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RESUMEN

La diabetes es una enfermedad crénico-degenerativa cuya principal caracteristica
bioquimica es la hiperglucemia. El estrés oxidante provoca un aumento en las
complicaciones y el mal prondstico de esta enfermedad. Uno de los sintomas mas
frecuentes en personas con diabetes es la fatiga muscular, esta condicién impacta no
solo la calidad de vida de las personas con esta enfermedad sino que compromete el
correcto autocuidado que los pacientes deben tener. El hierro juega un papel clave en el
aumento del estrés oxidante mediante la produccion de radical hidroxilo,por otra parte,
el diazdéxido (dzx) actua en los canales de potasio sensibles a ATP (mitoKatp) provocando
su apertura, disminuyendo la fatiga y generando una disminucion en marcadores de
estrés oxidante. Objetivo Evaluar el desarrollo de la fuerza muscular y parametros de
estrés oxidante en los diferentes grupos experimentales Materiales y Métodos Se
emplearon ratas machos de la cepa Wistar, el disefio experimental consta de 3 etapas:
1¢m@ etapa: 1) Control, 2) Diabética, 3) Alta en hierro, 4) Diabéticas + alta en hierro 5) Baja
en hierro 6) Diabética + baja en hierro. 2% etapa: 1) Control, 2) Diabética, 3) Dzx, 4)
Diabéticas + dzx. 3¢ etapa: 1) Control, 2) Diabética, 3) Alta en hierro + dzx, 4) Diabéticas
+ alta en hierro + dzx 5) Baja en hierro + dzx 6) Diabética + baja en hierro + dzx. Para el
analisis estadistico se emple6 el software Graph Pad Prism 6. Resultados Las ratas
dabéticas con administracion de diazéxido y con una dieta baja en hierro mostraron un
aumento en el desarrollo de la fuerza muscular, a su vez, los tiempos de aparicién de la
fatiga fueron mayores en comparacion con el grupo de ratas diabéticas sin tratamiento.
En cuanto al perfil lipidico, el diazoxido disminuyd los niveles de colesterol total y de
trigliceridos en el grupo de ratas diabéticas tratadas con daizoxido en comparacion con
el grupo diabético no tratado, asi como los niveles de lipoproteinas de muy baja densidad.
Por otro lado, el grupo de ratas diabéticas tratados con daizoxido disminuyeron sus
concentraciones de peroxidacion lipidica y especies reactivas de oxigeno totales, y se
preservaron las concentraciones de glutation reducido. En cuanto a las ratas diabéticas
con restriccion de hierro, mostraron un aumento en el desarrollo de la fuerza muscular
en ambos musculos. La restriccion de hierro en la dieta disminuyo las concentraciones
de triglicéridos, asi como los niveles de lipoproteinas de muy baja densidad.

Palabras clave: Fatiga, radicales libres, estreptozotocina, musculo y célula.
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ABSTRACT

Diabetes is a chronic-degenerative disease whose main biochemical characteristic is
hyperglycemia. Oxidative stress causes an increase in complications and poor prognosis
of this disease. One of the most frequent symptoms in people with diabetes is muscle
fatigue, this condition impacts not only the quality of life of people with this disease but
also compromises the correct self-care that patients should have. Iron plays a key role in
increasing oxidative stress through the production of hydroxyl radicals, on the other hand,
diazoxide (dzx) acts on ATP-sensitive potassium channels (mitoKATP) causing their
opening, reducing fatigue and generating a decrease in markers of oxidative stress.
Objective Evaluate the development of muscle strength and oxidative stress parameters
in the different experimental groups Materials and Methods Wistar strain male rats were
used, the experimental design consists of 3 stages: 1st stage: 1) Control, 2) Diabetic, 3 )
High in iron, 4) Diabetic + high in iron 5) Low in iron 6) Diabetic + low in iron. 2nd stage:
1) Control, 2) Diabetic, 3) Dzx, 4) Diabetic + dzx. 3rd stage: 1) Control, 2) Diabetic, 3)
High iron + dzx, 4) Diabetic + high iron + dzx 5) Low iron + dzx 6) Diabetic + low iron +
dzx. For the statistical analysis, the Graph Pad Prism 6 software was used. Results The
diabetic rats with administration of diazoxide and with a low-iron diet showed an increase
in the development of muscle strength, in turn, the times of onset of fatigue. were higher
compared to the group of diabetic rats without treatment. Regarding the lipid profile,
diazoxide decreased the levels of total cholesterol and triglycerides in the group of diabetic
rats treated with daizoxide compared to the untreated diabetic group, as well as the levels
of very low density lipoproteins. On the other hand, the group of diabetic rats treated with
daizoxide decreased their concentrations of lipid peroxidation and total reactive oxygen
species, and the concentrations of reduced glutathione were preserved. Iron-restricted
diabetic rats showed increased muscle strength development in both muscles. Dietary
iron restriction decreased triglyceride concentrations, compared with untreated diabetic
rats, as well as very low-density lipoprotein levels.



1. INTRODUCCION

1.1. Diabetes mellitus
La diabetes mellitus es una enfermedad cronico degenerativa cuya principal caracteristica
bioquimica es la hiperglucemia, esto se puede deber a defectos en la secrecion de insulina por
parte de las células B pancreaticas o bien a una deficiente accidén de la hormona en los tejidos
periféricos, especialmente en el musculo esquelético, condicion que también se le conoce como
resistencia a la insulina (1).

El numero de personas con diabetes ha aumentado de 108 millones en 1980 a 422
millones en 2014. La prevalencia mundial de la diabetes ha aumentado con mayor rapidez en
los paises de ingresos medianos y bajos, asi como en adultos (mayores de 18 afios) ya que
esta registra un aumento del 4,7% en 1980 al 8,5% en 2014 (2). El factor genético juega un
papel muy importante en el desarrollo de la diabetes, sin embargo, el factor ambiental es un
detonador en muchos de los casos para desencadenar dicha enfermedad (3).

1.2. Tipos de diabetes
Asignar un tipo de diabetes a una persona a menudo depende de las circunstancias presentes
en el momento del diagnodstico, y muchos individuos con esta enfermedad no encajan
facilmente en una clase unica, por ejemplo, una persona con diabetes mellitus gestacional
(DMG) puede seguir teniendo hiperglucemia después del parto y se puede determinar que,
en si, padece diabetes tipo 2 o una persona que desarrolla hiperglucemia debido al consumo
de grandes dosis de esteroides exdgenos, sin embargo, una vez que se suspenden dichos

farmacos sus niveles de glucosa circulante se pueden normalizar (4).

La Organizacion Mundial de la Salud (OMS) con datos del 2018 clasifica la diabetes en 4
grupos:

e Diabetes tipo 1: También conocida como diabetes insulino-dependiente o

diabetes juvenil, este tipo de diabetes se caracteriza por una destruccion total

de las células B del pancreas y como consecuencia una deficiente produccion

de insulina y requiere la administracién diaria de esta hormona.



e Diabetes tipo 2: También conocida como no insulino-dependiente o de inicio en
la edad adulta, se debe a una destruccion parcial de las células productoras de
insulina acompafada de resistencia a la insulina. Hasta hace poco este tipo de
diabetes, solo se observaba en adultos, pero en la actualidad también se esta
presentando en infantes.

o Diabetes gestacional: Caracterizada por niveles elevados de glucosa durante el
embarazo, las mujeres con diabetes gestacional corren mayor riesgo de sufrir
complicaciones durante el embarazo y el parto, ademas tanto ellas como su hijo
tienen un riesgo mayor de desarrollar diabetes tipo 2.

e Otros tipos de diabetes: Se caracterizan por el uso prolongado de farmacos
diabetogénicos o por algun traumatismo que dane de forma parcial el pancreas
y comprometa la secrecion de insulina (1,4).

1.3. Complicaciones de la diabetes
La hiperglucemia crénica se asocia con complicaciones a largo plazo ocasionando dafios
micro y macro vasculares: arterioesclerosis, retinopatia, nefropatia, neuropatia, pie diabético
(5) y sarcopenia, esta ultima hace referencia a la pérdida de masa y potencia muscular que
ocurre durante el proceso del envejecimiento (6), sin embargo, esta condicion es muy
frecuente en enfermedades como la diabetes (7). EI musculo esquelético en uno de los
principales sitios de accion de la insulina y los receptores de dicha hormona en el musculo
juegan un papel fundamental en la regulacién de la glucosa circulante, evitando asi la
hiperglucemia, también es importante mencionar que dicha hormona es anabdlica y participa
en la sintesis de proteinas y su deficiencia esta estrechamente relacionada con la disminucion
de la masa muscular y por ende la fatiga ya que el proceso de degradacion de proteinas, asi
como la sintesis de las mismas se repite constantemente en el musculo esquelético, por lo
que defectos en la secrecion de insulina o en la sefalizacion provoca una reduccion en la

sintesis de proteinas musculares (8).

1.4. Fatiga muscular y diabetes
Existen diversas maneras para definir la fatiga muscular, Asmussen en19791a defini6 como

la disminucion transitoria de la capacidad de trabajo del musculo esquelético durante la
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actividad fisica; Edwards en 1981, la consideré como la incapacidad de mantener la potencia
desarrollada, es decir, la intensidad del esfuerzo durante un determinado tipo de ejercicio. A
pesar de las deferentes definiciones que se puedan encontrar en la literatura todas ellas
reconocen, en mayor o menor medida, ciertas caracteristicas fundamentales de la fatiga como
la disminucion de la capacidad de esfuerzo o rendimiento y la disminucién de la capacidad
para generar fuerza muscular maxima (9).

La fatiga muscular es uno un sintoma comun en las personas que padecen diabetes.
Martinez y cols. en 2014, reportaron que en las personas con diagndstico reciente de diabetes
tipo 2, el 61% la fatiga muscular como el segundo sintoma mas frecuente (10), las variaciones
en la glucosa (hipoglucemia o hiperglucemia) circulante son un factor importante para
desencadenar episodios de fatiga aunque también se ha relacionado con factores
psicologicos, como la depresion o la angustia emocional relacionada con el diagndstico o con
la intensidad de los regimenes de autocontrol de la diabetes, también puede estar relacionada
con problemas de estilo de vida, como la falta de actividad fisica o el sobrepeso, especialmente
comun en las personas con diabetes tipo 2 (11).

La fatiga muscular se ha relacionado con factores fisiologicos como la apertura de los canales
de potasio sensibles a ATP (K,;;), el aumento en el estrés oxidante, y los efectos del 6xido

nitrico en el desarrollo de la fuerza muscular (12).

1.5. Musculo esquelético y sus principales fuentes de produccion de especies
reactivas de oxigeno

El musculo esquelético constituye el 40% de la masa corporal de un organismo y es el
responsable de casi todo el consumo de oxigeno que consume un animal durante esfuerzo
maximo sostenido (13),
La actividad muscular provoca aumento en la produccién de ERO, se han identificado varios
productores potenciales de ERO en las células musculares los cuales se activan por diferentes
estimulos. Entre estos se encuentran las mitocondrias, el nicotinamida adenina dinucleétido

fosfato, oxidasas, fosfolipasa A2, xantina oxidasa y lipoxigenasas (14).



