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CAPITULO 1

Introduccion general



Introduccion

El mUsculo esquelético es el tejido corporal mas
abundante y el principal motor metabdlico del organismo
en vertebrados. Disefiado a base de una admirable
diversidad celular y molecular, esta dotado de gran
capacidad de adaptacion frente a numerosos estimulos
intrinsecos y extrinsecos. En los afios recientes ha existido
un interés creciente sobre la asociacion entre esta
plasticidad del musculo esquelético y determinados
problemas de salud que afectan con gran prevalencia a la
poblacion mundial. La insuficiencia renal crénicay la
obesidad, junto con todas sus comorbilidades asociadas
(hiperparatiroidismo secundario y otros desérdenes del
metabolismo mineral, resistencia a la insulina, sindrome
metaboélico y diabetes) constituyen dos de estos
problemas con enorme trascendencia para la salud
humana, particularmente en vistas de las alarmantes
epidemias de muchos de estos trastornos en todo el
mundo. Por ello, resulta esencial comprender cémo la
disfuncion del misculo esquelético contribuye al origen
de estos trastornos endocrino-metabdlicos, pero también
es importante saber como estas comorbilidades impactan
sobre la estructura y la funcion del misculo esquelético.

La presente tesis doctoral contiene cuatro estudios de
investigacion independientes, disefiados de manera
complementaria, para satisfacer los siguientes grandes
objetivos generales:

Primero. Evaluar el alcance de la plasticidad muscular
asociada a la enfermedad renal cronica y a la obesidad.

Segundo. Desarrollar estrategias que sirvan para
contrarrestar los efectos adversos de la enfermedad renal
cronica y de la obesidad sobre el muasculo esquelético.

MUSCULO ESQUELETICO Y SINDROME
UREMICO

Pese a existir una gran confusion en la literatura
especializada acerca de los cambios en el misculo
esquelético de pacientes con insuficiencia renal cronica,
es evidente que estos enfermos sufren una constelacion de
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anomalias estructurales y funcionales en sus musculos
esqueléticos, especialmente de las extremidades
inferiores, que se describen bajo el término genérico de
miopatia urémica (1, 3). Los humerosos estudios
realizados sobre esta asociacion durante las pasadas
cuatro décadas ofrecen resultados contradictorios y, a
menudo, presentan importantes limitaciones
metodoldgicas.

La mayoria de estos estudios en humanos han descrito
los cambios musculares en pacientes en fases muy
avanzadas de la enfermedad renal crdnica (19, 23). Por el
contrario, los estudios animales que han utilizado el
modelo de reduccion de 5/6 de la masa renal total, quizas
el modelo experimental mas usado para inducir uremia,
s6lo han descrito los cambios musculares que ocurren
durante la fase aguda (1-4 semanas) de la insuficiencia
renal (11, 31), pero no existen descripciones acerca de los
cambios musculares durante el periodo de
“estabilizacion” del fallo renal cronico, esto es, mas alla
de las 6-8 semanas después de la nefrectomia.

Por otro lado, estos estudios previos no han
considerado que el sexo pudiera tener algun efecto sobre
los cambios musculares en pacientes urémicos,
particularmente teniendo en cuenta los reducidos niveles
de hormonas gonadales masculinas, en especial
testosterona, de estos pacientes (1). Por ello, y porque la
testosterona es un regulador del fenotipo muscular,
podemos esperar que la respuesta muscular a la uremia no
sea la misma en ambos sexos.

Ademas, algunos estudios previos han comunicado
que esta adaptacion varia entre masculos con diferente
estructura y funcion (11). Por ejemplo, los masculos
posturales se muestran mas resistentes a la hipoxia
inducida por uremia que los masculos dindmicos (10).
También existen evidencias previas en la literatura
especializada que informan que los cambios musculares
inducidos por uremia pueden estar relacionados con una
inadecuada respuesta celular a la hipoxia (10).
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MODULACION DE LA RESPUESTA MUSCULAR
A LA UREMIA CRONICA

Es bien conocido que los trastornos del metabolismo
mineral son comunes en pacientes con enfermedad renal
cronica (5). Asi, el desarrollo de hiperparatiroidismo
secundario es una complicacion habitual en estos
pacientes (5). Los principales rasgos de este trastorno
incluyen una disminucién en la produccién renal de
calcitriol (la forma activa de la vitamina D), retencion de
fosforo (hiperfosfatemia), hipocalcemia e incremento de
los niveles séricos de la hormona paratiroidea (PTH) y del
factor de desarrollo fibroblastico 23 (FGF23) (5).
También es sabido que el calcitriol y otros analogos de la
vitamina D, administrados a dosis bajas y bien
controladas, puede ser (til para prevenir la deficiencia de
calcitriol en pacientes renales, contrarrestando asi el
desarrollo de hiperparatiroidismo secundario (36).

Recientemente han emergido evidencias sobre los
efectos beneficiosos de la vitamina D sobre el misculo
esquelético (12, 25). Tales beneficios incluyen mejoras de
la contractibilidad, capacidad oxidativa, miogénesis y
angiogénesis muscular. Estas acciones pueden ser, en
parte, indirectas, como consecuencia del efecto de la
vitamina D sobre la homeostasis del calcio y del fosforo.
Pero también por un mecanismo directo mediante la
expresion en el muasculo esquelético del receptor de la
vitamina D (VDR) y de la enzima CYP27B1, que
hidroxila la vitamina D a calcitriol.

Aunque algunos estudios escasos de la literatura mas
inicial habian indicado que el tratamiento con vitamina D
puede tener un efecto positivo sobre la funcién muscular
en pacientes con insuficiencia renal crénica (7, 12, 13, 15,
25, 34), los acontecimientos contractiles, metabolicos y
estructurales que sostienen este efecto a nivel celular no
han sido explorados en modelos experimentales de
uremia.
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MUSCULO ESQUELETICO Y OBESIDAD

Diferentes estudios publicados en los Gltimos 20 afios
han descrito cambios en la estructura y funcion del
musculo esquelético en distintos modelos humanos y
animales de obesidad, pero muchos de estos estudios han
proporcionado resultados equivocos e inconsistentes. Por
ejemplo, una disminucion de la capacidad oxidativa
muscular ha sido comunicada frecuentemente en sujetos
obesos (8, 35). Sin embargo, otros estudios revelan
resultados compatibles con el incremento o con la no
modificacion de la capacidad oxidativa muscular en estos
individuos (17, 18).

Un acontecimiento central en la obesidad es el
incremento de lipidos intramusculares, como
consecuencia de una disminucion en la tasa de f-
oxidacion lipidica y/o de un incremento de la tasa de
transportes de acidos grasos hasta el misculo esquelético.
Pero los incrementos en el contenido mitocondrial y en la
tasa de -oxidacion lipidica mitocondrial que han sido
comunicados en individuos obesos (17, 18), deberian
reflejarse en una disminucion del contenido lipidico
intracelular. Sin embargo, el acimulo de lipidos
intramusculares obedece a que la tasa de transporte de
acidos grasos hacia la célula muscular es mucho mayor
que los incrementos compensatorios en la densidad
mitocondrial y en la tasa de 3-oxidacion mitocondrial de
estos acidos grasos (17).

Por otro lado, algunos estudios han comunicado que
los cambios musculares asociados a la obesidad son mas
evidentes en masculos lentos que en masculos rapidos,
probablemente como consecuencia de sus diferentes
funciones (9, 17). Asi, los musculos rojos (compuestos
mayoritariamente de fibras lentas-oxidativas) permanecen
tonicamente activos en reposo para proporcionar soporte
postural (anti-gravitacional) teniendo una alta
dependencia energética de los sustratos sanguineos
circulantes. Por el contrario, los musculos blancos
(compuestos mayoritariamente por fibras rapidas-
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glucoliticas) estan disefiados para desarrollar
movimientos rapidos y explosivos, teniendo mayor
dependencia energética del glucbgeno intramuscular.

La gran variabilidad entre los resultados de los
estudios previos probablemente obedece a diferencias en
los disefios experimentales y limitaciones metodoldgicas.
En todo caso, aln queda por esclarecerse como la
obesidad y condiciones colaterales afectan a la masa
muscular y a los fenotipos contréactil y metabélico del
musculo esquelético.

¢COMO CONTRARRESTAR LOS CAMBIOS
MUSCULARES ASOCIADOS A LA OBESIDAD?

Los cambios del mUsculo esquelético inducidos por la
obesidad incluyen frecuentemente pérdida de masa
muscular, transformacién lenta a rapida en los perfiles de
los tipos de fibras musculares y una limitada capacidad
oxidativa mitocondrial (8, 26, 28). Algunos estudios han
mostrado una asociacion entre estos cambios a nivel
muscular y el riesgo de padecer resistencia a la insulina
(16, 21), sugiriendo que la prevencidn de tales cambios
puede ayudar a mejorar la desregulacién metabdlica
inducida por la obesidad (4). Por ejemplo, se ha
observado ampliamente que mejorando la funcién
mitocondrial muscular se incrementa la sensibilidad a la
insulina y se previene la diabetes de tipo 2 (33).

La inflamacidn cronica asociada con la obesidad y
sobrenutricion, que se caracteriza por un incremento en
los niveles de citoquinas pro-inflamatorias como el factor
de necrosis tumoral a. (TNFa) y la interleuquina 6 (IL-6),
ha sido responsabilizada de la atrofia muscular inducida
por obesidad, al provocar un balance negativo entre la
sintesis y la degradacion de proteinas musculares (24). La
transformacion fibrilar lenta a rapida que también ocurre
asociada a la obesidad se ha explicado por infra-
regulacion de los receptores de peroxisomas PGCla y
PPARS (8), debido a su papel critico en el control de la
composicion fibrilar de los masculos (27). También se

conoce que la activacion de estos receptores, junto con la
proteina kinasa AMP-activada (AMPK), son importantes
mecanismos favorecedores de la biogénesis mitocondrial.

En los afios recientes, ademas de reducir el consumo
calorico de la dieta e incrementar los niveles de ejercicio
fisico, se han considerado diferentes farmacoforos con
propiedades anti-oxidantes y anti-inflamatorias entre las
estrategias de lucha contra la obesidad. En este contexto,
los estudios realizados sobre la mangiferina, un glucésido
natural de la xantona presente en gran proporcion en la
planta del mango (Mangiferina indica L.), han sugerido
que esta sustancia puede ser de gran ayuda para
contrarrestar los problemas metabdlicos relacionados con
la obesidad (6, 30). Entre las multiples actividades
bioldgicas beneficiosas de la mangiferina se incluyen sus
potentes efectos anti-inflamatorios (32), anti-oxidantes
(29) y anti-diabéticos (22). Los mecanismos fisiologicos
que sustentan estas acciones incluyen la inhibicién de
citoquinas pro-inflamatorias como TNFo e IL-6, y la
activacion de los receptores PPARS, PGCla y AMPK.
Ademas, estudios recientes también han demostrado que
la mangiferina sobre-regula las proteinas claves de la
hioenergética mitocondrial (20). En conjunto, estas
acciones de la mangiferina mejoran la utilizacién de
carbohidratos en el metabolismo oxidativo,
incrementando la sensibilidad a la insulina y
disminuyendo la lipogénesis (6).

Ciertos estudios han alumbrado que la suplementacién
de la dieta con mangiferina tiene efectos beneficiosos
sobre algunos aspectos de la funcion muscular en
individuos obesos. Por ejemplo, se ha descrito una mejora
en el catabolismo lipidico en el mUsculo esquelético de
animales obesos, a través de una sobre-regulacion de
genes involucrados en la p-oxidacion de &cidos grasos a
nivel muscular, tras la administracion de mangiferina
(14). Esta sustancia también induce un cambio en el
cociente respiratorio muscular desde lipidos hacia la
utilizacion de carbohidratos mediante un incremento de la
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oxidacion de glucosa y de piruvato (2). Pero los efectosa  esquelético no han sido investigados en modelos
nivel celular de la mangiferina sobre la masa musculary  experimentales de obesidad.
sobre los fenotipos contractiles y metabélicos del masculo
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CAPITULO 2

Hipotesis y objetivos



Objetivos

Partiendo de los antecedentes bibliograficos sobre la
relacion entre muasculo esquelético, insuficiencia renal
cronica y obesidad sintetizados en el capitulo de
Introduccidn, los cuales seran expuestos con mayor
extension en un proximo capitulo sobre Revision
bibliografica, la presente tesis doctoral esta fundamentada
en las siguientes hipGtesis y objetivos concretos.

HIPOTESIS

Hipdtesis Estudio 1

1. Los cambios en las caracteristicas contractiles,
metabolicas y morfoldgicas de las fibras musculares
esqueléticas inducidos por la insuficiencia renal
cronica durante la fase de “estabilizacion” (8-12
semanas) deben ser diferentes a los que se han descrito
previamente en la literatura especializada durante la
fase aguda (1-6 semanas) de este proceso.

. Esta plasticidad muscular debe ser mas pronunciada en
el masculo tibial craneal, un masculo tipico de
contraccion rapida y practicamente inactivo en reposo,
que en el masculo s6leo, un musculo caracteristico de
contraccion lenta y activo de manera tonica en reposo
para proporcionar soporte postural anti-gravitatorio.

. El sexo debe tener una interaccion significativa en la
respuesta del masculo esquelético a la uremia
prolongada durante 12 semanas, esperandose cambios
musculares mas acusados en machos que en hembras.

. Por tltimo, los cambios musculares secundarios a la
uremia deben estar asociados con una alteracion de la
respuesta a la hipoxia a nivel celular.

Hipdtesis Estudio 2

1. La alimentacion de ratas urémicas con dietas altas en
fosforo debe intensificar la severidad de los cambios
musculares inducidos por uremia.

2. Por el contrario, el tratamiento de ratas urémicas con
dosis bajas de calcitriol debe atenuar estos cambios,

20

revertiendo las caracteristicas de los tipos de fibras
musculares de estos animales hacia los perfiles basales
de musculos controles.

Hipdtesis Estudio 3

1. La atrofia muscular y la transformacidn tipo-fibrilar
lenta a rapida inducidas por la obesidad ocurren en
paralelo con un incremento generalizado de la
capacidad oxidativa mitocondrial del misculo
esquelético.

. Ademas, esta plasticidad muscular secundaria a la
obesidad debe ser més pronunciada en musculos rojos,
con gran dependencia energética de sustratos
sanguineos circulantes, que en masculos blancos, con
mayor dependencia metabélica del glucégeno
intramuscular.

Hipdtesis Estudio 4

1. El consumo crénico de mangiferina debe contrarrestar
la atrofia muscular y la transformacion tipo-fibrilar
lenta a rapida que ocurren frecuentemente en masculos
esqueléticos de ratas secundarias a la obesidad.
También debe favorecer la capacidad oxidativa
mitocondrial del musculo esquelético.

. La prevencidn de los cambios musculares secundarios
a la obesidad puede ser una estrategia de utilidad
practica para mejorar las alteraciones metabdlicas
asociadas a la obesidad, tales como resistencia a la
insulina y diabetes de tipo 2.

OBJETIVOS

Obijetivos Estudio 1

1. Determinar el impacto de 12 semanas de nefrectomia
subtotal de 5/6 sobre los rasgos fenotipicos
(composicidn fibrilar, tamafio, perfil metabdlico,
capilarizacion y densidad nuclear) de los tipos de fibras
de los musculos sdleo (lento) y tibial craneal (rapido)
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de ratas Wistar de ambos sexos.

. Probar si el sexo interactua sobre los efectos de este
modelo de uremia experimental en las caracteristicas
de los tipos de fibras de estos dos misculos.

. Establecer si los cambios musculares inducidos por
uremia son secundarios a una inadecuada respuesta
celular a la hipoxia, investigando la expresion a nivel
de proteina del factor inducible de hipoxia 1o en estos
dos musculos con funciones opuestas.

Obijetivo Estudio 2

Analizar los efectos de una dieta alta en fosforo y del
tratamiento con dosis bajas de calcitriol sobre los cambios
en las proporciones y en los rasgos metabolicos y
estructurales de los tipos de fibras de misculos
esqueléticos con perfiles lento y rapido en ratas con
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uremia prolongada (12 semanas).

Obijetivo Estudio 3

Clarificar los efectos de la obesidad sobre la masa
muscular y sobre las caracteristicas contractiles,
metabolicas y estructurales de los tipos de fibras de
musculos esqueléticos con diferentes perfiles funcionales
y energéticos, prestando atencion especial a la capacidad
oxidativa mitocondrial.

Obijetivo Estudio 4

Examinar los efectos de la suplementacion crénica de
la dieta con dosis bajas de mangiferina sobre el tamafio, la
composicidn y la capacidad oxidativa de los tipos de
fibras de masculos esqueléticos con diferente estructura y
funcion de ratas obesas.
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ABSTRACT

Skeletal muscle is the most abundant tissue and the
main metabolic engine in the body of vertebrates.
Designed by means of an admirable cellular and
molecular diversity, it is endowed with great resilience
against numerous intrinsic and extrinsic stimuli. In recent
years, there has been a growing interest on the association
between this plasticity of skeletal muscle and certain
health problems affecting the world population with high
prevalence. Chronic renal failure and obesity, with all its
associated comorbidities (secondary hyperparathyroidism
and other disorders of mineral metabolism, insulin
resistance, metabolic syndrome and diabetes) are two of
these problems with enormous significance for human
health, particularly in view the alarming epidemics of
many of these disorders worldwide. Therefore, it is
essential to understand how the skeletal muscle
dysfunction contributes to the origin of these endocrine-
metabolic disorders, but it is also important to know how
these comorbidities impact on the structure and function
of skeletal muscle. This literature review aims to assess
the plasticity of skeletal muscle associated with chronic
renal disease and obesity. But it also includes monitoring
the useful strategies to counteract the adverse effects of
these conditions on skeletal muscle.

Key words: Skeletal muscle; muscle fiber types;
chronic renal disease; secondary hyperparathyroidism;
obesity; metabolic syndrome; anti-oxidant substances.

INTRODUCTION

Skeletal muscle, the most abundant tissue and the
major metabolic engine in the body of vertebrates, is
heavily impacted by chronic renal failure (CRF) (2) and
obesity (21).

Patients with CRF suffer skeletal muscle structure and
function abnormalities termed uremic myopathy (6, 96).
However, there is great confusion in the nature and
magnitude of these effects. In addition, patients with CRF

have disorders of mineral metabolism. Secondary
hyperparathyroidism (HPT) develops early in CRF (91).
Main features of secondary HPT in CRF include
decreased production of calcitriol by the Kidneys,
hyperphosphatemia, hypocalcemia and increased levels of
serum parathyroid hormone (PTH), and fibroblastic
growth factor 23 (91).

On the other hand, obesity provides a model to
examine how systematic metabolic and endocrine
disturbances influence skeletal muscle structure and
function. Muscle atrophy and a switch toward a faster
contractile phenotype are well-documented changes in
skeletal muscle of obese subjects (80). In addition to a
reduced caloric intake and increased level of exercise,
some natural pharmacophores are being used to
counteract adverse effects of obesity. In this context,
Mangiferin indica L., has been used in ayurvedic
medicine for centuries and may have a potential as a
novel parent compound for treating obesity-related
metabolic conditions (12, 97, 102, 111).

The general aim of this study was to analyze muscle
plasticity associated with chronic renal failure and
obesity, and propose strategies to counteract the adverse
effects of these conditions on skeletal muscle structure
and function.

SKELETAL MUSCLE PHENOTYPES

Muscle fiber types

Mammalian skeletal muscle comprises different fiber
types, whose identity is first established during embryonic
development by intrinsic myogenic control mechanisms
and is later modulated by neuronal and hormonal factors
(92). Mammalian adult limb skeletal muscles are
composed of four mayor myosin heavy-chain isoform
termed: slow or /MHC and three fast Ila-, 11X and Ilb-
MHCs. They are expressed in type I, 1A, 11X, and 11B
fibers, respectively (93). In addition to these pure fiber-
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types, containing a single MHC, hybrid fibres
coexpressing two or even more MHCs are also found
under normal conditions (101). The distribution of
different fiber types varies in a muscle-specific and
species-specific manner (43). Muscle fiber composition
varied markedly in the rat hind limb musculature. The
muscle with the highest proportion of type | fibers is the
red soleus muscle, with 84 % of these fibers, while the
fast tibialis cranialis muscle show a low percentage of
type | and high percentage of fast fiber-types (l1A, 11X
and 11B) (20).

Muscle fiber cross-sectional size is estimated through
the cross-sectional area (CSA) and the lesser fiber
diameter (LFD), defined as the lesser diameter across the
muscle fiber. The average CSA of muscle fibers in
several muscles of the rat vary significantly in the rank
order 11B >11X >11A>I (20).

On the other hand, to analyse metabolic profile of
skeletal muscle fiber types studies of oxidative and
glycolytic enzymes in muscle by quantitative
histochemical reactions are required. Two of the most
useful histochemical reactions used are succinate
dehydrogenase (SDH), an oxidative enzyme (24), and
glycerol-3-phosphate-dehydrogenase (GPDH), an enzyme
used as an indirect marker for glycolytic potential of
myofibers. These enzyme activities are assayed by
quantitative histochemical methods previously adjusted
and validated in rat skeletal muscle (88). Histochemical
studies of oxidative enzymes in rat skeletal muscle
reported that the mean SDH activity in the slow fibers is
higher than in fast fibers (107). Conversely, GPDH
activity is higher in fast than in slow fibers (88).

Other muscle variable interesting to evaluate in
muscle plasticity studies is the vascular supply. It is
readily apparent on routine stains such as periodic acid-
Schiff (PAS), especially after a-amylase digestion.
Medium-size arterioles and veins run between the
fascicles, while within the fascicles there is a capillary

network in close relation to individual fibers (24). The
capillarity is an important determinant of peripheral gas
and substrate exchange. The size of capillary bed should
match to the needs of muscle fibers (49). Another
morphological parameter important to study is the size of
the myonuclear domain. It shows a relation between the
quantity of the genetic machinery and the protein
requirement of the fiber (89). A study of single fibers
showed that there are differences of myonucleus densities
among fiber types. In adult rats, slow muscle fibers show
significantly greater number of myonucleus/mm? than fast
muscle fibers (107).

Muscle phenotype

Specialized fiber types are present in skeletal muscles
from all mammalian species. Body size has a major role
in determining the functional demands on skeletal
muscles. Muscles from small mammals like mice consist
predominantly of [1X and 1B fibers, whereas muscles
from large mammals like humans are mainly composed of
type | and 1A fibers (92). Slow muscles generate ATP
mainly by oxidative mitochondrial processes. They
contract more slowly, generate less mechanical power and
spend less ATP. Moreover, they maintain contractile
activity in absence of fatigue. By contrast, fast muscles
depend largely on glycolytic process to generate ATP.
They contract more quickly, produce high mechanical
power but spend more ATP (92).

Skeletal muscle of female and male rats shows
different fiber-type composition. Studies have confirmed
gender differences in body mass, muscle mass, fiber size
and number of muscle fibers in rats (69). There is
evidence that CRF reduces levels of gonadal hormones,
particularly testosterone, due to a dysfunction of the
hypothalamic—pituitary—gonadal axis (reviewed in Ref.
2). Eason et al., (27) demonstrated that the adult mouse
masseter is a sexually dimorphic muscle and that
maintenance of its contractile phenotype is dependent on
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testosterone. Males have greater amounts of cells that
contain type IIb MHC, and females have greater amounts
of cells that contain type lla MHC. This maintenance of
sexual dimorphism is, at least partly, testosterone-
dependent because castration results in an increase of the
type lla MHC in males (27). Drzymala-Celichowska et
al., (23) also reported differences in MHC isoform
content in red and white rat skeletal muscles. Welle et al.,
(113) showed differences in the expression of genes
related with sex differences in human skeletal muscles.

Muscle plasticity

Mammalian skeletal muscles have remarkable
plasticity in response to different physiological and
pathological stimuli (92). Immunohistochemical and in
situ hybridization analyses of MHC isoforms are still
considered as the best approaches for muscle fiber typing
at the protein and transcript levels, respectively (92). In
rat muscles, they show the existence of a spectrum of
fiber-types according to the so—called ‘nearest—
neighbour’ scheme for MHC combinations, where hybrid
fibers bridge the gaps between pure fibers: | < I+I1A &
1A & IIAX & [IX < 11XB « 11B (88). Due to the slow
protein turnover of myosin, hybrid fibers with mixed
MHC content are very frequent in muscles undergoing
fiber-type transformation, and they provide insight
regarding the nature (direction) of MHC switching (92).
A slow-to—fast switch in the direction [I-ITA—IIX—IIB
occurs in muscles unloaded by decreased neuromuscular
activity, as well as in denervated muscles, whereas a fast—
to-slow transformation in the opposite direction
[IB—-IIX—ITA—I is seen in muscles overloaded, by
increased neuromuscular activity, as well as by
hypothyroidism (92). Available evidence from several
physiological studies indicates that fiber—type
transformation involves coordinated changes in all muscle
cell compartments, including components of energy
metabolism and contractile machinery (92). However, as
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these two muscle cell properties are controlled by distinct
signaling pathways, dissociation between metabolic and
contractile adaptive response can occur (92).

There are several mechanisms controlling coordinated
regulation of fast and slow gene programs. For example,
AMP-activated protein kinase (AMPK) is a major
regulator of muscle energy metabolism acting as a fuel
and energy status sensor. AMPK activation or inhibition
can also affect MHC gene expression and fiber type
profile. In rat skeletal muscle, AMPK protein levels are
highest in the soleus (slow) muscle and lowest in the
white gastrocnemius (fast) muscle. AMPK is activated in
response to exercise and muscle contraction via the
increased AMP concentration secondary to ATP
consumption in both rodents and humans (92). The
peroxisome proliferator-activated receptors (PPAR), are
members of the nuclear receptor superfamily that bind
DNA as heterodimers with retinoid X receptors. The
constitutively active PPARS, the more abundant isoform
in skeletal muscle, leads to a more oxidative fiber type
profile with increased mitochondrial DNA, upregulation
of some slow contractile protein genes, and increased
resistance to fatigue (92). PGC-1a. is a principal factor
regulating muscle fibre type determination, is expressed
more in oxidative than in glycolytic muscles (62), and it is
a regulatory molecule of mitochondrial biogenesis (110).

SKELETAL MUSCLE AND CHRONIC RENAL
FAILURE

Muscle changes and uremia

Several studies over the past 40 yr have described the
adaptive changes in skeletal muscle performance
parameters in response to uremic stimulus both in human
patients with CRF (5, 15, 16, 22, 26, 29, 55, 60, 70, 90)
and in animal models of uremia (3, 9, 13, 32, 33, 96, 104).
These studies have reported changes at both the fiber—
type (e.g., fiber—type proportion, cross—sectional size,
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metabolic enzyme activities, capillarity and/or nuclei) and
the whole muscle (e.g., muscle metabolism derived from
either biochemistry of key enzymes or nuclear magnetic
resonance spectroscopy) levels. A major problem with
most of these studies is that they provide contradictory
findings. For example, muscle fiber atrophy is generally
cited in reviews on the effects of uremia on skeletal
muscles (2, 30, 36). However, studies performed on
skeletal muscles of human patients with CRF revealed
results ranging from uniform atrophy (90) to generalized
hypertrophy of all muscle fiber types (60). Several
limitations to some of these studies have been discussed
in recent reports (33, 60). They include small sample size,
suboptimal control subjects (e.g., healthy athletes) or
absence of controls, use of classical histochemical
techniques with low analytic precision and high
subjectivity, heterogeneous acquisition and handling of
muscle sample specimens for optimal analysis, diversity
of skeletal muscle studied (including non-limb muscles),
overestimation of results without statistical significance,
and misunderstanding of phenotypic changes reported in
skeletal muscle fibers.

Comparisons between human and animal studies on
the impact of CRF on skeletal muscle are complicated by
the different stages of the renal failure. Human studies
have described almost unanimously the changes in
skeletal muscle in renal patients with several years of
hemodialysis or during the period of progression to the
end-stage renal failure (5, 15, 16, 22, 26, 29, 55, 60, 70,
90). Conversely, studies using the 5/6 reduction in total
renal mass (Nx), the most widely used animal model to
induce uremia (47), have described the changes of
skeletal muscles within the acute stage (the first 48 h after
the surgery) and/or the period of improvement resulting
from functional hypertrophy, i.e., 3-4 wk after surgery (3,
13, 32, 33, 104). However, there is no information about
the nature and magnitude of these changes during the
period when the CRF is ‘stabilized’, i.e., beyond the 61—

81" week after surgery (47). Considering the slow protein
turnover of myosin and other contractile and metabolic
proteins of mammalian skeletal muscle cells, requiring
usually a minimum between 4 and 8 wk (see Ref. 92 for a
recent review), it seems highly improbable to obtain
significant changes in muscle fiber-types (i.e., fiber-type
switching) in the short period of time (4 wk or even less)
that has been studied in animal models of uremia.

Previous studies in short—term animal models of
uremia have noted a different impact on skeletal muscles
with different functional competences (31-33). For
example, the fiber atrophy of fast-twitch fibers and
capillary rarefaction that occur in rats in early stages (4
wk) of CRF was noted to be more severe in limb
(gastrocnemius) than in trunk (longissimus thoracis)
muscles (31, 32), being attributed to a different fiber—
type—dependent resistance to hypoxia of these two
muscles (31). However, a modest difference in fiber-type
distribution was noted between these muscles (33). From
the available literature, it seems that postural as opposed
to locomotor muscles might be more resistant to hypoxia
and fiber atrophy secondary to uremia. The mechanism
involves increased expression of inducible nitric oxide
synthase, which is interpreted as a protective factor
against hypoxia through hypoxia inducible factor 1o
(HIF-10) stabilization (31). This transcription factor is a
key regulator for the induction of genes that facilitate
adaptation of cells from normoxia to hypoxia (51). Under
normal conditions, higher HIF-1a. expression plays an
active role in skeletal muscle plasticity, leading to
fiber—type transitions in the fast direction, fiber
hypertrophy, oxidative—to—glycolytic energy metabolism
transition and neovascularisation (65, 82). However,
under hypoxic—conditions (renal anemia), the reduced
expression of HIF-1a which has been found in locomotor
muscles of rats 4 wk after Nx (31) does not support this
role in muscle plasticity.
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In rat hind limb, the most superficial muscles, which
are composed predominantly of fast-glycolytic fibers,
such as the tibialis cranialis muscle (98% in its white
region), are only recruited at high intensity—physical
activity, being normally inactive at rest (20). In contrast,
the deep muscles composed predominantly of slow—
oxidative fibers, such as the soleus muscle (84%), are
primarily active at rest providing postural
(antigravitatory) support (20). Based upon their dramatic
differences in both resting muscle activity and fiber-type
composition, the comparative evaluation of muscle fiber—
type characteristics between these two hind limb muscles
in uremic rats could lead to a broader understanding of

the role that muscle function plays in the changes of
skeletal muscle in patients with chronic renal failure.

Mineral metabolism disorders and renal failure

The homeostasis of calcium and phosphorus is the
result of complex relations between calcemia,
phosphatemia, and different hormones and factors
working synergistically to keep a normal balance of these
minerals (91) (Fig. 3.1).

Mineral metabolism alteration begins early with
progressing of chronic kidney disease. It is characterized
by increment of serum PTH levels, low serum levels of
activated vitamin D and alteration of calcium and

¥ Fig. 3.1 lllustration of normal calcium and phosphorus homeostasis. PTH, parathyroid
hormone; Ca?*: Calcium; PO4: Phosphate; FGF23, fibroblast growth factor 23; 1,25
VitDs: 1,25 Vitamin Ds. (Adapted from Ref. 91).
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phosphorus homeostasis (53). The classic sequence of
events begins with a deficit of calcitriol synthesis and
retention of phosphorus. As a result of this, serum
calcium decreases and PTH is stimulated (64). Disorders
of phosphate metabolism contribute to the progression of
CRF and are an important factor in the development of
secondary HPT, bone and cardiovascular diseases (28,
87). (Fig. 3.2).

On the other hand, PTH is the most important
regulator of calcium metabolism. It is a polypeptide
consisting of 84 aminoacids and is secreted by the chief
cells of the parathyroid glands in response to
hypocalcemia and hyperphosphatemia. It has a short half-
life (2-4 minutes) before being degraded to various
inactive fragments (91). PTH excess in normal or in CRF
rats is associated with impaired oxidation of long-chain
fatty acids (LCFA) and this effect is due to reduction in
the activity of carnitine palmitoyl transferase, a key

enzyme for the transport of LCFA to mitochondrial
matrix for B-oxidation (100). On the other hand, elevated
serum PTH levels may be associated with muscle
impairment (78). In addition, in vitro experiments showed
that high levels of PTH may act on skeletal muscle by
increasing muscle proteolysis (35). Moreover, muscle
protein degradation is increased by metabolic acidosis in
uremic patients (36).

