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RESUMEN

Antecedentes. La malnutricion durante la gestacion y la lactancia, induce alteraciones
en el crecimiento y madurez de los individuos. Esta interfiere en la organizacion del
sistema nervioso, y en los procesos de regulacion metabdlica. La deficiencia nutricional
en la vida temprana ha sido relacionada con la susceptibilidad a desarrollar en la edad
adulta enfermedades cronico degenerativas, como hipertension, diabetes mellitus tipo
2, sindrome metabolico y obesidad.

Actualmente la carencia de nutrimentos en la vida temprana, combinada con los estilos
de vida sedentarios producto de la “vida moderna”, junto con la dieta basada
principalmente en hidratos de carbono y las grasas, al parecer son factores importantes
para que se desencadenen las enfermedades cronico degenerativas en la edad adulta.
Diversos trabajos de investigacion se han enfocado en estudiar los efectos que se
observan en la edad adulta debido a la malnutricion durante los periodos criticos, asi
como los efectos en los procesos metabdlicos, de la dieta excesiva en nutrimentos o
dieta de cafeteria. Sin embargo, pocos trabajos han explorado las consecuencias de la
malnutricion después de los periodos criticos del desarrollo, asi como la posible
rehabilitacion con dieta balanceada.

Hipétesis. Este trabajo plantea que los individuos pueden ser vulnerables a los efectos
de la malnutricion después de la gestacion y la lactancia. Por ello, la carencia de
nutrimentos en la dieta modificard los valores de regulacion metabolica a nivel
periférico y de sistema nervioso central. También el presente estudio propone que la
rehabilitacion nutricional con una dieta balanceada, podria revertir los efectos que se
observan debidos a la malnutricion.

Disefio experimental. Para probar dichas hipotesis, se llevaron a cabo tres
experimentos para los cuales se utilizaron ratas macho de la cepa Wistar de distintas
edades y bajo dos condiciones nutricionales. Después se procedio a analizar cambios en
parametros de regulacion metabolica en la periféria, la actividad neuronal hipotaldmica
y la expresion de proteinas clave en el balance energético, que se expresan en el
hipotalamo. De esta manera nosotros podemos correlacionar a la malnutricion con
alteraciones en los procesos metabdlicos y funciones hipotaldmicas.

Resultados.

1.- Cambios en la regulacién metabdlica, asociados a la malnutricién: El primer
experimento tuvo como objetivo evaluar los efectos de la malnutricion y la
rehabilitacion nutricional balanceada, en las concentraciones plasmaticas de insulina,
glucagon, glucosa, triacilgliceroles, y acidos grasos libres, después de la prueba de
tolerancia a la glucosa.

Grupos experimentales. El grupo control constituido por ratas que fueron alimentadas
todo el tiempo con dieta balanceada (23% de proteina); y tres grupos de ratas
malnutridas con la dieta baja en proteina (6%), a tres diferentes edades. Los grupos de
ratas malnutridas fueron divididos de acuerdo al periodo de su vida durante el cual se
les indujo la malnutricion: malnutricion temprana (durante la gestacion y la lactancia);
malnutricion tardia (del destete (dia posnatal 25) al dia 55); y en la edad adulta del dia
posnatal 90 al 120. Tres grupos de ratas fueron rehabilitados con la dieta balanceada a
corto y a largo plazo (dia posnatal 90 y 180, respectivamente).

Resultados. La malnutriciéon temprana y tardia, indujeron retraso en el crecimiento que
se mantuvo a largo plazo. En la edad adulta, la malnutricién produjo disminucion en el
peso corporal, que se recuper6 con la rehabilitacion. No se observo ninguna alteracion



metabdlica en los adultos malnutridos o posteriormente rehabilitados. Las ratas
malnutridas temprana o tardiamente, mostraron hiperglucemia en comparacioén con sus
controles nutricionales. Este efecto se no se observo después de la rehabilitacion
nutricional a corto o largo plazo. Las ratas malnutridas a partir del destete mostraron
valores disminuidos de insulina y glucagon, que se mantuvieron después de la
rehabilitacion nutricional. Los triacilgliceroles se observaron disminuidos en los grupos
malnutridos en la edad temprana y tardia. Después de la rehabilitacion a corto o a largo
plazo, solo las ratas malnutridas a partir del destete presentaron incremento en la
concentracion de los triacilgliceroles y disminucion de 4cidos grasos libres.

2.- Efectos adversos de la malnutricion en la actividad hipotalamica: La finalidad
del segundo experimento fue analizar los efectos de la malnutricion y la rehabilitacion
nutricional balanceada en la actividad neuronal de nticleos hipotdlamicos relacionados
con el balance energético.