1.6. Canales de potasio sensibles a ATP

Los organismos vivos han desarrollado diversos medios para monitorear el estado energético
y asi mantener la homeostasis. Los Karp pueden bloquear el paso de iones de potasio al
aumentar niveles intracelulares de ATP para mejorar la excitabilidad de la membrana,
transformando el estado metabdlico celular en sefiales eléctricas. Estos canales se distribuyen
ampliamente en muchos tejidos y participan en numerosos procesos bioldgicos importantes por
ejemplo en células [ pancreaticas, los Karp detectan indirectamente la concentracion de
glucosa en la sangre y provocan la liberacion de insulina (15). Un aspecto muy importante de
dichos canales es que las mutaciones genéticas de los genes que codifican las subunidades
Katp ocasionan enfermedades como diabetes neonatal, hiperinsulinismo, sindrome de diabetes
neonatal permanente (DEND) y el sindrome de Cantu, lo que indica que los Katp son dianas
terapéuticas importantes. Los inhibidores del canal Karp, como las sulfonilureas, son
ampliamente utilizados para tratar la diabetes tipo 2, mientras que los activadores de los Katp,
se utilizan para tratar hiperinsulinismo y para la mioproteccion (16).

Los canales de potasio sensibles a ATP funcionales son complejos proteicos hetero-
octaméricos, compuestos por cuatro unidades rectificadoras de potasio (Kir6.1 o Kir6.2) y
cuatro unidades de la familia ABC (trasportadores dependientes de ATP; ATP binding cassette)
Subunidades del receptor de sulfonilurea (SUR1, SUR2A o SUR2B), con un peso molecular
total de alrededor de 880 kDa (Fig. 1 y 2). El canal Las subunidades de formacién de poros
Kir6.x se identifican como el sensor para el ATP y su actividad esta regulada por el inositol 4,
5, bifosfato (PIP2) (17).
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Figura 1. Representacion del canal Katp con regiones Kir6.2 y SUR1. OH: hélice exterior; PH: hélice de poro; IH:
hélice interior; CTD: dominio citoplasmico; TMD: dominio transmembranal; LO: bucle 0; NBD: dominio de unién a

nucledtidos.

130 A

Figura 2. Vista lateral del complejo Katp. La extension aproximada de la bicapa de fosfolipidos se muestra como

lineas grises gruesas.

1.7. Canales de potasio sensibles a ATP sarcolemales

Lafuncion de los canales K del sarcolema ( ) depende de la concentracion

ATP SARCOKATP
de ATP. Este tipo de canales tiene baja probabilidad de apertura en condiciones de reposo,
pero incrementan su apertura cuando bajan las concentraciones de ATP, promoviendo la
entrada de potasio, con lo cual aleja a las células del umbral de excitacion. Asi, la actividad

electrofisiolégica de los canales K,, acopla el estado metabdlico de la célula y su funcion

ATP
ha recibido importancia en enfermedades tales como la diabetes, la isquemia cardiaca o
neuronal y en la fatiga muscular (18). En un estudio previo se observd que la recuperacion
de la fuerza tetanica después de la fatiga la cual fue significativamente menor en los ratones

con knock-out de K;6.2 en comparacion con los ratones control, estos datos sugieren que

la funcién principal del canal ¢,,.,K,p durante la fatiga, es reducir el desarrollo de la

tension cuando el musculo se encuentra en un estado de reposo y que por lo tanto el

sarcolatp juega un papel importante en la proteccion muscular (19, 20,21)

1.8. Canales de potasio sensibles a ATP mitocondriales

La apertura de mitoKatp, puede ocurrir por 3 mecanismos distintos:

_8-



e Directo: mediante la administracion de un abridor del Katp
¢ Indirecta: por activacién de PKCe1

e Fisiologica: mediante cinasas de sefializacion como la PKG (Fig. 3)

f____'l | S Detetes! | | Sy | | ] |
'f ROS j=— 1 pH te— t k* — f v

Cytosol Proapototic

factors?

Figura 3. Formas distintas de abrir el mitoKare e iniciar la secuencia de sefalizacion (Tomado de: Costa y Garlid,
2008)

La PKG es el ultimo paso citosdlico en la via de sefializacidn que provoca la apertura del
mitoKatp en mitocondrias aisladas en la misma medida que cromakalim y diazoxido, la PKG
interacciona con las mitocondrias transmitiendo la sefial a una PKCe (PKCe1) unida a la membrana
interna mitocondrial (MIM), que a su vez fosforila mitoKatp y hace que se abra. El aumento
resultante en la afluencia de K* acompanada de una alcalinizacion de la matriz mitocondrial
provoca una mayor produccion de ERO por el complejo | de la cadena respiratoria. Este
aumento de ERO luego activa una segunda membrana interna PKCe (PKCeg2), que inhibe al
poro de permeabilidad transitoria, el cual es considerado como la causa de muerte celular

después de la isquemia reperfusion (22).

1.9. Diazéxido
El diazoxido es un activador del canal de potasio que aumenta la permeabilidad a los iones de
potasio a través de las membranas plasmaticas e induce una relajacion local en los musculos
lisos. Esto provoca que los canales de calcio dependientes de voltaje se cierren, previniendo
entrada de calcio a través del sarcolema y evita que se lleve a cabo la contraccién muscular.

_9.



Uno de los mecanismos cardioprotectores de mitoKarp sugiere que la apertura es a través de
la activacion de una proteina quinasa (PKCg), en los miocitos, la PKCe se dirige a varias
proteinas mitocondriales, como el poro de transicidén de la permeabilidad mitocondrial, e inhibe
su apertura, ya que cuando este se abre provoca alteracion en la funcion mitocondrial y
apoptosis (23)

Se utiliza como vasodilatador para tratar la hipertension aguda y maligna, asi como
también para tratar la hipoglucemia ocasionada por un insulinoma ya que este farmaco inhibe
la secrecion de insulina de las células B sin embargo, estudios recientes han demostrado que
el diazoxido puede prevenir y revertir la obesidad en modelos animales mediante el control de
la hiperinsulinemia. La apertura directa de mitoKatp por farmacos actua sobre los receptores
reguladores de sulfonilurea (SUR) de los canales Katp (24).

Kowaltowski y cols. en el afio 2000 demostraron que la apertura y el cierre de los mitoKatp
con el diazoxido provoca cambios significativos en el volumen de la matriz mitocondrial, como
consecuencia de iones K* acompanados de agua, lo que provoca un mantenimiento correcto
del volumen mitocondrial y asi se conserva la arquitectura de compartimientos importantes,
evitando que se alterara la estructura y funcién de diversos complejos proteicos los cuales
forman parte de la cadena transportadora de electrones (CTE) manteniendo un equilibrio
correcto de transferencia de energia entre mitocondria y citosol (25) Se ha postulado que los

mitoK ., desempefian un papel fundamental en la funcion muscular, incluso teniendo un efecto

ATP
protector sobre el musculo durante la fatiga (12).

En un estudio realizado por Garcia y cols. en el afio 2009 se evalué el papel de la apertura de
los canales mitoKatp en musculo esquelético de ratones adultos, sus resultados demostraron
que la administracion de diazéxido (100 uM) redujo significativamente la fatiga muscular, a su
vez mejord parametros de estrés oxidante entre ellos, la disminucion de produccion de ERO en
mitocondrias aisladas durante el periodo de recuperacion de la fatiga, los niveles de TBARS y

una disminucion en los niveles de GSSG y un aumento de GSH (26).

1.10. Especies reactivas de oxigeno y estrés oxidante
Las especies reactivas de oxigeno, como el anién superdxido (O2), peroxido de hidréogeno
(H202), y el radical hidroxilo (HO¢), son moléculas de oxigeno radicales y no radicales, las cuales

se forman por el reduccion parcial de oxigeno, se generan endégenamente mediante procesos

-10 -



fisiologicos como la cadena transportadora de electrones (Fig. 4) o mediante interacciones con
fuentes exégenas como los compuestos xenobidticos (27), al desbalance entre las ERO vy los
sistemas de defensa antioxidantes se le conoce como estrés oxidante y su consecuencias son
lesiones celulares como dafio al ADN, proteinas y lipidos, que provoca una alteracion en la
homeostasis celular y acumulacion de moléculas dafiadas y esta ampliamente reconocido como
el responsable de las complicaciones en diferentes patologias entre ellas la diabetes (28, 29,30,
31).

Oxidases

Cytochrome P450
Cytochrome b5

Erolp o ™ Ky
PP d - ‘—
M Peroxisome
7X@
* Xanthine axidase

T Endoplasmic reticulum Cytoplasm <— (..zlv:]:_llmlannms
Flavins

Lysosome

Electron transport

Mitochondrion
system

. Respiratory chain
K 9 Oxidases

Cyclooxygenase
o o Lipoxygenase
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e 1 “ NADPH oxidase
Fenton reaction Lipid bilayer

R
Sl

Figura 4. Fuentes celulares de produccion de ERO. Los organulos celulares y sus componentes estructurales

contribuyen a la produccién de una amplia variedad de especies reactivas.

1.11. Sistemas de defensa antioxidantes
El término "antioxidante" se define como cualquier sustancia incluso en concentraciones
minimas, que inhibe o retarda la oxidacion de un sustrato. Existen antioxidantes endégenos
(internamente sintetizadas) y exdgenos (consumidos), los cuales juegan un papel en la
defensa antioxidante y pueden considerarse biomarcadores del estrés oxidativo (32). La
regulacion del estado redox es critica para la viabilidad celular, la activacién, la proliferacion y
la funcion del 6rgano. Los organismos aerdbicos tienen sistemas antioxidantes, los cuales

incluyen antioxidantes enzimaticos y no enzimaticos (Fig. 5) que suelen ser eficaces para
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bloguear los efectos dafiinos de las ERO, sin embargo, en condiciones patolégicas, los
sistemas antioxidantes se ven rebasados (33).

NADPH NADP*
GsH 0550
@PX
0y ——> 0 —2 . 40— HO
So02 CAT
Fo?*
m’
Fe¥
ONOO™ OH*

Figura 5. Sistema de defensa antioxidante primario, compuesto por cuatro enzimas: superoxido dismutasa,

glutatién peroxidasa, glutation reductasa y catalasa.

1.12. Hierro y su participacion en la formacion de radical hidroxilo

El hierro es un metal muy importante para procesos metabdlicos ya que es cofactor de los
citocromos para la transferencia de electrones en la cadena respiratoria y de algunas enzimas
que participan en el ciclo de Krebs, ademas participa en la actividad de enzimas antioxidantes
como las catalasas y peroxidasas, es también un componente esencial de la hemoglobina y de
la mioglobina (34).