Experimental studies have shown that uremic patients
have increased intracellular Ca?*in muscle fiber due to an
alteration in the cyclic adenosine diphosphate-ribose
signaling pathway (63).

Additionally, the fibroblast growth factor 23 (FGF-23)
is a well-characterized phosphaturic hormone that
regulates phosphate metabolism (72). It is mainly secreted
by osteocytes and osteoblasts (76). FGF23, in concert
with PTH and 1,25(0OH); vitamin Ds, is a major systemic
regulator of phosphate homeostasis (94). Pavik et al., (79)

¥ Fig. 3.2 Mineral metabolism in kidney disease. Ca?*: calcium; PO4, phosphate; PTH,
parathyroid hormone; FGF23, fibroblast growth factor 23;*calcification in heart, blood

vessel and kidney. (Adapted from Ref. 28).
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showed, in a cross-sectional study of human patients, that
FGF23 levels increase at early CRF stages whereas PTH
levels increase at more advanced CKD stages. FGF23 is
an excellent marker of disease severity and outcomes,
particularly in CRF (94).

Vitamin D and skeletal muscle

Vitamin D is an essential factor in the regulation of
calcium and phosphorus balance (91) and mineral bone
metabolism (42) and affects numerous other cell types
(19). It is regarded traditionally as a regulator of bone
metabolism (83). Vitamin Ds is synthesized in the skin
from 7-dehydrocholesterol upon exposure to UV
irradiation and it can be taken in the diet. Bound to a
vitamin D binding protein, vitamin D; is transported to
the liver where it is hydroxylated to 25-hydroxyvitamin
D3 (250HD;), the mayor circulating form of vitamin D
and biomarker of vitamin D status 250HDs is further
hydroxylated at position 1 by the enzyme CYP27B1 to
form 1,25-hydroxyvitamin D3[1,25(OH).Ds], the most
active form of vitamin D, which is then transported to
target tissues (19, 83). The vitamin D hydroxylases have
an important role in providing a tightly regulated supply
of 1, 25 (OH),Ds (18).

The actions of vitamin D on skeletal muscle may, in
part, be indirect by way of vitamin D’s effect on calcium
and phosphate homeostasis, possibly via mechanisms
mediated by intestinal absorption (83). Its main action is
to enhance the availability of calcium and phosphorus for
new bone formation (91). Vitamin D and its receptor are
important for normal skeletal muscle development and in
optimizing muscle strength and performance (14).
Vitamin D plays a role in the preservation of muscle size
and strength in hemodialysis patients (40). Vitamin D
deficiency in animal models results in negative effects on
muscle fiber structure and calcium/phosphorus handling,
suggesting an integral role of vitamin D in skeletal muscle
function (45).

The biologically active 1,25 (OH), D3 binds to the
vitamin D receptor (VDR), a classic steroid receptor that
principally acts as a nuclear transcription factor.
However, non-nuclear receptor mediating non-genomic
actions also has been described (83). Vitamin D regulates
gene expression and modulates ligand-dependent uptake
of 25-hydroxyvitamin Ds in primary myofibers. Muscle is
a direct target of vitamin D with an autoregulatory
vitamin D-endocrine system in primary myotubes and the
1,25(0H).Ds-modulated uptake of 250H in wild type
myofibers. (38).

In vitro studies have been performed to investigate the
effect of vitamin D; (1o, 25-hydroxyvitamin Ds) on the
proliferating, differentiating and differentiated phases of
C2C12 myoblast, a mouse skeletal muscle cell line. The
authors found that vitamin D; plays an important role in
cell proliferation and differentiation in C2C12. They
showed by western blot analysis that vitamin D; treatment
enhanced fast myosin heavy chain expression in the
differentiated C2C12 cells (75). In order to understand the
mechanism of the effect of the vitamin D3 previously
described, Tanaka et al., (105) designed a study to
determine the role of signals transmitted through the VDR
during differentiation of myoblast cell lines. Their results
suggested that myoblast require signals transmitted
through VDR for differentiation into myocytes and
emphasized the importance of VDR expression in skeletal
muscles for maintaining muscle volume in the elderly.
Two mechanisms by which vitamin D may act in skeletal
muscle have been proposed. VDR acts as a nuclear
receptor which mediates the so-called genomic effects or
via nonnuclear receptor mediating nongenomic actions.

In consideration that low vitamin D status, reduced
renal function, and low dietary intake of calcium can
result in mild secondary HPT, which may be associated
with low muscle mass and reduced muscle strength in
elderly populations, Genaro et al., (37) performed a study
to investigate whether low vitamin D, high PTH, or both,
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are associated with sarcopenia. They found that vitamin D
deficiency, associated with secondary HPT, increased the
risk of sarcopenia in elderly women.

Vitamin D may play a significant role in Ca?* uptake
by the mitochondria which in turn are involved in the
orchestration of cellular metabolic homeostasis (99).
Consistent relationships exist between vitamin D status
and muscle function. Vitamin D supplementation has
beneficial effects on muscle strength, balance, and gait in
diverse settings including adolescents, the elderly, and
patients with CRF (42).

SKELETAL MUSCLE AND OBESITY

Muscle changes in obesity

Several obesity experimental studies have used
Zucker fatty rat like an animal model of genetic obesity
and related conditions such as insulin resistance, diabetes
and metabolic syndrome (1, 17, 25, 34, 48, 59, 81, 84-86,
114). Obesity in this animal is inherited as an autosomal
recessive trait. Zucker fatty rats were generated by a cross
between the Merk stock M and Sherman rats. Animals are
homozygous for the fa/fa gen. Lipid proportions in
Zucker fatty are 50 % to body weight (reviewed in Ref.
8). Diverse studies have reported changes in
morphological parameters in skeletal muscle of the obese
Zucker rat (OZR). Peterson et al., (81) showed that OZR
has lower skeletal muscle size than the lean Zucker rat
(LZR). A decrease in the number of satellite cells could
be a factor that contributes to the reduced mass observed
in control muscles of OZR. In addition, Pompeani et al.,
(84), confirmed that OZR skeletal muscles are atrophic in
skeletal muscle weight and in size determined by
measurement of mean fiber area compared with
counterpart control animals. By contrast, Ringseis et al.,
(86) did not report differences in skeletal fiber size of
obese and lean Zucker rats.

Muscular changes in obesity include fiber transition
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from type I to type 11, with decreased fiber type | and
increased fiber type Il in OZR (17, 86). Similarly, a study
with a high fat-diet model of obesity also reported
decreased proportion of type | and increased of type I/IIA
hybrid fibers in the soleus muscle (21). Studies in a
spontaneous diabetic animal model, called non-obese
diabetic goto-kakisaki rats, showed an altered fiber type
distribution in red and white muscles with decrease of the
percentage of type IIA in soleus and type I and lIA in
plantaris muscle, and increase of type IIB. These findings
have been related with an impairment in insulin sensitive
and glucose metabolism (115). Several studies in obese
and metabolic syndrome patients have reported low
percentages of type | and high proportion of type Il fibers
(46, 52, 103, 106). Albers et al., (7) reported that diabetic
and obese patients have an increase in the relative number
of type 11X compared with lean subjects.

In vitro studies tested the hypothesis that all facets of
skeletal muscle fatty acid metabolism are upregulated in
skeletal muscles of OZRs, and that the increased
triacylglycerol concentration is attributable to an inability
to upregulate fatty acid oxidation sufficiently to cope with
a large influx of protein-mediated fatty acid transport. The
results suggest that the increased intramuscular
accumulation of lipids is attributable to an increased rate
of fatty acid transport that exceeds the currently increased
capacity for mitochondrial fatty acid oxidation and more
of these fatty acids that have entered the muscle are
esterified (48). Furthermore, Malenfant et al., (67)
reported disturbances of the intramyocellular lipid
distribution with an increased localization of fat stores
away from the sarcolemma. This lipid distribution could
impact on the ability of the cell for lipid oxidation.

A study of lipid metabolism in skeletal muscle of
insulin resistant rodent model showed that oxidative
capacity is increased (109). By contrast, SDH activities
did not show significant differences in whole soleus
muscle in OZR compared with LZR, even though they
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found a decrease of SDH activities in diabetic OZR (1).
These findings are opposite of the results reported in other
studies with a decrease of SDH activity in rectus femoris
muscle of obese versus lean Zucker rats reported by
Ringseis et al., (86), and a decrease of mitochondrial
volume density in OZR (67). In addition, Wessels et al.,
(114) found lower muscle oxidative capacity in diabetic
OZR compared with lean rats, but it was not attributable
to impairments of mitochondrial respiratory capacity or a
lower mitochondrial content.

Patients with type 2 diabetes showed metabolic
alterations in skeletal muscle as consequence of both
changes in fiber composition and in fiber-specific
metabolism (74). In another study on patients with type 2
diabetes a decrease of oxidative capacity in the vastus
lateralis muscle due to reduction in slow oxidative fibers
was noted. Moreover, Simoneau et al., (98) found a
decrease of mitochondrial volume density in obese
patients. However, both oxidative and glycolytic enzymes
activities were significantly increased in fast glycolytic
and fast oxidative glycolytic fibers. In summary, there is
ample controversy in the specialized literature regarding
the specific effects of obesity on skeletal muscle
metabolism.

Muscle changes and metabolic dysregulation

Obesity is a strong risk factor for the development of
insulin resistance. Earlier research in human reported that
reduced skeletal muscle of fiber type | population in
obese non-insulin-dependent diabetes mellitus patients
may be one component of a multifactorial process
involved in the development of insulin resistance (46).
Metabolic alteration within muscle include defects in
skeletal muscle lipid metabolism such as increased
accumulation of intramuscular lipid (48, 56). It can be as
a biomarker of peripheral insulin resistance in OZR (54).

Insulin resistance, which represents an impaired
ability of insulin to exert its effects on glucose and lipid
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homeostasis, is a key metabolic defect associated with
obesity and type 2 diabetes (57, 109). The findings
suggest that mitochondrial fatty acid oxidative capacity is
increased in skeletal muscle from insulin-resistant
rodents, in which B-hydroxyacyl CoA

dehydrogenase, medium chain acyl-CoA dehydrogenase,
and citrate synthase enzyme activities were increased.
These results are potentially a compensatory response to
elevated fatty acid substrate availability (109). Koves et
al., (57) agree that obesity, diabetes and high-fat feeding
are conditions that increase the rate of -oxidation in
skeletal muscle, but there is a relation from skeletal
muscle insulin resistance to lipid-induced mitochondrial
stress that could be responsible of impaired mitochondrial
function. In a review, Martin et al., proposed that
mitochondrial dysfunction in elevated free fatty acid
levels plays a central role in the pathogenesis of insulin
resistance (68). The association between skeletal muscle
insulin resistance in obesity and mitochondrial
dysfunction suggests that insulin resistance arises due to
an imbalance of cellular bioenergetics.

PROTECTION AGAINST ADVERSE OBESITY-
INDUCED MUSCLE CHANGES

Mechanisms involved

Obesity is associated with an inflammatory chronic
state (8). The increased protein degradation in the skeletal
muscle of the OZR may be due to increased activity of the
ubiquitin-dependent proteolytic system (11). In addition,
recent research reported that systemic inflammation
promotes muscle atrophy via decreased muscle protein
synthesis and increased ubiquitin-proteasome, lysosomal
proteasome and caspase 3 mediated protein degradation
(80).

In a study to examine fiber type distribution and PGC-
la levels in soleus muscle in obesity and diabetes-obesity,
using Zucker rats, Adachi et al., (1) reported lower
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percentage of type IIA fibers in diabetic OZR than in non-
diabetic OZR and LZR. Furthermore, the mMRNA
expression levels of PGC-1a were decreased in the soleus
muscle of diabetic OZR compared with the other two
groups. In addition, the changes observed in muscle fiber
types in obese rats can be explained by down-regulation
of the mRNA and protein levels of PPARS and PGC-1a,
which are critical regulators of muscle fiber
transformation (17). On the other hand, Kove et al., (56)
showed a link between PGC-1a and efficient
mitochondrial oxidation of fatty acid. Their findings
suggest that increased PGC-1a, activity and/or enhanced
mitochondrial efficiency may protect against lipid
induced insulin resistance.

To protect against the skeletal muscle changes
observed in obesity, Ringseis et al., 2013 designed an
experimental study with OZR fed with niacin supplement.
The results showed an increase of type | fibers and
mRNA levels of genes encoding regulators of muscle
fiber composition, mitochondrial biogenesis,
angiogenesis, and genes involved in fatty acid catabolism
and oxidative phosphorylation.

Mangiferin as an anti-obesity agent

Different pharmacophores are being used against the
deleterious effects of obesity and related
comorbidities on human health, mangiferin being one of
them (10, 12, 17, 50, 58, 61, 66, 95, 102, 108, 111, 112).
Mangifera indica L., has been used in ayurvedic medicine
for centuries, because several beneficial properties have
been attributed to different components of the mango tree.
The chemical components studied are C-glucosyl-
xanthone or mangiferin, mangiferonic acid,
hydroxymangiferin, polyphenols and carotenes (97). The
literature has reported different pharmacological activities
such as antioxidant, anti-inflammatory, antidiabetic, and
lipolitic among others (4, 12, 39, 71, 73, 77, 95, 97, 112).

Mangiferin, as an anti-obesity agent, decreases plasma
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free fatty acid (FFA) levels through promoting FFA
uptake and oxidation, inhibits FFA and triglycerides
accumulation by regulating the key enzymes expression
in liver through the activation of the AMPK pathway. It
increases AMPK phosphorylation and its downstream
proteins involved in fatty acid translocase and carnitine
palmitoyltransferase 1 (73). Similarly, using X-3, a
derivate of mangiferin, in db/db mice, Han et al., (44)
showed a decrease of hyperglycemia and obesity. In
addition, in vitro studies revealed that X-3 increased
glucose uptake and AMPK activity in 3T3-L1 cells (44).

On the other hand, experiments in vivo and in vitro
showed that mangiferin protected against high-fat diet,
gain, increased aerobic mitochondrial capacity and
thermogenesis, and improved glucose and insulin profile.
These beneficial effects of mangiferin were due to
increased carbohydrate utilization in oxidative
metabolism through of the activation of pyruvate
deshydrogenase complex (10). Another experimental
study showed the hypolipidemic effect of mangiferin by
upregulation mRNA expression of PPARa, fatty acid
translocase, carnitine palmitoyltransferase 1 in liver and
muscle, and lipoprotein lipase in muscle (41)

A recent report describes the molecular mechanism of
the beneficial effects of mangiferin on obesity and related
endocrine and metabolic disorders, indicating that
mangiferin upregulates proteins pivotal for mitochondrial
bioenergetics and downregulates proteins controlling de
novo lipogenesis (61). In addition, another study found
that mangiferin reduced reactive oxygen intermediate and
inhibited lipogenesis through inhibition of sterol
regulatory binding protein activation (66). Moreover,
anti-oxidant effects of mangiferin are related to inhibition
of apoptotic pathways, showing a protective effect on
renal tissue of streptozotocin- induced type 1 diabetic rats
(77).

Several studies support the antidiabetic effects of
mangiferin by different cellular and molecular
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mechanisms. One mechanism proposed to explain the
hypoglycaemic activity of Mangifera indica could be due
to an intestinal reduction of the absorption of glucose (4).
Recently, a report found that mangiferin increased
glucose uptake in parallel with increased phosphorylation
of AMPK in 3T3-L1 cells (95). This was confirmed in a
study by Wang et al., (112), who found that mangiferin
improved the glucose utilization and insulin sensitivity
thorugh up-regulation of the AMPK phosphorylation.
Furthermore, antidiabetic effect of mangiferin resulted by
increasing GLUT 4 expression and translocation in
muscle cells. These effects are probably mediated through
two independent pathways that are related to AMPK and
PPARG.

Moreover, mangiferin showed significant
antihyperlipidemic and antiatherogenic activities as
evidenced by significant decrease in plasma total
cholesterol, triglycerides, low-density lipoprotein
cholesterol levels coupled together with elevation of high-
density lipoprotein cholesterol level and diminution of
atherogenic index in streptozotocin-induced-diabetic rats.
In addition, the chronic administration of mangiferin (10
and 20 mg/kg, i.p.) for 14 days markedly improved oral
glucose tolerance in glucose-loaded normal rats,
suggesting a potent antihyperglycemic activity (71).
Finally, a recent review emphasizes the medicinal
properties of mangiferin improving metabolic disorders.
For example, enhancement of carbohydrate utilization in
oxidative metabolism, and increased insulin sensitivity in
animal models of obesity and insulin resistance (12).

A few studies provided evidence that mangiferin has
beneficial effects on various aspects of muscle function in
obese animals. For example, mangiferin supplementation
enhanced lipid catabolism in skeletal muscle of these
animals by upregulating genes involved in muscle fatty
acid B-oxidation (41). This substance also induced a shift
in muscle respiratory quotient from lipid toward pyruvate
oxidation (10). However, cellular effects of mangiferin on
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skeletal muscle mass, and contractile and metabolic
phenotypes have not been explored in experimental
models of obesity.

FINAL REMARKS AND CONCLUSIONS

Skeletal muscle is the most abundant tissue and the
major metabolic engine in the body of vertebrates. This
tissue is severely impacted by diseases that cause
systemic alterations such as CRF, obesity and related
comorbidities. Over the past four decades several
investigations in human and animal models have been
carried out to know the adaptive changes of skeletal
muscle in response to the uremic environment. These
studies not only report contradictory findings, but they
have serious methodological limitations. Over the past
recent years different strategies have been implemented to
ameliorate the adverse effects caused by uremia. Among
these, low doses of vitamin D seems to play beneficial
effects in skeletal muscle abnormalities and the
development of secondary HPT associated with CRF.

In a similar context, recent studies on obesity show
inconsistent findings regarding skeletal muscle changes
associated with this pathological condition and their
associated comorbidities. For example, they report
changes from decreased to increased oxidative capacity,
being more pronounced in slow than in fast muscles.
Diverse strategies have been proposed to counteract the
adverse effects of obesity and related conditions on
peripheral skeletal muscles. Thus, researchers have
studied different pharmacophores with anti-oxidant, anti-
inflammatory and antidiabetic properties from the
perspective of therapeutic substances against the obesity
and related conditions. In this context, evidences show
that mangiferin, a major glucoside of xanthone in the
mango plant Mangifera indica L., has multiple biological
activities, including beneficial action on skeletal muscles.

In conclusion, from the available literature it seems
clear that skeletal muscle is heavily impacted by
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systematic conditions such as uremia and obesity. as vitamin D and mangiferin can result useful to
Overall, the results of these studies are inconsistent and counteract adverse effects of uremia and obesity on

require further attention with new methological contractile and metabolic features of skeletal muscles.
approaches. Also, the search of dietary supplements such
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CHAPTER 4

Slow- and fast-twitch hind limb
skeletal muscle phenotypes 12 weeks
after 5/6 nephrectomy in Wistar rats
of both sexes
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ABSTRACT

This study describes fiber—type adaptations in hind—
limb muscles, the interaction of the sex and the role of
hypoxia on this response in 12 wk 5/6 nephrectomized
rats (Nx). Contractile, metabolic and morphological
features of muscle fiber—types were assessed in the slow—
twitch soleus and the fast-twitch tibialis cranialis
muscles of Nx rats, and compared with sham—operated
controls. Rats of both sexes were considered in both
groups. A slow-to-fast fiber-type transformation
occurred in the tibialis cranialis of Nx rats, particularly in
males. This adaptation was accomplished by impaired
oxidative capacity and capillarity, increased glycolytic
capacity and no changes in size and nuclear density of
muscle fiber—types. An oxidative-to—glycolytic metabolic
transformation was also found in the soleus muscle of Nx
rats. However, a modest fast-to-slow fiber-type
transformation, fiber hypertrophy and nuclear
proliferation were observed in soleus muscle fibers of
male, but not of female, Nx rats. Serum testosterone levels
decreased by 50% in male but not in female NXx rats.
Hypoxia—inducible factor-1a protein level decreased by
42% in the tibialis cranialis muscle of male Nx rats.
These data demonstrate that 12 wk of Nx induces a
muscle-specific adaptive response in which myofibers do
not change (or enlarge minimally) in size and nuclear
density, but acquire markedly different contractile and
metabolic characteristics, which are accompanied by
capillary rarefaction. Muscle function and sex play
relevant roles in these adaptations.

Key words: chronic renal failure, uremia, myosin
heavy chain, muscle plasticity, gonadal hormones,
hypoxia-inducible factor-1a.

INTRODUCTION

Skeletal muscle, the most abundant tissue in the body
of vertebrates, is heavily impacted by chronic renal failure
(CRF) (2). Patients with CRF suffer a constellation of

abnormalities in skeletal muscle structure and function,
mainly affecting to limb muscles, which are described
under the general term of uremic myopathy (5). Several
studies over the past 40 yr have described the adaptive
changes in skeletal muscle in response to uremic stimulus,
both in human patients with CRF (e.g., 4, 9, 12, 23, 26)
and in animal models of uremia (3, 6, 8, 16, 17, 35), but
many of these studies provide contradictory findings. For
example, uremic muscle fiber atrophy is considered as a
common feature (2, 14), however, studies performed on
skeletal muscles of human patients with CRF reveal
results ranging from uniform atrophy (32) to generalized
hypertrophy of all muscle fiber types (23). Several
limitations to some of these studies have been discussed
in recent reports (17, 23). They include small sample
sizes, lack of appropriate controls (e.g., healthy athletes),
methodological deficiencies for optimal analysis of
muscle fibers, diversity of skeletal muscle studied
(including non-limb muscles), overestimation and/or
misunderstanding of phenotypic changes reported in
skeletal muscle fibers.

Comparisons between human and animal studies on
the impact of CRF on skeletal muscle are complicated by
the different stages of the renal failure. Most human
studies have described the changes in skeletal muscle in
renal patients with several years of hemodialysis or
during the period of progression to the end-stage renal
failure (4, 9, 12, 23, 26). Studies using the 5/6 reduction
in total renal mass (Nx), the most widely used animal
model to induce uremia (20), have described, however,
acute changes of skeletal muscles, ranging from 2 days to
3-4 weeks (3, 8, 16, 17, 35). Thus, there is no information
regarding muscle changes during the period when the
CRF is ‘stabilized’, i.e., beyond the 6'"-8"" week after
surgery (20). In addition, neither human nor animal
studies have taken into account the effect of the sex on the
skeletal muscle changes in response to CRF. There is
evidence that CRF reduces levels of male gonadal
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hormones, particularly testosterone (reviewed in Ref. 2).
Given the potent anabolic action of testosterone on
skeletal muscle (36) and its demonstrated role in the
maintenance of skeletal muscle fiber-type expression (13,
18), a different impact of CRF between sexes could be
expected.

Furthermore, previous studies in short-term animal
models of uremia have reported a different impact on
skeletal muscles with different functional competences
(15-17). For example, the fiber atrophy of fast—twitch
fibers and capillary rarefaction that occur in rats in early
stages (4 wk) of CRF was noted to be more severe in limb
(gastrocnemius) than in trunk (longissimus thoracis)
muscles (15-17). From the available literature, it seems
that postural as opposed to locomotor muscles might be
more resistant to hypoxia and fiber atrophy secondary to
uremia, through an increased expression of inducible
nitric oxide synthase, which is interpreted as a protective
factor against hypoxia through hypoxia inducible factor
1o (HIF-1a) stabilization (15). This transcription factor
is a key regulator for the induction of genes that facilitate
adaptation of cells from normoxia to hypoxia (reviewed
in Ref. 21). Under normal conditions, higher HIF-1a
expression plays an active role in skeletal muscle
plasticity, leading to fiber—type transitions in the fast
direction, fiber hypertrophy, oxidative—to—glycolytic
energy metabolism transition and neovascularisation (25,
29). However, under hypoxic—conditions (renal anemia),
the reduced expression of HIF-1a which has been found
in locomotor muscles of rats 4 wk after Nx (15) does not
support this role in muscle plasticity.

We hypothesized that, during its ‘stable’ phase (~8-12
wk), CRF should induce changes in contractile,
metabolic, and morphological features of individual
skeletal muscle fibers different to those previously
described in more acute stages of the CRF (1-6 wk).
Additionally, this muscle plasticity should be more
pronounced in the mostly inactive at rest fast-twitch
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tibialis cranialis muscle than in the tonically active slow-
twitch soleus muscle providing postural (antigravitatory)
support. The authors also expected that sex would have a
significant interaction on the skeletal muscle response to
long-term (12 wk) Nx with males showing more
pronounced changes than females. Furthermore, we
hypothesized that muscle changes secondary to uremia
are associated to an aberrant response to hypoxia at the
cellular level. Therefore, the present investigation was
primarily aimed at determining the impact of 12 wk of Nx
on the phenotypic features (fiber-type composition, size,
oxidative and glycolytic capabilities, capillarity and
nuclear density) of muscle fiber types of slow (soleus)-
and fast (tibialis cranialis)-twitch rat hind limb muscles.
A second objective was to test whether sex interacted
with the effects of this Nx model on the fiber-type
characteristics of these two muscles. To find out if
uremia—induced muscle changes are secondary to an
inadequate response to hypoxia at the cellular level, we
also investigated the expression of HIF-1a. protein
content in these two functionally different muscles.

MATERIALS AND METHODS

Experimental design and procedures

Ethics. All experimental protocols were reviewed and
approved by the Ethics Committee for Animal Research
of the University of Cordoba (Cordoba, Spain). They
followed the guidelines laid down by the Higher Council
of Scientific Research of Spain following the normal
procedures directing animal welfare (Real Decreto
223/88, BOE of 18 of March) and adhered to the
recommendations included in the Guide for Care and Use
of Laboratory Animals (US Department of Health and
Human Services, NIH) and European laws and
regulations on protection of animals, under the advice of
specialized personnel.

Animals. Twenty-seven adult (3.5-4 mo old) Wistar
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rats of both sexes (13 females and 14 males) with body
weight of 257 + 54 g (mean * SD) at the beginning of the
experiment were used. Animals were provided by the
Central Service of Experimental Animals of the
University of Cordoba, Cordoba (Spain). They were
individually housed in standard vivarium cages in a
temperature— and humidity—controlled environment, with
a 12:12-h light-dark cycle and given ad libitum access to
standard rat diet (Altromin Spezialfutter GmbH,
Germany; values per 100 g: energy 351.8 kcal 1100 kJ ™2,
protein content 18%, lysine 1.74%, methionine 1.0%,
cysteine 0.31%, tryptophan 0.20%, fat 5%, ash 4.5%,
sodium 0.24%, calcium 0.6%, phosphorus 0.6%) and tap
water.

Design and surgical procedures. Before the
experiment began, all rats were maintained for 2 wk on
the standard diet. Afterwards, rats were randomly
allocated to two different groups with balanced sexes:
sham operated control (So; n=10, 4 females and 6 males)
and 5/6 nephrectomy (Nx, n=17 rats, 9 females and 8
males). The Nx was carried out following a two-step
procedure that reduces the original renal mass by five—
sixths as previously described (24). Briefly, in the first
step, 2/3 of the left kidney was removed under general
anaesthesia (Sevofluorane, Abbott, Madrid, Spain;
intraperitoneal injection). After 1 week of recovery, in the
second step and also under general anaesthesia, the right
kidney was removed. The control So rats were sham
operated with the same protocol and total duration of the
surgery, except both kidneys were maintained intact.
After the second surgery, the mineral content of the diet
was changed to 0.9% phosphorus in the Nx group. Both
food intake and body weight of individual rats were
assessed weekly.

Muscle sampling and tissue preparation. After 12 wk,
rats from both groups were sacrificed by aortic puncture
and exsanguination under deep general anaesthesia
(sodium thiopental 50 mg kg, Penthotal®, Abbot,
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Illinois, USA, intraperitoneal injection). Bilateral soleus
(soleus) and tibialis cranialis (tibialis cranialis) muscles
were dissected and individual muscles were wet
weighted. These muscles were selected as two
representative muscles of a typical slow-twitch muscle
(soleus, composed primarily of slow-twitch muscle
fibers) and a characteristic fast-twitch muscle (tibialis
cranialis, composed primarily of fast-twitch muscle
fibers in its white region), respectively (10). Also because
these two hind limb muscles are opposite regarding their
resting functional activities. While the tibialis cranialis
muscle is only recruited at high-intensity physical
activity, being normally inactive at rest, the soleus muscle
is primarily active at rest providing postural
(antigravitatory) support (10). Upon collection, tissue
blocks from the muscle belly were mounted on cork
blocks with the use of OCT embedding medium (Tissue—
Tek 11, Miles Laboratories, Naperville, IL, USA) and
oriented so that myofibers could be cut transversely (11).
Specimens were systematically frozen by immersion in
isopentane (30 s), kept at the freezing point in liquid
nitrogen, and stored at —80 °C until analyzed (11). Muscle
samples were routinely frozen between 2 and 4 min after
removal, because it has been demonstrated that the
interval between removal and freezing has a significant
(negative) effect on skeletal muscle fiber size (22). All
muscle sampling and muscle preparation procedures were
always carried out by the same investigator, experienced
in skeletal muscle biopsy studies, taking care to
standardize both the location and the freezing of the
sample.

Laboratory analyses

Blood biochemistry. Blood samples were obtained
from the abdominal aorta in heparinised syringes at the
time of death. Plasma was separated by centrifugation and
stored at —80 °C until assayed. Plasma creatinine and
blood urea nitrogen were measured by spectophotometry
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(BioSystems, Barcelona, Spain) as previously described
(24), and used as indicators of renal function. Plasma
testosterone levels were determined using a commercial
available ELISA kit for the quantitative determination of
testosterone in serum or plasma of rats and mice
(Demeditec Diagnostics, Kiel, Germany), according to the
manufacturer’s instruction. The sensitivity of the ELISA
reported by the manufacturer is 0.066 ng/ml. The intra—
assay variation is less than 11%, and the inter-assay
variation less than 11% in serum samples.

Myosin heavy chain immunohistochemistry. Muscle
samples were serially sectioned (10—um-thick) in a
cryostat (Frigocut, Reitchert Jung, Nubloch, Germany) at
—20°C and used for immunohistochemistry.
Immunohistochemistry was performed with five
monoclonal antibodies specific against myosin heavy
chain isoforms (Table 4.1; Fig. 4.1A). The specificity of
these antibodies for myosin heavy chains in rat skeletal
muscle has previously been reported (19, 33). The
immunoperoxidase staining protocol with avidin-biotin
complex protocol was used as previously described (30).

Quantitative enzyme histochemistry. Additional serial
sections were used for quantitative enzyme
histochemistry. The activities of the enzymes succinate
dehydrogenase (SDH, EC 1.3.4.1), used as an oxidative
marker, and glycerol-3—-phosphate—dehydrogenase
(GPDH), used as an indirect marker for glycolytic
potential of myofibers, were determined on 10—um- and
14-pm-thick sections, respectively, by using quantitative
histochemical methods previously adjusted and validated
in rat skeletal muscle (30). However, it is not known
whether the GPDH histochemical method used in the
present study stains for activity of the cytosolic NAD—
dependent GPDH (EC 1.1.1.8) or the mitochondrial
FAD-dependent GPDH (EC 1.1.99.5). Neither GPDH is
directly involved in the glycolytic pathway; however,
both are directly involved in the transfer of NADH from
glycolysis in the cytosol into FADH; in the mitochondria
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of skeletal muscles. Furthermore, GPDH histochemical
activity correlates with the activities of other glycolytic
enzymes (28).

Capillary and nuclei histology. Additional 14—pum-
thick serial sections were incubated in a 2.2% solution of
o—amylase and then stained according to a standardized
periodic-acid-Schiff technique by using a 1% solution of
acid (1). These sections were used to visualize capillaries
(Fig. 4.1B). Additional 10-um- thick sections were
stained with haematoxylin and eosin and used to visualize
total nuclei within or around each individual muscle fiber
(Fig. 4.1B).

