caso de la S-glutationilacion enzimética, esta es
de caracter reversible y es inducida por aumentos leves en las concentraciones de
ROS o glutation oxidado (GSSG). Ademas esta modificacibn compite por los
residuos de cisteina con otras modificaciones post-traduccionales de caracter
irreversible [133]. Sin embargo, el aumento excesivo en la S-glutationilacion de
caracter no enzimatico se ha considerado tradicionalmente como un marcador de
estrés oxidante [134]. Diversos autores han sugerido de manera reciente que la S-
glutationilacion enzimética ejerce efectos protectores de la homeostasis celular
[96,97]. Lo que confirma el concepto de que los mecanismos de la homeostasis
redox celular son muy complejos y aun no se entienden totalmente [130].

En el caso de las mitocondrias, estas poseen una gran cantidad de proteinas cuya
actividad es regulada por la S-glutationilacion enzimatica, involucradas en procesos
como el ciclo de Krebs, la 3-oxidacion, el ETS, la OXPHOS, el transporte de solutos
y la apoptosis [96,97,128,129]. En el caso del ETS, esta PTM se ha asociado con la
regulacion de la actividad de los complejos mitocondriales y disminucion en la
produccion de ROS por los mismos, previniendo asi en contextos de mayor estrés
oxidante un aumento posterior en la produccion de ROS mitocondriales [96,135] y
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protegiendo a las cisteinas contra PTMs irreversibles [130]. Por tal motivo, se ha
comenzado a considerar a la S-glutationilacibn como un mecanismo protector de la
homeostasis mitocondrial que permite ligar el metabolismo energético con el estado
redox mitocondrial [96,97].

Finalmente, aunque que la S-glutationilacion esta implicada en la regulacion del
estado redox, el estado energético y la homeostasis mitocondrial, su papel en los
trastornos mitocondriales en el rifion no se ha evaluado [130]. Por lo que los estudios
que nos permitan comprender su papel en la disfuncién mitocondrial en las distintas
enfermedades renales podrian ser de gran relevancia para el desarrollo de terapias
destinadas a preservar la funcion renal y mitocondrial en estas patologias.

2.3. El modelo de dafio renal por acido félico (FA) y la N-acetilcisteina
(NAC)

Una sobredosis de acido félico (FA) en roedores o en humanos induce la rapida
disminucién de la funcion renal, la muerte celular en el epitelio tubular, anomalias
morfolégicas en el parénquima renal y la aparicion de cristales de FA en los
segmentos tubulares. Por lo tanto, el dafio renal inducido por FA es un modelo
experimental ampliamente utilizado para estudiar la AKI, el cual recrea en gran
medida la patologia observada en la clinica [15] y es altamente reproducible
[136,137]. Aunado a esto, altas dosis de FA o bajas dosis administradas en
repetidas ocasiones son capaces de inducir la inflamacién y fibrosis cronica, lo que
promueve la transicion AKI-CKD en menos de 28 dias, haciéndolo un modelo
valioso para explorar los mecanismos involucrados en dicha transicion
[136,138,139].

Aunqgue la necrosis tubular aguda, la obstruccion tubular, la liberacion de citocinas,
el estrés oxidante y los procesos necroticos y apoptoticos se han implicado en este
modelo, caracteristicas que también son encontradas en la AKI en humanos, los
mecanismos moleculares por los cuales la FA induce AKI siguen siendo poco
conocidos [136,137,140,141]. De igual manera, se ha descrito que la administracion
de FA induce en homogeneizados renales una caida drastica en los niveles de GSH
y un aumento en los marcadores de estrés oxidante, o que sugiere que cambios en
la S-glutationilacion podrian estar presentes en este modelo. Asi mismo, en la AKI
inducida por FA, se ha reportado una disminucion en los niveles de mRNA de las
subunidades de los complejos mitocondriales, asi como de la proteina 1a
coactivadora del receptor activado por el proliferador de peroxisomas (PGC-1a),
factor maestro de la biogénesis mitocondrial, asi como del factor de transcripcion
mitocondrial A (TFAM) [142,143]. En conjunto estos resultados sugieren una
reduccion en la biogénesis mitocondrial. Sin embargo, la bioenergética mitocondrial,
asi como las alteraciones redox y su contribucion al desarrollo de AKI en este
modelo no han sido evaluadas. Curiosamente, los procesos inflamatorios y fibroticos
han sido relacionados en otros modelos con el deterioro mitocondrial [44—46], lo que
sugiere que, en el modelo de FA, la bioenergética mitocondrial y el deterioro del
estado redox son persistentes en la transicion de AKI-CKD. Sin embargo, dicha
hipotesis tampoco ha sido evaluada aun [30,118,127].
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Por ultimo, la N-acetilcisteina (NAC) es un donador de grupos sulfhidrilo, permeable
a la membrana celular, precursor intracelular del GSH, la cual ejerce actividad
selectiva como antioxidante con ciertas ROS [144,145]. Debido a que el estrés
oxidante juega un papel fundamental en la AKIl, diversos grupos han investigado a
la NAC como potencial agente protector [146]. En la clinica se ha demostrado que
la administracion oral de NAC disminuye el aumento en los marcadores de dafio
renal e inflamacién en las nefropatias inducida por contraste o por cirugia cardiaca
[145,147]. Asi mismo, en los modelos animales de hiperoxaluria e
isquemial/reperfusion, la NAC previene la pérdida del potencial mitocondrial, el
estrés oxidante y los cambios en el metabolismo energético [148,149].

Por tales motivos, la NAC se perfila como un poderoso agente capaz de prevenir la
disfuncién mitocondrial y renal en la AKI inducida por FA. Aunado a esto, dada su
capacidad de aumentar el cociente GSH/GSSG, se propone que la administracion
de NAC inducira el aumento en la S-glutationilacion mitocondrial, preservando asi
la bioenergética y el estado redox en dicho organelo y, por tanto, evitando la pérdida
de la funcién renal inducida por FA. Sin embargo, hasta el momento dicha hipétesis
no se ha explorado.
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3. Justificacion

La relevancia de este proyecto se basa en que actualmente, los mecanismos
moleculares, en especial los relacionados con las mitocondrias, por los cuales se
induce la AKI y su progresion hacia la CKD siguen siendo poco conocidos. Debido
a que la funcion renal depende ampliamente de la homeostasis mitocondrial,
estudios que nos permitan comprender el papel de las alteraciones mitocondriales
dentro las enfermedades renales podrian ser de gran relevancia dado que la
informacion existente en la literatura es escasa, fragmentaria, en algunos casos
contradictoria, y que hasta el momento no se han realizado estudios temporales de
las alteraciones mitocondriales. Este estudio nos permitira entender no sélo el papel
de la disfuncion mitocondrial en la AKI, sino también su avance temporal y su
participacion en el establecimiento de la CKD. Para poder responder estas
preguntas se evaluaran cambios en la funcién (alteraciones en la bioenergética,
dinamica y estado redox), en la ultraestructuray en la S-glutationilacion mitocondrial
durante la AKI, ademas de la progresion de estos cambios en la transicién hacia la
CKD. Entender estos mecanismos mitocondriales abrira la posibilidad de plantear
estrategias que permitan prevenir o retrasar su avance, aminorando asi el impacto
de esta enfermedad en la salud publica nacional. En este sentido la realizacién de
este proyecto también pretende evaluar la administracién de NAC como un posible
pretratamiento que permita prevenir la disfuncién mitocondrial, la AKI y por tanto el
desarrollo de la CKD.
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4. Hipotesis

El desarrollo de la AKI inducida por FA estard asociada a la pérdida de la
homeostasis bioenergética y redox mitocondrial, generadas por la disminucién en la
S-glutationilacién, favoreciendo ademas alteraciones en la ultraestructura vy
dindmica de este organelo. Dichas alteraciones persistiran después de la AKI,
permitiendo asi la disminucion progresiva de la OXPHOS y el aumento del estrés
oxidante, lo cual favorecera el desarrollo de la CKD en este modelo. Por su parte la
NAC prevendra dichas alteraciones mitocondriales al modular el estado redox
mitocondrial, previniéndose el desarrollo de la AKI y, por tanto, su transicion hacia
la CKD.

5. Objetivos

5.1. Objetivo general

Primera parte del proyecto, la AKI:

Determinar si en la AKI inducida por FA existen alteraciones en la bioenergética,
ultraestructura, dinamica y estado redox mitocondrial y si estas se relacionan a
cambios en la S-glutationilacion de las proteinas mitocondriales.

Segunda parte del proyecto, la transicion hacia la CKD:

Determinar si en la transicion hacia la CKD inducida por FA hay una persistencia
del dafio mitocondrial observado en la AKI, para caracterizar su posible papel en la
progresion del dafio renal.

5.2. Objetivos particulares
» Caracterizar las alteraciones en el consumo de oxigeno mitocondrial, la
capacidad de la OXPHOS y los cambios en el AWYm en los distintos estados
respiratorios.

Identificar los cambios en la actividad de los complejos mitocondriales.

Evaluar el estado redox mitocondrial y la actividad de las enzimas
involucradas en el sistema de S-glutationilacién.

» Analizar los cambios en la ultraestructura, morfologia y dindmica
mitocondriales.

» En cuanto al tratamiento con NAC previo a la induccién de dafio por FA:

* Investigar si tiene algun efecto sobre los posibles cambios
mencionados en cada uno de los objetivos previos.

« Evaluar si es capaz de prevenir el desarrollo de la AKI.

« Evaluar si al prevenir el dafio mitocondrial este es capaz de evitar el
desarrollo de la CKD.

6. Materiales y métodos

6.1. Reactivos
Los siguientes reactivos se adquirieron de Sigma-Aldrich (St. Louis, MO, EUA):
adenosina 5 -difosfato de sodio (ADP), ADN de testiculo de salmén, acetato de
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uranilo, Amplex-red, antimicina A, anti-conejo conjugado a particulas de oro,
albumina sérica bovina (BSA) libre de acidos grasos, anticuerpos primarios contra
p62 y actina, azida de sodio (NaNs), azul de bromofenol, cacodilato de sodio,
carnitina (C), L-arginina, m-clorocarbonilcianuro fenilhidrazona (CCCP), 1-cloro-2,4
dinitrobenceno (CDNB), colagenasa de Clostridum histolyticum (tipo Il), citrato de
plomo, citocromo ¢ de corazén equino, desoxicolato de sodio, D-glucosa, cloruro de
difeniliodonio (DPI), cloruro de sodio (NaCl), cloruro de potasio (KCI), cloruro de
cobre Il (CuCl2), dihidroetidio (DHE), D-manitol, acido 5,5-Dithiobis-2-nitrobenzoico
(DTNB), decilubiquinona (DuB), la sal de sodio de hidrato de 2,6-diclorofenol
(DCPIP), &cido etilenglicol-bis(B-aminoetiléter)-N,N,N',N-tetraacético (EGTA), FA,
glicerol, GSH, GSSG, glucosa-6-fosfato deshidrogenasa (G6PDH), glutation
reductasa (GR), glutation-S-transferasa (GST), glutamato de sodio, hexocinasa,
peroxidasa de rabano picante (HRP), acido 4-(2-hidroxietil)-1-
piperazinetanosulfénico (HEPES), K-lactobionato, cianuro de potasio (KCN), cloruro
de manganesio (MgClz), L-ascorbato, NC-nitro-L-arginina metil éster (L-NAME),
malato de sodio, NAC, fosfato dibasico de sodio (Na2HPO4), fosfato monobésico de
sodio (NaH2PO4), nitroazul de tetrazolio (NBT), sal de potasio de nicotinamida
dinucledtido fosfato oxidado y reducido (NADPH y NADP*), nicotinamida adenina
dinucledtido (NADH), N-etilmaleimida (NEM), floruro de sodio (NaF), ortovanadato
de sodio (NasVOas), oligomicina A, palmitoil-carnitina, resina epon, fluoruro de
fenilmetilsulfonilo (PMSF), Percoll®, rotenona, safranina O, succinato de sodio,
dodecilsulfato de sodio (SDS), sulfato de magnesio (MgSQOa), taurina, tetréxido de
osmio, tetrametil-p-fenilendiamina (TMPD), tioredoxina, tioredoxina reductasa, Tris-
HCI, Tween 20, sacarosa, 3-bensoxazol-2-il-3-bensil-3H-[1,2,3]triazolo[4,5-
d]pirimidin-7-il sulfuro (VAS2870), xantina, xantina oxidasa (XO), 2-vinilpiridina (2-
VP) y B-mercaptoetanol. El alcohol etilico, cloruro de calcio (CaClz), bicarbonato de
sodio (NAHCOg3), formaldehido, glutaraldehido, paraformaldehido, peréxido de
hidrogeno (H202), sulfato de amonio (NH4SO2) y la sal disédica del acido
etilendiaminotetraacético (EDTA) dihidratada se obtuvieron de JT Baker México
(Edo. México, México). Los anticuerpos contra malondialdehido (MDA) y 4-
hidroxinonenal (HNE) y el coctel de anticuerpos OXPHOS, fueron adquiridos de
Abcam (Cambridge, MA, EUA). Mientras que los anticuerpos contra Drpl, Fisl,
Opal, Mfnl, Mfn2 y el canal aniénico dependiente del voltaje (VDAC) a fueron
adquiridos de Santa Cruz Biotecnology (Dallas, TX, USA). El cdActel de inhibidores
de proteasas libre de EDTA se adquiri6 de Roche Applied Science (Mannheim,
Alemania). El polifructosan se adquiri6 de Fresenius Kabi-Austria GmbH (Graz,
Austria) y el pentobarbital sédico se compré de Salud y Bienestar Animal S.A.
(Ciudad de México, México). Estuches comerciales de Spinreact (Girona, Espafia)
se utilizaron para medir el BUN y la creatinina plasmatica. El estuche del ensayo de
actividad de la glutaredoxina (Grx) se adquirio de Cayman Chemical (Ann Arbor, Ml,
EUA). La linea celular de tabulo proximal derivada de rifién porcino (LLCPK1, ATTC
CL-101), se adquiri6 de American Type Culture Collection (ATCC, Rockville, MD,
EUA). El medio de cultivo Dulbecco’'s Modified Eagle's (DMEM), suero fetal bovino
(FBS) y la penicilina y estreptomicina se compraron de Biowest (Riverside, MO,
EUA).
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6.2. Modelo experimental

Los protocolos experimentales fueron aprobados por el comité de Bioética e
Investigacion de la Facultad de Quimica (FQ/CICUAL/171/16 y FQ/CICUAL/260/18)
y se realizaron de acuerdo con las pautas de la Norma Oficial Mexicana Guias para
el uso y cuidado de animales de laboratorio (NOM-062-Z00-1999) y para la
eliminacién de residuos biologicos (NOM-087-SEMARNAT-SSA1-2002). El modelo
experimental consistio en 4 grupos de ratas Wistar macho (n=5), de 250 a 300 g de
peso:

I.  Vehiculo (V). Administrado Unicamente con solucién de NaHCO3 300 mM
via intraperitoneal.
II.  FA. Tratados con una sola inyeccion intraperitoneal de FA (300 mg/kg) para
inducir la AKI [140,142].
llIl.  NAC+FA. Tratados con dos dosis de NAC (300 mg/kg) via intragastrica 24 y
2 h antes de la inyeccion de FA (pretratamiento) [145,150].
IV. NAC. Administrado Unicamente con NAC 24 y 2 h antes de la inyeccion del
vehiculo.

En el primer protocolo experimental (Fig. 3) después de la administracion de los
correspondientes tratamientos, las ratas se colocaron en cajas metabdlicas por un
periodo de 24 h para la recoleccion de la orina. Los animales se sacrificaron
después de 24 h de la induccion del dafio, para esto se anestesiaron via
intraperitoneal con pentobarbital sédico (90 mg/kg) y se colocaron en una mesa
homeotérmica (37°C). Una vez comprobada la ausencia de reflejos se procedié a
extraer la sangre y ambos rifiones, el rifién izquierdo se utilizdé para el analisis
ultraestructural y el rifion derecho para el aislamiento de las mitocondrias.
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Ratas Wistar macho de 250-300 g (n =5 por grupo)

(V= NaHCO;)
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Figura 3. Esquema del primer modelo experimental in vivo correspondiente
alafase aguda alas 24 h. Los animales de los cuatro grupos experimentales
se sacrificaron 24 h después de administracion del FA o V. FA= Acido folico,
NAC= N-Acetilcisteina, V= Vehiculo.

Por su parte en el segundo modelo experimental, para estudiar los fenémenos
asociados a la transicion entre la AKI hacia la CKD, se conservaron los mismos
cuatro grupos experimentales del primer modelo (ver Fig. 3). Sin embargo, se dejé
progresar el dafio renal. Por lo que el andlisis experimental se realiz6 los dias 2, 4,
7, 14 y 28 después de la administracién de FA, manteniéndose una n= 5 por grupo
y para cada periodo de tiempo (Fig. 4). Las ratas se alojaron en un cuarto asignado
con temperatura controlada con un ciclo de luz-oscuridad de 12-12 h, se
mantuvieron con agua y alimentos ad libitum.
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Figura 4. Esquema del segundo modelo experimental correspondiente a la
evolucién temporal de los 4 grupos experimentales. Se presentan los dias de
sacrificio posteriores a la administracion del FA o el V, en los cuales se evaluaron
los diferentes parametros. d= dias posteriores a la administracion de FA; FA= Acido
félico, NAC= N-Acetilcisteina, V= Vehiculo.

6.3. Marcadores de dafio renal y parametros hemodinamicos

La determinacion de los marcadores de dafio renal de BUN y creatinina en plasma
se realiz6 mediante el uso de estuches comerciales (Spinreact, Girona, Espafia).
Brevemente, el ensayo de la creatinina se baso en la reaccion de la creatinina con
el picrato en medio alcalino, la cual forma un complejo rojizo cuya intensidad puede
ser seguida a 495 nm y es proporcional a la concentracién de creatinina en la
muestra. Por su parte la determinacion de BUN se baso6 en la disminucion de la
absorbancia a 340 nm del NADH por accion coordinada de la enzima glutamato
deshidrogenasa y la ureasa, la cual es proporcional a la concentracién de la urea
total en la muestra [73].

Con el objetivo de determinar las alteraciones hemodinamicas, las ratas se
anestesiaron via intraperitoneal con pentobarbital sédico (60 mg/kg) y se colocaron
en una mesa homeotérmica (37°C). Una vez comprobada la ausencia de reflejos se
cateterizaron la traquea, ambas venas yugulares, ambas arterias femorales y la
vejiga con catéteres de polietileno PE-240, PE-50 y PE-90, respectivamente. Para
el mantenimiento del equilibrio de hidratacion, las ratas se mantuvieron bajo una
infusion de BSA isoténica (6 g/dL) durante la cirugia, seguida de una infusién
fisioldgica de solucion salina isotonica (0.9%) a 2.2 mL/h [73].

La presion arterial media (MAP) se monitore6 por medio de un transductor de
presién (Modelo MLT844, AD Instruments, Colorado Springs, CO, EUA) colocado
en la arteria femoral y los datos se registraron por el sistema de adquisicion de datos
Power Lab (Advanced Instruments Inc., Needham Heights, MA, EUA). El rifidn
izquierdo se expuso y se colocé en una capsula de lucita. Para impedir la
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deshidratacion de la superficie del rifidn, este se cubrié con un algodén empapado
con solucién salina. La medicion del flujo sanguineo renal (RBF) se realizé con una
sonda de flujo ultrasénico con transito de 2 mm (TS420, Transonic System, NY, NY,
USA) colocada alrededor de la arteria renal izquierda, la cual se cubrié con gel de
acoplamiento de ultrasonidos Realizocon para registrar. La resistencia vascular
renal (RVR) se calculé con la formula RVR= MAP/RBF. Se tom6 una muestra de
sangre en microcapilares y se centrifugdé en una centrifuga para micro hematocrito
(MICRO-MB, Thermo IEC, Thermo Fisher Scientific Inc, Waltham, MA, USA) y se
leyd con un lector de microcapilares (Damon IEC Division, Needham Heights, MA,
USA).

Para evaluar la tasa GFR las ratas se infundieron con polifructosan al 5% en
solucién salina isotonica a una velocidad de 2.2 mL/h. La infusién se dejo un periodo
de 60 minutos para alcanzar el equilibrio y se obtuvieron muestras de plasmay orina,
posteriormente, se recolecto la orina por un periodo de 30 minutos y se obtuvieron
nuevamente muestras de plasma. El contenido de polifructosan se midio
espectrofotométricamente a 450 nm en plasma y orina, para el célculo de la GFR
[73]. El flujo plasmatico renal (RPF) se calcul6 con la féormula RPF= RBF*(1-
hematocrito); mientras que la fraccion de filtracion (FF) se definio como FF=
GFR/RPF.

6.4. Estudios histoldgicos y de microscopia electronica de trasmision

Para los estudios histolégicos, los rifiones se retiraron inmediatamente y se
seccionaron después del sacrificio. Una porcion del tejido se fij6 inmediatamente
por inmersion en una solucion de formaldehido al 10% disuelta en solucion salina
amortiguada con fosfatos (PBS), a pH 7.4. Después de 1 dia de fijacion, las
secciones de rifidn se deshidrataron con soluciones de concentracion progresiva de
alcohol y se incrustaron en parafina. Se obtuvieron secciones de 5 um de ancho,
las cuales se tifieron con hematoxilina y eosina (H&E) o tricromica de Masson,
respectivamente, para su evaluacion histoldgica.

Para los estudios ultraestructurales de microscopia electronica se fijaron pequefios
fragmentos de tejido renal con glutaraldehido al 2.5% en amortiguador de cacodilato
0.15 M. Posteriormente se fijaron con tetradxido de osmio al 1%, se deshidrataron
con concentraciones crecientes de alcohol etilico y se infiltraron en resina EPON™
(London Resin Company, London, Reino Unido). Las secciones ultrafinas se
colocaron secciones de 70 a 90 nm en rejillas de cobre y se contrastaron con sales
de acetato de uranilo y citrato de plomo. Posteriormente se observaron con un
microscopio electronico (Tecnai Spirit BioTwin, FEI, Hillsboro, OR, EUA), para la
captura de las micrografias correspondientes.

Para los estudios de inmunomicroscopia electronica, fragmentos pequeiios de la
corteza renal se fijaron por inmersion de 2 h a 4 °C en paraformaldehido al 4% en
amortiguador Sérensen pH 7.4 y se embebieron en resina hidrosoluble LR-White.
Secciones delgadas de 70-90 nm se montaron en rejillas de niquel y se incubaron
durante toda la noche a temperatura ambiente con el anticuerpo respectivo.
Después de un lavado exhaustivo, se incubaron a temperatura ambiente durante 2
horas con IgG de cabra anti-conejo conjugado a particulas de oro de 5 nm. Las
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rejillas se contrastaron con sales de uranio y se analizaron con el mismo
microscopio electrénico mencionado anteriormente.

6.5. Aislamiento de mitocondrias

El aislamiento de las mitocondrias del tejido renal se realizé a partir de un protocolo
de centrifugacion diferencial con gradientes de Percoll previamente descrito [73].
Brevemente, de manera inmediata después del sacrificio, el rifion decapsulado se
enfri6 inmediatamente por inmersién en solucion de medio de aislamiento “A” (D-
manitol 225 mM, sacarosa 75 mM, EDTA 1 mM, HEPES 5 mM, BSA al 0,1% pH =
7.4) a 4°C. El tejido se lavo para eliminar la sangre y se corté un tercio del rifién en
pequefios trozos, los cuales se suspendieron en 2 mL de medio de aislamiento “A”
en un homogeneizador de vidrio Potter—Elvehjem. Dichos fragmentos se
homogeneizaron por 4 pulso con un mortero de TeflonVR acoplado a un taladro.

El homogeneizado se centrifugd durante 5 minutos a 2,500 x g a 4°C y el
sobrenadante se volvié a centrifugar 10 minutos a 12,000 x g a 4°C. El botén
resultante se resuspendié en una solucion de 12% de Percoll con medio de
aislamiento “A”. Dicha solucion se coloco cuidadosamente sobre una cama de 1.5
mL de Percoll al 24% en medio de aislamiento “A”, generandose 2 fases. Las
muestras se centrifugaron a 15,000 x g durante 15 min a 4°C. Finalmente la fraccion
enriguecida en mitocondrias que corresponde a la parte inferior del tubo se
resuspendié en medio de aislamiento sin BSA (medio “B”) y se centrifugd de nuevo
a 12,000 x g durante 5 min como lavado. El botén resultante se resuspendi6 en 180
puL de medio de aislamiento B. La proteina total se cuantifico por el método de Lowry.

6.6. Consumo de O y B-oxidacion mitocondriales

La evaluacion del consumo mitocondrial de Oz se realizo utilizando un equipo de
respirometria de alta resolucién (Oxygraph O2k, OROBOROS, Innsbruck, Austria)
a 37 °C. Brevemente, 200 ug de mitocondrias recién aisladas se adicionaron a una
celda con un volumen total de 2 mL de medio de respiracion MiR05: EGTA 0.5 mM,
MgCl2 3 mM, lactobionato de potasio 60 mM, taurina 20 mM, KH2PO4 10 mM,
HEPES 20 mM, sacarosa 110 mM y BSA libre de acidos grasos 1 g/L.

El transporte de electrones se inicié mediante la adicion de los sustratos ligados al
complejo | (CI) [piruvato 5 mM, malato 2 mM y glutamato 10 mM] o por la adicién
del sustrato ligado al complejo Il (CIl) [succinato 10 mM mas inhibidor del ClI,
rotenona 0.5 pM]. La respiracion asociada al Cl més el Cll (Cl + CIl) se determiné
mediante la adiciéon de los sustratos ligados al Cl y al ClI, pero sin la presencia de
rotenona. La respiracion en el estado 3 respiratorio (S3) se estimul6 a partir de la
adiciéon de ADP 2.5 mM. Mientras que para el estado 4 respiratorio inducido por
oligomicina (S40), se adicion0 oligomicina 2.5 pyM. Por su parte, para la
determinacion de los parametros respiratorios asociados a la B-oxidacion
mitocondrial, se utilizaron los sustratos aptos para el riidn: L-carnitina 2 mM,
palmitoil-L-carnitina 2 yM mas malato 2 mM [151].

Todos los parametros anteriormente mencionados se corrigieron por respiracion
residual (ROX), obtenida tras la adicién de rotenona 0.5 pM mas antimicina A 2.5
UM (inhibidor del CIlI). El indice de control respiratorio (RCI) se definio a partir de la
relacion S3/S4o0 y la respiracion asociada a la OXPHOS (P) se definio como S3-S40
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[152]. Todos los valores se normalizaron sobre el contenido total de proteina
determinado por el método de Lowry [152].

6.7. Potencial de membrana mitocondrial (AY¥Ym)

Los cambios en el AWYm en los diferentes estados respiratorios se determinaron
utilizando un fluorémetro de 02k (OROBOROS, Innsbruck, Austria) a partir de los
cambios en la fluorescencia del colorante catidnico Safranina O (2 a 5 uM) en medio
MiRO5 [28]. Para estimular la respiracion CI, Cll o CI + CIlI, se agregaron los
sustratos respectivos (ver seccion 6.6). EI AWYm mitocondrial en S3 se obtuvo
mediante la adicion de ADP saturado 2.5 mM y en S4o por la adicion de oligomicina
2.5 uM. Para disipar completamente el AWm y corregir por las interacciones no
especificas de la safranina, se anadi6 CCCP 5 uM. Se emplearon curvas de
calibracion de safranina para garantizar la linealidad del ensayo. Los resultados se
expresaron como los cambios en la concentracion medible de safranina O (AuM de
S) en S3 0 S40 con respecto al desacoplamiento de CCCP vy los resultados se
normalizaron por miligramo de proteina utilizados (AuM de S/mg de proteina).

6.8. Actividad de los complejos mitocondriales

Las actividades de los complejos mitocondriales se determinaron utilizando el
protocolo antes descrito [73]. Brevemente: la actividad de CI y del CIl se
determinaron a partir de la desaparicion de la absorbancia del decilubiquinol a 600
nm. Mientras que la actividad del Clll se evalu6 por el aumento en la absorbancia
del citocromo ¢ a 550 nm. Finalmente, la actividad del complejo IV (CIV) se evalud
por el consumo de oxigeno en presencia de TMPD mas ascorbato. La actividad de
cada complejo se determiné en experimentos por separado. Las técnicas se
describen a continuacion:

6.8.1. Actividad del complejo | (CI)

La medicion se realizd utilizando placas de 96 pozos. Las mediciones de
absorbancia se realizaron utilizando un lector de microplacas Synergy-Biotek
(Biotek Instruments, Winooski, VT, EUA). En cada pozo se coloc6 la mezcla de
reaccion, la cual contenia: BSA 3.5 mg/mL, DCPIP 67 uM, antimicina A 1 uM, NADH
0.2 mM, KCN 0.2 mM PBS 30 mM (pH 7.4), en un volumen total de 300 uL y se
adicionaron 5 pg de proteina mitocondrial. Para cada muestra se realiz6 un
duplicado al cual se le adiciond rotenona 13 uM como inhibidor. Ambos pozos se
incuban simultdneamente 5 min a 37°C. A continuacion, se adicionaron 6 uL de DuB
3.12 mM en cada pozo para dar inicio a la reaccion, la placa se agité por 5 sy se
realiz6é una cinética con lecturas cada 20 s por 3 min. La actividad total de la enzima
se calculé como la actividad sin inhibidor menos la actividad enzimética con inhibidor
presente. La activad (A) se calcula como:

Ao (AAbs/min )(1000)
(mg prot * &pcpip)

Siendo epcrip el coeficiente de extincion molar del DCPIP= 19.1 mM-1cm1.

6.8.2. Actividad del CII.
La técnica se realizd en placas de 96 pozos, utilizando un lector de microplacas
Synergy-Biotek (Biotek Instruments). En cada pozo se colocé la mezcla de reaccion
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la cual contenia: BSA 5 mg/mL, DCPIP 67 uM, antimicina A 1 uM, succinato 15 mM,
KCN 0.2 mM, PBS 30 mM (pH 7.4), en un volumen total de 300 pL y se adicionaron
5 pg de proteina mitocondrial. Para cada muestra se efectué un duplicado al cual
se le adicion6 malonato 10 mM como inhibidor, ambos pozos se incubaron
simultdneamente durante 5 min a 37°C. La reaccion se inicio por adicion de 6 pL
DuB 3.12 mM, la placa se agit6 por 5 sy se realiz6 una cinética de 3 min con lecturas
cada 20 s. La actividad de la enzima total se calculé como la actividad sin inhibidor
menos la actividad con inhibidor. La activad (A) se calcula como:

Ao (AAbs/min )(1000)
(mg prot * epcpip)

Siendo epcrip el coeficiente de extincion molar del DCPIP= 19.1 mM-1cme.

6.8.3. Actividad del CIII.

La técnica se realizd en placas de 96 pozos, utilizando un lector de microplacas
Synergy-Biotek (Biotek Instruments). En cada pozo se colocé la mezcla de reacciéon
la cual contenia: BSA a 0.4 mg/mL, Tween 220 uM, rotenona 1 uM, KCN 0.4 mM,
MgCl2 0.6 mM, EDTA 0.1 mM, citocromo C oxidado 17 pM, PBS 30 mM (pH 7.4),
en un volumen total de 300 pL y se adicionaron 2.5 ug de muestra mitocondrial. A
cada muestra se le realiz6 un duplicado al cual se le adicion6 antimicina A 30 uM
como inhibidor, ambos pozos se incuban simultdneamente 8 min a 37°C. Se
adicionaron 5 puL DuB reducida 3.12 mM para iniciar la reaccién, la placa se agité
por 5 sy se realizé una cinética de 3 min cada 15 s. La actividad total de la enzima
se calculd como la actividad sin inhibidor menos la actividad enzimética con inhibidor
presente, donde la actividad de la enzima se calcul6 como:

Ao (AAbs/min )(1000)
(mg prot * Ecit cred)

Siendo €.;; . req €l CO€ficiente de extincion molar del citocromo c reducido= 18.5 mM-
1 -1
cm,

6.8.4. Actividad del CV.

La actividad del CIV se determindé en medio de respiracion MiR05 suplementado
con rotenona 0.5 pM mas antimicina A 2.5 pM. La evaluacion del consumo
mitocondrial de Oz se realiz6 utilizando un equipo de respirometria de alta resolucion
(Oxygraph O2k, OROBOROS) a 37 °C. Para iniciar la reccién se estimulé el
consumo de oxigeno mediante la adicion de TMPD 0.5 mM mas ascorbato 2 mM,
posteriormente se adicion6 NaNs como inhibidor especifico. La actividad total de la
enzima se calculé como el consumo de oxigeno sin inhibidor menos el consumo de
oxigeno con presencia del inhibidor.

6.9. Actividad de la ATP sintasa.

La actividad de la ATP sintasa se determind de manera indirecta a partir de la tasa
de sintesis del NADPH a 340 nm, al acoplar la reaccion de la ATP sintasa a la de la
hexocinasa y a la de la glucosa 6-fosfato deshidrogenasa [153] (Fig. 5).

La técnica se realizd en placas de 96 pozos, utilizando un lector de microplacas
Synergy-Biotek (Biotek Instruments). En cada pozo se colocaron: hexocinasa 4
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U/mL, G6PDH 2 U/mL, glucosa 20 mM, NADP* 1.4 mM, los sustratos ligados al ClI
o al ClI (ver seccion 6.6), PBS 40 mM (pH = 7.4), en un volumen total de 300 pL y
se adicionaron 30 pug de mitocondrias frescas. La reaccion se inicié con 200 mM de
ADP y se siguio por 3 min cada 30 s. Se utilizé oligomicina 10 uM como inhibidor
especifico, la cual se preincubd por 3 min y se siguid la cinética con oligomicina por
3 min cada 30 s. La actividad enzimatica total se calcul6 como la actividad sin
inhibidor menos la actividad con inhibidor presente, en el que la actividad (A)
corresponde a:

Ao (AAbs/min )(1000)
(mg prot * &eyappu)

Siendo enaprH el coeficiente de extincidon molar del NADPH= 6.22 mM-1cmX.

Evaluacion de actividad: ATP sintasa

Se cuantifica cantidad de NADPH producido, equivalente [ il UL ]
al ADP fosforilado por ATP sintasa. (1 NADPH: 1ATP) o O R AR i

Reacciones Acopladas: + e

ATP sintasa
Sustrato + ADP ——————% Producto + ATP

0000 ||
Fumarato
.\‘:n' Succinato 3
Hexocinasa ADP + Pi \(,/*\
ATP + Glucosa =y G6P + ADP Matriz - £

10,4

-
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NADPY,
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G6P + NADP* 6-fosfogli + NADPH [
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NADPH > absorbe a 340nm NADPH+ H*

ADP
G6P = Glucosa-6-fosfato TAMO /
G6PD = Gl 6-fosfato deshid

Figura 5. Reacciones acopladas utilizadas para determinar de manera
indirecta la actividad de la ATP sintasa. El aumento de la absorbancia a 340nm
es directamente proporcional a la actividad de la ATP sintasa.

6.10. Produccion de H202 mitocondrial

La velocidad de produccién de H202 mitocondrial se midi6 utilizando un fluorémetro
de O2k (OROBOROS, Innsbruck, Austria) y usando Amplex Red (10 uM) como
sonda. Brevemente, mitocondrias recién aisladas se resuspendieron en 2.0 mL de
medio de respiracion MiR05 suplementado con HRP 0.5 U/mL. Para obtener la
velocidad de produccion de H202 en los diferentes estados respiratorios, se
emplearon adiciones secuenciales como se describié previamente (seccion 6.6) y
se emplearon curvas de calibracion de concentraciones de H202 para asegurar la
linealidad del ensayo, una vez realizada la misma la velocidad de produccion de
peréxido de hidrogeno corresponde a la primara derivada del cambio en la
concentracion de H202 en funcion del tiempo, determinada por el equipo [154]. La
produccion basal de H202 se obtuvo mediante la adicion de mitocondrias, la
produccion alimentando al Cl en S4 (S4 ligado a Cl) se midié mediante la adicion
de sustratos ligados a Cl. La produccién alimentando al Cl S3 (S3 ligado a Cl) se
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determind mediante la adicion de ADP 2.5 mM. Para determinar la produccion
alimentando al Cl mas Cll en S3 (S3 ligado a CI+ClIl) se afiadi6 succinato de sodio
10 mM. Finalmente, se afadio oligomicina 2,5 uM para determinar la produccion en
S40 (S4o ligado a CI+CII).

6.11. Marcadores de estrés oxidante

Los cambios en los niveles de los marcadores de estrés oxidante MDA y 4HNE se
evaluaron a partir de la evaluacion de dichas modificaciones en las proteinas por
Western Blot (WB; ver seccion 6.16). Por su parte la inactivacion de la actividad de
aconitasa mitocondrial se midi6 como un marcador de estrés oxidante mitocondrial.
Para esto se determind la velocidad de formacién del producto intermedio cis-
aconitato a 240 nm [155]. La actividad mitocondrial de la aconitasa se normalizé
sobre la actividad de la citrato sintasa. Brevemente, la actividad del citrato sintasa
se determind a partir del aumento en la absorbancia a 412 nm del aducto &cido 5-
tio-2-nitrobenzoico [156]. Ambas técnicas se realizaron en placas de 96 pozos,
utilizando un lector de microplacas Synergy-Biotek (Biotek Instruments) y las
actividades se expresaron como nanomol por minuto por miligramo de proteina
(nmol/min/mg de proteina).