El hierro dietético entra al cuerpo a través de enterocitos duodenales, los cuales juegan un papel
crucial en la regulacion de las concentraciones de hierro en el cuerpo humano, en cuanto a la
captacion de hierro en su forma previamente reducida (Fe?*) por la accién del acido clorhidrico,
ingresa al enterocito a través del transportador de metales di Valente (DMT1), citocromo b
ferrireductasay la citocromo b duodenal (Dcytb), posteriormente su exportacion hacia el torrente
sanguineo se lleva a cabo mediante el exportador ferroportina (FPN), previa oxidacion del hierro
(Fe?* a Fe®*) mediada por la hefaestina, unaferroxidasa ligada a membrana (35) este proceso
es un punto crucial en la regulacion del hierro corporal; la cantidad del FPN en la membrana
basolateral determina si el hierro se transporta al cuerpo y los niveles de expresion de FPN
estan regulados por la hormona peptidica, hepcidina. Una vez que el hierro entra al torrente

sanguineo este viaja unido a una proteina llamada transferrina. La hepcidina se encuentra
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regulada y es secretada por los hepatocitos en el higado, la hepcidina sérica se une ala FPNy
estimula la internalizacién y posterior degradacion de la FPN, lo que la convierte en un regulador
negativo de la afluencia de hierro en todo el cuerpo (36).

Posteriormente el hierro es ingresado a las células por el receptor de transferrina este receptor
desempena un papel fundamental en el suministro de hierro a la célula, una vez unida la
transferrina a su receptor se forma el complejo hierro-transferrina-receptor el cual es
internalizado en la célula a través de un proceso de endocitosis. La liberacién dentro de la célula
del hierro unida a la transferrina es secuencial. La primera molécula es liberada por el pH acido
del citosol, mientras la segunda requiere ATP para su liberacion. Una vez dentro de las células
el hierro se deposita como ferritina, en donde cada molécula de ferritina puede contener hasta
4500 atomos de hierro, aunque normalmente tiene alrededor de 2500, almacenados como
cristales de hidroxido fosfato férrico (30)

Diversos estudios muestran que la acumulacion de hierro en el organismo puede aumentar el
riesgo a desarrollar diabetes mellitus, y con su disminucién tiene un efecto protector (37,38) ya
que la toxicidad del hierro se basa en las reacciones de Fenton y Haber-Weiss, donde
pequefas cantidades del mineral son suficientes para formar radicales hidroxilo (OH¢) a partir
de superdxido (O2") y peréxido de hidrogeno (H20-), conocidos como reactivos intermediarios
de oxigeno, los cuales forman radicales libres (39).

Fe>*+ 0, &« Fe?*+0,

FeZ* + H,0, —» Fe% + HO' + OH"-
{Fenton raaction}

0y~ + HO6¢—> O, + HO"+ OH"-

{Haber-Weiss reaction]

Figura 6. Reacciones de Fenton y Haber-Weiss que resultan en la generacion de radicales hidroxilos en

presencia de Hierro.

El hierro acelera la produccion de especies reactivas de oxigeno, y a su vez dicho aumento
aceleran la fatiga del musculo esquelético, los pacientes con una enfermedad de sobrecarga
de hierro con frecuencia informan sintomas de debilidad y fatiga (40)
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1.13. Sobre cargay restriccion de hierro
Se ha reportado en ratones que la sobre carga produce resistencia a la insulina y niveles
elevados de hepcidina (regulador central del metabolismo del hierro) (41). La reduccion de
hierro, mediante flebotomia, quelantes de hierro o una dieta baja en hierro, aumenta la
sensibilidad a la insulina y su secrecion por parte del pancreas (42); Por otro lado, Yasumasa
y cols. en el afo 2013 reportaron que la restriccion dietética de hierro ejerce un efecto
preventivo sobre la progresion de la nefropatia diabética en parte debido a la reduccion del
estrés oxidante. Diversos estudios experimentales, epidemioldgicos y clinicos han
demostrado la utilidad de los antioxidantes para el tratamiento la diabetes y sus

complicaciones, disminuyendo el estrés oxidante (43).
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2. JUSTIFICACION

La diabetes es un problema de salud mundial y México ocupa actualmente el noveno lugar
mundial en la prevalencia de diabetes. Esto es alarmante, y mas aun cuando las proyecciones
de los especialistas internacionales refieren que para el afio 2025, el pais ocupara el sexto o
séptimo lugar, asi mismo representa un problema grave para el sector salud debido a los altos
costos para tratar esta enfermedad (44).

En México, el Instituto Mexicano para la Competitividad reporté que cada ano, la diabetes
absorbe 85 mil millones de pesos en costos sociales como tratamiento médico, ausentismo
laboral y pérdidas de ingreso por mortalidad prematura (45). Actualmente no existen reportes
en los cuales se haya evaluado el efecto del hierro y del diazoxido sobre diversos
parametros de estrés oxidativo vy fatiga muscular, por lo que el tratamiento de
una dieta baja en hierro y un abridor de los canales Katp podria mejorar tanto la condicion
oxidante como el mejoramiento de la fuerza reduciendo asi una de las principales

sintomatologias reportadas por las personas que padecen diabetes.
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3. HIPOTESIS

Una dieta baja en hierro y el diazéxido disminuyen el estrés oxidante y mejoran el desarrollo

de la fuerza muscular en ratas con diabetes.
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4. OBJETIVOS

4.1 Objetivo general

Evaluar el efecto del hierro y el diaz6xido en el desarrollo de la fuerza muscular y estrés

oxidante en ratas con diabetes.

4.2 Objetivos particulares

1. Evaluar la fatiga muscular
1.1. Analisis de tensidn isométrica
1.2. Tiempo de establecimiento de la fatiga

2. Medicion de parametros bioquimicos
2.1 Determinacion de perfil de lipidos
2.3 Medicion del perfil de lipidos (Colesterol total, HDL, VLDL vy triglicéridos)

3. Evaluar el estrés oxidativo en los homogenados de musculo
3.1. Peroxidacién de lipidos de membrana
3.2. Evaluar la relacion Glutation reducido/Glutation oxidado (GSH/GSSG)

3.3. Especies reactivas de oxigeno totales
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5. MATERIAL Y METODOS

5.1. Animales
Para la presente investigacion se utilizaron ratas macho Wistar con un peso de 250 - 350

g obtenidas del bioterio del 1IQB de la Universidad Michoacana de San Nicolas de Hidalgo,
los cuales se mantuvieron en jaulas de acrilico bajo condiciones controladas de luz-
oscuridad (12h/12h) y temperatura (25 + 2 °C), con suministro agua ad libitum y alimentadas

con croquetas de la marca Rodent (200 mg hierro/kg).

5.2. Induccion de diabetes experimental
Las ratas recibieron una dosis unica de streptozotocina intra-peritoneal a una dosis de 45
mg/kg de peso (STZ, Sigma-Aldrich CO. St. Louis MO, USA). Las ratas con niveles de glucosa
superiores a los 200 mg/dL tras un ayuno de 8 h fueron usadas para el presente estudio y
fueron consideradas diabéticas (46). Las ratas que se encontraron enfermas fueron excluidas

del estudio.

5.3. Diseno experimental
El presente estudio constd de 3 etapas. En la primera etapa se formaron 6 grupos de animales

divididos de la siguiente manera:

1° etapa
{6 grupos)

i "@A\\ | \%

”,

* Control » Control
* Alta hierro * Alta hierro
* Bajaen hierro * Bajaen hierro

8 semanas
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En la segunda etapa se utilizaron de 4 grupos:

2° etapa
{4 grupos)

EIPAN ™~

o,

« Control ¢ Control
* Diazdxido * Diazoxido

4 semanas

Por ultimo, en la 3er etapa experimental se utilizaron 6 grupos de animales divididos de la

siguiente manera:

3° etapa
{6 grupos)

<
7% ! ﬂ\\

* Control * Control
¢ Alta hierro+dzx = Alta hierro+dzx
* Baja en hierro+dzx » Baja en hierro+dazx

8 semanas

5.4. Formulacion de dietas y administracion de diazéxido
Dieta control
La dieta control (D12050203) contenia 100 mg/kg de hierro (Research Diets, Inc.).

Dieta baja en hierro

La dieta baja en hierro (D03072501) contenia 3 mg/kg (Research Diets, Inc. New Brunswick,
NJ, EE.UU.); Estas dietas seran similares a las utilizadas por previos estudios (Minamiyama
et al. 2010); En donde la dieta baja en hierro contenia 3,2 mg/kg de dieta y la dieta de control,
100,9 mg/kg. Cada dieta se utilizé durante ocho semanas.

Dieta alta en hierro

Para la suplementacion de dietas altas en hierro, a los animales se les administré la dieta

control la cual contiene 100 mg/kg de hierro (Research Diets, Inc.) mas la administracion hierro
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polimaltosado (Takeda, México, SA de CV, bajo licencia de Vifor International, Inc., Suiza)
por administracion oral a través de una sonda orogastrica (Industrial Medical Plastica Silice
SA de CV, México) a una dosis de 3 mg de hierro/kg de peso corporal/dia, durante cuatro

semanas; Esta dosis fue previamente probada para causar una sobrecarga de hierro (47,48

Administracion de diazéxido

La administracion de diazoxido se realizé a través de una inyeccion intra peritoneal a una dosis
de 45 mg/kg de peso corporal al dia, este tratamiento tuvo 14 dias de duracién, para permitir
la comparacién con estudios realizados previamente (49).

A continuacion, se muestra en la siguiente tabla los diferentes tratamientos:

ALIMENTACION

Control 100 mg hierro/kg
Baja en hierro 3 mg hierro / kg

Alta en hierro Dieta control + 3 mg de hierro /
kg
Diazoxido 40mg / kg

5.5. Método de eutanasia

Las ratas fueron sacrificadas por decapitacion y todos los procedimientos experimentales se
realizaron de acuerdo con la Norma Oficial Mexicana (NOM 062-Z00-1999) de
especificaciones técnicas para la produccion, cuidado y uso de los animales de laboratorio.

5.6. Registro de tension y tiempos de fatiga

Una vez sacrificadas las ratas se diseccion6 el musculo séleo y EDL de ambas extremidades,
un par de musculos se colocaron en una camara con fondo resina sintética para su limpieza
mientras se mantuvo contenido en solucién fisioldgica y se le proveyo de la mezcla de gas
carbogeno, mientras que el otro par de musculos fueron colocados en tubos Eppendorf y
congelados a -80 °C para su preservacion. Para los analisis de tension isométrica se utilizé
solucidn fisioldgica con las siguientes concentraciones en mM: NaCl 118, KCI 4.75, MgSOa4
1.18, NaHCO3 24.8, KH2PO4 1.18, Glucosa 10, y se ajustara el pH a 7.4.
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Para realizar las mediciones de contraccidn isométrica los musculos se colocaron en una
camara de registro con solucion fisioldgica Krebs Rienger. El tendon se fijo a un transductor
optico de fuerza. Se obtuvo un campo de estimulacion eléctrica con dos electrodos de platino
que se colocaran dentro de la solucion fisiologica, evitando el contacto con el musculo. Los
musculos se sujetaron a una longitud un 30% mayor a la original. La estimulacién eléctrica
fue generada hasta que el musculo se fatigé (Reduccion del ~70% de la fuerza inicial),
y dicho tiempo se tomaron para conocer el tiempo que tarda el musculo en desarrollar fatiga.
La frecuencia de estimulacion empleada fue de 45 Hz para el musculo séleo y de 50 Hz para
el musculo EDL a 100 V.