Image analysis and morphometry

Sections were examined in a blind fashion by the
same investigator (L.M.A.), who had experience of the
normal appearance of mammalian skeletal muscle fibers.
All serial sections for immunohistochemistry, enzyme
histochemistry and histology were visualized and
digitized as previously described (1). A region containing
between 150 and 250 fibers was selected for further
analyses. In the tibialis cranialis muscle, this area was
selected from the core of the white (superficial) portion of
the muscle, since it contains a higher number of fast—
twitch muscle fibers (98%) than the red (deep) portion
(93%) of the muscle (10). Images were saved as digitized
frames at 256 gray levels. The gray levels were converted
to optical density units by using a calibrated set of optical
density filters. The digitized images of the fibers in the
two histochemical reactions (SDH and GPDH) within the
selected region were traced manually and analyzed for the
fiber cross—sectional area (area) and the average optical
density for each histochemical reaction of individual
muscle fibers. The average fiber optical density for each
histochemical reaction was determined as the average
optical density for all pixels within the traced fiber from
three sections incubated with substrate minus the average
optical density for all pixels of the same fiber from other
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Table 4.1 Specificity of monoclonal antibodies (MAbs) against rat skeletal myosin heavy chain (MHC)
isoforms, and immunohistochemical characterization of muscle fiber types

MHC-based muscle fiber types’

MAbs” Specificity* (1) I+11A(2) HAR) HIAX(4) 11X (5) 1IXB(6) IIB(7)
BA-D5 [ + + — — _ _ _
SC-71 lla - + + + _ _ _
BF-35 [, la, Ib + + + + - +- +
S5-8H2 , 11X, 1lb + + - + + + +
BF-F3 1ls] - - - - + +/— +

* Sources of all MAbs were DMS, Braunschweig, Germany except the MAb S5-8H2 (Biocytex Biotechnology,
Marseille, France). * According to (33) except the MAb S5-8H2 (19). T According to (30) except for the MAb S5-8H2
(19). +, —and +/—, positive, negative and intermediate immunohistochemical staining, respectively, for that specific
muscle fiber with that specific MAb. The number of each fiber type (1-7) corresponds to those showed in Fig. 4.1

two sections incubated without substrate (30). Because a
number of factors can influence the reliability of
histochemical enzyme activity determinations, we
checked the variability on three consecutive sections for
both SDH and GPDH histochemical reactions by repeated
measurements of the same individual fibers. Only
coefficients of variation for triplicate measurements of
optical densities below 5% were accepted in the present
study; this demonstrated the high analytical precision that
can be achieved for the measurement of fiber optical
density on enzyme histochemical sections.

The number of capillaries and nuclei around each
individual muscle fiber in the selected area of the sample
was also obtained from the a—amylase— periodic—acid—
Schiff and haematoxylin and eosin staining techniques,
respectively (1). They were expressed as absolute number
of capillaries or nuclei in contact with each muscle fiber.

The fibers in the selected area were classified
according to their myosin heavy chain content by means
of visual examination of immunostainings of the five
serial sections stained with the battery of anti-myosin
heavy chain monoclonal antibodies (Table 4.1; Fig.
4.1A). The reactivity of each individual muscle fiber in
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these five consecutive sections was judged as positive,
intermediate or negative by comparing the intensity of the
reaction of neighbouring fibers. Seven fiber types were
categorized, four of them as pure fibers expressing a
unique myosin heavy chain isoform (i.e., type I, lIA, 11X
and 11B), and other three as hybrid phenotypes co—
expressing two different myosin heavy chain isoforms
(type I+1IA, IAX and [IXB).

The relative frequency of different muscle fiber types
in the selected region was used to numerically express the
fiber type composition of each muscle sample. The area,
SDH and GPDH optical densities, and absolute numbers
of capillaries and nuclei of the same muscle fibers were
averaged according to fiber-type and used for statistical
analyses. The SDH-to—-GPDH ratio of individual muscle
fibers was also determined and used as an indicator of the
relative oxidative vs glycolytic metabolic capacities of
individual muscle fibers. For minor fibre types (I+11A and
I1A in the soleus muscle, and I, I+11A and 1IAX in the
tibialis cranialis muscle), there were so few fibres in most
muscle samples that a statistically reliable determination
of their area, SDH, GPDH, capillarity and nuclear density
was impossible. In consequence, muscle fibre—types
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» Fig. 4.1 Serial frozen sections of tibialis cranialis muscle from a representative normal female sham operated rat
(So) and other 5/6 nephrectomized female rat (Nx) stained for immunohistochemistry (Panel A) and enzyme
histochemistry and histology (Panel B). A: Sections were reacted with monoclonal antibodies against specific myosin
heavy chain (MHC) isoforms: BA-D5 (anti MHC-I), SC-71 (anti MHC-lla), BF-35 (anti MHCs-I, —Ila and —I1b),
S5-8H2 (anti MHCs-I, —lIx and —I1b) and BF-F3 (anti MHC-I1b). B: Additional serial sections were stained for
quantitative enzyme histochemistry of succinate dehydrogenase (SDH) and glycerol-3—phosphate dehydrogenase
(GPDH) activities, and for histology of a—amylase periodic acid Schiff (PAS) for visualizing capillaries and
haematoxylin and eosin (H&E) for visualizing nuclei. The seven MHC-based muscle fiber types are labelled in all
serial sections; four of them were pure fibers expressing a unique MHC isoform (i.e., fibers ‘1°, ‘3°, ‘5” and 7° which
correspond with type I, 1A, 11X and I1B fibers, respectively), and other three were hybrid phenotypes coexpressing
two different MHC isoforms [i.e., MHCs—I and —Ila (type I+IIA, fiber labelled ‘2”), MHCs—lla and —I1x (type IHAX,
not shown) and MHCs-IIx and —IIb (type IIXB, fiber labelled ‘6”). Note in the muscle from the Nx rat (bottom rows
in both panels), the lower number of fibers expressing MHCs either I, Ila or 11x, the abundance of fibers expressing
MHC-I1b, the larger size of all muscle fibers, the lower SDH staining, the higher GPDH staining and the lower
muscle fiber capillarity and nuclei, compared with the So animal (upper rows of both panels). Bar, 150 um.

showing, on average, a fibre percentage below 5% were immunolabeled using a peroxidase—conjugated secondary
excluded from these analyses. antibody (Santa Cruz Biotechnologies, Santa Cruz, CA).
Finally, western blots were developed using ECL Plus
Western blot analysis of HIF-1a protein Western Blotting Detection System (GE Healthcare,
Muscle tissue was homogenized and protein was Piscataway, NJ). Protein levels were quantified using

isolated following the protocol described by Schreiber et ImageJ software (National Institutes of Health, Bethesda,
al. (34). Protein concentration was assessed by Bradford MD).
method (7). Fifty ug of nuclear protein were

electrophoresed in a 12% polyacrilamide gel (Bio-Rad, Statistical analyses

Hercules, CA) and electrophoretically transferred All statistics and charts were run on Statistica 7.0 for
(Transfer Systems, Bio—Rad) from the gels onto Windows (StatSoft I, Statistica, Data software System,
nitrocellulose membranes (Pall Corporation, Pensacola, www.statsoft.com). Muscle sample was the unit of

FL). The following steps were performed with gentle analysis for the present dataset. A total of 108 muscle
shaking. Membranes were incubated in TTBS-L solution  samples (27 animals x two muscles —soleus and tibialis
(20 mM Tris—HCI pH 6.6, 0.2% Tween 20, 150 mM cranialis— x two sides —left and right) were available for
NaCl, and 5% nonfat dry milk) at room temperature for 1 statistical analysis. Sample size and the power of a

h to avoid non-specific binding. Membranes were contrast of hypothesis were estimated by power analysis
incubated overnight at 4°C with a 1:700 dilution of an and interval. Accepting an a—risk of 0.05 and a B-risk of
anti-HIF-1 o antibody (Abcam, Cambridge, UK). TFIIb 0.2 in a two-sided test, a minimum of 8 samples/group
(1:1000, Danvers, MA) was used as a housekeeping were considered necessary to recognize as statistically

protein. Membranes were washed with TTBS buffer and  significant a minimum difference of 1.75 SD units
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4

o.-amylase-

between any pair of groups assuming that 4 groups exists
(2 sexes x 2 treatments —So and NXx), as well as a common
deviation of 20% of the mean value, and anticipating a
drop-out rate of 0%. Normality of muscle variables was
tested using a Kolgomorov-Smirnov test and data are
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1=1

2= [+lIA
3=1A
5=1IX
6 = 1IXB
7=1B
150 um

expressed as means + SE, except in Table 4.2 (means
SD). Two-factorial analysis of variance (ANOVA) was
used to test for sex, Nx and sex-Nx interaction effects.
When a significant effect was observed for sex—Nx
interaction (p<0.05), the Fisher LSD post hoc test was
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Table 4.2 Renal function, food intake, live weight of subjects, muscle weights and muscle somatic index (MSI)

Females Males p values

So Nx So Nx Sex Nx S—Nx

(n=4) (n=9) (n=6) (n=8)
Creatinine, mg dI* 0.7520,14  1.24+0.42** 0.67+0.06 1.01%0.10* 0.1 <0.001 05
g’l',?"d Ureanitrogen, Mg 4384116 66.2£16.9%%  439+44  8L8:100%* 01  <0.001 0.1
Food intake, g d* 14+ 3 1443 20+ 3 20+ 3 <0.01 09 0.8
Energy intake, kcal d* 50+ 9 5049 70+12 7220 <0.01 09 0.8
Body weight, g 251411 24019 440+19 415+29* <0.001 0.03 04
Weight gain, g 38+ 9 3847 118+20 126418 <0.001 05 0.5
M. soleus (n=8) (n=18) (n=12) (n=16)
Weight, mg 12717 119+14 172+26 190+30** <0.001 05 0.05
MSI, arbitrary units 0.51+0.06  0.49+0.05 0.39+0.06  0.46+0.06** <0.001 0.1 0.03
M. tibialis cranialis (n=8) (n=18) (n=12) (n=16)
Weight, mg 71239 65547 1021493  1055+93 <0.001 0.6 0.04
MSI, arbitrary units 2.85+0.11 2.73+0.18 2.32+0.18  2.55+0.24** <0.001 0.3 <0.01

Values are meanszSD; n=number of samples; So=sham operated rats; Nx=5/6 nephrectomy rats. Two-way ANOVA was used
to test for sex and Nx effects; p values denote main effect results for sex, Nx, and sex—Nx interactions (S-Nx). *** p<0.001, **

p<0.01, * p<0.05 compared with So

used to locate specific significant differences between
pairwise groups.

RESULTS

Renal function, food intake, body weight, muscle mass
and muscle-somatic index. The decrease in renal function
induced by Nx was reflected in plasma creatinine and
blood urea nitrogen concentrations that were 62% and
66% higher, respectively, in Nx than in So rats (Table
4.2). Sex had a strong influence on food intake, body
weight, wet muscle weight and muscle-somatic index
(wet muscle weight referred to body weight), with males
having higher values than females (Table 4.2). Total food
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and energy intakes were similar in Nx and So rats. After
12 wk, Nx rats reduced the body weight by 12%,
compared with So. Both wet weights and muscle somatic
indexes of soleus and tibialis cranialis muscles were
similar in So and Nx rats. However, tibialis cranialis
muscle weight and both soleus and tibialis cranialis
muscle somatic indexes increased in male but not in
female Nx rats, compared with So subjects.

Muscle fiber—type composition. The muscle fibers of
both soleus and tibialis cranialis muscles were classified
based on their immunoreactions to antibodies against
specific myosin heavy chains (Table 4.1; Fig. 4.1A), and
the proportions of seven fiber types (I, I+11A, LA, 11AX,
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Table 4.3 Muscle fiber—type composition, %

Females Males p values

So NXx So Nx
Fibertype (n=8) (n=18) (n=12) (n=16) Sex Nx  S-Nx
M. soleus
I 100.0£0.0  96.8+0.8 94.4+1.9 97.410.7* 003 09 <001
[+11A 0.0£0.0 0.5+0.3 0.9+0.3 2.3+0.7* <0.01 006 0.3
A 0.0£0.0 2.7+0.8 4.7£2.0 0.3+0.2** 03 04 <001
M. tibialis cranialis
I 2.4+0.9 1.6+0.6 3.7+14 1.1+0.4* 06 006 03
[+11A 0.2+0.1 2.3+1.0 2.6+1.2 1.7£0.6 04 05 01
A 20.5+5.4 10.8+2.2 17.843.9 13.442.6 10 004 04
[IAX 4.3+£2.7 5.3+1.2 7.1+1.6 2.7+0.9* 09 02 007
[1X 27.5+4.2 17.8+1.9* 23.1+2.3 17.0+£2.2* 03 <001 05
[IXB 22.8+4.3 36.6+3.0** 21.9+2.8 24.7£3.1 007 001 01
IIB 22.3+7.2 25.6+2.1 23.8+4.1 39.4+3.4** 0.04 0.02 0.1

Values are means£SE; n=number of samples; So=sham operated rats; Nx=5/6 nephrectomy rats. Two-way ANOVA
was used to test for sex and Nx effects; p values denote main effect results for sex, Nx, and sex—NXx interactions (S—

NXx). *** p<0.001, ** p<0.01, * p<0.05 compared with So.

[1X, [IXB and 1IB) were determined for both So and Nx
rats. All these seven fiber-types were identified in the
tibialis cranialis muscle, but only three fiber-types (I,
[+11A and I1A) were found in the soleus muscle. Sex and
Nx had an effect on soleus and tibialis cranialis muscle
fiber—type distribution (Table 4.3). In the soleus muscle
of male rats but not in female ones, Nx increased type |
fibers by 3% and type I+I1A fibers by 150 %, and
decreased 1A fibers by 94%, compared with So rats.
After 12 wk of Nx, the tibialis cranialis muscle fiber-type
composition changed significantly compared with So rats,
particularly in male rats. In Nx rats, there were decreased
proportions of type 1A (37%) and 11X (30%) fibers, and
increased frequencies of type I1XB (39%) and 11B (36%)
fibers, compared with So subjects. Significant interactions
between sex and Nx also indicated that in the tibialis
cranialis of male rats, but not of females, Nx decreased
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the percentage of type I fibers (70%) and increased the
proportion of type IIB fibers (66%), compared with So
controls.

Muscle fiber size. The mean area of individual muscle
fiber types was estimated for So and Nx rats (Table 4.4).
Sex did not have any effect on the size of soleus type |
fibers, but had an effect on size of all tibialis cranialis
muscle fiber types, with males having larger fibers (35%
on average) than females. Nx did not have any effect on
size of individual muscle fiber types of both soleus and
tibialis cranialis muscles (p>0.05). However, when all
fiber types were analyzed together, Nx increased fiber
area in the tibialis cranialis muscle (12%), compared with
So rats (see Fig. 4.1). Furthermore, a significant
interaction between sex and Nx on fiber size of soleus
type | fibers demonstrated that these fibers increased by
31% in area in male rats, but not in females, compared
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Table 4.4 Muscle fiber—type cross—sectional area, um?

Females Males p values

So NXx So Nx
Fiber-type (n=8) (n=18) (n=12) (n=16) Sex NX E;
M. soleus
I 37831263  3251+171 31904174 4192+252** 0.4 0.3 0.001
M. tibialis cranialis
A 1213+ 78 1259+ 91 1611+ 56 1679+ 96 <0.001 06 09
[1X 1632+ 92 17624120 2250+ 90  2075%107 <0.001 08 0.2
[IXB 2202+ 91 25294118 32524226 3129+ 90 <0.001 05 0.1
1B 35661164  3968+181 48104332  5190+147 <0.001 0.08 0.9
All fibers 21724239  2545+125 3012+257  3479+103 <0.001 0.02 0.8

Values are means£SE; n=number of samples; So=sham operated rats; Nx=5/6 nephrectomy rats. Two-way ANOVA
was used to test for sex and Nx effects; p values denote main effect results for sex, Nx, and sex—Nx interactions (S—
NX). *** p<0.001, ** p<0.01, * p<0.05 compared with So. For clarity, muscle fiber—types with a percentage below 5%

are excluded from this analysis

with So controls.

Muscle fiber—type SDH and GPDH activities. Both
soleus and tibialis cranialis muscle oxidative and
glycolytic capacities were assessed by measuring the rate
of SDH and GPDH activities, respectively, within
individual muscle fiber types (Fig. 4.1B). As sex did not
have any significant interaction with Nx (p>0.05) on these
metabolic activities, results are depicted in Fig. 4.2 as
pooled means of both sexes. The mean SDH activities
from individual type I fibers in the soleus and from type
I1XB and 11B muscle fibers in the tibialis cranialis of Nx
rats were found to be lower by 7%, 12% and 10%,
respectively, compared to those of So subjects (Fig.
4.2A). The mean SDH of all muscle fiber-types of Nx rats
decreased by 10% in the soleus and by 21% in the tibialis
cranialis (p<0.0001 in both), compared with So rats.
Twelve weeks of Nx increased the mean GPDH activities
of type I fibers in the soleus (9%), and of type lIA (22%),
11X (8%) and IIXB (10%) muscle fibers in the tibialis
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cranialis, compared with So rats (Fig. 4.2B). The overall
mean GPDH activity of all muscle fiber-types of Nx rats
increased by 12% in the soleus (p<0.0001) and by 15% in
the tibialis cranialis muscle (p<0.001), compared with So
animals. The mean SDH-to-GPDH enzyme ratios from
individual type I fibers in the soleus and from type IIA,
11X, 11XB and 1B muscle fibers in the tibialis cranialis of
Nx rats were found to be lower by 17%, 20%, 8%, 20%
and 15%, respectively, compared to those of So subjects
(Fig. 4.2C). In relation to all fiber—types, the SDH-to—
GPDH enzyme ratios decreased by 19% in the soleus and
by 32% in the tibialis cranialis (p<0.0001 in both),
compared with So rats.

Muscle fiber-type capillarity. The mean number of
capillaries in contact with individual muscle fiber types
differed significantly between sexes, with males showing
more muscle fiber capillaries than females (Table 4.5).
The absolute mean number of capillaries contacting type
1A, 11X and [1XB fibers in the tibialis cranialis muscle of
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<« Fig. 4.2 Mean succinate dehydrogenase (SDH; A),

L so glycerol-3—phosphate—-dehydrogenase (GPDH; B), and
SDH-to—-GPDH enzyme activity ratio (C) from
individual fiber types in soleus (type I fibers) and tibialis
cranialis (1A, 11X, I1XB and 1B fiber—types) muscles of

. sham operated rats (open bars, So; n=20 samples) and

5/6 nephrectomy rats (closed bars, Nx; n=34 samples).
For clarity, muscle fiber types with a percentage below
5% are excluded from this analysis. Values are
meansSE; asterisks denote significantly different from
So group: ***p<0.001, **p<0.01, *p<0.05.
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Nx rats were found to be lower by 12%, 13% and 12%,
P’E compared with those of So rats.

Muscle fiber-type nuclear density. Muscle fiber nuclei
were measured in both So and Nx rats (representative
fiber types with small densely-stained nuclei in a
subsarcolemmal position are shown in Fig. 4.1B). The
fixed effect of sex on the mean number of nuclei within or
around individual muscle fiber types was significant, with
males having higher absolute numbers of nuclei than
females (Table 4.6). Nx did not have any significant

B effect on the absolute number of nuclei of individual
muscle fiber types in both soleus and tibialis cranialis
muscles. However, the number of nuclei of soleus type |
fibers was 27% higher in male, but not in female, Nx rats,
compared with So rats.

Testosterone measurements. Plasma testosterone
levels were 3.2 times higher in males than in females
(p<0.001; Fig. 4.3A). After 12 wk, Nx reduced plasma

iy testosterone levels by 50% in male rats (p=0.003), but not
in female rats (p>0.05), compared with So rats. Within the
male group, the level of testosterone was negatively
correlated with the proportion of type 1IB fibers in the

18 tibialis cranialis muscle (Fig. 4.3B) and positively
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correlated with the percentage of type 11A fibers in the
soleus muscle (r=0.73, p=0.003). Also in male rats, the
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Table 4.5 Mean number of capillaries per fiber, capillaries fiber*

Females Males p values

So NXx So NXx
Fibertype (n=8) (n=18) (n=12) (n=16) Sex Nx S-Nx
M. soleus
I 6.50+0.45  6.60+0.18 7.38+0.54  7.75+0.36 001 05 07
M. tibialis cranialis
A 4.01+0.38  3.77£0.12 4.71+0.26  4.06%0.12* 0.02 0.03 03
[1X 4.21+0.37  3.67%0.10* 4.84+0.30  4.39+0.16 <0.01 0.01 07
[IXB 4.74+0.35  3.94+0.16* 4.79+0.24  4.48+0.17 02 001 03
1B 4.83+0.36  4.51+0.18 5.61+0.36  5.24+0.15 <0.01 02 09
All fibers 4414030  3.94+0.11 4.93+0.24  4.67+0.13 <0.01 0.05 0.6

Values are means£SE; n=number of samples; So=sham operated rats; Nx=5/6 nephrectomy rats. Two-way ANOVA
was used to test for sex and Nx effects; p values denote main effect results for sex, Nx, and sex—Nx interactions (S—
NXx). *** p<0.001, ** p<0.01, * p<0.05 compared with So. For clarity, muscle fiber—types with a percentage below
5% are excluded from this analysis

Table 4.6 Mean number of nuclei per fiber, nuclei fib!

Females Males p values

S0 Nx So Nx
Fiber type (n=8) (n=18) (n=12) (n=16) Sex Nx  S-Nx
M. soleus
I 6.11+0.57  5.09+0.21 5.0910.33  6.44+0.45* 0.7 07 <001
M. tibialis cranialis
A 4.08+0.34  3.91+0.24 4.99+0.29  4.40£0.24 002 02 05
[1X 4.04+0.27  3.96%0.20 4.87+0.26  4.35%0.28 003 03 04
[IXB 4.16+0.31  3.92+0.17 4.64+0.22  4.16%0.14 0.07 0.08 05
1IB 4.29+0.28  4.12+0.19 4.78+0.27  4.37£0.16 01 02 06
All fibers 4.12+0.24  3.96+0.18 4.80+0.23  4.39£0.17 001 02 05

Values are means£SE; n=number of samples; So=sham operated rats; Nx=5/6 nephrectomy rats. Two-way ANOVA
was used to test for sex and Nx effects; p values denote main effect results for sex, Nx, and sex—Nx interactions (S—
NXx). *** p<0.001, ** p<0.01, * p<0.05 compared with So. For clarity, muscle fiber—types with a percentage below
5% are excluded from this analysis

level of testosterone was negatively correlated with both of nuclei (r=—0.68, p=0.008) in soleus muscle fibers.
the mean area (r=—0.56, p=0.038) and the mean number Within the female group, no significant correlations
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A Fig. 4.3 (A) Plasma testosterone levels of sham—
operated (So) and 5/6 nephrectomy (Nx) rats of both
sexes; values are means+SE; # p<0.001 compared with
females; ** p<0.01 compared with male So rats. (B)
Correlation between plasma testosterone levels and
percentage of type I1B fibers from the M. tibialis
cranialis of both sexes; r = correlation coefficient; ‘x’
denotes 5/6 nephrectomized rats.

between testosterone and fiber—type characteristics were
noted.
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HIF-1« protein expression. We compared HIF-1a
expression between a sub-set of So and Nx male rats. The
analysis was performed on nuclear extracts from both
tibialis cranialis and soleus muscles, and the HIF-1a
protein levels were investigated by Western blotting (Fig.
4.4A). Analysis of the relative band densities of HIF-1a
protein in So rats indicated about 100% more HIF-

1o protein content in tibialis cranialis than in soleus
muscles (Fig. 4.4B). The effects of Nx on HIF-1a protein
levels were different in the two muscles, HIF-

1o decreased by 42% in the tibialis cranialis (p=0.029)
but was unchanged in the soleus (p>0.23), as compared
with So rats.

DISCUSSION

To our knowledge the present is the first study to
address the impact of long-term (12 wk) 5/6 nephrectomy
(Nx) on skeletal muscle phenotype in an animal model of
uremia. The data obtained indicate that: 1) 12 wk of Nx
results in hind limb muscle phenotypes that are different
from those of the control So rats; 2) this long-term
response to Nx was not homogeneous in slow— and fast—
twitch hind limb muscles with different functions and
fiber-type characteristics; 3) sex seems to play a pivotal
role in the magnitude of these effects, which were more
accentuated in males than in females; and 4) an
inadequate response to hypoxia seems to be involved in
uremia—induced muscle changes.

In agreement with present results in the tibialis
cranialis muscle, evidence of slow-to—fast fiber—type
transitions has been reported in fast—twitch hind limb
muscles of rats 4 wk after Nx (35). Also in agreement
with present results in the soleus muscle, a fast-to—slow—
fiber-type switching has already been reported in trunk
(postural rather than locomotor) muscles of 4 wk Nx rats
7).

In both muscles, but particularly in the soleus, fiber—
type transformations in responses to 12 wk Nx were more
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A Fig. 4.4 Comparison of HIF-1o expression in M.
tibialis cranialis and M. soleus of sham-—operated (So)
and 5/6 nephrectomized (Nx) male rats. (A) A
representative protein analysis by Western blotting on
skeletal muscle nuclear protein extracts. HIF-1a was
detected as a specific 92 —kDa band, and an 32-kDa
TFI1b band is shown as an even-lane evenly band. Note
the higher difference between the densities of the two
bands in the M. tibialis of the So rat compared with both
the M. soleus of the same So rat and the M. tibialis of the
Nx rat. (B) Histograms showing mean + SE HIF-
1a/TFIIb ratios of the M. tibialis cranialis and M. soleus
of So and Nx male rats (n=6 rats per group). # p=0.01
compared with M. soleus; * p<0.05 compared with So
rats.

pronounced in males than in females. This finding is
compatible with the reduced levels of testosterone
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reported in male Nx rats in the present study, probably
reflecting the broader role that testosterone plays in the
maintenance of skeletal muscle phenotype, compared
with estrogens and progestins (36). It has been proposed
that, in the male, testosterone acts directly on the muscle
fiber by binding to androgen receptors within the cytosol
(13), and that this receptor/ligand complex is transported
into the nucleus to stimulate tissue-specific transcription
factors (27). The current results suggest that this cellular
mechanism seems to be muscle-specific. Thus, in the
slow-twitch soleus muscle, this binding would repress
transcription of the myosin heavy chain I gene and result
in a decrease in the expression of myosin heavy chain I,
as shown in the present study in male So rats (see Table
4.3). After 12 wk of Nx, these inhibitory transcriptional
factors would be diminished, and susceptible fibers would
begin expressing the myosin heavy chain | at the expense
of the myosin heavy chain lla. As a result, the fibers
would undergo phenotypic transformation by switching
from type 1A toward type | fibers in this postural muscle.
In agreement with this contention, castration resulted in a
fast-to—slow expression of myosin heavy chains in the
adult mouse masseter, but ovariectomy has no effect on
the fiber type composition in females (13). In the fast—
twitch tibialis cranialis muscle, however, high levels of
testosterone would repress transcription of the myosin
heavy chain Ilb and stimulate myosin heavy chain lIx
expression, as shown in the fast-twitch M. gastrocnemius
of orchiectomized rats (18). The decrease of testosterone
levels seem in males after 12 wk of Nx is compatible with
the higher increase in the number of type 11B fibers at the
expense of type 11X fibers in male than in female Nx rats.
The additive influence of testosterone on fiber types is
also substantiated by the significant correlation between
these parameters within the male group, but not in
females (Fig. 4.3B).

Previous data connected HIF-1a. causally to changes
in muscle phenotype, since elevating the level of HIF-1a.
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in adult rats in vivo, without altering the pattern of muscle
activity, triggered a fast phenotype programme
encompassing myosin heavy chain fiber type, metabolic
enzymes and fiber size (25). However, the muscle
changes observed in the present study after 12 wk of Nx
were associated with either decreased (in the tibialis
cranialis muscle) or unaltered (in the soleus) expression
of HIF-1a. protein content (Fig. 4.4B). These
discrepancies might indicate: (1%) an altered response to
hypoxia at the muscle fiber level in the course of the
uremic myopathy and (2" that changes seen in
fiber-type composition, oxidative and glycolytic
enzymes, and fiber size in Nx animals were not induced
by high levels of HIF-Lo.. The higher expression of HIF-
1o protein seen in the present study in the fast versus the
slow muscle is in agreement with previous results in rat
control muscles (15, 25, 29), and confirms that HIF-1a.
may play a role in maintaining normal properties in fast
muscles (25). The reduced expression of HIF-1a protein
found in our study in the fast tibialis cranialis muscle, but
not in the slow soleus muscle from NXx rats, are not new
findings (15), indicating that postural muscles seem to be
more resistant to hypoxia and muscle changes secondary
to uremia than locomotor muscles. This difference has
been related to an increased expression of inducible nitric
oxide synthase postural muscles (with abundant oxidative
fibers) as opposed to locomotor muscles (primarily
composed of glycolytic fibers) (15).

In the present study, the size of individual muscle
fiber—types resulted unaffected by 12 wk of Nx in both
muscles. However, a modest (12%) increase in area of
pooled muscle fibers was observed in the tibialis cranialis
muscle of Nx rats, as well as a consistent (31%)
hypertrophy of type I fibers in the soleus of male Nx rats.
In accordance with the present results, no significant
changes were reported neither in the area of muscle fibers
of a non-limb (psoas) muscle of 8 wk Nx rats (6) nor in
the diameter of muscle fiber types of locomotor and
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postural muscles of male rats 4 wk after Nx (17). A
tendency, that did not reach statistical significance, for a
decreased size of 11B fibers was noted in the latter study
(17). Uniform atrophy of all muscle fiber types was
reported, however, in locomotor and respiratory muscles
of uremic rats 3 wk after Nx (8). Together, these findings
indicate that impaired muscle fiber size seems to occur in
the early stages of Nx. However, muscle fiber size is
normalized or even increased in hind limb muscles during
the period of ‘stabilization’ of the renal failure, i.e., 12 wk
after the surgery.

The significant interaction between sex and Nx on the
size of type | fibers in the soleus muscle seen in the
present study does not agree with the notion that
decreased levels of testosterone reported in subjects with
CRF should lead to a reduction of muscle mass (2). Since
a similar sexual effect on muscle fiber size could not be
detected in the tibialis cranialis muscle of the same Nx
rats, the sexual dimorphism noted on the hypertrophic
response to long-term Nx in the soleus muscle could be
explained in terms of both functional differences between
the two muscles and physical overloading differences
between the two sexes. Thus, the higher body weight of
male rats compared with females (46% at the start and
75% at the end of the experiment), could explain the fiber
hypertrophy noted in the postural (antigravitatory) soleus
muscle of male Nx rats.

Twelve wk of Nx reduced significantly the relative
oxidative vs glycolytic metabolic capabilities of principal
muscle fiber types in both slow— and fast-twitch hind
limb muscles of rats of both sexes. Impaired oxidative
capacity of skeletal muscles has been documented in
uremic rats during the acute phase of renal failure (3).
This decreased activity of muscle mitochondrial oxidative
enzyme is the likely biochemical basis of the impaired
exercise capacity of CRF subjects. In accordance with the
present results, Durozard et al. (12), using nuclear
magnetic resonance spectroscopy, reported that, in
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maintenance hemodialysis patients, the impaired energy
production via oxidative metabolism is compensated by
an increase in anaerobic capacity. Higher HIF-1a
expression has been implicated in the oxidative—to—
glycolytic energy metabolism transition which occurs in
skeletal muscles under hypoxia—free conditions, (25, 29).
However, under hypoxic—conditions, the reduced
expression of HIF-1a which has been found in locomotor
muscles of rats 4 (15) and 12 (present results) wk after Nx
does not support this metabolic conversion.

Taken together, the present data indicate that 12 wk of
Nx could lead to impaired capillarity in the tibialis
cranialis muscle, but not in the soleus muscle. Capillary
deficit in rat skeletal muscles was also present in early
stages (4 wk) of Nx (16). In agreement with the present
study, the impaired capillarity was more evident in
locomotor (gastrocnemius) than in postural (longissimus
thoracis) muscles (16), and it was associated with a
decreased expression of HIF-1a protein in the locomotor
muscle (15). These findings confirm again that slow
muscles as opposed to fast muscles are more resistant to
the hypoxia—induced disturbances of uremic rats. The
diminished expression of HIF-1a. protein in fast muscles
of uremic rats has been explained by severe HIF-1a
breakdown secondary to high reactive oxygen species
generation and low level of inducible nitric oxide
synthase in glycolytic fibers (15). Since HIF-1a triggers
a coordinated response of angiogenesis (21), a reduced
protein level of this factor in locomotor muscles (15;
present results) could be responsible for impaired muscle
angiogenesis of uremic animals.

In this study, 12 wk of Nx did not affect the absolute
number of nuclei in the tibialis cranialis muscle of uremic
rats. In accordance with the present data, a change of
sarcolemmal nuclei per fiber area could not be detected in
the rat quadriceps femoris muscle after 2—4 wk of Nx (8).
As myonuclear domain size is related with both protein
synthesis and protein turnover rates of muscle fiber types

(31), a maintained absolute number of nuclei, as noted in
the present study in the tibialis cranialis muscle, does not
support evidence of an altered synthesis and/or
breakdown of proteins in fast-twitch muscles of rats 12
wk after Nx. However, the increased number of nuclei
observed in the present study in the soleus type I fibers of
male NXx rats suggests an increased synthesis of proteins
which is compatible with the increased size noted in these
fibers.

A weakness of this study was the lack of objective
data on physical activity of the animals, since a
diminished physical activity of Nx vs So rats could be a
contributing factor explaining some obtained differences
in muscle fiber—type characteristics between the two
groups. Nevertheless, by subjective evaluation, daily
physical activity seemed to be similar in both groups.