6.12. Actividad de las enzimas antioxidantes
Las actividades de las enzimas antioxidantes en las muestras correspondientes se
realizaron de acuerdo a la siguiente metodologia:

6.12.1. Superodxido dismutasa (SOD)

La actividad de la SOD se determiné espectrofotométricamente a 560 nm utilizando
nitroazul de tetrazolio (NBT) como indicador [156] (ver Fig. 6). Las mediciones
realizaron en placas de 96 pozos, utilizando un lector de microplacas Synergy-
Biotek (Biotek Instruments). Para esto se prepardé una mezcla de reaccion con:
xantina 0.3 mM, de NBT 150 uM, EDTA 0.6 mM y Na2COs 400 mM, en un volumen
total de 332 pL por pozo y la cinética se inicio por adicion de 30 pL de XO (5 mg/mL
en NH4SO2 2M). La reaccion se dejé avanzar por 15 minutos y se adicion6 0.8 mM
de CuClz paraparar la reaccion. La absorbancia se determind a 560 nm en cada una
de las muestras y en un control positivo sin muestra. Se definié una unidad (U) de
la SOD como la cantidad de enzima que evita la oxidacién de 1 mol de NBT por
minuto (en comparacion con el control positivo), los resultados se expresaron como
U/mg proteina usados.
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Figura 6. Sistema utilizado para determinar la actividad de la superéxido
dismutasa (SOD). La xantina oxidasa (XO) utiliza xantina para producir anién
superoxido (O2) el cual a su vez oxida al nitroazul de tetrazolio (NBT) para producir
formazéan, compuesto que absorbe a 560 nm. La actividad de la SOD en la muestra
previene la produccién de formazan al abatir los niveles de O, por lo que disminuye
los incrementos en la absorbancia a 560 nm con respecto al control positivo, lo que
se considera como una medida directa de la actividad de la SOD.

6.12.2. Glutation peroxidasa (Gpx)

La actividad de la Gpx se determind a partir la desaparicion del NADPH en una
reaccion acoplada a la GR (ver Fig. 7). Las mediciones se realizaron en placas de
96 pozos, utilizando un lector de microplacas Synergy-Biotek (Biotek Instruments).
Para esto se preparé una mezcla de reacciéon con: EDTA 1 mM, NaNs 1 mM, GSH
1 mM, NADPH 0.2 mMy GR 1 U/mL en PBS 50 mM pH 7.4. La muestra se adicion6
a 300 pL de mezcla de reaccion y el ensayo se inicié por la adicion 30 yL de una
soluciéon 1.25 mM de H20:. Las lecturas se realizaron cada 30 s por 3 minutos. Una

H,O,
1 2GSH
NADP* + H*
GPx
(presente en GR
la muestra)|
’“Tk/\l:::)\:/\f
i GSSG f!j ) M
2H,0 A A T
Desaparicion de
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Figura 7. Sistema utilizado para determinar la actividad de la enzima glutation
peroxidasa (GPx) en homogeneizados. La GPx reduce al H,O; al oxidar el glutation
(GSH) a glutatién oxidado o disulfuro (GSSG), mientras que la glutation reductasa (GR)
en una reaccion acoplada utiliza el NADPH para volver a reducir el GSSG a GSH. Por
tanto, la desaparicion de la absorbancia a 340 nm del NADPH se considera como una
medida indirecta de la actividad de la GPx en la muestra.

unidad (U) de GPx se defini6 como la cantidad de enzima que oxida 1 mol de
NADPH en un minuto, los datos se expresaron como U/mg de proteina utilizados.

6.12.3. Peroxiredoxina (Prx)

La actividad de la Prx se determin6 a partir de la oxidacion de NADPH en una
reaccion acoplada a la tioredoxina reductasa y a la tioredoxina [157] (ver Fig. 8).
Las mediciones realizaron en placas de 96 pozos, utilizando un lector de
microplacas Synergy-Biotek (Biotek Instruments). Se preparé una mezcla de
reaccion con: tioredoxina 500 pM, tioredoxina reductasa 50 uM, H202 1 uM, EDTA
1 mM, sulfato de amonio 100 mM, PBS 25 mM pH 7.0. La muestra se adicion6 a
200 pL de mezcla de reaccion y el ensayo se inicié por la adicion de NADPH 150
MM. Las lecturas se realizaron cada 15 s por 3 minutos. Una unidad (U) de Prx se
definié como la cantidad de enzima que oxida 1 mol de NADPH en un minuto, los
datos se expresaron como U/mg de proteina utilizados.

Hy0;

- /SP
NADP+ TrXR g x|
s
/SPOH
S
\
NADPH Trx ~ _~Sp SgH
SH Prx_ |
S5

340 nm

Figura 8. Sistema utilizado para determinar la actividad de la enzima
peroxiredoxina (Prx). La Prx reduce al peréxido de hidrogeno (H-O-) al oxidar a sus
grupos tiol (S), formando un puente disulfuro. Dicho puente es reducido por la
tioredoxina (Trx) al oxidar a sus propios grupos tiol, formando un nuevo puente
disulfuro en la Trx. Finalmente, la tioredoxina reductasa (TrxR), reduce a la Trx de
manera dependiente del NADPH. Por tanto, la desaparicion de la absorbancia a 340
nm del NADPH se considera como una medida indirecta de la actividad de la Prx en
la muestra. Esquema modificado de Nelson et al, 2013, [157].
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6.12.4. Catalasa

La determinacion de la actividad de la catalasa se realizé por medio del método
basado en el seguimiento de la desaparicion de H202 30 mM por absorbancia de
dicha molécula a 240 nm al adicionar la muestra (ver Fig. 9). Los datos se
expresaron como la constante de primer orden (k) sobre los mg de proteina

, Descomposicion de H;O,

Desaparicion de H;0;a |

240 nm catalasa 075 ﬁ"‘-w.‘
4 (presents en la muestra) E
2 05 qn,“
M 9  — QHEO + 02 o .-

1= min

Figura 9. Esquema utilizado para determinar la actividad de la enzima catalasa
en homogeneizados. Se considera la desaparicion de la absorbancia (DO) a 240
nm al adicionar la muestra como una medida directa de la actividad de esta enzima.

utilizados.

6.13. Niveles de GSH y actividad de las enzimas del sistema de S-
glutationilacion

6.13.1. Contenido total de glutation, GSH y GSSG

El contenido total de glutation (GSH + GSSG) y los niveles de GSSG se midieron
en homogeneizados frescos utilizando el método descrito previamente [158]. El
ensayo de glutation total se basa en la reaccion del GSH con el DTNB para producir
el aducto GS-STNB, el cual es medido a 412 nm. Para tal ensayo se adicion0
previamente GR y NADPH a los homogeneizados, quedando Unicamente el GSH,
el cual luego reacciona libremente con el DTNB. La tasa de cambio en la
absorbancia se compar6 con estandares de concentracion conocida de GSH.

Por otro lado, la medicion de los niveles de GSSG se realizo de igual manera, pero
las muestras se incubaron previamente con 2-vinil piridina (2-VP), la cual reacciona
especificamente con el GSH de manera irreversible. De esta manera la formacién
del aducto GS-STNB es atribuible Unicamente al GSH formado a partir de la
reduccion del GSSG por la GR. Finalmente, los niveles de GSH se determinaron
restando el contenido de GSSG en las muestras tratadas con 2-VP al contenido total
de glutation de las muestras sin 2-VP. Todas las mediciones fueron normalizadas
por el contenido de proteinas determinada por el método de Lowry.

6.13.2. Actividad de la Grx

La actividad de eliminacién de S-glutation de Grx se determiné utilizando un estuche
comercial de Cayman Chemical (Ann Arbor, MIl, EUA). Brevemente, la actividad
determinada con el estuche se basa en la reaccion de eliminacion de S-glutation de
una proteina predisefiada, lo cual genera un producto fluorescente. Asi mismo se
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utilizd una curva estandar de calibracion con concentraciones conocidas de Grx
para determinar la actividad en la muestra. Las mediciones se realizaron en placas
de 96 pozos, utilizando un lector de microplacas Synergy-Biotek (Biotek
Instruments).

6.13.3. Actividad de la GST

La actividad de la GST se determiné a partir del aumento en la absorbancia a 340
nm del aducto formado por el GSH y el CDNB (ver Fig. 10). La reaccion se inici
con la adicion de la muestra a 330 uL de mezcla de reaccion (GSH 5 mM, CDNB
1mM en PBS 50 mM pH 7.2) y se realizaron lecturas cada minuto por 3 minutos. Se
definié una unidad de GST (U) como la cantidad de enzima que conjuga 1 mol de
CDNB con GSH en 1 minuto, los datos se expresaron como U/mg de proteina
usados.

SH NGOz
g L/ cl
. | . . Faa
NHy o~ A NH_ _COOH {
" NH SNH
. + NO2 S
COOH o
GSH 1-cloro-2, 4-dinitrobenceno (X)
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(presente en la
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o [rS—,\
NHaw L AN .
N T “‘T\““'/um“
COOH O
Glutation S-conjugado
Lectura a 340 nm

Figura 10. Sistema utilizado para determinar la actividad de la enzima glutatién
S-tranferasa (GST). La GST cataliza la reaccion de conjugacion entre el glutatién
(GSH) y el 1-cloro-2,4 dinitrobenceno (CDNB). El aducto resultante absorbe a 340
nm, por lo que se considera al aumento de la absorbancia a esta A como una medida

de la actividad de la GST en la muestra.
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6.13.4. Actividad de la GR

La actividad de la GR se determiné a partir la medicion de la desaparicion de
NADPH a 340 nM usando GSSG como sustrato (ver Fig. 11). Las mediciones se
realizaron en placas de 96 pozos, utilizando un lector de microplacas Synergy-
Biotek (Biotek Instruments, Winooski, VT, EUA). Para esto se preparé una mezcla
de reaccion con EDTA 1 mM, NADPH 1 mM y GSSG 1 mM, en amortiguador de
fosfatos 100 mM pH 7.4. El ensayo se inicio por la adicién de la muestra a 313 L
de mezcla reaccion, con lecturas cada minuto durante 3 min. La unidad de GR se
defini6 como la cantidad de enzima que oxida 1 mol de NADPH/min, los datos se
expresaron como U/mg de proteina utilizados.

Desaparicion de
NADPH a 340 nm

|
M NADP" + H"*

GR
(presente en la
muestra)

L. ——— 2GSH

Figura 11. Sistema utilizado para determinar la actividad de la enzima glutatién
reductasa (GR). La GR utiliza el NADPH para reducir al glutation oxidado (GSSG) a
glutation reducido (GSH). Por tanto, la desaparicion de la absorbancia a 340 nm del
NADPH se considera como una medida de la actividad de la GR en la muestra.

6.14. Aislamiento de PTy DT

El aislamiento de los segmentos de la nefrona se realizé por el método previamente
descrito [159]. Brevemente, los rifiones se extrajeron, lavaron y picaron sobre una
caja Petri enfriada con hielo. Los fragmentos resultantes se colocaron en 15 mL de
amortiguador KBS a 4 °C: NaCl 110 mM, NaHCO3 25 mM, KCI 3 mM, CaCl2 1.2 mM,
MgSOa4 0.7 mM, KH2PO4 2 mM, acetato de sodio 10 mM, glucosa 5.5 mM, alanina
5mMy 0.5 g/L de BSA pH 7.4. Los tejidos se cortaron y se lavaron tres veces, se
resuspendieron en 10 mL de KBS que contenia 15 mg de colagenasa y 0.5 mL de
BSA al 10% m/v. Posteriormente, se incubaron en un bafio de agua durante 20
minutos a 37 °C, a continuacién, la suspensién tisular se agitdé suavemente para
dispersar fragmentos de tejido y se filtro para eliminar las fibras de colageno. Luego
se centrifugbé suavemente para remover la colagenasa y el botdn se resuspendio en
10 mL de KBS a 4 °C, este procedimiento de lavado se repitio tres veces. Finalmente,
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el boton se resuspendié en 30 mL de una mezcla recién preparada de Percoll y KBS
fria (1:1, v/v). La suspensién se centrifugd a 1,071 x g por 30 min, lo que resulté en
la formacion de 3 bandas, la segunda de las cuales esta enriquecida con tubulos
distales y la tercera con proximales. El contenido de cada fraccion se confirmé por
la observacion en microscopia de luz.

6.15. Determinacion de la produccion de ROS por la NADPH oxidasa (Nox)
y la sintasa de oxido nitrico (Nos)

La determinacion de la producciéon del anion O2° se realizé por el método
fluorescente para homogeneizados de rifion descrito por Satoh et al. (2005). Dicha
prueba utiliza la oxidacion fluorogénica del dihidroetidio a etidio (Eth) como una
medida indirecta de ROS. Los homogeneizados respectivos se incubaron con 0.02
mM de DHE, 0.5 mg/mL de ADN de esperma de salmoén y los sustratos
correspondientes: NADPH 0.1 mM para Nox y L-arginina 1 mM para Nos. Por
separado se realizdé un duplicado con inhibidores respectivos: 10 uM de DPIl y 10
UM de VAS2870 para inhibir a la Nox, y L-NAME 1 mM para la Nos. Las mediciones
realizaron en placas de 96 pozos, utilizando un lector de microplacas Synergy-
Biotek (Biotek Instruments). El ensayo se realizé a 37 °C durante 25 minutos y la
fluorescencia del complejo Eth-DNA se midi6 a longitudes de onda de
excitacion/emisiéon de 480/610 nm. Los datos se expresaron como unidades
arbitrarias de fluorescencia (AUF). Para normalizar la intensidad de fluorescencia
de cada muestra se dividio sobre el promedio del control respectivo y por la cantidad
total de proteina determinada por Lowry.

6.16. Extraccion de proteina y Western Blot

Para la extraccion total de proteinas, las respectivas muestras se resuspendieron
en amortiguador de radioinmunoprecipitacion (RIPA): Tris-HCI 40 mM, NaCl 150
mM, EDTA 2 mM, EGTA 1 mM, NaF 5 mM, NasvVOs 1 mM, PMSF 1 mM,
desoxicolato de sodio al 0.5%, SDS al 0.1% pH 7.6, complementado con el céctel
de inhibidor de proteasas. Las muestras se homogeneizaron usando un
homogeneizador Potter-Elvehjem y se centrifugaron a 15,000 x g durante 10
minutos a 4 °C. Se recogieron los sobrenadantes y la proteina total se cuantificd
mediante el método de Lowry.

Las cantidades de proteina correspondientes se desnaturalizaron hirviéndolas
durante 10 minutos y luego se diluyeron 1:5 en amortiguador Laemmli (Tris-HCI 60
mM, SDS al 2%, glicerol al 10%, B-mercaptoetanol al 5%, azul de bromofenol al
0.01% pH 6.8) [153]. Las muestras (20 ug) y los estandares de peso molecular se
cargaron en geles de SDS-poliacrilamida y se realizd la electroforesis.
Posteriormente, las proteinas se transfirieron a membranas de fluoruro de
polivinilideno (PVDF). La unidn a proteinas no especificas se bloqued por
incubacion con leche en polvo sin grasa al 5% en amortiguador TBS (Tween 20 al
0.4%) durante 1:30 h a temperatura ambiente. Posteriormente, las membranas se
incubaron durante toda la noche a 4 °C con el anticuerpo primario apropiado y
posteriormente durante 1:30 h en la oscuridad con el anticuerpo secundario
fluorescente correspondiente (1:10,000). Las bandas de proteinas se detectaron por
fluorescencia en un equipo Odyssey (LI-COR Biosciences, Lincoln, NE, EUA). Las
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bandas de proteinas se analizaron con el software Image Studio™ Lite LI-COR
Odyssey (LI-COR Biosciences).

6.17. Cultivo celular

Las células epiteliales del PT LLC-PK1 se cultivaron en medio DMEM
suplementadas con FBS al 10% y penicilina/estreptomicina (100/50 U/mL) en una
incubadora con atmaosfera humidificada y CO2 al 5% a 37 °C. Los experimentos se
realizaron a una densidad celular de 44,000 células/cm? [53]. Después de 24 h de
crecimiento, las células se expusieron a NAC 10 mM [56] durante 22 h.
Posteriormente, se reemplazé por NAC 10 mM fresco durante 2 h antes de exponer
a las células a las diferentes concentraciones de FA (2.5-30 mM) durante 24 h. Una
vez terminada la incubacion, se tomaron micrografias con un lector Cytation 5
(BioTek Instruments). Las imagenes en campo claro se capturaron por triplicado con
un objetivo 20X.

6.18. Consumo de oxigeno en células completas

El consumo de oxigeno en las células intactas se determind en un equipo de
respirometria de alta resolucion (Oxygraph O2k, OROBOROS). Después de los
tratamientos con FA, FA+NAC o NAC correspondientes, las células se lavaron con
PBS 1X y se cosecharon. Las determinaciones se realizaron utilizando 2 mL de
medio de cultivo con 10% de FBS a 37 °C. El experimento se inicid mediante la
adicion de las células (2.4 millones como numero inicial). Los parametros
respiratorios se definieron de la siguiente manera: 1) Respiracion de rutina (routine
respiration): consumo de oxigeno en presencia de las células Unicamente. 2)
Respiracion de fuga (Leak respiration): correspondiente al consumo celular de
oxigeno en presencia de oligomicina 5 uM. 3) Respiracion desacoplada (uncoupled
respiration): se determiné mediante valoraciones con 8 uL de DNP 20 uM. 4) P: se
determind mediante la formula: Routine-Leak. Todos los pardmetros anteriores se
corrigieron restando la respiracién no mitocondrial, obtenida mediante la adicion de
rotenona 1 pM mas antimicina 5 pM y se normalizaron por el nimero inicial de
células.

6.18. Andlisis estadistico

Los datos se presentan como la media * error estandar de la media (SEM) y se
analizaron mediante el software Graph Pad Prism 8 (San Diego, CA, EUA). Las
pruebas estadisticas correspondientes se aclaran en cada uno de los pies de figura.
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7. Resultados

7.1. La AKI inducida por FA

7.1.1. El pretratamiento con NAC evita la AKI inducida por FA

Para validar el modelo y determinar el efecto del pretratamiento con NAC sobre la
AKI inducida por FA, se determinaron 24 h después de la administracion de FA, los
niveles de los marcadores BUN y creatinina en plasma, asi como el volumen urinario
y el peso del rifion. Se observé que el FA indujo un aumento notable en la creatinina
(Fig. 12A) y BUN (Fig. 12B) en plasma, asi como un mayor volumen urinario (Fig.
12C) con respecto al grupo control. Sin embargo, no se observaron cambios
significativos en el peso del rifién (Fig. 12 D). Por su parte, el analisis histolégico del
grupo tratado con FA revel6 que abundantes células de PT hinchadas se alternan
con células necrdticas que contienen multiples vacuolas en el citoplasma. Asi mismo,
los multiples tubulos dafiados exhibieron cilindros hialinos en su luz y atrofia epitelial
acentuada (Fig. 13C).
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Figura 12. El pretratamiento con NAC evita la AKl inducida por FA. Marcadores de dafio
renal y el peso del rifion a las 24 h posteriores a la administracion de FA (A) Creatininay (B)
nitrégeno de urea en sangre (BUN) en plasma, (C) volumen urinario y (D) peso del rifién. V=
vehiculo FA= acido félico, NAC= N-acetilcisteina. Los datos se presentan como la media +
SEM, n= 5-6. *p<0.05, **p<0.01, ***p<0.001 vs. V. **p<0.01 vs. FA. ANOVA de una via mas
una prueba de Tukey subsecuente.

Por su parte, el pretratamiento con NAC previno el aumento en los niveles de
creatinina (Fig. 12A) y de BUN (Fig. 12B) en plasma, ademas de evitar ampliamente



el dafio histolégico, ya que solo se observaron areas focales con tabulos corticales
atréficos y segmentos con epitelio regenerativo (Fig. 13D). De manera interesante,
el grupo NAC+FA presentd un aumento del volumen urinario con respecto a los
grupos V y FA. Sin embargo, el grupo NAC no presentd este aumento (Fig. 12C).
No se observaron cambios significativos en el peso del rifidn entre los diferentes
grupos (Fig. 12D), ni dafio histologico renal en el grupo V (Fig. 13A) o en el grupo

Figura 13. Micrografias representativas de tincion H&E de los rifiones de los 4 grupos
experimentales a las 24 h posteriores a la administracion de FA. (A) Histologia de un
rifén normal de un animal tratado Unicamente con el vehiculo. (B) Rifién de un animal tratado
con N-acetilcisteina (NAC), el cual no muestra ninguna anormalidad histologica. (C) En
contraste, el rifidn del animal tratado con &cido félico (FA) muestra extenso dafio tubular con
numerosos tlbulos proximales con necrosis y atrofia (flechas), asi mismo numerosos tubulos
exhiben cilindros hialinos en la luz tubular (asteriscos). (D) El rifion del grupo pretratado
(NAC+FA) exhibe un tubular mucho menor, donde soélo se observan ocasionalmente tibulos
proximales con atrofia (flechas) o actividad regenerativa (asterisco). Todas las micrografias
se tomaron a un aumento de 200x, tincion con hematoxilina y eosina (H&E).
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NAC (Fig. 13B). En conjunto estos resultados confirman la presencia de AKI a las
24 h posteriores a la administracion de FA y el efecto protector del pretratamiento
con NAC sobre la AKI.

7.1.2. LA NAC previene las alteraciones en la bioenergética mitocondrial
relacionadas con la disfuncion del Cl en la AKI inducida por FA

Para determinar si la AKI a las 24 h después de la administraciéon de FA se
relacionaba con alteraciones en la bioenergética mitocondrial, se procedi6 a evaluar
los parametros respiratorios en la respiracion asociada al Cl, al Cll y al CI+CllI (Fig.
14), asi como a los cambios en el AWYm en S3 y S40 (Fig. 15). Cabe resaltar que
como se observa en la Fig. 15A, tras la adicion de las mitocondrias al medio MiR05,
se observo un decremento en la florescencia de la safranina. Indicando la que las
mitocondrias aisladas presentan un potencial de membrana incluso antes de la
adicién de sustratos exdgenos como el PMG (Fig. 15A). Dicho fendmeno ha sido
reportado con anterioridad para colorantes cationicos como la safranina O, los
cuales se un acumulan en la mitocondria dada la existencia de potencial de
membrana enddégeno, generado por la presencia de sustratos enddgenos
residuales del aislamiento [160,161]. Lo que, es mas, dicho potencial se mantiene
solo por periodos cortos tras la adicion de las mitocondrias y es susceptible a la
despolarizaciéon por adiciéon de inhibidores respiratorios como la rotenona o la
antimicina A, confirmando que es generado por metabolitos endégenos residuales
del aislamiento [160,161].

A las 24 h posteriores a su administracion, el FA disminuy6 significativamente los
parametros respiratorios S3, P y RCI en la respiracion ligada al Cl. Asi mismo, el FA
disminuyo el S3 y P en la respiracion ligada al CI+CIl (Fig. 14B). Sin embargo, no
se observaron cambios significativos en ninguno de los parametros respiratorios en
la respiracion ligada al Cll (Anexo 1). De igual manera, el FA disminuy6 el AYm en
S3, sin cambiar el AWYm en S40 (Fig. 15B). Estas alteraciones bioenergéticas
sugieren que el desacoplamiento mitocondrial inducido por FA y la reduccion de la
capacidad de la OXPHOS podrian estar relacionados principalmente a problemas
en la funcién del CI. Por lo tanto, se evaluo la actividad de cada uno de los complejos
del ETS por separado y de la ATP sintasa alimentando al ETS por Cl y por Cll en
experimentos por separado. El FA disminuyo la actividad de la ATP sintasa cuando
ETS se alimentd via ClI (Fig. 16A) o via Cll (Fig. 16B) con respecto al control. De
igual manera, en el grupo tratado con FA, se observé una disminucidon en la
actividad del CI (Fig. 16C). Sin observarse cambios en la actividad del Cll (Fig. 16D),
del CllIl o del CIV (Anexo 2).

Por otro lado, el pretratamiento con NAC previno significativamente la disminucion
en los parametros S3, P y RCI en la respiracién ligada al Cl y en los parametros S3
y P en la respiracion ligada al CI+CII (Fig. 14), asi como la reduccion del AWYm en
S3 (Fig. 15B) y la disminucién en la actividad de la ATP sintasa (Fig. 16A-B) y del
Cl (Fig. 16C). En conjunto los datos muestran que la NAC previene el
desacoplamiento mitocondrial y la reduccion en la capacidad de la OXPHOS en la
AKI inducida por FA. Para respaldar estos resultados, se evaluaron los parametros
respiratorios en células epiteliales del tubulo proximal LLC-PK1 tratadas con FA. El
FA (12.5 mM) a las 24 h redujo significativamente, en las células LLCP-K1, los
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parametros respiratorios: reparacion de rutina y P (Anexo 3). Lo cual es consistente
con los resultados obtenidos con las mitocondrias aisladas de rifiéon (Fig. 3),
confirmando que el FA por si solo reduce la capacidad de produccion de ATP
mitocondrial en el PT. Por su parte, el pretratamiento con NAC 10 mM en las células
LLC-PK1 previno la disminucion de los parametros respiratorios: respiracion de
rutina y P (Anexo 3), confirmando su capacidad de preservar la OXPHOS en el PT.
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Figura 14. LA NAC previene las
alteraciones en los parametros
respiratorios mitocondriales a
las 24 h posteriores a la
administracion de FA. (A)
Esquema del método utilizado para
determinar cada estado
respiratorio. La linea azul
corresponde a la concentracién de
02, mientras que la linea roja
corresponde a la velocidad de
consumo de Oz Las adiciones
estan representadas por flechas
grises. (B) Parametros
respiratorios: estado 3 (S3), estado
4 inducido por oligomicina (S40),
indice de control respiratorio (RCI)
y respiracibn asociada a la
OXPHOS (P) en la respiracién
ligadas a Cl y CI+CIl. V= vehiculo
FA= acido félico, NAC= N-
acetilcisteina. Cl= complejo I, Cll=
complejo Il, Mit= mitocondrias,
PMG= piruvato-malato-glutamato,
S= succinato, S+R=
succinato+rotenona,
Oligo=oligomicina, Rot= rotenona,
Ant= antimicina A, ROX=
respiracion residual. Media +SEM,
n= 5-6. *p<0.05, **p<0.001 vs. V.
*p<0.05, **p<0.01 vs. FA. ANOVA
de una via prueba de Tukey.
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Figura 15. LA NAC previene la disminucion en el potencial de membrana mitocondrial (Aym) a las 24 h posteriores a la administracién de FA.
(A) Esquema del método utilizado para determinar los cambios en el Aym, la linea negra corresponde a la concentracion de safranina O determinada
por fluorescencia. (B) Aym en estado 3 (S3) y en estado 4 respiratorio inducido por oligomicina (S40) en la respiracion ligada a Cl y Cll. V= vehiculo,
FA= acido folico, NAC= N-acetilcisteina. Cl= complejo I, Cll= complejo Il, Saf O= safranina O, Mit= mitocondrias, PMG= piruvato-malato-glutamato, S+R=
succinato+rotenona, Oligo= oligomicina, CCCP= cianuro de carbonilo m-clorofenil hidrazona. Los datos se presentan como la media + SEM, n= 5-6.

*p<0.05, ***p<0.001 vs. V. **p<0.01 vs. FA. ANOVA de una via mas Tukey.
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Figura 16. LA NAC previene la disminucion en la actividad de los complejos
respiratorios y ATP sintasa a las 24 h posteriores a la administracion de FA. Actividad
de ATP sintasa y complejos respiratorios | (Cl) y 1l (Cll) en mitocondrias aisladas. La
actividad de la ATP sintasa se determiné alimentando via (A) Cl y via (B) CII. Actividad de
los complejos mitocondriales (C) Cl y (D) Cll. V= vehiculo FA= &cido félico, NAC = N-
acetilcisteina. Los datos se presentan como la media = SEM, n= 5-7. *p<0.05, ***p<0.001
vs. V. *p<0.05 vs. FA. ANOVA de una via mas prueba de Tukey.

7.1.3. La NAC previene el estrés oxidante mitocondrial en la AKI inducida por FA
Para determinar si las alteraciones en la bioenergética mitocondrial inducen el
aumento del estrés oxidante en este organelo, se evalué la produccién de H202
mitocondrial en los diferentes estados respiratorios. El FA indujo el aumento en
velocidad de produccion de H202 en todos los estados respiratorios (Fig. 17). Asi
mismo, la actividad de las enzimas antioxidantes MnSOD, GPx y Prx en la
mitocondria renal disminuyé en el grupo tratado con FA (Fig. 18). De manera
concordante, el FA indujo el incremento en los niveles de los marcadores de
estrés oxidante mitocondrial MDA (Fig. 19A) y 4HNE (Fig. 19B) y la disminucion
en la actividad de la aconitasa (enzima mitocondrial sensible al estrés oxidante;
Fig. 19C). La actividad de esta ultima se normalizo sobre la actividad de la citrato
sintasa (donde no se observaron cambios) para confirmar que la disminucién de
actividad de la aconitasa se debiera al aumento en el estrés oxidante (Fig. 19C).
En conjunto, estos resultados confirman que el FA induce a las 24 h de su
administracion un estado pro-oxidante en las mitocondrias renales.

Por su parte, el pretratamiento con NAC evitd el aumento en la produccion
mitocondrial de H202 inducido por FA en todos los casos (Fig. 17), el aumento
en los marcadores de dafo oxidante MDA (Fig. 19A) y 4HNE (Fig. 19B), la
disminucién en el cociente de actividades aconitasa/citrato sintasa (Fig. 19C) y
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en las actividades de la MnSOD y la GPx (Fig. 18). Dichos resultados confirman
que la NAC es capaz de evitar el estrés oxidante mitocondrial inducido por el FA.
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Figura 17. LA NAC previene el aumento en la velocidad de produccién de peroxido de
hidrégeno (H202) mitocondrial en los diferentes estados respiratorios. Se evaluaron los
siguientes estados: (A) mitocondrias sin sustratos exégenos, (B) S4 respiratorio alimentando
via Cl, (C) S3 respiratorio alimentando via Cl, (D) S3 respiratorio alimentando via CI+ClI, (E)
S40 alimentando via CI+CIl. V= vehiculo FA= &cido félico, NAC= N-acetilcisteina. Cl=
complejo I, Cll= complejo IlI, S3= estado 3, S4= estado 4. Los datos se presentan como la
media + SEM, n= 5-6. *p<0.05, **p<0.01 vs. V. **p<0.01, ***p<0.001 vs. FA. ANOVA de una
via mas prueba de Tukey.
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Figura 18. LA NAC previene la disminucién en la actividad de enzimas antioxidantes
en mitocondrias aisladas. (A) Superdxido dismutasa dependiente de Mn (MnSOD), (B)
glutatién peroxidasa (GPx) y (C) peroxiredoxina (Prx). V= vehiculo FA= acido félico, NAC=
N-acetilcisteina. Los datos se presentan como la media + SEM, n= 5-6. *p<0.05, ***p<0.001
vs. V. *p<0.05, **p<0.01 vs. FA. ANOVA de una via méas una prueba de Tukey.
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Figura 19. LA NAC previene el aumento en los marcadores de estrés oxidante en
mitocondrias aisladas. Marcadores de lipoperoxidacion (A) malondialdehido (MDA) y (B)
4-hidroxinenal (4HNE) determinados por Western Blot y su cuantificacion por densitometria.
Se utilizé al canal aniénico dependiente de voltaje (VDAC) como control de carga. Los datos
se presentan como la media + SEM, n =3. (C) Actividades de las enzimas aconitasa y citrato
sintasa, asi como el cociente de ambas actividades (Aco/CitSin). V= vehiculo FA= acido
félico, NAC= N-acetilcisteina. Los datos se presentan como la media + SEM, n=5-6. *p<0.05,
**p<0.01, **p<0.001 vs. V. *p<0.05, **p<0.01 vs. FA. ANOVA de una via méas prueba de
Tukey.
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7.1.4. La NAC inhibe el aumento de la produccion de ROS en los segmentos
tubulares en la AKI inducida por FA

El aumento en la produccion mitocondrial de ROS se ha relacionado
ampliamente con la sobre-activacion de la Nox y la Nos en modelos de dafio
renal como la nefrectomia [159,162,163], desencadenando la sobreproduccion
de superoxido (O27) y contribuyendo a la pérdida de la funcién renal
[111,113,164,165]. Para evaluar si la produccion de H202 mitocondrial inducida
por el FA se relacionaba con la sobre activacion de estas enzimas, se evalud la
produccion de ROS ligadas al NADPH y a la L-arginina (sustratos de la Nox y la
Nos respectivamente) en los segmentos de la nefrona mas ricos en mitocondrias,
es decir, el PT y el DT [8,166], asi como en la corteza renal.

A las 24 h, en el grupo tratado con FA se observo un aumento en la produccion
de ROS ligada al NADPH y a la L-arginina en el PT, el DT y la corteza renal (Fig.
20), el cual fue especialmente marcado en la corteza renal. Ademas, se observo
una disminucion en la actividad de la catalasa en el grupo con FA (Fig. 21A) y un
aumento en el marcador de estrés oxidante 4HNE (Fig. 21B). Por otro lado, en
el grupo NAC+FA se observaron niveles menores de ROS ligadas al NADPH y
a la L-arginina en ambos segmentos tubulares y en la corteza, con respecto al
grupo FA (Fig. 20). Asi mismo, la NAC evit6 la disminucién en la actividad de
catalasa y el aumento en los niveles de 4HNE en la corteza (Fig. 21). En conjunto
estos resultados confirman que la NAC previene la sobreproduccion de ROS y
el estrés oxidante inducidos por FA en los segmentos ricos en mitocondrias.
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Figura 20. LA NAC previene el aumento en la produccion de ROS ligadas al NADPH y
alaL-arginina. La N-acetilcisteina (NAC) inhibe la produccion el aumento en la produccion
de ROS inducido por FA en la corteza rena, el tubulo de proximal (PT) y el tabulo distal (DT).
La produccion de ROS se evalué mediante la adicion de los sustratos correspondientes
(NADPH o L-arginina) y se usaron como inhibidores el difenil-iodonio (DPI), el éster metilico
de L-NG-nitroarginina (L-NAME) y el VAS2870, inhibidor de Nox. V= vehiculo FA= &acido
félico, NAC= N-acetilcisteina. Media + SEM, n= 5-6. **p<0.01, ***p<0.001 vs. V. **p<0.01,
***p<0.001 vs. FA. ANOVA de una via mas prueba de Tukey.
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Figura21. LA NAC previene el estrés oxidante en cortezarenal. (A) Actividad de catalasa
en la corteza renal, la actividad enzimatica se expres6 como k/mg de proteina (k = constante
de primer orden). (B) Marcador de dafio oxidante 4 hidroxinonenal (4HNE) en la corteza
renal determinados por Western Blot y su cuantificacién por densitometria. V= vehiculo, FA=
acido félico, NAC= N-acetilcisteina. Los datos se presentan como la media + SEM, n= 5-6.
*P<0.05, **P<0.001 vs. V. *P<0.05 vs. FA. ANOVA de una via mas prueba de Tukey.

7.1.5. La NAC previene la pérdida de la S-glutationilaciébn en el proteoma
mitocondrial en la AKI inducida por FA

Se sefalo recientemente a la S-glutationilacion como un mecanismo molecular
capaz de ligar de manera directa los cambios en el metabolismo energético con
la homeostasis redox y la dinamica mitocondrial [96,97,135]. Por lo tanto, para
evaluar si la disfuncion biogénica y el estrés oxidante mitocondrial observados
se relacionan con variaciones en dicha modificacion, los cambios en la cantidad
total de proteinas mitocondriales S-glutationiladas se determinaron por WB. Para
evitar la interferencia de la S-glutationilacion no enzimatica e inespecifica, un
grupo especifico de mitocondrias se aislé y homogeneiz6 con amortiguador de
aislamiento mitocondrial adicionado con NEM 50 mM [96,167].

En el grupo tratado con FA se observaron niveles menores de proteinas
mitocondriales S-glutationiladas (Fig. 22A). De manera concordante, se observo
una disminucion significativa en los niveles de GSH, en la relacion GSH/GSSG
y en el contenido total de glutation (GSH + GSSG), asi como un aumento en los
niveles de GSSG (Fig. 22B) en la mitocondria. La medicion de la actividad de las
enzimas relacionadas con la S-glutationilacion enzimatica mitocondrial reveld
una mayor actividad de remocién de la S-glutationilacion por parte de la Grx y
una menor actividad de la GST en las mitocondrias del grupo tratado con FA (Fig.

54



22C), explicando asi la disminucion observada en los niveles de la S-
glutationilacion (Fig. 22A).

Por el contrario, los grupos FA+NAC y NAC presentaron mayores niveles
proteinas mitocondriales S-glutationiladas (Fig. 22A), con respecto al grupo
tratado con FA. La administracion previa de NAC también preservoé los niveles
mitocondriales de GSH, la relacion GSH/GSSG, el contenido de glutation total y
evito el aumento de los niveles de GSSG (Fig. 22B) en las mitocondrias renales.
De igual manera, la NAC preservo parcialmente la disminucion en la actividad de
la GST y evito el aumento de la actividad de remocion de S-glutation por parte
de la Grx (Fig. 22C).
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Figura22. LA NAC previene laperdida de la S-glutationilacion mitocondrial. (A) Niveles
totales de S-glutation de las proteinas mitocondriales medidas por Western Blot y su
cuantificacion por densitometria.Las bandas observadas corresponden a las distintas
proteinas S-glutationiladas, se utilizé un anticuerpo contra residuos de glutation modificados.
Media + SEM, n= 3. (B) Niveles mitocondriales de glutatién reducido (GSH), glutation
oxidado (GSSG), la relacion GSH/GSSG y el glutation total (GSH+GSSG). Media £ SEM, n=
5-6. (C) Actividad de las enzimas involucradas en el sistema enzimatico de S-glutatién:
glutation reductasa (GR), glutation S-transferasa (GST) y glutaredoxina (Grx). V= vehiculo,
FA= 4cido félico, NAC= N-acetilcisteina, VDAC= canal aniénico dependiente de voltaje. Los
datos se presentan como la media + SEM, n= 5-6. *p<0.05, **p<0.01, ***p<0.001 vs. V.
*p<0.05, **p<0.01, ***p<0.001 vs. FA. ANOVA de una via mas prueba de Tukey.
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7.1.6. La NAC evita el desplazamiento de la dinAmica mitocondrial hacia la fisién
en la AKI inducida por FA

Como se discuti6 anteriormente, se ha sugerido que en diversos modelos
experimentales de AKI, las alteraciones bioenergéticas y el estrés oxidante
mitocondrial inducen el desequilibrio en los procesos que regulan la dinamica
mitocondrial (fusién por fision) y el recambio (biogénesis y mitofagia)
[19,166,168]. Sin embargo, no se tenia conocimiento hasta el momento de los
cambios en dichos procesos en el modelo de dafio renal por FA. Para iniciar se
realizé el analisis por microscopia electrénica de transmision del PT. Dicho
analisis revel6 que en las células epiteliales del grupo tratado con FA se
observan mitocondrias fragmentadas y de menor tamafio, con respecto al control,
con las crestas mitocondriales poco definidas, ademas de una abundancia de
cuerpos autofagicos (Fig. 23B). Por lo que se procedi6é a evaluar los niveles de
los marcadores de dinamica mitocondrial por WB.