5.7. Determinacion del perfil de lipidos
5.7.1. Triglicéridos

Para la cuantificacion de triglicéridos se utilizaron kits comerciales de la marca SPINREACT en
donde los triglicéridos incubados con lipoproteinlipasa (LPL) liberan glicerol y acidos grasos
libres. El glicerol es fosforilado por glicerolfosfato deshidrogenasa (GPO) y ATP en presencia
de glicerol quinasa (GK) para producir glicerol-3-fosfato (G3P) y adenosina-5-difosfato (ADP).
El G3P es entonces convertido a dihidroxiacetona fosfato (DAP) y peréxido de hidrogeno (H20-)
por GPO. Al final, el peréxido de hidrogeno (H202) reacciona con 4-aminofenazona (4-AF) y p-

clorofenol, reaccién catalizada por la peroxidasa (POD) dando una coloracion roja:

o LPL . : .
Triglicéridos + HoO ——— Glicerol + Acidos grasos libres

Glicerol + ATP Gliceral quinasa s G3P+ ADP

G3P+0: — 0, DAP + H:0s

H202 + 4-AF + p-Clorofenol ﬂ) Quinona + H20

La intensidad del color formado es proporcional a la concentracion de triglicéridos presentes en

la muestra ensayada.
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5.7.2. Colesterol total

Para la determinacion cuantitativa del colesterol se utilizaron kits comerciales de la marca
SPINREACT en donde el colesterol presente en la muestra origina un compuesto coloreado

segun la siguiente reaccion:

Esteres colesterol + H ,0 —9'59 Colesterol + Acidos grasos

Colesteral + O2 _ﬂ"?ﬂ_, 4-Colestenona + H 2O2

2 Hz()2 +Fenol + 4-Aminofenazona ——@—) Quinonimina + 4H20

La intensidad del color formado es proporcional a la concentracion de colesterol presente

en la muestra ensayada.

5.7.3. Determinacion de HDL

Las lipoproteinas de muy baja densidad (VLDL) y baja densidad (LDL) del suero o plasma, se
precipitan con fosfotungstato en presencia de iones magnesio. Tras la centrifugacion, el
sobrenadante contiene lipoproteinas de alta densidad (HDL). La fraccion de HDL colesterol se

determina utilizando el reactivo enzimatico de colesterol total.

5.7.4. Determinacion de VLDL
Para la determinacion de las lipoproteinas de baja densidad se utilizé la formula de Friedewald
el cual es un método indirecto que nos permite conocer la fraccion VLDL a través de la siguiente

formula:

LDLc = CT - (HDLc + TG/5) mg/d

En donde: CT = colesterol total, HDL = la fraccion de colesterol HDL, TG = los triglicéridos y
Colesterol total (mg) / Colesterol HDL (mg).

5.8. Marcadores de estrés oxidante
5.8.1. Peroxidacion de lipidos en homogenado de musculo
La determinacién de sustancias reactivas al acido tiobarbitarico (TBARS) fue realizado como

un marcador de peroxidacién de lipidos en el musculo esquelético en homogenado del musculo
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sbleo y EDL y en suero mediante el método descrito por Ratajczak-Wrona y cols. en 2013, con
algunas modificaciones.

La concentracion de proteina de los homogenados de musculos se midid para
normalizar los resultados y se determiné por el método de Biuret (50) utilizando albumina de
suero bovino como proteina estandar para la construccion de una curva patréon. Posteriormente,
las muestras fueron mezcladas brevemente con 1 mL de acido tricloroacético al 50%, y se
centrifugaron a 5000 g durante 5 min. Se tomaron 600 yL del sobrenadante y se adicionaran
600 uL de acido tiobarbiturico 0.375% y las muestras se incubaron en bafio de agua hirviendo
durante 30 min. Finalmente, el producto resultante de la reaccién de acido tiobarbiturico con
MDA se determiné a una longitud de onda de 532 nm con un espectrofotometro Perkin EImer
Lambda 18 UV/VIS. Los resultados fueron expresados como nanomoles de TBARS producidas
por mg de proteina y se calcularon con base en el coeficiente de extincion molar (¢) de
malondialdehido de 1.56X105 mM'cm™.

5.8.2. Relacién de glatation reducido/oxidado (GSH/GSSG)

La concentracion de glutation en homogenados de musculo el cual se determiné mediante el
método modificado por Ortiz-Avila y cols. en 2015. Las muestras de homogenados de los
musculos soleo y EDL de los musculos de los cuartos traseros fueron tratadas inicialmente con
5% (v/v) de acido sulfosalicilico y centrifugadas a 7800 g durante 10 min para eliminar las
proteinas desnaturalizadas; el sobrenadante se utilizd para las mediciones. El contenido de
glutation total (GSH + GSSG) en los homogenados de los musculos séleo/EDL y se evalud
por un método enzimatico, empleando la enzima glutation reductasa y 5,5'-ditiobis (acido 2-
nitrobenzoico) (DTNB). La cinética de la reacciéon fue monitoreada durante 5 minutos a una
longitud de onda de 412 nm. La velocidad de formacion del acido 5'-tio-2-nitrobenzoico fue
proporcional a la suma de GSH+GSSG presente. Para la determinacion de glutation oxidado
(GSSQG), se realizdé mediante el tratamiento del sobrenadante con acido sulfosalicilico y con 4-
vinilpiridina con la finalidad de eliminar el glutation en su forma reducida (GSH); después de
60 min, se repitid6 el mismo ensayo con DTNB. Los valores de GSH se calcularan como la
diferencia entre el glutation total (GSSG+GSH) y las concentraciones del GSSG.
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5.8.3. Medicion de especies reactivas de oxigeno

Las ERO fueron determinadas homogenados de musculo soleo/EDL. Las muestras seran
analizadas en un citometro de flujo BD AccuriTM C6, empleando el software CFlow
Sampler. Durante la medicion se consideré un minimo de 10,000 eventos de la muestra de
un volumen total de 200 uL. Estas fueron suspendidas en medio PBS e incubadas con
glutamato/malato (10 mM) como sustrato y con una sonda fluorescente indicadora de ERO,
2’7 diacetato de diclorodihidrofluoresceina (H.DCFDA; Molecular Probes, Invitrogen) durante
30 min. Posteriormente se probaron |l os farmacos de interés después de 6 min de
incubacion. La fluorescencia de la sonda fue monitoreada en los canales de emision de
fluorescencia FL1 (530-30 nm).

5.9. Analisis estadistico

Los resultados de los datos se expresaran en promedios con desviacion estandar por medio
de estadistica descriptiva donde se utilizaron medidas de tendencia central como media y
desviacion estandar. Se realizoun analisis de distribucion de datos y posteriormente un analisis
de varianza de una via (ANOVA) en donde se considero significativo una p con un valor <0.05,
para el cual se empled el programa estadistico GraphPad Prism version 6.0.
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6. RESULTADOS

Los resultados del presente trabajo se presentan a continuacion en 2 capitulos. El capitulo uno
corresponde a los resultados del efecto de la administracion de dietas bajas en hierro sobre el
desarrollo de fuerza muscular, perfil de lipidos y parametros de estrés oxidante, con los
resultados obtenidos en este primer capitulo se escribid el articulo Dietary iron restriction
improves muscle function, dyslipidemia and decreased muscle oxidative stress in
streptozotocin — induced diabetic rats (Vargas-Vargas MA, Saavedra-Molina A, Gémez-Barroso
M, Pefa-Montes D, Cortés-Rojo C, Miguel H, Trujillo X, Montoya-Pérez R. Dietary Iron Restriction
Improves Muscle Function, Dyslipidemia, and Decreased Muscle Oxidative Stress in Streptozotocin-
Induced Diabetic Rats. Antioxidants (Basel). 2022 Apr 7;11(4):731. doi: 10.3390/antiox11040731. PMID:
35453417; PMCID: PMC9030937)

En el capitulo 2 se muestran los resultados del efecto de la administracion de diazéxido en los
tiempos de fatiga asi como el desarrollo de fuerza muscular, perfil de lipidos y diversos
parametros de estrés oxidante y se escribio el articulo Diazoxide improves muscle function
in association with improved dyslipidemia and decreased muscle oxidative stress in

streptozotocin — induced diabetic rats.

-25.



6.1. Capitulo 1

check for
updates

Citation: Vargas-Vargas, M.A;
Saavedra-Molina, A.; G6mez-Barroso,
M.; Pefia-Montes, D.; Cortés-Rojo, C.;
Miguel, H.; Trujillo, X.;
Montoya-Pérez, R. Dietary Iron
Restriction Improves Muscle
Function, Dyslipidemia, and
Decreased Muscle Oxidative Stress in
Streptozotocin-Induced Diabetic Rats.
Antioxidants 2022, 11, 731. https://
doi.org/10.3390/antiox11040731

Academic Editors: Sérgio
Paulo Bydlowski, José Carlos Toledo
Junior and Débora Levy

Received: 8 March 2022
Accepted: 5 April 2022
Published: 7 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

antioxidants

Article

Dietary Iron Restriction Improves Muscle Function,
Dyslipidemia, and Decreased Muscle Oxidative Stress in
Streptozotocin-Induced Diabetic Rats
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Abstract: Diabetes mellitus is a chronic degenerative disease characterized by hyperglycemia and
oxidative stress. Iron catalyzes free radical overproduction. High iron concentrations have previously
been reported to promote an increase in oxidative stress; however, the effect of iron restriction in
diabetes has not yet been explored, so we tested to see if iron restriction in diabetic rats reduces oxida-
tive damage and improved muscle function. Wistar rats were assigned to 4 groups: Control; Diabetic;
Diabetic rats with a high iron diet, and Diabetic with dietary iron restriction. After 8 weeks the rats
were sacrificed, the muscles were extracted to prepare homogenates, and serum was obtained for
biochemical measurements. Low iron diabetic rats showed an increase in the development of muscle
strength in both muscles. Dietary iron restriction decreased triglyceride concentrations compared to
the untreated diabetic rats and the levels of extremely low-density lipoproteins. Aggravation of lipid
peroxidation was observed in the diabetic group with a high iron diet, while these levels remained
low with iron restriction. Iron restriction improved muscle strength development and reduced fatigue
times; this was related to better lipid profile control and decreased oxidant stress markers.

Keywords: diabetes; fatigue; iron; oxidative stress

1. Introduction

Diabetes mellitus is characterized by metabolic dysfunction resulting from
changes in insulin secretion and/or resistance to its actions [1]. Chronic
hyperglycemia in diabetes increases oxidative stress, causing cell damage that
eventually leads to acute and chronic complications [2—4]. Muscle fatigue is an acute
symptom of diabetes, causing loss of strength and mass in muscle [5]. Oxidative stress
is a key factor involved in the development of muscle fatigue [6,7]. Dyslipidemia is
another hallmark of diabetes associated with a higher risk of cardiovascular disease
[8]; hereby, the decrease in blood lipids improves cardiovascular outcomes [9,10].
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Dyslipidemia has been related to impaired muscle function in rodents [11] and
humans [12]. Thus, dyslipidemia may enhance the deleterious effects of oxidative
stress on muscles.