Grupos experimentales. Se utilizaron los grupos malnutridos durante la gestacion y la
lactancia y del destete al dia posnatal 55. Dos grupos de ratas fueron rehabilitados hasta
el dia posnatal 90.

Después del bolo intraperitoneal de glucosa, los cerebros de las ratas fueron procesados
para inmunohistoquimica para evaluar la expresion de la proteina c-Fos, como indicador
de actividad neural.

Resultados. La malnutriciéon temprana indujo incremento en el niimero de células
inmunoreactivas a la proteina c-Fos en el nacleo ventromedial (VMH). Las ratas
malnutridas en la etapa tardia, mostraron incremento en el niicleo arqueado (ARC) y en
el VMH, asi como disminucion en el nimero de células reactivas en el nucleo
paraventricular (PVN). Después de la rehabilitacion nutricional el grupo malnutrido a
partir del destete mostr6 menos neuronas inmunoreactivas en los nucleos ARC, PVN y
VMH en comparacién con el grupo control.

3.- Expresion alterada de neuropéptidos asociados al balance energético en el
hipotalamo debido a la malnutricion. El objetivo del tercer experimento fue evaluar la
expresion de neuropéptidos orexigénicos y anorexigénicos en nucleos hipotaldmicos
involucrados con el balance energético, la regulacion del peso corporal y la ingesta de
alimento, en ratas malnutridas y rehabilitadas.

Grupos experimentales. Se utilizaron los mismos grupos y condiciones nutricionales
evaluadas en el segundo experimento.

Resultados. Las ratas malnutridos durante la gestacion y la lactancia mostraron mayor
densidad de fibras que expresan NPY en el ARC y en el PVN. El nimero de células que
expresan a-MSH en el ARC se vio disminuida por efecto de la malnutricion tardia.
Ambos grupos malnutridos mostraron disminuida densidad optica de a-MSH en el PVN
y DMH.

Durante el periodo de la rehabilitaciéon nutricional, ambos grupos presentaron
incremento de peso superior al de ratas control, al evaluarlo con respecto al peso
corporal. También incremento en la ingesta de alimento y de tejido adiposo (abdominal,
retroperitoneal y gonadico). Ambos grupos rehabilitados mostraron disminucién en la
densidad optica de fibras que expresan a-MSH en el nicleo PVN. Las ratas malnutridas
tardiamente y rehabilitadas mostraron la expresion de NPY aumentada en el DMH.

La expresion de orexinas en el hipotdlamo lateral (LH) no se vio afectada ni por la
malnutricién ni por la rehabilitacion nutricional.



Conclusiones. Con estos experimentos podemos concluir que ademas de la gestacion y
la lactancia, la etapa del destete a los 55 dias posnatales podria considerarse como
periodo “vulnerable” a los efectos de la malnutricion, que se mantienen hasta la vida
adulta. El desarrollo y los procesos de regulacion metabdlica en ambas etapas se ve
alterado. La dieta balanceada no es suficiente para revertir los efectos de la malnutricion
tardia. Ademas nuestro estudio sugiere que la actividad de nucleos hipotaldmicos
involucrados con el balance energético es blanco de la malnutricion. Es probable que la
comunicacion entre los organos o seiales periféricas y el hipotalamo se encuentre
alterada. Esto puede originar desbalance entre el consumo, la utilizacion y el
almacenamiento de energia. Lo cual podria relacionarse con alteraciones metabdlicas y
el desarrollo de enfermedades cronico degenerativas en la edad adulta.






ABSTRACT

Background. Malnutrition, during gestation and lactation, induces dramatic changes in
growth and maturity. It also interferes with the organization of the nervous system and
the proper regulation of metabolic processes. There is evidence that nutritional
deficiency, in early steps of life, is associated with higher susceptibility to develop
chronic diseases in adult life, including hypertension, diabetes mellitus type 2,
metabolic syndrome and obesity. Currently, the early nutrient deficiency combined with
sedentary life styles and diets rich in carbohydrates and lipids, correlates with the high
incidence of chronic diseases in the adult population. Several studies have demonstrated
the adverse effects of malnutrition on adult life. A similar negative effect on adult
metabolic processes had been linked to the consumption of the typical cafeteria diet.
However, only few studies explored the consequences of malnutrition after critical
developmental periods. Also, the restoration of metabolic processes after rehabilitation
with a balanced diet has not been fully investigated.

Hypothesis. This project proposes that individuals are vulnerable to the effects of
malnutrition, especially after gestation and lactation. We think that the deficiency of
nutrients in the diet will modify the peripheral- and neural metabolic functions. But it is
possible that nutritional rehabilitation with a balanced diet should restore the peripheral-
and metabolic functions and should reverse the adverse effects of malnutrition
imprinted at early steps of life.