En el grupo tratado con FA se observo un aumento los niveles de Drpl mediante
inmunomicroscopia electronica y se observé un mayor inmunomarcaje en la
membrana externa mitocondrial en las células epiteliales del PT del grupo tratado
con FA (Fig. 23E) en comparacion con el grupo control (Fig. 23D), implicando un
desplazamiento de la dindmica mitocondrial hacia el proceso de fisién. Para
confirmar dichos resultados, los niveles de las proteinas de fision Drpl y Fisl se
evaluaron por WB en mitocondrias aisladas, donde se observé un aumento en
las mismas (Fig. 24A) y una disminucion en los niveles de las proteinas de fusion
Opal y Mfnl (Fig. 24B). En conjunto, estos datos confirman que el tratamiento
con FA induce fisiébn mitocondrial en el PT.

Por otro lado, el pretratamiento con NAC previno la fragmentacion de la
mitocondria inducida por FA y preservo la ultraestructura de la mitocondria en el
PT (Fig. 23C). La NAC evitd el aumento en niveles menores de Drpl en la
mitocondria observado por microscopia electronica en comparacion con el grupo
tratado con FA (Fig. 23F). De manera concordante el tratamiento con NAC
también previno el aumento en los niveles de proteinas Fisl y Drpl (Fig. 24A)
en la mitocondria evaluado por WB, sugiriendo que la NAC previene, al menos
parcialmente, el desbalance en la dinamica mitocondrial inducido por el FA.
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Micrografias representativas de microscopia electrénica e inmunomicroscopia electrénica

Figura 23. Micrografias representativas de microscopia electrénica a las 24 h posteriores a la administracion de FA. (A) Las células epiteliales
del tibulo proximal contorneado del grupo control muestra mitocondrias y lisosomas (flechas) bien conservados en el citoplasma. (B) En contraste, el
citoplasma de las células epiteliales del grupo con &cido félico (FA) muestra mitocondrias fragmentadas, con borrado de crestas y abundantes
autofagosomas (asteriscos). (C) En el grupo con N-acetilcisteina (NAC)+FA se observa un dafio mitocondrial menor y pequefios lisosomas aislados.
(D) Inmunomicroscopia electrénica de Drpl, se observa muestra un marcado (flechas) ocasional en las mitocondrias del tibulo contorneado proximal
en el grupo control. (E) En comparacion, se muestra un marcaje abundante de Drpl en la membrana externa de las mitocondrias del grupo tratado con
FA. (F) Se observa un marcaje menor de Drpl en las mitocondrias del grupo NAC + FA.
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7.1.7. El FA induce en la AKI una disminucién en la biogénesis mitocondrial y
una mitofagia alterada

Como se discutio anteriormente, la fision mitocondrial es un mecanismo
implicado en la eliminacion de las mitocondrias disfuncionales a través del
proceso de autofagia selectiva conocido como mitofagia [120,124], la cual se ha
sugerido en las alteraciones mitocondriales en los modelos AKI inducidos por
isquemia/reperfusion [169] y cisplatino [170]. Para determinar si el
desplazamiento observado hacia fision mitocondrial (Fig. 23-24) se relaciona con
alteraciones de la mitofagia, se evaluaron los niveles de la proteina de mitofagia
Pink1 en las mitocondrias y de las proteinas autofagicas: LC3-I, LC3-11 y p62 en
los PT. El grupo tratado con FA mostré a las 24 h posteriores a su administracion,
un aumento significativo en los niveles mitocondriales de Pinkl y una
disminucién en los niveles de LC3-l y Il, sin embargo, los niveles de p62 no
sufrieron cambios con respecto al grupo control (Fig. 25).

Por otro lado, se ha reportado que la administracion de FA causa una
disminucién en el mMRNA de algunas proteinas mitocondriales en el rifién
[142,143]. Por lo cual, se procedido a evaluar los niveles de las proteinas
relacionadas con la biogénesis mitocondrial: coactivador 1l-alfa del receptor
gamma activado por proliferador de peroxisomas (PGC-1a), factor respiratorio
nuclear 1 (NRF1) y 2 (NRF2) en PT, y el TFAM en mitocondrias aisladas. En el
grupo FA se observé a las 24 h posteriores a su administracion, una disminucién
en los niveles de todas las proteinas evaluadas con respecto al control (Fig. 26),
confirmando que en la AKI inducida por FA, la biogénesis mitocondrial esta
reducida.
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Figura 25. LA NAC previene las alteraciones en la mitofagia y autofagia 24 h después
de la administracién de FA. Niveles de la proteina de mitofagia cinasa putativa inducida
por PTEN 1 (PINK1) en mitocondrias aisladas y de las proteinas autofagicas: proteina 1A/1B
de cadena ligera asociadas a microtibulos 3 I/ll (LC3-I/ Il) y p62 en el tdbulo proximal. Las
proteinas actina y el canal aniénico dependiente del voltaje (VDAC) se utilizaron como
controles de carga, respectivamente. V= vehiculo, FA= &cido félico, NAC= N-acetilcisteina.
Los datos se presentan como la media £ SEM, n= 3. **p<0.01, **P<0.001 vs. V. *p<0.05 vs.
FA. ANOVA de una via méas prueba de Tukey.
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Por su parte, la administracion de NAC evit6 parcialmente la disminucion de los
niveles LC3-I y Il (Fig. 25). Aunque se observaron menos autofagosomas por
microscopia electronica (Fig. 23C), no tuvo un efecto significativo en los niveles
de Pinkl y p62 (Fig. 25) y en las proteinas relacionadas a la biogénesis
mitocondrial (con la excepcion de PGC-1q, Fig. 26), a las 24 h posteriores a la
administracion del FA. Dichos resultados sugieren que el efecto protector de la
NAC no estaria directamente vinculados a estos dos mecanismos, al menos en

este tiempo.
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Figura 26. El FA induce la disminucién en la biogénesis mitocondrial 24 h después de
la administracion de FA. Niveles de las proteinas de biogénesis mitocondrial en
homogeneizados de tubulos proximales: coactivador 1-alfa del receptor gamma activado por
proliferador de peroxisomas (PGC-1a), factor respiratorio nuclear 1 (NRF1) y 2 (NRF2).
Niveles del factor de transcripcion mitocondrial A (TFAM), en mitocondrias aisladas. La
proteina actina y el canal anidnico dependiente del voltaje (VDAC) se utilizaron como
controles de carga, respectivamente. V= vehiculo, FA= acido félico, NAC= N-acetilcisteina.
Los datos se presentan como la media + SEM, n= 3. *p<0.05, **p<0.01, **P<0.001 vs. V.
*p<0.05 vs. FA. ANOVA de una via mas prueba de Tukey.




7.1.8. Anexos primera parte.

7.1.8.1. Respiracion ligada al complejo Il a las 24 h posteriores a la
administracion de FA
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Anexo 1. Parametros respiratorios de la respiracion ligada al ClI: (A) estado 3
(S3), (B) estado 4 inducido por oligomicina (S40), indice de (C) respiracion
asociada a la OXPHOS (P) e (D) indice de control respiratorio (RCI). V= vehiculo
FA= acido félico, NAC= N-acetilcisteina. Cll= complejo Il, Mit= mitocondrias, S=
succinato, S+R= succinato+rotenona. Media + SEM, n=5-6. ANOVA de una via
prueba de Tukey. No se observaron cambios significativos entre los diferentes
grupos.
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7.1.8.2. Actividad de los complejos mitocondriales a las 24 h posteriores a la
administracion de FA
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Anexo 2. Actividad del complejo Il (Cll) y del complejo IV (CIV) 24 h posteriores
a la administracion de FA. V= vehiculo FA= acido folico, NAC= N-acetilcisteina.
Media £ SEM, n= 5-6. ANOVA de una via prueba de Tukey. No se observaron
cambios significativos entre los diferentes grupos.
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7.1.8.3. Parametros en células LLC-PK1
A) B)

Rutina Fuga Desacoplada

pmol de Oy/(s*millon
de células
o 5 3 8
_‘I*
4
*
*
X
* ’
o N o N 5
S 5 8 =& 85
Ox E
o B 8 3 8
X,

& v al & ¥
<~ <~ ™
20
c
° x e
= 15
25| w
o3
[}
°3| °
°
£ o
Y Aol v~ o
< 3 &
D) Ny
10U
[oLGO DNP D\P DNP DNP ANTROT
801
607
404 /';:
\
20§\ f
0 : ANV o . .
0:00 0:03 0:0¢ 0:10 0:13 0:17 0:20
0:20 [h:min]
{i UNCOPLEL

Anexo 3. (A) Imagenes representativas en color de la microscopia de campo
claro de los diferentes grupos, se observa una gran cantidad de precipitados
cristalinos en el grupo tratado con FA. (B) Imagenes representativas en escala
de grises de la microscopia de campo claro de los diferentes grupos, se observan
alteraciones morfolégicas modestas en las células del grupo FA. (C) Parametros
respiratorios en células epiteliales del tdbulo proximal intactas LLC-PK1:
Respiracion de rutina (Rutine). Consumo de oxigeno en presencia Unicamente
de las células en su medio. Respiracion de fuga (Leak). Correspondiente al
consumo celular de oxigeno en presencia de oligomicina 5 puM. Respiracion
desacoplada (Uncoupling). La respiracion desacoplada se logr6 mediante
titulaciones de 8 uL de dinitrofenol (DNP) 20 uM. P. Respiracion atribuible a la
OXPHOS: Rutin- Leak. (D) Trazo representativo de los experimentos de
respirometria. La linea verde corresponde a las células de control y la linea roja
representa las células tratadas con FA. La figura es representativa de tres
experimentos diferentes. Los datos representan la media + SEM, n= 3. *p<0.05
y **p <0.01. V= vehiculo FA= acido folico, NAC= N-acetilcisteina.



7.2. La transicion AKI-CKD inducida por el FA

Si bien se han reportado alteraciones en la bioenergética mitocondrial en el
corazon [171] y el musculo esquelético [172—-174] en estadios cronicos, en otros
modelos de dafio renal progresivo como la nefrectomia, nuestro conocimiento
sobre el avance de las alteraciones mitocondriales en el rifién y su papel en la
transicion AKI-CKD aun es muy limitado. Sin embargo, se ha postulado que el
desajuste en la bioenergética [175] y el desbalance redox mitocondrial [95,115]
contribuye a dicha progresion. Por tal motivo y dada la naturaleza progresiva del
dafio renal inducido por la administracion de altas dosis de FA [137,140,142],
para la segunda fase del proyecto se plante6 la realizacion de estudios
temporales bioenergética y estado redox mitocondrial para determinar su
relacion con la transicion AKI-CKD.

7.2.1. El efecto de la NAC en la transicion AKI-CKD inducida por el FA
Para caracterizar la progresion del dafio renal inducido por el FA, se evaluaron

los niveles de los marcadores clasicos de dafio renal BUN y creatinina en plasma.

Después de dos dias de su administracion, el FA indujo el aumento en los niveles
plasmaticos de BUN y creatinina, asi como en la relacidon de peso de rifidn/peso
total, en comparacién con el grupo control (Fig. 27A-C). Aunado a esto, el analisis
histolégico por H&E revel6 en el grupo FA, a los 2 dias posteriores a su
administracion, una gran cantidad de células hinchadas que se alternan con
células necrdéticas, asi como PT con cilindros hialinos en su luz (Fig. 27D). Dichas
alteraciones son prevenidas al dia 2 (Fig. 27A-D). Estos resultados son
consistentes con lo observado a las 24 h (Fig. 12-13). De manera interesante, el
BUN vy la creatinina muestran una tendencia a disminuir después de los 4 dias
(Fig. 27A-B). En conjunto dichos resultados indican que el pico del dafio agudo
se encuentra entre los dias 1-2 posteriores a la administracion de FA. Esto es
concordante con estudios previos en ratones, en los que los niveles de BUN y
creatinina volvieron a los niveles de control después de 4 dias de administracién
de FA [140,142].

Si bien el FA induce la AKI en los primeros dias posteriores a su administracion,
se ha reportado que también induce un aumento en los marcadores de
inflamacion y fibrosis entre los 6 a 14 dias después su administracion [140,142],
sugiriendo la progresiéon del dafio renal. Por lo que para determinar la transicion
hacia la CKD procedimos a evaluar la GFR y los pardmetros hemodinamicos 28
dias después de la administracion de FA, observando una disminuciéon en la GFR
y un aumento en la RVR, lo que desencadend la disminucion del RBF y del RPF
(Fig. 28A). A nivel estructural, a los 28 dias posteriores a la administracion del
FA, se observo la acumulacion leve de tejido fibrético en el parénquima renal
(Fig. 28B), confirmando asi la transicién AKI-CKD en este modelo.

Por su parte, el pretratamiento con NAC al evitar el desarrollo de la AKI (Fig. 12-
13, 27), previene la disminucion de la GFR y RBF, el aumento de RVR (Fig. 28A)
y evitd la acumulacion de tejido fibrético en el parénquima renal (Fig. 28B).
Dichos datos en conjunto sugieren que la NAC previene la transicion de AKI-
CKD inducida por FA.
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Figura 27. La NAC previene AKI inducida por el FA y su avance hacia la CKD. Curso
temporal de los marcadores clasicos de dafio renal (A) creatinina y (B) nitrégeno de urea en
sangre (BUN) en plasma, asi como (C) la relacién peso de rifién/peso total. Medias + SEM,
n= 5-6. *p <0.05 y ** p<0.01. ANOVA de una via mas Dunnet vs. V; *p<0.05 T de Student
vs. FA 2d. (D) Micrografias representativas de rifion de los 4 grupos experimentales a los
2d. Todas las micrografias se tomaron a un aumento de 200x, las barras negras
corresponden a una distancia de 100 um, tincion con hematoxilina/eosina. V= vehiculo, FA=
acido folico, NAC= N-acetilcisteina, d= dias después de la administracion de FA.
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Figura 28. La NAC previene el dafio renal cronico a los 28 d después de la
administracion de FA. (A) Parametros hemodinamicos: tasa de filtracién glomerular (GFR),
flujo sanguineo renal (RBF), flujo plasmatico renal (RPF), resistencia vascular renal (RVR),
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(B) Micrografias renales representativas de la tincion tricrémica de Masson de los cuatro
grupos experimentales 28 dias después de la administracion de FA. V= Vehiculo, FA= Acido
félico, NAC= N-acetilcisteina, d= dias después de la administracion de FA.

7.2.2. El FA induce la persistencia de la disfuncién en la bioenergética
mitocondrial durante la transicion AKI-CKD

Para determinar si la transicion de AKI-CKD se relaciona con la persistencia de
la disfuncién mitocondrial, evaluamos los parametros respiratorios en la
respiracion ligada a Cl en mitocondrias renales. El FA indujo la disminucion de
los parametros S3y P en la etapa aguda, los cuales volvieron a valores similares
a los del control después de 7 y 14 dias, respectivamente (Fig. 29A, C). Estos
datos indican que la reduccion de la capacidad de la OXPHOS en la respiracion
relacionada con CI persistio hasta el dia 7. Curiosamente, FA indujo un aumento
gradual de la respiracion S4o (Fig. 29B), lo cual explica el desacoplamiento
mitocondrial observado en todos los tiempos estudiados (Fig. 29D). Aunado a
esto el FA indujo la disminucion en el AWm en el S3 durante todo en el intervalo
de tiempo evaluado (Fig. 29E). Dicho resultado concuerda con la reduccion en
la capacidad de la OXPHOS (Fig. 29) y con la pérdida de las crestas
mitocndriales observada a 28 dias (Anexo 5). Sin embargo, no se encontraron
cambios en el A¥Ym en S4o0 entre los diferentes tiempos (Fig. 29F).
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Por su parte, el pretratamiento con NAC mantuvo la proteccion mitocondrial 2
dias después de la administraciéon de FA, evitando la disminucion de la
respiracion en el S3 y en P, la caida en el AWm en S3 y el desacoplamiento
mitocondrial (Fig. 29). De igual manera la NAC también preservo parcialmente
los parametros respiratorios y el AWm 28 dias después de la administracion de
FA (Fig. 29), asi como la ultraestructura mitocondrial (Anexo 5). Dichos
resultados sugieren que la NAC preserva la capacidad de la OXPHOS en la
transicion AKI-CKD inducida por el FA.

Dado que las alteraciones respiratorias observadas sugerian que la reduccion
en la actividad de los complejos del ETS persistia hasta el dia 28. Evaluamos
por separado la actividad de Cl y de los otros elementos ETS involucrados en la
respiracion ligada al Cl. A los 2 dias posteriores a su administracion, el FA induce
la persistencia en la disminucién de la actividad del CI (Fig. 30A). La cual, si bien
tendio a recuperarse con el tiempo, no regreso a los niveles del control (Fig. 30A).
De manera concordante, la NAC previno al dia 2 la disminucion en la actividad
del CI (Fig. 30A), lo que es consistente con nuestros resultados previamente
reportados en el dia 1 [13]. De manera interesante, el FA indujo la reduccién a
partir del dia 2 hasta el dia 28 en la actividad de ClII, la cual también fue revertida
por la administracion previa de NAC (Fig. 30B). Finalmente, no se observaron
cambios entre los diferentes grupos en la actividad del CIV (Fig. 30C). Dichos
resultados sugieren que en tiempos posteriores al dia 1, la disfuncion
mitocondrial se debe también a la disminucién en la actividad del ClII.
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Figura 29. La NAC preserva los parametros respiratorios y el potencial de membrana
mitocondrial (AWm) en la transicion AKI-CKD inducida por FA. Evaluacion temporal de
los parametros respiratorios mitocondriales en la respiracion ligada al complejo I(Cl): (A)
estado 3 (S3), (B) estado 4 inducido por oligomicina (S40), (C) respiracion asociada a la
OXPHOS (P) y (D) indice de control respiratorio (RC). Evaluacion temporal de los cambios
en Aym en los estados respiratorios (E) S3 y (F) S40. V= vehiculo, FA= &cido félico, NAC=
N-acetilcisteina, d= dias después de la administracién de FA. Medias £+ SEM, n= 6-7.
*p<0.05, **p<0.01, ***p<0.001. ANOVA més Dunnet vs V; *p<0.05 y ***p<0.001 t de Student
vs FA 2d.

A) Complejo | B) Complejo Il
.galso- 35150-
Ec Ec
g3 g3 b
2 7 100 x T 2 5 1001 - x " T
=] - o 9 *% *k
-§§ XX gekk wxx T §8 - i _
S so{| " T $ 2 50
S3 T ° 3
g g5
X o ol . : . i X o ol
N OO RN N0 AN
P W AD WP P P AS B P P S
FA - + + + + + + + FA - + + + + + + +
NAC - - - - - - + + NAC - - - - - - + +
C) Complejo IV
O —= -
.gglso
c
S8 L T
2 5 100 T
[N 1
T O
= 0O
égso-
°c
t5
> © o T :

FA - + + + + + + +
NAC - - - - - - + +

Figura 30. La NAC preserva la actividad de los complejos mitocondriales en la
transicion AKI-CKD inducida por FA. Evaluacion temporal de la actividad de los complejos
mitocondriales implicados en la respiracion ligada a Cl: (A) complejo I, (B) complejo Il y (C)
complejo IV. V= vehiculo, FA= &cido félico, NAC= N-acetilcisteina, d= dias después de la
administracion de FA. Medias + SEM, n= 5-6. *p<0.05, **p<0.01, ***p<0.001. ANOVA mas
Dunnet vs. V; *p<0.05 y **p<0.001 T de Student vs. FA 2d. *p<0.01 T de Student vs. FA
28d.

7.2.3. El FA induce una disfuncién persistente en la B-oxidacion durante la
transicion de AKI a CKD

Como se mencioné anteriormente, aunque en el riidn la produccion de ATP es
sostenida por la oxidacién de diversos sustratos, el aporte mayoritario esta dado
por la B-oxidacion de los acidos grasos [8,176]. Aunado a esto, se ha reportado
gue los mRNA de las proteinas de B-oxidacién se encuentran desregulados en
modelos animales [74,177,178] y en pacientes con CKD [178,179], por lo que se
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procedi6 a evaluar si la disfuncion mitocondrial observada también estaba
relacionada a la disfuncion de B-oxidacion.

La administracion de FA redujo en todos los tiempos los parametros S3 (Fig.
31A) y P (Fig. 31C). De igual manera el FA redujo la RCI desde el dia 2, el cual
se mantuvo hasta el dia 28 (Fig. 31D). Sin embargo, el FA no tuvo ningun efecto
significativo en la respiracion S4o0 en los tiempos evaluados (Fig. 31B). Estos
resultados sugieren que la administracion de FA afectd la p-oxidacion en la
transicion AKI a CKD principalmente via la disminucién en la produccién de ATP
y el desacoplamiento mitocondrial.

Por otro lado, la NAC previno la disminucion en S3 y en P inducida por FA, a 2
dias después de la administracién de este ultimo (Fig. 31A, C). Ademas, estos
efectos protectores también estuvieron presentes a los 28 dias, cuando también
se previno el desacoplamiento mitocondrial (Fig. 31D).
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Figura 31. La NAC previene la disfuncion en la B-oxidacién mitocondrial en la
transicion AKI-CKD inducida por FA. Evaluacion temporal de los parametros respiratorios
asociados a la B-oxidacién mitocondrial: (A) estado 3 (S), (B) estado 4 inducido por
oligomicina (S40), (C) respiracion asociada a la OXPHOS (P) y (D) indice de control
respiratorio (RCI). Se utilizaron L-carnitina 2 mM, palmitoil-L-carnitina 2 yM mas malato 2
mM como sustratos para la B-oxidacion. V= vehiculo, FA= &acido félico, NAC= N-
acetilcisteina, d= dias después de la administracion de FA. Medias + SEM, n= 5-6. *p<0.05,
**p<0.01, *** p<0.001 ANOVA mas Dunnet vs. V; *p<0.05 y **p<0.01 T de Student vs. FA
2d. **p<0.01 T de Student vs. FA 28d.
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7.2.4. El FA induce un estado pro-oxidante permanente en las mitocondrias
durante la transicién de AKI-CKD

Para evaluar si la persistencia en el desacoplamiento mitocondrial y el aumento
de S4o (Fig. 29) estan vinculados a la persistencia del estrés oxidante en las
mitocondrias, determinamos la actividad de aconitasa como marcador de estrés
oxidante, asi como la actividad de las enzimas GR y GPx en mitocondrias
aisladas. Dos dias después de la administracion de FA, la actividad de la
aconitasa se mantuvo disminuida y permanecio por debajo del control incluso 28
dias después (Fig. 32A). Asimismo, las mitocondrias del grupo FA mostraron una
reduccion en todo el intervalo de tiempo evaluado en las actividades de la GPx
(Fig. 32B) y la GR (Fig. 32C). Estos datos concuerdan con la elevacion de la
produccion de H202 mitocondrial a los 28 dias posteriores a la administracion de
FA (Fig. 32D) y con los niveles aumentados del marcador de estrés oxidante 4-
HNE en mitocondrias (Fig. 32E). Lo que en conjunto confirma la persistencia de
un estado pro-oxidante en las mitocondrias durante la progresion del dafio renal.

Por otro lado, la NAC evit6, desde el dia 2, la disminucién en la actividad de la
aconitasa (Fig. 32A) y de las enzimas antioxidantes (Fig. 32B, C), proteccion que
se mantuvo hasta el dia 28 posterior a la administracion de FA. De igual manera
previno el aumento en la produccion de H202 mitocondrial (Fig. 32D) y en los
niveles de 4-HNE en la mitocondria (Fig. 32E). Estos resultados confirman que
la NAC previene el estrés oxidante mitocondrial inducido por FA en la transicion
AKI-CKD.
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Figura 32. La NAC previene la persistencia del estrés oxidante mitocondrial en la
transicion AKI-CKD. Evaluacion temporal de la actividad enzimatica de la (A) aconitasa,
(B) glutatién peroxidasa (GPx) y (C) glutatién reductasa (GR) en mitocondrias aisladas. V=
vehiculo, FA= acido félico, NAC= N-acetilcisteina, d= dias después de la administracién de
FA. Los datos son medias + SEM, n= 5-6. *p<0.05, *p<0.01, **p<0.001 ANOVA mas
Dunnet vs. V; *p<0.05y **p<0.01 T de Student vs. FA 2d. *p<0.01 T de Student vs. FA 28d.
(D) Evaluacion de la produccion de perdoxido de hidrégeno (H202) mitocondrial en
mitocondrias aisladas, 28 dias después de la administracion de FA en el estado respiratorio
3 (S3) y el estado 4 inducido por oligomicina (S40). Media + SEM, n= 5-6. *p<0.05 y **p
<0.01 vs. V; *p<0,05 vs. FA 28d; ANOVA mas Tukey. (E) Marcador de estrés oxidante 4-
hydroxynonenal (4-HNE) en mitocondrias aisladas por Western Blot y su cuantificacion por
densitometria. VDAC= canal de aniénico dependiente del voltaje. Media + SEM, n= 4.
*p<0.05, **p<0.01 ANOVA mas Dunnet vs. V.
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7.2.5. Anexo segunda parte. Transicion de AKI-CKD

7.2.5.1 Curso temporal de los cambios en la masa y biogénesis mitocondrial
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Anexo 4. Masa mitocondrial y biogénesis. Evaluacion temporal por Western
Blot y su densitometria de los marcadores de biogénesis mitocondrial: (A)
coactivador 1-alfa del receptor gamma activado por proliferador de peroxisomas
(PGC-1a), (B) factor respiratorio nuclear 2 (NRF2), asi como del (C) canal
anionico dependiente de voltaje (VDAC) y (D) una subunidad de cada uno de los
complejos mitocondriales. Los datos se expresan como la media £+ SEM, n= 4.
*p<0.05, **p<0.01 ANOVA mas Dunnet vs. V. V= vehiculo, FA= acido félico,
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NAC= N-acetilcisteina, d= dias después de la administraciéon de FA. Subunidad
del complejo I: CI-NDUFBS8; subunidad del complejo 1I: CII-SDHB30KDa;
subunidad del complejo lll: ClI-UQCRC2, subunidad del complejo IV: CIV-
MTCO1,; subunidad alfa de la ATP sintasa (ATP5A).

7.2.5.2. Microscopia electrénica 28 dias posteriores a la administracion de FA

Anexo 5. Micrografias representativas de microscopia electrénica de las
mitocondrias de las células epiteliales del tubulo contorneado proximal a
los 28 dias. Se observa una ultraestructural normal en las mitocondrias del grupo
control que sélo recibieron el vehiculo. En contraste, las mitocondrias de ratas
tratadas con FA mostraron un tamafio y forma irregulares con disrupcion de las
crestas (flecha) y perdida de la definicién de estas (asterisco). El pretratamiento
con NAC previno parcialmente el dafio mitocondrial inducido por FA, mientras
gue el tratamiento s6lo con NAC no indujo ningin cambio en la morfologia
mitocondrial. FA= &cido folico, NAC= N-acetilcisteina, d= dias después de la
administracion de FA.
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8. Discusion

8.1. La NAC previene las alteraciones mitocondriales asociadas a la
pérdida de la S-glutationilacion en la AKI inducida por AF

Si bien en el caso de la AKI inducida por diversos citotoxicos, se ha descrito una
correlacion entre el dafio tubular y las alteraciones mitocondriales
[180][181][98][168], los mecanismos moleculares relacionados con la
mitocondria por los cuales se induce la AKI siguen siendo poco conocidos. En
este sentido el modelo de FA no sélo es ampliamente usado para estudiar los
mecanismos involucrados en la AKI, ya que reproduce las alteraciones
patolégicas observadas en clinica y es altamente reproducible [136,137,182];
sino que en este modelo también se inducen una serie de procesos mal
adaptativos que conducen a la transicion a la CKD, en menos de 28 dias
[136,138,139], lo cual lo convierte en un modelo util para estudiar el papel de la
mitocondria tanto en la AKI como en la transicion AKI-CKD.

En el metabolismo normal el FA estd presente en su forma reducida, el
tetrahidrofolato (THF), el cual se produce intracelularmente en la reduccion
dependiente de NADPH por el complejo enziméatico de la dihidrofolato reductasa
(DHFR) [183,184]. Los metabolitos del folato en plasma contienen un solo
residuo de glutamato y son transportados al interior celular por el intercambiador
de folatos reducido y por el receptor de folato de alta afinidad [184—-187]. Sin
embargo, la administracion farmacolégica de altos niveles de FA conduce a un
aumento subito en los niveles plasmaticos de THF [184,187]. En el caso del rifidn,
los metabolitos de folato se acumulan en concentraciones mas altas que en otros
tejidos debido a los altos niveles de expresion del receptor de folato de alta
afinidad en este organo, especialmente en las células PT [187], donde son
almacenados como derivados de poliglutamato impermeables a la membrana
celular [185,186]. Aunque los folatos en la célula se distribuyen entre las
mitocondrias, el nucleo y el citosol, las mitocondrias almacenan el 40% del folato
celular total [185,187], consumiendo altos niveles de NADPH [183,184] y
disminuyendo asi la defensa antioxidante [140]. Por lo cual, este organelo es
especialmente vulnerable a altas dosis de FA [142].

En el caso de la AKI inducida por FA, se habia especulado que el desajuste en
las mitocondrias podria estar involucrado en el desarrollo de alteraciones como
el estrés oxidante, la apoptosis de las células tubulares y el aumento en los
procesos inflamatorios caracteristicos de este modelo [47,48]. Sin embargo,
hasta de este trabajo, no se habian realizado estudios de bioenergética y estado
redox mitocondrial, que confirmaran dicha suposicion. En este trabajo
demostramos por primera vez que el FA indujo a las 24 h posteriores a su
administracion un desequilibrio en la bioenergética mitocondrial, caracterizado
por la disminucion en los parametros respiratorios S3, P y RCI en la respiracion
ligada al Cly en la respiracion ligada al CI+Cll (Fig. 14). Asi como la disminucion
en el AWm en S3 (Fig. 15) y la pérdida en la definicion de las crestas
mitocondriales observada por microscopia electronica (Fig. 23). En conjunto
dichos datos implican que el FA, 24 h después de su administracion, genera una
crisis energética, a partir del desacoplamiento mitocondrial y la disminucion en
la capacidad de la OXPHOS. El desacoplamiento mitocondrial y la reduccion de
la capacidad de la OXPHOS a las 24 h posteriores a la administracion de este
compuesto pueden ser explicadas a partir de la disminucion en la actividad del
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Cl y de la ATP sintasa (Fig. 16). Dado que el Cl es el mas afectado de los
elementos del ETS (Fig. 16, S2), esto también explica el mayor grado de
alteraciones observado en la respiracion ligada al CI (Fig. 14).

Si bien las altas dosis de FA, junto con su baja solubilidad en agua, favorecen la
precipitacion de cristales de folato en la luz tubular, generando oclusion,
inflamacion y el aumento en la muerte de las células tubulares [140,188]. Los
experimentos de respirometria en las células LLC-PK1 revelaron que el
pretratamiento con FA también reduce el valor de P (Anexo 3), demostrando que
incluso en ausencia de fenomenos de oclusion en el parénquima renal, las dosis
altas de FA reducen la OXPHOS en el PT. Dado que en el rifién la produccion
de ATP se mantiene principalmente por la OXPHOS [20,21,64,65], la reduccién
observada en la OXPHOS (Fig. 14-15) estaria comprometiendo la funcién tubular
y la supervivencia celular en segmentos con altas tasas de reabsorcion como el
PT. Aunado a esto, la pérdida del AWm (Fig. 15) es capaz de favorecer la muerte
celular apoptética, ampliamente observada en las células epiteliales tubulares
diversos modelos de AKI [189,190].

De igual manera, el desacoplamiento mitocondrial (Fig. 14), desencadena una
mayor fuga de electrones del ETS, favoreciendo la produccién de ROS. Lo que
explica de manera directa el aumento observado en la produccion de H20:
mitocondrial a las 24 h posteriores a la administracion del FA (Fig. 17). Dicha
informacion es de particular importancia, ya que junto con la disminucién en la
actividad del sistema antioxidante enzimatico mitocondrial (Fig. 18), demuestra
por primera vez que la administracion de altas dosis de FA induce un estado pro-
oxidante en las mitocondrias, como lo confirman los marcadores de estrés (Fig.
19A-C). Aun mas, dicho estado pro-oxidante en la mitocondria va de la mano con
niveles mitocondriales menores de GSH, el aumento en GSSG y un contenido
menor de glutation total (Fig. 22). Este estado pro-oxidante mitocondrial esta
siendo generado en principio por la alta capacidad de internalizacion de folato en
el rifdn, especialmente en el PT [18,72,75], el cual una vez dentro de la célula
es reducido y almacenado como derivados de THF, implicando de esta manera
un enorme gasto de NADPH [184-186] y disminuyendo asi los equivalentes
reductores, especialmente en GSH. Dicha disminucion afecta principalmente a
las mitocondrias (Fig. 22), dada la alta dependencia del sistema enzimatico
antioxidante mitocondrial del GSH [96] y a que dicho organelo almacena el 40%
de los folatos en la célula [185,187].

De igual manera, el aumento del estrés oxidante mitocondrial (Fig. 19)
observado a las 24 h posteriores a la administracion del FA, concuerda con
trabajos previos que informan una menor actividad de las SOD, de la catalasa y
de la GPx, asi como un menor contenido de GSH y un aumento en los niveles
de MDA en homogeneizados de rifion total de animales tratados con FA
[140,189,190]. Sin embargo, este trabajo es el primero en describir que dichas
alteraciones se relacionan directamente con la disfuncién en la bioenergética
mitocondrial (Figs. 14-15) en la AKI. En este contexto es importante resaltar que
se ha descrito que, bajo condiciones de estrés oxidante, el CI mitocondrial puede
sufrir modificaciones post-traduccionales irreversibles en residuos especificos de
cisteina, las cuales disminuyen su actividad y aumentan la produccién de ROS
mitocondriales [191,192]. De manera mas especifica, dichos residuos pueden
sufrir la S-sulfenilacién (R-SOH) bajo condiciones leves de estrés oxidante, pero
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si el mismo persiste o es mayor, las cisteinas sufren la S-sulfinilacion (R-SO2H)
e incluso la S-sulfonilacion (R-SOsH), la cual inactiva irreversiblemente al Cl [40].
Por su parte, la S-glutationilacién no solo compite por los residuos de cisteinas
con estas modificaciones, sino que también al ser reversible enzimaticamente,
es capaz de restaurar totalmente la actividad del CI, una vez disminuido el estrés
oxidante [96,97]. Aunado a esto, se ha descrito que la S-glutationilacion de la
ATP sintasa previene la R-SOH de los residuos Cys294 y Cys103, los cuales
favorecen la formacion de un puente disulfuro disminuyendo irreversiblemente la
produccion de ATP [193,194]. Esto es de particular importancia, ya que 24 h
después de la administracién del FA, se observdé un aumento en el estrés
oxidante mitocondrial (Figs. 18-19), el aumento en la produccion de H20:2
mitocondrial (Fig. 17) asi como la disminucion de las actividades del Cl y de la
ATP sintasa (Fig. 16), lo que sugiere la disminucién en la S-glutationilacion de
dichas proteinas mitocondriales. Lo cual concuerda con la reduccion en los
niveles totales de proteinas mitocondriales S-glutationiladas y con el aumento en
la actividad de remocién de la S-glutationilacion de la Grx mitocondrial (Fig. 22).

Por su parte, a las 24 h posteriores a la administracion de FA, el pretratamiento
con NAC evitd el aumento en los marcadores de estrés oxidante mitocondrial
(Fig. 19), la disminucion en las actividades de las enzimas antioxidantes (Fig. 18)
y el aumento de la produccion mitocondrial de H202 (Fig. 17). Dicha preservacion
del balance redox esta vinculada con su capacidad observada para preservar los
parametros respiratorios y el acoplamiento mitocondrial (Fig. 14), a partir de la
proteccion en las actividades de Cl y de la ATP sintasa (Fig. 16). De manera
interesante, el pretratamiento con NAC también evitd la disminucion en los
niveles de GSH, en los niveles de glutation total (GSH+GSSG), en la S-
glutationilacion de las proteinas mitocondriales y el aumento en la actividad de
remocién de la S-glutationilacion de la Grx (Fig. 22). Lo que en conjunto sugiere
que los efectos protectores de NAC en las mitocondrias estan asociados a su
capacidad para preservar la S-glutationilacion mitocondrial. Esto concuerda con
la idea sugerida recientemente por otros autores de que la S-glutationilacién
enzimatica, bajo ciertas condiciones, actia como un mecanismo protector que
vincula los cambios en el metabolismo energético con el estado redox
mitocondrial, preservando la homeostasis en dicho organelo [96,97,135]. Sin
embargo, aln son necesarios estudios mas profundos de protedmica para
evaluar la S-glutationilacion especifica en estas proteinas y comprobar dicha
hipotesis.