On the other hand, high intracellular iron concentrations (i.e., iron overload)
enhance oxidative stress by catalyzing ROS production via the iron/H:0:-based
formation of hydroxyl radicals [13]. Oxidative stress due to iron overload accelerates
both the development and progression of diabetic complications [14,15]. Accordingly,
the role of iron overload in the impaired metabolism of lipids and carbohydrates has
been confirmed in diabetic rats by improving dyslipidemia and glucose homeostasis
via dietary iron restriction [16]. However, it is unknown whether dietary iron
restriction also improves muscle performance in diabetes. Thus we aimed to test if,
besides alleviating dyslipidemia, iron restriction also improves muscle performance
and oxidative stress in diabetic rats. Moreover, we fed rats with a high iron diet to
induce iron overload and test if this phenomenon enhances the alterations elicited by
diabetes in muscle function, blood lipids, and oxidative stress.

2. Materials and Methods
2.1. Animals and Dietary Treatments

Male Wistar rats (weight, 200-250 g) were used and preserved under standard
laboratory conditions with ad libitum food and water. All animal procedures were
conducted following the Technical specifications for the production, use, care, and
handling of laboratory animals (NOM-062-ZO0O-1999, Ministry of Agriculture,
México) and were approved by the Institutional Committee for the Use and Care of
Animals of the Instituto de Investigaciones Quimico-Bioldgicas of the Universidad
Michoacana de San Nicolas de Hidalgo (UMSNH) (Number 2018-06; April 2018). The
standard control diet (D12050203) contained iron at 100 mg/kg (Research Diets, Inc.).
The low iron diet (D03072501, Research Diets, Inc., New Brunswick, NJ, USA) had 3
mg iron/kg. The high iron diet consisted of a standard control diet plus oral
administration of polymaltosed iron (Takeda, México, S.A. de C.V., under license of
Vifor International, Inc. Switzerland) through an orogastric tube at a dose of 3 mg of
iron/kg body weight per day, for 8 weeks, to establish a pattern of iron overload [16]

2.2. Induction of Diabetes and Experimental Design

Experimental diabetes was induced by a single injection of streptozotocin (STZ)
(Sigma-Aldrich, St. Louis, MO, USA) at a dose of 45 mg/kg body weight. STZ was
dissolved in 0.1 M sodium citrate buffer (pH 4.5), and control rats were injected only
with sodium citrate buffer. Blood glucose was measured two days after STZ injection,
and rats with glucose levels >200 mg/dL were considered diabetic. Twenty four rats
were divided into four groups of six animals each: (1) Control group (Control): fed
only with standard rodent show diet; (2) Diabetic group (DB): diabetic rats fed only
with standard rodent chow diet; (3) Diabetic plus high iron diet group (DB+IO):
Diabetic rats with iron overload diet; (4) Diabetic rats with iron restriction group
(DB+IR). Fresh blood samples were collected from the rat tail vein, and glucose levels
were determined using a glucometer (ACCU-CHEK® Active, Roche Diagnostics,
Mannheim, Germany) every week during the experimental stage.

2.3. Muscle Extraction and Tissue Preparation

Animals were sacrificed by decapitation once the experimental period was over.
The soleus and extensor digitorum longus (EDL) muscles of one limb were extracted
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and placed on a Petri dish with Krebs-Ringer buffer (75 mM KCl, 118 mM NaCl, 1.18
mM MgSOs, 1.18 mM KH2PO4, 24.8 mM NaHCOs, 2.08 g/L glucose, pH 7.4) for muscle
tension tests. The muscles of the other limb were homogenized using Krebs Ringer
buffer to assess oxidative stress biomarkers (lipid peroxidation, ROS, and
glutathione), the homogenates were prepared and were preserved at a temperature
of =70 °C until their subsequent use. The protein content of muscle homogenates was
determined using the Biuret procedure with slight modifications using bovine serum
albumin protein as the standard [17].

2.4. Hemoglobin Measurement

Hemoglobin (Hb) content was determined using the method by Drabkin and
Sahli [18]. 10 puL heparinized blood was added to 2.5 mL of reactive solution (0.012
mM Ks[Fe (CN)e], 1.54 mm KCN, and 0.04 mM Kz:HPOs) and incubated for 5 min at
room temperature. The optical density was recorded at 540 nm on a Perkin-Elmer
Lambda 18 UV/vis spectrophotometer. Hb content was expressed in mg/dL blood
and was calculated using a calibration curve with BSA.

2.5. Force Development and Fatigue Induction

The soleus and EDL muscles obtained from one of the hind legs were used for
tension records. Both muscles were positioned in a Petri dish with a resin bottom
(Sylgard), fixed with entomological pins immersed in Krebs-Ringer solution, and
supplied with 95% CO:z and 5% O:. Excess fat and connective tissue were removed.
Once cleaned, the muscle was mounted in a chamber for recording isometric tension,
with its proximal end attached to the bottom of the chamber and the distal end to the
hook of an optical transducer (World Precision Instruments, Sarasosa, FL. USA),
which was connected to an amplifier (World Precision Instruments, USA) and an
analogic-to-digital interface (World Precision Instruments) for the acquisition of
muscle tension MDAC software (World Precision Instruments, USA) was used.
Inside the recording chamber, two platinum electrodes were placed, linked to a
stimulation isolating unit (Grass) to carry out the fatigue protocol. This consisted of
300 ms pulses of 100 V and 50 Hz for EDL muscle and 45 Hz for soleus muscle.
Stimulation was stopped after fatigue appeared (70% of force reduction).

2.6. Lipid Profile

Serum was collected by centrifugation of blood samples at 3000x g for 5 min
(Thermo Scientific Sorvall RC 6+ centrifuge). Next, a Fujifilm NX500i (Tokyo, Japan)
system was used to analyze the total serum cholesterol (TC), triglyceride (TG), and
high-density lipoprotein (HDL) using Spinreact (Girona, Spain) reagents following
the supplier’s instructions. Very low-density lipoprotein (VLDL) was calculated
using the following formula: VLDL = TG/5 [19].

2.7. Determination of Lipid Peroxidation

The thiobarbituric acid (TBA) method was used to determine lipid peroxidation
in muscle homogenates [20]. 0.5 mg protein was resuspended in phosphate buffer
(100 mM, pH 7.4), combined with a reagent solution (0.375% thiobarbituric acid
(TBA), 15% trichloroacetic acid (TCA), and 0.25 M HCI). This mixture was vortexed
and incubated in a boiling water bath for 25 min. The absorbance of the supernatant
was measured at 532 nm using a Shimadzu UV-2550 spectrophotometer. The results
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were expressed as thiobarbituric acid reactive substances (TBARS) per milligram of
protein.

2.8. ROS Measurements

The cell-permeable fluorescent probe 2’,7’-dichlorodihydrofluorescein diacetate
(H2DCFDA) determined ROS levels. 0.5 mg muscle protein was resuspended in 2 mL
of buffer with 100 mM KCl, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 3 mM KH2POs and 3 mM MgClz (pH 7.4) were incubated with 5 uL of
2',7'-dichlorofluorescein diacetate (H-DCFDA) during 15 min at 4 °C under constant
stirring. Fluorescence changes were detected in an RF-5301PC spectrofluorometer
(Shimadzu Corporation, Kyoto, Japan) (Aex 485 nm; Aem 520 nm) [21].

2.9. Measurement of Glutathione

Glutathione redox status was determined with the method by Rahman [22] with
slight modifications. Total glutathione (GSH+GSSG) content was determined in 0.5
mg protein. Samples were suspended in 0.6% sulfosalicylic acid and 0.1% Triton X-
100 in a 0.1 M potassium phosphate buffer (pH 7.5). This mixture was sonicated three
times during 5 s and placed on ice for 20 s between each sonication cycle, succeeded
by two freezing/thawing cycles, and centrifuged at 6500x g. Then, the supernatant
was mixed with a potassium phosphate buffer with 0.1 units/mL glutathione
reductase and 100 uM 5, 5"-Dithiobis (2-nitrobenzoic acid) (DTNB). The reaction was
started by adding 50 uM B-NADPH and monitored for 5 min at 412 nm in a UV/vis
spectrophotometer (Shimadzu UV-2550, Kyoto, Japan). For determinations of
oxidized glutathione (GSSG), samples were incubated for 1 h at room temperature
with 0.2% 4-vinylpyridine to derivatize reduced glutathione (GSH). Then, the
samples were treated as described above for determinations of GSH+GSSG. GSH
concentration was calculated by subtracting the concentration of GS5G from the
concentration of GSH+GSSG.

2.10. Statistical Analysis

All the data are expressed as the mean + standard error (SEM) of at least n=6.
Statistical significance was evaluated using the Student t-test or ANOVA followed by
a post hoc Tukey test; statistical significance was set at P<0.05. The analyses were done
with GraphPad Prism 6 (Prism 6.0, GraphPad Software Inc., San Diego, CA, USA).

3. Results
3.1. Effect of Dietary Iron on Blood Glucose and Body Weight in STZ-Diabetic Induced Rats
Glucose levels in all the diabetic groups (i.e, DB, DB+IO, DB+IR) remained
several-fold higher than in the control group (Figure 1A). Regarding weight gain at
the end of the experimental period (Figure 1B), the control group showed a weight
gain of 158 g, while diabetic rats exhibited a negative balance in weight gain
prevented in the DB+IR group, although weight gain was not as high as in the control
group. Nevertheless, this effect was not statistically significant.
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Figure 1. Fasting serum glucose (A) and Weight gain (B). Weight gain was determined by
subtracting the animals’ weight after eight-week treatments with the diets, determined right
before sacrifice, minus the weight at the beginning of the treatments. Data are expressed as the
mean * standard error. p <0.05 (n =6, ANOVA plus Tukey’s post hoc test). DB+IO, diabetic rats
with iron overload; DB+IR, diabetic rats with iron—restricted diet. Different letters (a, b & c)
represent statistically significant differences.

3.2. Effects of Dietary Iron on Hemoglobin

Hemoglobin content is shown in Figure 2. Higher hemoglobin levels were found
in the DB+IO, while the DB+IR group exhibited lower levels, even below the levels in
the control group. It should be stressed that animals from the DB+IR group did not
develop anemia, as hemoglobin levels were above 10 mg/dL.
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Figure 2. Effect of iron on hemoglobin levels. Data are presented as group mean + standard
error. p <0.05 (n =6, ANOVA plus Tukey’s post hoc test). Different letters represent statistically
significant differences. DB+IO, diabetic rats with iron overload; DB+IR, diabetic rats with iron
restriction diet.

3.3. Effects of Dietary Iron on Muscle Strength Development and Fatigue

The effects of dietary iron on muscle function are depicted in Figure 3. The DB
and DB+IO groups displayed a similar degree of strength loss in both EDL (Figure
3A) and soleus (Figure 3B) muscles. The iron restriction group shows an increase in
the development of muscular strength in both muscles. Moreover, the time for the
development of muscle fatigue was shorter in both the DB and DB+IO groups (Figure
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Figure 3. Effect of iron on muscle strength development in EDL (A), soleus muscle (B) peak
tension (open bars) and solid bars (total tension). Effect of iron on fatigue (C) in EDL (open
bars) and soleus muscles (solid bars). Data are presented as group mean * standard error. p <
0.05 (n =6, ANOVA plus Tukey’s post hoc test). A, B & C represent the statistically significant
differences between the different groups of the peak tension (open bars); a and b represent the
statistically significant difference between the different groups of the total tension (solid bars);
DB+IO, diabetic rats with iron overload; DB+IR, diabetic rats with iron restriction diet.