Experimental design. In order to prove our hypothesis, we carry out three experiments
with male Wistar rats of different ages, exposed to two different metabolic conditions.
Then, we proceed to analyze changes in markers of metabolic regulation in the
peripheral compartment, the neural hypothalamic activity and key proteins expressed in
the hypothalamus that are associated to the control of energy balance. In this way, we
can correlate malnutrition with the alteration of metabolic processes and hypothalamus
functions.

Results.

1. — Changes in metabolic processes associated to malnutrition. The first experiment
was focused to evaluate the influence of malnutrition and nutritional balance
rehabilitation on the plasmatic concentrations of insulin, glucagon, glucose,
triacylglicerols and free fatty acids, after glucose tolerance test.

Experimental groups. Control rats which were nourished all their life with a balanced
diet (23% of protein); and three groups of malnourished rats with low protein diet (6%)
at different ages. Groups of malnourished rats were categorized according to the period
of life affected by malnutrition: early malnutrition (during gestation and lactation), late
malnutrition (around weaning period: day 25 to day 55 after birth) and adult
malnutrition (day 90 to day 120 post-natal). Three groups of rats were rehabilitated with
a balanced diet after short term- and long term- malnutrition (post-natal day 90 and 180,
respectively).

Results. Both, early- and late malnutrition induced a long-term growth delay, when
compared with well-nourished rats. Adult malnutrition leaded to a decreased body
weight, which reached normal values after diet rehabilitation. No metabolic alterations
were detected in adult malnourished rats or adult rats receiving nutritional rehabilitation.
Early and late malnutrition causes severe hyperglycemia in malnourished rats and
glucose returned to normal levels after short-term and long-term, nutritional
rehabilitation. Rats malnourished after weaning and even after rehabilitation displayed



low levels of insulin and glucagon. Values of triacylglycerols were low in both
malnourished groups. After nutritional rehabilitation in short- or long-term, only the late
malnourished rats showed an increase in triacylglycerols levels, together with a
reduction in the concentration of free fatty acids.

2. - Adverse effects of malnutrition on the hypothalamic activity. The aim of the
second experiment was focused to analyze the effects of malnutrition and nutritional
rehabilitation on the neural activity in hypothalamic nuclei, a nervous center involved in
energy balance.

Experimental groups. Rats malnourished during gestation and lactation and rats
exposed to malnutrition from weaning to day 55 post-natal were used. Two groups of
rats were rehabilitated after malnutrition periods until day 90 post-birth.

After injection of an intra-peritoneal glucose bolus, rat’s brains were processed for
immunohistochemistry. In order to detect the local production of the protein c-Fos,
recognized as an indicator of neural activity.

Results. Considerable increased number of c-Fos positive cells was detected in the
ventromedial nucleus (VMH) of early malnourished rats. In contrast, increased numbers
of c-Fos immunoreactive cells in the arcuate nucleus (ARC) and VMH were detected in
rats exposed to late malnutrition regimens. Interestingly, fewer c-Fos immuno-reactive
cells were detected in the paraventricular nucleus (PVN). After nutritional
rehabilitation, rats malnourished after weaning had less c-Fos imunoreactive neurons in
the ARC, PVN and VMH nuclei, compared c-Fos positive cells observed in brains of
control rats.

3. — Altered expression of neuropeptides associated to energy balance in the
hypothalamus. The goal of the third experiment was focused to determine the changes
in expression of orexigenic and anorexigenic neuropeptides in malnourished and
nutritionally rehabilitated rats. These peptides are involved in energy balance, body
weight regulation and food ingestion.

Experimental groups. We used the same groups and nutritional conditions utilized in
the second experiment.

Results. Rats malnourished during gestation and lactation displayed a higher density of
fibers that express NPY in the ARC and PVN nuclei. Reduced numbers of cells that
express 0-MSH were found in the ARC of rats malnourished after weaning. Both stages
of malnutrition were associated with decreased expression of a-MSH by fibers in the
PVN and DMH.

During the rehabilitation period, both groups showed a fast recovery of body weight.
Also both groups showed an increased food ingestion and increased proportional weight
of adipose tissue (abdominal, retroperitoneal and epididymal). Diet rehabilitated groups
showed a decreased density of fibers that express a-MSH in the PVN. Rats
malnourished after weaning and rehabilitated showed an increased expression of NPY
in the DMH.

Expression of orexins in the lateral hypothalamus was not affected either by
malnutrition or by nutritional rehabilitation.