Por otro lado, el aumento en la produccion de ROS mitocondriales se ha
asociado ampliamente con la sobre-activacién patolégica de la Nox y Nos
desacoplada [159,162,163], aumentando asi el estrés oxidante en el rifion, la
expresion de citocinas proinflamatorias y de factores profibréticos, los cuales
favorecen la progresion del dafio renal [111,113,164,165]. En el caso del dafio
renal inducido por FA, a las 24 h posteriores a su administracion, este induce el
aumento en la produccion de ROS ligada a NADPH y L-arginina (sustratos de la
Nox y Nos, respectivamente) en los segmentos con mayor contenido
mitocondrial y la corteza renal (Fig. 20). Como se observa en la Fig. 20, el grupo
tratado con FA revel6 una mayor produccion de ROS ligada a NADPH, la cual
es inhibida mayormente por el VAS2870, sugiriendo que dichas ROS son
principalmente atribuibles a la Nox. De hecho, en varios estudios se ha asociado
la sobre-activacion de la Nox y en especial de la Nox4, con el aumento en la
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expresion de citocinas proinflamatorias y factores profibréticos [111,112,195—
198], por lo que la hiperactivacion patolégica de Nos y especialmente de Nox
favorecidas por el aumento en la produccion de ROS mitocondriales (Fig. 17),
seria un mecanismo por el cudl la disfunciébn mitocondrial contribuye al dafio
renal. AUn mas, la prevencion de alteraciones mitocondriales por la NAC también
evita la sobreproduccion de ROS en los segmentos ricos en mitocondrias (Fig.
20) y por lo tanto el estrés oxidante (Fig. 21) y el desarrollo de la AKI (Figs. 12-
13).

Como se describe en la introduccion, existe una diferencia no solo entre el
tamafio y la abundancia mitocondrial en los distintos segmentos de la nefrona,
siendo los segmentos corticales como el PT, DT y el TAL los segmentos con
mayor cantidad de mitocondrias [10]. De igual manera, el potencial de membrana
mitocondrial (AWm) y la preferencia de sustratos respiratorios por este organelo
nefrona también cambia a lo largo de los segmentos de la nefrona
[12,14,15,17,18]. Si bien, las mitocondrias de estos segmentos pueden
responder de manera diferencial a los distintos tipos de dafio, se ha observado
gue las mitocondrias de los segmentos corticales son particularmente mas
susceptibles al dafio [18,82-84]. Esto es concordante con la mayor produccién
de ROS encontrada en los segmentos del PT y el DT en este trabajo (Fig. 20).

Por otra parte, la bioenergética esta estrechamente coordinada con la dinamica
y el recambio mitocondrial, favoreciendo la fision y la mitofagia o la fusion y la
biogénesis dependiendo de las demandas de energia de la célula [122,169,199].
De igual manera, el equilibrio redox mitocondrial es capaz de regular de manera
directa los procesos de mitofagia y dinamica mitocondrial [121-123]. En el caso
de la AKI, especificamente la inducida por cisplatino [170] y por maleato
[154,168], se demostrd reciente que el desacoplamiento mitocondrial junto con
la pérdida del AWm y el aumento del estrés oxidante, conducen al aumento en
la fision mitocondrial y su posterior degradacion por mitofagia. De hecho, se ha
postulado que en la AKI inducida por citotoxicos existe un aumento en la fisién
mitocondrial en las primeras etapas de la lesion renal [19,122,123]. En este
trabajo, demostramos por primera vez que, a las 24 h posteriores a su
administracion, el FA induce la fragmentacion mitocondrial y el aumento del
proceso de fisién (Figs. 23-24). Dichos cambios se estarian desencadenando por
la pérdida del AWYm (Fig. 15), el desacoplamiento mitocondrial (Fig. 14B) y el
aumento del estrés oxidante (Fig. 19). Estas evidencias sugieren que las
alteraciones en la dinamica mitocondrial serian el resultado de un deterioro en la
bioenergética y el estado redox mitocondrial. Por su parte, los efectos protectores
del pretratamiento con NAC en la bioenergética y el estado redox mitocondrial
(Figs. 14-19), explican la preservacion observada por microscopia electronica en
la morfologia mitocondrial (Fig. 23), asi como la prevencion de las alteraciones
en la dinamica mitocondrial (Figs. 23-24) a las 24 h posteriores a la
administracion del FA.

La pérdida del AWm, el aumento del estrés oxidante y el desplazamiento de la
dinamica mitocondrial hacia la fision son inductores conocidos de la remocion de
este organelo por el proceso de mitofagia [200-203]. Por lo que en nuestro
modelo esperabamos un aumento en este proceso. Efectivamente, a las 24
posteriores a su administracion, el FA aumento los niveles mitocondriales de la
proteina de autofagia Pink1 y disminuyd los niveles de las proteinas de autofagia
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LC3-1 y LC3-II (Fig. 25), implicando la induccion de la mitofagia en el PT. Sin
embargo, también se observé un aumento en los niveles de p62 (Fig. 25) y la
microscopia electronica en el PT reveld la acumulacion de cuerpos vesiculares
con mitocondrias fragmentadas (Fig. 23), lo que sugiere un proceso de mitofagia
interrumpido. Por su parte, el pretratamiento con NAC no previno
significativamente las alteraciones en los niveles de proteinas de autofagia con
respecto al grupo FA (Fig. 25), aunque si disminuyd el numero de cuerpos
vesiculares observados por microscopia electrénica en el PT (Fig. 23).

Por altimo, a las 24 h posteriores a su administracion, el FA disminuyo en el PT
los niveles de las proteinas de biogénesis mitocondrial PGC-1a, NRF1, NRF2 y
TFAM en las mitocondrias (Fig. 26). Esto concuerda con lo descrito por trabajos
anteriores, en los que se observo en los homogeneizados de rifion completo una
disminucioén en los niveles de mRNA de PGC-1a, TFAM, junto con la disminucién
en el nimero de copias de mtDNA entre 2 y 14 dias posteriores a la
administracion de FA [142,143]. Estos estudios también reportaron una fuerte
correlacién entre el deterioro de la biogénesis mitocondrial y el desarrollo de los
procesos que conducen a la transiciéon AKI-CKD en este modelo [142,143]. Por
su parte el pretratamiento con NAC no previno significativamente la caida de los
marcadores de biogénesis mitocondrial (Fig. 26). Esto sugiere que los
mecanismos de proteccion de NAC no estarian directamente relacionados con
dicho proceso.

Finalmente, para integrar los resultados obtenidos en esta primera parte,
proponemos el esquema presentado en la Figura 33, donde en conjunto,
nuestros resultados sugieren que la prevencion, por parte de la NAC, de las
alteraciones en la bioenergética, el estado redox y dinamica mitocondrial es
capaz de prevenir el desarrollo de la AKI inducida por FA a las 24 h posteriores
a la administracion de este.
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Figura 33. Esquema integrativo en la AKI. Veinticuatro horas después de la
administracion de acido félico (AF), el pretratamiento con N-acetilcisteina (NAC) previene el
desbalance redox y en la S-glutationilacion mitocondrial, previniendo asi las alteraciones
bioenergéticas y por tanto también el desplazamiento de la dindmica mitocondrial hacia la
fision. Los efectos protectores mitocondriales de NAC también evitan el aumento en la
produccion de especies reactivas de oxigeno (ROS) ligadas al NADPH y a la L-arginina en
los segmentos ricos en mitocondrias como el tibulo proximal (PT). Con lo que la NAC
previene el desarrollo de la AKI inducida por FA. Aunado a esto, el FA también induce la
disminucién de la biogénesis mitocondrial y la mitofagia disfuncional. Aunque a las 24 h el
pretratamiento con NAC no reduce de manera significativa las alteraciones en los niveles
de las proteinas involucradas en estos procesos, la NAC si disminuye efectivamente la
acumulacion de cuerpos vacuolares en el PT. BUN= nitrégeno ureico en sangre; Cl=
complejo | mitocondrial; Drpl= proteina 1 relacionada con la dinamina; Fisl= proteina de
fision 1; GSH= glutation reducido; GSSG= glutation disulfuro u oxidado; Grx= glutaredoxina;
LC3 (I / 1) = proteina 1A / 1B asociada a microtubulos de la cadena ligera 3 (I / 1l); Mfn1=
mitofusina 1; Opal= proteina de atrofia 6ptica 1; NRF (1/2)= factor respiratorio nuclear (1/2);
P= respiracién asociada a la OXPHOS; S3= estado respiratorio 3; S4= estado respiratorio
4; PGC-1a= coactivador alfa del receptor activado por proliferador de peroxisoma 1-alfa;
PINK1= quinasa putativa inducida por PTEN 1; PMG= respiracion ligada al Cl alimentada
con piruvato-malato-glutamato; PMG+S= respiracion ligada al CI+ClIl alimentada con
piruvato-malato-glutamato mas con succinato; RCI= indice de control respiratorio; TFAM=
factor de transcripcién mitocondrial A; AWYm= potencial de membrana mitocondrial.
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8.2. La evolucion temporal del deterioro en la bioenergética y estado redox
inducida por el FA favorece la transicion AKI-CKD

Como se menciond anteriormente, se sabe bien que episodios graves de AKI
son capaces de desencadenar el desarrollo de la CKD [5,49-51]. AUn mas, la
gravedad de la lesion durante el evento AKI es un buen indicador de la rapidez
con que progresara la CKD [62]. Dada la naturaleza progresiva del dafio renal
inducido por FA [137,140,142] y las alteraciones mitocondriales observadas en
la fase aguda (Figs. 14-26), esto lo hace un modelo ideal para evaluar el papel
de la mitocondria en la transicion AKI-CKD.

En cuanto a la funcién renal, la evaluacion temporal revelé que el aumento de
BUN y de creatinina en plasma alcanzaron un maximo a los 2 dias después de
la administracion de FA y disminuye posteriormente a lo largo del tiempo (Fig.
27A, B). Ademas, las alteraciones histologicas asociadas con la AKI, como la
muerte celular, la pérdida de la definicién del borde en cepillo y el hinchamiento
celular en el PT se mantienen en el dia 2 (Fig. 27D). Estos resultados confirman
que la AKI esta presente entre los dias 1y 2 después de la administracion de FA.
Por su parte la disminucion progresiva del BUN y la creatinina en plasma en los
dias posteriores (Fig. 27A, B), concuerda con lo descrito por estudios previos en
ratones administrados con FA, en donde este fendmeno marca el final de la
etapa aguda y el inicio de la transicion hacia la CKD [140,142]. Dicha transicién
se caracteriza por el deterioro renal progresivo, como lo demuestran estudios
previos, en los que entre los dias 2 a 14 después de la administracion de FA, se
observa el aumento temporal de procesos patolégicos como: estrés oxidante,
muerte celular apoptética, inflamacion, fibrosis, transicion epitelio-mesénquima y
reparacion mal adaptativa de la parénquima renal [142,143,178,195]. En el
presente trabajo, la pérdida progresiva de la funcién renal es confirmada por la
disminucién a los 28 dias de la GFR (el principal parametro de evaluacion de la
funcién renal), asi como por la disminucién en el RBF y en el RPF y el aumento
en la RVR (Fig. 28A). Estos resultados, junto con el aumento observado del
proceso fibrético en el rifidn a los 28 dias (Fig. 28B) confirman la progresion a
CKD. Lo cual es congruente con los estudios previos en ratones en los que se
observa la transicion AKI-CKD desde los 14 dias posteriores a la administraciéon
de FA [142,143,178].

Si bien se habia especulado que la disfuncién en la bioenergética mitocondrial
estaba presente a lo largo la progresion hacia la CKD y favorecia la misma
[142,178], la falta de estudios temporales de la bioenergética mitocondrial
durante la transicién AKI-CKD dificultaba la comprobacién de dicha hipétesis. En
este trabajo, caracterizamos por primera vez las alteraciones temporales en la
bioenergética mitocondrial en el modelo de dafio renal inducido por FA.
Especificamente, observamos que a los 2 dias en AKI, se mantiene la reduccion
en la capacidad de la OXPHOS (Fig. 29A, C), la reduccion en el AWm (Fig. 29E)
y desacoplamiento mitocondrial (Fig. 29D) en la respiracion ligada al CI,
sugiriendo que la producciéon mitocondrial de ATP se ve fuertemente afectada en
la AKI. Estos cambios estan asociados principalmente a la reduccion de la
actividad del Cl y del CllI (Fig. 30A, B). Curiosamente, a las 24 h posteriores a la
administracion de FA, no se observé ningun cambio en la actividad del Clli
(Anexo 2), lo que implica que el deterioro en el ClI precede al deterioro en el ClII.
Dicho efecto puede ser explicado dada la mayor susceptibilidad del CI a
modificaciones post-traduccionales irreversibles inducidas por el estrés oxidante
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[191,192]. En este contexto, un estudio reciente revelé6 que a los 3 dias
posteriores a la administracion de FA, la inhibicion del CI por la administracion
de rotenona exacerba el dafio renal [204], destacando que la disfuncion
mitocondrial en el Cl favorece la progresién del dafio renal.

En el caso de la etapa avanzada, se observo la recuperacion progresiva en el
S3y enla P (Fig. 29A, C), lo cual es consistente con la recuperacion temporal
en la actividad el CI (Fig. 30A). Sin embargo, el aumento progresivo de S40 a lo
largo del tiempo (Fig. 29 B), explica por qué incluso en la etapa avanzada el RCI
se mantuvo reducido con respecto al control (Fig. 29D). Estos resultados
implican que, aunque la produccion de ATP mitocondrial se recupera a lo largo
del tiempo, dicha recuperacion se acompafia por un desacoplamiento
mitocondrial permanente. El desacoplamiento mitocondrial que permanece a lo
largo del curso temporal es de particular interés, ya que favorece el aumento
permanente del estrés oxidante mitocondrial, como lo confirman la reduccién en
la actividad aconitasa (Fig. 32A), en la actividad de las enzimas antioxidantes
mitocondriales (Fig. 32B, C) y el aumento en los niveles mitocondriales de 4-HNE
(Fig. 32E). De igual manera se ha descrito que la disfuncion del Cl y el
desacoplamiento generan el aumento en la produccion mitocondrial de ROS
[159,162,163], lo que explica el aumento en la produccion de H202 mitocondrial
observada a los 28 dias posteriores a la administracion de FA (Fig. 32D). De
hecho el aumento en los niveles de ROS favorece la expresion de citocinas
proinflamatorias y factores profibroticos, desencadenando la progresion del dafio
renal [111,113,164,165].

Por otro lado, en este trabajo también describimos por primera vez las
alteraciones temporales en la B-oxidacion mitocondrial. Observamos que desde
la fase aguda hay una reduccion en el S3, en el RCI y en la capacidad de la
OXPHOS asociada a la B-oxidacién de acidos grasos (Fig. 31A, C, D), lo cual
sugiere gue la produccion de ATP a partir de la B-oxidacion de acidos grasos
disminuye permanentemente después de la administracion de FA. Esto es
particularmente importante en el rifidén, donde la mayor produccion de ATP se
atribuye a la B-oxidacion de &cidos grasos [8,176]. De manera concordante, se
ha descrito tanto en modelos animales [74,177,178] como en pacientes con CKD
[178,179], una disminucion en los niveles de mMRNA de las proteinas asociadas
a la B-oxidacion en rifién. En el caso de animales administrados con FA, dichos
niveles son menores a los del control, pero sin diferencia en el nimero de copias
de mtDNA [178]. Por lo que, en conjunto con nuestros resultados, estos datos
sugieren un estado permanente de estrés bioenergético a lo largo de la
progresion del dafio renal. En este contexto, existe un consenso en la literatura
de que las mitocondrias en estadios avanzados de CKD no son capaces de
mantener la demanda energética [73,76,77], como lo demuestra la acumulacién
de fosfato inorganico, el aumento en el consumo de oxigeno y disminucion del
transporte de sodio en el rifidon. Dichos cambios se han descrito también en
pacientes con CKD [78-80].

La disminucién en los niveles de las proteinas de la B-oxidacion mitocondrial
parece ser una alteracion comun en diversos modelos de CKD [74,79,205]. De
hecho, en el modelo de FA, se ha descrito que la disminucién en los mensajeros
de las proteinas de la B-oxidacion mitocondrial precede al proceso de fibrosis
renal [178]. Esto es congruente con la reduccion observada en los parametros
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respiratorios de la B-oxidacion desde la fase aguda (Fig. 31) en dias anteriores
a la fibrosis renal (Fig. 28B). Ademas, recientemente se demostrd que tan sélo
la inhibicion de la B-oxidacion es suficiente para reprogramar a las células
epiteliales tubulares hacia un fenotipo profibrético [178]. De hecho, dichos
autores sugirieron que los niveles de las proteinas de la B-oxidacion en la CKD
podria ser una manifestacion de una disfunciébn mitocondrial mas amplia [178].
Esto es congruente con nuestros resultados, en los que se demuestra que el
deterioro en la B-oxidacion (Fig. 31) esta acompafado por la reduccién en los
parametros respiratorios mitocondriales en la respiracion ligada al Cl (Fig. 29),
por una reduccién en la actividad del Cl y CllI (Fig. 30) y por un aumento en la
produccion de H202 mitocondrial (Fig. 32D). En particular, se sabe que las ROS
mitocondriales activan mecanismos patologicos relacionados a la fibrosis
[30,117,118], por tanto la disfuncion mitocondrial temprana desencadena la
disminucion de la B-oxidacién y el aumento en la produccion de ROS,
promoviendo la fibrosis renal en este modelo.

Por otro lado, si bien la administracion de FA conduce durante la fase de AKI a
la disminucion en el mMRNA de las proteinas de biogénesis mitocondrial en el
rifon [142,143], lo que se traduce en la disminucion observada en los niveles de
proteina de las mismas a las 24 h (Fig. 26). Curiosamente las proteinas de
biogénesis junto con los marcadores de masa mitocondrial no mostraron
cambios significativos entre los dias 7-28 posteriores a la administracion de FA
en comparacion con el grupo control (Anexo 4), lo que sugiere que la disminucién
inducida por FA en la biogénesis mitocondrial esta presente solamente en la fase
aguda de la enfermedad.

Por su parte, el pretratamiento con NAC previno, incluso a los 2 dias posteriores
a la administracion del FA, el desarrollo de la AKI (Fig. 27). De igual manera, la
NAC previno desde el dia 2 y hasta el dia 28, la disminucion inducida por el FA
en la OXPHOS (Fig. 29A, C) y en el AWm (Fig. 29E), asi como el
desacoplamiento mitocondrial (Fig. 29D) en la respiracion ligada al CI. Lo cual
indica que la NAC conservoé la produccion de ATP mitocondrial a lo largo del
curso temporal evaluado. Esta proteccion esta asociada a la preservacion de las
actividades del Cl y del Clll tanto en la fase aguda como en la crénica (Fig. 30A,
B). De manera congruente, la NAC también evit6 la reduccion inducida por FA
en S3, RCl y en la capacidad de la OXPHOS asociada a la B-oxidacién de acidos
grasos (Fig. 29A, C, D) en la transicion AKI-CKD, confirmando la preservacion
general en la produccion mitocondrial de ATP mitocondrial. La preservacion de
la funcion mitocondrial por la NAC estaria relacionada con la prevencion del
estrés oxidante en las mitocondrias tanto en la fase aguda como en la crénica
(Fig. 32A-D) y por lo tanto evitaria la evolucion hacia la CKD (Fig. 28A-B). De
hecho, la NAC evit6 a los 28 dias la disminucién inducida por el FAen la GFR y
en el RBF y el aumento de RVR (Fig. 28A), asi como el proceso fibrotico (Fig.
28B).

Finalmente, como se propone en el diagrama integrativo de esta segunda parte
(Fig. 34), la AKI inducida por FA esta relacionada al deterioro en la bioenergética
mitocondrial, a partir de la reduccion de la actividad del Cl y CIlIl, lo que genera
la reduccion en el S3, el S40, la P, el RCly en el AWYm en la respiracion asociada
al Cl. Asi como la reduccion en los parametros respiratorios vinculados a la -
oxidacion. Si bien hay una recuperacion progresiva de S3 y de la P en la
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respiracion ligada a CI, las alteraciones en los parametros respiratorios
vinculados a la B-oxidacion y el desacoplamiento mitocondrial persisten a lo largo
del tiempo. Juntos, estos generan la permanencia de un estado pro-oxidante en
las mitocondrias incluso en etapas avanzadas. Esto favorece las alteraciones
hemodinamicas y el proceso de fibrosis, desencadenando el desarrollo de la
transicion hacia la CKD. Por otro lado, la preadministracién de NAC previene las
alteraciones en la bioenergética mitocondrial en AKI inducidas por FA, evitando
su persistencia en el tiempo y el aumento del estrés oxidante mitocondrial. Por
lo que NAC es capaz de prevenir al menos parcialmente la fibrosis y las
alteraciones hemodinamicas. En conjunto, nuestros resultados sugirieren que la
preservacion de la mitocondria en la AKI es capaz de prevenir la progresion del
dafo renal hacia la CKD el modelo de dafio renal inducido por FA. De hecho, el
uso de compuestos capaces de preservar la funcién mitocondrial ha demostrado
atenuar la progresion del dafio renal como la nefrectomia [21,73,76,206]. De
igual manera, mas recientemente se sugirid6 que restaurar la B-oxidacion
mitocondrial podria ser beneficioso para el tratamiento de la CKD [178]. Sin
embargo, aln se necesitan mas estudios para confirmar esta hipétesis.
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Figura 34. Esquema integrativo de latransicion AKI-CKD. (1) EI FA induce AKI temprana,
lo cual esta relacionado con el deterioro de la bioenergética mitocondrial. (2) En la etapa
aguda, hay una reduccién en la actividad del Cl y del ClllI, lo que conduce a una disminucién
en el S3, el S40, la P, el RCl y el AWYm en la respiracion vinculada al Cl. Pero también a una
reduccion en el S3, la P y el RCI en la B-oxidacién de los acidos grasos. Si bien hay una
recuperacion parcial en el S3, en la P y en AWm en la respiracion ligada al Cl, el S4o vy el
RCl y los parametros respiratorios vinculados a la 3-oxidacién se ven afectados de manera
permanente. Lo cual indica una reduccién permanente en la produccién de ATP, asi como
el desacoplamiento mitocondrial. (3) Asi mismo el FA favorece un estrés oxidante
permanente en las mitocondrias, reduciendo la actividad de las enzimas antioxidantes y
aumentando la produccion mitocondrial de peroxido de hidrogeno (H20z). Finalmente, las
alteraciones mitocondriales en su conjunto favorecen procesos como (4) las alteraciones
hemodinamicas y (5) la fibrosis, implicadas en la transicion AKI-CKD. Por su parte, el
pretratamiento con NAC, previne el deterioro mitocondrial en la AKI inducida por FA,
evitando asi la progresion de la disfunciéon mitocondrial con el tiempo y por tanto los procesos
de fibrosis y las alteraciones hemodinamicas que favorecen el avance a la CKD. AKl=
insuficiencia renal aguda, CKD= enfermedad renal crénica, Cl= complejo |, Clll= complejo
lll, FA= &cido folico, GFR= tasa de filtraciobn glomerular, NAC= N-acetilcisteina, P=
respiracion atribuible a la fosforilacion oxidativa, PMG= piruvato-malato-glutamato, sustratos
del Cl, RBF= flujo sanguineo renal, RCI= indice de control respiratorio, RVR= resistencia
vascular renal, S3= estado respiratorio 3, S40= estado respiratorio 4 inducido por
oligomicina, AWYm= potencial de membrana mitocondrial.
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El pretratamiento con FA induce a las 24 h la disfuncion en la
bioenergética mitocondrial, generando asi alteraciones en la dinamica y
la mitofagia.

Las alteraciones bioenergéticas son provocadas por la disminucion en la
S-glutationilacion y un estado pro-oxidante mitocondrial

La disfuncion mitocondrial a las 24h favorece el desarrollo de la AKI.

Los efectos protectores de la NAC sobre la AKI se relacionan la
prevencion de la funcion mitocondria.

El NAC previene la disfuncion mitocondrial a partir de la preservacion de
la S-glutationilacion y el estado redox en este organelo.

Las alteraciones bioenergéticas y el estrés oxidante mitocondrial
inducidas por el FA persisten después de la AKI.

La disfuncién en la B-oxidacion y el desacoplamiento mitocondrial son un
fendmeno persisten de durante la transicion AKI-CKD.

La persistencia del dafio mitocondria después de la AKI inducida por FA
favorece el desarrollo de la CKD.

Preservar la funcion mitocondrial durante un evento de AKI previene el
desarrollo de la CKD.
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10. Perspectivas

>

Se plantea realizar estudios de proteémica en mitocondrias, con el
objetivo de determinar la identidad de las proteinas que sufren
cambios en su S-glutationilacion.

Se plantea realizar estudios temporales de dinamica mitocondrial,
para determinar su participacion en la progresion hacia la CKD.

Se plantea realizar estudios temporales de autofagia y mitofagia, para
determinar su participacion en la progresion hacia la CKD.

Se plantea realizar esquemas de postratamiento con la NAC, para
determinar si estos pueden revertir el dafio mitocondrial y por tanto el
desarrollo de la CKD.

Se plantea realizar estudios de los cambios den la S-glutationilacién
en otros modelos de dafio renal asociados a la disfuncién mitocondrial
como la nefrectomia.
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ARTICLE INFO ABSTRACT

Keywords: Folic acid (FA)-induced acute kidney injury (AKI) is a widely used model for studies of the renal damage and its
Acute kidney damage progression to chronic state. However, the molecular mechanisms by which FA induces AKI remain poorly
Folic acid

understood. Since renal function depends on mitochondrial homeostasis, it has been suggested that mitochon-
drial alterations contribute to AKI development. Additionally, N-acetyl-cysteine (NAC) can be a protective agent
to prevent mitochondrial and renal dysfunction in this model, given its ability to increase mitochondrial glu-
tathione (GSH) and to control the S-glutathionylation levels, a reversible post-translational modification that has
emerged as a mechanism able to link mitochondrial energy metabolism and redox homeostasis. However, this
hypothesis has not been explored. The present study demonstrates for the first time that, at 24 h, FA induced
mitochondrial bioenergetics, redox state, dynamics and mitophagy alterations, which are involved in the me-
chanisms responsible for the AKI development. On the other hand, NAC preadministration was able to prevent
mitochondrial bioenergetics, redox state and dynamics alterations as well as renal damage. The protective effects
of NAC on mitochondria and renal function could be related to its observed capacity to preserve the S-glu-
tathionylation process and GSH levels in mitochondria. Taken together, our results support the idea that these
mitochondrial processes can be targets for the prevention of the renal damage and its progression in FA-induced
AKI model.

N-acetyl-cysteine
Mitochondrial bioenergetics
Mitochondrial dynamics and S-
glutathionylation

1. Introduction clinic [15] and is highly reproducible [16,17]. Although acute tubular

necrosis, tubular obstruction, cytokines release, oxidative stress and

Acute kidney injury (AKI) is characterized by a sudden deterioration
of the renal functions within a relatively short time interval [1,2]. It has
recently been demonstrated, in animal models and in patients, that one
strong episode of AKI or a series of them may result in the development
of chronic kidney disease (CKD) [3-6]. Both diseases are growing
worldwide public health problems [7-11], which have high mortality
rates [12]. Additionally, concerning CKD, clinical approaches are in-
sufficient to prevent the advance of the disease [4,6,13]. This highlights
the necessity of exploring the mechanisms involved in AKI development
as well as its progression to CKD [1,14].

Folic acid (FA)-induced renal damage is a widely used experimental
model to study AKI, because it recreates the pathology reported in the
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necrotic and apoptotic processes have been implicated in this model,
the molecular mechanisms by which FA induces AKI remain poorly
understood [16-19]. Additionally, one high dose of FA or repeated low
doses of it can induce chronic processes, such inflammation and fi-
brosis, making this model a valuable tool to explore the mechanisms
involved in AKI to CKD transition [16,20,21].

Furthermore, in the kidney the renal reabsorption is maintained
principally by mitochondrial oxidative phosphorylation (OXPHOS).
Mitochondria regulate functions related to energetic homeostasis and
cell signaling [22-25] and is considered one of the main sites of reactive
oxygen species (ROS) production in the cell [26]. In the case of AKI in
vivo models, the segments with high dependence on mitochondrial ATP
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production, such as the proximal tubule (PT), are more prone to da-
mage [27]. Actually, in AKI models induced by cisplatin [28],
ischemia/reperfusion [29] and maleate [30], there is a correlation be-
tween tubular damage and mitochondrial bioenergetics and dynamics
alterations. Nonetheless, in the case of CKD the existing information is
still limited, most of the information comes from the 5/6 nephrectomy
model, where impairment of mitochondrial bioenergetics and dynamics
have been reported in advanced stages of chronic disease [31-34]. So, it
has been hypothesized that mitochondrial bioenergetics alterations,
oxidative stress and dynamics imbalance contributes to the transition
from AKI to CKD [27,35,36].

It has recently been shown that the function of the many mi-
tochondrial proteins involved in energy metabolism is regulated by
post-translational modifications induced by an increase in ROS levels,
such as S-glutathionylation, the reversible addition of glutathione
(GSH) to cysteine residues [37-40]. In contrast with the non-enzymatic
process, the enzymatic S-glutathionylation has been associated with a
reduction of oxidative stress [39,41] and with processes that regulate
the mitochondrial dynamics (fission-fusion) and turnover (biogenesis
and mitophagy) [39,40]. Therefore, the enzymatic S-glutathionylation
is a mechanism that links changes in the redox state with regulation of
the energy metabolism and with mitochondrial dynamics [39-41]. In
this regard, N-acetyl-cysteine (NAC), a sulfhydryl groups donor and
GSH precursor [42,43], has been proposed as a possible modulator of S-
glutathionylation given its ability to regulate intracellular GSH levels
[39,44]. NAC has also been employed to prevent mitochondrial po-
tential loss, oxidative stress and changes in energy metabolism in
models of AKI induced by hyperoxaluria and ochratoxin A [42,45].
Furthermore, oral NAC administration in patients prevents the increase
in renal damage markers in cardiac surgery and in contrast-induced
nephropathy [43,46]. Hence, NAC may be a powerful agent able to
prevent mitochondrial and renal dysfunction in AKI.

In FA-induced AKI model, decreases have been observed in the
mRNA levels of peroxisome proliferator gamma coactivator 1a (PGC-
la), mitochondrial transcription factor A (TFAM), NADH dehy-
drogenase- [ubiquinone] 1 beta subcomplex subunit 8 (NDUF(8), ATP
synthase subunit 3 (ATPS-B), succinate dehydrogenase subunit A
(Sdha) and cytochrome C oxidase subunit I (COXI), suggesting a re-
duction in mitochondrial biogenesis [47,48]. However, the mitochon-
drial bioenergetics and redox alterations and their contribution to the
AKI development are still unknown. In the present study, we explored,
for the first time, the mitochondrial bioenergetics, turnover and redox
alterations involved in mitochondrial dysfunction in the FA-induced
AKI model, and also their possible association with changes in mi-
tochondrial S-glutathionylation and activity of the enzymes involved in
the regulation of this post-translational modification. The effects of
NAC on mitochondrial and renal function were also assessed. Further,
we evaluated if these effects were related to the capacity of this com-
pound to regulate the GSH/glutathione disulfide (GSSG) ratio in mi-
tochondria.

2. Material and methods
2.1. Chemicals

Adenosine 5’-diphosphate sodium salt (ADP), amplex red, antimycin
A, 1-arginine, carbonyl cyanide m-chlorophenylhydrazone, fat free bo-
vine serum albumin (BSA), carbonyl cyanide m-chlorophenylhydrazone
(CCCP), collagenase from Clostridum histolyticum (type II), cytochrome c
from equine heart, D-(+)-glucose, diphenylene iodonium (DPI), dihy-
droethidium (DHE), bp-mannitol, decylubiquinone (DUB), 2,6-di-
chlorophenolindophenol sodium salt hydrate (DCPIP), 5,5’-dithio-bis (2
nitrobenzoic) acid (DTNB), ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid (EGTA), FA, GSH, glucose, glucose-6-phos-
phate dehydrogenase, glutathione reductase (GR), glutathione-S-trans-
ferase (GST), glutamic acid, hexokinase, 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES), horseradish peroxidase (HRP),
K-lactobionate, manganese (II) chloride (MgCl,) tetrahydrate, malic
acid, monochlorobimane, N-ethylmaleimide (NEM), nitroblue tetra-
zolium (NBT), NADPH, NADP*, NADH, NAC, Percoll®, potassium cy-
anide (KCN), primary antibodies against p62 and f-actin, rotenone,
safranin O, salmon testes deoxyribonucleic acid (DNA), sodium succi-
nate dibasic, sodium phosphate dibasic (Na,HPQ,), sodium phosphate
monobasic (NaH,PO,), sodium glutamate, sodium L-ascorbate, sodium
malate, sodium dodecyl sulfate (SDS), sucrose, 2,4 dinitro-
chlorobenzene (CDNB), dinitrophenol (DNP), taurine, tetramethyl-p-
phenylene diamine (TMPD), L-N®-nitroarginine methyl ester (L-NAME),
3-benzoxazol-2-yl-3-benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-yl
sulfide (VAS2870), xanthine, xanthine oxidase, 2-vinylpyridine (2-VP)
and 5-nm gold particles were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Calcium chloride (CaCl,), sodium bicarbonate (NaHCO,)
and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA)
were obtained from JT Baker (Xalostoc, Edo. Mexico, Mexico). Protease
inhibitor cocktail was purchased from Roche Applied Science
(Mannheim, Germany). Commercial kits from Spinreact (Girona, Spain)
were used to measure blood urea nitrogen (BUN) and plasma creati-
nine. The sedative sodium pentobarbital (Sedalphorte™®) was pur-
chased from Salud y Bienestar Animal S.A. de C.V. (Mexico City,
Mexico). Antibodies against voltage dependence anion channel
(VDAC), GSH, microtubule-associated protein 1A/1B-light chain 3 I
(LC3-I), malondialdehyde (MDA), PGC-la, TFAM and 4-hydro-
xynonenal (4HNE) were purchased from Abcam (Cambridge, MA,
USA). Antibodies against dynamin-related protein 1 (Drpl), mi-
tochondrial fission 1 protein (Fisl), optic atrophy 1 (Opal) and mito-
fusin 1 (Mfn1) and 2 (Mfn2), nuclear respiratory factor 1 (NRF1) and 2
(NRF2) and PTEN-induced putative kinase 1 (PINK1) were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). Glutaredoxin (Grx)
fluorescent activity assay kit was from Cayman Chemical (Ann Arbor,
MI, USA). Proximal tubular cell line derived from porcine kidney (LLC-
PK1, ATTC CL-101), were from American Type Culture Collection
(ATCC, Rockville, MD, USA). Dulbecco's Modified Eagle's Medium
(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were
purchased from Biowest (Riverside, MO, USA).

2.2. Experimental design

The experimental protocol was approved by Bioethics and Research
Committees from the Faculty of Chemistry (FQ/CICUAL/171/16) and
was conducted according to the guidelines of Mexican Official Norm
Guides for the use and care of laboratory animals (NOM-062-ZOO-
1999) and for the disposal of biological residues (NOM-087-SEMAR-
NAT-SSA1-2002). Four groups of male Wistar rats with an initial body
weight between 230 and 250 g (about 10 weeks old) were employed (n
5-6/group): (1) Vehicle, animals were injected with 0.5ml of
300 mM NaHCO,. (2) FA, they were administered with a single in-
traperitoneal dose of FA (300 mgkg ™' body weight) dissolved in
300 mM NaHCO; [18,47]. (3) NAC +FA, animals were pre-treated with
NAC (300mg/kg) 24 and 2h before FA administration [43,49]. (4)
NAC, rats only received NAC. Rats had free access to water and food
and were kept in metabolic cages to collect 24 h urine.

2.3. Renal damage markers

Twenty-four hours after FA administration, animals were anesthe-
tized with sodium pentobarbital (60 mg/kg), blood was obtained from
cardiac puncture and plasma was separated and stored at 4 °C to eval-
uate BUN and creatinine as markers of renal damage.

2.4. Morphological studies

The histological study was performed as previously described [36].
Briefly, three kidneys each one from different animals per group were



O.E. Aparicio-Trejo et al.

perfused, immediately removed and sectioned; one portion of the tissue
was immediately fixed by immersion in 10% formaldehyde solution
dissolved in phosphate buffered saline (PBS). After one day of fixation,
kidney sections were dehydrated with alcohol solutions of progressive
concentration and then embedded in paraffin. Sections of 5 um width
were obtained and stained with hematoxylin/eosin for histological
evaluation. For the ultrastructural study, small tissue fragments from
the kidney cortex were fixed with 2.5% glutaraldehyde in 0.15M ca-
codylate buffer, post-fixed with 1% osmium tetroxide, dehydrated with
ethyl alcohol in ascending concentrations and infiltrated in epoxy resin.
Ultrathin sections were contrasted with uranyl acetate and lead citrate,
and subsequently observed with an electron microscope (Tecnai Spirit
BioTwin, FEI, Hillsboro, OR, USA), immunoelectron microscopy was
employed for the detection of mitochondrial fission protein Drpl. For
this procedure small fragments of kidney cortex were immediately fixed
by immersion in 4% paraformaldehyde dissolved in Sérensen buffer and
embedded in LR-White hydrosoluble resin. Thin sections from 70 to
90 nm were mounted on nickel grids and incubated for 2h at room
temperature with polyclonal specific rabbit immunoglobulins anti-Drpl
protein; after extensive washing, grids were incubated with the sec-
ondary antibody goat anti-rabbit IgG conjugated to 5-nm gold particles.
The grids were contrasted with uranium salts and analyzed with the
electron microscope.

2.5. Isolation of renal mitochondria

After sacrifice, kidneys were cooled by immersion in isolation buffer
(225 mM p-mannitol, 75 mM sucrose, 1 mM EDTA, 5 mM HEPES, 0.1%
BSA, pH = 7.4) at 4°C and then cut in small pieces. Mitochondria were
isolated from total renal mass, tissues were homogenized in a glass
Potter-Elvehjem with a TeflonVR pestle in the same buffer and mi-
tochondria were obtained by differential centrifugation with Percoll
gradients [36]. The pellet was resuspended in 100 uL of BSA-free iso-
lation buffer and the mitochondrial total protein was measured by the
Lowry method.