3.4. Effects of Iron on Serum Lipid Profile

Serum cholesterol levels are shown in Figure 4A. Compared to the control group,
cholesterol levels were twofold higher in the DB group, while no significant changes
were observed in the DB+IO and DB+IR groups. No differences between the groups
were detected in serum HDL levels (Figure 4B). Serum triglycerides levels are shown
in Figure 4C. Compared to the control group, triglycerides dramatically increased in
the DB group. This was fully counteracted in the DB+IO and DB+IR groups, and
similar behavior was observed for VLDL levels (Figure 4D).
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Figure 4. Serum levels of cholesterol (A), high-density lipoproteins (HDL) (B), triglycerides (C),
and very-low-density lipoproteins (VLDL) (D). Data are presented as group mean + standard
error. p <0.05 (n=6, ANOVA plus Tukey’s post hoc test). Different letters represent statistically
significant differences. DB+IO, diabetic rats with iron overload; DB+IR, diabetic rats with iron
restriction diet.

3.5. Effect of Iron on Oxidative Stress Markers

Muscle ROS levels are depicted in Figure 5. ROS levels doubled in the DB group
compared to the control group, and they increased almost thrice in the DB+IO group.
In contrast, dietary iron restriction decreased ROS levels in the DB+IR group almost
to control levels (Figure 5).
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Figure 5. Effect of iron on the levels of ROS in muscle homogenates from control rats. Data are
presented as group mean * standard error. p <0.05 (1 =6, ANOVA plus Tukey’s post hoc test).
Different letters represent statistically significant differences. DB+IO, diabetic rats with iron
overload; DB+IR, diabetic rats with iron restriction diet.

A similar trend was observed in lipid peroxidation (Figure 6), as the levels of this

parameter doubled in both the DB and DB+IO groups and decreased to the levels of
the control group in the DB+IR group.
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Figure 6. Effects of iron on muscle lipid peroxidation. Data are presented as group mean +
standard error. p < 0.05 (1 = 6, ANOVA plus Tukey’s post hoc test). Different letters indicate
statistically significant differences. DB+IO, diabetic rats with iron overload; DB+IR, diabetic rats
with iron restriction diet.

The glutathione redox status in the muscle is shown in Figure 7. No differences
in total glutathione levels were observed between the different experimental groups
(Figure 7A). GSH levels decreased in both the DB and DB+IO groups compared to the
control group (Figure 7B). On the contrary, GSSG levels were higher in both the DB
and DB+IO groups than in the control group (Figure 7C). These changes in
glutathione redox state render a severe state of oxidative stress in the muscle of both
the DB and DB+IO groups, as the GSH/GSSG ratio was considerably lower in these
groups compared to the control group (Figure 7D). In contrast, dietary iron restriction
almost normalized in the DB+IR group all the alterations in the levels of GSH (Figure
7B), GSSG (Figure 7C), and GSH/GSSG ratio (Figure 7D).
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Figure 7. Effects of dietary iron on total glutathione (A), reduced glutathione (GSH) (B),
oxidized glutathione (GSSG) (C), and GSH/GSSG ratio (D). Data are presented as group mean
+ standard error. p <0.05 (1 =6, ANOVA plus Tukey’s post hoc test). Different letters (a, b & c)
indicate statistically significant differences. DB+IO, diabetic rats with iron overload; DB+IR,
diabetic rats with iron restriction diet.

4. Discussion

Dietary iron restriction improved skeletal muscle function in type 1 STZ-induced
diabetic rats, accompanied by decreased muscle oxidative stress and improved
dyslipidemia. Of note, the protocol of iron restriction used in this study did not
induce anemia, as this condition occurs in rats when hemoglobin is lower than 10 mg
hemoglobin/dL.

No weight gain was observed in the diabetic rats throughout the experimental
period, consistent with the same phenotype seen in previous studies [23]. Iron
restriction improves insulin sensitivity in obesity, leading to improved glucose levels
[24]. STZ induces diabetes by depleting insulin production due to pancreatic [3-cell
destruction [25] rather than by impairing insulin sensitivity; this may explain the lack
of a hypoglycemic effect of iron deprivation in this model of diabetes.

The more deleterious effects on muscular strength were observed in both the DB
and DB+IO groups. This may be related to the fatigue commonly described in diabetic
individuals [6], as iron overload has been observed in muscles with insulin resistance
[26]. Moreover, it has also been described that iron overload leads to the development
of fatigue [27] and negatively affects muscle contractility [28]. Thus, the maximum
negative effect on fatigue is caused by diabetes itself, without iron overload
worsening this outcome. Iron plays an essential role in the development of diabetes,
and it promotes oxidative stress [15], which might be involved in the impaired ability
to develop muscle strength [29]. Conversely, the iron restriction positively affected
muscle strength development, both in the soleus muscle and in the EDL muscle. Little
is known about the direct impact that iron has on the development of muscle strength
in diabetes; however, it has been determined that iron restriction causes positive
effects in various pathologies such as obesity [24].

The positive effects of iron restriction on dyslipidemia (Figure 4) agree with the
beneficial effects of this approach in altered lipid and glucose metabolism in a type 2
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diabetes model. It was also found that iron restriction decreased systemic oxidative
stress [30].

Unexpectedly, iron overload also counteracted dyslipidemia in the DB+IR
group. Iron overload has been reported to increase blood triglycerides in non-diabetic
rats by enhancing hepatic oxidative stress, impairing the expression of peroxisome
proliferator-activated receptor-alpha, and decreasing fatty acid beta-oxidation.
Furthermore, iron overload promotes hepatic lipid secretion by increasing the mRNA
expression of apoB-100, which is associated with the assembly of VLDL, and by
improving the assembly of apoB-100 into VLDL by increasing the expression of
microsomal triglyceride transfer protein [31]. On the other hand, iron overload
induces hypercholesterolemia by enhancing the mRNA expression of
hydroxymetylglutaryl CoA reductase (HMG CoA) and the activity of acyl-CoA
cholesterol acyltransferase (ACAT), thus increasing cholesterol synthesis and
VLDL —cholesterol secretion [32,33]. We have no data to explain why iron overload
had a hypoglycemia effect in STZ—induced diabetic rats. We can speculate that this
resulted from impaired hepatic lipid synthesis elicited by the combined effect of iron
accumulation in the liver [34] and the damage induced by diabetes in organelles
closely related to lipid metabolism like mitochondria [23], leading to a catastrophic
bioenergetic collapse decreasing ATP synthesis. This, in turn, may impair
biosynthetic pathways requiring ATP, such as cholesterol synthesis or biogenesis of
VLDL transport vesicles [35], which may have also contributed to generalized
oxidative damage in biomolecules and cellular structures [34,36,37]. Therefore,
decreased dyslipidemia would result from the harmful effects of iron on bioenergetics
and cellular redox state rather than an adaptive response to enhanced iron
concentrations and oxidative stress.

The diabetic rats exhibited higher VLDL levels, which are closely associated with
coronary artery calcification in diabetes, and this association becomes more
substantial when triglyceride levels are above normal levels [38]. Individuals with
type 2 diabetes frequently exhibit macrovascular complications of atherosclerotic
cardiovascular disease. It has been shown that HDL is protective against
atherosclerosis [39]. The decrease in HDL observed in the diabetic rats and the null
effect of iron restriction on impaired HDL levels (Figure 5B) suggests that the
beneficial effects of iron restriction might not be enough to counteract atherosclerotic
disease in the microvasculature, as HDL may attenuate inflammation by decreasing
the activation of mediators of this process such as the nuclear factor kappa B (NF-«B),
which, in turn, suppresses the expression of HIF-1a, VEGFA, and VEGFR2 [40].

There is a positive correlation between the amount of intake of iron and ROS
levels in skeletal muscle (Figure 5). In agreement, decreased ROS levels were
accompanied by lower oxidative stress, as supported by the higher GSH/GSSG ratio
observed with iron restriction in the DB+IR group (Figure 7). Diabetes set higher
levels of oxidative stress even in the absence of excessive iron intake, as oxidative
stress markers were not higher in the DB+IO group than in the DB group. On the
other hand, iron restriction improved muscle strength and significantly delayed the
onset of fatigue (Figure 3). In this regard, it is known that increased levels of ROS
have many deleterious effects on skeletal muscle, such as reducing force generation
and atrophy [30], which is consistent with the data in Figures 3 and 4. Our findings
show that iron restriction also lowers lipid peroxidation and improves glutathione
redox status (Figures 6 and 7D), suggesting that iron restriction in the diet decreases
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radical hydroxyl production, reducing the damage to membrane lipids and
preserving the glutathione redox status.

5. Conclusions

The addition of iron in the diet does not exacerbate the damage caused by
diabetes. However, the restriction of iron promotes positive effects. It enhances
muscle strength, delays fatigue, improves lipid homeostasis in diabetes, and also
decreases oxidative stress markers such as ROS levels and TBARS levels, and
decreases the GSH/GSSG ratio.
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Abstract

Aim/Introduction: Diabetes is a chronic degenerative disease whose main biochemical characteristic is hyperglycemia, this
may be due to a decrease in insulin secretion in the pancreas or a bad action of the hormone in insulin-dependent tissues.
Hyperglycemia leads to dyslipidemia and an increase in oxidative damage, which leads to the appearance of diabetic
complications. We tested effect of diazoxide in streptozotocin diabetic rats in muscle function, lipid profile and oxidative stress
biomarkers. Materials and Methods: Wistar rats were divided into 4 groups of six animals each: 1) Control group, 2) diabetes
group, 3) Control group + diazoxide and 4) Diabetic + diazoxide (DB + DZX). 4 weeks after, the rats were sacrificed, the
Soleus and Extensor Digitorum Longus muscles were extracted to prepare homogenates and serum was obtained for
biochemical measurements. Oxidative damage was evaluated by the thiobarbituric acid method and the fluorescent for reactive
oxygen species (ROS) probe 2,4-H>DCFDA, respectively Results: Dabetic rats with diazoxide administration showed an
increase in the development of muscle strength in both muscles, in turn, the times of onset of fatigue were longer compared to
the group of diabetic rats without treatment. Regarding the lipid profile, diazoxide decreased total cholesterol levels in the
group of diabetic rats treated with daizoxide (X46.2mg/dL) compared to the untreated diabetic group (X=104.4 mg/dL),
secondly diazoxide decreased triglyceride concentrations (X=105.3 mg/dL) compared to the untreated diabetic rats
(X=412.2mg/dL) as well as the levels of very low-density lipoproteins (X=20.4 mg/dL vs X=82.44 mg/dL). Regarding the
various markers of oxidative stress, the diabetic group treated with daizoxide was able to reduce the concentrations of TBARS
and total reactive oxygen species as well as preserve the concentrations of reduced glutathione Conclusion: Diazoxide causes
an increase in the development of strength in the EDL and soleus muscle, it also causes the onset of fatigue to be delayed, it
reduces cholesterol and triglyceride concentrations and improves oxidative stress parameters such as TBARS, ROS and
glutathione status.