Conclusions. Altogether these experiments demonstrated that besides gestation and
lactation, the stage from weaning to day 55 post-natal is a “vulnerable” window for the
induction of long-lasting metabolic changes than are still manifested in adult life.
Development in both stages was altered, affecting the physiological regulation of
metabolic processes. Nutritional rehabilitation based on a balanced diet was not enough
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for reversing the detrimental effects of late malnutrition. Additionally our study
suggests that the activity of the hypothalamic nuclei, which participates in maintaining
an adequate energy balance, is an important target of malnutrition. It is likely that the
communication between peripheral organs and signals and the hypothalamus is
disrupted by malnutrition, resulting in an unbalance among the intake, spending and
energy storage. This hypothalamic dysfunction caused by malnutrition seems to be
related with metabolic alterations that can lead to the development of chronic
degenerative diseases in adult life.
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LISTA DE ABREVIATURAS

ADN acido desoxirribonucléico

AGL acidos grasos libres

ARC nucleo arqueado del hipotalamo

ARN acido ribonucléico

ARNm acido ribonucléico mensajero

BHE barrera hematoencefalica

BIP bolo intraperitoneal

C grupo control

CTG curva de tolerancia a la glucosa

DMH nucleo dorsomedial del hipotalamo

GK glucocinasa

IR- inmunoreactividad

IR-Fos inmunoreactividad a la proteina c-Fos

LH hipotalamo lateral

MA grupo malnutrido en la edad adulta del dia P90 al P120
MGL grupo malnutrido durante la gestacion y la lactancia
MGL-R grupo malnutrido durante la gestacion y la lactancia y rehabilitado a

partir del destete (dia P25) hasta el dia P90

MPW grupo malnutrido a partir del destete y hasta el dia P55

MPW-R grupo malnutrido a partir del destete y hasta el dia P55 y rehabilitado
hasta el dia P90

NPY neuropéptido Y

NQS nucleo supraquiasmatico

ORX orexinas

P posnatal
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PEPCK

PF

POMC

PTG

PVN

TAG

VMH

fosfoenol piruvato carboxicinasa
perifornical

proopiomelanocortinas

prueba de tolerancia a la glucosa
nucleo paraventricular del hipotalamo
triacilgliceroles

nucleo ventromedial del hipotalamo
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1. INTRODUCCION

La nutricion a lo largo de la vida del individuo es una de las principales determinantes
de su salud, desempafio fisico y mental asi como de su productividad. Actualmente la
carencia de una dieta balanceada principalmente en los nifios sigue siendo un problema
de salud publica a nivel mundial que cada dia cobra mas vidas (Black ez al/ 2008).

La desnutricién durante los primeros afios de vida, afecta a 146 millones de nifios en el
mundo, de los cuales 5.6 millones mueren anualmente antes de cumplir los 5 afios
(Veneman, 2006).

En Meéxico, los datos aportados por la Encuesta Nacional de Nutricion en 1999
(ENN1999; Rivera-Dommarco et al 2001), informaron que la prevalencia de
desnutricion era de 27.5% en la poblacioén de nifios menores de cinco afios. La Encuesta
Nacional de Salud y Nutricion 2006 (ENSANUT 2006; Rivera-Dommarco et al 2006),
reporta que se logrd reducir la cifra a 19.3%; es decir, cerca de dos millones de nifios
aun viven bajo condiciones precarias de alimentacion.

A pesar de las estadisticas, por cada nifio visiblemente desnutrido, es posible que
existan otros que luchan contra la crisis nutricional que no es aparente. Teniendo graves
carencias de proteinas, vitaminas, minerales esenciales, y de calorias totales, que
comprometen gravemente su desarrollo fisico, intelectual y emocional (Veneman,
2006).

La mala alimentacioén durante la gestacion o durante los primeros 5 afios de vida ademas
de reducir el desempefio escolar y fisico, aumenta el riesgo de morbilidad y mortalidad
por enfermedades infecciosas. En la edad adulta, los nifios con dieta deficiente en la
vida temprana tienen mayor riesgo a padecer enfermedades cronico-degenerativas
(ENSANUT 2006; Rivera-Dommarco et al 2006).

A pesar de los avances tecnologicos y econdmicos a nivel mundial no sélo los paises del
tercer mundo se ven afectados por una alimentacion inadecuada, también los paises
econémicamente privilegiados sufren los efectos asociados a la vida moderna. Este
nuevo estilo de vida promueve disminucién en la actividad fisica y exceso en la ingesta
de hidratos de carbono y de grasas, lo que a su vez provoca mayor frecuencia de
aparicion de sobrepeso y obesidad (Amen-Ra, 2006; Lieberman, 2003; Solomon et a/
2008).