2.6. Mitochondrial O, consumption

Evaluation of mitochondrial O, consumption was performed with a
high resolution respirometry (oxygraph O2k, OROBOROS, Innsbruck,
Austria) at 37 °C. Isolated mitochondria (200 pg of total protein) were
loaded into the chamber that contained 2ml of MiR0O5 respiration
buffer: 0.5mM EGTA, 3mM MgCl,, 60 mM K-lactobionate, 20 mM
taurine, 10 mM KH,PO,, 20 mM HEPES, 110 mM sucrose and 1 g/L BSA
essentially fatty acid free. Electron transport was started by addition of
complex I (CI) linked substrates 5 mM sodium pyruvate, 2 mM malate
and 10 mM glutamate or complex II (CII) linked substrate 10 mM suc-
cinate plus 0.5 uM rotenone (CI inhibitor). Complex I plus complex II
(CI+CII) respiration was achieved by addition of CI and CII linked
substrates without rotenone. State 3 (S3) respiration was stimulated by
the addition of 2.5 mM ADP and 2.5pM oligomycin induced state 4
(S40). All the above parameters were corrected by residual respiration
(ROX), which was obtained by addition of 0.5 uM rotenone plus 2.5 uM
antimycin A (a complex III inhibitor). The respiratory control index
(RCI) was defined as the S3/S40 ratio and OXPHOS associated re-
spiration (P) was defined as S3-S4o [50]. All reported values were
normalized by total protein content.

2.7. Mitochondrial membrane potential (A¥m)

The changes in AWm in the different respiratory states were mea-
sured as previously reported [28]. Briefly, the changes in safranin O
fluorescence (2uM) in MiRO5 medium were used to monitor the
changes in AWm. To stimulate CI, CII or CI+ CII respiration, the re-
spective substrates were added (see above). Mitochondrial membrane
potential in S3 was obtained by addition of saturant 2.5 mM ADP and in
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S40 by 2.5 uM oligomycin. Finally, 5 uM CCCP was added to dissipate
completely the AWm and to correct by the non-specific interactions.
Calibration curves of safranin were employed to ensure the linearity of
the assay. Results were expressed as the changes in the measurable
concentration of safranin O (AuM of Saf O) in S3 or S4o0 with respect to
CCCP decoupling, and the results were normalized per milligram of
protein (AuM of Saf O/mg of protein).

2.8. ATP synthase and mitochondrial respiratory complexes activities

Mitochondrial complexes activities were assessed as previously de-
scribed [28,36]. Briefly, CI activity was measured based on CI capacity
to oxidize NADH while reducing DUB to DUBH,, which is then oxidized
by DCPIP. The CI activity is followed by the disappearance of oxidized
DCPIP at 600 nm. CII activity was measured in a separate assay in
presence of 2.5 pM rotenone, using the CII capacity of reduce DUB, so
the decrease in the absorbance at 600 nm was proportional to the ac-
tivity of CII. The activity of complex III (CIII) was evaluated using the
increase in absorbance at 550 nm (cytochrome c reduction) by addition
of DUBH,. The activity of complex IV (CIV) was evaluated in the re-
spiration medium MiR05 supplemented with 0.5uM rotenone plus
2.5uM antimycin A, the oxygen consumption was stimulated by the
addition of 0.5 mM TMPD plus 2 mM ascorbate, the oxygen consump-
tion rate was proportional to CIV activity. ATP synthase activity was
measured following the reduction of NADP* at 340 nm using an en-
zyme-linked assay [36]. Absorbance measurements were performed at
37 °C using a Synergy-Biotek microplate reader (Biotek Instruments,
Winooski, VT, USA) and the oxygen consumption rate measurements
were performed using high resolution respirometry (oxygraph O2Kk).
The specific activity of each complex was determined by the subtraction
of the activity in the presence of the appropriate inhibitor from the non-
inhibited one, the results were expressed as nmol/min/mg of protein.

2.9. Mitochondrial H,0, production

Mitochondrial H,O, was measured in an O2k-Fluorometer (OROB-
OROS, Innsbruck, Austria) using Amplex red as a probe. Isolated mi-
tochondria were resuspended in 2.0 ml of MiRO5 plus HRP 0.5 U/ml.
Calibration curves were employed to ensure the linearity of the assay.
Briefly, to obtain the H,O5 production rate in the different respiratory
states, sequential additions were employed as previously described
[51]. Basal H,0» production was obtained by mitochondria addition,
the production in S4 feeding CI (State 4 CI linked) was measured by
addition of CI linked substrates (see above). The production in S3
feeding CI (State 3 CI linked) was measured by addition of 2.5 mM ADP.
To determine CI plus CII feeding production (State 3 CI + CII linked),
10 mM sodium succinate was added. Finally, 2.5uM oligomycin was
added to determine the production in S4o (State 4 CI + CII linked).

2.10. Activity of antioxidant enzymes and oxidative stress markers in
mitochondria and renal cortex

Isolated mitochondria were used for the measurements of anti-
oxidant enzymes as previously described [51]. Briefly, Mn superoxide
dismutase (MnSOD) activity was evaluated by spectrophotometry at
560 nm using NBT as a probe. Glutathione peroxidase (GPx) activity
was measured by the disappearance of NADPH at 340 nm in a coupled
reaction with GR. Peroxiredoxin (Prx) activity was measured following
NADPH oxidation via thioredoxin reductase and thioredoxin-coupled
assay [52]. The lipoperoxidation markers protein-MDA adducts and
4HNE were evaluated in mitochondria by Western blot (WB) [36]. The
inactivation of aconitase activity was evaluated as a mitochondrial
oxidative stress marker by determining the rate of formation of the
intermediate product cis-aconitate at 240 nm, as we previously de-
scribed [53]. Mitochondrial aconitase activity was normalized by the
citrate synthase activity. Briefly, the activity of citrate synthase was
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determined by recording the increase in the absorbance at 412 nm of 5-
thio-2-nitrobenzoic acid (TNB) adduct [54]. Both activities were ex-
pressed as nmol per minute per milligram of protein (nmol/min/mg of
protein). Additionally, catalase activity and 4HNE levels were measured
in renal cortex homogenates. Briefly, the assay of catalase activity was
performed based on the disappearance of 30 mM H,0, at 240 nm; data
were expressed as k/mg of protein (k = constant of first order).

2.11. Activity of the enzymes involved in the S-glutathionylation system in
mitochondria

Isolated mitochondria were employed to determine the activities of
the enzymes involved in the S-glutathionylation system: GST, GR and
Grx. Briefly, GST activity was evaluated by measuring the increase in
absorbance at 340 nm generated by the adduct GSH-CDNB, meanwhile
GR activity was evaluated by measuring the disappearance of NADPH
at 340nm [51]. The removal of S-glutathionylation activity of the Grx
was evaluated using a commercial kit. In each case, the activities were
normalized by protein content. The levels of total mitochondrial protein
S-glutathionylation were evaluated by WB.

2.12. Total glutathione content, GSH and GSSG levels

Total glutathione (GSH+ GSSG) content and GSSG levels were
measured in renal homogenates using a previously described method
[55]. The total glutathione assay is based on the reaction of GSH with
DTNB to produce TNB, which is detectable at 412 nm, and GSSG-TNB
adduct (GS-TNB). The GR added to the assay reduces the GS-TNB to
GSH, which then reacts with DTNB. The rate of change in absorbance
was compared with GSH standards. The measurement of GSSG was
made in a similar way, but the samples were incubated with 2-VP,
which scavenges GSH; this allows for GSSG to be reduced to GSH by GR.
The levels of GSH were determined by subtraction of GSH content in 2-
VP-treated samples to GSH content of samples without 2-VP. All mea-
surements were normalized by protein content.

2.13. Isolation of PT and distal tubules (DT)

PT and DT were isolated by a previously described method [36].
Briefly, the kidneys were dissected and the cortex was separated and
put on a cold Petri dish. Renal tubules were isolated by Percoll gradient,
the fragments of kidney were placed in 15ml of Krebs-bicarbonate
solution (KBS) buffer at 4 °C: 110 mM NaCl, 25 mM NaHCO3, 3 mM KCl,
1.2mM CaCl,, 0.7 mM MgSO,, 2 mM KH,PO,4, 10 mM sodium acetate,
5.5mM glucose, 5mM alanine, and 0.5 g/L of BSA, pH 7,4. Tissues
were cut to fine pieces and washed three times, resuspended in 10 ml of
KBS containing 15mg of collagenase and 0.5ml 10% BSA and in-
cubated in a water bath for 20 min at 37 °C. The tissue suspension was
gently stirred and centrifuged, the pellet was resuspended in 10 ml cold
KBS and this step was repeated three times to remove the collagen fi-
bers. Then the pellet was resuspended in 30 ml of a cold mix of Percoll
and KBS buffer 1:1 v/v with protease inhibitors. The suspension was
centrifuged at 1071 X g for 30 min, which resulted in the formation of 4
enriched bands: the first with DT and the fourth with PT. Band content
was confirmed by light microscopy observation.

2.14. ROS production in tubule segments and cortex

ROS production was performed in isolated PT and DT and kidney
cortex by the fluorescent method previously described [36], where
fluorogenic oxidation of DHE to ethidium (Eth) was used to measure
ROS production. Respective homogenates (20 mg) were incubated with
0.02mmol/L DHE, 0.5mg/ml salmon testes DNA and the corre-
sponding substrates: 0.1 mM NADPH for NADPH oxidase (NOX) and
1 mM r-arginine for nitric oxide synthase (NOS), according to previous
protocols [30]. A separate test with inhibitors was performed: 10 uM
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DPI and 10 uM VAS2870 were used to inhibit NADPH linked ROS, and
1 mM L-NAME to inhibit 1-arginine linked ROS. The assay was per-
formed at 37 °C for 25min and the fluorescence of the complex Eth-
DNA was measured at excitation/emission wavelengths of 480/610 nm.
Data were expressed as arbitrary units of fluorescence (AUF), to nor-
malize the fluorescence intensity, each sample was divided between the
respective control average and with the total amount of protein.

2.15. Protein extraction and WB

For total protein extraction, mitochondria or PT pellet were re-
suspended in radioimmunoprecipitation buffer (RIPA): 40 mM Tris-HCl,
150 mM NaCl, 2mM EDTA, 10% glycerol, 1% Triton X-100, 0.5% so-
dium deoxycholate, and 0.2% SDS, pH 7.6. Then, the samples were
incubated for 30 min at 48 °C and were sonicated three times for 30 s at
low intensity in an ultrasonic processor. Homogenates were centrifuged
at 14,000 x g per 40 min at 4 °C and the supernatants were collected.
Thirty ug of total protein were denatured by boiling for 10 min and then
diluted 1:5 in Laemmli buffer (60 mM Tris-Cl, pH = 6.8, 2% SDS, 10%
glycerol, 5% [(-mercaptoethanol, 0.01% bromophenol blue). Samples
were loaded on 12% SDS-polyacrylamide gels and electrophoresed.
Molecular weight standards were run in parallel. Proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes. Nonspecific pro-
tein binding was blocked by incubation with 5% nonfat dry milk in PBS
containing 0.4% Tween 20, for 1h, at room temperature. Membranes
were incubated overnight at 4 °C, first with the appropriated primary
antibody, and then with the corresponding fluorescent secondary an-
tibody (1:5000) for 1h in darkness. Protein bands were detected by
fluorescence in the Odyssey scanner (LI-COR Biosciences, Lincoln, NE,
USA). Protein band density was analyzed by Image Studio™ Lite
Software LI-COR Odyssey (LI-COR Biosciences).

2.16. Cell culture and cell viability

Proximal tubule epithelial LLC-PK1 cells were grown in DMEM,
supplemented with 10% FBS and penicillin/streptomycin (100/50 U/
ml) in a humidified incubator with 5% CO, atmosphere at 37 °C. The
experiments were at density of 44 000 cell/cm?, passage within 16-30
[53]. After 24 h of growth, the LLC-PK1 were exposed to 10 mM NAC
[56] for 22 h. Subsequently, the medium was replaced by fresh 10 mM
NAC for 2h before being exposed to a different FA concentration
(2.5-30 mM) for 24 h. Micrograph images were taken with a Cytation 5
Cell Imaging Multi-Mode Reader (BioTek Instruments, Winooski, VT).
One brightfield colorless or brightfield color images were captured by
triplicate with a 20x objective. Cells were washed with DMEM without
SFB three times and replaced with fresh DMEM for brightfield colorless
images and with only PBS twice for brightfield color images, to avoid
rinsing off all the extracellular folic acid precipitate.

2.17. Cell respirometry

The oxygen consumption in intact cells was performed using a high
resolution respirometry oxygraph O2k meter (Oroboros Instruments).
After the corresponding treatment, cells were washed with PBS 1X and
harvested. Determinations were made using 2ml of culture medium
with 10% FBS at 37 °C. Each experiment was started by the addition of
the cells (2.404 million as a initial number), the respiratory parameters
were defined as follows: Oxygen consumption in the presence of cells
(Routine), leak of the respiration, corresponding to the cellular oxygen
consumption in presence of 5uM oligomycin (Leak), uncoupled re-
spiration was achieved by titrations of 8 pL of 20 uM DNP (Uncoupled)
and P was calculated by the formula: Routine-Leak. All parameters were
corrected by subtracting the non-mitochondrial respiration, obtained
by the addition of 1 uM rotenone plus 5 uM antimycin A, and normal-
ized by the initial number of cells.



O.E. Aparicio-Trejo et al. Free Radical Biology and Medicine 130 (2019) 379-396

A) Creatinine B) BUN
2.0 *k - % 5001 *hk ek
11
1200
kel
D
£
1004
. 0-
(9
& E & & & &
<
& & X\ &
C) Urinary volume D) Kidney weight
40-
2.0
*%*
- 30 | % 1.54
3 20} g T
E E 1.0+
—_ )
101 -
0- : 0.0
@ O - I
‘é‘(} <« o i \3 R ¥ Al Gl
X ¥ 3 S N
S R &

Fig. 1. Markers of renal function and kidney weight of the four experimental groups. (A) creatinine and (B) blood urea nitrogen (BUN) in plasma, (C) urinary
volume and (D) kidney weight of the four groups. FA = Folic Acid, NAC = N-acetyl-cysteine. Data are mean + SEM, n = 5-6. *P < 0.05, **P < 0.01,
***p < 0.001.

Fig. 2. Representative kidney micrographs
of the four experimental groups. (A) Normal
histology of the kidney from vehicle-treated
animal. (B) The kidney from animal treated
with N-acetyl-cysteine (NAC) does not show
any histological abnormality. (C) In contrast,
the kidney from folic acid (FA)-treated animal
show extensive tubular damage, numerous
proximal tubules show necrotic and atrophic
flat epithelium (arrows) and many tubules ex-
hibit hyaline casts in the tubular lumen (as-
terisks). (D) This tubular damage is lesser in
FA +NAC animal; just occasional proximal tu-
bules show atrophy (arrows) or regenerative
activity (asterisk). All micrographs 200x mag-
nification, hematoxylin/eosin staining.
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Fig. 3. Respiratory parameters in isolated mitochondria of the four experimental groups. (A) Schematic representations of the method used to determine the
oxygen consumption in each respiratory state; blue line corresponds to O, concentration, meanwhile red line corresponds to the rate of oxygen consumption. The
additions are represented by gray arrows. (B) Mitochondrial respiratory parameters: state 3 (S3), state 4 induced by oligomycin (S40), respiratory control index (RCI)
and OXPHOS associated respiration (P) in CI and CI+ CII linked respirations. FA = Folic Acid, NAC = N-acetyl-cysteine. CI = complex I, CII = complex II, Mit =
mitochondria, PMG = pyruvate-malate-glutamate, S = succinate, S+R = succinate +rotenone, Oligo = Oligomycin, Rot = rotenone, Ant = Antimycin A, ROX =
Residual not mitochondrial respiration. Data are mean = SEM, n = 5-6. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

2.18. Statistical analysis

Data were presented as mean =+ standard error of the mean (SEM).
They were analyzed by one-way analysis of variance with a subsequent
Tukey test using the software Graph- Pad Prism 6 (San Diego, CA, USA).
A P-value less than 0.05 was considered significant.

3. Results
3.1. NAC prevents FA induced renal damage

Our first aim was to determine the effect of NAC pretreatment on
how FA induced renal damage. It was found, that 24 h after its ad-
ministration, FA induced a remarkable increase in creatinine (Fig. 1A)
and BUN (Fig. 1B) in plasma, as well as a higher urinary volume
(Fig. 1C) with respect to the control group. The histological analysis of
the FA group revealed copious PT that showed numerous swollen cells
with multivacuolar cytoplasm that alternate with necrotic cells, many
damaged tubules exhibited hyaline casts in their lumen, and other PT
showed accentuated epithelium atrophy (Fig. 2C). NAC pre-adminis-
tration significantly prevented the increase in creatinine (Fig. 1A) and
in BUN (Fig. 1B) levels, with significant improvement of the histological
damage, just focal areas of atrophic cortical tubules and regenerative
epithelium were seen (Fig. 2D). Interestingly, NAC preadministration
(NAC+FA) group tended to show an increase of urinary volume with
respect to the control and FA groups. However, NAC did not show this
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increase (Fig. 1C). No significant changes were observed in the kidney
weight between the different groups (Fig. 1D). Renal histological da-
mage was not seen either on vehicle-treated animals (Fig. 2A) nor in
animals treated with NAC (Fig. 2B).

3.2. NAC prevented FA-induced mitochondrial bioenergetics alterations
attributable to CI and ATP synthase dysfunction

To determine if there were mitochondrial bioenergetics alterations
related to kidney dysfunction at 24 h after FA administration, we pro-
ceeded to evaluate the mitochondrial respiratory parameters (Fig. 3A)
in CI, CII and CI+ CII linked respiration as well as AWm in S3 and S4o0
(Fig. 4A). FA significantly decreased the respiratory parameters S3, P
and RCI in CI linked respiration. FA also diminished S3 and P in CI+CII
linked respiration (Fig. 3B). However, no significant changes were ob-
served in any of the respiratory parameters in CII linked respiration
(Data not shown). FA also reduced AWm in respiratory S3 (principally
associated to OXPHOS) in both CI and CII linked respiration, without
changes the AWm in S4o (Fig. 4B).

These bioenergetics alterations suggest that FA-induced mitochon-
drial decoupling and the OXPHOS capacity reduction could be mainly
related to CI dysfunctions. Therefore, we evaluated the ATP synthase
activity feeding the electron transport system (ETS) by CI and by CII in
separate experiments. FA decreased the ATP synthase activity when
ETS was fed by CI (Fig. 5A) or by CII (Fig. 5B). Nonetheless, in the FA
group, the drop in the activity of mitochondrial complexes was
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Fig. 4. Mitochondrial membrane potential (Aym) in isolated mitochondria in the different respiratory states. (A) Schematic representations of the method
used to determine Aym, black line corresponds to safranin O concentration determined by fluorescence. (B) Aym in state 3 (S3) and state 4 induced by oligomycin
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= 5-7. *P < 0.05, **P < 0.01, ***P < 0.001.
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significant in CI (Fig. 5C), but not CII (Fig. 5D), CIII nor CIV (data not
shown).

On the other hand, NAC pre-administration significantly prevented
the decrease in S3, in P and in RCI in CI linked respiration and in S3 and
in P in CI+CII linked respiration (Fig. 3), as well as the reduction of
AWm in S3 in CI and in CII linked respiration (Fig. 4B) and the decrease
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in ATP synthase (Fig. 5A and B) and CI (Fig. 5C) activity. These data
show that at least at 24 h, NAC preserved the mitochondrial coupling
and OXPHOS capacity in this AKI model.

To support these results, respiratory parameters were evaluated in
intact proximal tubule epithelial LLC-PK1 cells. FA pretreatment
(12.5mM) at 24h significantly reduced routine respiration and P in
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Fig. 6. Hydrogen peroxide (H,0.) production rates in isolated mitochondria in the different respiratory states. Sequential addition was employed: (A)
mitochondria without exogenous substrates; (B) S4 feeding CI; (C) S3 feeding CI; (D) S3 feeding CI + CII; (E) S4o feeding CI+ CII. FA = Folic Acid, NAC = N-acetyl-
cysteine. CI = complex I, CII = complex II, S3 = state 3, S4 = state 4. Data are mean *+ SEM, n = 5-6. *P < 0.05, **P < 0.01, ***P < 0.001.

LLCP-K1 cells (Supplementary Fig. 1). This is consistent with the results
obtained in isolated mitochondria (Fig. 3), implying that high doses of
FA per se reduce the mitochondrial ATP production capacity in the
kidney. Interestingly, FA-induced decrease in uncoupled respiration
was not significant, which suggests that reserve capacity of ETS in the in
vivo model was not totally compromised by FA. Additionally, pre-
treatment with 10 mM NAC prevented the decrease in P and Routine
respiration (Supplementary Fig. 1), preserving the OXPHOS capacity in
LLC-PK1 cells.

3.3. NAC prevented FA-induced mitochondrial H,0, production and
oxidative stress

To evaluate if mitochondrial bioenergetics alterations induce oxi-
dative stress in this organelle, we proceeded to evaluate mitochondrial
H,0, production in the different respiratory states. In all respiratory
states, FA induced an increase in the rate of H,O, production (Fig. 6).
This increase was accompanied by higher levels of mitochondrial oxi-
dative stress markers MDA (Fig. 7A) and 4HNE (Fig. 7B) and by a de-
crease in aconitase activity (a sensitive mitochondrial target of ROS),
the latter was normalized by citrate synthase activity (where no
changes were observed) to confirm that the decrease in aconitase ac-
tivity was specific (Fig. 7C). In addition, the activity of antioxidant
enzymes MnSOD, GPx and Prx in mitochondria was diminished in the
FA group (Fig. 8). Taken together these results confirm that FA induces
at 24 h a prooxidant state in renal mitochondria.

Notably, NAC pre-administration prevented the FA induced increase
in mitochondrial H,O, production in all respiratory states (Fig. 6) and
in oxidative damage markers MDA (Fig. 7A) and 4HNE (Fig. 7B) as well
as the decrease in the aconitase/citrate synthase ratio (Fig. 7C) and in
MnSOD and GPx activities but curiously not in Prx activity (Fig. 8).
Taken together, these results confirm that NAC prevented FA-induced
mitochondrial oxidative stress. No significant changes were observed in
all parameters mentioned for the NAC only administered group with
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respect to the vehicle group.

3.4. NAC inhibits ROS production increase in tubular segment and kidney
cortex homogenates induced by FA

In renal damage models, the increase in mitochondrial ROS pro-
duction has been widely related to the activation of NOX and NOS
[36,57,58]. It triggers ROS overproduction, which contributes to renal
damage progression [59-62]. In order to evaluate if FA-induced mi-
tochondrial H,O5 production was related to the increase in ROS by
these enzymes, we proceeded to evaluate the NADPH and r-arginine
(substrates of the NOX and the NOS respectively) linked ROS produc-
tion in mitochondria-rich nephron segments PT and DT, and in renal
cortex [63,64].

At 24 h, the FA-treated group showed higher levels of NADPH and 1-
arginine linked ROS production in isolated homogenates of PT and DT
segments and in renal cortex (Fig. 9). This increase was especially
marked in the renal cortex. Additionally, in the renal cortex, the FA
group showed a decrease in catalase activity (Fig. 10A) and an increase
in the oxidative stress marker 4HNE (Fig. 10B), supporting the idea of
oxidative stress in this group. On the other hand, the increase in NADPH
linked ROS was higher in PT (the richest mitochondria segment) than in
the DT segment. On the other hand, the NAC+FA group showed lower
levels of NADPH and r-arginine linked ROS production in both tubular
segments and in the renal cortex than in the FA group (Fig. 9), and
prevented the decrease in catalase activity and the increase in 4HNE
levels in cortex (Fig. 10). This confirms that NAC prevented ROS
overproduction in homogenates induced by FA.

3.5. NAC preserved the loss of mitochondrial proteome S-glutathionylation
and glutathione levels in mitochondria induced by FA

The S-glutathionylation of mitochondrial proteins has recently
emerged as a molecular mechanism able to regulate the function of this
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= N-acetyl-cysteine. Data are mean = SEM, n = 5-6. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8. Activity of antioxidant enzymes in isolated mitochondria of the four experimental groups. (A) Mn superoxide dismutase (MnSOD), (B) glutathione
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Fig. 9. NADPH linked and 1-arginine linked reactive oxygen (ROS) production in the four groups studied. N-acetyl-cysteine (NAC) inhibits the folic acid (FA)-
induced over ROS production in renal cortex, proximal (PT) and distal (DT) tubules. NADPH or r-arginine linked ROS was evaluated by adding the corresponding
substrates. Diphenyliodonium (DPI), L-NG-nitroarginine methyl ester (L-NAME) and 3-benzoxazol-2-yl-3-benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-yl sulfide
(VAS2870) were used as inhibitors. Data are mean = SEM, n = 5-6. **p < 0.01, ***p < 0.001.

organelle linking energetic metabolism with mitochondrial redox
homeostasis and dynamics [39-41]. So, to evaluate if the observed
mitochondrial biogenetics dysfunction and the oxidative stress could be
related to changes in this modification, the amount of mitochondrial S-
glutathionylated proteins was measured by WB. To prevent non-enzy-
matic and nonspecific S-glutathionylation, 50 mM NEM was added to
the mitochondrial isolation buffer [39,65] only in the samples to be
determined by WB. The FA group showed low levels of mitochondrial S-
glutathionylated proteins (Fig. 11A). Additionally, there was a sig-
nificant decrease in GSH levels, in GSH/GSSG ratio and in total glu-
tathione content (GSH+ GSSG) as well as an increase in GSSG levels
(Fig. 11B). The measurement of the activity of the enzymes related to
mitochondrial enzymatic S-glutathionylation revealed higher S-glu-
tathionylation removal activity of Grx and lower GST activity in FA rats
(Fig. 11C), which agree with previous results.
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Conversely, FA+NAC and NAC groups presented higher levels of
mitochondrial S-glutathionylated proteins (Fig. 11A). NAC pre-
administration also preserved the mitochondrial GSH levels, the GSH/
GSSG ratio, the total glutathione content and prevented the increase in
GSSG levels (Fig. 11B). Furthermore, NAC partially preserved the ac-
tivity of GST and prevented the increase in S-glutathionylation removal
activity of Grx (Fig. 11C). Interestingly, the NAC-treated group showed
an increase in GSH levels, GSH/GSSG ratio and GSH+ GSSG with re-
spect to the control group (Fig. 11B).

3.6. NAC prevented the FA-induced mitochondrial dynamics imbalance

Data obtained from AKI experimental models indicate that mi-
tochondrial bioenergetics alterations and oxidative stress induce the
imbalance in the processes that regulate mitochondrial dynamics
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(fission-fusion) and turnover (biogenesis and mitophagy) [30,64,66].
Electron microscopy analysis revealed, in the epithelial cells of the FA-
treated group, numerous small mitochondria with cristae effacement
and autophagic bodies (Fig. 12B). Therefore, the FA-induced alterations
on mitochondrial dynamics were investigated.

The FA-treated group showed an increase in the mitochondrial le-
vels of the fission proteins Drpl and Fisl (Fig. 13A) and a decrease in
the levels of the fusion proteins Opal and Mfn1l (Fig. 13B), which im-
plies a shift of mitochondrial dynamics to the fission process. To con-
firm these results, the levels of Drpl protein were evaluated by im-
munoelectron microscopy and higher immunolabeling seen in
mitochondria located in external membranes from PT epithelial cells of
rats treated with FA (Fig. 12E) compared to the control group
(Fig. 12D). Taken together these data confirm that FA treatment in-
duces mitochondrial fission in PT segment.

On the other hand, NAC pretreatment prevents the FA-induced
mitochondrial fragmentation and preserved mitochondria structure
(Fig. 12C). NAC also prevented the increase in the levels of Fisl and
Drpl proteins (Fig. 13A). Data obtained by immunoelectron microscopy
showed lesser levels of Drpl in comparison to the kidney of animals
treated with FA (Fig. 12F). However, the increase in the levels of Opal
and Mfnl proteins with respect to FA group was not significant
(Fig. 13B).

3.7. FA induced an impaired mitophagy and decreased mitochondrial
biogenesis

Mitochondrial fission is a necessary mechanism for the removal of
dysfunctional mitochondria through the selective autophagy process
known as mitophagy [67,68]. It has been reported that impaired mi-
tophagy may be involved in mitochondrial disturbances in AKI models
induced by ischemia/reperfusion [69] and cisplatin [28].

To determine if the shift to mitochondrial fission was related to
mitophagy alterations, the levels of the mitophagy protein PINK1 in
mitochondria and the subsequent autophagy proteins: microtubule-as-
sociated protein 1A/1B-light chain 3 I (LC3-I) and II (LC3-II) and p62 in
PT were evaluated. The FA-treated group showed a significant increase
in mitochondrial PINK1 levels and a decrease in LC3-I and II levels.
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Fig. 10. (A) Catalase activity in kidney cortex,
the enzyme activity was expressed as k/mg of
protein (k first order constant). (B)
Oxidative damage markers 4 hydroxynonenal
(4HNE) in kidney cortex determined by wes-
tern blot. Semiquantitative data obtained by
densitometry are on right. V = vehicle, FA =
Folic Acid, NAC = N-acetyl-cysteine. Data are
mean + SEM, n 5-6. *p < 0.05 and
Rk < 0.001.

However p62 levels were increased (Fig. 14).

On the other hand, the administration of FA caused a decrease in the
mRNA of some mitochondrial proteins in the kidney [47,48]. For this
reason, we proceeded to evaluate the levels of proteins related to mi-
tochondrial biogenesis, such as PGC-1a, NRF1 and NRF2 in PT, and
TFAM, in isolated mitochondria. We found a decrease in the levels of
proteins related to biogenesis in the FA group with respect to the
control group (Fig. 15), confirming the hypothesis that in the FA-in-
duced AKI model, the mitochondrial biogenesis is restrained.

Finally, the NAC administration only partially prevented the de-
crease of LC3-I and II (Fig. 14) and showed lesser autophagosomes
(Fig. 12C), but had no significant effect on the levels of PINK1 and p62
(Fig. 14), nor on the mitochondrial biogenesis-related proteins (with
the exception of PGC-1a, Fig. 15) suggesting that the NAC observed
protective effects in mitochondria were not directly linked to these
mechanisms.

4. Discussion

Although the model of FA resembles the pathology of clinical cases
of AKI [15], the molecular mechanisms by which FA induces AKI and its
progression remain poorly understood [16-19]. Under normal condi-
tions, the biologically active FA form is the reduced species tetra-
hydrofolate (THF) [70], which is produced in a reaction catalyzed by
the dihydrofolate reductase (DHFR) multienzymatic complex in a
NADP* /NADPH dependent way [71]. However, when pharmacological
doses of different folates are given, it appears in blood as 5-methylte-
trahydrofolate (5-MTHF) [71,72]. This serum folate form contains a
single glutamate residue and is transported inside the cell by the re-
duced folate carrier exchanger or by an endocytic process mediated by
the high affinity folate receptor [71-74] and it is subsequently stored as
polyglutamate derivatives impermeable to the cell membrane [73,74].
Due to the high affinity of the folate receptor in the kidney, folate can
accumulate in high levels in the kidney [72]. Actually, in the FA-in-
duced AKI, due to folate poor water solubility, it precipitates in-
tratubularly, as a consequence of fluid reabsorption, as a folate crystals
that are associated with subsequent acute tubular cell death [18,75].
These folylpolyglutamates are distributed between the cytosol, the
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Fig. 11. S-glutathionylation, glutathione levels and activity of enzymes involved in S-glutathionylation in isolated mitochondria. (A) S-glutathionylation
levels of total mitochondria proteins measured by western blot and their quantification. Data are mean + SEM, n = 3. (B) Mitochondria levels of glutathione (GSH),
glutathione disulfide (GSSG), the ratio GSH/GSSG and total glutathione (GSH + GSSG). Data are mean = SEM, n = 5-6. (C) Activity of the enzymes involved in the S-
glutathionylation system: glutathione reductase (GR), glutathione S-transferase (GST) and glutaredoxin (Grx). V = vehicle, FA = Folic Acid, NAC = N-acetyl-
cysteine, VDAC = Voltage depending anion channel. Data are mean = SEM, n = 6-7. *p < 0.05, **p < 0.01, ***p < 0.001.

nucleus and the mitochondria, the latter storing approximately 40% of
the folates in the cell [72,73].

FA-induced AKI is characterized by tubular injury, tubular cell
apoptosis, inflammatory processes and fibrosis in the advanced phase
[76-79], features that are also found in clinic AKI [18]. Interestingly,
mitochondrial dysfunction, especially mitochondrial biogenesis im-
balance, has been implicated in the development of these alterations
[47,48]. However mitochondrial bioenergetics or redox state studies
have not been done. In this work, we demonstrated for the first time,
that FA induced at 24h a mitochondrial bioenergetics imbalance
characterized by a decrease in the respiratory parameters S3, P and RCI
in CI and in CI+CII linked respiration (Fig. 3). Together with the re-
duction of AWm in S3 in CI and in CII linked respiration (Fig. 4) and the
loss of mitochondrial cristae effacement (Fig. 12), these data implicate
that FA causes mitochondrial decoupling and a decrease in the OXPHOS
capacity. Additionally, in LLC-PK1 cells, FA pretreatment also reduces
the P value (Supplementary Fig. 1), showing that even in the absence of
occlusion phenomena in kidney parenchyma, high doses of FA per se
reduce OXPHOS in PT cells. Considering that in the kidney, the ATP
production is maintained principally by the OXPHOS [22-25], the
mitochondrial bioenergetics alterations compromise the tubular func-
tion and the cell survival in segments with high reabsorption rates,
especially the PT [27]. Additionally, the loss of AWm can induce
apoptotic cell death associated with tubular epithelial cell injury in AKI
[80,81]. In fact, in other AKI models like the one induced by cisplatin
[28], ischemia/reperfusion [29] or maleate [30], the mitochondrial
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bioenergetics alterations correlate with tubular damage and the loss of
renal function. In FA-induced AKI, we proved that at 24 h mitochon-
drial decoupling and OXPHOS capacity reduction can be explained by
the decrease in ATP synthase (Fig. 5) and in CI (Fig. 5C) activity, which
also explain the highest degree of alterations observed in CI-linked re-
spiration.

Mitochondrial decoupling is also related to the rise in mitochondrial
H,0, production observed in the FA group (Fig. 6), since a higher level
of electron leak triggers ROS production. Furthermore, we demon-
strated for the first time, that FA induced at 24 h a prooxidant state in
mitochondria (Fig. 7A-C), characterized by a decrease in the activity of
antioxidant enzymes (Fig. 8) and lower levels of GSH and total glu-
tathione content (GSH+ GSSG) in mitochondria (Fig. 11). This mi-
tochondrial prooxidant state can be explained by the high internaliza-
tion rates of folate in the kidney, especially in PT [18,72,75], because
inside the cell, the storage as THF derivatives implies a high cost of
NADPH [71,73,74]. Therefore the FA generates a depletion in the re-
ducing equivalents, especially in GSH, which mainly affects the mi-
tochondria, since GSH is the main non-enzymatic antioxidant in this
organelle [39] and mitochondria store approximately 40% of folates
[72,73]. Our data are in agreement with previous works that reported
lower activities of SOD, catalase and GPx, lower GSH content and
higher MDA levels in total kidney homogenates of FA-treated animals
[18,80,81]. Additionally, the mitochondrial redox imbalance can be
directly related to the observed mitochondrial bioenergetics alterations.
In this context, it has been described that under oxidative stress CI
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Fig. 12. Representative electron microscopy micrographs of the four experimental groups. (A) Kidney from control rat show well preserved mitochondria and
lysosomes (arrows) in the cytoplasm of epithelial cell from convoluted proximal tubule. (B) In contrast, the cytoplasm of epithelial cell from folic acid (FA) treated
animal show small mitochondria with cristae effacement and autophagosomes (asterisks). (C) Proximal convoluted epithelial cell from N-acetyl-cysteine (NAC) + FA
rat show lesser mitochondrial damage, isolated small lysosomes and numerous empty vacuoles. (D) Immunoelectron microscopy to detect Drpl show occasional
labeling in mitochondria (black dots arrow) from epithelial cell of proximal convoluted tubule. (E) In comparison, more Drpl labeling is show in the external
membrane of small mitochondria from tubular epithelial cell of FA treated animal. (F) Mild Drpl labeling is seen in mitochondria from epithelial tubular cell of
NAC+FA treated animal.

suffers irreversible post-translational modifications in specific cysteine some authors recently postulated the idea that enzymatic S-glutathio-

residues that decrease its activity and increase mitochondrial ROS nylation, at certain levels can act as a protective mechanism that links
production [82,83]. In fact, CI cysteine residues can undergo S-sulfe- changes in energy metabolism with the redox state to preserve mi-
nylation (R-SOH), and if oxidative stress persists they can suffer S-sul- tochondrial balance [39-41], suggesting that the mechanisms involved
finylation (R-SO,H) and even S-sulfonylation (R-SOsH), which irre- in mitochondrial homeostasis are still not fully understood.
versibly inactivates CI [40]. These modifications compete with S- Additionally, in AKI and CKD the increase in mitochondrial ROS
glutathionylation for the cysteines residues, however only S-glutathio- production has been widely associated with pathological ROS over-
nylation can be reversed, restoring totally CI activity [39,40]. More- production by NOX and NOS [36,57,58], which enhances oxidative
over, S-glutathionylation of ATP synthase prevents R-SOH of the stress in kidney and increases the expression of proinflammatory cy-
Cys294 and Cys103, which triggers a disulfide bond formation and ir- tokines and profibrotic factors that triggers the renal damage progres-
reversible decrease of ATP production [84,85]. In the present work, an sion [59-62]. We describe for the first time that FA induces a rise in
increase in mitochondrial prooxidant state was observed (Figs. 7 and 8) NADPH and i-arginine-linked ROS production in homogenates of renal
which may be responsible for the decrease in ATP synthase and CI cortex and mainly PT, one of the segments with highest mitochondrial
activities (Fig. 5) possibly by the increase in mitochondrial H,O, pro- content (Fig. 9). Since inflammatory and fibrotic processes are involved
duction (Fig. 6) and by irreversible post-translational modifications. in renal damage progression in the FA model [76-79], possibly by the
Interestingly, FA also diminished the mitochondrial total levels of S- pathological overactivation of NOS and specially of NOX, is a me-
glutathionylation and raised the S-glutathionylation removal activity of chanism by which mitochondrial dysfunction contributes to renal da-
Grx in this organelle (Fig. 11). mage. The prevention of mitochondrial alterations by NAC decreased
NAC preadministration prevented mitochondrial oxidative damage both substrates linked ROS production in all segments (Fig. 9) as well as
(Fig. 7), the decrease of antioxidant enzymes activities (Fig. 8) and the the renal damage (Figs. 1 and 2).
increase in H,O, production (Fig. 6), which is related to is capacity to Nephroprotective effects and the inhibition of NOX activity induced
preserve the respiratory parameters (Fig. 3) by preventing the loss in CI by FA supplementation have been documented in hyperhomocystei-

and ATP synthase activities (Fig. 5). NAC pretreatment also preserved nemia conditions, where protection may be related to the decrease of
the decrease in GSH, in total glutathione (GSH+ GSSG) levels, in the homocysteine levels mediated by tetrahydrofolate [86-88], rather than

mitochondrial S-glutathionylation and it prevented the increase in S- to a direct effect on NOX or on oxidative stress. Additionally, FA doses
glutathionylation removal activity of Grx (Fig. 11). This suggests that in these papers (usually < 10 mg/day) are much lower than those used
the NAC protective effects in mitochondria are associated to its capacity in FA induced AKI models (> 250 mg/day) and the administration
to preserve the mitochondrial S-glutathionylation, especially in OX- route differs. Furthermore, it is well documented that FA-induced AKI

PHOS proteins, which prevents the loss of the activity of these proteins triggers a pro-oxidant and proinflammatory state in the kidney [18,48].
in the posterior oxidative context induced by FA. However, deeper This contrasts with the reduction of MDA levels induced by low dose of
proteomics studies are necessary to sustain this hypothesis. Although FA in hyperhomocysteinemia-induced kidney damage [86]. Therefore,
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Fig. 14. Mitophagy and autophagy markes in the four groups of rats. Levels of mitophagy protein PTEN-induced putative kinase 1 (PINK1) in isolated mi-
tochondria and autophagy proteins microtubule-associated protein 1A/1B-light chain 3 I/II (LC3-I/II) and p62 in proximal tubule. B-Actin and voltage depending
anion channel (VDAC) were used as a load controls for proximal tubules and mitochondria, respectively. V = vehicle, FA = Folic Acid, NAC = N-acetyl-cysteine.