Conclusion

In conclusion, the present study provides evidence
that the adaptive response of uremic rat skeletal muscle
during the phase of ‘stable’ CRF (12 wk after surgery)
takes the form of remodelling without atrophy or with
discrete hypertrophy, where muscle fibers do not change
(or enlarge modestly) in size and nuclear density, but
acquire markedly different contractile and metabolic
characteristics, which are accompanied by impaired
capillarity. It is noteworthy that this malleability is
muscle-specific and sex—dependent. While in the entirely
inactive at rest tibialis cranialis muscle, 12 wk of 5/6
nephrectomy resulted in slow-to—fast fiber
transformation, oxidative-to—glycolytic enzymatic
conversion and reduced capillary density, in the tonically
active slow—twitch soleus muscle, which provides
postural support at rest, the same uremic stimuli induced a
diminished oxidative—to—glycolytic enzyme ratio which
was accomplished by discrete fast-to—slow fiber
transformation, fiber hypertrophy and nuclear
proliferation. Changes in both muscles were more
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pronounced in male than in female uremic rats, showing
evidence that low levels of testosterone reported in male
but not in female Nx rats also seems to play a role in the
skeletal muscle response to sustained uremia. The
diminished protein level of HIF-Lo seen in the fast
muscle of Nx rats supports impaired angiogenesis, but
does not support muscle changes in fiber types, metabolic
enzymes and fiber size seen in these animals, suggesting
an altered response to hypoxia of uremic animals.
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ABSTRACT

Although disorders of mineral metabolism and
skeletal muscle are common in chronic kidney disease
(CKD), their potential relationship remains unexplored.
Elevations in plasma phosphate, parathyroid hormone and
fibroblastic growth factor 23 together with decreased
calcitriol levels are common features of CKD. High
phosphate intake is a major contributor to progression of
CKD. This study was primarily aimed to determine the
influence of high phosphate intake on muscle and to
investigate whether calcitriol supplementation counteracts
negative skeletal muscle changes associated with long—
term uremia. Proportions, and metabolic and
morphological features of myosin-based muscle fiber—
types were assessed in the slow-twitch soleus and the
fast-twitch tibialis cranialis muscles of uremic rats (5/6
nephrectomy, Nx) and compared with sham—operated
(So) controls. Three groups of Nx rats received either a
standard diet (0.6% phosphorus, Nx-Sd), or a high—
phosphorus diet (0.9% phosphorus, Nx-Pho), or a high—
phosphorus diet plus calcitriol (10 ng/kg 3 d/wk ip, Nx-
Pho+Cal) for 12 wk. Two groups of So rats received
either a standard diet or a high—phosphorus diet (So-Pho)
over the same period. A multivariate analysis
encompassing all fiber—type characteristics indicated that
Nx-Pho+Cal rats displayed skeletal muscle phenotypes
intermediate between Nx-Pho and So-Pho rats, and that
uremia—induced skeletal muscle changes were of greater
magnitude in Nx-Pho than in Nx-Sd rats. In uremic rats,
treatment with calcitriol preserved fiber—type
composition, cross—sectional size, myonuclear domain
size, oxidative capacity and capillarity of muscle fibers.
These data demonstrate that high phosphorus diet
potentiates and low dose calcitriol attenuates adverse
skeletal muscle changes in long—term uremic rats.

NEW AND NOTEWORTHY
This study investigates the impact of dietary
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phosphate and calcitriol treatment on phenotypic
characteristics of slow— and fast—twitch hind limb skeletal
muscles in uremia. A multivariate analysis encompassing
all fiber-type characteristics indicated that a diet with
high phosphate content induced skeletal muscle changes
of greater magnitude compared with a standard diet.
Treatment with calcitriol preserved fiber-type
composition, cross-sectional size, myonuclear domain
size, oxidative capacity and capillarity of muscle fibers.
Key words: chronic renal failure, active vitamin D,
phosphorus, secondary hyperparathyroidism, muscle fiber

type

INTRODUCTION

Disorders of mineral metabolism are common in
patients with chronic kidney disease (CKD) (7).
Secondary hyperparathyroidism (HPT) develops early in
CKD and is present virtually in all patients with end-
stage renal disease (7, 15, 46). Main features of secondary
HPT in CKD include decreased production of calcitriol
(10,25 dihydroxyvitamin Ds, the active form of vitamin
D) by the kidneys, retention of phosphorus
(hyperphosphatemia), low serum calcium (hypocalcemia)
and increased levels of serum parathyroid hormone (PTH)
and fibroblastic growth factor 23 (FGF23) (7, 15, 46).
Secondary HPT is a progressive disease associated with
systemic complications, including renal osteodystrophy,
soft tissue and vascular calcifications, and adverse
cardiovascular outcomes (55). It is well known that
calcitriol and other vitamin D analogues reduce serum
PTH levels at the expense of a concomitant increase in
phosphate and calcium intestinal absorption (46, 55). It is
also known that calcitriol increases the risk of adynamic
bone disease in patients with advanced CKD (35) and
induces aortic calcifications in rats with secondary HPT
(29). However, vitamin D analogues are widely used in
early CKD to prevent calcitriol deficiency, an important
factor in the development of secondary HPT (55).
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Skeletal muscle is heavily impacted by CKD,
suffering from a constellation of structural and functional
abnormalities referred to as uremic myopathy (3).
Changes in skeletal muscle performance parameters have
been extensively described over the past 40 years in both
CKD patients (e.g., 5, 11, 13, 14, 16, 34, 45) and animal
models of uremia (4, 9, 18, 19, 38, 52) but the reported
findings are not uniform. A recent study by the authors’
group provided evidence that skeletal muscle cells change
their proportions and metabolic and structural features 12
wk after 5/6 nephrectomy (NXx), a widely used animal
model of uremia (1). This malleability was muscle—
specific, being of greater magnitude in the fast—twitch
(normally inactive at rest) tibialis cranialis (TC) muscle
than in the slow—twitch (primarily active at rest providing
postural support) soleus (SOL) muscle. Although the
precise mechanism underlying these changes remains
unclear, it seems to be multifactorial and complex (see
Ref. 3 for review).

There is now emerging evidence that vitamin D exerts
a range of beneficial effects in skeletal muscle (23, 41).
They include improvements of muscle contractibility and
myosin heavy chain expression (37), mitochondrial
oxidative phosphorylation (49), muscle cell
differentiation and myogenesis (21), angiogenesis (22)
and muscle growth (10, 24, 47). These actions may, in
part, be indirect by way of vitamin D’s effect on calcium
and phosphorus homeostasis, but also by a direct
mechanism via the expression in skeletal muscle of both
vitamin D receptor (VDR) and the enzyme CYP27B1 (1-
a—hydroxylase), which hydroxylates 25-hydroxyvitamin
Ds to calcitriol (41). These data provide clear support for
the concept that skeletal muscle is a target organ of
vitamin D action.

Although collectively a few studies from the earliest
literature provide evidence that treatment with vitamin D
may have a positive effect on various aspects of muscle
function in patients with advanced CKD (8, 25, 28, 54),
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contractile, metabolic and structural events underlying
this effect at the cellular level have not been explored in
experimental models of uremia. Moreover,
methodological limitations of these studies (discussed in
Ref. 26), make it difficult to draw firm conclusions or to
generalize these results.

We hypothesized that feeding uremic rats with high
phosphorus diets would increase the severity of muscle
changes and that treatment of uremic rats with low-dose
calcitriol would attenuate muscle changes by reverting
muscle fiber—type characteristics toward those of control
skeletal muscle phenotypes. Thus, the main purpose of
this study was to analyze the effect of high—phosphorus
diet and low—dose calcitriol on frequency, metabolic and
structural changes of skeletal muscle fiber-types in long—
term uremic rats.

MATERIALS AND METHODS

Experimental Design and Procedures

Ethics. All experimental protocols were reviewed and
approved by the Ethics Committee for Animal Research
of the University of Cordoba (Cordoba, Spain). They
followed the guidelines laid down by the Higher Council
of Scientific Research of Spain following the normal
procedures directing animal welfare (Real Decreto
223/88, BOE of 18 of March) and adhered to the
recommendations included in the Guide for Care and Use
of Laboratory Animals (US Department of Health and
Human Services, NIH) and European laws and
regulations on protection of animals, under the advice of
specialized personnel.

Animals. Sixty adult (3.5-4 mo old) Wistar rats of
both sexes (30 females and 30 males) with body weight of
249 + 52 g (mean = SD) at the beginning of the
experiment were used. Animals were provided by the
Central Service of Experimental Animals of the
University of Cordoba, Cordoba (Spain). They were
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individually housed in standard vivarium cages in a
temperature— and humidity—controlled environment, with
a 12:12-h light-dark cycle and given ad libitum access to
standard rat diet (Altromin Spezialfutter GmbH,
Germany; values per 100 g: energy 351.8 kcal 1100 kJ2,
protein content 18%, lysine 1.74%, methionine 1.0%,
cysteine 0.31%, tryptophan 0.20%, fat 5%, ash 4.5%,
sodium 0.24%, calcium 0.6%, phosphorus 0.6%) and tap
water.

Design and surgical procedures. Before the
experiment began, all rats were maintained for 2 wk on
the standard diet. Afterwards, rats were randomly
allocated to the following groups with balanced sexes:
sham operated control (So; n=24) and 5/6 nephrectomy
(Nx, n=36 rats). The Nx was carried out following a two—
step procedure that reduces the original renal mass by
five-sixths as previously described (1). The control So
rats were sham operated with the same protocol and total
duration of the surgery, except both kidneys were
maintained intact. After the second surgery, So rats were
randomly allocated to the following two groups of 12
individuals each with balanced sexes: So-Sd and So-Pho.
Rats in the So-Sd group were maintained for 12 wk on
the standard diet, whereas animals in the So-Pho group
received a high-phosphate diet (0.9% phosphorus) over
the same experimental period. After surgery, Nx rats were
randomly allocated to the following three groups of 12
rats each with balanced sexes: Nx—Sd, Nx—Pho and Nx—
Pho+Cal. Rats in the Nx-Sd group were maintained for
12 wk on the standard diet, animals in the Nx-Pho group
received a high—phosphate (0.9% phosphorus) diet and
rats in the Nx—Pho+Cal were supplemented with a high—
phosphate diet (0.9% phosphorus) and calcitriol (10 ng
kg™, Calcijex, Abbot, Madrid, Spain; 3 d wk, ip). Both
food intake and body weight of individual rats were
assessed weekly.

Muscle sampling and tissue preparation. After 12 wk,
rats from both groups were sacrificed by aortic puncture

69

and exsanguination under deep general anaesthesia
(sodium thiopental 50 mg kg, Penthotal®, Abbot,
[llinois, USA, ip). Soleus (SOL) and tibialis cranialis
(TC) muscles were dissected and individual muscles were
wet weighted. These muscles were selected as two
representative muscles of a typical slow-twitch muscle
(SOL, composed primarily of slow-twitch muscle fibers)
and a characteristic fast-twitch muscle (TC, composed
primarily of fast-twitch muscle fibers in its white region),
respectively (12). Also because these two hind limb
muscles are opposite regarding their resting functional
activities (see Ref. 12). Upon collection, tissue blocks
from the muscle belly were mounted on cork blocks with
the use of OCT embedding medium (Tissue-Tek I, Miles
Laboratories, Naperville, IL, USA) and oriented so that
myofibers could be cut transversely. Specimens were
systematically frozen by immersion in isopentane (30 s),
kept at the freezing point in liquid nitrogen, and stored at
-80 °C until analyzed. Muscle samples were routinely
frozen between 2 and 4 min after removal, because it has
been demonstrated that the interval between removal and
freezing has a significant (negative) effect on skeletal
muscle fiber size (33). All muscle sampling and muscle
preparation procedures were always carried out by the
same investigator, experienced in skeletal muscle biopsy
studies, taking care to standardize both the location and
the freezing of the sample.

Laboratory Analyses

Blood biochemistry. Blood samples were obtained
from the abdominal aorta in heparinized syringes at the
time of the death. Measurements of ionized calcium levels
were analyzed immediately using a Ciba—Corning 634
ISE Ca?*/pH Analyzer (Ciba-Corning, Essex, UK).
Afterward, plasma was separated by centrifugation and
stored at —80 °C until assayed. Plasma creatinine, blood
urea nitrogen, and phosphorus levels were measured by
spectophotometry (Biosystems, Barcelona, Spain).
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» Fig. 5.1 Serial frozen sections of tibialis cranialis muscle from a representative sham operated rat (So) stained for
immunohistochemistry (A-E) and enzyme histochemistry and histology (F-1). A-E: Sections were reacted with
monoclonal antibodies against specific myosin heavy chain (MHC) isoforms: BA-D5 (A, anti MHC-I), SC-71 (B,
anti MHC-Ila), BF-35 (C, anti MHCs-I, —Ila and —I1b), S5-8H2 (D, anti MHCs-I, —I1x and —IIb) and BF-F3 (E, anti
MHC-I1b). F-1: Additional serial sections were stained for quantitative enzyme histochemistry of succinate
dehydrogenase (F, SDH) and glycerol-3—phosphate dehydrogenase (G, GPDH) activities, and for histology of o—
amylase periodic acid Schiff (H, PAS) for visualizing capillaries and haematoxylin and eosin (I, H&E) for visualizing
nuclei. The seven MHC-based muscle fiber types are labelled in all serial sections; four of them were pure fibers
expressing a unique MHC isoform (i.e., fibers ‘1°, ‘3°, ‘5” and ‘7’ which correspond with type I, IIA, IIX and IIB
fibers, respectively), and other three were hybrid phenotypes coexpressing two different MHC isoforms [i.e., MHCs-I
and —lla (type I+11A, not shown), MHCs—lla and —1Ix (type 11AX, not shown) and MHCs-IIx and —I1b (type 11XB,
fiber labelled ‘6”). Bar, 150 pm.

ELISA tests were used to quantify plasma FGF23 (Kainos  dehydrogenase (SDH, EC 1.3.4.1; Fig. 5.1F), used as an

Laboratories, Tokyo, Japan) and PTH (Rat Bioactive oxidative marker, and glycerol-3—phosphate—

Intact PTH ELISA kit, Immunotopics Inc, San Clemente,  dehydrogenase (GPDH; Fig. 5.1G), used as an indirect

CA, USA). marker for glycolytic potential of myofibers, were
Myosin heavy chain (MHC) immunohistochemistry. determined on 10—um- and 14-pum-thick sections,

Muscle samples were serially sectioned (10-pm-thick) in  respectively, by using quantitative histochemical methods
a cryostat (Frigocut, Reitchert Jung, Nubloch, Germany)  previously adjusted and validated in rat skeletal muscle

at —20 °C and used for immunohistochemistry. (43). However, it is not known whether the GPDH
Immunohistochemistry was performed with five histochemical method used in the present study stains for
monoclonal antibodies (MAbs) specific against MHC activity of the cytosolic NAD-dependent GPDH (EC

isoforms: BA-D5 (DMS, Braunschweig, Germany; anti-  1.1.1.8) or the mitochondrial FAD-dependent GPDH (EC
MHC-I; Fig. 5.1A), SC-71 (DMS; anti-MHC-lla; Fig. 1.1.99.5). Neither GPDH is directly involved in the
5.1B), BF-35 (DMS; anti-MHCs-I plus —Ila and -Ilb; glycolytic pathway; however, both are directly involved
Fig. 5.1C), S5-8H2 (Biocytex Biotechnology, Marseille, in the transfer of NADH from glycolysis in the cytosol
France; anti-MHCs-I plus —IIx and —IIb; Fig. 5.1D),and  into FADH; in the mitochondria of skeletal muscles.
BF-F3 (DMS; anti-MHC-I1b; Fig. 5.1E). The specificity ~ Furthermore, GPDH histochemical activity correlates

of these MAbs for MHCs in rat skeletal muscle has with the activities of other glycolytic enzymes (40).
previously been reported (1, 27, 48). The Nuclei and capillary histology. Additional 10—um-—
immunoperoxidase staining protocol with avidin-biotin thick sections were stained with haematoxylin and eosin
complex (ABC) protocol was used as previously (H&E; Fig. 5.11) and used to visualize total nuclei within
described (43). or around each individual muscle fiber. Additional 14—
Quantitative enzyme histochemistry. Additional serial ~ pum-thick serial sections were incubated in a 2.2%
sections were used for quantitative enzyme solution of a—amylase and then stained according to a

histochemistry. The activities of the enzymes succinate standardized periodic-acid-Schiff (PAS; Fig. 5.1H)
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technique by using a 1% solution of acid (2). These
sections were used to visualize capillaries.

Image analysis and morphometry. Sections were
examined in a blind fashion by the same investigator
(L.M.A.), who had experience of the normal appearance
of mammalian skeletal muscle fibers. All serial sections
for immunohistochemistry, enzyme histochemistry and
histology were visualized and digitized as previously
described (2). A region containing between 150 and 250
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fibers was selected for further analyses. In the TC muscle,
this area was selected from the core of the white
(superficial) portion of the muscle, since it contains a
higher number of fast-twitch muscle fibers (98%) than
the red (deep) portion (93%) of the muscle (12). Images
were saved as digitized frames at 256 gray levels. The
gray levels were converted to optical density (OD) units
by using a calibrated set of OD filters. The digitized
images of the fibers in the two histochemical reactions
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(SDH and GPDH) within the selected region were traced
manually and analyzed for the fiber cross—sectional area
(CSA) and the average OD for each histochemical
reaction of individual muscle fibers. The average fiber
OD for each histochemical reaction was determined as the
average OD for all pixels within the traced fiber from
three sections incubated with substrate minus the average
OD for all pixels of the same fiber from other two
sections incubated without substrate (43). Because a
number of factors can influence the reliability of
histochemical enzyme activity determinations, we
checked the variability on three consecutive sections for
both SDH and GPDH histochemical reactions by repeated
measurements of the same individual fibers. Only
coefficients of variation for triplicate measurements of
ODs below 5% were accepted in the present study; this
demonstrated the high analytical precision that can be
achieved for the measurement of fiber OD on enzyme
histochemical sections.

The number of nuclei and capillaries around each
individual muscle fiber in the selected area of the sample
was also obtained from the haematoxylin and eosin
staining and a—amylase-PAS techniques, respectively
(2). They were expressed in absolute terms as number of
nuclei or capillaries in contact with each muscle fiber.

The fibers in the selected area were classified
according to their MHC content by means of visual
examination of immunostainings of the five serial
sections stained with the battery of anti-MHC MADbs as
previously described (1). The reactivity of each individual
muscle fiber in these five consecutive sections was judged
as positive or negative by comparing the intensity of the
reaction of neighbouring fibers. Seven fiber types were
categorized, four of them as pure fibers expressing a
unique MHC isoform (i.e., type I, 1A, 11X and 1IB), and
other three as hybrid phenotypes co—expressing two
different MHC isoforms (type I+11A, IAX and [1XB).

The relative frequency of different muscle fiber types

72

in the selected region was used to numerically express the
fiber type composition of each muscle sample. The CSA
of the same fibers were averaged according to fiber type.
Individual SDH and GPDH ODs and absolute numbers of
nuclei and capillaries of muscle fibers were averaged
according to the MHC muscle fiber-type and used for
statistical analyses. The SDH-to—GPDH ratio of
individual muscle fibers was used as an indicator of the
relative oxidative vs glycolytic metabolic capacities of
individual muscle fibers. For minor fibre types (I+11A and
I1A in the SOL muscle, and I, I+11A and IIAX in the TC
muscle), there were so few fibres in most muscle samples
that a statistically reliable determination of their CSA,
nuclei, SDH, GPDH, and capillarity was impossible. In
consequence, muscle fibre-types showing, on average, a
fibre percentage below 5% were excluded from these
analyses.

Statistical analyses

All statistics and charts were run on Statistica 7.0 for
Windows (StatSoft I, Statistica, Data software System,
www.statsoft.com). Muscle sample was the unit of
analysis for the present dataset. A total of 120 muscle
samples (60 animals x two muscles —-SOL and TC) were
available for statistical analysis. Sample size and the
power of a contrast of hypothesis were estimated by
power analysis and interval estimation of the statistical
software employed. Accepting an o-risk of 0.05 and a -
risk of 0.2 in a two-sided test, a minimum of 12
subjects/group were considered necessary to recognize as
statistically significant a minimum difference of 1.5 SD
units between any pair of groups assuming that 5 groups
exists, as well as a common deviation of 20% of the mean
value, and anticipating a drop—out rate of 0%. Normality
of muscle variables was tested using a Kolgomorov—
Smirnov test and data were expressed as means + SE.
One-way analysis of variance (ANOVA) was used to test
for differences between groups. When either a significant
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(P<0.05) or a marginal (0.05<P<0.1) effect was observed,
the Fisher LSD post hoc test was used to locate specific
significant differences between pairwise groups.

Overall differences among experimental groups were
estimated by squared Mahalanobis coefficients provided
by multivariate discriminant analyses of the two hind-
limb muscles. This distance takes into account all muscle
fiber-type variables summarising the overall phenotype
of each individual muscle sample, allowing its
classification into one of the five groups. These
coefficients served to compare the overall muscle
characteristics of group pairs in order to establish their
homologies and differences regarding the control skeletal
muscle phenotype.

RESULTS

Plasma biochemistry. As expected, all Nx groups had
higher plasma creatinine and urea levels than So groups
(P<0.001) and no significant differences were found
between Nx groups (Table 5.1). Plasma phosphorus
concentration was higher in the groups fed high—
phosphorus diet (Pho subgroups), and hyperphosphatemia
was more severe in the Nx-Pho and Nx-Pho+Cal rats
(Table 5.1). The plasma ionized calcium level only was
reduced in Nx-Pho rats, when compared with the So-Sd
group. Both nephrectomy and feeding high—phosphorus
diet resulted in increases in FGF23 that were not
significant; however, the combination Nx-Pho produced a
highly significant increase in FGF23 that was potentiated
by treatment with calcitriol (Table 5.1). Plasma PTH
behaved similar to FGF23 with the exception that
treatment with calcitriol reduced PTH concentrations
(Table 5.2).

Food intake, body weight, muscle weight and muscle—
somatic index. Food and energy intakes and body weight
gain throughout the experiment (12 wk) were similar in
the five experimental groups (P>0.05; Table 5.1). Thus,
final body weights were similar in all groups (P>0.05).
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Wet weight and muscle-somatic index (MSI, wet muscle
weight referred to body weight) of the TC muscle did not
vary between groups (P>0.05; Table 5.1). However, wet
weight and MSI of the SOL muscle were higher in Nx—
Pho+Cal rats than in the remaining groups (P=0.05 and
P<0.01, respectively).

Fiber-type composition. Seven fiber—types were
identified in the TC muscle, but only three fiber-types
were found in the SOL muscle. SOL and TC muscle
fiber-type distributions are shown in Table 5.2. The five
experimental groups were comparable regarding their
SOL muscle fiber-type compositions (P>0.05). There
were, however, statistically significant differences in TC
muscle fiber-type distribution between the five groups
(P<0.05-P<0.01). In this muscle, Nx induced a slow-to—
fast fiber—type switching in the direction
[-ITA—IIX—IIB, compared with the two So groups.
However, the amplitude of this change was not
homogeneous in the three Nx groups of rats. Nx-Sd
decreased types I and l1A fibers by 56% (P=0.05) and
41% (P<0.05), respectively, and increased type IIB fibers
by 54% (P<0.05), compared with So-Sd rats. Nx-Pho
decreased type 11X fibers by 50% (P<0.001) and
increased type 1B fibers by 78% (P<0.01), compared
with So-Pho subjects. And Nx-Pho+Cal did not vary
significantly this muscle fiber type—composition,
compared with So-Pho rats (P>0.05). The three Nx
groups were comparable regarding their TC muscle fiber—
type composition, but a tendency for Nx-Pho+Cal rats
having a lower percentage of type 1B fibers than Nx-Pho
subjects was noted (P=0.067). So—Pho increased the
percentage of hybrid I1XB fibers in the TC muscle by
74% (P<0.01), compared with So-Sd animals.

Muscle fiber CSA. The five experimental groups were
comparable concerning their muscle fiber CSAs of both
muscle types. This was noted both at the individual
muscle fiber—type level (Table 5.3) and when all muscle
fibers were analyzed together without fiber-type
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Table 5.1 Blood biochemistry, food intake, body weight, muscle weights and muscle somatic index (MSI) of
subjects

So-Sd So-Pho Nx-Sd Nx-Pho Nx—Pho+Cal P value
[Creatininel mgdL?  0.70£0.02a 0.70+0.05a 1.02+t0.06 b 1.30+0.05b 1.10+0.09b P=0.001
[Urea] mg dL 50.2+1.8a 39.5#25a 725459b 80.4%12.1b 68.2+18.4Db P=0.000
[Bicarbonate] mmol L 24.7+2.3 24.3+0.3 29.2+1.1 31.1+4.2 30.4+3.5 NS
[P] mg dIt 3.34+0.16 a 4.96%0.23 bc 4.40+0.59 ab 6.30+0.70 cd 6.63+0.75d P=0.001
[Ca**] mmol L* 1.23+0.02b 1.23+0.01 ab 1.22+0.01 ab 1.16+0.05a 1.22+0.02 ab P<0.1
[FGF23] pg mL* 67.747.8a 165+11a  106#38a  705+198b 1825#401c¢  P=0.000
[PTH] pg mL ! 20.8+1.2a 102.6+41.9a 115.8450.1a 1815+660b 1186+488b  P=0.01
Food intake, g d* 20.0+1.4 14.3+1.2 18.7+1.0 15.7+0.8 17.0£3.5 NS
EQ:Irng'”take' 703+48  50.2¢+41 658434 551427  59.8+12.3 NS
Initial body weight, g 270+27 265+23 246121 238+14 249423 NS
Final body weight, g 345+41 347+44 32339 30837 339+44 NS
Weight gain, ¢ 75+14 82122 7717 80+21 90+22 NS
M. soleus
Weight, mg 14349 a 15749 ab 1368 a 143+12 a 177+14 b P=0.05
MSI, mgg* 0.43+0.02a 0.47+0.02a 0.43+0.02a 0.44+01a 0.53+0.01b P<0.01
M. tibialis cranialis
Weight, mg 893+49 840451 821459 802451 890+73 NS
MSI, mg g+ 2.65+0.08 2.51+0.10 2.5840.09 2.56+0.05 2.65+0.04 NS

Values are means£SE, n= 12; So-Sd=sham-operated standard diet; So—Pho=sham—operated high-phosphorus diet; Nx—
Sd=5/6 nephrectomy standard diet; Nx—Pho=5/6 nephrectomy and high—-phosphorus diet; Nx-Pho+Cal=5/6 nephrectomy
high—phosphorus diet plus calcitriol. One-way ANOVA was used to test for differences between groups; P values denote
significance of differences between groups, NS=not significant. Within a row, means with different letters differ
significantly (P<0.05, at least)

specification (Fig. 5.2A). Nevertheless, the mean CSA of  the higher weight and MSI of the SOL muscle noted in

type 11X fibres in the TC muscle of Nx—Pho rats was the Nx—Pho+Cal group in comparison with the remaining
found to be lower by 21% (P<0.05) and 27% (P<0.01) groups (Table 5.1).

compared with those found in So—Pho and Nx-Pho+Cal Muscle fiber nuclear density. The mean number of
groups, respectively (Table 5.3). Furthermore, a no— nuclei associated with individual muscle fibers changed

significant tendency for Nx-Pho+Cal rats having greater  significantly between groups, but the direction of the
muscle fibers in the SOL muscle than So-Sd subjects was  changes was divergent in the two hind-limb muscles
observed (20%, P=0.058). This difference could underlies  (Table 5.3; Fig. 5.2B). In the SOL muscle, the muscle

74



Chapter 5

Table 5.2 Muscle fiber—type composition, %

Fiber-type So-Sd So-Pho Nx-Sd Nx-Pho Nx-Pho+Cal P values
M. soleus

I 96.0+£2.0 98.4+0.8 97.9+0.7 97.2+0.8 96.8+1.0 NS
[+11A 0.3+0.2 0.610.3 1.610.6 1.7£0.7 0.8+0.3 NS

A 3.7+2.0 1.0£0.8 0.5+0.3 1.1+0.6 2.4+1.1 NS

M. tibialis cranialis

I 41+14b  20+06ab 1.8+09a  10+0.3a 1.3+04a P<0.1
[+11A 2.3t1.2 0.5+0.3 0.3£0.2 2.5+1.04 2.40.7 NS

A 22.742.8h 15.6+3.4ab 133t24a 9.1+25a 134+l2a P<0.05
[HIAX 7.442.1 4.1+1.3 3815 4.7+1.4 4514 NS

11X 21.742.8bc 26.7432c 18.4+2.1ab 13.3+t22a 17.1+2.7ab P<0.05
[IXB 16.9+25a 29.4+25b 24.3+3.7ab 31.7t39b 33.3£3.3Db P<0.01
[IB 25.0+4.9a 21.7+45a 385+4.7h 38.6+25b 28.2+2.2ab P<0.01

See Table 5.1’s legend for keys

fiber nuclear densities of Nx-Pho+Cal were found to be
higher by 26% (P<0.05) and 36% (P<0.01), compared
with those of So-Pho and Nx-Sd groups, respectively. In
the TC muscle, however, Nx-Sd decreased the mean
number of nuclei of all muscle fiber-types by 17% on
average (P<0.01), compared with So-Sd. Nx-Pho and
Nx-Pho-+Cal did not change myofiber nuclear density in
this muscle, compared with So-Pho subjects. However,
Nx—Pho decreased this density by 17% (P<0.01),
compared with So-Sd rats. The mean number of nuclei of
type 1B fibers in the TC muscle of Nx-Pho+Cal rats was
found to be higher by 18% (P<0.05), compared with those
of Nx-Sd and Nx-Pho groups. The two control groups
(So-Sd and So-Pho) were comparable regarding their
muscle fiber nuclear densities in the two muscle types
(P>0.05).

Muscle fiber SDH-to-GPDH enzyme ratio. The
SDH-to-GPDH histochemical enzyme ratios, used as an
index of the relative contribution of oxidative vs
glycolytic pathways for energy provision within single
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muscle cells, are depicted in Table 5.4 (expressed at the
single fiber-type level) and Fig. 5.2C (pooled for all
muscle fiber-types). The mean SDH-to—GPDH ratios of
muscle fibers in SOL and TC muscles of the three groups
of Nx rats were found to be lower compared with those of
the two So groups (P<0.05-P=0.000), but the magnitude
of these changes differed between the three Nx groups.
Thus, whereas Nx-Sd and Nx—Pho+Cal decreased SDH-
to—GPDH ratios of muscle fibers in a range from 13%
(P<0.05) to 26% (P<0.001), compared with their
respective control groups (So-Sd and So-Pho), Nx-Pho
decreased these ratios in a range between 22% (P<0.01)
and 37% (P=0.000). As a consequence, the Nx-Sd and
Nx—Pho+Cal groups were comparable regarding their
muscle fiber SDH-to—GPDH ratios of both SOL and TC
muscles (P>0.05). However, these ratios were lower in
Nx—Pho rats compared with both Nx-Sd and Nx—
Pho+Cal (P<0.05-P<0.001). The two control groups
(So-Sd and So-Pho) also were comparable concerning
their muscle fiber SDH-to—GPDH enzyme ratios.
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Table 5.3 Muscle fiber size and nuclei per fiber

Fibertype So-Sd So-Pho Nx-Sd Nx-Pho Nx-Pho+Cal P values
Muscle fiber—type cross-sectional area, um?

M. soleus

I 33781205  3596+189 35161247  3538+257  4069+317 NS

M. tibialis cranialis

A 1442458 13884112 1306167 15964165  1543+138 NS

11X 22314208 ab 22784203 b 2098+138 ab 1797+124a 2462+151b P<0.1
[IXB 23921170 28724304  2803+121  2623+126  2766+196 NS

1IB 3601+294 43214425 45681205  4260+208  4372+376 NS
Muscle fiber—type number of nuclei per fiber, nuclei fiber

M. soleus

I 5.78+0.24abc 5.42+0.48 ab 4.82+0.32a 6.01+0.53 bc 6.56+0.40 ¢ P<0.05
M. tibialis cranialis

A 4.68+0.27b 4.36+0.35ab 3.81+0.18a 4.08+0.18ab 4.31+0.37ab  P<0.1
11X 4.69+0.27b 4.33+0.23 ab 3.88+0.23a 3.92+0.24a 4.17+0.23ab  P<0.1
[IXB 458+0.22b 4.19+0.25ab 3.80+0.17a 3.78+0.19a 4.28+0.17ab  P<0.05
1IB 4.63+0.20 b  4.40+0.30 ab 3.87+0.13a 3.85+0.17a 4.55+0.22 b P<0.05

See Table 5.1°s legend for keys. For clarity, muscle fiber—types with a percentage below 5% are excluded from this

analysis

Muscle fiber capillarity. The mean number of
capillaries contacting muscle fibers differed significantly
between groups, but the nature of these differences was
not homogeneous in the two muscle types (Table 5.4;
Fig. 5.2D). In the SOL muscle, Nx—Pho+Cal increased
muscle fiber capillarization by 22% compared with both
So-Pho (P<0.05) and Nx-Sd (P<0.01). In the TC muscle,
however, the three Nx groups were comparable
concerning their muscle fiber capillarity (P>0.05). Nx-Sd
decreased TC muscle fiber capillaries ~15% (P<0.01),
compared with So-Sd rats. Both Nx—Pho and Nx—
Pho+Cal groups were comparable with So—-Pho animals
regarding their mean number of capillaries supplying TC
muscle fibers, but they decreased this number by 15%—
20% (P<0.05-P<0.001), compared with So-Sd subjects.
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So-Pho also decreased the number of capillaries
surrounding TC muscle fibers by 16% (P<0.01),
compared with So-Sd rats.