Mundialmente se ha incrementado el nimero de personas que padecen enfermedades
como la obesidad, diabetes mellitus tipo 2, sindrome metabdlico, enfermedades cardio-
vasculares, etc. En los paises donde sus habitantes han sufrido o sufren desnutricion
estos padecimientos son mas frecuentes (Roseboom et a/ 2006; Schulz et al 2006).
Diversos estudios epidemioldgicos se han enfocado a estudiar la posible corelacion de
dietas desbalanceadas durante la vida temprana y la propension a padecer estas
patologias, que son conocidas comunmente como enfermedades cronico-degenerativas
(Yajnik & Deshmukh, 2008). Estas enfermedades se presentan generalmente en la edad
adulta sin embargo, actualmente se observa la incidencia cada vez mas alta a padecerlas
en edades mas tempranas (McCarthy, 2000).

Diversos factores epigenéticos relacionados con la vida moderna que rodean al
individuo, pueden confundir el origen puramente genético de las mismas, debido a que
la etiologia de estas enfermedades es complicada (Ma et al 2007; Schulz et al 2006).
Para comprender los mecanismos que podrian asociar la alta incidencia de
enfermedades metabolicas con la mala alimentacion en edades tempranas de la vida en
los seres humanos, se han desarrollado modelos experimentales. En ellos se han
aplicado diversos tipos de desnutricion o malnutricidon, variando la cantidad o la calidad
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de la dieta en diferentes etapas del desarrollo, para valorar los efectos a nivel metabdlico
o periférico y de sistema nervioso, a corto y a largo plazo.

1.1. Definicion de nutricion, desnutricion y malnutricion

La nutricion en el ser humano esta influenciada por aspectos religiosos, econdmicos,
sociales, genéricos, geograficos, culturales y politicos. Estos modifican de manera
directa o indirecta la disponibilidad, utilizacion y el consumo de los alimentos.

La dieta balanceada esta constituida por cantidades establecidas dentro del rango de
ingesta diaria de macro y micronutrimentos. La concentracion depende de la edad y las
necesidades energéticas de cada individuo, para que exista un balance entre el aporte y
el gasto energético (Icaza & Béhar, 1981; Racotta, 2002). Dentro de los
macronutrimentos se encuentran los hidratos de carbono, lipidos y proteinas; mientras
que los micronutrimentos son los minerales, las vitaminas y las trazas de elementos
(Westerterp-Plantenga et al 1994).

La nutricion se define como “el conjunto de procesos que incluye la ingestion,
digestion, absorcion, transporte y utilizacion de sustancias alimenticias es decir, los
macro y micro nutrimentos, que aseguran al organismo el desarrollo 6ptimo asi como la
integridad de todos sus mecanismos fisioldgicos (Icaza & Béhar, 1981)”.

Cuando existe mala absorcion o ingesta insuficiente de nutrimentos, se producen
alteraciones metabolicas que tienen como resultado el estado de desnutricion o de
malnutricion; el cual si se prolonga puede llevar al individuo hasta la muerte (Icaza &
Béhar, 1981).

La Organizacion para la Alimentacion y la Agricultura (FAO, por sus siglas en inglés),
ha definido a la desnutricion como “el estado patoldogico que surge de la ingesta
inadecuada de alimentos por un periodo considerable de tiempo cuya principal
manifestacion es la reduccion en el peso corporal (Srinivasan, 1983)”. Sin embargo
Morgane et al en el 2002, redefinen el término desnutricion como la disminucién en la
cantidad total de alimento, el cual cuenta con todos los elementos esenciales es decir,
vitaminas, proteinas, minerales, lipidos e hidratos de carbono. Mientras que la
malnutricién la define como la dieta desbalanceada, que implica la carencia o exceso
de uno o mas de los elementos esenciales en la misma.

1.1.1. Grados de desnutricion y malnutricion

La ingesta de una dieta deficiente tiene como primera manifestacion la disminucion en
el peso y la talla corporal.

La desnutricion en nifios desde el punto de vista antropométrico, se clasifica basandose
en el peso y talla corporal ideal con respecto a la edad (Secretaria de Salud y Asistencia;
NOM-031-SSA2-1999). Esta clasificacion, divide en tres grados a la desnutricion o
malnutricioén de la siguiente manera:

Grado leve: se tiene déficit entre el 10 y 25% por debajo de su peso ideal.

Grado moderado: déficit entre 26 y 40%.

Grado grave: con un porcentaje de 40 o mas, por debajo de su peso.