Data are mean + SEM, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.

protective or prooxidant stress of FA effects could depend on the dose,
administration route and preexistent kidney damage conditions.

As seen in Fig. 9, the FA group showed higher NADPH-linked ROS
production, which is partially inhibited by VAS2870, suggesting a NOX
contribution. Several reports have associated NOX upregulation with
renal disease development [59]. In CKD models, NOX4-derived ROS
increase the expression of proinflammatory cytokines and profibrotic
factors [89], mechanism present in CKD to AKI transition induced by FA
[17,48], which supports the idea of an over activation of NOX in this
model. However, more experiments are needed to support this hy-
pothesis.
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On the other hand, mitochondrial bioenergetics is tightly co-
ordinated with its dynamics and turnover processes, favoring fission
and mitophagy or fusion and biogenesis depending on the energy de-
mands [69,90,91]. Furthermore, ROS are also able to regulate at short
times mitochondrial mitophagy and dynamics [91-93]. In the case of
cisplatin [28] and maleate [30,51] induced AKI, it was demonstrated
that mitochondrial decoupling, loss of AWm and oxidative stress in
mitochondria lead to mitochondrial fragmentation and a shift of dy-
namics to fission, favoring its posterior degradation by mitophagy. In
fact, AKI has been related to mitochondrial fission increase at early
stages after kidney injury [66,91,93]. Additionally, in CKD models, like
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Reduced biogenesis Dysfunctional mitophagy

5/6 nephrectomy, bioenergetics alterations, oxidative stress, mi- taken into account. Especially because in chronic stage of diabetic and
tochondrial membrane depolarization as well as renal function loss, are non-diabetic CKD models, an increase was reported in mitochondrial
observed at early stages, prior to the displacement of dynamics towards fragmentation produced by the shift of mitochondrial dynamics to fis-
fission. These evidences suggest that the alterations in the mitochon- sion and an impairment of mitophagy flux [94-97], which was asso-
drial dynamics would be, in the first place, the result of mitochondrial ciated with progressive loss of renal function. Nevertheless, sequential
redox and bioenergetics impairment induced by original damage. studies are still needed to clarify the correlation between dynamics and
However, the subsequent contribution of mitochondrial dynamics al- the disease progression in these models. In this work, we demonstrated
terations to the progression of CKD in more advanced stages must be for the first time that FA induces mitochondrial fragmentation and
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increase in fission process (Figs. 12 and 13), which would be triggered
by loss of AWm (Fig. 4), decoupling of mitochondria (Fig. 3B) and
oxidative damage (Fig. 7) observed at 24 h in this organelle. The pro-
tective effects of NAC preadministration in mitochondrial bioenergetics
and redox state (Figs. 3—11) can explain the observed preservation of
mitochondrial morphology (Fig. 12) and the prevention of mitochon-
drial dynamics alterations (Figs. 12 and 13) at 24 h. Likewise, AWm loss
together with oxidative stress and increase of fission are well known
inductors of mitophagy [69,91]. Effectively, FA increased mitochon-
drial PINK1 levels and decreased LC3-I and LC3-II levels (Fig. 14) im-
plying induction of mitophagy in PT. However, an increase in p62 levels
was also observed (Fig. 14) and electron microscopy in PT revealed
accumulation of vesicular bodies with fragmented mitochondria
(Fig. 12), which suggests an interrupted mitophagy process in FA group.
Additionally, pretreatment with NAC did not significantly prevent the
alterations in autophagy proteins levels with respect to FA group
(Fig. 14), although it decreased the number of observed vesicular
bodies by electronic microscopy in PT (Fig. 12).

We also observed that FA decreased in PT the levels of mitochon-
drial biogenesis proteins PGC-1a, NRF1, NRF2 and TFAM (Fig. 15).
This is in agreement with previous reports that show in total kidney
homogenates, a decrease in mRNA levels of PGC-1a, TFAM, NDUF[(38,
ATPS-f3, Sdha and COXI and in mtDNA copies between 2 and 14 days
after FA administration [47,48]. These studies also reported a strong
correlation between mitochondrial biogenesis impairment and fibrosis
and inflammation development, processes that lead to AKI-CKD tran-
sition in this model [47,48]. Interestingly the administration of TWEAK,
a NF-«xB inhibitor, not only preserved the PGC-1a levels, but also im-
proved renal function in mice administered with FA [48]. Although
NAC preadministration did not significantly prevent the drop in bio-
genesis markers (Fig. 15), it prevented the bioenergetics (Figs. 3-5),
redox (Figs. 6-10), morphologic (Fig. 12) and dynamics alterations
(Figs. 12 and 13) and also ameliorated renal damage (Figs. 1 and 2).
This suggests that NAC protective mechanisms are not directly linked to
mitochondrial biogenesis, however it also implies that NAC improve-
ment of mitochondrial homeostasis may lead to a novel therapeutic
approach for AKI treatment.

5. Conclusion

It was shown that NAC pretreatment is able to prevent at 24 h the
mitochondrial bioenergetics, redox state and dynamics alterations in-
duced by FA administration. This could be related to the observed NAC
capacity to preserve S-glutathionylation and GSH levels in mitochon-
dria. As we summarize in the integrative scheme (Fig. 16), NAC mi-
tochondrial protective effects could be related with the preservation of
renal function. Taken together, our results suggest that the prevention
of mitochondrial bioenergetics, redox state and dynamics impairment
(and even mitochondrial biogenesis as other authors suggested) can be
a good approach to prevent the AKI. Moreover, mitochondrial protec-
tion can prevent the oxidative stress, tubular injury and death, as well
as inflammatory and fibrotic processes that contribute to the AKI to
CKD transition in this model. Deeper Mitochondrial proteomic studies
of S-glutathionylation are needed to clarify the role of this post-trans-
lational modification in mitochondrial balance, as well as temporal
studies of mitochondrial bioenergetics, redox state, dynamics and
turnover to completely understand the role of mitochondria in this
pathology. Nevertheless, the present study supports the idea that these
mitochondrial processes are important targets to design novel ther-
apeutic strategies to prevent renal damage and its progression.
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ARTICLE INFO ABSTRACT

Keywords: Recent studies suggest that mitochondrial bioenergetics and oxidative stress alterations may be common me-
Renal damage progression chanisms involved in the progression of renal damage. However, the evolution of the mitochondrial alterations
Folic acid

over time and the possible effects that their prevention could have in the progression of renal damage are not
clear. Folic acid (FA)-induced kidney damage is a widely used experimental model to induce acute kidney injury
(AKI), which can evolve to chronic kidney disease (CKD). Therefore, it has been extensively applied to study the
mechanisms involved in AKI-to-CKD transition. We previously demonstrated that one day after FA adminis-
tration, N-acetyl-cysteine (NAC) pre-administration prevented the development of AKI induced by FA. Such
therapeutic effect was related to mitochondrial preservation. In the present study, we characterized the temporal
course of mitochondrial bioenergetics and redox state alterations along the progression of renal damage induced
by FA. Mitochondrial function was studied at different time points and showed a sustained impairment in
oxidative phosphorylation capacity and a decrease in B-oxidation, decoupling, mitochondrial membrane po-
tential depolarization and a pro-oxidative state, attributed to the reduction in activity of complexes I and III and
mitochondrial cristae effacement, thus favoring the transition from AKI to CKD. Furthermore, the mitochondrial
protection by NAC administration before AKI prevented not only the long-term deterioration of mitochondrial
function at the chronic stage, but also CKD development. Taken together, our results support the idea that the
prevention of mitochondrial dysfunction during an AKI event can be a useful strategy to prevent the transition to
CKD.

N-acetyl-cysteine
Mitochondrial bioenergetics
Mitochondrial oxidative stress

1. Introduction the generation and progression of CKD [11,12].

Furthermore, dysfunction in mitochondrial bioenergetics and redox

The term chronic kidney disease (CKD) describes a group of
pathologies characterized by the progressive loss of renal function, re-
sulting in a progressive decrement in the glomerular filtration rate
(GFR), with or without an increment in the conventional clinical renal
damage markers, like creatinine and blood urea nitrogen (BUN) [1,2].
In recent years, the number of patients with CKD has increased dra-
matically [3-7], representing a growing worldwide public health pro-
blem [8]. As a result of the lack of understanding of the complex pa-
thological mechanisms involved in CKD development [9], the current
clinical strategies and treatments do not significantly improve kidney
function or prevent illness progression [10], thus highlighting the ur-
gent need to investigate and understand the mechanisms involved in
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state have recently emerged as key components of the sudden dete-
rioration of renal functions in a relatively short time-interval, known as
acute kidney injury (AKI). In fact, mitochondrial dysfunction in AKI is
involved in tubular dysfunction, cell death, oxidative stress and in-
flammation [13-19]. Likewise, in both animal models and patients, a
severe episode of AKI, or a series of them, results in CKD development
[2,20-22]. The growing evidence suggests that renal mitochondrial
alterations [9,23,24] favor hemodynamic alterations, Ca* deregula-
tion, cell death, inflammation, fibrotic processes and epithelial-to-me-
senchymal transition (EMT), which participate in the progression of
several types of CKD in both non-diabetic and diabetic contexts
[9,22-27]. However, currently there is no information about the
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mitochondrial bioenergetics and redox state alterations over a time-
course. Also, the possible effects of their attenuation in the progression
of renal damage are not clear.

In this context, folic acid (FA)-induced kidney damage is a widely
recurred to experimental model for AKI induction [28,29]. This model
also induces chronic processes such as the persistence of cell death,
EMT, cytokines release, inflammation and fibrosis, which lead to CKD
transition usually in less than 28 days [28,30,31]. Furthermore, it re-
creates the AKI pathology reported in the clinic [32] and is highly re-
producible [28,29]. Together, these make the FA model good for the
exploration of the mechanisms involved in AKI-to-CKD transition
[28,30,31]. In the present work, we refer to “the acute stage” as the
period that begins with the administration of FA and ends 72 h later,
bringing about the AKI-to-CKD transition or “the chronic stage”, which
encompasses the time period between day 4 until day 28. It is important
to highlight that although high doses of FA have pathological effects on
kidney function [28,30,31], nephroprotective effects and the reduction
of cardiovascular risk have also been reported by lower FA doses in CKD
patients with elevated homocysteine levels, but with baseline vitamin
B12 levels [33,34]. In fact, vitamin B12 and the metabolite of FA, 5-
methyltetrahydrofolate (5-THF), act as cofactors of the enzyme me-
thionine synthetase, that catalyzes the transfer to the methyl group
from 5-THF to homocysteine, producing methionine [33]. Therefore,
the protection in this context may be related to reduced homocysteine
levels mediated by FA and vitamin B12 [35-37]. Additionally, it must
be taken into account that the FA dose used in these papers (< 10 mg/
day) is much lower compared to the dose used in the FA-induced renal
damage models (> 250 mg/day) and it is well documented that FA at
higher levels triggers prooxidant and proinflammatory states in kidneys
[38,39]. So, a protective or prooxidant effect of FA could depend on the
dose, the administration route and the preexistent kidney damage
conditions.

In the case of renal damage induced by high levels of FA, the redox
imbalance generated by FA metabolism is one of the main mechanisms
involved in the genesis of the pathology [13,38,40], because FA me-
tabolism requires higher levels of NADPH to reduce folate to THF
[41,42], decreasing the antioxidant defense [13,38]. This redox im-
balance is particularly harmful for kidney's mitochondria, due to the
high internalization rates of folate in kidney [38,43,44] and because
mitochondria store approximately 40% of folates [43,45]. Therefore,
mitochondria are especially vulnerable to high doses of FA [13,46].
Additionally, the mitochondrial redox imbalance can be directly related
to mitochondrial bioenergetics alterations [47]. In fact, we recently
demonstrated that at 24 h after its administration FA induced in kidney
mitochondria the decrease in glutathione (GSH) levels, the increase in
glutathione disulfide (GSSG) and the decrease in total glutathione
content (GSH + GSSG), that together with higher S-glutathionylation
removal activity of mitochondrial glutaredoxin (Grx), leads to complex
I (CD) dysfunction [13]. Furthermore, CI dysfunction induced by FA
triggers the decrease in mitochondrial oxidative phosphorylation (OX-
PHOS) capacity, mitochondrial decoupling, loss of mitochondrial
membrane potential (AWm), increased oxidative stress and mitochon-
drial hydrogen peroxide (H,0,) production. Such effects were asso-
ciated with AKI development [13]. Additionally, we also demonstrated
that the pretreatment with N-acetyl-cysteine (NAC), a donor of sulf-
hydryl groups and a precursor of GSH [48,49] prevented the mi-
tochondrial bioenergetics and redox state impairment, which prevented
the development of AKI 24 h after FA administration [13].

The progressive nature of the renal disease induced by FA was
further evidenced by the reduction in mRNA levels of mitochondrial
electron transport system (ETS) components in the days 2-14 after FA
administration [39,46], the persistence of oxidative stress in kidneys
after FA administration [38,50,51] and the inflammatory and fibrotic
processes [52-55]. Interestingly, inflammatory and fibrotic processes
have been related to mitochondrial impairment [56-58], suggesting
that mitochondrial bioenergetics and redox state impairment is
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persistent in AKI-to-CKD transition in this model. However, such hy-
pothesis has not yet been evaluated.

Therefore, in the present study, we characterize for the first time,
the time course of mitochondrial bioenergetics and redox state altera-
tions and their possible association to changes in mitochondrial mass
and biogenesis in the AKI-to-CKD transition induced by FA. We also
assess the effects of NAC pre-administration in the temporal evolution
of mitochondrial bioenergetics and redox state alterations. Lastly, we
evaluate if the prevention of mitochondrial dysfunction by NAC during
AKI prevents transition to CKD in the FA model.

2. Materials and methods
2.1. Reagents

Adenosine 5’-diphosphate sodium salt (ADP), amplex red, antimycin
A, r-arginine, fat free bovine serum albumin (BSA), bromophenol blue,
B-mercaptoethanol, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), cytochrome ¢ from equine heart, D-(+)-glucose, D-mannitol,
decylubiquinone (DUB), 2,6-dichlorophenolindophenol sodium salt
hydrate (DCPIP), 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB), ethylene
glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA), gly-
cerol, GSH, glucose-6-phosphate dehydrogenase, glutathione reductase
(GR), glutamic acid, glutaraldehyde, hexokinase, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), horseradish peroxidase (HRP),
L-carnitine, Lead(Il) citrate tribasic, K-lactobionate, manganese (II)
chloride (MgCl,) tetrahydrate, malic acid, NADPH, NADP*, NADH,
potassium cyanide (KCN), osmium tetroxide, palmitoyl-L-carnitine,
paraformaldehyde, primary rotenone, safranin O, sodium chloride
(NaCl), sodium succinate dibasic, sodium phosphate dibasic
(Na,HPO,), sodium cacodylate trihydrate, sodium phosphate mono-
basic (NaH,PO,), sodium glutamate, sodium t-ascorbate, sodium ma-
late, sodium dodecyl sulfate (SDS), sodium orthovanadate (NagVO,),
sodium pyruvate, sucrose, Tris-HCl, taurine, tetramethyl-p-phenylene-
diamine (TMPD) and uranyl acetate were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Calcium chloride (CaCl,), ethanol, so-
dium bicarbonate (NaHCO,), potassium dihydrogen phosphate
(KH,POy,), and ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA) were purchased from JT Baker (Xalostoc, Edo. Mexico, Mexico).
Antibodies against actin, nuclear respiratory factor 1 (NRF2), tubulin
and PTEN-induced putative kinase 1 (PINK1) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against voltage
dependence anion channel (VDAC), peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), total OXPHOS and 4-
hydroxynonenal (4HNE) were purchased from Abcam (Cambridge, MA,
USA). The sedative sodium pentobarbital (SedalphorteMR) was pur-
chased from Salud y Bienestar Animal S.A. de C.V. (Mexico City,
Mexico). Protease inhibitor cocktail was purchased from Roche Applied
Science (Mannheim, Germany). Polyfructosan (Inutest®) was purchased
from Fresenius-Kabi, (Linz, Austria). Trichloroacetic acid, sulphuric
acid and anthrone were purchased from Merck (Naucalpan, Edo.
Mexico, Mexico).

2.2. Experimental design

The experimental protocol was approved by the Institutional
Animal Care Committee (Comité Institucional de Uso y Cuidado de
Animales de Laboratorio, CICUAL) at the Faculty of Chemistry (FQ/
CICUAL/260/18) and was conducted according to Mexican Official
Norm Guides for the use and care of laboratory animals (NOM-062-
7Z00-1999) and for the disposal of biological residues (NOM-
087-SEMARNAT-SSA1-2002). Four groups of male Wistar rats with an
initial body weight between 230 to 250 g were employed (n = 5-6 per
group). Group 1: Vehicle, animals were injected with 300 mM NaHCO,.
Group 2: FA, animals were administered with one intraperitoneal dose
of FA (300 mg/kg body weight) dissolved in 300 mM NaHCO,. Group 3:
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NAC + FA, animals were pre-treated with two doses of NAC (300 mg/
kg) 24 and 2 h before FA administration. Group 4: NAC, animals only
received two doses of NAC (300 mg/kg) 24 and 2 h before vehicle
administration. The analysis was carried out on days 2, 4, 7, 14 and 28
after folic acid administration, with n = 6 per group for each time-
period. The doses used of each compound followed our previous report
[13]. The rats were housed in a temperature-controlled environment
with a 12-12 h light-dark cycle and maintained with water and food ad
libitum. At each time-point sacrifice, the animals were anesthetized with
sodium pentobarbital (90 mg/kg). Blood was obtained from the ab-
dominal aorta, plasma was separated and stored at 4 °C to determine
BUN and plasma creatinine levels as markers of renal function.

2.3. Renal damage markers and hemodynamics parameters

Creatinine and BUN levels were assessed in plasma by commercial
kits following manufacturer's instructions. The evaluation of hemody-
namic parameters at 28 days after FA administration was carried out as
previously described [15]. Briefly, the animals were anesthetized with
sodium pentobarbital (50 mg/kg) and the femoral arteries, jugular
veins, trachea and bladder were catheterized. The body temperature
was maintained at 37 °C by means of a thermoregulated table. A fe-
moral artery catheter was used to monitor mean arterial pressure
(MAP) with a physiological pressure transducer MLT844 (ADInstru-
ments, Colorado Springs, CO, USA), whereas the other femoral catheter
was used for blood sampling. The blood samples were taken in micro-
capillaries and centrifuged in a hematocrit centrifuge (MICRO-MB,
Thermo IEC, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and the
hematocrit was read with a microcapillary reader (Damon IEC Divi-
sion). Sterile saline solution was infused through the vein to compen-
sate body fluid loss and the bladder was catheterized to allow urine
sampling. For the evaluation of GFR, rats received an infusion with 5%
polyfructosan (in 0.9% saline solution) at a rate of 2.2 mL/h during a
60-min period for equilibrium reach. Then, a sample of blood was taken
and the 30 min urine collection was started. In blood and urine samples,
the concentration of polyfructosan was measured at 450 nm by the
anthrone method [59] to calculate GFR. Later, the left kidney was ex-
posed by a left subcostal flank incision, immobilized in a Lucite holder
and sealed around 4% agar, covering the kidney surface with 0.9%
saline solution. Renal blood flow (RBF) was also determined using a
transit-time ultrasound flow probe TS420 (Transonic System, Ithaca,
NY, USA) placed around the left renal artery. In addition, renal vascular
resistance (RVR) was calculated according to the formula RVR = MAP/
RBF. Renal plasma flow (RPF) was calculated with the formula
RPF = RBF*(1-hematocrit). Whereas the filtration fraction (FF) was
defined as FF = GFR/RPF.

2.4. Kidney histology

Immediately after euthanasia, kidneys were removed, sectioned in
two halves and fixed by immersion in a mixed solution of 4% paraf-
ormaldehyde and 1.5% glutaraldehyde pH = 7.2. A thin tissue slide
(1 mm width) was dehydrated and embedded in paraffin, sectioned at
5 pm and stained with hematoxylin/eosin (H&E) and Masson tri-
chrome.

2.5. Protein extraction and western blot (WB)

For total protein extraction, the corresponding samples' pellets were
resuspended in radioimmunoprecipitation buffer (RIPA): 40 mM Tris-
HCl, 150 mM NaCl, 2 mM EDTA, 1 mM EGTA, 5 mM NaF, 1 mM
NazVOy4, 1 mM PMSF, 0.5% sodium deoxycholate, 0.1% SDS pH 7.6
supplemented with protease inhibitor cocktail. The samples were
homogenized using a Potter-Elvehjem homogenizer and centrifuged at
15,000 g for 10 min at 4 °C; the supernatants were collected. Total
protein was quantified by the Lowry method, then the corresponding
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protein quantities were denatured by boiling for 10 min and diluted 1:5
in Laemmli sample buffer (60 mM Tris-Cl, pH = 6.8, 2% SDS, 10%
glycerol, 5% [(-mercaptoethanol, 0.01% bromophenol blue). Samples
(20 pg) were loaded in SDS-polyacrylamide gels and electrophoresis
was run. Molecular weight standards were run in parallel. Proteins were
transferred to polyvinylidene fluoride (PVDF) membranes. Non-specific
protein binding was blocked by incubation with 5% non-fat dry milk in
TBS containing 0.4% Tween 20 for 1.5 h at room temperature.
Membranes were incubated overnight at 4 °C, first with the appropriate
primary antibody and then with the corresponding fluorescent sec-
ondary antibody (1:10,000) for 1.5 h in darkness. Protein bands were
detected by fluorescence in an Odyssey scanner (LI-COR Biosciences,
Lincoln, NE, USA). Protein band density was analyzed with the Image
Studio™ Lite Software LI-COR Odyssey (LI-COR Biosciences).

2.6. Isolation of renal mitochondria

After sacrifice, kidneys were cooled by immersion in isolation buffer
(225 mM D-mannitol, 75 mM sucrose, 1 mM EDTA, 5 mM HEPES, 0.1%
BSA, pH = 7.4) at 4 °C and then cut into small pieces. Mitochondria
were isolated from the whole renal mass; tissues were homogenized in a
glass Potter-Elvehjem with a TeflonVR pestle in the same buffer.
Mitochondria were obtained by differential centrifugation with Percoll
gradients [60]. The pellet was resuspended in 180 pL of BSA-free iso-
lation buffer and the mitochondrial total protein was measured by the
Lowry method.

2.7. Mitochondrial O, consumption and membrane potential (A¥m)

Evaluation of mitochondrial O, consumption was performed with a
high-resolution respirometer (Oxygraph O2k, OROBOROS, Innsbruck,
Austria) at 37 °C. Isolated mitochondria (200 pg of total protein) were
loaded into the chamber with 2 mL of MiRO5 respiration buffer (0.5 mM
EGTA, 3 mM MgCl,, 60 mM K-lactobionate, 20 mM taurine, 10 mM
KH,PO,4, 20 mM HEPES, 110 mM sucrose and 1 g/L essentially fatty
acid free BSA pH 7.4). Electron transport was started by addition of
complex I (CI)-linked substrates (5 mM sodium, 5 mM pyruvate, 2 mM
malate and 10 mM glutamate), complex II (CII)-linked substrates
(10 mM succinate plus 0.5 uM rotenone) or -oxidation-linked sub-
strates (2 mM L-carnitine, 2 uM palmitoyl-L-carnitine plus 2 mM ma-
late). Respiration in state 3 (S3) was achieved by addition of 2.5 mM
ADP. Oligomycin 2.5 pM was employed to induce state 4 (S40) re-
spiration. All parameters were corrected by residual respiration (ROX)
obtained by addition of 1 uM rotenone plus 5 pM antimycin A. The
respiratory control (RC) was defined as the S3/S4o ratio. The respira-
tion directly attributable to OXPHOS (P) was defined as S3-S4o
[13,61]. All values were normalized by total protein content de-
termined by the Lowry method.

The AWm in the different respiratory states was measured as pre-
viously reported [13]. Briefly, the changes in safranin O fluorescence
(5 uM) were used to determine the AWm. To stimulate CI, CII or [3-
oxidation-linked respiration, the respective substrates were added.
Mitochondrial membrane potential in S3 was obtained by addition of
2.5 mM ADP and in S4o by addition of 2.5 uM oligomycin. CCCP 5 uM
was added to completely dissipate the A¥m and to correct by the non-
specific interactions. Results were expressed as the changes in the
measurable concentration of safranin O (AuM of S) in S3 or S4o with
respect to CCCP decoupling, and the results were normalized per mil-
ligram of protein (AuM of S/mg of protein).

2.8. Activity of mitochondrial respiratory complexes

Mitochondrial complexes' activities were assessed as previously
described [13]. Briefly, CI oxidizes NADH while reducing DUb to
DUbH,, which is then oxidized by DCPIP; therefore, the decrease in the
absorbance of DCPIP at 600 nm is proportional to the activity of CI. CII



O.E. Aparicio-Trejo, et al.

activity was measured in presence of 2.5 uM rotenone, using CII's ca-
pacity to reduce DUb to DUbH,; therefore, the decrease in the absor-
bance at 600 nm is proportional to the activity of CII. The activity of
complex III (CIII) was evaluated using the increase in absorbance at
550 nm (cytochrome c reduction) by addition of DUbH,. The activity of
complex IV (CIV) was evaluated by addition of 0.5 mM TMPD plus
2 mM ascorbate to respiration medium MiR05 supplemented with
0.5 UM rotenone plus 2.5 uM antimycin A. Oxygen consumption rate
was proportional to CIV activity [48]. Absorbance measurements were
performed at 37 °C using a Synergy-Biotek microplate reader (Biotek
Instruments, Winooski, VT, USA) and the oxygen consumption rate
measurements were performed using a high-resolution respirometer
(Oxygraph O2k). The specific activity of each complex was determined
by the subtraction of the activity in the presence of the appropriate
inhibitor from the non-inhibited one and the results were expressed as
nmol/min/mg protein.

2.9. Mitochondrial H,0, production

Mitochondrial H,O, was measured as previously described [13] in
an O2k-Fluorometer (OROBOROS, Innsbruck, Austria) using Amplex
red as a probe. Fresh isolated mitochondria were resuspended in 2 mL
of MiRO5 plus HRP 0.5 U/mL. Calibration curves were employed to
ensure the linearity of the assay and sequential additions were em-
ployed to determine the production rate in each state.

2.10. Activity of mitochondrial enzymes

Isolated mitochondria were used for the measurements of anti-
oxidant enzymes as previously described [13]. Briefly, GR activity was
determined by measuring the disappearance of NADPH at 340 nm. The
glutathione peroxidase (GPx) activity was determined by measuring the
disappearance of NADPH at 340 nm in a coupled reaction with GR. The
inactivation of aconitase activity was evaluated as a mitochondrial
oxidative stress marker by determining the rate of formation of the
intermediate product cis-aconitate at 240 nm, as we previously de-
scribed [13]. The lipoperoxidation markers were evaluated in mi-
tochondria by Western blot (WB).

2.11. Electron microscopy

For the ultrastructural study, small tissue fragments from the kidney
cortex were fixed with 2.5% glutaraldehyde in 0.15 M cacodylate
buffer, post-fixed with 1% osmium tetroxide, dehydrated with ethyl
alcohol in ascending concentrations and infiltrated in epoxy resin.
Ultrathin sections were contrasted with uranyl acetate and lead citrate,
and subsequently observed with an electron microscope (Tecnai Spirit
BioTwin, FEI, Hillsboro, OR, USA).

2.12. Statistics

Data are presented as mean = standard error of the mean (SEM).
They were analyzed by Graph Pad Prism 6 (San Diego, CA, USA). The
corresponding statistical tests are clarified in each figure legend.

3. Results
3.1. FA induces renal damage progression

Our first goal was to characterize the kidney damage progression
induced by FA. Therefore, we evaluated the levels of the classic renal
damage markers BUN and creatinine in plasma. As shown in Fig. 1A-C,
at day 2 after its administration, FA induced a remarkable increase in
BUN and creatinine plasma levels, as well as in the kidney weight/rat
weight ratio compared to the control group. These alterations were
prevented at day 2 by the pre-administration of NAC (Fig. 1A-C).
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Furthermore, histological analysis in sections stained with H&E from
the FA group showed extensive damage in the proximal convoluted
tubules, characterized by flattened epithelial cells alternating with ne-
crotic cells. Some tubules showed hyaline casts in their lumen (Fig. 1D).
The latter alterations were partially prevented by NAC preadministra-
tion. Furthermore, quantification of the damaged area observed by
histology showed that NAC pre-adminstration at day two significantly
reduced the injured area in the kidney cortex, which was also observed
at 28 days (Fig. 1E). Additionally, NAC preadministration at day two
maintained the tubules with normal morphology and with regeneration
signs, whilst decreasing the tubules with necrotic morphology observed
by histology (Fig. 1F). These results are consistent with our previous
report, in which we demonstrated that FA induced AKI one day after its
administration, and that NAC pre-administration protected kidney
function at this time [13]. Interestingly, renal damage markers in the
FA group remained high, even 4 days after FA administration and
showed a tendency to decrease with time. This is in concordance with
previous studies in mice, in which BUN and creatinine levels returned
to control levels after 4 days of FA administration [38,46]. However, an
increase in proinflammatory and profibrotic markers at 6 and 14 days
after FA administration was also reported [38,46], suggesting the pro-
gression of the nephropathy.

As we found that systemic markers of renal damage progression
returned to normal after 28 days of FA administration, we measured the
GFR and other hemodynamic parameters 28 days after FA administra-
tion: FA decreased the GFR and increased the RVR, which triggers the
decrease in RBF and RPF (Fig. 2A). Additionally, histological sections
stained with Masson trichrome showed mild interstitial fibrosis in the
FA group (Fig. 2B), confirming the progression to CKD in this model.
Interestingly, the FF and MAP did not show changes with respect to the
control group (Fig. 2A). On the other hand, NAC pre-administration
prevented the GFR and RBF decrease, as well as the increase in RVR
(Fig. 2A). Furthermore, NAC reduced at 28 days the injuries in the
cortex (Fig. 1E), increased the number of tubules with regenerative
signs (Fig. 1F) and prevented interstitial fibrosis (Fig. 2B), suggesting
that this treatment partially blocked the progression of renal damage.

3.2. FA induces the persistence of mitochondrial bioenergetics impairment
and renal damage progression

We previously demonstrated that FA induces, one day after its ad-
ministration, mitochondrial decoupling and OXPHOS capacity reduc-
tion, which was mainly related to FA-induced CI dysfunction [13].
Furthermore, we also demonstrated that mitochondrial bioenergetics
dysfunction favors the emergence of AKI in this model [13]. Therefore,
to evaluate if the AKI-to-CKD transition is linked to the persistence of
mitochondrial dysfunction, we evaluated the respiratory parameters in
Cl-linked respiration in isolated renal mitochondria. After mitochon-
drial addition (respiratory state 1), the ETS was stimulated by addition
of CI-linked substrates generating the respiratory state 2 (Fig. 3A).
Then, the addition of ADP stimulates oxygen consumption due to ATP
synthesis generating the S3. Finally, OXPHOS inhibited by oligomycin
generated S4o. As is observed in Fig. 3A, the vast majority of respiration
in S3 is attributable to ATP synthesis (P= S3-S40), meanwhile in the
S4o, the leak of the respiration (L) is the main contributor to the oxygen
consumption rate. For its part, the RC (S3/S40) allows us to determine
the degree of coupling between ETS and OXPHOS.

We found that FA induced the reduction of S3 and P respiration at
the acute stage, which returned to control values after 14 and 7 days,
respectively (Fig. 3B, D). These data indicate that the OXPHOS capacity
reduction in Cl-linked respiration persisted until day 7. Interestingly,
FA induced a stepwise increase of S4o respiration (Fig. 3C), indicating a
progressive increase in the leak over time. These effects eventually
trigger the mitochondrial decoupling at all studied time points
(Fig. 3E). Furthermore, FA also reduced AWm in respiratory S3 (prin-
cipally associated to OXPHOS) at the evaluated time interval (Fig. 3F),
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Fig. 1. Acute renal damage stage. Temporal course of the classical renal damage markers (A) creatinine and (B) blood urea nitrogen (BUN) in plasma, as well as (C)
the kidney weight/total rat weight ratio. Data are mean * SEM, n = 5-6. *p < 0.05and **p < 0.01 Dunnet's vs. vehicle; *p < 0.05 Student's T-test vs. FA 2 d.
Representative kidney micrographs of the four experimental groups, 2 d after FA administration. (D) Normal histological kidney structure is seen in the re-
presentative micrograph of the control that received only the vehicle. In contrast, the group treated with FA showed numerous proximal convoluted tubules coated
with flattened epithelium (arrows), some tubules showed hyaline casts in their lumens (asterisk). Animals treated with FA and NAC showed reduced tubular damage,
while the treatment only with NAC did not produce any histological abnormalities. All micrographs 200x magnification, hematoxylin/eosin (H&E) staining. (E)
Quantification of the damaged area observed by histology in the renal cortexat 2dand28d ** *p < 0.001 Student's T-test vs. FA 2 d; **p < 0.001 Student's T-test
vs. FA 2 d. (F) Tubule count per type in renal cortex at 2d and 28d. Norm = normal morphology, Necro = necrotic, Regen = in regeneration. ***p < 0.001
Student's T-test vs. Norm FA 2d. * *p < 0.01 Student's T-test vs. Necro FA 2d. **p < 0.01 Student's T-test vs. Regen FA 2d. °°p < 0.01 Student's T-test vs. Regen FA
28d. V = vehicle, FA = folic acid, NAC= N-acetyl-cysteine, d = days after FA administration.

which agrees with the reduction in OXPHOS capacity. However, no previously reported results at day one [13]. Additionally, FA induced

changes were found in the AWm in S40 between the groups (Fig. 3G). the permanent reduction over time in CIII activity, which was also re-
On the other hand, NAC pre-administration prevented, at day two versed by NAC pre-administration (Fig. 4B). Finally, no changes were
after FA administration, the decrease in S3 and P respiration and in the observed between the different groups in CIV activity (Fig. 4C).

AWm in respiratory S3, preventing mitochondrial decoupling (Fig. 3);
which indicates that NAC preserved the OXPHOS capacity despite FA
administration. Interestingly, NAC also partially preserved the mi-
tochondrial respiratory parameters and AWYm at day 28 after FA ad-
ministration (Fig. 3).