Keywords Diabetes, diazoxide, oxidative stress

Introduction

Hyperglycemia resulting from uncontrolled glucose regulation is widely recognized as the causal link between diabetes and
diabetic complications, Hyperglycemia-induced oxidative stress as the causal link between high glucose and the pathways
responsible for hyperglycemic damage (1) including muscle fatigue as one of the most common acute symptom of diabetes,
causing loss of muscle strength and mass (2).

Increased oxidative stress also is one of the main factors involved in the development of muscle fatigue (3, 4). Dyslipidemia is
another hallmark of diabetes that is associated with a higher risk of cardiovascular disease (5); conversely, the decrease in blood
lipids improves cardiovascular outcomes (6, 7). On the other hand, a negative relationship has been stablished between
dyslipidemia and muscle function in rodents (8) and humans (9). Thus, in diabetes, increased oxidative stress and dyslipidemia
may have additive deleterious effects in muscle function.

The ATP-sensitive K+-channels (KATP) are widely distributed in the tissues including neurons, vascular, pancreatic beta cells,
cardiac, and skeletal muscles (10), fatigue is significantly decreased in healthy mouse by mitoKATP channel openers (11). The
effect of diazoxide on muscle fatigue in diabetes is still unknown, thus, to address these issues, we studied the effect of diazoxide
on diabetic rats in muscle streght development, lipid profile and oxidative stress biomarkers.

Materials and Methods

Animals and treatments

Male Wistar rats weighing 200-250 g were used and maintained under standard laboratory conditions with free access to food
and water. All animal procedures were conducted following the Mexican Federal Regulations for Animal Experimentation and
Care (NOM-062-ZO0-1999, México) and were approved by the Institutional Committee of the Universidad Michoacan de San
Nicolas de Hidalgo for the Use and Care of Animals. Diazoxide was administered for 14 days intraperitoneally at a dose of 35
mg/kg

Induction of diabetes and experimental design
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Diabetes was induced by a single intraperitoneal injection of 45mg/kg BW of STZ (Sigma-Aldrich, St. Louis, MO, USA). STZ
was dissolved in 0.1 M sodium citrate buffer (pH 4.5) and control rats were injected with the same vehicle. Two days after STZ
injection, blood glucose levels were measured, and rats with levels >200 mg/dL were considered diabetic. 24 rats were divided
into 4 groups of six animals each: 1) Control group (CT): fed only with standard rodent chow; 2) diabetes group (DB): fed with
standandard rodent chow diet; 3) Control group + diazoxide (CT + DZX): fed with estandar rodent chow diet plus diazoxide
administration; 4) Diabetic + diazoxide (DB + DZX): fed with standard rodent chow diet plus diazoxide administration. Fresh
blood samples were collected from the rat tail vein, and glucose levels were determined using a glucometer (ACCU-CHEK®
Active, Roche Diagnostics, Mannheim, Germany).

Muscle extraction and tissue preparation

The animals were sacrificed once the experimental period was over. The soleus and extensor digitorum longus (EDL) muscles
of one limb were extracted and placed on a Petri dish with Krebs-Ringer buffer (118 mM NaCl, 75 mM KCI, 1.18 mM MgSOs4,
24.8 mM NaHCOs, 1.18 mM KH2POs4, 2.08 g/L glucose, pH 7.4) for muscle tension tests. The muscles of the other limb were
homogenized to assay oxidative stress biomarkers. The protein content of muscle homogenates was assayed by a medication
of the Biuret procedure using BSA as the standard (12).

Force development and fatigue induction

The soleus and EDL muscles obtained from one of the hind legs were used for tension records, which were placed in a Petri
dish covered with a transparent resin bottom (Sylgard), fixed with entomological pins immersed in Krebs-Ringer solution and
supplied with 95% COz and 5% Oa. Excess fat and connective tissue were removed under a stereoscopic microscope. Once
cleaned, the muscle was mounted in a chamber for recording isometric tension, with its proximal end attached to the bottom of
the chamber and the distal end to the hook of an optical transducer (World Precision Instruments, USA), which was connected
to an amplifier (World Precision Instruments, USA) and an analogic-to-digital interface (World Precision Instruments) for data
acquisition of the tension generated by the muscle, using the MDAC software (World Precision Instruments, USA). Inside the
recording chamber, two platinum electrodes were placed, which were connected to a stimulation isolating unit (Grass, USA)
to carry out the fatigue protocol. This consisted of pulses of 100 V, 300 ms of duration and frequency of 45 Hz for soleus
muscle and 50 Hz for EDL muscle. The stimulation was stopped after fatigue appeared (70% of force reduction).

Lipid profile

At the end of the experimental protocol, the animals were sacrificed by decapitation. The serum was collected by centrifugation
of whole blood samples at 3000 g for 5 min (Thermo Scientific Sorvall RC 6+ centrifuge). Next, a Fujifilm NX500i (Tokyo,
Japan) system was used to analyze the total serum cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL) using
Spinreact reagents, following the supplier’s instructions. Very low-density lipoprotein (VLDL) was calculated using the
following formula: VLDL=TG/5 (13).

Determination of lipid peroxidation

Lipid peroxidation was evaluated in homogenates of muscle with the thiobarbituric acid (TBA) method (14) with slight
modifications. 0.5 mg of protein was suspended in phosphate buffer (100 mM, pH 7.4), mixed with the reagent solution
containing 0.375% thiobarbituric acid (TBA), 15% trichloroacetic acid (TCA), and 0.25 M HCI, and incubated for 25 min in a
boiling water bath. Next, the mixtures were vortexed and incubated in a boiling water bath for 25 min. Finally, the colored
product was determined by measuring the absorbance at 532 nm using a Shimadzu UV-2550 spectrophotometer. Lipid
peroxidation levels were reported as thiobarbituric acid reactive substances (TBARS) per milligram of protein.

ROS measurements

To determine the concentration of ROS, cell-permeable fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate
(H2DCFDA) was used. 0.5 mg of muscle protein was resuspended in 2 mL of a buffer with 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 100 mM KCl, 3 mM MgClz, and 3 mM KH2POs (pH 7.4) Fluorescence changes were
detected in a RF-5301PC spectrofluorophotometer (Shimadzu Corporation, Kyoto, Japan) (Aex 485 nm; Aem 520 nm) (15).

Measurement of glutathione

Glutathione redox status was determined by the method reported by Rahman (16) with slight modifications. Total glutathione
content was determined in 0.5 mg of protein. Samples were suspended in 0.1% Triton-X and 0.6% sulfosalicylic acid in a 0.1
M potassium phosphate buffer (pH 7.5). Subsequently, the mixture was sonicated 3 times and placed on ice for 20 seconds
between sonicates, followed by two freezing/thawing cycles, and centrifuged at 6500 g. Then, the supernatant was placed in
the potassium phosphate buffer, with 100 uM 5, 5'-Dithiobis (2-nitrobenzoic acid) (DTNB) and 0.1 units/mL of the enzime
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glutathione reductase (GR). Once the above was done to start the reaction, 50 uM of B-NADPH was added and monitored for
5 min at 412 nm in a UV/vis spectrophotometer (Shimadzu UV-2550, Kyoto, Japan). 0.2% 4-vinylpyridine was used to obtain
oxidized glutathione (GSSG), once samples were incubated with this reagent for 1 h at room temperature. GSH concentration
was calculated by subtracting the concentration of GSSG from the concentration of total glutathione.

Statistical analysis

All the data are expressed as the mean + standard error of the mean (SEM). Statistical significance was evaluated using Student
t-test and ANOVA, followed by multiple comparisons analysis performed with a post hoc Tukey test; statistical significance
was set at P<0.05. The analysis was done with GraphPad Prism 6 (Prism 6.0, GraphPad Software Inc., San Diego, CA, USA).

Results

Effect diazoxide on blood glucose and body weight in STZ-diabetic induced rats

Circulating glucose levels were measured after leaving all groups on an 8-hour fast, as shown in Fig. 1A. it can be appreciated
that the effect of diazoxide on circulating glucose levels in rats with diabetes had no significant impact. On the other hand, in
terms of body weight, diazoxide in the group of diabetic rats, despite the fact that it did not have a significant effect compared
to the group without treatment, it is observed that the treatment with diazoxide manages to gain slightly weight instead of losing
weight as happened with the group of diabetic rats without treatment (Fig. 1B).
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Figure 1. Fasting serum glucose (1A) and eight gain (1B). Weight gain was determined by subtracting the animals weight after eight-week treatments with
the diets, determined right before sacrifice, minus the weight at the beginning of the treatments. Data are expressed as the mean =+ standard error. P <0.05 (n =
6, ANOVA plus Tukey's post hoc test). Different letters represent statistically significant differences. C, control group; DB, diabetic rats; C+DZX, con group
with diazoxide administration; DB+DZX, diabetic with diazoxide administration.

Effects of diazoxide on muscle strength development and fatigue

To determine the effect of diazoxide on the development of muscle strength and fatigue times, the muscle tension protocol was
carried out and these results are shown below. The effect of diazoxide in animals with diabetes was shown to increase the
development of muscle strength both in maximum tension and in total tension in the EDL muscle (Fig. 2A) and soleus muscle
(Fig. 2B).

On the other hand, the times of muscle fatigue are shown in Fig. 2C, and it is observed that fatigue times agree with the results
of muscular tension, where it is observed that diabetic group treated with diazoxide have higher fatigue times in both muscles,
which indicates that diazoxide delays the times of onset of muscle fatigue in diabetic rats.
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Figure 2. Diazoxide effect on muscle strength development in EDL (2A), soleus muscle (2B) and effect of diazoxide on fatigue times in EDL (open bars) and
soleus muscle (solid bars) (2C). Data are expressed as the mean + standard error. P <0.05 (n = 6, ANOVA plus Tukey's post hoc test). A and B represents the
statistically significant differences between the different groups of the peak tension (open bars); a and b represent the statistically significant difference between
the different groups of the total tension (solid bars). C, control group; DB, diabetic rats; C+DZX, con group with diazoxide administration; DB+DZX, diabetic
with diazoxide administration.

Effects of diazoxide on serum lipid profile

At the end of the experimental stage, serum lipid levels were measured, total cholesterol levels can be seen in the figure 3A,
and it is observed that the group of diabetic rats without treatment had more than double the cholesterol concentrations
compared to the other groups, in turn, diazoxide was shown to decrease total cholesterol concentrations in the group of diabetic
rats. Regarding HDL, there was a significant difference between the control group and the other groups (Fig. 3B).