Multivariate analysis. To summarize quantitatively
the degree of similarity or discrepancy between skeletal
muscle phenotypes of the five experimental groups, a
discriminant analysis was conducted with data available
for each muscle. The following variables were included in
the discriminant model: muscle weight, MSI, fiber-type
percentage, mean CSA, nuclear density, SDH-to-GPDH
enzyme ratio, and capillarity of muscle fibers. Data were
restricted to type I fibers in the SOL muscle and to type
A, 11X, [1XB and I1B fibers in the TC. With these
parameters, 46/60 (77%) and 57/60 (95%) observations
(muscle samples) of the SOL and TC muscle,
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A Fig. 5.2 Cross—sectional area (A), number of nuclei per fiber (B), succinate dehydrogenase (SDH)—to—
glycerol-3—phosphate dehydrogenase (GPDH) enzyme ratio (C), and number of capillaries per fiber (D)
of all muscle fibers (without fiber—type specification) of soleus and tibialis cranialis muscles of the five
experimental groups (So—Sd=sham-operated standard diet, So—Pho=sham-operated high phosphorus diet,
Nx-Sd=5/6 nephrectomy standard diet, Nx—Pho=5/6 nephrectomy high phosphorus diet, Nx—
Pho+Cal=5/6 nephrectomy high phosphorus diet plus calcitriol). Values are means+SE; a.u.=arbitrary
units; means with different letters are statistically different (P<0.05, at least)

respectively, were correctly discriminated in their depicted in Fig. 5.3. These coefficients highlight the
respective experimental groups. The Mahalanobis similarities or differences of the overall phenotypic
distances between group pairs and their significances are  features of each muscle between groups. The two control
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Table 5.4 Muscle fiber-type metabolic profile and capillarity

Fiber-type So-Sd So-Pho Nx-Sd NxPho Nx—Pho+Cal P values
Succinate dehydrogenase-to—glycerol-3—phosphate dehydrogenase ratio, arbitrary units

M. soleus

| 2112005¢ 213:007¢ 000" 167:003a 186+008b  P=0.000
M. tibialis cranialis

A 2.15+0.10c 2.25+0.07c 1.79+0.10b 1.41+0.05a 1.75+0.07b P=0.000
1), 1.40+0.08b 1.49+0.10b 1.37#0.05b 1.15+0.08a 1.44+0.05b P<0.05
[IXB 1.16+0.06 b 1.07+0.06 b 0.86+0.02a 0.75+0.07a 0.81+0.02a P<0.001
1B 0.92+0.04c 0.93+0.03c 0.78+0.02b 0.61+0.02a 0.75+0.02b P=0.000
Muscle fiber—type number of capillaries per fiber, capillaries fib™

M. soleus

I 7.42+0.49ab 6.46+0.38a 6.42+0.37a 7.29+0.28ab 7.87+0.32 b P<0.05
M. tibialis cranialis

A 4.75£0.28 b 4.02+0.26 a 3.80+0.15a 3.80+0.12a 3.98+0.16a P<0.01
X 527+0.27b 4.05£0.19a 4.10+0.17a 3.90+0.22a 4.01+0.20a P<0.001
[IXB 521+0.25b 4.1740.17a 4.14+0.23a 4.05+0.13a 4.20+0.25a P<0.01
1B 5.65+0.36 b 4.77+0.27a 4.86+0.23a 4.55+0.15a 4.76+0.28a P=0.05

See Table 5.1’s legend for keys. For clarity, muscle fiber—types with a percentage below 5% are excluded from this

analysis

groups (So-Sd and So-Pho) were comparable regarding
their SOL and TC muscle phenotypes (P>0.05). Ample
differences were noted, however, between the three Nx
groups, particularly in the TC muscle. The Nx-Sd and
Nx—Pho groups were comparable concerning their SOL
phenotypes (P>0.05), but not regarding their TC muscle
phenotypes (18.8, P<0.01). Nx-Sd rats showed lower
distances than Nx—Pho subjects both in the SOL (10.7 vs
19.0, P<0.001 in both) and in the TC muscle (30.9 vs
46.5, P<0.001), compared with their respective So-Sd
and So—Pho control groups. The distance between Nx—
Pho+Cal and So-Pho groups was reduced in the SOL
muscle (5.8, P<0.05) and both groups were comparable
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regarding their TC muscle phenotypes (11.9, P>0.05).
Thus, muscle characteristics of Nx-Pho+Cal rats were
intermediate, but closer to those of the control So-Pho
group than those of the Nx—Pho group, particularly in the
TC muscle.

DISCUSSION

The present investigation is to our knowledge the first
study to address the impact of high phosphate diet and
calcitriol treatment on phenotypic characteristics of slow-
and fast-twitch hind limb skeletal muscles in
experimental uremia. The main findings were that, after
12 wk of Nx, 1) a diet with high phosphorus content
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A Fig. 5.3 Squared Mahalanobis distances between the five experimental groups (So—Sd=sham-operated standard
diet, So—Pho=sham-operated high phosphorus diet, Nx—Sd=5/6 nephrectomy standard diet, Nx—-Pho=5/6
nephrectomy high phosphorus diet, Nx—Pho+Cal=5/6 nephrectomy high phosphorus diet plus calcitriol) derivate by
multivariate discriminant analysis on all fiber—type characteristics (fiber composition, size, metabolic profile,
capillarity and nuclear density) of soleus (SOL, upper) and tibialis cranialis (TC, bottom) muscles. Asterisks denote
significance of distances between groups: *P<0.05, **P<0.01, ***P<0.001

induced skeletal muscle changes of greater magnitude phenotypes that were intermediate between Nx and So
compared with a standard diet with lower phosphorus rats. Consequently, the authors’ initial hypotheses were
content, and 2) low—dose calcitriol resulted in muscle borne out.
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The current data confirm that 12 wk of Nx induced
skeletal muscle changes which were highly muscle—
specific (1). In the entirely inactive at rest fast—twitch TC
muscle, these changes were extensive and included slow—
to—fast fiber type transformation, oxidative-to—-glycolytic
enzymatic conversion and impaired capillarity. In the
primarily active at rest (providing antigravity support)
slow-twitch SOL muscle, however, these changes were
reduced to decreased oxidative-to—glycolytic enzymatic
ratios, as well as to moderate increments in nuclear
densities and capillary of myofibers. The significance and
potential factors triggering these changes were discussed
in a previous study by the authors’ group (see Ref. 1).

Although similar in nature, skeletal muscle changes in
uremic rats were found to be of greater magnitude in
animals receiving a high—-phosphorus diet than those fed
with a standard diet. In quantitative terms, this was
supported by the longer distances between Nx and So
groups provided by the multivariate analysis in rats with a
high phosphorus diet compared with rats receiving a
standard diet (Fig. 5.3), as well as by the lower SDH-to-
GPDH enzymatic ratios noted in Nx—Pho vs Nx-Sd
groups (Table 5.4). Taken together, these data provide
clear evidence that, in addition to its well-recognized role
as a contributing factor of secondary HPT, vascular
calcification, myocardial dysfunction and increased
mortality (7), high phosphorus diet also seems to be an
important factor maximizing the adverse effects of
sustained uremia on skeletal muscle. The mechanisms
underlying this additional effect are not clear. A direct
effect of hyperphosphatemia on muscle is unlikely.
However, feeding high phosphate diet resulted in changes
in other parameters that may influence skeletal muscle.
The parameter whose changes best correlated with the
muscle alterations induced by high phosphorus diet was
PTH. Moreover, treatment with calcitriol, in addition to
attenuate the changes induced by uremia and high
phosphorus diet (as discussed below), also decreased

80

PTH. Our data are in agreement with previous studies in
which PTH has been reported to enhance muscle
proteolysis, impair muscle bioenergetics and impair
oxidation of long—chain fatty acids in chronic renal failure
(50). Other studies have also suggested that high serum
PTH levels may indicate a muscle impairment (20, 39,
42). It is therefore possible that direct effects of PTH on
skeletal muscle may account in part for the muscle
impairment observed in chronic uremic rats fed with a
high-phosphorus diet. PTH is known to influence
bicarbonate homeostasis, and metabolic alkalosis is a
feature of hyperparathyroidism (31). In our rats a non-
significant trend towards alkalosis was detected in the
groups with higher PTH concentrations. It is likely that
since the higher PTHs were observed in groups with renal
failure the alkalotic trend may have been counteracted by
the acidosis typically found in uremic individuals.

A remarkable finding of the present study was
provided by the multivariate analysis performed, which
using different markers of contractile, metabolic and
morphological features of individual muscle fiber-types,
clearly indicated that slow— and fast-twitch skeletal
muscle phenotypes of Nx-Pho+Cal rats were different
from those of Nx—Pho subjects, but they were closer to
those of So—Pho rats, particularly in the TC muscle (Fig.
5.3). This result, together with the high percentage of
correctly classified observations obtained in this analysis,
provides solid evidence of the impact of calcitriol
treatment on maintenance of skeletal muscle phenotypes
in long—term uremic rats fed with a high—phosphate diet.

In agreement with present results in the tibialis
cranialis muscle, evidence of slow-to-fast fiber-type
transitions in the course of uremic myopathy has been
reported in fast-twitch hind limb muscles of both humans
and rats (36, 52). This adaptation has been related to
multiple potential causes: neural deficit, carnitine
deficiency, decreased physical activity, increased
proinflammatory cytokines and different catabolic factors.
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Also in agreement with present results in the soleus
muscle, a fast-to-slow fiber-type switching has already
been reported in trunk (postural rather than locomotor)
muscles of 4 wk Nx rats (19). However, in disagreement
with the present data, findings compatible with a fast-to-
slow fiber-type transition have also been reported in the
fast-twitch vastus lateralis muscle of human patients with
CRF, being interpreted to be compensatory for the overall
decrease in oxidative capacity (32, 34).

The results of the present study suggest that long—term
uremic rats who received a high phosphorus diet plus
low—dose active vitamin D treatment preserved their
fiber-type composition, attenuated their uremia—induced
oxidative-to—glycolytic metabolic conversion and showed
a trend for increased size, nuclear density and capillarity
of specific muscle fiber-types, compared to uremic rats
with the same high—phosphorus diet not receiving
calcitriol. These findings were not unexpected since
vitamin D plays essential roles in regulating skeletal
muscle function, metabolism and structure (23, 41). A
few studies from the earliest literature provided evidence
that vitamin D treatment seems to improve muscle
function in CKD patients (8, 25, 28, 54). More recently,
treatment with vitamin D was associated with greater
muscle growth in patients on hemodialysis (26). Recent
data indicate that adequate supplementation of calcitriol
has beneficial effects on skeletal muscle that include
improvements in myosin heavy chain expression (37),
mitochondrial oxidative phosphorylation (49), fiber size
through activation of protein synthesis (10, 24, 47, 51),
myogenesis (22), and angiogenesis (21). These studies,
that collectively lend support to our observations, suggest
that vitamin D per se have multiple effects in skeletal
muscle, playing a role in cellular and molecular processes
involved in muscle contraction, metabolism, anabolism
and structure, with far reaching effects on health and
welfare.

In the present study, both muscle mass and the size of
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individual muscle fiber types were unaffected by 12 wk of
NXx in both muscles. However, a significant decrease
(21%) in the mean area of type 11X muscle fibers was
observed in the tibialis cranialis muscle of Nx rats feed
with a high phosphorus diet. In accordance with the
present results, no significant changes were reported in
the size of muscle fiber types of 8 wk (6) and 4 wk (19)
NXx rats. A tendency, which did not reach statistical
significance, for a decreased size of 1B fibers was noted
in the latter study (19). Also in agreements with the
present results, in the Cy/+ rat model of progressive
uremia, muscle mass resulted unaffected at 35 wk of age
(38). However, these rats showed uniform atrophy of all
muscle fiber types compared with their nonaffected
littermates (38). Together, these findings suggest that
impaired muscle fiber size seems to occur during the
period of progression to the end-stage renal failure.
However, muscle fiber is normalized or minimally
decreased during the early stages of renal failure and/or
when the renal failure is “stabilized” (30).

Evidence of slow-to-fast fiber-type transition was
observed in the TC muscle of uremic rats that did not
receive exogenous calcitriol, but not in uremic rats
receiving calcitriol. This result suggests that vitamin D
treatment counteracts the fiber-type switching in the
direction I-11A—1IX—IIB reported in fast-twitch hind
limb muscles in the course of uremic myopathy (1, 5, 36,
52). In a small uncontrolled study, it was reported an
increase in the percentage of type IlA fibers accompanied
by a reduction of type IIB fibers in muscle biopsies from
elderly women treated with calcitriol and calcium for 3-6
mo (51). Two other randomized controlled studies, found
that vitamin D supplementation in older women,
significantly increased the percentage of fast-twitch
muscle fibers over a 2-yr period (47), but not after a 4—
mo period (10). A tendency, that did not reach statistical
significance (P=0.067), for a decreased proportion of type
[1B fibers was also noted in the present study in the TC
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muscle of Nx rats treated with calcitriol, compared with
NX rats not treated with calcitriol (see Table 5.2).
Together, these data seem to indicate that calcitriol
promotes a fiber-type switching in the direction from 11B
toward 1A fibers, e.g., in the opposite direction that
usually occurs in uremia (1).

Evidence for increased muscle mass and muscle fiber
size in uremic rats treated with calcitriol was also
observed in the present study. It is unlike that this effect
could be attributed to improvement of kidney function
because serum creatinine levels were only slightly
decreased by calcitriol administration. Interestingly, this
was accomplished by increments in the number of nuclei
associated with individual muscle fibers, which is related
with both protein synthesis and protein turnover rates
(44). A retrospective cross—sectional study, also reported
that treatment with active vitamin D was associated with
greater muscle size and strength in patients on
hemodialysis, suggesting a role of calcitriol in the
preservation of muscle mass in this population (26).
Support in the role of vitamin D in muscle growth stems
from human studies reporting increased muscle fiber size
associated with vitamin D supplementation (10, 47, 51).
This relationship is corroborated by studies in vitro, by
which myotubes are increased in diameter after treatment
with calcitriol, potentially through an inhibitory effect of
calcitriol on myostatin, a negative regulator of muscle
mass (24). Recent studies clearly indicate that an adequate
concentration of calcitriol might have an anabolic effect
on differentiate skeletal muscle that enhances the
expression of myosin heavy chain (37), and that skeletal
muscle may indeed require VDR-mediated signaling for
successful myoblast differentiation into myocytes, since
silencing VDR the expression of myosin heavy chain and
other contractile proteins is significantly decreased (53).

Our data also demonstrates that calcitriol treatment
attenuates the oxidative—to—glycolytic metabolic
conversion that occurs in muscle fibers of uremic rats

with a high—phosphorus diet. This effect resulted from a
small reduction in SDH activity rather than from a great
increment in GPDH activity in uremic rats treated with
calcitriol in the present study (result not shown). To our
knowledge this is the first description of the effect of
vitamin D on skeletal muscle metabolism in uremic
subjects. In vitamin D—deficient individuals, the therapy
with the vitamin D analogue la~hidroxycholecalciferol
increased significantly the activities of muscle oxidative
enzymes (51) and post-exercise muscle mitochondrial
oxidative phosphorylation, as assessed by NMR
spectrophotometry (49). The precise basis for this effect is
unclear, but several evidences support the notion that
intracellular Ca* may be an important signaling molecule
in the energy metabolism interplay of the cytosol with the
mitochondria, and that vitamin D may therefore play a
relevant role in Ca?* uptake by the mitochondria which in
turn are involved in the orchestration of cellular metabolic
homeostasis (discussed in Ref. 49).

The present study also provides evidence that
supplementation of calcitriol to uremic rats improved the
number of capillaries contacting muscle fibers in the
postural SOL muscle but not in the fast-twitch TC
muscle. Recent data show that postural skeletal muscles,
with abundant oxidative fibers and increased expression
of inducible nitric oxide synthase and hypoxia inducible
factor 1o, seems to be more resistant to hypoxia-induced
disturbances of uremia than locomotor muscles,
explaining observed differences between muscles in
capillary rarefaction (1, 17). To our knowledge there is a
lack of studies addressing the impact of calcitriol
treatment on capillarity of uremic muscles. However, a
recent study show solid evidence that the addition of
calcitriol to cultured skeletal muscle cells promotes not
only myogenesis, but also neo-vascularization by
increasing the expression of key angiogenic growth
factors and decreasing angiogenic inhibitors (21).

Strengths of this study include the long duration (12
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wk) of the Nx model used to induce uremia, which allows
the characterization of skeletal muscle phenotypes during
the period of ‘stable’ renal failure. The low dose of
calcitriol used effectively attenuated skeletal muscle
changes in uremic rats, minimizing the risk of other
adverse systemic effects of high dose of calcitriol in
patients with advanced CKD such as adynamic bone
disease (35) and vascular calcifications (29). The sample
size used was sufficient to detect small effects on muscle
fiber-type characteristics. It is noteworthy that this study
identified not only components of the contractile
machinery (i.e., MHC-based fiber-types) as sensitive
markers of changes in skeletal muscle in response to
different treatments, but also components of muscle mass
(cross—sectional size), muscle protein turnover (nuclear
density), energy metabolism (oxidative—glycolytic
balance) and capillarity on a fiber-to fiber basis by using
histochemical methods with high analytical precision. As
a consequence, the multivariate analysis performed
allowed quantitative comparisons between groups
according to their overall skeletal muscle phenotypes
based upon the analysis of diverse markers of contractile,
metabolic and morphological properties of their
constituent fiber—types.

A weakness of this study was the lack of objective
data on physical activity of the animals, since a
diminished physical activity of Nx vs So rats could be a
contributing factor explaining some obtained differences
in muscle fiber—type characteristics between the two
groups. Nevertheless, by subjective evaluation, daily
physical activity seemed to be similar in both groups.

Conclusion

The study provided evidence that hyperphosphatemia
maximized skeletal muscle changes in 12 wk uremic rats,
including a consistent slow-to—fast fiber-type
transformation, selective atrophy, diminished myonuclear
domain size, impaired oxidative-to—glycolytic enzyme

ratio and capillary rarefaction of muscle fibers. Our
results also demonstrated that low dose of calcitriol (10
ng kg, 3 d wk?, ip) attenuated significantly adverse
skeletal muscle changes in uremic rats receiving a diet
with high phosphorus content for 12 wk. This action,
which was more profound in the fast-twitch TC muscle
than in the slow-twitch SOL muscle, included
preservation of muscle fiber-type composition, discrete
hypertrophy, enlarged myonuclear domain size, enhanced
oxidative-to—glycolytic metabolic balance and neo—
vascularization of muscle fibers.
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Obesity-induced muscle mass
reduction and fast phenotype occur
with increased oxidative capacity in
red and white rat skeletal muscles
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Chapter 6

ABSTRACT

A clear picture of skeletal muscle adaptations to
obesity and related comorbidities remains elusive. This
study describes fibre-type adaptations (size, proportions
and oxidative capacity) in hind limb muscles in an animal
model of genetic obesity. Lesser diameter, fibre
composition, and histochemical succinic dehydrogenase
activity (an oxidative marker) of muscle fibre types were
assessed in red (soleus) and white (tibialis cranialis)
muscles of obese Zucker rats, and compared with age- (16
weeks) and sex-matched (females) lean Zucker rats
(n=20/group). Muscle mass and lesser fibre diameter were
lower in both muscles of obese compared with lean
animals, even though body weights were increased in the
obese cohort. A faster fibre-type phenotype also occurred
in red and white muscles of obese subjects, compared
with lean rats. These adaptations were accompanied by a
generalized increment in oxidative capacity of all fibre-
types in the two muscles. These data demonstrate that
obesity induces a muscle-unspecific inhibition of muscle
growth in which muscle fibres retain a reduced fibre size
and show a faster and more oxidative phenotype. It was
noteworthy that these adaptations were of comparable
nature and extent in red and white muscles, indicating that
the influence of obesity on muscle phenotype is
unspecific in regards to muscle structure and function.

Keywords Muscle fiber type, muscle mass, muscle
oxidative capacity, obesity, metabolic syndrome

INTRODUCTION

A growing interest in the association between changes
in skeletal muscle and obesity has emerged in recent
years, particularly in the face of the impeding world-wide
diabetes and metabolic syndrome epidemics (Petersen et
al. 2007; Zimmet et al. 2001). It is essential to understand
how skeletal muscle dysfunction contributes to obesity
and related conditions, but it is also important to know
how these comorbidities affect the muscles themselves.
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From this perspective, obesity provides a model to
examine how systematic metabolic and endocrine
disturbances influence skeletal muscle structure and
function (Denies et al. 2014).

There is now ample evidence showing that skeletal
muscle is heavily impacted by obesity and other
associated conditions like metabolic syndrome, insulin
resistance and diabetes. Several studies over the past 20
years have described different abnormalities in skeletal
muscle structure and function in human and animal
models of obesity, but many of these studies provide
inconsistent findings. For example, muscle atrophy is
considered a hallmark of obesity and associated
conditions (Argiles et al. 1999; Paturi et al. 2010; Perry et
al. 2016; Peterson et al. 2008; Pompeani et al. 2014;
Reeds et al. 1982), but several studies have shown that
skeletal muscle mass is either unaltered (Adachi et al.
2007; Denies et al. 2014; Malenfant et al. 2001; Yasuda et
al. 2006; Ringseis et al. 2013; Yasuda et al. 2002) or
increased (Shortreed et al. 2009; Turpin et al. 2009) in
obese subjects. Furthermore, the obesity-induced slow-to-
fast muscle fibre-type transformation has been related
with a change of the muscle’s metabolic phenotype. An
impaired mitochondrial oxidative enzyme capacity
(Couturier et al. 2014; Ringseis et al. 2013; Wessels et al.
2015) and microvascular rarefaction (Frisbee et al. 2014)
have been reported in muscle from obese people and
animals. However, other studies in patients with Type 2
diabetes and obese rats reveal results compatible with
either unaltered (Adachi et al. 2007; Couturier et al. 2014;
Yasuda et al. 2006; Yasuda et al. 2002) or increased
(Holloway et al. 2009a; Holloway et al. 2009b; Lally et
al. 2012; Oberbach et al. 2006; Turner et al. 2007)
mitochondrial density and oxidative enzyme activities in
skeletal muscles.

A central event in obesity and related conditions is an
increased intramuscular lipid accumulation (Korach-
Andre et al. 2005; Lally et al. 2012; Malenfant et al.
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2001), that results from a decreased rate of fatty acid
oxidation (Kelley et al. 2002) and/or an increased rate of
fatty acid transport into skeletal muscle (Chabowski et al.
2006; Holloway et al. 2009a; Holloway et al. 2009b). On
the other hand, the increase in mitochondrial content and
mitochondrial fatty acid oxidation reported in obese
animals (Holloway et al. 2009a; Holloway et al. 2009b;
Lally et al. 2012), should lead to increased capacity for
fatty acid oxidation. However, intramuscular lipid
accumulation occurs at much greater rate than the
compensatory increase in both mitochondrial density and
the rate of mitochondrial fatty acid oxidation (Holloway
et al. 2009a).

It is also noteworthy that these changes in muscle
oxidative capacity seem to occur only in red, not white,
muscles of obese animals (Chabowski et al. 2006;
Holloway et al. 2009a; Lally et al. 2012). The lower
malleability in white versus red muscles in obese subjects
has been related to differences in physiological roles
between these two muscle profiles (Chabowski et al.
2006; Holloway et al. 2009a). Red muscles (composed
primarily of slow-oxidative fibres) are tonically active at
rest to provide continued postural (antigravitatory)
support and have high energetic dependence on blood
borne substrates. By contrast, white muscles (composed
primarily of fast-glycolytic fibres) are designed to
develop rapid and explosive bursts of movements that
rely heavily on intramuscular glycogen, rather than on
blood borne substrates (Delp and Duan 1996).

Obesity- and diabetes-induced changes in fibre types
towards fast phenotype has been explained by
downregulation of peroxisome proliferator activated
receptors (PPAR), such as PPARy and coactivator-1o
PGCla (Couturier et al. 2014). These receptors are
critical regulators of fibre-type composition and
mitochondrial biogenesis (Ehrenborg and Krook 2009;
Rasbach et al. 2010). These receptors are typically higher
expressed in slow-oxidative type | muscle fibres than in
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fast-glycolytic type Il muscle fibres (Evans et al. 2004).

Taken together, data in the literature do not support
the notion that mitochondrial oxidative capacity is
reduced in muscles of obese and diabetic rodent models
compared to lean models, as previously documented
(Ringseis et al. 2013; Wessels et al. 2015).

The variability in results from previous studies likely
stem from differences in experimental designs and
methodological limitations. In any case, a solid picture of
how obesity and related conditions affect muscle mass,
and contractile and metabolic phenotypes of skeletal
muscles remains to be established. In the current study,
we were interested in clarify how obesity affects skeletal
muscle mass and muscle fibre types, with particular focus
on muscle oxidative capacity. Our hypothesis was that
obesity-induced muscle mass reduction and fast
phenotype occur in parallel with increased mitochondrial
oxidative capacity. These obesity-induced muscle features
should be accompanied by compatible changes in protein
levels of PPARy and PGCla. receptors. In addition, we
hypothesized that muscle changes should be more
pronounced in the red soleus muscle than in the white
tibialis cranialis muscle. As an experimental model we
used obese Zucker rats, a well-established genetic model
of obesity, insulin resistance and metabolic syndrome
(Bray 1977). Lean Zucker rats served as non-obese
controls.

MATERIALS AND METHODS

Ethics

All experimental protocols were reviewed and
approved by the Ethics Committee for Animal Research
of the University of Cordoba (Cordoba, Spain). They
followed the guidelines laid down by the Higher Council
of Scientific Research of Spain following the normal
procedures directing animal welfare (Real Decreto
223/88, BOE of 18 of March) and adhered to the
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recommendations included in the Guide for Care and Use
of Laboratory Animals (US Department of Health and
Human Services, NIH) and European laws and
regulations on protection of animals, under the advice of
specialized personnel.

Animals

Two strains of rats were used in this study: Zucker
rats with the obese (fa/fa) phenotype (n=20) and Zucker
rats with the lean (Fa/Fa or Fa/fa) phenotype (n=20). All
rats were females and aged 4 months when they were
euthanatized. Since previous studies have demonstrated
that sex plays a relevant role on skeletal muscle plasticity
(Acevedo et al. 2015; Denies et al. 2014), rats of the same
sex were used. Female rats were selected because the
broader role that testosterone plays in the maintenance of
skeletal muscle phenotype compared with estrogens and
progestins (Welle et al. 2008). Animals (Harlan
Laboratories Models, Barcelona, Spain) were individually
housed in standard vivarium cages in a temperature— and
humidity—controlled environment, with a 12:12-h light-
dark cycle and given ad libitum access to standard rat diet
(Altromin Spezialfutter GmbH, Germany; values per 100
g: energy 351.8 kcal 1100 kJ, protein content 18%,
lysine 1.74%, methionine 1.0%, cysteine 0.31%,
tryptophan 0.20%, fat 5%, ash 4.5%, sodium 0.24%,
calcium 0.6%, phosphorus 0.6%) and tap water. Food
intake was recorded daily and the animals were weighed
at the end of the experiment.

Blood biochemistry

Rats from both strains were sacrificed by aortic
puncture and exsanguination under deep general
anaesthesia (sodium thiopental 50 mg kg™, Penthotal®,
Abbot, Illinois, USA, ip). Blood samples were obtained
from the abdominal aorta in heparinized syringes at the
time of the euthanasia. Plasma separated by centrifugation
was used for measurements of glucose, cholesterol and
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triglycerides levels by spectrophotometry (Biosystems,
Barcelona, Spain), insulin and leptin concentrations by
radioimmunoassay (Millipore, St. Charles, MO, USA),
and fibroblastic growth factor 21 by ELISA (Millipore,
St. Charles, MO, USA).

Muscle sampling and tissue preparation

Soleus and tibialis cranialis muscles were dissected
and individual muscles were wet weighted. These
muscles were selected as two representative muscles of a
typical red muscle (soleus, composed primarily of slow—
twitch muscle fibres) and a characteristic white muscle
(tibialis cranialis, composed primarily of fast-twitch
muscle fibres in its white region), respectively (Delp and
Duan 1996). Also because these two hind limb muscles
are opposite regarding their resting functional activities
and energetic dependence on blood borne substrates (Delp
and Duan 1996).

Upon collection, tissue blocks from the muscle belly
were mounted on cork blocks with the use of OCT
embedding medium (Tissue-Tek I, Miles Laboratories,
Naperville, IL, USA) and oriented so that myofibres
could be cut transversely. Specimens were systematically
frozen by immersion in isopentane (30 seconds), kept at
the freezing point in liquid nitrogen, and stored at —80 °C
until analysed. Muscle samples were routinely frozen
between 2 and 4 minutes after removal, because it has
been demonstrated that the interval between removal and
freezing has a significant (negative) effect on skeletal
muscle fibre size (Larsson and Skogsberg 1988). In
addition, a portion of muscle samples was immediately
quenched in liquid nitrogen and used for muscle
biochemical analysis. All muscle sampling and muscle
preparation procedures were always carried out by the
same investigator, experienced in skeletal muscle biopsy
studies, taking care to standardize both the location and
the freezing of the sample.
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Myosin heavy chain (MHC) immunohistochemistry

Muscle samples were serially sectioned (10—pm-
thick) in a cryostat (Frigocut, Reitchert Jung, Nubloch,
Germany) at —20 °C and used for immunohistochemistry.
Immunohistochemistry was performed with five
monoclonal antibodies specific against MHC isoforms:
BA-D5 (DMS, Braunschweig, Germany; anti-MHC-I),
SC-71 (DMS; anti-MHC-lla), BF-35 (DMS; anti-
MHCs-I plus —Ila and -11b), S5-8H2 (Biocytex
Biotechnology, Marseille, France; anti-MHCs-I plus —I1x
and -11b), and BF-F3 (DMS; anti-MHC-IIb). The
specificity of these monoclonal antibodies for MHCs in
rat skeletal muscle has previously been reported (Acevedo
et al. 2015; Schiaffino et al. 1989; Acevedo et al. 2016).
The immunoperoxidase staining protocol with avidin—
biotin complex (ABC) protocol was used as previously
described (Rivero et al. 1999).

Quantitative enzyme histochemistry

Additional serial sections were used for quantitative
enzyme histochemistry. The activity of the enzyme
succinate dehydrogenase (SDH, EC 1.3.4.1), used as an
oxidative marker, was determined on 10—-um-thick
sections, by using quantitative histochemical methods
previously adjusted and validated in rat skeletal muscle
(Rivero et al. 1999).

Image analysis and morphometry

Sections were examined in a blind fashion by the
same investigator (L.M.A.), who had experience of the
normal appearance of mammalian skeletal muscle fibres.
All serial sections for immunohistochemistry and enzyme
histochemistry were visualized and digitized as
previously described (Acevedo and Rivero 2006). A
region containing between 450 and 650 fibres was
selected for further analyses. In the tibialis cranialis
muscle, this area was selected from the core of the white
(superficial) portion of the muscle, since it contains a
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higher number of fast-twitch muscle fibres (98%) than
the red (deep) portion (93%) of the muscle (Delp and
Duan 1996). Images were saved as digitized frames at
256 grey levels. The grey levels were converted to optical
density (OD) units by using a calibrated set of OD filters.
The digitized images of the fibres in the histochemical
reaction (SDH) within the selected region were traced
manually and analysed for the lesser fibre diameter and
the average OD for each individual muscle fibre. The
average fibre OD for each histochemical reaction was
determined as the average OD for all pixels within the
traced fibre from three sections incubated with substrate
minus the average OD for all pixels of the same fibre
from other two sections incubated without substrate
(Rivero et al. 1999). Because a number of factors can
influence the reliability of histochemical enzyme activity
determinations, we checked the variability on three
consecutive sections for the SDH histochemical reaction
by repeated measurements of the same individual fibres.
Only coefficients of variation for triplicate measurements
of ODs below 5% were accepted in the present study; this
demonstrated the high analytical precision that can be
achieved for the measurement of fibre OD on enzyme
histochemical sections.