We previously demonstrated that at day one after its administration,
FA-induced OXPHOS capacity reduction was strongly linked to CI
dysfunction [13]. Furthermore, the observed respiratory alterations at
all studied time points suggest that this reduction persisted from day 2
until day 28. Therefore, we separately evaluated the activity of CI and
of the other ETS elements involved in ClI-linked respiration. We ob-
served that since day two, FA decreased the activity of CI, which tended
to recover over time but without returning to baseline levels (Fig. 4A).
Interestingly, NAC pre-administration prevented, at day two, the FA-
induced CI activity decrease (Fig. 4A), which is consistent with our

3.3. FA induces progressive B-oxidation dysfunction in the AKI-to-CKD
transition

Although in the kidneys many substrates participate in ATP pro-
duction, it is predominantly sustained by fatty acid -oxidation [62,63].
Furthermore, the mRNA and the levels of p-oxidation proteins were
reported deregulated in CKD animal models [64-66] and more recently
in patients [66,67]. Therefore, in order to evaluate if the observed
mitochondrial impairment was also linked to B-oxidation dysfunction,
we evaluated the respiratory parameters by feeding with palmitate. FA
administration reduced at all evaluated times the S3 respiration
(Fig. 5A) and P (Fig. 5C). Additionally, FA also reduced RC since day
two, which was recovered after 28 days of follow-up (Fig. 5D). How-
ever, it did not have a significative effect on S4o respiration (Fig. 5B).
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Fig. 2. Chronic renal damage stage at 28 days after FA administration. (A) Hemodynamic parameters of all experimental groups: glomerular filtration rate
(GFR), renal blood flow (RBF), renal plasma flow (RPF), renal vascular resistance (RVR), filtration fraction (FF) and mean arterial pressure (MAP). The persistence in
kidney hemodynamic alterations confirms the presence of chronic damage. Data are mean += SEM, n = 4-5. **p < 0.01 and ***p < 0.001vs. V; *p < 0.05, *
*p < 0.01and ***p < 0.001 vs. FA 28 d; Tukey tests. (B) Representative kidney micrographs of trichrome Masson staining of the four experimental groups 28 d
after FA administration. Control animals that received only the vehicle showed normal histology. In contrast, there is mild interstitial fibrosis (arrow) in the FA
treated group, while administration of NAC totally prevented the fibrosis induced by FA. V = vehicle, FA = folic acid, NAC= N-acetyl-cysteine, d = days after FA
administration.

These results suggest that FA administration affected B-oxidation 3.4. FA induces a permanent pro-oxidative state in mitochondria during the
mainly by the decrease in ATP production and mitochondrial decou- AKI-to-CKD transition
pling even 28 days after FA administration. Therefore, we performed
electron microscopy analysis at 28 days after FA administration to It has been reported that FA-induced oxidative stress in the kidneys
evaluate the mitochondrial ultrastructure. After 28 days the FA group favors the progression of renal damage [38,50,51]. We previously de-
showed in PT epithelial cells numerous mitochondria with irregular monstrated that FA induced at day one a prooxidant state in renal
shape and smaller size with respect to the control group (Fig. 6). Fur- mitochondria, triggering the increase in mitochondrial H>O, produc-
thermore, even at 28 days after FA administration, mitochondria dis- tion, which promoted oxidative stress in the kidneys [13]. Therefore, in
played a mild cristae disruption and effacement (Fig. 6), which is in order to evaluate if the persistence in mitochondrial decoupling and the
concordance with the reduction in the OXPHOS capacity observed by increase in S4o (Fig. 3) are linked to the persistence of a pro-oxidative
respirometry (Fig. 5 A, C). state in mitochondria, we determined the aconitase activity (a sensitive
On the other hand, results of the pre-administration of NAC, eval- mitochondrial target of ROS) as an oxidative stress marker, as well as
uated two days after FA administration, reveal that NAC effectively the activity of the enzymes GR and GPx in isolated mitochondria.
prevented the decrease in the respiration in S3 and P induced by FA FA strongly reduced the aconitase activity since day two and it re-
(Fig. 5A, C). Furthermore, these protective effects were also present at mained below the control level even 28 days after FA administration
day 28, when mitochondrial decoupling was also prevented (Fig. 5D), (Fig. 7A). Likewise, the mitochondria of the FA group showed a re-
which is in agreement with the preservation of mitochondrial ultra- duction in the GPx (Fig. 7B) and GR (Fig. 7C) activities at the entire
structure and cristae observed at day 28 in the NAC + FA group time-interval evaluated, which strongly supports the idea of a pro-oxi-
(Fig. 6), confirming that NAC pretreatment is able to preserve the dative state in mitochondria during the progression of renal damage.
OXPHOS capacity at the chronic stage. These data agree with the persistent elevation of mitochondrial H,0, at
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Fig. 3. Bioenergetics and mitochondrial membrane potential (AWm) alterations. (A) Schematic representations of the respiratory parameters. Blue line cor-
responds to O, concentration, red line corresponds to the rate of oxygen consumption. The additions are represented by gray arrows. L = leak of respiration,
Mit = mitochondria, PMG = pyruvate-malate-glutamate, P= OXPHOS-associated respiration, Oligo = oligomycin, Rot = rotenone, Ant = antimycin A,
ROX = residual non-mitochondrial respiration Temporal evaluation of mitochondrial respiratory parameters in complex I-linked respiration: (B) state 3 (S3), (C)
state 4 induced by oligomycin (S40), (D) P and (E) respiratory control (RC). Temporal evaluation of the changes in Aym using safranin O as probe in the (F) S3 and
(G) S4o respiratory states. Pyruvate-malate-glutamate were used as a substrate. V = vehicle, FA = folic acid, NAC= N-acetyl-cysteine, d = days after FA ad-
ministration. Data are mean = SEM, n = 6-7. *p < 0.05, **p < 0.01, ***p < 0.001 Dunnet'svs. V; "p < 0.05and " " *p < 0.001 Student's T-test vs. FA 2 d.

day 28 after FA administration (Fig. 7D) and are also supported by the oxidative stress.
higher levels of the oxidative stress marker 4-HNE in mitochondria at
the chronic stage (Fig. 6E).

On the other hand, NAC pre-administration prevented, at day two,
the decrease in activity of the aconitase (Fig. 7A) and antioxidant en-
zymes (Fig. 7B and C) as well as the increase in H,0, levels at day 28
(Fig. 7D) and in the levels of 4-HNE in mitochondria (Fig. 7E). These
results confirm that NAC prevented FA-induced mitochondrial

3.5. FA-induced mitochondrial dysfunction was not linked to mitochondrial
mass changes in CKD

It has been reported that at the acute stage after FA administration,
there is a reduction in mitochondrial biogenesis [13,39,46], which

could trigger a reduction in mitochondrial mass. To evaluate if the
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day 28. Additionally, as we previously showed, one day after its ad-
ministration, FA induced an impaired mitophagy process [13]. How-
ever, no significative changes were observed at 7, 14 and 28 days after
FA administration in the levels of the mitophagy protein PINK1 in
isolated mitochondria (Fig. 8E). These results, together with our pre-
vious report [13] suggest that the alterations induced by FA in bio-
genesis and mitophagy are mainly present in AKI, but they are reduced
in the chronic state. However, since autophagy flow is a dynamic
process, a more detailed evaluation of different autophagy proteins is
still necessary to clarify the time evolution of mitophagy, which we are
considering for a future work.

4. Discussion

The administration of high levels of FA leads to an increase of its
metabolized product (tetrahydrofolate) in blood [42,43], which is then
transported inside the cell by the reduced folate carrier exchanger and
by the high-affinity folate receptor [42,43,45,68]. In the case of the
kidney, folate metabolites accumulate in higher concentrations than in
other tissues due to the expression of the high-affinity folate receptor in
this organ, especially in PT cells [43]. The folate metabolites are im-
mediately stored as polyglutamate derivatives impermeable to the cell
membrane [45,68]. Although folates in the cell are distributed among
the mitochondria, nucleus and cytosol, the mitochondria store 40% of
the total cellular folate [43,45]. This process requires higher levels of
NADPH to reduce folate to tetrahydrofolate [41,42], thus diminishing
the antioxidant defense [13,38]. Therefore, mitochondria are especially
vulnerable to high doses of folate [13,46]. Additionally, in FA-induced
renal damage models, when high amounts of FA are administered and
accumulate in the kidneys, the receptor and transporter of FA become
saturated. These, together with the low solubility of FA in water, lead to
folate crystals' precipitation in the lumen, enhancing tubular cell death,
inflammation and fibrosis [38,39,44,46]. However, mitochondria have
also been implicated in the promotion of these pathological processes
that lead to CKD [9,23-27].

It has been well characterized that severe episodes of AKI trigger
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Fig. 6. Representative electron microscopy mi-
crographs of mitochondria from the epithelial
cells of the convoluted tubules at 28 d. Normal
ultrastructural morphology of mitochondria from the
control group that only received the vehicle. In
contrast, mitochondria from rat treated with FA
showed irregular size and shape with cristae dis-
ruption (arrow) or effacement (asterisk). Treatment
with NAC partially prevented the mitochondrial da-
mage induced by FA, while the treatment only with
NAC did not induce any mitochondrial damage.
FA = folic acid, NAC= N-acetyl-cysteine, d = days
after FA administration.

CKD development [2,20-22]. Furthermore, the severity of the injury
during the AKI event is a highly effective indicator of how fast the CKD
will progress [69]. We previously characterized that at day one after FA
administration, there is a remarkable significative increase in creatinine
and BUN plasma levels, as well as a higher urinary volume compared to
the control group [13]. The time course evaluation showed that the
increase in BUN and creatinine plasma levels reaches a peak at day two
after FA administration and then decreases progressively with time
(Fig. 1A and B). Furthermore, the histological alterations associated
with AKI, like necrotic cell death, loss of brush border definition and
PT's swollen cells were evident at days two (Fig. 1D). These results
confirm that the peak in AKI is observed between day one and two after
FA administration. The progressive decrease in these classical renal
damage markers (Fig. 1A and B) has also been reported in mice ad-
ministered with FA, signaling the end of the acute stage and the tran-
sition to CKD [38,46], which is characterized by progressive renal de-
terioration, as evidenced by the persistence of oxidative stress, cell
death, inflammation, fibrosis, EMT transition and maladaptive repair of
the tubular epithelium at the interval between days 2-14 after FA ad-
ministration [39,46,52,70]. In fact, at 28 days we observed a decrease
in the GFR (the major parameter of renal function), RBF and in RPF, as
well as an increase in RVR (Fig. 2A). These results, together with the
observed increase in the amount of fibrotic tissue (Fig. 2B), confirm the
progression to CKD, which is congruent with studies that report CKD
characteristics observed 14 days after FA administration [39,46,70].
It has been hypothesized that mitochondrial bioenergetics dys-
function could be related to the processes that favor renal damage
progression in the FA model [13,46,70]. However, until now there had
not been a time course study of the mitochondrial bioenergetics and
oxidative stress alterations and their participation in the transition from
AKI-to CKD. In this work, we have characterized for first time the
temporal alterations in mitochondrial bioenergetics in the FA model.
We show that at the AKI stage of the disease, there is a reduction in
mitochondrial OXPHOS capacity (Fig. 3B, D) and mitochondrial de-
coupling in CI-linked respiration (Fig. 3E). Interestingly, from days
1-28, FA reduced the AWm in respiratory S3 (Fig. 3F), respiration state
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Fig. 7. Persistence of the prooxidative stage in mitochondria. Temporal evaluation of the enzymatic activity of (A) aconitase, (B) glutathione peroxidase (GPx)
and (C) glutathione reductase (GR) in isolated mitochondria. V = vehicle, FA = folic acid, NAC= N-acetyl-cysteine, d = days after FA administration. Data are
mean * SEM, n = 5-6. *p < 0.05, **p < 0.01, ***p < 0.001 Dunnetsvs.V; “p < 0.05and * *p < 0.01 Student's T-test vs. FA 2d. *p < 0.05 Student's T-test
vs. FA 28d. (D) Evaluation of mitochondrial hydrogen peroxide (H>O,) production in isolated mitochondria, 28 d after FA administration in respiratory state 3 (S3)
and state 4 induced by oligomycin (S40). Data are mean = SEM, n = 5-6. *p < 0.05 and **p < 0.01 vs. V; *p < 0.05vs. FA 28 d; Tukey tests. (E) Oxidative
stress marker 4-hydroxynonenal (4-HNE) in isolated mitochondria by Western blot and its quantification by densitometry. VDAC = voltage dependent anion
channel. Data are mean = SEM, n = 4. *p < 0.05, **p < 0.01 Dunnet's vs. V.

in which the presence of saturating levels of ADP generates the A¥m that inhibition of CI enhanced the FA-induced inflammation and cell
mainly used for ATP synthesis [71]. Meanwhile, FA did not induce death processes [75], highlighting that mitochondrial CI dysfunction
significative changes in AWm with respect to the control in respiratory favors the progression of renal damage.

S40 (Fig. 3G), resting respiration state of non-ATP production after We observed a partial recuperation in S3 and P (Fig. 3B, D) at the
inhibition of ATP synthesis by oligomycin, when AWm is maintained chronic stage, which is consistent with partial CI recovery (Fig. 4A).
and oxygen consumption is only stimulated to compensate the proton However, the S4o progressive increase along the evaluated time-in-
leak [71,72]. The results indicate that FA harmful effects occur only in terval explains why even at the chronic stage, the RC remained reduced
conditions of high energy demand, when ATP production generates an with respect to the control (Fig. 3E). Furthermore, the electron micro-
additional stress to maintain AWm, but also indicate that under resting scopy images showed that even at day 28 after FA administration,
conditions, the effect of FA on the AWm dissipation is minimal. mitochondrial cristae disruption can be observed (Fig. 6). These results
Therefore, ATP production is the principal process affected by FA ad- indicate that mitochondrial ATP production during the transition to
ministration. These changes can be associated mainly to CI- and CIII CKD was only partially recovered and was accompanied by chronic
activity reduction at the acute stage (Fig. 4A and B). These results mitochondrial decoupling. This permanent mitochondrial decoupling
match our previous report at day 1 after FA administration, where CI favors the increase in mitochondrial oxidative stress, as observed by the
inhibition was observed [13]. Interestingly, in that previous study, no reduction in: aconitase activity (Fig. 7A), mitochondrial antioxidant

change in CIII activity was observed at day one [13]. Alterations in CIII enzymes activity (Fig. 7B and C) and in the mitochondrial 4-HNE levels
activity were observed only after day two (Fig. 4B), which implies that (Fig. 7E). In effect, CI dysfunction and mitochondrial decoupling are

CI impairment precedes CIII impairment. This effect may be attribu- related to the increase in mitochondrial ROS production [13,73,74],
table to the higher susceptibility of CI to irreversible post-translational which is consistent with the observed mitochondrial H,O, production
modifications at specific cysteine residues that decrease its activity in the FA group at day 28 (Fig. 7D). Moreover, we previously demon-
[73,74]. In fact, we previously reported that at day one after FA ad- strated that the increase in mitochondrial ROS triggers the pathological
ministration, the reduction in CI activity was related to changes in the over-activation of NADPH oxidases (NOX) in mitochondria-rich seg-
“S-glutathionylation” post-translational modification. Furthermore, a ments like the PT [13]. Such effect is highly relevant because the over-
recent study showed that inhibition of CI by rotenone exacerbates renal activation of NOX has been proposed as a critical mechanism involved

damage 3 days after FA administration [75]. This study also showed in the AKI-to-CKD transition induced by FA [29,39]. In fact, in other
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Fig. 8. Mitochondrial mass and biogenesis. Western blot and its quantifica-
tion of the levels of mitochondrial biogenesis markers: (A) peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha (PGC-1a) and (B) nu-
clear respiratory factor 2 (NRF2) proteins, as well as (C) voltage-dependent
anion channel (VDAC) and (D) a subunit of each one of the mitochondrial
complexes. (E) Levels of mitophagy protein PTEN-induced putative kinase 1
(PINK1) in isolated mitochondria. Data are mean + SEM, n = 4. *p < 0.05,
**p < 0.01 Dunnet's vs. V. V = vehicle, FA = folic acid, NAC= N-acetyl-
cysteine, d = days after FA administration. Complex I subunit CI-NDUFBS,
complex II 30-kDa subunit CII-SDHB30KDa, complex III-core protein 2 (CIII-
UQCRC2), complex IV subunit I (CIV-MTCO1), and ATP synthase alpha subunit
(ATP5A).

CKD models like 5/6 nephrectomy, the increase in mitochondrial ROS
favors further pathological ROS production by NOX [60,76,77], en-
hancing the expression of proinflammatory cytokines and profibrotic
factors, and thus triggering the progression of renal damage [78-81].
Furthermore, in the present work we have also described for the
first time the temporal mitochondrial alterations in B-oxidation as a
mechanism that contributes to the AKI-to-CKD transition in the FA
model. In fact, we observed that since the AKI event, there is a reduc-
tion in the S3, RC and in the OXPHOS capacity associated to fatty acid
B-oxidation (Fig. 5A, C, D). The data indicate that ATP production
linked to fatty acid B-oxidation is permanently decreased after FA ad-
ministration. This is particularly important for kidneys, where the vast
majority of ATP production is attributed to fatty acid (-oxidation
[62,63]. Therefore, our (-oxidation data (Fig. 5) suggests a permanent
state of energetic stress during renal damage progression, which is
supported by the mitochondrial irregular shape and cristae effacement
observed at day 28 in the FA group (Fig. 6). In this regard, there is a
consensus that mitochondria in CKD fail to respond to ATP demands
[9,82,83], as shown by inorganic phosphate accumulation, lower ATP
levels, increased oxygen uptake and decreased sodium transport in the
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kidneys. These changes have also been described in CKD patients
[84-86]. Furthermore, the mRNA and [-oxidation protein levels are
deregulated in CKD animal models [64-66] and in patients [66,67]. In
addition, a recent work showed that the expression levels of genes re-
lated to fatty acid [-oxidation are markedly lower in samples of CKD
patients and in FA-administered animals, with no changes in the mi-
tochondrial DNA copy number between the groups [70].

The decrease in the levels of mitochondrial p-oxidation proteins
appears to be a common pathology in CKD [10,65,85]. In fact, in FA
models, the reduction in the expression of fatty acid (-oxidation pre-
ceded the increase in the expression of fibrosis marker [70]. This effect
is consistent with the observed reduction of the respiratory parameter
associated to the AKI event (Fig. 5), before renal fibrosis was observed
(Fig. 2B). Furthermore, it was shown in Pax8rtTA/TRE-CD36 double-
transgenic mice that reducing the expression of the fatty acid pB-oxi-
dation proteins alone is enough to reprogram tubular epithelial cells
into a profibrotic phenotype, leading to CKD development [70]. In fact,
the authors suggested that reduced fatty acid (3-oxidation could be a
manifestation of a broader mitochondrial dysfunction and/or oxidative
phosphorylation defects [70]. These findings are consistent with our
results, in which B-oxidation impairment (Fig. 5) is accompanied by a
reduction in mitochondrial respiratory parameters in Cl-linked re-
spiration (Fig. 3), by a CI and CIII activity reduction and by enhanced
mitochondrial ROS production. Notably, mitochondrial ROS are known
to activate several targets related to CKD, especially fibrosis [56,58,87].
Together, these data suggest that early mitochondrial dysfunction
triggers mitochondrial fatty acid B-oxidation reduction, which together
with the mitochondrial ROS overproduction, promotes renal fibrosis.

On the other hand, FA administration leads, during the AKI stage, to
a decrease in the mRNA levels of some mitochondrial biogenesis pro-
teins in kidneys [39,46]. Indeed, we previously reported that at day one
after FA administration, there is a reduction in PGC-la and NRF2
protein levels, confirming the hypothesis that in the FA-induced AKI,
mitochondrial biogenesis is restrained [13]. Interestingly, the NRF2,
VDAC and the mitochondrial ETS subunit protein levels evaluated at
days 7-28 after FA administration did not show significative changes
compared to the control group (Fig. 8A-D). Together these data suggest
that the FA-induced decrease in mitochondrial biogenesis is pre-
dominantly present at the acute stage of the disease.

On the other hand, NAC pre-administration was able to prevent the
increase in the classic renal damage markers BUN and creatinine
(Fig. 1A-B) and the histological alterations (Fig. 1D) at day 2, which is
consistent with our previous study at day 1 [13]. We previously re-
ported that NAC alone, 24 h after its administration, increased the GSH
levels in kidney mitochondria, the GSH/GSSG ratio and the total S-
glutathionylation levels with respect to the vehicle [13]. These effects
were associated to NAC's capacity to preserve the redox state and the
mitochondrial S-glutathionylation, especially in OXPHOS proteins,
which prevents since day one after FA administration the loss of the
activity of OXPHOS proteins in the posterior oxidative context induced
by FA [13]. In the present work, we observed that the NAC protection
observed at day one [13] remains at day two, preventing the FA-in-
duced OXPHOS -capacity dysfunction (Fig. 3B, D), AWm decrease
(Fig. 3F) and mitochondrial decoupling (Fig. 3E) in CI-linked respira-
tion. Furthermore, it is extended even at day 28 (Fig. 3). Therefore,
NAC's preservation of CI and CIII activities in AKI-to-CKD (Fig. 4A and
B) would be a result of its effect at early time points. Interestingly, NAC
pre-administration, in both AKI and AKI-to-CKD transition stages, also
prevented the changes in FA-induced reduction in the S3, RC and in the
OXPHOS capacity associated to fatty acid B-oxidation (Fig. 5A, C, D)
and preserved the size and form of mitochondria, as well as their cristae
definition (Fig. 6), confirming a general protection by NAC of mi-
tochondrial ATP production.

The protective effects of NAC administration were previously shown
in experimental models of kidney damage, like that induced by contrast
[88]. In fact, in such model the beneficial effects of NAC and its
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Fig. 9. Integrative scheme. FA induces early AKI
(1). This is related to mitochondrial bioenergetics
impairment (2). At the acute stage, there is CI and
CIII activity reduction, leading to S3, S4o0, P, RC and
AWm decrease in Cl-linked respiration but also to a
reduction in S3, P and RC in mitochondrial fatty acid
B-oxidation. There is a partial recovery in S3, P and
AWm in CI-linked respiration. However, S4o0 and CI-
linked respiration and the respiratory parameters
linked to B-oxidation progressively decrease. This
indicates a permanent reduction in ATP production
and mitochondrial decoupling. The bioenergetics
alterations favor persistent oxidative stress in mi-
tochondria over time (3), reducing antioxidant ac-
tivity and enhancing mitochondrial H,O, produc-
tion. Mitochondrial alteration as a whole favors
processes such as hemodynamic alterations (4) and
fibrosis (5), which are linked to CKD progression.
Otherwise, NAC pre-administration (black lines)
prevented the mitochondrial impairment in FA-in-
duced AKI, thus avoiding the progression of mi-
tochondrial dysfunction over time and fibrosis and
hemodynamic alterations, which prevent CKD de-
velopment. AKI = acute kidney injury,
CKD = chronic kidney disease, FA = folic acid,

-

CKD

GFR = glomerular filtration rate, NAC= N-acetyl-

cysteine, P = respiration directly attributable to oxidative phosphorylation, PMG = pyruvate-malate-glutamate, CI-linked substrate, RBF = renal blood flow,

RC = respiratory control, RVR = renal vascular resistance, S3 = respiratory state 3, S40 =

membrane potential.

derivate, the N-acetylcysteine amide, are directly linked to the pre-
servation of redox balance and GSH levels [88]. Likewise, in the AKI-to-
CKD transition induced by cisplatin administration, the ne-
phroprotective effects of NAC are due to its capacity to prevent oxi-
dative stress, avoiding the renal senescence induced by the sirtuin 1
(SIRT1)-p53 pathway [89]. Although the vast majority of experimental
models have reported NAC's protective effect in kidney damage
[13,48,88-91], its utility is still under debate in the case of clinical
studies [92]. Part of the controversy can be explained given the great
heterogeneity in the literature regarding the route of administration,
dose, frequency and treatment scheme, among other factors [49,92,93].
In this regard, the pre-treatment scheme seems to be the most effective
approach to prevent kidney injury and to increase GSH levels than the
post-treatment, which can help explain the differences in the data re-
ported in the literature [94]. Additionally, clinical studies in most cases
have a relatively small sample size, short periods of NAC use and they
are non-randomized or not blinded [92,95]. Therefore, wider and
longer studies are needed. Indeed, works like that made by Liao et al.
[95], with 123,608 CKD patients followed during 10 years, showed that
prolonged use of NAC significantly reduces the risk of end stage kidney
disease and the CKD progression. Furthermore, NAC's protective effects
are enhanced with a higher dose and longer treatment [95].

In this work, the preservation of mitochondrial function by NAC is
related to the prevention of oxidative stress in mitochondria. These
NAC protective effects are observed since day two, where NAC prevents
the decrease in the activities of aconitase (Fig. 7A), GPx (Fig. 7B) and
GR (Fig. 7C), and they extend until day 7, as demonstrated by the
prevented-increase in MDA levels (Fig. 7E). Furthermore, even at 28
days of evolution, NAC also decreases mitochondrial oxidative stress, as
shown by the lower levels of mitochondrial H>O» production (Fig. 7D)
and the higher aconitase and GPx activity (Fig. 7A-B) with respect to
the FA group. Although at 28 days the GR activity in the NAC group
does not return to control levels, it is higher than in the FA group at that
time. Together these results indicated that NAC, prevent mitochondrial
redox imbalance at both acute and chronic stages (Fig. 7A-D) which are
related to the prevention of CKD evolution (Fig. 2A-B). In fact, NAC
prevented, at day 28, the FA-induced decrease in the GFR and in RBF,
the increase in RVR (Fig. 2A), as well as the fibrotic alterations
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observed by histology (Fig. 2B). Together our results suggest that pre-
serving mitochondrial function over time can prevent the AKI-to-CKD
transition in FA-induced injury. In other models of CKD, the use of
compounds capable of preserving mitochondrial function could at-
tenuate renal damage progression [9,83,96,97]. It was also recently
suggested that restoring mitochondrial 3-oxidation could be beneficial
for CKD treatment [70]. It was shown that enhancing fatty acid B-oxi-
dation enzymes' expression by genetic or pharmacological means pro-
tects animals from kidney fibrosis in FA and in unilateral ureteral ob-
struction (UUO)-induced CKD [70]. Although this study [70]
exclusively evaluated the mRNA and protein levels in FA models, it is
complementary and in agreement with the present results, in which we
describe for the first time the temporal alterations in the activity of the
mitochondrial (-oxidation (Fig. 5) and the therapeutic benefit of NAC
pre-treatment to protect renal mitochondria in the AKI-to-CKD transi-
tion.

Finally, as we propose in the integrative scheme (Fig. 9), the AKI
induced by FA (1) is related to mitochondrial bioenergetics impairment,
characterized by CI and CIII activity reduction, which trigger a reduc-
tion in S3, S40 P, RC and AWm in Cl-linked respiration, as well as a
reduction in respiratory parameters linked to B-oxidation. Despite the
progressive recovery of S3 and P in CI-linked respiration attributable to
CI activity's partial recovery over time, the alterations in respiratory
parameters linked to (-oxidation and mitochondrial decoupling persist
over time and there is progressive increase in S4o, related to leaking
processes. Together bioenergetic and [3-oxidation alterations favor the
permanence of a pro-oxidative state in mitochondria (3), enhancing
mitochondrial H,O, production during the progression to CKD. This
permanent mitochondrial oxidative stress (3) promotes hemodynamic
alterations (4) and fibrotic processes (5), triggering CKD. On the other
hand, NAC pre-administration prevents the acute and long-term mi-
tochondrial bioenergetics alterations induced by FA, avoiding their
persistence over time and the persistence of a mitochondrial pro-oxi-
dative stage. In addition, by preventing 3-oxidation dysfunction and CI-
linked mitochondrial impairment, NAC prevents fibrosis and hemody-
namic alterations, and therefore the development of CKD in the FA
model. Taken together, our results suggest the idea that prevention of
mitochondrial dysfunction during AKI can be a useful strategy to
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prevent the progression to CKD. However, more studies are still ne-
cessary to confirm this hypothesis.

5. Conclusion

FA induces an acute stage of renal damage alterations in mi-
tochondrial B-oxidation and CI-linked respiration. Although in a
chronic stage of renal damage there is partial recovery in ClI-linked
respiration parameters, the mitochondrial B-oxidation alterations per-
sist over time, triggering a permanent reduction in ATP production and
mitochondrial decoupling, favoring the progression to CKD.

Finally, the renal mitochondrial preservation that results from NAC
pre-treatment in FA-induced AKI may be a promising therapeutic
strategy to prevent the transition to CKD.
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ARTICLE INFO ABSTRACT

Nowadays, chronic kidney disease (CKD) is considered a worldwide public health problem. CKD is a term used to
describe a set of pathologies that structurally and functionally affect the kidney, it is mostly characterized by the
progressive loss of kidney function. Current therapeutic approaches are insufficient to avoid the development of
this disease, which highlights the necessity of developing new strategies to reverse or at least delay CKD pro-
gression. Kidney is highly dependent on mitochondrial homeostasis and function, consequently, the idea that
mitochondrial pathologies could play a pivotal role in the genesis and development of kidney diseases has risen.
Although many research groups have recently published studies of mitochondrial function in acute kidney
disease models, the existing information about CKD is still limited, especially in renal mass reduction (RMR)
models. This paper focuses on reviewing current experimental information about the bioenergetics, dynamics
(fission and fusion processes), turnover (mitophagy and biogenesis) and redox mitochondrial alterations in RMR,
to discuss and integrate the mitochondrial changes triggered by nephron loss, as well as its relationship with loss
of kidney function in CKD, in these models. Understanding these mechanisms would allow us to design new
therapies that target these mitochondrial alterations.
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decades, the number of patients with CKD has increased dramatically,
moving from the 27th (in 1990) to the 18th place (in 2014) in the list of
worldwide death causes and its death rate is expected to continue in-

1. Introduction: renal mitochondria and its importance in the
development of new therapies to prevent the CKD progression

The term chronic kidney disease (CKD) is used to include a broad
range of disorders characterized by progressive nephron loss, glo-
merular filtration rate (GFR) reduced to less than 60 ml /min/ 1.73 m?
for at least 3 months and increased renal damage markers (such as
blood creatinine and blood urea nitrogen, BUN) [1]. CKD can be de-
veloped by a series of acute insults, such as ischemic episodes or by
exposure to nephrotoxic agents, which generate the initial nephron loss.
In an attempt to adapt this nephron loss, the kidney triggers hemody-
namic, vascular and inflammatory changes [2,3] (see Taal & Brenner
[3] for more details), which lead to further nephron loss, thus pro-
moting progressive deterioration of renal function. Within the last
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creasing [4,5]. In addition, its medical treatment cost is high, since
patients with CKD usually have other complications, such as cardio-
vascular diseases, hypertension, obesity and diabetes [1,2]. Therefore,
there is an urgent need for the development of new treatments and
strategies to prevent or at least delay CKD progression.

In the kidney, ATP production is predominantly sustained by oxi-
dative phosphorylation (OXPHOS) of fatty acids B-oxidation [6], al-
though other substrates like lactic acid and ketone bodies are also
oxidized [7]. Due to the different energy requirements along the ne-
phron, each nephron segment has different mitochondrial abundance
[6-8]. So, the nephron shows a higher mitochondrial density in the
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most energy demanding segments [6,8], such as the proximal con-
voluted tubule (PCT) and the thick ascending loop of Henle (TAL) [8],
because mitochondria is responsible of the maintenance of high re-
absorption rates in these segments [6]. Mitochondrial membrane po-
tential (AWm) also changes along the nephron, multiphotonic ex-
citatory confocal microscopy studies in anesthetized mice demonstrated
a notably higher AWm in proximal tubule (PT) and TAL [9,10]. Ad-
ditionally, in pathologic states (like hypoxia), AWm alterations are
different along the tubular segments, which is consistent with the poor
PT capacity for obtaining energy from anaerobic glycolysis.

Since renal function highly depends on mitochondrial ATP pro-
duction and, hence, on the balance between the processes that regulate
mitochondrial dynamics (fission and fusion) and turnover (biogenesis
and mitophagy) [6,11] mitochondrial alterations have been related to
the development of kidney pathologies and have been considered as a
therapeutic target [12]. In the case of acute kidney disease (AKD) there
is a correlation between tubular damage and mitochondrial alterations
in models of cisplatin [13], ischemia / reperfusion[9], gentamicin [14],
dichromate [15] and maleate [16]. In addition, the excessive increase
in mitochondrial reactive oxygen species (ROS) production leads to the
loss of integrity of mitochondrial membrane, inducing its permeability
and the release of pro-apoptotic proteins [17], thus contributing to cell
death in these models. Furthermore, mitochondrial alterations are re-
lated to tubular defects in patients with renal pathologies, such as
Fanconi syndrome, Bartter-like syndrome and cystic renal disease,
among others [17,18]. In the case of CKD, many evidences suggest that
mitochondrial dysfunction may be involved in the pathophysiology of
these diseases, although the precise role of mitochondria in those
changes, especially in non-diabetic conditions, is largely unknown [12].
It is believed that, after the original damage, an increase in the meta-
bolism rate and ATP consumption generate mitochondria bioenergetics
stress, which together with the increase in ROS production [3,19,20]
contribute to CKD progression. However, nowadays there is not a
theory that describes, in a temporal course way, the changes that occur
in the mitochondria along CKD progression [12].

Renal mass reduction (RMR) models, like uninephrectomy, 3/4
nephrectomy, and 5/6 nephrectomy (5/6Nx) models are widely used
techniques for studying CKD progression [3,21]. This procedure in-
duces nephron hypertrophy and hyperfunction and an increase in single
nephron GFR (snGFR), however, it leads to a higher injury in the
remnant renal mass, decreasing total GFR and producing a circle of
progressive deterioration in the kidney, which emulates clinical CKD
[3,21]. Therefore, RMR models are powerful tools for studying the
mechanisms involved in CKD progression [3,21].

Since RMR models are powerful tools for studying the mechanisms
involved in CKD progression in a non-diabetic context [3,21], in this
review, we will first analyze the current information about mitochon-
drial bioenergetics alterations triggered by nephron loss in these
models. Then, we will discuss the current information of mitochondrial
oxidative stress and mitochondrial dynamics and turnover alterations in
these models, to discuss and try to integrate along time the mitochon-
drial changes, as well as their relationship with the illness development.
This would suggest possible mitochondrial proteins or mechanisms that
may be used as targets to develop new therapies to prevent CKD pro-
gression.

2. Mitochondrial bioenergetics alterations in RMR models

According to the unified theory postulated by Taal & Brenner [3], in
CKD (as well as in the RMR models), the progression is linear with
respect to time and it results from a set of common mechanisms, which
include hemodynamic, oxidative stress, hypertrophy and bioenergetics
changes [3]. In RMR models, hemodynamic alterations appear im-
mediately after the renal mass loss, which include an early increase in
renal vascular resistance and glomerular capillaries pressure, as well as
a decrease in plasma blood flow [22,23]. Together these changes lead to
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an increase in snGFR, which peaks between the first and fourth week
after the damage (depending of the magnitude of the renal mass loss)
[3].

Hypertrophy processes and biomacromolecular synthesis rise also
appear in early stages of the disease [3]. Hypertrophy triggers DNA,
mRNA, rRNA and lipid synthesis, especially in PT. Further, pro-apop-
totic genes are suppressed and growth factors levels rise in the first days
[24-26]. During the first 24 h after RMR, the elevated snGFR leads to
higher solute reabsorption rates and an increase in Na*/K* ATPase
activity, which further drives the basolateral membrane growth, par-
ticularly in PT. These changes, together with the dramatic molecular
biosynthesis increase, lead to a higher energy expenditure [27,28].
Moreover, vasoactive and tropic factors such as aldosterone, vascular
endothelial growth factor and insulin-like growth factor-1, lead to a
further kidney growth which could persist until the 2nd or 3rd month
[3,22,25,26,29]. Briefly, in the first period after nephrectomy, the in-
crease in snGFR and solute reabsorption together with the biosynthetic
rise and hypertrophy process generate an excessive energy demand in
the tubular segment of the nephron, especially in PT. It has been hy-
pothesized that this hypermetabolic state in the remnant renal mass
induces stress in ATP sources, especially in mitochondria [3,30,31].

In RMR models, there is an early increase in mitochondrial volume
per cell, which persists until the 14th day [30,32]. This increase in the
mitochondrial volume was associated with higher size (mitochondrial
hypertrophy) but not with mitochondrial proliferation, since an in-
crease in mitochondrial DNA (mtDNA) or in expression of nuclear-en-
coded mitochondrial genes [with exception of glutathione (GSH)/glu-
tathione disulfide (GSSG) transporter] was not observed in this interval
[30,32-34]. However, as we will be discussing later, the current evi-
dence suggests that mitochondrial fusion has a pivotal role in the mi-
tochondrial hypertrophy, associated with a failed compensatory re-
sponse to the higher kidney energy demand [32], since inorganic
phosphate accumulation, increase in oxygen uptake and sodium
transport alterations have been observed in PT [23,35,36]. This sug-
gests that in the early stage after RMR, bioenergetics imbalance is
particularly greater in PT.

These changes also occur in patients with CKD, where it has been
proposed that mitochondria is not able to maintain the ATP production
in PT and TAL segments [37,38]. These observations have led to the
hypothesis that the increase in energy demand triggers mitochondria
stressful hypermetabolic state along all the tubular segments. Moreover,
since PT segment is not able to obtain energy by non-mitochondrial
pathway [33], this segment is particularly more vulnerable to mi-
tochondrial dysfunction.