Then, the triglyceride levels are shown in the different groups (Fig. 3C), it is observed that the group of diabetic rats without
treatment had the highest levels with a significant difference with the other groups, it should be noted that the group of diabetic
rats treated with diazoxide decreased concentrations to normal levels. Finally, the VLDL levels in the group of diabetic rats
with diazoxide normalized their levels to normal concentrations, contrary to what happened in the group of diabetic rats without
treatment, which had the highest levels (Fig. 3D.
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Figure 3. Serum levels of cholesterol (A), high-density lipoproteins (B), triglycerides (C), and very-low-density lipoproteins (D). Data are expressed as the
mean =+ standard error. P <0.05 (n = 6, ANOVA plus Tukey's post hoc test). Different letters represent statistically significant differences. C, control group;
DB, diabetic rats; C+DZX, con group with diazoxide administration; DB+DZX, diabetic with diazoxide administration.
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Effect of diazoxide on oxidative stress markers

Subsequently, we evaluated the concentration of ROS in muscle homogenate, and we observed a decrease in said concentrations
in the group of rats treated with diazoxide, not so, for the group of diabetic rats without treatment (Fig. 4). Regarding the group
of healthy rats with diazoxide treatment, no modification was observed in this parameter.
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Figure 4. Effect of diazoxide administration in levels of ROS in muscle homogenates from control rats. Data are expressed as the mean + standard error. P
<0.05 (n =6, ANOVA plus Tukey's post hoc test). Different letters represent statistically significant differences. C, control group; DB, diabetic rats; C+DZX,
con group with diazoxide administration; DB+DZX, diabetic with diazoxide administration.

In regard to lipid peroxidation (Fig. 5), the diabetic group without doubled in the diabetic group with respect to the control
group without treatment it had the highest levels but without showing any significant difference between the control group and
the group of diabetic rats with diazoxide administration, but with the group of healthy rats with diazoxide administration.
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Figure 5. Effect diazoxide administration in lipid peroxidation of muscle. Data are expressed as the mean + standard error. P <0.05 (n = 6, ANOVA plus
Tukey's post hoc test). Different letters indicate statistically significant differences. C, control group; DB, diabetic rats; C+DZX, con group with diazoxide
administration; DB+DZX, diabetic with diazoxide administration.

The glutathione redox status in the muscle is shown in the Fig 6. No significant difference was observed in total glutathione
concentrations between the different groups (Fig. 6A). However there is a clear decrease in the concentrations of reduced
glutathione in the group of diabetic rats without treatment, contrary to what was observed when diabetic rats were administered
with diazoxide (Fig. 6B). The levels of oxidized glutathione are shown in Fig. 6C, where it is observed that in all the groups
there was no significant difference except for the group of diabetic rats without treatment, said group obtained almost twice the
concentration of oxidized glutathione than the rest of the groups. Regarding the GSH/GSSG ratio, it is observed that the
GSH/GSSG ratio was higher in the group of diabetic rats with administration of dioxide compared to the group of diabetic rats
without treatment (Fig. 6D).
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Figure 6. Effect of diazoxide in total glutathione (A), reduced glutathione (GSH) (B), oxidized glutathione (GSSG) (C), and GSH/GSSG ratio (D). Data are
expressed as the mean + standard error. P <0.05 (n = 6, ANOVA plus Tukey's post hoc test). Different letters indicate statistically significant differences. C,
control group; DB, diabetic rats; C+DZX, con group with diazoxide administration; DB+DZX, diabetic with diazoxide administration.

Discussion

In the present study we undertook the task of examining the effect of the drug diazoxide on different parameters such as muscle
strength, lipid profile and different markers of oxidative stress in an experimental diabetes model.

The effect of diazoxide on the development of muscle strength and some oxidative stress markers had previously been studied
in healthy mice (17),

However, it is the first time that the effect of diazoxide has been analyzed in an experimental diabetes model on one of the most
common symptoms of this disease, such as muscle fatigue (18). Another of the biochemical alterations commonly found in
diabetes is the lipid profile, which is related to the risk of developing cardiovascular events (19), that together with the increase
in oxidative stress leads to the appearance of the different complications typical of diabetes (20,21).

Diabetes is characterized by an alteration in glucose levels and involuntary weight loss peso (22). In our results (Fig 1A), we
can see that diazoxide had no effect on glucose levels, previous studies have reported that diazoxide improves glucose levels
in Zucker diabetic fatty (23), however in the present study an experimental diabetes model was used that simulates type 1
diabetes where there is a total absence of insulin, it is for this reason that daizoxide in the present model it had no effect on
circulating glucose. As shown in Fig. 1B, body weight was not modified by the action of diazoxide, however the group of rats
with diabetes treated with diazoxide had a slight increase in weight without significant difference compared to the group of
diabetic rats. no treatment during the experimental stage.

Regarding the muscle streght development, DB + DZX group showed an increase in this parameter, both in peak tension and
the total tension in the EDL muscle (Fig. 2A) and soleus (Fig. 2B), as well as a delay in the times of onset of fatigue (Fig. 2C).
Previously diverse studies have reported that the opening of ATP-sensitive potassium channels with both diazoxide and
nicolandil improves ATP production and reduces muscle fatigue (17, 24). Diazoxide causes significant changes in the volume
of the mitochondrial matrix, as a consequence of the entry of K ions accompanied by water, which causes a correct
maintenance of the mitochondrial volume and thus the architecture of important compartments is preserved, avoiding the
alteration of the structure and function of various protein complexes which are part of the electron transport chain maintaining
a correct balance of energy transfer between mitochondria and cytosol (25)

In patients with type 1 diabetes there is a high frequency of dyslipidemia, mainly hypercholesterolemia and
hypertriglyceridemia (26,27). In the results obtained in the present investigation, it was shown that diazoxide was able to reduce
total cholesterol levels in rats with diabetes Fig. 3A and normalize triglyceride levels (Fig 3C), we also found that the levels of
TBARS and total ROS decreased in the group of diabetic rats treated with daizoxide, these results may be related since
dyslipidemia is a common risk factor for developing atherosclerosis and this is related to increased ROS production, on the
other hand clinical studies have documented strong evidence between plasma levels of oxidative stress parameters and
atherogenic lipoproteins in patients with cardiovascular disease (28)

In this sense, the group of diabetic rats treated with diazoxide obtained normal levels of VLDL, contrary to the group of diabetic
rats that did not receive any treatment, the elevated levels of this lipoprotein are related to cardiovascular disease in patients
with diabetes mellitus with a two to four fold increase in the risk of cardiovascular disease compared to non-diabetic individuals
(27,29).

_45 -



Glutathione (GSH), the most abundant low molecular weight thiol compound synthesized in cells, it plays critical roles in
protecting cells from oxidative damage and the toxicity of xenobiotic electrophiles, and maintaining redox homeostasis (30),
several investigators have reported that erythrocyte glutathione (GSH) concentration is decreased in patients with type 2
diabetes (31).

Glutathione is present in both reduced (glutathione) and oxidized (glutathione disulfide [GSSG]), the precise relative amounts
depend on the redox status of the cell, but in healthy cells, glutathione predominates over GSSG by as much as 100-fold (32).
Lutchmansingh et al in 2018 discovered that people with type 2 diabetes mellitus had decreased levels of reduced glutathione,
however they found that the group of patients with diabetes who already had certain complications of the disease obtained
lower levels of reduced glutathione, in this investigation the levels were not related of glutathione reduced with the levels of
glicemis or HbA 1c but with the appearance of complications of the disease (31).

Low levels of antioxidant defenses and high concentrations of end-products of oxidation such as TBARS can lead to higher
levels of total cholesterol, which could be observed in the study carried out by Valente T. et al. 2021 (33).

In our study that found that serum LDL cholesterol and triglycerides were inversely correlated with GSH / GSSG, which agrees
with the research carried out by Valente T et al in 2021, in turn these results coincide with what was found in the levels of lipid
peroxidation since the group of rats with diabetes without treatment had the highest levels of TBARS as can be seen in figure
5, contrary to what happens when diazoxide was administered to diabetic rats since they managed to decrease the concentrations
of TBARS significantly. Having said all the above, treatment with diazoxide manages to improve various oxidative stress
biomarkers, witch are related to the increase in cholesterol and triglycerides. It is important to emphasize that high levels of
cholesterol and triglycerides are closely related to fatigue (34), and once these parameters are controlled, this contributes to
less fatigue and the muscle to generate greater force.

In conclusion, diazoxide causes an increase in the development of strength in the EDL and soleus muscle, it also causes the
onset of fatigue to be delayed, it reduces cholesterol and triglyceride concentrations and improves oxidative stress parameters
such as TBARS, ROS and glutathione status.
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7. DISCUSION GENERAL
En el presente trabajo de investigacion se evalud el efecto del hierro y el farmaco diazoxido en
el desarrollo de fuerza muscular, perfil de lipidos y diversos marcadores de estrés oxidante en
ratas Wistar con diabetes mellitus. Previamente se ha reportado que la sobrecarga de hierro
provoca efectos deletéreos en la enfermedad, provocando una alteracion en los niveles de
colesterol, triglicéridos y aumento en el estrés oxidante (50,51). En el mismo sentido, diversos
estudios han demostrado que una restriccion de hierro con animales con diabetes mejora
marcadores perjudiciales en la enfermedad como la sensibilidad a la insulina y el perfil de
lipidos (48), ademas, existe evidencia que la sobrecarga de hierro provoca un aumento en
diversos marcadores de estrés oxidante y asi con la aparicién de complicaciones de esta
enfermedad (52).
Por otro lado, la disminucion del ATP juega un papel importante en el desarrollo de la fatiga
muscular y cualquier evento relacionado con la alteracion de la produccién de energia, esto
determina la tendencia de la fatiga muscular.
Se ha demostrado que la apertura de los mitoKatp participa en la proteccion del musculo durante
la fatiga en un modelo de ratones sanos, a su vez que disminuyen la produccion de especies
reactivas de oxigeno (26).
En el presente estudio, se reporta por primera vez que la restriccion de hierro y el diazéxido en
animales con diabetes provoca un aumento en el desarrollo de la fuerza muscular y disminuye
los tiempos en la cual los musculos desarrollan fatiga, por otro lado, modulan las
concentraciones de triglicéridos en suero y de lipoproteinas de muy baja densidad, asi como

diversos marcadores de estrés oxidante.

8. CONCLUSIONES
La administracion de diazoxido y las dietas bajas en hierro promueven una disminucion en los
niveles de diferentes parametros de estrés oxidante, esto contribuye a que el desarrollo de la

fuerza muscular prevalezca y los tiempos de aparicion de fatiga sean mayor
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10.ANEXOS

1. Articulo de divulgacion publicado en la revista “Saber mas”, revista de divulgadion cientifica
de la Universidad Michoacana de San Nicolas de Hidalgo.

https://www.sabermas.umich.mx/archivo/articulos/343-numero-40/620-fatiga-muscular-y-
diabetes.html#:~:text=La%20diabetes%20mellitus%20es%20una,la%20glucosa%20en%20la%20sangr
e).

Fatiga muscular y diabetes

Manuel Alejandro Vargas Vargas y Rocio del Carmen Montoya Pérez
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2. Articulo de divulgacion publicado en la revista “Saber mas”, revista de divulgadion cientifica
de la Universidad Michoacana de San Nicolas de Hidalgo.

https://www.sabermas.umich.mx/archivo/articulos/343-numero-40/621-funcion-de-antioxidantes-en-la-

diabetes-mellitus.html

Funcion de antioxidantes en la
diabetes mellitus
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