The fibres in the selected area were classified
according to their MHC content by means of visual
examination of immunostainings of the five serial
sections stained with the battery of anti-MHC
monoclonal antibodies as previously described (Acevedo
et al. 2016; Acevedo et al. 2015). The reactivity of each
individual muscle fibre in these five consecutive sections
was judged as positive or negative by comparing the
intensity of the reaction of neighbouring fibres. Seven
fibre types were categorized, four of them as pure fibres
expressing a unique MHC isoform (i.e., type I, HA, 11X
and 11B), and other three as hybrid phenotypes co—
expressing two different MHC isoforms (type 1+11A,
IIAX and 11XB).
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The relative frequency of different muscle fibre types
in the selected region was used to numerically express the
fibre type composition of each muscle sample. The lesser
fibre diameter of the same fibres was averaged according
to fibre type. Individual SDH ODs of muscle fibres were
averaged according to the MHC muscle fibre-type and
used for statistical analyses. For minor fibre types (I1+11A
in the soleus muscle, and I, I+11A and I1AX in the tibialis
cranialis muscle), there were so few fibres in most muscle
samples that a statistically reliable determination of their
lesser diameter and SDH activities was impossible. In
consequence, muscle fibre-types showing, on average, a
fibre percentage below 5% were excluded from these
analyses. A polymorphism index for obese and lean
animals was calculated in each muscle by dividing the
number of hybrid fibres expressing more than one MHC
isoform by the total number of fibres in the muscle
sample (Caiozzo et al. 2003).

Prediction of muscle shortening velocity

In an attempt to provide a functional assessment of the
variation of myosin-based muscle fibre distribution on
muscle’s shortening speed, we used the following
equation to predict the maximal shortening velocity (Vmax
Muscle) of soleus and tibialis cranialis muscles (Caiozzo
et al. 2003), according to the mathematical model
proposed by A. V. Hill (Hill 1938):

Vmax MUSC|e = Z [ %ft X Vmaxft] / 100

where %: is the proportion of each fibre type in
Muscle, and Vmaxit is the maximal shortening velocity for
a given fibre type (fibre length s). Values from Botinelli
et al. (Bottinelli et al. 1991) were used for Vmas, and
Vmaxit OF hybrid fibres were averaged between Vpax 0f their
respective pure fibre-types.

Muscle biochemical analysis

The activity of the enzyme citrate synthase (CS, EC
4.1.3.7), a mitochondrial enzyme and marker of muscle
oxidative potential, was measured from whole
homogenates by using the fluorometric technique
described elsewhere (Serrano et al. 2000). The activity of
this enzyme was calculated in units of umol NADH
converted per minute per gram of freeze-dried muscle.

Protein extraction and Western blot analysis.

Proteins were isolated from muscle tissue by using a
lysis buffer containing HEPES (10 mmol/1), KCI (10
mmol/l), EDTA (0.1 mmol/l), EGTA (0.1 mmol/l), DTT
(1 mmol/l), PMSF (0.5 mmol/l), protease inhibitor
cocktail (70 pg/ml), and I-Gepal CA-630 (0.6%), pH 7.9
(Sigma Aldrich, St. Louis, MO). The suspension was
centrifuged, and the supernatant (cytosolic extract) was
stored. Nuclear extracts were obtained by incubating the
pellet separated from the cytosolic extract in a lysis buffer
containing HEPES (20 mmol/l), NaClI (0.4 mmol/l),
EDTA (1 mmol/l), EGTA (1 mmol/l), dithiothreitol (1
mmol/l), PMSF (1 mmol/l), and protease inhibitor
cocktail (46 mg/ml) at pH 7.9. Protein concentration was
determined by Bradford method (Bio-Rad Laboratories,
Munich, Germany). For Western Blot analysis, 50 pg of
protein were electrophoresed on a 10% SDS-
polyacrilamide gel (Invitrogen, Carlsbad, CA) and
electrophoretically transferred (Transfer Systems,
BioRad, Hercules, CA) from the gels onto nitrocellulose
membranes (Invitrogen). The following steps were
perfomed with gentle shaking. Membranes were
incubated in TTBS-L solution [20 mMTris-HCI (pH 6.6),
0.2% Tween 20, 150 mMNacCl] (Sigma Aldrich), and 5%
nonfat dry milk (Bio-Rad) at room temperature for 2,5
hours to avoid nonspecific binding. Membranes were then
washed with TTBS buffer (the same composition as
TTBS-L without nonfat dry milk) and then incubated
overnight at 4°C with a rabbit polyclonal anti-PGC-1a
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Table 6.1 Plasma biochemistry of subjects

Variable Lean Obese P value
Plasma glucose, mg dI* 981 + 81 1815 + 343 <0.001
Insulin, ng ml! 22 + 13 96 + 238 0.005
Tryglycerides, mg dI* 514 + 121 635.4 + 3254 <0.001
Total colesterol, mg dI* 616 + 6.6 108.6 + 189 0.004
Leptin, ng ml-1 49 + 338 464 + 193 <0.001
Fibroblastic growth factor 21, pg ml! 397 + 230 16,506 + 12,140 <0.001

Values are means + SD, n = 20 rats/group. Student’s unpaired t-test was used to test for differences between

groups and expressed as P values

Table 6.2 Body and muscle weights and muscle somatic index (MSI) of subjects

Variable Lean Obese P value
Food intake, g d* 148+1.1 27.3£0.8 0.03

Body weight, g 262.9+ 42.6 505.4+ 14.7 <0.001
M. soleus weight, mg 156.8+ 19.0 137.5+18.8 0.003

M. soleus MSI, mg g 0.6£0.1 0.3£0.0 <0.001
M. tibialis weight, mg 645.7+ 86.3 550.1+ 56.3 <0.001
M. tibialis MSI, mg g 2.5+ 0.3 1.1£0.1 <0.001

Values are means + SD, n = 20 rats/group. Student’s unpaired t-test was used to test for

differences between groups and expressed as P values

antibody (1:500; AB3242, Millipore) or rabbit polyclonal
anti-PPARYy antibody (1:500; ab191407, Abcam). The
membranes were then washed with TTBS buffer and
inmunolabeled using a peroxidase-conjugated secondary
antibody (1:5000; Santa Cruz Biotechnology Inc).
Finally, they were revealed on autoradiographic film
using ECL Plus Western Blotting Detection System (GE
Healthcare, Piscataway, NJ). Beta-Actin was used as
housekeeping protein to ensure equal loading of the gels.
Protein levels were quantified using ImageJ software
(National Institutes of Health, Bethesda, MD).

Statistical analyses
All statistics and charts were run on Statistica 7.0 for
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Windows (StatSoft I, Statistica, Data software System,
www.statsoft.com). Muscle sample was the unit of
analysis for the present dataset. A total of 80 muscle
samples (40 animals x two muscles —soleus and tibialis
cranialis) were available for statistical analysis. Sample
size and the power of a contrast of hypothesis were
estimated by power analysis and interval estimation of the
statistical software employed. Accepting an o—risk of
0.05 and a pB-risk of 0.2 in a one-sided test, 20
subjects/group were considered necessary to recognize as
statistically significant a difference greater than or equal
to 0.05 OD units for SDH histochemical activity. The
common standard deviation (SD) was assumed to be 0.06
and it was anticipated a drop—out rate of -5%. Normality
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Table 6.3 Mean lesser muscle fibre—type diameter, um

Muscle Fibre type Lean Obese P values

M. soleus I 63.9+ 10.1 50.7£ 4.0 <0.001
A 53.1+10.4 448+ 55 0.004
All fibre—types 62.9£9.9 50.0+4.1 <0.001

M. tibialis cranialis 11A 39.5+8.4 32.1+ 3.7 0.001
[1X 46.0+ 8.5 36.8+ 4.9 <0.001
[IXB 50.0+ 9.5 35.1+ 4.6 <0.001
1B 57.0+9.1 416+ 4.5 <0.001
All fibre—types 48.4+ 8.3 34.6+ 4.0 <0.001

Values are means + SD, n = 20 rats/group. Student’s unpaired t-test was used to test for differences between
groups and expressed as P values. For clarity, muscle fibre—types with a percentage below 5% (see Table 6.4)

are excluded from this analysis

of muscle variables was tested using a Kolmogorov—
Smirnov test and data were expressed as means + SD.
Two-tailed Student’s unpaired t-test was used to test for
differences between lean and obese rats, accepting a
significant difference at P<0.05.

RESULTS

Blood biochemistry

The obese Zucker phenotype was characterized by
hyperglycemia, hyperinsulinemia, dyslipidemia and an
increase in plasma adipokines when compared to lean
controls (Table 6.1). Plasma glucose and insulin levels
were two- and four-fold higher, respectively, in obese vs
lean rats (Table 6.1). Significant increases in plasma
concentrations of triglycerides, cholesterol, leptin and
fibroblastic growth factor 21 were also observed in the
obese cohort (Table 6.1).

Body and muscle weights
As expected, obese rats ate approximately twice as
much and their body weight duplicated that of the lean
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rats (Table 6.2). However, obese rats displayed
significantly decreased skeletal muscle weights (soleus,
12%; tibialis, 15%) and muscle somatic indexes (soleus,
50%; tibialis, 56%) compared to lean rats (Table 6.2).

Muscle fibre size

The mean lesser diameter of muscle fibre types was
estimated from obese and lean Zucker rats (Table 6.3).
The lower muscle weights observed in the obese rats
(Table 6.2) corresponded with a 21% and a 29% smaller
mean lesser fibre diameters in soleus and tibialis cranialis
muscles, respectively (P<0.001 in both muscles),
compared with lean controls (Table 6.3; Fig. 6.1).
Obesity-induced muscle mass reduction affected all
soleus and tibialis cranialis muscle fibre types. Soleus
muscle fibres were larger than tibialis cranialis muscle
fibres (Table 6.3, Fig. 6.1).

Muscle fibre-type composition

The muscle fibres of both soleus and tibialis cranialis
muscles were classified based on their immunoreactions
to antibodies against specific myosin heavy chain
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A Fig. 6.1 Illustration of fibre-types in soleus and tibialis cranialis muscles of obese versus lean
Zucker rats. Serial transverse sections of the soleus (left) and tibialis cranialis (right) muscles of
representative lean (a, e,i, ¢, g,and k) and obese (b, f, j, d, h and I) Zucker rats stained for
immunohistochemistry against specific anti-myosin heavy chain (MHC) monoclonal antibodies
and succinic dehydrogenase (SDH) histochemistry. a-h: Sections were reacted with monoclonal
antibodies against specific MHC isoforms: BA-D5 (a-d, anti MHC-I), SC-71 (e-f, anti MHC-
I1a), and BF-F3 (g-h, anti MHC-I1b). i-l: Additional serial sections were stained for quantitative
enzyme histochemistry of SDH activity. Note in the muscles from the Zucker obese rats, the
smaller size of muscle fibres, the lower number of fibres expressing MHC-I, the abundance of
fibres expressing either MHC—Ila (M. soleus) or MHC-I1b (M. tibialis cranialis), and the higher
SDH staining, compared with the muscles from the Zucker lean rats.

isoforms. The proportions of seven fibre types (I, I+11A, identified in the tibialis cranialis muscle, but only three

A, HAX, 11X, [IXB, and I1B) were determined for both  fibre types (I, I+11A, and I1A) were found in the soleus
obese and lean rats. All these seven fibre types were muscle.
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Table 6.4 Muscle fibre-type composition, %

Muscle Fibre type Lean Obese P values

M. soleus I 89.6+ 7.6 83.1£ 7.2 0.009
+11A 15+ 29 3.6+ 3.3 0.03
A 8.9+ 5.9 13.3£ 6.2 0.02

M. tibialis cranialis 1 47+ 15 3.1+ 28 0.03
+11A 17+ 04 09+ 11 0.003
A 27.9+ 8.9 21.6% 8.1 0.02
IIAX 4.0+ 1.7 21+ 23 0.007
1), 24.7+ 8.5 18.6+ 7.4 0.02
IIXB 10.4+ 12.0 18.5+ 7.6 0.01
1B 26.6+ 11.9 35.2+ 14.0 0.03
Hybrid fibres 16.1+ 11.7 20.3+ 8.6 0.20

Values are means + SD, n = 20 rats/group. Student’s unpaired t-test was used to test for differences

between groups and expressed as P values

Obesity had a significant effect on soleus and tibialis
cranialis muscle fibre-type distribution (Table 6.4). In the
soleus muscle of Zucker rats with the obese phenotype,
the slow-twitch type | fibre fraction was reduced by 7%,
whereas the hybrid type I+II1A and the fast-twitch type
I1A fibre fractions were increased by 140% and 49%,
respectively, compared to the lean phenotype (Fig. 6.1a-b
and 6.1e-f). In the tibialis cranialis muscle of obese rats,
proportions of type | (34%), I+11A (47%), 1A (23%),
I1AX (50%), and 11X (25%) fibres were decreased, and
frequencies of type [1XB (78%) and I1B (32%) fibres
were increased, when compared with lean controls (Fig.
6.1c-d and 6.1g-h). The total relative number of hybrid
fibres in the tibialis cranialis muscle did not differ
significantly between obese and lean rats.

Prediction of whole muscle shortening velocity
The effects of obesity on the force-velocity
relationship of soleus and tibialis cranialis muscles were
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estimated according to the Hill’s equation using relative
proportions of myosin-based muscle fibre types in the two
muscles of lean and obese Zucker rats. The predicted
maximal shortening velocities of soleus and tibialis
muscles of lean rats were 0.70 £ 0.05 and 1.47 + 0.04
fibre lengths s, respectively. As illustrated in Fig. 6.2, a
shift toward a faster phenotype was observed in the two
muscles of obese rats: soleus, 0.77 + 0.05 fibre length s7;
tibialis, 1.60 +0.06 fibre length s (P<0.001 in both
muscles, Student’s unpaired t test).

Muscle fibre-type succinic dehydrogenase (SDH)
activity

Soleus and tibialis cranialis muscle oxidative
capacities were assessed by measuring the rate of
histochemical SDH activity within individual muscle
fibre types in obese versus lean Zucker rats (Table 6.5).
The overall mean SDH activity of all muscle fibre types
of obese rats increased by 15% in the soleus and by 18%
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in the tibialis cranialis (P<0.001 in both), compared with
the lean animals (Table 6.4, Fig. 6.1i-1). The obesity-
induced improvement of muscle oxidative capacity
involved all soleus and tibialis cranialis muscle fibre
types, with soleus muscle fibres being less oxidative than
tibialis cranialis muscle fibres (Table 6.5, Fig. 6.1i-I).

Whole muscle citrate synthase (CS) activity
The effects of obesity on muscle oxidative capacity

<« Fig. 6.2 Prediction of the effects of obesity on
maximal shortening velocity (Vmax) and the force-
velocity relationship of soleus and tibialis muscles in
obese versus lean Zucker rats. a: Predicted Vmax 0f soleus
and tibialis cranialis muscles of lean and obese Zucker
rats. Values are means = SD (n=20 rats/group); *
P<0.001 compared with lean rats, Student’s unpaired t
test. b: Force-velocity curves in soleus and tibialis
cranialis muscles were determined according to the Hill-
type mathematical model (inset),(Jakubiec-Puka et al.
1999) and compared between lean (blue dashed lines)
and obese (red solid lines) Zucker rats. The proportion of
each myosin-based muscle fibre type contributes to the
whole muscle force-velocity relationship.(Caiozzo et al.
2003) Data are expressed as means of 20 rats per group.
V, shortening velocity; Vmax, maximal shortening
velocity; P, isometric tension; Po, maximal isometric
tension.

were also examined by biochemical analysis of CS
activity of whole soleus and tibialis cranialis muscle
homogenates. In agreement with quantitative SDH
activity in individual muscle fiber types, whole CS
activity of obese rats increased by 16% in the soleus
muscle (22.3+2.0 vs. 19.2+2.1 pmol/min/g, P<0.001) and
by 8% in the tibialis cranialis muscle (24.3£2.0 vs.
22.6%2.8 umol/min/g, P=0.03), compared with the lean
animals (Fig. 6.3).

Protein levels of PPARy and PGCla. receptors

The protein levels of the two critical regulators of
muscle fibre transformation and mitochondrial biogenesis
(PPARy and PGC1a) in soleus and tibialis cranialis
muscles did not differ significantly between lean and
obese rats (P>0.05; Fig. 6.4). However, the relative
protein levels of PPARy was 70% lower in soleus and
60% lower in tibialis cranialis in the obese group than in
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Table 6.5 Muscle fibre-type succinic dehydrogenase activity, OD min‘!

Muscle Fibre type Lean Obese P values

M. soleus I 0.38+0.04 0.44+0.04 <0.001
A 0.45+ 0.04 0.49+ 0.06 0.02
All fibre—types 0.39+ 0.04 0.45+0.04 <0.001

M. tibialis cranialis 1A 0.58+ 0.06 0.62+ 0.05 0.05
[1X 0.48+0.10 0.57+0.04 0.001
[IXB 0.43+0.03 0.46% 0.02 0.001
1IB 0.31+0.03 0.36+ 0.02 <0.001
All fibre—types 0.44+ 0.06 0.52+ 0.05 <0.001

Values are means + SD, n = 20 rats/group. Student’s unpaired t-test was used to test for differences between
groups and expressed as P values. For clarity, muscle fibre—types with a percentage below 5% (see Table 6.4)

are excluded from this analysis

the lean control group, but these differences did not reach
the required level of significance (P = 0.06 and P = 0.07,
respectively; Fig. 6.4a). The relative protein content of
PGCla. in the red soleus muscle was 55% higher in the
obese group than in the lean control group but this effect
was not significant (P = 0.08; Fig. 6.4b).

DISCUSSION

The results of the present study show that: 1) slow-
and fast-twitch hind limb skeletal muscle phenotypes are
clearly different in obese versus lean adult Zucker rats;
and 2) obesity-induced muscle growth inhibition and
faster fiber-type phenotype are compatible with an
increased oxidative capacity in all muscle fibre types of
both muscles.

The obese Zucker rat is a well-established model of
obesity and Type 2 diabetes, exhibiting the characteristic
bhiochemical features of these conditions, including
hyperinsulinemia, hyperglycemia, and hyperlipidemia, in
addition to insulin resistance, as confirmed in this and
other studies (Durham and Truett 2006; Pompeani et al.
2014). The obese Zucker (fa/fa) rat becomes obese due to

increased food intake secondary to a genetic leptin
receptor deficiency that results in lack of satiety response
(Bray 1977).

A reduced skeletal muscle mass is a well-documented
consequence of obesity in Zucker rats (Argiles et al.
1999; Paturi et al. 2010; Peterson et al. 2008; Pompeani et
al. 2014; Reeds et al. 1982). This has been confirmed in
the current study, with a significant reduction in the
muscle weights of obese versus lean Zucker rats. This
was accompanied by decreased diameter of all muscle
fibre types in slow and fast muscles. This diminished
skeletal muscle mass was observed despite significantly
increased body weights which should theoretically induce
compensatory hypertrophy to bear the increased body
mass, particularly in the tonically active at rest soleus
muscle that provides postural (antigravitatory) support.
Previous data suggest that metabolic syndrome, insulin
resistance and other related comorbidities may impair
satellite cell proliferation (Peterson et al. 2008) and the
ability to undergo load-induced hypertrophic adaptation
(Paturi et al. 2010) in the soleus muscle of obese Zucker
rats. Inflammatory pathways in muscle, initiated by
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A Fig. 6.3 Citrate synthase activity of soleus and
tibialis cranialis muscles in obese versus lean
female Zucker rats. Values are means+SD (n=20
rats/group); * P<0.001 and #P=0.03 compared
with lean rats, Student’s unpaired t test.

obesity and prolonged over-nutrition, also promote
muscle atrophy via decreased synthesis and increased
degradation of muscle contractile proteins (Perry et al.
2016). Furthermore, because the obese Zucker rat seems
to be significantly less active than the lean Zucker rat
(Bray 1977), diminished physical activity might also
adversely affects muscle mass in obese subjects (Perry et
al. 2016). Nonetheless, and despite the lack of objective
data on physical activity of the animals used in the
present study, we consider unlikely that this difference
could be a relevant contributor to differences observed in
muscle mass adaptations. This contention is supported by
the fact that similar adaptations were observed in both the
practically inactive at rest tibialis muscle and the tonically
active at rest soleus muscle.

In agreement with present results, obesity also
resulted in a decreased number of type I muscle fibres and
an increased number of type Il fibres in previous studies
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with Zucker rats (Couturier et al. 2014; Ringseis et al.
2013). Our results also indicate that, within type I1 fibres
of the tibialis cranialis muscle, obesity results in high
percentages of low-oxidative, fastest type I1XB and 11B
fibres and low proportions of high-oxidative, slowest type
HA, 1IAX and 11X fibres. This variation in myosin fibre

102



Chapter 6

type composition increased by ~10% the predicted
maximal shortening velocity of both soleus and tibialis
muscles in obese versus lean rats. The fibre-type
composition observed in the present study in the obese
rats is in agreement with previous studies reporting that,
in addition to a decreased type I-to-type Il fibre ratio
(Denies et al. 2014; Yasuda et al. 2006), patients and
animal models with diabetes and/or obesity have a high
percentage of low-oxidative type Il fibres (particularly
type 11B), and a low percentage of high-oxidative type I
fibres (particularly type I1A) in fast-twitch skeletal
muscles (Abou Mrad et al. 1992; Malenfant et al. 2001;
Nyholm et al. 1997; Oberbach et al. 2006). Our data are
also consistent with the inverse correlation reported
between type | fibre proportions and obesity in previous
studies (Denies et al. 2014; Oberbach et al. 2006).

Adult skeletal muscles are featured by many hybrid
fibres expressing more than one myosin isoform. In this
study, fibre-to-fibre analysis showed that long-term
obesity leads to increase the proportion of hybrid fibres in
the soleus muscles, but does not alter the overall
proportion of these fibres in the tibialis cranialis muscle.
These findings support the notion that hybrid fibres
represent fibres in a transitional state between pure fibre-
types (Acevedo and Rivero 2006; Staron and Pette 1993).

The mechanism underlying differences in muscle fibre
proportions in obese subjects remains an unresolved
issue. Obesity- and diabetes-induced decrease of the type
I-to-type Il fibre ratio has been explained by down-
regulation of PGC1lo and PPAR receptors (Koves et al.
2008; Li et al. 2007), but the mRNA levels of these
critical regulators of muscle fibre transformation in
control skeletal muscle of obese versus lean Zucker rats
were unchanged in previous studies (Couturier et al.
2014; Adachi et al. 2007; Ringseis et al. 2013). In the
present study, protein levels of PPARy and PGCla were
also unchanged in obese versus lean Zucker rats.
However, a non-significant tendency for a reduction in

PPARYy levels was noted in red and white muscles of
obese rats compared with lean Zucker rats (Fig. 6.4a).
This finding is in agreement with the lower type I-to-type
1 fiber-type ratio observed in obese subjects, since PPAR
receptors show higher expression in oxidative type |
muscle fibres than in glycolytic type Il muscle fibres
(Evans et al. 2004). Several studies have demonstrated
functional associations, including changes in glucose
uptake and insulin sensitivity and responsiveness,
between muscle fibre-type composition and obesity,
leading to significant impairments in these metabolic
processes (Nyholm et al. 1997; Stuart et al. 2013; Yasuda
et al. 2006). Some authors have also suggested the
possibility that differences in physical activity, rather than
obesity and related conditions per se, might be
responsible for the altered fibre-type composition
observed in skeletal muscles of the genetically obese
(ob/ob) mouse (Kemp et al. 2009; Warmington et al.
2000). However, as explained above, it is unlikely that the
altered fibre types observed in the present study resulted
from differences in activity levels between the two strains
of Zucker rats, since changes of similar nature occurred in
the two functionally different muscles.

A key result of the present study was that the
histochemical SDH activity of individual muscle fibres
was increased in all fibre types of both soleus and tibialis
muscles in obese versus lean Zucker rats. This
histochemical finding was supported by an increase of CS
activity (Fig. 6.3) and a non-significant tendency for an
increment in protein levels of the PGCla receptor (Fig.
6.4b) in whole muscle homogenates from obese rats (Fig.
6.3). These findings indicate that obesity favors an
oxidative muscle phenotype despite a significant faster
fibre-type phenotype in obese versus lean subjects. This
observation is in disagreement with previous studies
reporting that obese Zucker rats have a decreased
proportion of type | muscle fibres and a non-significant
tendency for decreased mitochondrial enzyme activity,
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indicating that muscle oxidative capacity is impaired in
obesity and related conditions (Ringseis et al. 2013;
Couturier et al. 2014). It is important to take into account
that in these studies (Ringseis et al. 2013; Couturier et al.
2014), muscle oxidative capacity was not investigated in
specific muscle fibre-types like in the present study.
Results obtained in other genetic models of obesity,
which have compared obese versus lean subjects, have
shown, however, no differences in muscle fibre SDH
histochemical activity (Adachi et al. 2007; Yasuda et al.
2006; Yasuda et al. 2002), and relative mRNA levels of
genes encoding this enzyme (Couturier et al. 2014),
suggesting that rat models of genetic obesity are not
associated with mitochondrial dysfunction in skeletal
muscle. However, in agreement with present results,
comparisons of obese and lean Zucker rat muscles also
revealed increased muscle oxidative enzyme activities
(e.g., citrate synthase and B-hydroxyacyl-coenzyme A
dehydrogenase) and mitochondrial content in obese
animals, particularly in red muscles, with abundant slow-
oxidative fibre-types (Franch et al. 2002; Holloway et al.
2009a; Holloway et al. 2009b; Lally et al. 2012; Turner et
al. 2007). In addition, an increased histochemical SDH
activity was reported in muscle fibre types of patients
with Type 2 diabetes, and it was interpreted as a muscle’s
compensatory mechanism in responses to the altered
glucose metabolism (Oberbach et al. 2006). An increased
fatty acid uptake and altered fatty acid metabolism,
together with an elevated level of acyl-CoA binding
protein, have also been reported in insulin-resistance
muscles of the obese Zucker rat (Franch et al. 2002;
Turcotte et al. 2001). A relative increase in mitochondrial
content and a more oxidative muscle phenotype have also
been reported in non-genetic models of obesity (e.g.,
high-fat and diet-induced obesity) (de Wilde et al. 2008;
Shortreed et al. 2009; Trajcevski et al. 2013; Turner et al.
2007). Together, these findings suggest that high lipid
availability does not lead to intramuscular lipid

accumulation and insulin resistance in obese rodents by
decreasing muscle mitochondrial fatty acid oxidative
capacity. Conversely, the current study supports that
insulin resistance can be present without reductions in
muscle mitochondrial content and that obesity increases
muscle mitochondrial content and fatty acid oxidation
(Garcia-Roves et al. 2007; Holloway et al. 2009z;
Holloway et al. 2009b; Lally et al. 2012; Turner et al.
2007; Franch et al. 2002; Turcotte et al. 2001). The
increased intramuscular accumulation of lipids observed
in obese animals (Lally et al. 2012), has been attributed to
an increased rate of fatty acid transport that exceeds the
concurrently increased capacity for mitochondrial fatty
acid oxidation (Holloway et al. 2009a; Turcotte et al.
2001).

A novel observation in our study is the increased
mitochondrial oxidative capacity observed in muscle
fibres of the white tibialis cranialis muscle of obese
Zucker rats, compared with the lean phenotype. Previous
studies in this model of obesity have reported a lack of
any significant change in acyl-CoA binding protein,
mitochondrial content, oxidative enzyme activities and
transport of fatty acids into muscle cells in white muscles,
composed of abundant fast-glycolytic fibre types
(Chabowski et al. 2006; Holloway et al. 2009a; Franch et
al. 2002). Similarly, enhanced oxidative capacity was
noted in the soleus, but not tibialis cranialis muscles of
diet-induced obese mice (Shortreed et al. 2009). It has
been argued that white muscles might be less susceptible
than red muscles to alterations in the substrate-endocrine
environment (Chabowski et al. 2006), probably because
they accumulate less fatty acids (Lally et al. 2012; Benton
et al. 2006; Megeney et al. 1993), and exhibit lower rate
of insulin-stimulated glucose transport (Megeney et al.
1993). These observations have been related to the
physiological role of fast-twitch muscle, which is to
develop rapid, explosive bursts of movements that rely
heavily on intramuscular glycogen, rather than on blood
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borne substrates (Chabowski et al. 2006; Holloway et al.
2009a). However, previous studies have associated
intramyocellular lipid accumulation and insulin resistance
in white muscles of obese Zucker rats (Korach-Andre et
al. 2005; Lally et al. 2012), substantiating that these
muscles also play a role during the onset of insulin
resistance. Also in agreement with present results, whole
muscle mitochondrial DNA was significantly increased in
white muscle of obese Zucker rats (Lally et al. 2012).

In conclusion, the present study provides consistent
evidence that the adaptive response of rat skeletal muscle
to obesity takes the form of generalized inhibition of
muscle fibre growth and a significant change toward a
faster fibre-type phenotype. These changes occurred with
a switch towards a more oxidative phenotype, indicative
of an increased mitochondrial content of skeletal muscles.
It is noteworthy that obesity-induced muscle adaptations
were unspecific in regards to muscle structure and

function.
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ABSTRACT

Obesity-related skeletal muscle changes include
muscle atrophy, slow-to-fast fiber-type transformation,
and impaired mitochondrial oxidative capacity. These
changes relate with increased risk of insulin resistance.
Mangiferin, the major component of the plant Mangifera
indica, is a well-known anti-inflammatory, anti-diabetic,
and antihyperlipidemic agent. This study tested the
hypothesis that mangiferin treatment counteracts obesity-
induced fiber atrophy and slow-to-fast fiber transition,
and favors an oxidative phenotype in skeletal muscle of
obese rats. Obese Zucker rats were fed gelatin pellets with
(15 mg/kg BW/day) or without (placebo group)
mangiferin for 8 weeks. Lean Zucker rats received the
same gelatin pellets without mangiferin and served as
non-obese and non-diabetic controls. Lesser diameter,
fiber composition, and histochemical succinic
dehydrogenase activity (an oxidative marker) of myosin-
based fiber-types were assessed in soleus and tibialis
cranialis muscles. A multivariate discriminant analysis
encompassing all fiber-type features indicated that obese
rats treated with mangiferin displayed skeletal muscle
phenotypes significantly different compared with both
lean and obese control rats. Mangiferin significantly
preserved skeletal muscle mass, fiber cross-sectional size,
and fiber-type composition, and enhanced muscle fiber
oxidative capacity. These data demonstrate that
mangiferin attenuated adverse skeletal muscle changes in
obese rats, opening a novel application of mangiferin to
improve obesity-induced metabolic dysregulation.

INTRODUCTION

Studies over the past 20 years have described changes
in skeletal muscle in human and animal models of both
genetic and diet-induced obesity. Muscle atrophy and a
switch toward a faster contractile phenotype are well-
documented changes in skeletal muscle of obese subjects
[1-4]. In addition, an impaired mitochondrial oxidative

enzyme capacity has been reported in muscle from obese
people and animals [5,6]. However, other studies in
patients with Type 2 diabetes and rats with genetic
obesity revealed increased mitochondrial density and
oxidative enzyme activities in skeletal muscles [7-9]. In
addition, studies showed a link between obesity-
associated skeletal muscle changes (i.e., decreased muscle
mass, slow-to-fast fiber transformation, and impaired
mitochondrial function), and the risk of insulin resistance
[10-13], suggesting that the prevention of these skeletal
muscle changes might improve obesity-induced metabolic
dysregulation [14]. For example, it has been widely
observed that improving mitochondrial function also
improves insulin sensitivity and prevents type 2 diabetes
[15].

Chronic inflammation associated with obesity and
over-nutrition, characterized by increased levels of
inflammatory cytokines such as tumor necrosis factor a.
(TNF o) and interleukin 6 (I1L-6), has been implicated in
obesity-induced muscle atrophy via an imbalance in
contractile protein synthesis and degradation [3]. Obesity-
and diabetes-induced slow-to-fast muscle fiber type
transformation has been explained by downregulation of
peroxisome proliferator-activated receptors, such as
PGCla and PPARS [16], which are critical regulators of
fiber-type composition [17]. These receptors are typically
higher expressed in slow-oxidative type | muscle fibers
than in fast-glycolytic type Il muscle fibers [18]. It is also
known that the activation of the PPARS-PGCla. axis,
together with AMP-activated protein kinase (AMPK), are
critical regulators of mitochondrial biogenesis [15,17].