Los efectos bioldgicos de la desnutricion y de la malnutricion usualmente se traslapan,
como es el caso del Marasmo y el Kwashiorkor, que son los casos extremos. El
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Marasmo resulta de la deficiencia predominante de calorias en la dieta. Cuando la
deficiencia es leve o de corta duracidon, se manifiesta por simple adelgazamiento; si es
grave o de larga duracion, los sintomas pueden llegar a provocar estados de emaciacion.
El Kwashiorkor resulta de la dieta insuficiente de proteinas que se acompaia
habitualmente de un grado variable de deficiencia caldrica. Cuando la deficiencia
proteinica es leve se refleja principalmente en la velocidad de crecimiento; si es intensa
y prolongada se presentan cuadros clinicos con edema y otras serias alteraciones (Icaza
& Béhar, 1981).

En los seres vivos las proteinas cumplen gran variedad de funciones. La carencia de
proteinas en la dieta puede llevar al estado grave de malnutricion del cual el individuo
es en ocasiones incapaz de recuperarse, pudiendo llegar a tener secuelas a largo plazo o
incluso provocar la muerte. Las células estan constituidas por proteinas, muchas de ellas
funcionan como sefiales metabolicas, por ejemplo como hormonas (i.e. insulina,
glucagon, leptina, esteroides, etc.). Las proteinas también cumplen funciones de
transportadoras o receptoras, tienen efectos enzimaticos, forman parte del sistema de
defensa del organismo, y en un momento dado bajo condiciones extremas, pueden
servir de fuente energética (Hicks, 2001).

1.2. Etapas criticas en el desarrollo de un individuo

Durante la gestacion y la lactancia se lleva a cabo un rapido crecimiento de todos los
tejidos, que requiere de procesos de proliferacion, migracion y organizacion celular.
Ademas, durante el desarrollo se establecen los niveles de regulacion metabdlica,
también conocidos como “set-points” o puntos de regulacion. Los organos y sistemas
durante estas etapas son susceptibles a ser modificados o alterados por diversos factores
ambientales o epigenéticos. Estos pueden alterar sus funciones y producir secuelas a
largo plazo.

Basandose en estudios epidemiologicos y con modelos experimentales, se han postulado
las siguientes teorias:

1.2.1. Teoria de los periodos vulnerables o criticos durante el desarrollo

Basandose en estudios ontogenéticos, en distintas especies de animales, a partir de los
afios 60's se describe la existencia de la vulnerabilidad cerebral a factores teratogénicos
como la dieta deficiente o excedente de nutrimentos, alcohol, drogas, estrés, etc.
(Dobbing, 1968). Por otro lado, Pryor en Prescott et al 1975; introduce el término de
“periodos criticos” del desarrollo ampliandolo para otros 6rganos ademas del cerebro.
Este concepto postula cuatro caracteristicas:

1.- Se considera que abarca la etapa pre y perinatal.
La pubertad, por los grandes cambios asociados a la maduracion enddcrina, también
podria a ser considerada como un “periodo critico”.

2.- Ocurre durante un lapso de tiempo relativamente corto durante la secuencia del

desarrollo; es posible que conste de horas, dias, semanas o meses, dependiendo del
proceso en consideracion, de la especie asi como de su longevidad.
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3.- Un estimulo endogeno o exdgeno tiene efectos a largo plazo en el desarrollo o vida
subsecuente.

4.- Dicho estimulo tiene un efecto muy pequefio o no lo tiene cuando termina el
“periodo critico” de cada 6rgano o sistema.

1.2.2. Teoria de la “Programacion”

Basandose en los efectos que produce la malnutriciéon durante la vida temprana, las
repercusiones a largo plazo sobre el metabolismo y la propension a padecer
enfermedades metabdlicas en la edad adulta, Lucas A. en 1991, planteo la teoria de la
“programacion”. Esta describe el proceso mediante el cual la deficiencia o desbalance
alimenticio durante el “periodo critico” se “almacena” en la “memoria” del individuo
(células). Permanece a lo largo de la vida e inclusive esta “memoria” puede ser
transmitida de una generacion a otra. Esta “programacion” ademads, genera el fenotipo
ahorrador que a largo plazo propicia mayor acumulacion de grasa, y propension a la
obesidad y enfermedades metabolicas.

A dicha teoria, afios mas tarde se le afiadiria el término de “programacion metabdlica” o
“programacion nutricional” (Wells, 2003) (Figura 1). En contraste con Lucas A.,
Waterland & Garza en 1999, mencionan que mas que “programacion metabodlica”, se
trata de la “huella metabolica”, con la cual puede o no desencadenarse en la vida adulta
alguna enfermedad metabdlica. Sin embargo ambos postulados tienen en comun, la
teoria del “fenotipo frugal o econdomico”.