In accordance with this, recently, our research group has demon-
strated important bioenergetics mitochondrial alterations at 24 h after
5/6Nx. We confirmed that isolated mitochondria from remnant kidney
tissue have decreased respiratory state 3 (S3) and ADP/oxygen (ADP/
O) ratio and increased respiratory state 4 (S4), which leads to a re-
duction in the respiratory control index (RCI = S3/S4) in complex I-
linked respiration (malate-glutamate feeding). The activities of complex
I (CI) and ATP synthase also decrease, however, no changes in the
subunit protein levels of these complexes were observed [30]. On the
other hand, Lash et al. [33] observed an increase in S3 in complex II
(CID)-linked respiration (using succinate) at 10 days post-nephrectomy;
however, they were not able to observe changes in any other bioener-
getics parameters. This contrasts with a recent work made by Thomas
et al. [39] at 1 week, that reported a slight increase in S3, S4 and un-
coupled respiration (badly called by them S3u) in the respirations fed
by malate-glutamate, pyruvate-malate and succinate + rotenone,
without changes in RCI or in the mitochondrial ATP production. These
findings need to be interpreted with caution. It is true that the increase
in energy demand drives an increase in OXPHOS capacity, higher va-
lues of S3, mitochondria coupling, respiration leak decrease [40,41]
and mitochondrial biogenesis [42] in a physiologic context, such as
during exercise. However, in RMR models, the energy demand increase
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Fig. 1. Mitochondrial bioenergetics alterations over time in RMR models of CKD. The initial nephron loss induces immediately in remnant kidney hemody-
namic changes, hypertrophy process, reabsorption rate increase, and oxidative stress that finally trigger pathological mitochondrial bioenergetics alterations. To
facilitate its analysis, two stages can be identified, an early stage (from first hours after renal injury to the 28th day) and a chronic stage (after the first month and
hereafter). The early stage is characterized by mitochondrial OXPHOS capacity loss, attributable to mitochondrial complexes and ATP synthase activity drop; this is
associated with mitochondrial volume rise, (gray bars) especially in PT. Nonetheless changes in mitochondria number and mtDNA are not observed. The mi-
tochondrial growth eventually stops, however, the reduction in the OXPHOS remains until the end of the early stage, now as a result of both mitochondrial complexes
diminished activity and decrease in their subunits protein levels. On the other hand, the chronic stage is characterized by damaged mitochondria accumulation,
decreased OXPHOS capacity and drop in mitochondrial membrane potential. These alterations drive to cristae shape loss, mitochondrial swelling and cytochrome ¢
release. The persistence of changes over time are shown as a bar in this figure, blue triangles represent the data at a specific time point; blue square represents the
time lapse where the available data show discrepancy. The figure construction was carried out following the next guideline “Guidelines for preparing color figures for
everyone including the colorblind” [130]. CI = mitochondrial complex I; CIII = mitochondrial complex III; CIV = mitochondrial complex IV; mtDNA =
mitochondrial DNA; PT = proximal tubule; Pi = inorganic phosphate; S3= respiratory state 3; S4= respiratory state 4, ADP/O = ADP/oxygen ratio; RCI =
respiratory control index; CI-LR = complex I linked respiration; MCSu = mitochondrial complexes subunits; MIM = mitochondrial inner membrane; AWm =
mitochondrial membrane potential. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

is accompanied by oxidative stress and by inflammatory processes, that
are able to induce mitochondrial damage [19,30,33], which lead to
bioenergetics alterations, like mitochondria uncoupling, and therefore
to a reduction in OXPHOS capacity. This has been demonstrated in non-
renal tissues, like skeletal [42,43] and cardiac [44] ones, in ne-
phrectomized animals. In fact, alterations in kidney levels of GSH, the
principal mitochondrial non-enzymatic antioxidant, and in its oxidized
form, GSSG, can be observed in the first week after nephrectomy.
Further, an increase in the GSH/GSSG re-uptake in nephrectomized
rats, with respect to sham-operated ones, has been reported [19,33].
These observations, along with higher lipid peroxidation in isolated
mitochondria, are considered as signals of a mitochondrial pro-oxidant
state [19,30,33]. Although this is widely discussed in the next section,
most of the literature agree with the concept of a mitochondrial early
oxidative stress state after nephrectomy [19,30,31,33,45], that should
affect OXPHOS capacity and therefore trigger the observed decrease in
S3 and the increase in S4. At least in the first 24 h, this can be mainly
attributed to the drop in CI and ATP synthase activities [30].

Ten days after nephrectomy the mitochondrial volume per cell, as
well as the overexpression of GSH/GSSG mitochondrial transporter
remain elevated, however, mtDNA stays unchanged [46]. Four weeks
after 5/6 Nx, the compensatory kidney hypertrophy rate (evaluated by
the increase in the tubular segment size), starts decreasing [32].
Nevertheless, at this time it was also observed that the activities of CI
and complex III (CIII), as well as the ATP content decrease [45]. These
data, together with the reported lower levels of [} subunit of ATP

synthase [45], suggest that alterations in the synthetic activity of the
enzyme which are observed at 24 h [30] remain until the 4th week.
Proteomic and Western blot analyses of the renal cortex of 5/6Nx
rats evidenced a downregulation of mitochondrial proteins like medium
chain acetyl dehydrogenase (MCAD), the phosphoglycerate kinase 1
(PGK-1), and glucose-regulated protein-75 (GRP-75) [31]. Nonetheless,
the most relevant protein levels which are decreased are the NADH
dehydrogenase-ubiquinone 1 beta subcomplex subunit 8 (NDUFB8) and
cytochrome c oxidase subunits I (COXI) and IV (COXIV) [31]. All these
proteins are located in the mitochondrial inner membrane (MIM).
Contrary, the protein voltage-dependent anion channel (VDAC), in the
mitochondrial outer membrane (MOM), did not show changes [31]. In
fact, patients with CKD present low complex IV (CIV) activity and high
8-hydroxydeoxyguanosine levels, as compared to controls [45]. Al-
though there is no available information regarding mitochondrial re-
spiratory state, the observed decrease in mitochondrial CI, CIII and ATP
synthase activities, along with diminished levels of respiratory com-
plexes subunits, suggest that OXPHOS capacity is drastically reduced.
Furthermore, changes such as increased oxygen consumption, inorganic
phosphate accumulation, and ineffective sodium reabsorption are ob-
served at these times [23,31,35,47] implying a continuous renal bioe-
nergetics disruption from the first hours to the 4th week after the RMR.
On the other hand, there is scarce information regarding mi-
tochondrial respiratory state changes occurring in the remnant kidney
mass at a longer time. A study using low-resolution respirometry, at 30
days after 5/6Nx, did not find alterations in the respiration rates using
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malate-glutamate or succinate [48], however, the oxidative stress,
along with hemodynamic changes and the inflammatory processes, that
have been linked to mitochondrial dysfunction are still present in this
advanced stage [3,21,48,49] implying that mitochondrial alteration
could be present. This agrees with other reports in which 5/6Nx rats
after 8, 12 and 13 weeks show a drop in ATP content in renal cortex,
lower AWm, as well as loss of cristae definition and mitochondrial
swelling, in comparison to sham-operated rats [50-52]. Also, a decline
in CI and CIII activities, and lower levels of ATP synthase 3 subunit,
COXI and NDUFBS8 were detected at the 8th week in 5/6Nx rats [50]. In
comparison, advanced stage of CKD induced by ischemia (at nine
months after the original kidney damage), shows an accumulation of
smaller mitochondria with abnormal cristae and also signs of proteo-
lytic degradation [53,54]. Altogether, these data, suggest that CKD
mitochondrial bioenergetics alterations, specially the OXPHOS capacity
decrease, is still present even at long times after kidney injury, how-
ever, further studies are needed to clarify this point.

To sum up, early changes triggered by RMR such as hypermetabolic
state, hemodynamic changes, hypertrophy and reabsorption rate in-
crease, together with oxidative stress, lead to a pathologic state in the
mitochondria (Fig. 1). This pathologic state is characterized by re-
spiratory alterations, uncoupling and OXPHOS capacity loss, which are
mainly caused by decreased activities of mitochondrial complexes and
ATP synthase (possibly induced by oxidative stress). However, these
alterations are not linked to a decrease in subunits complexes levels.
The bioenergetics alterations induce an increase in mitochondrial vo-
lume (especially in PT), in an attempt to restore mitochondrial function.
Eventually, the increase in the mitochondria size stops. In chronic
stages mitochondrial growth is not observed, however, the reduced
OXPHOS capacity remains caused by both lower activities and subunits
levels of mitochondrial complexes and ATP synthase. Finally, the pro-
gressive accumulation of damaged mitochondria and the inefficient
ATP supply have been strongly linked to the progressive kidney func-
tion deterioration in these models, as well as in clinical CKD.

3. Mitochondrial redox changes in RMR models

In the kidney, recent studies have shown that ROS play fundamental
roles, at low concentrations, as second messengers [55], since these
molecules regulate processes like gluconeogenesis, solute reabsorption,
glucose transport and tubuloglomerular feedback [56,57]. However,
the notion that ROS have a harmful effect at elevated concentrations is
a well-accepted concept [57]. Oxidative stress is an imbalance between
ROS production and their detoxification [58], which is well-known to
be involved in the progression of diverse renal pathologies [15,59,60],
including CKD [61]. In this section, we will discuss the role of mi-
tochondrial oxidative stress in RMR models of CKD. Then we will
analyze the role of NADPH oxidase (Nox) in the mitochondrial redox
imbalance, in these models.

3.1. Alterations in ROS production and oxidative stress in mitochondria

Mitochondria are one of the most important redox cellular centers
[62,63]. In both, pathologic and non-pathologic conditions, the mi-
tochondrial ROS production is linked to the function of oxidoreductases
of the electron transport system (ETS), $-oxidation and the Krebs cycle
[64,65]. However, ROS production by proteins not involved in the ATP
generation system, like Romol and dihydroorotate dehydrogenase
[66,67] has also been reported. In fact, nowadays at least nine ROS
production sites in mitochondria have been identified [41,65] and the
contribution of each site can change depending on the conditions [65].
It is estimated that under physiologic conditions only 0.2-0.5% of the
oxygen consumed by mitochondria produces ROS [68], however, these
values can change depending on diverse factors. The first ROS produced
by mitochondria is the superoxide anion (O, ~) [69] and its generation
needs chemical groups able to donate one electron at the time, like the
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semiquinone radical (Q) and the reduced flavin (F) [70], which are
found in different proteins of the ETS, like F in the NADH-oxidizing site
(site I-F). However, its half life is short (approximately 10°°s), due to its
chemical or enzymatic (by superoxide dismutase, SOD) dismutation,
which generates hydrogen peroxide (H,0,) [71]. Due to H,O, stability,
its membrane permeability and probes accessibility, H>O- is the most
common specie used to evaluate the mitochondrial ROS production
[71,72].

At low levels, ROS tightly regulate mitochondrial function [73],
since these organelles have different redox sensors which quickly detect
the redox changes in the environment [55,57]. The thiol groups of
cysteines are among the most sensitive redox sensors since they possess
a wide spectrum of redox posttranslational modifications (PTM) that
strongly depend on the microenvironment [74,75]. Mitochondria pos-
sess a broad amount of proteins whose activity is mostly regulated by
reversible PTM induced by low ROS levels, such as protein S-glu-
tathionylation (RS-SG) and S-nitrosylation (RS-NO) [76,77], involved
in processes like Krebs cycle, B-oxidation, ETS, OXPHOS, mitochondrial
morphology, solute transport and apoptosis [55,57,74,76]. In the ETS,
the RS-SG and the RS-NO at low levels are associated with a decline in
ROS production and a slight CI activity decrease, preventing further
ROS production [76,78] and protecting cysteines from irreversible PTM
[79]. Therefore, many authors thought that these reversible PTM could
be a mitochondrial homeostasis regulation mechanism which links
energy metabolism to mitochondrial redox state [74,76]. Nevertheless,
an excessive increase in these PTM induced by higher ROS has also been
traditionally considered as an oxidative stress marker [80], confirming
that the mechanisms involved in mitochondria redox homeostasis are
not fully understood [79].

In nephrectomy models, the hypermetabolic state and the hemo-
dynamic changes trigger oxidative stress in mitochondria [33,46]. Re-
cently, we demonstrated that 24 h after nephrectomy, there is an in-
crease in mitochondrial H,O, production in CI-linked respiration (using
malate-glutamate) along with ClI-linked respiration (using succinate),
and higher malondialdehyde (MDA) mitochondrial levels [30]. The
mitochondrial GSH uptake rates also increase as a result of the elevated
levels of dicarboxylate and oxoglutarate mitochondrial carriers [19,33].
Furthermore, the activities of SOD and glutathione peroxidase (GPx) in
isolated mitochondria are reduced [30]. Additionally, mitochondria are
also more susceptible to damage by external oxidants and alkylating
agents [33], confirming a redox mitochondrial imbalance on the first
days after renal ablation. Actually, at seven days after nephrectomy,
O, levels, evaluated by electron paramagnetic resonance, are still
elevated. Moreover, after 10 days a decrease in the aconitase activity (a
mitochondrial oxidative stress indicator) was reported, as well as in-
creased levels of 4-hydroxy-2-nonenal [19] and, at 28 days, mi-
tochondrial ROS measured using 2,7-dichlorofuorescin diacetate con-
tinue high [45]. Taken together, these data suggest persistent
mitochondrial oxidative stress in the early stage of nephrectomy. Fur-
ther, increased mitochondrial ROS production, elevated MDA levels,
decreased GSH levels and reduced SOD activity and protein levels at
weeks 8, 12 and 13 after nephrectomy were reported [45,47,50-52].
This implies that even at chronic stages, the mitochondrial pro-oxidant
state is still present.

The mitochondrial redox imbalance has been extensively associated
with mitochondrial bioenergetics alterations [19,30,33], so it has been
hypothesized that the decrease in the ETS complexes activity at 24 h in
nephrectomized rats could be attributable to ROS-induced irreversible
PTM. In cardiac mitochondria, Kang et al. [81] showed that oxidative
stress induces irreversible PTM in 51 and 75 kDa subunits of CI (near to
IQ site), decreasing its activity and also increasing ROS production
associated to CI. In fact, CI cysteine residues can undergo S-sulfenyla-
tion (R-SOH), and if oxidative stress persists they can suffer S-sulfiny-
lation (R-SO,H) and even S-sulfonylation (R-SO3H), which irreversibly
inactivate CI [74]. These modifications compete for CI cysteines against
RS-SG and although all of them reduce CI activity, only RS-SG can be
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reversed, restoring totally CI activity [62]. CII Cys90 RS-SG is also
necessary to avoid its inactivation by oxidative stress [82]. Moreover, S-
glutathionylation of ATP synthase prevents R-SOH of the Cys?** and
Cys'%3, which triggers a disulfide bond formation and irreversibly de-
crease ATP production [83,84].

Outstanding information about oxidative stress role in mitochon-
drial bioenergetics came from the use of antioxidants in AKD models
[58]. In these models, antioxidants prevented mitochondrial oxidative
stress and also avoided bioenergetics alterations, like S3 decrease, leak
respiration rise, decline in ADP/O ratio and ATP, RCI rate reduction,
decrease in mitochondrial complexes and ATP synthase activity and
AWm alterations [13,15,59,85,86]. Hence, prevention of mitochondrial
oxidative stress may be a good approach to avoid mitochondrial bioe-
nergetics alterations in RMR models. In fact, preadministration of cur-
cumin (a bifunctional antioxidant) in a 5/6 Nx model substantially
reduces mitochondrial and PT oxidative stress at 24 h and also prevents
CI activity loss, ATP synthase activity decrease, as well as uncoupling
and alterations in mitochondrial respiratory states [30]. Similarly, re-
sveratrol post-administration at the 4th week, increases ATP, decreases
mitochondrial ROS production and prevents the drop in CI and CIII
activity induced by nephrectomy [45]. The use of mitochondria-tar-
geted antioxidants, such as MitoQ, MitoTEMPO or Szeto-Schiller (SS)
peptides protects the mitochondria and preserve kidney function in
AKD models [54,87-89]; however, their use in CKD models is just be-
ginning to be explored. A recent study showed that, after 13 weeks, in a
5/6 Nx model, the post-surgery administration of the SS-31 peptide
avoided the mitochondrial SOD activity drop, decline in ATP levels,
decrease in the AWm, ROS increment and cytochrome c release [52].
Taken together, these data confirm the role of redox imbalance in mi-
tochondrial alterations and suggest that prevention of mitochondrial
oxidative stress can be a good approach to preserve mitochondrial
bioenergetics [30,52].

Additionally, the mitochondrial redox imbalance not only generates
bioenergetics alterations [19,30,33], but also favors other mechanisms
involved in CKD progression. For instance, mitochondrial ROS are able
to activate NLRP3 inflammasome and further contribute to CKD in-
flammatory and fibrotic processes [90]. It has been demonstrated in
vitro (in human renal proximal tubular epithelial cells, HK2) and in vivo
(in 5/6NX rats) that mitochondrial redox imbalance is an early event
that prompts the fibrotic process [51]. Furthermore, mitochondrial
ROS, together with aldosterone, mediate the epithelial-mesenchymal
transition of tubular cells [91], favoring fibrotic processes. Moreover,
the formation of hypochlorite-modified albumin by mitochondrial ROS
triggers renal fibrosis, modulated by the transforming growth factor
beta 1 (TGF-B1) signal transduction pathway, and generates renal
macrophage infiltration [52]. Although, CI ROS generation has been
implicated in this mechanism [52,91], more studies are needed to
elucidate this mechanism.

In brief (see Fig. 2), the mitochondrial redox imbalance and oxi-
dative stress appears since the first stages after RMR and it persists at
even CKD advanced stages. Notably, redox imbalance has a strong re-
lationship with mitochondrial bioenergetics alterations over time
[19,30,33,51,52]. These alterations contribute to the intricate network
of mechanisms that lead to progressive renal function deterioration.
Since the mitochondrial balance is highly dependent on the redox state
[55,57,74,76], proteomic approaches of ROS-induced PTM could help
us to understand the molecular mechanisms involved in redox state and
mitochondrial bioenergetics interdependence, generating a new ap-
proach to develop strategies to prevent the genesis and development of
CKD.

3.2. Nox and its role in mitochondrial oxidative stress in RMR models
The Nox family group includes seven homolog proteins present in

humans: Nox1 to Nox5, and Duox1 and Duox2 [92], which catalyze the
electron transfer from NADPH to oxygen producing O, . The kidney
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possesses a wide distribution of Nox isoforms along the tubular seg-
ments (being Nox4 the predominant isoform) and vasculature [93].
Nox-derived ROS are implicated in the regulation of several kidney
physiologic processes, such as the tubuloglomerular feedback, gluco-
neogenesis [56], regulation of active transport and Na*/K* ATPase
activity [93].

Several reports have associated Nox upregulation with kidney dis-
ease development [56]. In CKD models, Watanabe et al. [49] showed
that Nox4-derived ROS are tubular damage mediators, which increase
the expression of proinflammatory cytokines and profibrotic factors. In
addition, in RMR models, it was seen that p47 phox deletion (Nox ac-
tivating subunit) protects mice from glomerulosclerosis [94]. It has
been suggested that angiotensin II is able to activate Nox in a chronic
state, contributing to systemic hypertension [95] in CKD models, al-
though the mechanism is still not fully understood. In RMR models, Nox
subunits overexpression enhances kidney function deterioration by in-
creasing oxidative stress and inflammation and promoting hemody-
namic changes [96,97]. Furthermore, in 5/6Nx models, increased levels
(20% to 40%) of gp91phox, p22phox, and p47phox Nox subunits have
been reported at the 8th week, which was further correlated with the
rise in proteinuria and plasma creatinine levels [97,98]. Recently, we
reported higher O, production by Nox at 24h in 5/6 Nx rats, com-
pared to control group. Interestingly, this increase was found to be
different along the nephron segments, being especially high at PT [30].
Usually, this increase in O,  production by Nox has been linked to
Nox4 and Nox2 isoforms activity and it has a strong correlation with
loss of renal function in CKD models [56].

Further, it has been reported that an increase in O, production by
Nox can induce ETS system dysfunction [99]. Nox4 overexpression
decreases the activity of mitochondrial CI, increases H,O, production
and leads to mitochondrial network disruption in smooth muscle cells
[100]. Furthermore, mitochondrial ROS can drive quick activation of
kinases such as protein kinase C (PKC) (3 and &, which in turn enhance
Nox activity [101], this mechanism has been reported in AKD models
[86], but not yet in CKD models. Both PKCP and PKCe have structural
motifs sensitive to ROS modification, which leads to p47phox Nox
subunit phosphorylation and activation [101,102]. Twenty-four hours
after 5/6 NX, the PKC-BII levels in PT of nephrectomized rats did not
show significant changes with respect to the sham-operated group.
Nevertheless, there was a significant increase in p47phox subunit
phosphorylation in serine 304; this phosphorylation has been linked to
its activation by ROS [92,103], implying that the observed O,  pro-
duction rise by Nox is related to its activation by mitochondrial ROS.

Similar to another authors in other models [99,101], we propose an
integral feedback mechanism which involves mitochondrial Nox acti-
vation in RMR models at early stages (Fig. 3). In this mechanism and
according to the overload hypothesis [3], nephrectomy induces al-
terations in renal hemodynamics, in reabsorption processes, as well as
in the renal metabolism [3,22-26,29]. These alterations lead to an
energy stress [19,30,33,37,38] and to kidney Nox activation, which is
able to trigger mitochondrial redox imbalance and subsequent loss of
the activity of mitochondrial complexes [19,30,45,47,51,52]. These
alterations in mitochondrial ROS production lead to the activation of
PKC isoforms, which trigger a higher activation of Nox, thus enhancing
oxidative stress [19,30,33,37,38,95-98] and causing subsequent da-
mage to mitochondria and nephron segments. These alterations alto-
gether induce a feedback loop of rising oxidative stress and thus con-
tribute to CKD progression.

4. Mitochondrial dynamics and turnover alterations in RMR
models

Mitochondria is a highly dynamic organelle, it is constantly under
fission (fragmentation) or fusion (joining) processes, as well as under
degradation of damaged mitochondrial components and synthesis of
new components (biogenesis). All these processes determine its
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Fig. 2. Mitochondrial redox alterations over time, and the role of NOX in mitochondrial dysfunction. Renal mass reduction immediately induces in the
remnant kidney mass a mitochondria redox unbalance, characterized by a mitochondrial ROS production increase (grey bar), seen in both stages (early and chronic).
The mitochondrial redox unbalance is related to a permanent oxidative stress and to Nox overregulation (especially in PT). In both stages, Nox and mitochondria
establish feedback loop of ROS production increase, leading to mitochondrial pathological alterations. These mitochondrial pathological alterations promote me-
chanisms over time that contributes to CDK development and progression. The conservation of changes along the time is shown as bars; blue triangles represent the
analyzed data at a specific time point. The figure construction was carried out following the next guideline “Guidelines for preparing color figures for everyone
including the colorblind” [130]. GSH = glutathione; GPx = glutathione peroxidase; MDA = malondialdehyde; Nox = NADPH oxidase; OXPHOS = oxidative
phosphorylation system; ROS = reactive oxygen species; SOD = superoxide dismutase; 4-HNE = 4-hydroxynonenal. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

Hypermetabolicsate.
Hemodynamicchange.
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Fig. 3. Proposed mitochondria-Nox mechanism of ROS production rise.
The hypermetabolic state and the hemodynamic alterations trigger Nox over-
activation (particularly in PT), increasing its superoxide production and gen-
erating a prooxidant state in mitochondria. This prooxidant state promotes ir-
reversible PTMs in mitochondrial proteins especially in ETS components,
uncoupling and enhancing mitochondrial ROS production. Additionally, mi-
tochondrial ROS activate Nox by mechanisms such as the PKC isoforms acti-
vation which triggers the p47phox phosphorylation and increases more the Nox
activation. This vicious ROS production circle induces oxidative stress and
contributes to CKD progression. The figure construction was carried out fol-
lowing the next guideline “Guidelines for preparing color figures for everyone
including the colorblind” [130]. CI-CV = mitochondrial complex I to IV;
PKC = protein kinase C; pSer304 = phosphorylation of serine 304.

morphology, size, and distribution along the cell [104,105]. Mi-
tochondrial fusion is regulated by the proteins implicated in MOM fu-
sion: Mitofusin 1 (Mfnl) and 2 (Mfn2); and by the protein that parti-
cipates in MIM: fusion Optic atrophy 1 (Opal) [11]. On the other hand,
the fission process is regulated by Dynamin-related protein 1 (Drpl)

and four adapter proteins: fission protein 1 (Fis1), mitochondrial fission
factor (Mff), and the mitochondrial elongation factors 1 (Mief) and 2
(Mief2) [11,106]. Mitochondrial bioenergetics is tightly coordinated
with dynamics, favors fission or fusion depending of the energy de-
mands [107,108]. In addition, ROS are able to regulate mitochondrial
morphology and dynamics. For example, H,O, stimulates Mfnl and
Mfn2 ubiquitination, promoting their degradation, and also activates
Drpl, triggering mitochondrial fragmentation [106]. Actually, a de-
crease in CI activity induces mitochondrial ROS production and leads to
mitochondria fragmentation [108]. So there is a tight relation between
bioenergetics, redox and dynamics processes in mitochondria [109].

Concerning mitophagy, this process is regulated by the phosphatase
and tensin homolog (PTEN)-induced putative kinase 1 (Pink1), whose
accumulation in MOM is caused by mitochondria depolarization [110].
Pinkl activates Parkin E3-ubiquitin ligase allowing protein ubiquiti-
nation, which is a marker of autophagy machinery recruitment [108].
The importance of this process relies on eliminating damaged mi-
tochondria, avoiding the harmful organelle accumulation [111]. How-
ever, mitophagy must be preceded by mitochondrial fission, in order to
reach an organelle size capable of being encapsulated by the autopha-
gosomes [110].

In the kidney, most of the mitochondrial dynamics alterations have
been reported in AKD models, where there is a shift to fission at early
stages after injury [11]. However, CKD models have just begun to draw
attention. At a chronic stage in ischemia kidney injury (9 months), a
reduction of mitochondria number and an accumulation of these or-
ganelles in autophagy bodies has been reported [53,54]. This has been
related to an impairment in mitophagy [88]. Likewise, diabetic ne-
phrectomy is characterized by high levels of apoptosis induced by mi-
tochondrial cytochrome c release, mitochondrial fragmentation and
Drpl activation [88,112].

Nonetheless, the mitochondrial dynamics alterations in RMR
models have been less characterized and cannot give us a full
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perspective [30]. At 24 h after 5/6 Nx, there is shift of mitochondrial
dynamics to fusion, characterized by Mfnl and Opal increase and de-
crease in Fisl and Drpl levels in mitochondria, as well as mitochondria
swelling, loss of cristae definition and higher mitochondrial size in PT
[30]. In agreement with this, morphometric analysis in PT, reported
mitochondrial volume rise after nephrectomy, reaching its maximum at
the 14th day (66% compared to control) [32]. Due to the absence of
mtDNA or mitochondrial protein increase in this time lapse, the authors
concluded that at early stages, mitochondria undergo a pathologic hy-
pertrophy (size rise) rather than proliferation [22,32]. According to
this, other studies did not find increase in mtDNA, in mtRNA, in mi-
tochondrial complexes subunits or in transporters levels at 1, 10, and 14
days after nephrectomy [19,32,33,46].

These type of changes are found in other energy stress conditions
associated with mitochondrial hyperfusion state [104], for example,
profusion state is typically observed in starvation and exercise [111].
Nonetheless, in a pathologic context, hyperfusion has been linked to
apoptosis resistance state and to oxidative stress [104]. That is the case
of nephrectomy at early stage, where it is observed apoptosis resistance
in  epithelial cells [3], mitochondrial oxidative  stress
[19,30,33,37,38,95-98] and mitochondrial size rise [30,32]. Altogether
and considering mitochondrial bioenergetics alterations
[19,30,45,47,51,52] and the kidney energy demand rise [3], this sug-
gest that mitochondrial size increase is more attributable to mi-
tochondrial fusion rather than biogenesis (see Fig. 4).

Studies in later stages are also scarce. It was reported, at 28 days
after 5/6 Nx, a change in mitochondrial dynamics markers tendency,
with an increase in Fisl and a decrease in Opal and Mfn2 levels, al-
though mtDNA remain without changes [45]. That tendency persist
until the 8th week [50]. Besides, at the 28th day, the peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a),
the master mitochondrial biogenesis protein, was downregulated and
the MIM proteins MCAD, PGK-1, GRP-75 NDUFB8 and COXI were also
downregulated [31,46]. Interestingly, NDUFB8 and COX remained low
even at 8th week [50]. Furthermore, at the 12th and 13th week there is
a decrease in mtDNA in 5/6NX rats a, as well as mitochondria swelling
and cristae definition loss, which was associated to impaired biogenesis
induced by the increase in TGF-B1 level [51,52], suggesting a mi-
tochondrial biogenesis disruption in chronic stages (see Fig. 5). A study
in CKD patients submitted to dialysis also showed lower levels of mRNA
of mitochondrial biogenesis factors PGC-1a, nuclear respiration factor 1
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and mitochondrial transcription factor A (TFAM), and a down-
regulation of PGC-la downstream genes (TFAM, COX6C, COX7C,
UQCRH and MCAD) [18], supporting the idea that mitochondrial bio-
genesis is impaired in CKD.

Finally, it has been hypothesized that mitophagy might also be
disrupted in RMR models, due to the hyperfusion state, lower mi-
tochondria levels of fission and increase in mitochondrial size [30,32].
Taken as a whole, the above information suggests that damaged mi-
tochondria are not being degraded by autophagy [110]. This is sup-
ported by the damaged mitochondria accumulation observed in these
models [30,32]. Furthermore, after 28 days Beclin 1 (essential protein
for autophagosome formation) and BCL2/adenovirus E1B 19 kDa pro-
tein-interacting protein (3BNIP3, necessary for mitophagy process)
proteins levels rise, however, autophagy factor microtubule-associated
protein 1 light chain 3 (LC3) that mediates later autography steps did
not show significant changes [31]. The lack of LC3-II changes along
with undisturbed mitochondrial VDAC levels and the fact that autop-
hagy is inhibited in PT [113,114], led authors to suggest that mito-
phagy flux is disrupted in this model (Figs. 4 and 5). However, there is
not enough information to support this idea and sequential studies are
needed to clarify the correlation within dynamics and mitophagy in
these models.

The aim of this work was to review mitochondrial dysfunction in
models of non-diabetic acquired nephropathy, since, for diabetic ne-
phropathy, mitochondrial alterations have been widely documented in
recent reviews [115,116]. Nevertheless, it is important to mention that,
like in non-diabetic models, in diabetic nephropathy and especially in
chronic stages the following changes have been observed: decrease in
expression of mitochondrial biogenesis factors, such as of PGC-1a, in-
crease in mitochondrial fragmentation produced by the shift of mi-
tochondrial dynamics to fission and impaired mitophagy flux
[115,117,118]. Furthermore, CI dysfunction leads to increased mi-
tochondrial ROS production, which was recently confirmed using a
redox-sensitive green fluorescent protein biosensor expressed in mi-
tochondrial matrix in diabetic mice [119]. Additionally, reduction in
expression and activity of Krebs cycle enzymes in kidney has been re-
ported in both, patients with type 2 diabetes and animal models of
diabetes [115]. So, the current data indicate that in diabetic nephro-
pathy there is an accumulation of damaged mitochondria in the kidney,
which will be a primary factor responsible for tubule and vascular da-
mage, oxidative stress, cell death, inflammation and fibrosis, which
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namics, biogenesis and mitophagy in RMR
models at early stages. At early stage the
observed mitochondrial size rise (black bar) is

28 days related to mitochondrial dynamics shift to fu-

) sion. Due to no changes in mitochondria

o number, mtRNA, mtDNA, and protein levels

: Opa{1,:?2ﬂ M2 (gray bars) are observed between the 1 st and

the 14th day. Mitochondrial fusion increase
could be an attempt to face the bioenergetics

unbalance in high energy demands conditions.

Mitophagy N 1 BNIP3 and Beclin1. This shift to fusion together with an impaired
% % ’ @ No Cha:ﬂzs\%';\%m' Eesl autophagy prevents impaired mitochondria

J/ Impaired autophagyin PT. degradation by mitophagy. Nevertheless, more

Mitochondrial biogenesis - ) data are necessary to confirm this hypothesis.
A Interestingly, after 28 days is observed an in-

| PGC-1a and Sirt3
No changein PPAR
| MCSuand MIM protein
| mtDNA

No changesin MCSu levels

Nochanges in mtDNA, mtRNA andtotal protein levels.
No change in mitochondrial numberinPT

blind” [130]. PT = proximal tubule; MCSu = mitochondrial complexes subunits; Mfn (1/2) =

crease in Fis1 and a decrease in Opal an Mfn2,
suggesting a shift to fusion, additionally mito-
phagy and biogenesis are still impaired. The
figure construction was carried out following
the next guideline “Guidelines for preparing
color figures for everyone including the color-

mitofusin (1/2); Opal = optic atrophy 1 protein; Fis 1= fission

protein 1; Drpl = dynamin-related protein 1; BNIP3 = BCL2/adenovirus E1B 19 kDa protein-interacting protein 3; LC3 (I/II) = Microtubule-associated protein 1 A/
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Fig. 5. Mitochondrial alterations in dy-
namics, biogenesis and mitophagy in RMR
models at chronic stages. A persistent mi-
tochondrial swelling and cristae shape loss are
observed in chronic stages. However mi-
tochondrial fusion proteins have been reported
to decrease. Impaired mitochondrial biogenesis
seems to remain, but the current data are in-
sufficient to establish which mitochondrial
changes occur at chronic stages. The figure
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contribute to the CKD progression [115-120].

Despite the direct comparison between data of mitochondrial al-
terations in non-diabetic and in diabetic nephropathy, this must be
made with care, because the high levels of glucose in plasma in diabetes
generate a different bioenergetics context [116,120]. Many similar
mitochondrial alterations have been found in both types of models,
especially in chronic stages. As discussed above, both are characterized
by a reduction in the OXPHOS capacity, especially in mitochondrial CI
activity that triggers an increase in ROS production by this organelle.
Additional to the mitochondrial and renal pro-oxidant state, in both
types of models there is a shift of the mitochondrial dynamics towards
the fission process (in the chronic stage), as well as evidence of a re-
duction of mitochondrial biogenesis and a defective mitophagy flux. In
in vivo models of diabetic nephropathy, the use of antioxidants aimed at
preventing these mitochondrial alterations has been shown to sig-
nificantly prevent the increase in kidney damage markers, the struc-
tural alterations in the kidney and the progression of CKD
[115,117,121], highlighting the role of mitochondria in this illness.
However, especially in non-diabetic models, more information and se-
quential studies are needed to support this idea and to clarify the cor-
relation within dynamics and mitophagy in these models.

5. Mitochondrial alterations in patients with CKD

The correlation of the information obtained in the experimental
models with clinical data of patients with CKD is still poor [12]. The
existing clinical data principally comes from studies of Mitochondrial
nephropathys, term used to encompass kidney illness triggered by mu-
tations in mitochondrial proteins encoded by mtDNA or nuclear genes
[122,123]. Although these Mitochondrial nephropathys are rare genetic
diseases, they usually have poor prognosis, because quickly lead to CKD
development and end stage renal disease [122]. Among the genetic
defects there are mutations in tRNA, in the enzymes involved in
coenzyme Q10 synthesis and in CIII and CIV that lead to a decrease in
their activities [12,122,124]. In kidney, these mitochondrial mutations
trigger mainly tubular dysfunction and also interstitial nephritis, cystic
renal disease and glomerulosclerosis [123,125,126], however, renal
alterations are rarely isolated and are usually part of a systemic disorder
[122].

On the other hand, in the case of acquired CKD, there is still a lack of
human clinical data of mitochondrial bioenergetics and dynamics al-
terations in kidney tissue of patients in early and chronic stage [12],
this is mainly given by the difficulty of obtaining renal biopsies for
mitochondrial studies, making problematic the correlation with the
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mitofusin2; Opal = optic atrophy 1 protein;
Drpl= dynamin-related protein 1; mtDNA =
mitochondrial DNA; PGC-la= peroxisome
proliferator-activated receptor gamma coacti-
vator 1-alpha; TGF-B= Transforming growth
factor beta; NF-kB = nuclear factor kappa-

experimental data. However, in CKD patients, important studies have
been made on biopsies of muscle tissue [127] and in peripheral blood
mononuclear cells [128]. In the case of muscle biopsies, it has been
found decreased mitochondrial density, mtDNA copies, maximal
oxygen consumption by tissues and activity of mitochondrial enzymes
citrate synthase and hydroxyacyl-CoA dehydrogenase, implying an
impaired mitochondrial bioenergetics function [127]. Additionally, the
observed mitochondria fragmentation together with the increase in
mitophagy protein BNIP3, suggest that the mitochondrial reduction in
skeletal muscle in patients with CKD would be related to an increase in
mitophagy [127]. In peripheral blood mononuclear cells of patients
with CKD, there is a decrease in the expression of mitochondrial bio-
genesis markers of NRF1, PGCl-a and TFAM and in cytochrome c
oxidase subunit 6C, in cytochrome c oxidase and in mtDNA, tightly
associated with enhanced oxidative stress [127,128].

The importance of mitochondrial dysfunction in patients with CKD
is confirmed by studies that show a correlation between the mi-
tochondrial reduction in muscle and blood mononuclear cells with the
advance of CKD and with the increase of risk of mortality [127,128]. In
these studies, an impaired mitochondrial bioenergetics and turnover in
patients is suggested, which is also observed in the kidney in the
chronic stages in the experimental models in animals (Figs. 4 and 5).
However, the lack of human clinical data in kidney tissues makes dif-
ficult the correlation between data in experimental models and in hu-
mans. Nevertheless, first studies with the Q10 supplementation
therapy, a mitochondria focus therapy, decreases proteinuria, a renal
damage marker, in patients [122,129]. Considering all the above in-
formation, mitochondria-focused therapy could be emerging strategies
to mitigate the progression of CKD in patients.

6. Conclusion and perspectives

In summary, the current information about mitochondrial changes
in RMR models suggests a temporary accumulation of damaged mi-
tochondria, which highly contributes to CKD progression. This mi-
tochondrial impairment is characterized at early stages by OXPHOS
reduced capacity, mitochondrial volume rise, shift to fusion process and
oxidative stress. However, the progression of these mitochondrial al-
terations over time in CKD stages is not totally clear. Current in-
formation suggests persistence of impaired OXPHOS capacity, mito-
phagy and mitochondrial biogenesis, as well as of mitochondrial
prooxidant state, which contributes to kidney deterioration.
Additionally, the use of mitochondria-targeted antioxidants could be a
good alternative to reverse both bioenergetics alterations and oxidative
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stress in mitochondria; however their effects in mitochondrial dynamics
and turnover balance are still unknown. Since the information existing
in the literature about the mitochondrial changes along the progression
to CKD is lacking and fragmented, well-conducted temporal studies of
bioenergetics, redox state, dynamics, mitophagy, and biogenesis are
needed to clarify and unify the theories of mitochondrial dysfunction
progression. Future experiments should be directed to unravel which
proteins are key in imbalance of these mechanisms, to point them as
possible targets with therapeutic potential, opening the possibility of
developing strategies to mitigate the progression of this disease. Finally,
renal mitochondrial proteomics studies focused on redox-induced PTMs
are needed to describe at a molecular level the mechanisms involved in
mitochondrial and renal function deterioration in CKD.
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