Preliminary work done on mangiferin, a major
glucoside of xanthone in the mango plant Manfigera
indica L., suggests a potential for this pharmacophore as a
novel parent compound for treating obesity-related
metabolic conditions [19-22]. Evidences show that
mangiferin has multiple beneficial biological activities,
including potent anti-inflammatory [23-25], anti-oxidant
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[23,26], and anti-diabetic effects [27-33]. Mechanistic
links underlying these actions include inhibition of pro-
inflammatory cytokines such as TNF o and 1L-6 [23-25],
activation of PPARG and PGCla. receptors [23,34],
activation of AMPK [35-38], increments of glucose
transporters in adipose and muscle cells [39], and
activation of pyruvate dehydrogenase complex [40]. In
addition, recent unbiased proteomics studies reveal that
mangiferin upregulates proteins pivotal for mitochondrial
bioenergetics and downregulates proteins controlling de
novo lipogenesis in liver [23,41]. Together, these actions
of mangiferin lead to enhancement of carbohydrate
utilization in oxidative metabolism, increasing insulin
sensitivity and decreasing lipogenesis [22].

A few studies provided evidence that supplementation
with mangiferin has beneficial effects on various aspects
of muscle function in obese animals. For example,
mangiferin supplementation enhanced lipid catabolism in
skeletal muscle of these animals by upregulating genes
involved in muscle fatty acid p-oxidation [27]. This
substance also induced a shift in muscle respiratory
quotient from lipid toward carbohydrate utilization
through increased glucose and pyruvate oxidation [40],
and by increasing glucose transporters expression and
translocation in muscle cells [39]. However, cellular
effects of mangiferin on skeletal muscle mass, and
contractile and metabolic phenotypes have not been
explored in experimental models of obesity.

Based on previous observations supporting
mechanistic links of anti-inflammatory, anti-oxidant and
anti-diabetic effects of mangiferin, we hypothesized that
chronic intake of this pharmacophore should counteract
obesity-induced muscle atrophy and slow-to-fast fiber-
type switch, as well as to maximize oxidative
mitochondrial capacity in skeletal muscle. Thus, the main
purpose of this study was to analyze the effect of long-
term low-dose mangiferin on size, frequency, and
oxidative capacity of skeletal muscle fiber types in obese

rats. As an experimental model, we used obese Zucker
rats, a well-established model of genetic obesity, insulin
resistance, and metabolic syndrome, which were treated
with gelatin pellets containing mangiferin (15 mg/kg
BW/day) or without mangiferin (placebo) for 8 weeks.
Lean Zucker rats served as non-obese and non-diabetic
controls. Two muscles with opposite structure and
functional significance, the red soleus and the white
tibialis cranialis, were examined.

RESULTS

Mangiferin improved plasma cholesterol fractions,
FGF21 levels, and hyperglycemic response in obese
rats

The effect of mangiferin treatment on plasma
metabolites was examined by comparing plasma variables
of obese Zucker rats treated with (15 mg/kg BW/day) and
without (placebo group) mangiferin, before and after 8
weeks (Table 7.1). Mangiferin significantly decreased
plasma levels of total cholesterol, LDL cholesterol, and
FGF21 levels, and significantly increased serum
concentration of HDL cholesterol, but had not effect on
serum glucose, triglycerides, insulin, and leptin levels,
compared with the placebo group. Despite no effect on
final plasma glucose concentration, mangiferin treatment
for 8 weeks significantly attenuated hyperglycemic
response in a standardized glucose tolerance test
compared with the placebo group (Fig. 7.1).

Mangiferin ameliorated body weight gain, and
protected against obesity-induced muscle atrophy
Daily feed intake was slightly greater in the obese
placebo group (mean £ SD, 26.6 + 1.3 g/d) than in the
obese mangiferin group (24.4 £ 1.0 g/d; P = 0.04).
Similarly, daily body weight gain was significantly
greater in the obese placebo group (4.56 + 0.24 g/d) than
in the obese mangiferin group (4.27 + 0.33 g/d; P = 0.03).
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Table 7.1 Mangiferin effects on plasma metabolites in genetic-obese rats

Obese Placebo Obese Mangiferin
Pre-treatment Post-treatment Pre-treatment Post-treatment
(wk 0) (wk 8) (wk 0) (wk 8)
Glucose, mg/dl 164+ 32 183+ 31 167+ 12 189+ 21
Cholesterol, mg/dl 96+ 10 112+ 8 * 90+ 11 104+ 10 * ¥
Chol LDL, mg/dl 42+ 1.2 102+ 3.2 * 3.2+ 2.6 6.9+ 3.8 *t
Chol HDL, mg/dl 41.4+ 3.7 423+ 25 42,6+ 4.5 46.0+ 3.3 *
Triglycerides, mg/dl 440+ 106 695+ 226 * 471+ 136 864+ 268*
Adiponectin, pg/ml 8.0+ 1.6 51+35* 72116 6.5+ 1.8
Insulin, ng/ml 15+ 0.7 10.6+ 6.9 * 1.3+ 0.4 9.9+4.0*
Leptin, ng/ml 9.9+¢5.0 50.8+ 9.6 * 11.3+ 4.9 60.7£ 13.1*
FGF21, pg/ml 911+ 635 18053+ 1009 * 3258+ 2958 9735+ 1803

Values are means + SD, n =10 rats/group. Bonferroni unpaired t-test was used to test for differences before and
after treatment and between Placebo and Mangiferin groups: * P < 0.05 compared with pre-treatment within the
same group; T P<0.05 compared with Placebo group within the same time of treatment

Obese rats treated with mangiferin experienced
substantial weight gain reduction compared with the
obese placebo group over the 8-week experimental period
(Fig. 7.2). Thus, final body weights significantly differed
in the three groups (Table 7.2). Obese rats treated with
mangiferin for 8 weeks significantly increased their body
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weights by 82% compared with lean control rats (P =
0.00), but decreased their body weights by 5% compared
with obese control rats (P < 0.01).

Despite increased final body weights, wet weights and
muscle somatic indexes (MSI; wet muscle weight referred
to body weight) of soleus and tibialis cranialis muscles

<« Fig. 7.1 Mangiferin attenuates hyperglycemic
response in obese rats after glucose oral
administration. Zucker rats with the obese (fa/fa)
phenotype (2 months old) were treated with placebo or
mangiferin (15 mg/kg BW/day) for 8 weeks (n = 10
rats/group), and plasma glucose was monitored every 30
minutes after oral glucose administration (2 g/kg BW).
Graph shows means + SD plasma glucose change vs
basal levels over time. * P < 0.05 indicates significant
differences between Placebo and Mangiferin groups
obtained by unpaired Student’s t test.
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» Fig. 7.2 Mangiferin mitigates overweight in
obese rats. Zucker rats with the obese (fa/fa)
phenotype (2 months old) were treated with
placebo or with mangiferin (15 mg/kg BW/days)
for 8 weeks (n = 10 rats/group), and body weight
was monitored every two weeks. Graph shows
means + SD body weight gain over time. * P <
0.05 indicates significant differences between
Placebo and Mangiferin groups obtained by
unpaired Student’s t test.

significantly decreased in obese vs lean control rats
(Table 7.2). M. tibialis wet weight was also significantly
lower in the obese mangiferin group than in the lean
control group, and it did not differ significantly in
mangiferin vs placebo obese rats. However, soleus wet
weight and MSIs of both muscles were significantly
greater in the obese mangiferin group than in the obese ¢
ontrol group.

Mangiferin preserved muscle fiber cross-sectional size
in obese rats

Mean lesser diameters of main myosin-based muscle
fiber types were estimated in soleus and tibialis cranialis
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muscles, and compared in the three experimental groups
(Table 7.3; Fig. 7.3). Soleus muscle fibers were larger
than tibialis cranialis muscle fibers. The lower muscle
weights observed in the obese control rats (Table 7.2),
corresponded with smaller mean lesser diameters in all
soleus and tibialis muscle fiber types (21% and 29% on
average, respectively) compared with lean control rats.
Mean lesser diameters of soleus and tibialis muscle fiber
types were found to be significantly greater (18% and

Table 7.2 Mangiferin effects on final body, and muscle weights and muscle somatic index (MSI) of

subjects

Variable Lean Obese Control Obese Mangiferin P value
Body weight, g 2629 + 426 a 5054 + 147 ¢ 4796 * 176 b <0.001
M. soleus weigth, mg 156.8 £ 19.0 b 1375 + 188 a 1485 + 148 b <0.01
M. soleus MSI, mg/g 0.60 + 0.06 c 027 + 0.04 a 031 + 004 b 0.00
M. tibialis weight, mg 6458 + 863 b  550.1 + 563 a 5818 + 585 a <0.001
M. tibialis MSI, mg/g 248 + 029 b 109 + 0.11 a 122 + 014 b 0.0

Values are means + SD, n = 20 rats/group. One-way ANOVA (P values denote significance of differences
between groups) and Fisher least significant difference post hoc were used to test for differences between
pairwise groups; within a row, means with different letters differ significantly (P<0.05, at least)
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Table 7.3 Mangiferin effects on lesser fiber diameter (um) in genetic-obese rats

Fiber-Type Lean Obese Control Obese Mangiferin P value
M. soleus

I 639 = 10.1 b 50.7 £ 4.0 a 60.6 £ 4.4 b 0.00
A 531 = 104 b 448 + 55 a 522 + 6.1 b <0.001
All fiber-types 629 + 99 b 500 £ 41 a 589 + 4.7 b <0.001
M. tibialis cranialis

A 395 + 84 b 321 + 37 a 39.1 + 49 b <0.001
1), 460 + 85 b 36.8 £+ 49 a 442 + 7.3 b <0.001
IIXB 500 £+ 95 ¢ 351 + 46 a 425 + 7.4 b 0.00
1B 570 £ 91 b 416 + 45 a 431 + 8.0 a 000
All fiber types 484 + 83 ¢ 346 + 4.0 a 417 + 6.3 b 0.00

Values are means x SD, n = 20 rats/group. One-way ANOVA (P values denote significance of differences
between groups) and Fisher least significant difference post hoc were used to test for differences between
pairwise groups; within a row, means with different letters differ significantly (P<0.05, at least). For clarity,
muscle fiber-types with a percentage below 5% (see Table 7.4) are excluded from this analysis

21%, respectively) in the obese mangiferin group than in
the obese control group, but in general (1B fibers in the
tibialis muscle was an exception) were similar (P > 0.05)
in obese mangiferin vs lean control rats.

Mangiferin counteracted obesity-induced switch
toward a faster phenotype in white muscle

Soleus and tibialis cranialis muscle fibers were typed
based on their immunoreactions to antibodies against
specific myosin heavy chain isoforms, and the
proportions of seven fiber types (I, I+11A, 1A, IAX, 11X,
[IXB, and 11B) were compared in the three experimental
groups (Table 7.4; Fig. 7.3). All these seven fiber types
were identified in the tibialis cranialis muscle, but only
three fiber types (I, I+11A, and I1A) were found in the
soleus muscle.

The three experimental groups were not comparable
regarding their soleus and tibialis cranialis muscle fiber-
type compositions (Table 7.4). In the soleus muscle of the
two obese groups, slow-twitch type | fiber fractions were

reduced by 7%, whereas fast-twitch type I1A fiber
percentages were increased by 72% and 49%,
respectively, compared with the lean control group (Fig.
7.3A). Type | and IIA fiber percentages in the soleus
muscle did not differ in mangiferin vs placebo obese rats.
However, in obese rats treated with mangiferin, the
percentage of hybrid fibers I+I1A in this muscle was
lower than in obese control rats (P = 0.04), but
comparable to the lean control group (P > 0.05). In the
tibialis cranialis muscle of obese control rats, there was a
significant slow-to-fast fiber-type switching in the
direction I — 1A — 11X — 1B, compared with the lean
rats (Fig. 7.3B). This was indicated by decreased
proportions of type 1 (34%), I1+11A (47%), 1A (23%),
[IAX (50%), and IIX (25%) fibers, and increased
frequencies of type I1XB (78%), and 11B (32%) fibers in
obese vs lean control rats. The total relative number of
hybrid fibers in this muscle was higher in obese than in
lean control rats, but this difference did not reach
statistical significance (P = 0.16). In general, fiber-type
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A Fig. 7.3 Mangiferin preserves fiber size and fiber-type composition, and enhances fiber
oxidative capacity in skeletal muscle of obese rats. Serial transverse sections of the soleus (A)
and tibialis cranialis (B) muscles of representative lean (left columns), obese (middle columns),
and obese treated with mangiferin (right columns) Zucker rats stained for immunohistochemistry
against specific anti-myosin heavy chain (MHC) monoclonal antibodies and succinic
dehydrogenase (SDH) histochemistry. Note in the muscles from the Zucker obese rats treated
with mangiferin, the greater size of muscle fibers in both muscles, the abundance of fibers
expressing MHC-Ila (M. tibialis), and the lower number of fibers expressing MHC-11b (M.
tibialis cranialis), compared with the muscles from the obese Zucker rats. Note also in muscles
from both obese control and obese treated with mangiferin Zucker rats, the higher SDH staining
in both muscles, compared with the muscles from the lean Zucker rats.

composition of the tibialis cranialis muscle did not differ ~ was higher (37%, P < 0.01), and the proportion of type
significantly between the obese mangiferin group and the  11B fibers was lower (34%, P < 0.01) in mangiferin vs
lean control group, but the percentage of type IIA fibers placebo obese rats. Total hybrid fibers in the tibialis
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Table 7.4 Mangiferin effects on muscle fiber-type composition (%) of genetic-obese rats

Fiber-Type Lean Obese Control Obese Mangiferin P value
M. soleus

I 896 £ 76 b 831 £ 72 a 829 + 89 a 0.01

+11A 15 £+ 29 a 36 £ 33 b 18 £ 21 a 0.04

A 89 + 59 a 133 £ 62 b 153 £ 79 b 0.01

M. tibialis cranialis

I 47 £ 15 b 31 + 28 a 37 + 20 ab 0.06

+11A 17 £ 04 b 09 + 11 a 07 + 06 a <0.001
A 279 + 89 b 216 £+ 81 a 295 + 67 b <001
IIAX 40 £ 17 b 21 + 23 a 19 + 1.4 a <0.001
1) 247 £ 85 b 186 + 74 a 210 £ 65 ab 0.04

IIXB 104 + 120 a 184 £+ 76 b 200 £+ 78 b <001
1B 266 + 119 a 353 + 140 b 233 + 105 a <001
Hybrid fibers 16.1 + 117 a 20.3 + 8.6 ab 223 + 80 b 0.1

Values are means x SD, n = 20 rats/group. One-way ANOVA (P values denote significance of differences
between groups) and Fisher least significant difference post hoc were used to test for differences between
pairwise groups; within a row, means with different letters differ significantly (P<0.05, at least)

cranialis muscle were comparable in the two obese groups
(P >0.05), but they were more frequent in the obese
mangiferin group than in the lean control group.
Together, these data indicated that mangiferin treatment
prevented obesity-induced slow-to-fast fiber type
transition in the white tibialis cranialis muscle, but not in
the red soleus muscle.

The effects of mangiferin on the force-velocity
relationship of soleus and tibialis cranialis muscles were
estimated according to Hill’s characteristic equation using
relative frequencies of myosin-based muscle fiber types in
each muscle, and compared in the three experimental
groups (Fig. 7.4). As expected, predicted maximal
shortening velocities (Vmax) Were slower in the red soleus
muscle than in the white tibialis cranialis muscle. In the
soleus muscle, predicted maximal shortening velocities
were faster in the obese control group (0.77 £0.05 fiber

length/s) and the obese mangiferin group (0.76 + 0.06
fiber length/s) than in the lean control group (0.70 + 0.05
fiber length/s; P < 0.001 in both), but they were
comparable in the two obese groups (P > 0.05). In the
tibialis cranialis muscle, however, predicted maximal
shortening velocities were not comparable in the three
groups. Vmax Of this muscle was 9% faster in the obese
control group (1.60 % 0.07 fiber length/s) than in the lean
control group (1.47 £ 0.04 fiber length/s; P = 0.00). As
shown in Fig. 7.4, Vi of tibialis cranialis muscle was
intermediate in the obese mangiferin group (1.52 + 0.05
fiber length/s), but significantly different compared with
both lean control (P < 0.01) and obese control groups (P <
0.001). Again, these data demonstrate that mangiferin
treatment counterbalanced obesity effects on muscle
contractile profile, preserving a slower phenotype in
white, not red, muscles.
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A Fig. 7.4 Prediction of the effects of mangiferin treatment on maximal shortening velocity
(Vmax) and the force-velocity relationship of soleus and tibialis cranialis muscles in lean,
obese, and obese treated with mangiferin Zucker rats. A: Predicted maximal shortening
velocity (Vmax) of both muscles. Values are means + SD (n = 20 rats/group); means with different
letters differ significantly (P < 0.05, at least, Fisher least significant difference post hoc test). B:
Force-velocity curves in soleus (dashed lines) and tibialis cranialis (solid lines) muscles were
determined according to the Hill-type mathematical model (inset) [42], and compared between
lean (blue lines), obese (green lines), and obese treated with mangiferin (red lines) Zucker rats.
The proportion of each myosin-based muscle fiber type contributes to the whole muscle force-
velocity relationship [43]. Data are expressed as means of 20 rats/group. V, shortening velocity;
Vmax, maximal shortening velocity; P, isometric tension; Py, maximal isometric tension.

muscle mitochondrial oxidative capacity involved
Mangiferin increased mitochondrial oxidative enzyme  (without exceptions) all soleus and tibialis cranialis

activity in specific muscle fiber types muscle fiber types, with soleus muscle fibers being more

To determine the direct effect of mangiferin on oxidative than tibialis muscle fibers. In general, mean
muscle oxidative metabolism, we assessed the rate of SDH activities of muscle fiber types in the two muscles
histochemical SDH enzyme activity within individual were comparable in mangiferin vs placebo obese groups
muscle fiber types of soleus and tibialis cranialis muscles (P > 0.05). However, specific muscle fiber types, such as
in the three experimental groups (Table 7.5; Fig. 7.3). type 1A in soleus muscle, and types 11X and 11XB in

The overall mean SDH activity of all muscle fiber types tibialis muscle, exhibited higher mean SDH activities in
was significantly higher in the two groups of obese rats the obese mangiferin group than in the obese control

than in lean animals (soleus, 17%; tibialis, 19%; P < group (~9%, P < 0.05). This indicates that mangiferin had
0.001 in both). This obesity-related improvement of a direct effect on muscle metabolic profiles, by increasing
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Table 7.5 Mangiferin effects on muscle fiber-type succinic dehydrogenase activity (OD/min) of

genetic-obese rats

Fiber-Type Lean Obese Control Obese Mangiferin P value
M. soleus

I 038 = 0.04 a 044 £ 0.04 b 045 = 0.04 b 0.0
A 045 = 0.04 a 049 £+ 0.06 b 053 + 0.05 ¢ <0.001
All fiber-types 039 £ 0.04 a 045 + 0.04 b 046 £ 0.04 b 0.0
M. tibialis cranialis

A 0.58 + 0.06 a 062 + 0.05 b 062 £ 005 b 004
1) 048 + 0.10 a 057 + 0.04 b 0.62 + 0.08 ¢ <0.001
IIXB 043 + 0.03 a 046 + 0.02 b 050 + 0.04 ¢ <0.001
1B 031 + 0.03 a 036 + 0.02 b 0.37 + 0.06 b <0.001
All fiber types 044 + 0.06 a 052 + 0.05 b 0.53 + 0.05 b <0.001

Values are means x SD, n = 20 rats/group. One-way ANOVA (P values denote significance of differences
between groups) and Fisher least significant difference post hoc were used to test for differences between
pairwise groups; within a row, means with different letters differ significantly (P<0.05, at least). For clarity,
muscle fiber-types with a percentage below 5% (see Table 7.4) are excluded from this analysis

mitochondrial oxidative capacity of these type Il fibers in
genetic-obese rats.

Mangiferin had a beneficial overall effect on skeletal
muscle phenotypes of obese rats

To summarize quantitatively the degree of similarity
or discrepancy of skeletal muscle phenotypes between the
three experimental groups, a discriminant canonical
analysis was conducted with data available for each
muscle (Fig. 7.5). Near all observations (samples)
analyzed in soleus and tibialis cranialis muscles (59/60 in
both; 98%) were correctly discriminated in their
respective experimental groups. Mahalanobis distances
between group pairs confirmed significant differences of
overall skeletal muscle phenotypes. Ample differences
were noted between each group of obese rats (treated or
not with mangiferin) and lean rats in the two muscles.
Shorter, but significant, distances were also observed

between obese rats treated with mangiferin and obese
control rats (9.9 in soleus and 22.5 in tibialis; P < 0.001 in
both), indicating that mangiferin administration to obese
Zucker rats, evoked a significant overall effect on size,
contractile, and metabolic features of skeletal muscle
fiber types.

DISCUSSION

Considerable interest in the beneficial biological
activities of mangiferin, including anti-oxidant, anti-
inflammatory, and anti-diabetic effects, has emerged in
recent years [19-22]. However, few studies have
addressed the potential ameliorative effects of this
compound on obesity-related deleterious consequences in
skeletal muscle [27,40]. The present investigation is to
our knowledge the first study addressing the impact of
mangiferin administration on skeletal muscle structure
and function in animals with genetic obesity. The main
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A Fig. 7.5 Phenotypic classification of individual hind limb muscles of obese Zucker rats
treated with mangiferin in relation to lean and obese controls by means of multivariate
discriminant analysis. Individual soleus (A) and tibialis cranialis (B) muscles of all experimental
rats were classified into different groups as a function of a cohort of phenotypic muscle
characteristics by means of discriminant canonical analysis. The discriminant model for the soleus
muscle included the following muscle variables: wet weight, muscle-somatic index, predicted
maximal shortening velocity, and percentage, lesser diameter and SDH histochemical activity of
type | fibres. The same parameters were included in the statistical model for the tibialis cranialis
muscles, but fiber-types 1A, 11X, 11XB and 1B were considered instead of type I fibers. The
squares of the Mahalanobis distances between pairs of groups indicative of the overall phenotypic
divergences are indicated; P values for the statistical significance of these comparisons between
pairs of groups were always significant (P < 0.001).

finding was that chronic intake (8 weeks) of low-dose mangiferin not mixed with the food. This protocol has
mangiferin (15 mg/kg BW/day) by obese Zucker rats several advantages: first, the dosing is more exact and
resulted in muscle phenotypes that were significantly daily intake of the dose of mangiferin could be verified;
different compared with both obese and lean Zucker rats ~ second, and more important, by giving it apart we
fed a placebo diet. This overall effect included eliminated any potential effect due to decreased
preservation (or reversion) of obesity-induced sarcopenia  palatability of a mangiferin supplemented diet that could
in red and white muscles, and slow-to-fast fiber-type reduce food intake and thus contribute to ameliorate
transition in white, not red, muscles, in addition of metabolic syndrome. In this study, mangiferin treatment
increased mitochondrial oxidative capacity in specific resulted in a small decrease in food intake, which may be
type Il fibers in both muscle types. Thus, the authors’ related to a potential modulatory effect of mangiferin on
initial hypothesis was borne out. appetite. The dietary mangiferin dosage used in the

The experiments were designed to administer present study (15 mg/kg BW/day) was slightly lower
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compared with other studies in which dosages of up to
400 mg/kg were used [25]. In experimental trials of any
pharmacophore, the use of low dosages is recommended
to ensure safety against any potential toxicity. The low
dosage of mangiferin used in the present study was
effective in obese rats when daily administered over 8
weeks. Beneficial effects of mangiferin were also
demonstrated in diabetic rats after intraperitoneal
administration of 10 and 20 mg/kg for 14 days [32].

The obese Zucker rat is a well-established model of
genetic obesity and Type 2 diabetes, characterized by
hyperinsulinemia, hyperglycemia, and hyperlipemia, in
addition to insulin resistance, as confirmed in this and
other studies [4,44]. Mangiferin administration
significantly improved oral glucose tolerance in glucose-
loaded obese Zucker rats. In addition, it reduced plasma
total cholesterol and LDL cholesterol, and increased HDL
cholesterol levels in these obese animals. Moreover,
mangiferin treatment also decreased circulating levels of
FGF21, a potent metabolic regulator that is increased in
conditions of obesity and insulin resistance [45]. These
results substantiate and expand previous studies
demonstrating effective anti-hyperglycemic (without
inducing hypoglycemic state), anti-hyperlipidemic, and
anti-atherogenic activities of mangiferin in diabetic
animals [32,46]. Recent studies revealed that these
beneficial actions of mangiferin are mediated by
activation of AMPK signaling pathway, a metabolic
sensor that regulates multiple intracellular systems
including the cellular uptake of glucose and lipid
utilization [35,37,39].

Ample evidence supports that inflammation plays a
crucial role in muscle atrophy in patients with obesity and
related metabolic dysfunctions [3,12]. It has been
estimated that a 10% increase in the ratio of skeletal
muscle mass to total body weight is associated with 11%
reduction in the risk of insulin resistance [14]. Hence, the
prevention of skeletal muscle sarcopenia has been

predicted to improve obesity-induced metabolic
dysregulation [47]. Studies have shown that mangiferin
decreases circulating markers of inflammation [23,25],
and attenuates insulin resistance in obese mice [40]. The
present study demonstrates for the first time that
mangiferin can protect against obesity-induced skeletal
muscle mass loss through preservation of myofiber cross-
sectional size. Given that mangiferin is a potent anti-
inflammatory agent that reduces inflammatory cytokines
such TNF-a. and IL-6 [23,25], and obesity-related
inflammation promotes muscle atrophy via decreased
muscle protein synthesis and increased muscle protein
degradation [3], it is not unlikely that the protective effect
of mangiferin against obesity-induced muscle sarcopenia
could be mediated by inhibition of muscle inflammation
signaling. Other natural antioxidants, such as quercetin
and resveratrol, are useful for preventing skeletal muscle
atrophy by suppressing inflammatory responses in obese
mice [48], and promoting myogenesis and hypertrophy in
murine myoblasts in vitro [49].

It is well known that obesity is associated with a
decreased number of type | muscle fibers, and an
increased proportion of type Il fibers, as confirmed in this
and other studies [5,9,16]. Our results further indicate that
this obesity-induced slow-to-fast fiber-type
transformation encompassed the full spectrum of myosin
heavy chains according with the general scheme of
sequential transitions of muscle fiber types: | — I+lI1A —
[IA — IIAX — [IX — 11X — 1IXB — 1IB [50]. As a
result, the overall predicted maximal shortening velocity
of both soleus and tibialis muscles increased by ~10% in
obese versus lean rats. Like for skeletal muscle mass,
human studies have shown that a decreased type I-to-type
11 skeletal muscle fiber ratio correlates inversely with
insulin resistance [10,11], suggesting that the prevention
of slow-to-fast fiber-type transformation might also be
useful to improve obesity-induced metabolic
dysregulation. Previous in vitro and in vivo studies have
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shown that mangiferin favors the activation of critical
regulators of muscle fiber-type composition such as
PPARS and PGCla [23,34], providing a potential
mechanism for improvement the slow-to-fast muscle fiber
ratio in diabetes and obesity. However, it is unknown
whether mangiferin protects against obesity-related slow-
to-fast muscle fiber transformation. A central finding of
the present study was that mangiferin administration to
obese rats resulted in an increased number of type 1A
fibers and a decreased number of type IIB fibers in tibialis
cranialis muscle when compared to non-supplemented
obese rats. This indicates that mangiferin counteracts
slow-to-fast fiber transformation in tibialis cranialis
muscle of obese rats, which is confirmed by the finding
that the predicted maximal shortening velocity of this
muscle significantly slowed by ~5% in the obese
mangiferin group compared with the obese control group.
With the sole exception of the hybrid type 11XB fibers,
the fiber type distribution of tibialis cranialis muscle was
similar between the obese mangiferin and the lean control
group. However, the predicted Vmax of this muscle was
significantly faster by ~3.5% in the obese mangiferin than
in the lean control group, indicating that mangiferin
treatment preserved only partially obesity effects on
muscle contractile profile.

Present design is limited to offer mechanistic links
underlying variations of muscle fiber types observed in
skeletal muscle of obese rats treated with mangiferin.
Nevertheless, it is likely that upregulation of PPARS and
PGCla receptors in tibialis cranialis muscle by
mangiferin administration could be responsible for the
observed difference in muscle fiber types and contractile
phenotype of this muscle in obese Zucker rats. This is
because mangiferin is a well-known activator of the
PPARG-PGCla axis in diabetic obese rats [34], and
downregulation of these receptors is one of the main
reasons for the obesity-induced type I-to-type 1l muscle
fiber transition [5,16]. Recent studies have shown that

supplementing obese Zucker rats with niacin and
carnitine, two commonly prescribed drugs for the
treatment of hyperlipidemia, induces the transition of fast
to slow skeletal muscle fiber types through activation of
PPARS and PGCla receptors [5,16].

The significance of the lack of effect of mangiferin
administration to obese rats on fiber type composition and
contractile profile of soleus muscle is uncertain. Given
that transitions of muscle fiber types are influenced by the
muscle basal status [50], these results can be related with
the prominent slow-twitch phenotype of rat soleus muscle
[51]. Accordingly, a more pronounced change toward a
slower phenotype in the white tibialis cranialis muscle
(composed primarily of fast fibers) than in the red soleus
muscle (composed primarily of slow fibers) could be
expected after mangiferin administration to obese rats.

The link between mitochondrial dysfunction and
insulin resistance is still a matter of debate, especially in
skeletal muscle, the main tissue involved in glucose
homeostasis [13]. There are reports demonstrating
impaired [5], unaltered [16], or increased [7,8]
mitochondrial oxidative capacity in muscle from obese
individuals. Possible reasons explaining this discrepancy
include the different levels of physical activity between
obese and lean subjects, and the choice of the parameters
to be studied in evaluating mitochondrial function. A key
finding of the present study was that the histochemical
oxidative activity of individual muscle fibers was
increased in all fiber types of red and white muscles in
obese versus lean Zucker rats. This finding suggests that
insulin resistance can be present without reductions in
muscle mitochondrial content, and confirms that obesity
per se provokes insulin resistance increasing muscle
mitochondrial content and fatty acid oxidation [7].
However, intramuscular lipid accumulation occurs at
much greater rate than the compensatory increase in both
mitochondrial density and the rate of mitochondrial fatty
acid -oxidation [7].
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The present study revealed that mangiferin improves
skeletal muscle oxidative capacity in genetic-obese rats
through increased SDH activity, a key enzyme of the
Kreb’s cycle, in specific muscle fiber types. An unbiased
proteomics study also reported that mangiferin
upregulates protein participating in mitochondrial
bioenergetics, including the enzyme SDH [41].
Interestingly, mangiferin is a potent activator of the
AMPK-PGC1la pathway [23,34,37,38], and there is
ample evidence that PPARS-PGCla. receptors, together
with AMPK, are critical regulators of mitochondrial
bhiogenesis [see Ref. 15 for recent review]. Rasbach et al.
reported that overexpression of PGCla. caused a shift
toward increased oxidative types of skeletal muscle fibers
[17]. Consequently, it is coherent that positive effects of
mangiferin on skeletal muscle cell oxidative capacity are
mediated by the activation of the AMPK-PGCla
pathway. Studies shown that other dietary antioxidants
such as sudachitin and proanthocyanidins improve
skeletal muscle mitochondrial biogenesis in obese rats
through increased expression of PGCla and AMPK
[52,53].

In conclusion, our study is the first to demonstrate that
mangiferin significantly attenuated adverse skeletal
muscle changes in obese rats. This action included
preservation of both skeletal muscle mass and muscle
fiber-type composition, and enhanced oxidative capacity
in muscle fibers. Although mechanistic links could not be
established, it is hypothesized that these protective effects
of mangiferin on skeletal muscle structure and function
can be associated with inhibition of inflammatory
signaling pathways and activation of the AMPK-PGCla
axis. Thus, mangiferin may be an useful dietary
component for preventing obesity-associated deleterious
skeletal muscle changes, hence improving obesity-
induced metabolic dysregulation.

MATERIALS AND METHODS

Ethics

All experimental protocols were reviewed and
approved by the Ethics Committee for Animal Research
of the University of Cordoba (Cordoba, Spain). They
followed the guidelines laid down by the Higher Council
of Scientific Research of Spain following the normal
procedures directing animal welfare (Real Decreto
223/88, BOE of 18 of March) and adhered to the
recommendations included in the Guide for Care and Use
of Laboratory Animals (US Department of Health and
Human Services, NIH) and European laws and
regulations on protection of animals, under the advice of
specialized personnel.

Animals and design

Two strains of rats were used in this study: Zucker
rats with the obese (fa/fa) phenotype (n=40) and Zucker
rats with the lean (Fa/Fa or Fa/fa) phenotype (n=20). All
rats were females and aged 8-10 weeks at the beginning
of the experiment. Animals (Harlan Laboratories Models,
Barcelona, Spain) were individually housed in standard
vivarium cages in a temperature— and humidity—
controlled environment, with a 12:12-h light-dark cycle
and given ad libitum access to standard rat diet (Altromin
Spezialfutter GmbH, Germany; values per 100 g: energy
351.8 kcal 1100 kJ2, protein content 18%, lysine 1.74%,
methionine 1.0%, cysteine 0.31%, tryptophan 0.20%, fat
5%, ash 4.5%, sodium 0.24%, calcium 0.6%, phosphorus
0.6%) and tap water.