1.2.3. Teoria del “Genotipo Frugal o Economico”

Propuesta por Neel en 1962, inicialmente denominada como teoria del genotipo
diabético. Se baso en estudios epidemioldgicos en el Oeste de Norteamérica en donde se
observo alta incidencia de diabetes tipo 2.

Esta teoria propone que genes “econdmicos” o “diabéticos”, heredados hasta nuestros
dias, fueron seleccionados a lo largo de la evolucion del ser humano. Cuando el
alimento se encontraba disponible, una vez cubiertos los requerimientos energéticos
inmediatos, el excedente era almacenado en forma de grasa para ser utilizada durante
los largos periodos de ayuno hasta que se contara de nuevo con mas alimento. Esta
condicion metabodlica que resultaba ser benéfica para la supervivencia durante periodos
de “ayuno” (hambre) de nuestros ancestros, actualmente puede originar resistencia a la
insulina, diabetes tipo 2 u obesidad.

De esta manera Neel explica la relacion del bajo peso al nacer y la alta incidencia a
padecer diabetes en la edad adulta.

Afos mas adelante surge la teoria que lejos de desbancar a la del “genotipo econdmico”
ha sido un complemento para poder explicar la relacion de la carencia nutricional en la
vida temprana y las enfermedades metabolicas en la vida adulta.

1.2.4. Teoria del “Fenotipo Frugal o Economico”

Hales & Barker en 1992, proponen la teoria del “fenotipo econémico o frugal”, como
explicacion a la asociacion entre la carencia de nutrimentos durante desarrollo temprano
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y las enfermedades en la vida adulta, principalmente diabetes tipo 2 e intolerancia a la
glucosa.

Basados en la teoria de la “programacion”, asi como en trabajos de tolerancia a la
glucosa en los Indios Pima y estudios en animales de laboratorio, se plantea que la alta
eficiencia en la toma y la utilizaciéon de la glucosa mediada por la insulina, conlleva al
agotamiento organico (pancreas, principalmente) en los individuos malnutridos o
desnutridos en la vida temprana.

La teoria del “fenotipo econdmico” sugiere que cuando el ambiente fetal es carente de
nutrimentos, existe la respuesta “adaptativa” en la cual el feto o el embridon optimizan
los recursos disponibles hacia 6rganos como el cerebro a expensas de otros como el
musculo, higado o pancreas, dando lugar al metabolismo alterado (“‘econdémico”) en la
vida posnatal. De tal manera que el sujeto queda ‘“programado” para sobrevivir
adecuadamente bajo condiciones precarias de alimentacion. Sin embargo, cuando esas
condiciones carentes cambian a ser las adecuadas o mas abundantes estas
“adaptaciones” son perjudiciales para el individuo, dando lugar al desarrollo de las
enfermedades metabolicas (Figura 1).

Esta teoria atribuye un papel importante a los factores epigenéticos para el desarrollo de
alguna enfermedad metabdlica, como en el caso de los estilos de vida sedentarios. Los
cuales cada dia son mas frecuentes en nuestras sociedades, en contraste con la vida
activa a la que el ser humano estaba acostumbrado desde sus origenes hace millones de
anos (Amen-Ra, 2006; Lieberman, 2003).
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Figura 1: Esquematizacion de los efectos de la programacion metabolica y el fenotipo frugal o
econdmico y su relacion con enfermedades cronico degenerativas.

24



1.3. Relacion de la malnutricion con enfermedades en la vida adulta

Desde el punto de vista bioldgico, cada organismo que sobrevive y se reproduce esta
por definicién adaptado a su ambiente. Una vez adaptado necesita tener condiciones
favorables para poder llevar a cabo su ciclo de vida completo y sobrevivir como especie
(Nufiez-Farfan & Eguiarte, 1999). El sujeto desnutrido esta adaptado sin embargo, esta
condicion nutricional requiere diversos ajustes tanto anatomicos como fisiologicos para
poder sobrevivir en el medio restringido de nutrimentos (Waterland & Michels, 2007).
Dichos ajustes que bajo condiciones precarias de alimentacion le permiten la
supervivencia, bajo condiciones de exceso le son desfavorables y se traducen en
alteraciones metabolicas como la obesidad, diabetes mellitus tipo 2 y enfermedades
cardiovasculares, entre otras (Yajnik, 2002).

Diversos estudios tanto epidemioldgicos como bajo condiciones controladas de
laboratorio han investigando desde hace ya varias décadas, la correlacion que se postula
entre la carencia de nutrimentos en la edad temprana y las enfermedades metabdlicas en
la edad adulta.