Before the experiment began, all rats were maintained
for 2 weeks on the standard diet. Afterwards, obese
Zucker rats were randomly divided in two groups of 20
rats each. In addition, 20 lean Zucker rats were used for
the lean control group. Rats were trained to eat gelatin
pellets, which they perceived as a treat. Gelatin pellets
were prepared from cooking gelatin (McCormick Espafia
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SA, Sabadell, Spain) and distilled water using gelatin
molds. Each gelatin pellet was made of 160 mg of
powdered gelatin and 2 ml water. Two types of pellets
which were externally undistinguishable were prepared:
pellets containing mangiferin (Neuron Bio S.A, Granada,
Spain) and pellets without mangiferin (placebo). The
amount of mangiferin within each pellet was adjusted for
each rat to provide a dose of 15 mg/kg BW. Rats in the
lean control and the obese control groups were
maintained for 8 weeks on the standard diet and received
the placebo pellets daily. Obese rats in the treatment
group received the standard diet and the pellets with
mangiferin daily for 8 weeks. Rats were fed ad libitum
and the pellets (mangiferin or placebo) were administered
once daily in the morning. Food intake was recorded daily
and the animals were weighed every two weeks.

Blood biochemistry

At the beginning of the experiment, a blood sample
was obtained from the jugular sinus with the rat under
anesthesia (inhaled sevoflurane), and served to compare
blood biochemical variables before and after the 8-weeks
experimental period. One week before the end of the
experiment (week 7) glucose tolerance tests were
performed in a subset of rats (n = 10 rats/group) in the
two groups of obese rats. Briefly, rats were fasted, a
haseline blood sample was obtained and an oral dose (2
g/kg) of glucose (Acofarma, Tarrasa, Spain) was
administered in the form of gelatin pellets. Pellets were
prepared as above described and were supplemented with
glucose instead of mangiferin. Again, the amount of
glucose added to the gelatin pellet was adjusted
individually to provide a dose of 2g/kg. Subsequently 4
blood samples were drawn at 30, 60, 90 and 150 minutes
after eating the glucose pellet. Blood samples were
obtained by puncture of a tail vein and glucose was
measured in whole blood using a glucometer (Arkray
Factory Inc, Japan).

At 8 weeks, all rats were sacrificed by aortic puncture
and exsanguination under deep general anaesthesia
(sodium thiopental 50 mg kg, Penthotal®, Abbot,
[linois, USA, ip). Blood samples were obtained from the
abdominal aorta in heparinized syringes at the time of the
euthanasia. Plasma separated by centrifugation was used
for measurements of glucose, cholesterol and triglyceride
levels by spectrophotometry (Biosystems, Barcelona,
Spain), insulin and leptin concentrations by
radioimmunoassay (Millipore, St. Charles, MO, USA),
and fibroblastic growth factor 21 (FGF21) by ELISA
(Millipore, St. Charles, MO, USA).

Muscle sampling and tissue preparation

Muscle samples were obtained at the time of sacrifice.
Soleus and tibialis cranialis muscles were dissected and
individual muscles were wet weighted. These muscles
were selected as two representative muscles of a typical
red, slow-twitch muscle (soleus, composed primarily of
slow-twitch muscle fibers) and a characteristic white,
fast-twitch muscle (tibialis cranialis, composed primarily
of fast-twitch muscle fibers in its white region),
respectively [51]. Also because these two hind limb
muscles are opposite regarding their resting functional
activities, and have a different energetic dependence on
blood borne substrates [see Ref. 51].

Upon collection, tissue blocks from the muscle belly
were mounted on cork blocks with the use of OCT
embedding medium (Tissue-Tek I, Miles Laboratories,
Naperville, IL, USA) and oriented so that myofibers
could be cut transversely. Specimens were systematically
frozen by immersion in isopentane (30 s), kept at the
freezing point in liquid nitrogen, and stored at —80 °C
until analyzed. Muscle samples were routinely frozen
between 2 and 4 min after removal, because it has been
demonstrated that the interval between removal and
freezing has a significant (negative) effect on skeletal
muscle fiber size [54]. All muscle sampling and muscle
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preparation procedures were always carried out by the
same investigator, experienced in skeletal muscle biopsy
studies, taking care to standardize both the location and
the freezing of the sample.

Myosin heavy chain (MHC) immunohistochemistry

Muscle samples were serially sectioned (10—pm-
thick) in a cryostat (Frigocut, Reitchert Jung, Nubloch,
Germany) at —20 °C and used for immunohistochemistry.
Immunohistochemistry was performed with five
monoclonal antibodies specific against MHC isoforms:
BA-D5 (DMS, Braunschweig, Germany; anti-MHC-I),
SC-71 (DMS; anti-MHC-Ila), BF-35 (DMS; anti—
MHCs-I plus —Ila and -11b), S5-8H2 (Biocytex
Biotechnology, Marseille, France; anti-MHCs-I plus —I1x
and -I1b), and BF-F3 (DMS; anti-MHC-IIb). The
specificity of these monoclonal antibodies for MHCs in
rat skeletal muscle has previously been reported [55-57].
The immunoperoxidase staining protocol with avidin—
biotin complex (ABC) protocol was used as previously
described [58].

Quantitative enzyme histochemistry

Additional serial sections were used for quantitative
enzyme histochemistry. The activity of the enzyme
succinate dehydrogenase (SDH, EC 1.3.4.1), used as an
oxidative marker, was determined on 10—um-thick
sections, by using quantitative histochemical methods
previously adjusted and validated in rat skeletal muscle
[58].

Image analysis and morphometry

Sections were examined in a blind fashion by the
same investigator (L.M.A.), who had experience of the
normal appearance of mammalian skeletal muscle fibers.
All serial sections for immunohistochemistry and enzyme
histochemistry were visualized and digitized as
previously described [59]. A region containing between

450 and 650 fibers was selected for further analyses. In
the tibialis cranialis muscle, this area was selected from
the core of the white (superficial) portion of the muscle,
since it contains a higher number of fast-twitch muscle
fibers (98%) than the red (deep) portion (93%) of the
muscle [51]. Images were saved as digitized frames at
256 gray levels. The gray levels were converted to optical
density (OD) units by using a calibrated set of OD filters.
The digitized images of the fibers in the histochemical
reaction (SDH) within the selected region were traced
manually and analyzed for the lesser fiber diameter and
the average OD for each individual muscle fiber. The
average fiber OD for each histochemical reaction was
determined as the average OD for all pixels within the
traced fiber from three sections incubated with substrate
minus the average OD for all pixels of the same fiber
from other two sections incubated without substrate [58].
Because a number of factors can influence the reliability
of histochemical enzyme activity determinations, we
checked the variability on three consecutive sections for
the SDH histochemical reaction by repeated
measurements of the same individual fibers. Only
coefficients of variation for triplicate measurements of
ODs below 5% were accepted in the present study; this
demonstrated the high analytical precision that can be
achieved for the measurement of fiber OD on enzyme
histochemical sections.

The fibers in the selected area were classified
according to their MHC content by means of visual
examination of immunostainings of the five serial
sections stained with the battery of anti-MHC
monoclonal antibodies as previously described [55,56].
The reactivity of each individual muscle fiber in these
five consecutive sections was judged as positive or
negative by comparing the intensity of the reaction of
neighbouring fibers. Seven fiber types were categorized,
four of them as pure fibers expressing a uniqgue MHC
isoform (i.e., type I, l1A, 11X and 11B), and other three as
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hybrid phenotypes co-expressing two different MHC
isoforms (type I+1IA, [IAX and 11XB).

The relative frequency of different muscle fiber types
in the selected region was used to numerically express the
fiber type composition of each muscle sample. The lesser
fiber diameter of the same fibers was averaged according
to fiber type. Individual SDH ODs of muscle fibers were
averaged according to the MHC muscle fiber-type and
used for statistical analyses. For minor fiber types (I1+I11A
and 1A in the soleus muscle, and I, 1+11A and [1AX in the
tibialis cranialis muscle), there were so few fibres in most
muscle samples that a statistically reliable determination
of their lesser diameter and SDH activities was
impossible. In consequence, muscle fibre-types showing,
on average, a fibre percentage below 5% were excluded
from these analyses. A polymorphism index for obese and
lean animals was calculated in each muscle by dividing
the number of hybrid fibers expressing more than one
MHC isoform by the total number of fibers in the muscle
sample [43].

Prediction of muscle shortening velocity

In an attempt to provide a functional assessment of the
variation of myosin-based muscle fiber distribution on
muscle’s shortening speed, we used the following
equation to predict the maximal shortening velocity (Vmax
Muscle) of soleus and tibialis cranialis muscles [43],
according to the mathematical model proposed by A. V.
Hill [60]:

Vmax MUSC|€ = z [ %ft X Vmax ft] / 100

where %: is the proportion of each fiber type in
Muscle, and Vmax 1t iS the maximal shortening velocity for
a given fiber type (fiber length s). Values from Botinelli
et al. [61] were used for Vmax i, and Vmax 1 OF hybrid fibers
were averaged between Vmax Of their respective pure fiber-
types. In this model, soleus and extensor digitorum longus

muscles were used as representative slow-twitch and fast-
twitch muscles, respectively [42]. Fiber-type composition
are comparable in rat extensor digitorum longus and
tibialis cranialis muscles [51].

Statistical analyses

All statistics and charts were run on Statistica 7.0 for
Windows (StatSoft I, Statistica, Data software System,
www.statsoft.com). Muscle sample was the unit of
analysis for the present dataset. A total of 120 muscle
samples (60 animals x two muscles —soleus and tibialis
cranialis) were available for statistical analysis. Sample
size and the power of a contrast of hypothesis were
estimated by power analysis and interval estimation of the
statistical software employed. Accepting an a~risk of
0.05 and a B-risk of 0.2 in a two-sided test, 20
subjects/group were considered necessary to recognize as
statistically significant a difference greater than or equal
to 0.05 OD units for SDH histochemical activity between
any pair of groups assuming that 3 groups exists. The
common standard deviation (SD) was assumed to be 0.06
and it was anticipated a drop—out rate of 0%. Normality of
muscle variables was tested using a Kolgomorov—
Smirnov test and data were expressed as means + SD.
Unpaired t-test were used to test for differences of plasma
variables between groups and before and after treatment
with either mangiferin or placebo. One-way ANOVA was
used to test for differences of muscle variables between
groups at the end of the experimental period. When either
a significant (P < 0.05) or a marginal (0.05 <P <0.1)
effect was observed, the Fisher least significant difference
post hoc test was used to locate specific significant
differences between pairwise groups.

Overall differences among experimental groups were
estimated by squared Mahalanobis coefficients provided
by multivariate discriminant analyses of the two hind
limb muscles. This distance take into account all muscle
fiber-type variables summarizing the overall phenotype of
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each individual muscle sample, allowing its classification
into one of the three groups. These coefficients served to
compare overall muscle characteristics of group pairs to
establish their homologies and differences regarding the
control skeletal muscle phenotype.
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Conclusiones

Considerando los estudios complementarios que
integran la presente tesis doctoral, se obtienen las
siguientes conclusiones.

CONCLUSIONES ESTUDIO 1

1. La respuesta adaptativa a la uremia del musculo
esquelético de rata durante la fase “estable” de la
insuficiencia renal crénica (12 semanas post-cirugia)
adquiere la modalidad de remodelacion sin atrofia o
con minima hipertrofia, en la que las miofibras no
cambian (o0 aumentan minimamente) en tamafio, pero
adquieren caracteristicas contractiles y metabdlicas
marcadamente distintas, acompafiadas por una
disminucién de la capilaridad.

2. Esta remodelacion es musculo-especifica. Mientras en
el mUsculo rapido result6 en una intensa
transformacion tipo-fibrilar lenta a rapida, en una
conversién enzimatica oxidativa a glucolitica y en una
reduccion de la densidad capilar, en el mdsculo lento el
mismo estimulo urémico indujo una disminucion del
cociente metabdlico oxidativo/glucolitico, acompafiada
de discreta transformacion tipo-fibrilar rapida a lenta,
hipertrofia fibrilar y proliferacion mionuclear.

3. Los cambios observados en ambos musculos
secundarios a la uremia fueron mas pronunciados en
machos que en hembras, mostrando clara evidencia
que la reduccion de los niveles de testosterona
observada en ratas urémicas macho, pero no en
hembras, desempefid un papel importante en la
plasticidad muscular inducida por uremia cronica.

4. Los niveles disminuidos del factor inducible de hipoxia
1o observados en el masculo répido de ratas urémicas
explican la limitacion angiogénica de este musculo,
pero no explican los cambios musculares observados
en los tipos de fibras, enzimas metabdlicas y tamafio
fibrilar de estos animales, lo que sugiere una clara
alteracion en la respuesta celular a la hipoxia en
musculos urémicos.

CONCLUSIONES ESTUDIO 2

1.

La hiperfosfatemia intensifica los cambios en musculos
esqueléticos de ratas con uremia mantenida durante 12
semanas, incluyendo una profunda transformacién
tipo-fibrilar lenta a rapida, atrofia fibrilar selectiva,
disminucion del tamafio del dominio mionuclear, del
cociente metabélico oxidativo/glucolitico y de la
capilarizacion de las fibras musculares.

. Por su parte, la administracion de dosis bajas de

calcitriol (10 ng/kg, 3 dias/semana, intraperitoneal)
atenud significativamente los cambios adversos en
musculos esqueléticos de ratas urémicas alimentadas
con una dieta alta en fosforo durante 12 semanas. Este
efecto, que fue mas evidente en el musculo rapido que
en el musculo lento, incluy6 la estabilizacion de las
proporciones de los tipos de fibras musculares,
hipertrofia fibrilar discreta, aumento del tamafio del
dominio mionuclear, mejora del cociente metabélico
oxidativo/glucolitico y neovascularizacién de las fibras
musculares.

CONCLUSIONES ESTUDIO 3

1.

2.

La respuesta adaptativa del musculo esquelético de rata
a la obesidad adquiere la forma de una inhibicion
generalizada del desarrollo de la fibra muscular y un
cambio significativo hacia un fenotipo tipo-fibrilar de
perfil mas rapido. Estos cambios ocurrieron en paralelo
con una modificacion hacia un fenotipo metabdlico
mas oxidativo, indicativo de un incremento del
contenido mitocondrial en musculos esqueléticos.

Es destacable que las adaptaciones musculares
secundarias a la obesidad fueron inespecificas con
respecto a la estructura y funcion del musculo.

CONCLUSIONES ESTUDIO 4

1.
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adversos observados en musculos esqueléticos rojo y 2. En consecuencia, la mangiferina puede ser un

blanco secundarios a la obesidad. Esta accion consistid suplemento dietético de utilidad para prevenir los

en la conservacion de la masa muscular esquelética y cambios adversos que ocurren en masculos

de la composicidn de los tipos de fibras musculares, asi esqueléticos secundarios a la obesidad, mejorando asi
como en la mejora de la capacidad oxidativa de las las alteraciones metabodlicas asociadas a este problema
fibras musculares. de salud.
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RESUMEN

Resumen Estudio 1

Acevedo LM, Peralta-Ramirez A, Ldpez I.
Chamizo VE, Pineda C, Rodriguez-Ortiz ME,
Rodriguez M, Aguilera-Tejero E, Rivero JL. Fenotipos
de musculos esqueléticos del miembro pelviano de
perfiles lento y rapido tras 12 semanas de nefrectomia 5/6
en ratas Wistar de ambos sexos. Am J Physiol Renal
Physiol 309:F638-F647, 2015.

Este estudio describe las adaptaciones de los tipos de
fibras en madsculos del miembro pelviano, la interaccion
del sexo, y el posible papel que la hipoxia juega en esta
respuesta en ratas con nefrectomia subtotal de 5/6 durante
12 semanas (NXx). Se valoraron los rasgos contractiles,
metabolicos y morfoldgicos de los tipos de fibras en los
musculos s6leo (lento) y tibial craneal (rapido) de ratas
NX, y se compararon con animales controles con
operacion simulada. Ratas de ambos sexos fueron
evaluadas en los dos grupos. En el misculo tibial de las
ratas Nx se observé una transformacion tipo-fibrilar lenta
a rapida, la cual fue especialmente manifiesta en machos.
Esta adaptacion se acompafi de una disminucidn de la
capacidad oxidativa y densidad capilar, un incremento de
la capacidad glucolitica, y no se percibieron cambios en el
tamafio y densidad nuclear de los distintos tipos de fibras
musculares. También se observo una trasformacion
metabolica oxidativa a glucolitica en las fibras del
musculo sdleo de las ratas Nx macho, pero no en las
hembras. Los niveles séricos de testosterona
disminuyeron el 50% de su valor basal en las ratas Nx
macho, pero no en las hembras. El nivel de proteinas del
factor inducible de hipoxia 1o disminuy6 un 42% en el
musculo tibial de las ratas Nx machos. Los resultados
demuestran que 12 semanas de Nx inducen una respuesta
adaptativa muasculo-especifica en la que las miofibras no
cambian (0 aumentan minimamente) en tamafio y
densidad nuclear, pero adquieren caracteristicas

contractiles y metabdlicas marcadamente diferentes, que
se acompafian de una disminucion del lecho capilar.
Tanto la funcion muscular como el sexo desempefian
papeles importantes en estas adaptaciones.

Palabras claves: Insuficiencia renal cronica; cadena
pesada de miosina; plasticidad muscular; hormonas
gonadales; factor inducible de hipoxia 1o

Resumen Estudio 2

Acevedo LM, L6pez I, Peralta-Ramirez A, Pineda
C, Chamizo VE, Rodriguez M, Aguilera-Tejero E,
Rivero JL. Una dieta alta en fosforo potencia y bajas
dosis de calcitriol atentian los cambios en musculos
esqueléticos de ratas con uremia prolongada. J Appl
Physiol 120: 1059-1069, 2016.

Pese a que los trastornos del metabolismo mineral y
del masculo esquelético son comunes en la enfermedad
renal crénica (ERC), su posible relacion no ha sido
investigada. Las elevaciones plasmaticas de fosfato,
hormona paratiroidea y factor de desarrollo fibroblastico
23, junto con unos niveles disminuidos de calcitriol en
plasma, son rasgos habituales de la ERC. El elevado
consumo de fosforo es un factor que favorece la
progresion de esta enfermedad. Este estudio fue disefiado
para determinar la influencia de un elevado consumo de
fosforo sobre el masculo y para investigar también si la
suplementacion con calcitriol contrarresta los cambios
negativos que acontecen en musculos esqueléticos
asociados a la uremia prolongada. Para ello, se
examinaron las proporciones y los rasgos metabolicos y
contréctiles de los tipos de fibras en los musculos séleo
(lento) y tibial craneal (r&pido) de ratas urémicas
(sometidas a una nefrectomia subtotal de 5/6, Nx), y se
compararon con ratas controles con operaciones
simuladas (So). Tres grupos de ratas Nx recibieron una
dieta estandar en fdsforo (0.6%, Nx-Sd), o una dieta alta
en fasforo (0.9%, Nx-Pho), o una dieta alta en fésforo
mas calcitriol (10 ng/kg 3 dias/semana intraperitoneal,
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Nx-Pho + Cal) durante 12 semanas. Dos grupos de ratas
So recibieron una dieta estandar o una dieta alta en
fosforo (So-Pho) durante el mismo periodo. Mediante un
analisis estadistico multivariante en el que se
consideraron todas las caracteristicas de los tipos de fibras
musculares se demostro que las ratas Nx-Pho + Cal
mostraban fenotipos musculares con caracteristicas
intermedias entre el de las ratas Nx-Pho y So-Pho, y que
los cambios musculares inducidos por la uremia fueron de
mayor magnitud en las ratas Nx-Pho que en las ratas Nx-
Sd. En ratas urémicas, el tratamiento con calcitriol
preservo la composicion de los tipos de fibras y la
capilarizacion de las fibras musculares. Estos resultados
demuestran que una dieta alta en fésforo potencia
mientras que bajas dosis de calcitriol atenlian los cambios
musculares adversos que ocurren en ratas con uremia
prolongada.

Palabras claves: insuficiencia renal cronica; vitamina
D activa; fosforo; hiperparatiroidismo secundario; tipo de
fibra muscular.

Resumen Estudio 3

Acevedo LM, Raya Al, Rios R, Aguilera-Tejero E,
Rivero JL. La reduccion de la masa muscular y un
fenotipo rapido inducidas por obesidad ocurren con un
incremento de la capacidad oxidativa en musculos
esqueléticos rojo y blanco de ratas. Histochem Cell Biol
(sometido en 2016).

Todavia esta por establecerse una imagen nitida
acerca de las adaptaciones de mudsculos esqueléticos a la
obesidad y otras comorbilidades asociadas. Este estudio
describe las adaptaciones de los tipos de fibras (tamafio,
proporciones y capacidad oxidativa) en musculos del
miembro pelviano en un modelo animal de obesidad
genética. El didametro menor, la composicion fibrilar y la
actividad histoquimica succinico deshidrogenasa
(marcador oxidativo) fueron evaluados en masculos rojo
(sdleo) y blanco (tibial craneal) de ratas Zucker obesas

(fa/fa), y se compararon con ratas Zucker delgadas (Fa/Fa
o Fa/fa) de la misma edad (16 semanas) y sexo (hembras)
(n=20 ratas/grupo). La masa muscular y el diametro
fibrilar menor de ambos musculos fueron menores en los
animales obesos que en los delgados, incluso cuando el
peso corporal incremento en las ratas obesas. También se
observé un fenotipo tipo-fibrilar mas rapido en los
musculos rojo y blanco de los individuos obesos, en
comparacion con los delgados. Estas adaptaciones
estuvieron acompafiadas por un incremento generalizado
de la capacidad oxidativa de todos los tipos de fibras en
ambos musculos. Estos resultados demuestran que la
obesidad induce una respuesta adaptativa no especifica a
nivel muscular, en la que las fibras musculares
experimentan atrofia significativa y cambian sus perfiles
contractil y metabdlico hacia un fenotipo muscular més
rapido y oxidativo. Es destacable que estas adaptaciones
fueron comparables en cuanto a su naturaleza y magnitud
en musculos rojo y blanco, lo que indica que el efecto de
la obesidad sobre la plasticidad muscular es inespecifico
con relacion a la estructura y funcion de los masculos
esqueléticos.

Palabras claves: tipo de fibra muscular; masa
muscular; capacidad oxidativa muscular; obesidad;
sindrome metabdlico.

Resumen Estudio 4

Acevedo LM, Raya Al, Aguilera-Tejero E, Rivero
JL. La mangiferina protege contra los cambios adversos
del masculo esquelético y mejora la capacidad oxidativa
muscular en ratas obesas. PloS One (Sometido en 2016).

Los cambios en mdsculos esqueléticos secundarios a
la obesidad incluyen atrofia muscular, transformacion
tipo-fibrilar lenta a rapida, y alteracion de la capacidad
oxidativa mitocondrial. Estos cambios han sido
relacionados con incremento en el riesgo de padecer
resistencia a la insulina. La mangiferina, el principal
componente de la planta del mango Mangifera indica L.,
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es un agente natural con propiedades anti-inflamatorias,
anti-diabéticas y anti-hiperlipidémicas bien conocidas.
Este estudio probd la hipdtesis de que el tratamiento con
mangiferina contrarresta la atrofia fibrilar y la
transformacion tipo-fibrilar lenta a rapida inducidas por la
obesidad, favoreciendo un fenotipo oxidativo en musculos
esqueléticos de ratas obesas. Un grupo de ratas Zucker
obesas (fa/fa) fueron alimentadas con capsulas de gelatina
con (15 mg/kg peso vivo/dia) o sin (grupo placebo)
mangiferina durante 8 semanas. Otro grupo de ratas
Zucker con el fenotipo delgado (Fa/Fa o Fa/fa)
recibieron las mismas capsulas de gelatina sin
mangiferina, sirviendo como controles no obesos y no
diabéticos. El diametro menor, la composicidn fibrilar y
la actividad histoquimica succinico deshidrogenasa
(marcador oxidativo) de los distintos tipos de fibras
fueron evaluados en los mUsculos s6leo y tibial craneal de
ambos grupos de ratas. Un analisis multivariante con
todos los rasgos de los tipos de fibras musculares indicé
que las ratas obesas tratadas con mangiferina mostraron
fenotipos musculares esqueléticos significativamente
distintos al de las ratas obesas del grupo placebo y al de
las ratas delgadas. El tratamiento con mangiferina
preservo significativamente la masa muscular esquelética,
el tamafio fibrilar transversal, y la composicion tipo-
fibrilar, y mejord la capacidad oxidativa de las fibras
musculares. Estos resultados demuestran que la
mangiferina atenda los efectos adversos de la obesidad
sobre los musculos esqueléticos, abriendo una nueva
aplicacion de esta sustancia para mejorar los disturbios
metabolicos asociados con la obesidad.

Palabras claves: masculo esquelético; fibra muscular;
tipo de fibra muscular; obesidad; sindrome metabalico,
diabetes tipo 2.

SUMMARY

Abstract Study 1

Acevedo LM, Peralta-Ramirez A, Ldpez I.
Chamizo VE, Pineda C, Rodriguez-Ortiz ME,
Rodriguez M, Aguilera-Tejero E, Rivero JL. Slow- and
fast-twitch hindlim skeletal muscle phenotypes 12 wk
after 5/6 nephrectomy in Wistar rats of both sexes. Am J
Physiol Renal Physiol 309:F638-F647, 2015.

This study describes fiber-type adaptations in hind—
limb muscles, the interaction of the sex and the role of
hypoxia on this response in 12 wk 5/6 nephrectomized
rats (Nx). Contractile, metabolic and morphological
features of muscle fiber—types were assessed in the slow—
twitch soleus and the fast-twitch tibialis cranialis muscles
of Nx rats, and compared with sham—operated controls.
Rats of both sexes were considered in both groups. A
slow-to—fast fiber—type transformation occurred in the
tibialis cranialis of Nx rats, particularly in males. This
adaptation was accomplished by impaired oxidative
capacity and capillarity, increased glycolytic capacity and
no changes in size and nuclear density of muscle fiber—
types. An oxidative-to—-glycolytic metabolic
transformation was also found in the soleus muscle of Nx
rats. However, a modest fast-to-slow fiber-type
transformation, fiber hypertrophy and nuclear
proliferation were observed in soleus muscle fibers of
male, but not of female, NXx rats. Serum testosterone
levels decreased by 50% in male but not in female Nx
rats. Hypoxia—inducible factor-1o. protein level decreased
by 42% in the tibialis cranialis muscle of male Nx rats.
These data demonstrate that 12 wk of Nx induces a
muscle—specific adaptive response in which myofibers do
not change (or enlarge minimally) in size and nuclear
density, but acquire markedly different contractile and
metabolic characteristics, which are accompanied by
capillary rarefaction. Muscle function and sex play
relevant roles in these adaptations.
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Key words: chronic renal failure, uremia, myosin
heavy chain, muscle plasticity, gonadal hormones,
hypoxia—inducible factor-1a.

Abstract Study 2

Acevedo LM, L6pez I, Peralta-Ramirez A, Pineda
C, Chamizo VE, Rodriguez M, Aguilera-Tejero E,
Rivero JL. High-phosphorus diet maximizes and low-
dose calcitriol attenuates skeletal muscle changes in long-
term uremic rats. J Appl Physiol 120: 1059-1069, 2016.

Although disorders of mineral metabolism and
skeletal muscle are common in chronic kidney disease
(CKD), their potential relationship remains unexplored.
Elevations in plasma phosphate, parathyroid hormone and
fibroblastic growth factor 23 together with decreased
calcitriol levels are common features of CKD. High
phosphate intake is a major contributor to progression of
CKD. This study was primarily aimed to determine the
influence of high phosphate intake on muscle and to
investigate whether calcitriol supplementation counteracts
negative skeletal muscle changes associated with long—
term uremia. Proportions, and metabolic and
morphological features of myosin-based muscle fiber—
types were assessed in the slow-twitch soleus and the
fast-twitch tibialis cranialis muscles of uremic rats (5/6
nephrectomy, Nx) and compared with sham—operated
(So) controls. Three groups of Nx rats received either a
standard diet (0.6% phosphorus, Nx-Sd), or a high—
phosphorus diet (0.9% phosphorus, Nx-Pho), or a high—
phosphorus diet plus calcitriol (10 ng/kg 3 d/wk ip, Nx-
Pho+Cal) for 12 wk. Two groups of So rats received
either a standard diet or a high—-phosphorus diet (So-Pho)
over the same period. A multivariate analysis
encompassing all fiber—type characteristics indicated that
Nx-Pho+Cal rats displayed skeletal muscle phenotypes
intermediate between Nx-Pho and So-Pho rats, and that
uremia—induced skeletal muscle changes were of greater
magnitude in Nx-Pho than in Nx-Sd rats. In uremic rats,

treatment with calcitriol preserved fiber-type
composition, cross-sectional size, myonuclear domain
size, oxidative capacity and capillarity of muscle fibers.
These data demonstrate that high phosphorus diet
potentiates and low dose calcitriol attenuates adverse
skeletal muscle changes in long—term uremic rats.

Key words: chronic renal failure, active vitamin D,
phosphorus, secondary hyperparathyroidism, muscle fiber

type

Abstract Study 3

Acevedo LM, Raya Al, Rios R, Aguilera-Tejero E,
Rivero JL. Obesity-induced muscle mass reduction and
fast phenotype occur with increased oxidative capacity in
red and white rat skeletal muscles. Histochem Cell Biol
(submitted in 2016).

A clear picture of skeletal muscle adaptations to
obesity and related comorbidities remains elusive. This
study describes fibre-type adaptations (size, proportions
and oxidative capacity) in hind limb muscles in an animal
model of genetic obesity. Lesser diameter, fibre
composition, and histochemical succinic dehydrogenase
activity (an oxidative marker) of muscle fibre types were
assessed in red (soleus) and white (tibialis cranialis)
muscles of obese Zucker rats, and compared with age- (16
weeks) and sex-matched (females) lean Zucker rats
(n=20/group). Muscle mass and lesser fibre diameter were
lower in both muscles of obese compared with lean
animals, even though body weights were increased in the
obese cohort. A faster fibre-type phenotype also occurred
in red and white muscles of obese subjects, compared
with lean rats. These adaptations were accompanied by a
generalized increment in oxidative capacity of all fibre-
types in the two muscles. These data demonstrate that
obesity induces a muscle-unspecific inhibition of muscle
growth in which muscle fibres retain a reduced fibre size
and show a faster and more oxidative phenotype. It was
noteworthy that these adaptations were of comparable
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nature and extent in red and white muscles, indicating that
the influence of obesity on muscle phenotype is
unspecific in regards to muscle structure and function.
Key words: muscle fiber type; muscle mass; muscle
oxidative capacity; obesity; metabolic syndrome.

Abstract Study 4

Acevedo LM, Raya Al, Aguilera-Tejero E, Rivero
JL. Mangiferin protects against adverse skeletal muscle
changes and enhances muscle oxidative capacity in obese
rats. PloS One (Submitted in 2016).

Obesity-related skeletal muscle changes include
muscle atrophy, slow-to-fast fiber-type transformation,
and impaired mitochondrial oxidative capacity. These
changes relate with increased risk of insulin resistance.
Mangiferin, the major component of the plant Mangifera
indica, is a well-known anti-inflammatory, anti-diabetic,
and antihyperlipidemic agent. This study tested the
hypothesis that mangiferin treatment counteracts obesity-
induced fiber atrophy and slow-to-fast fiber transition,
and favors an oxidative phenotype in skeletal muscle of
obese rats. Obese Zucker rats were fed gelatin pellets with

(15 mg/kg BW/day) or without (placebo group)
mangiferin for 8 weeks. Lean Zucker rats received the
same gelatin pellets without mangiferin and served as
non-obese and non-diabetic controls. Lesser diameter,
fiber composition, and histochemical succinic
dehydrogenase activity (an oxidative marker) of myosin-
based fiber-types were assessed in soleus and tibialis
cranialis muscles. A multivariate discriminant analysis
encompassing all fiber-type features indicated that obese
rats treated with mangiferin displayed skeletal muscle
phenotypes significantly different compared with both
lean and obese control rats. Mangiferin significantly
preserved skeletal muscle mass, fiber cross-sectional size,
and fiber-type composition, and enhanced muscle fiber
oxidative capacity. These data demonstrate that
mangiferin attenuated adverse skeletal muscle changes in
obese rats, opening a novel application of mangiferin to
improve obesity-induced metabolic dysregulation.

Key words: skeletal muscle; skeletal muscle fiber;
muscle fiber type; obesity; metabolic syndrome; type Il
diabetes.
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