1.3.1. Estudios epidemiologicos

En los afios 70’s en el Reino Unido, se reportan las primeras correlaciones entre el
déficit nutricional en la nifiez y la vulnerabilidad a padecer enfermedades coronarias en
la edad adulta (Forsdahl, 1977).

Wadsworth et al 1985, reportaron que la presion sanguinea en la edad adulta, se
relacionaba de manera inversa con el peso al nacer en hombres y mujeres nacidos en
1946. Anos después, en 1987 en Hertfordshire, se realiz6 uno de los primeros estudios
retrospectivos con individuos nacidos entre 1911 y 1930, que presentaron bajo peso al
nacer y/o durante el primer afio de vida. Estos sujetos padecian hipertension o habian
muerto por enfermedades cardiovasculares en la edad adulta. Este trabajo fue publicado
por Barker et al 1989, tratando de encontrar una explicacién a la alta incidencia que se
presentaba de estas patologias en esa region.

Posteriormente Hales et al/ 1991, publicaron que después de realizar la prueba oral de
tolerancia a la glucosa, el bajo peso al nacer, también estaba relacionado con
intolerancia a la glucosa o diabetes tipo 2. Esta relacién disminuia progresivamente al
incrementarse el peso al nacimiento. Ambos estudios proponen que influencias
adversas, en particular la nutricion pobre, actiia durante el desarrollo temprano y puede
dafiar permanentemente el tamafio y la estructura de los 6rganos y tejidos.

En la India Yajnik, 2001 y Yajnik, 2004 propone que ademas del bajo peso al nacer, la
dieta desbalanceada durante la infancia y el cambio en el estilo de vida es el factor
desencadenante de las enfermedades metabolicas. En estos estudios, se postula que la
obesidad es el factor principal que influye en el desarrollo de la resistencia a la insulina
y la diabetes tipo 2. Lo anterior debido a que la tendencia en los hindties a acumular
gran cantidad de grasa abdominal es mucho mayor que en otras razas; pero también
propone que esta obesidad se puede programar in tutero.

La prevalencia e incidencia més alta de resistencia a la insulina y de diabetes tipo 2 a
nivel mundial, se observa en América en los indios Pima. Estos pertenecen a la
comunidad que vive en el centro de Arizona, y estdn emparentados genéticamente con
los indios que viven en el norte de nuestro pais en la Sierra Madre, y que se sabe que
por décadas han vivido aislados (Schulz et a/ 2006). En contraste con los habitantes de
la Sierra Madre, los indios Pima residentes en EU presentan obesidad extrema,
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relacionada con el exceso en la ingesta de calorias y la disminucion en el gasto
energético (Dabelea et al 1999, Schulz et al 2006).

Ademas de la influencia de la vida temprana, la dieta y la falta de ejercicio junto con los
factores genéticos al parecer en los indios Pima juegan un papel importante en el
desarrollo de la resistencia a la insulina y la diabetes tipo 2 (Ma et al 2007). Sin
embargo, en esta poblacion la contribucion genética y la influencia de los factores
ambiéntales permanece en debate (Figura 2).

Diversos factores tanto genéticos como epigenéticos interactuan e influyen en los
efectos de la malnutricion temprana y en el desencadenamiento de enfermedades
cronicodegenerativas en los seres humanos. Por ello, se han venido desarrollando
diversos modelos en animales de laboratorio que permiten aislar diferentes variables y
evaluarlas por separado.
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Figura 2: La influencia nutricional en la vida y factores epig enéticos que pueden desencadenar obesidad
y diabetes.
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1.4. Modelos experimentales para el estudio de la malnutricion

La mayoria de los conceptos basicos sobre las investigaciones nutricionales se han
derivado de estudios con animales de laboratorio. Estos se mantienen bajo condiciones
controladas, lo que permite observar los efectos directos de la restricciéon nutricional
(Morgane et al 2002).

Los roedores han sido modelos frecuentemente utilizados para evaluar los efectos de la
carencia de nutrimentos en la dieta. El denominador comun en estos modelos, es la
reduccién en el peso corporal y en la talla lo que se conoce como el retraso en el
crecimiento (McMillen & Robinson, 2005).

Las estrategias utilizadas para inducir desnutricion o malnutricion en los modelos
experimentales de roedores son diversas y dependiendo de éstas, son los efectos que se
obtienen. Por ejemplo, el ligamiento de la arteria uterina induce insuficiencia utero
placentaria. Este reduce el aporte de nutrimentos de la madre hacia los fetos o
embriones, y tiene como efecto principal el nimero reducido de nefronas y de
glomérulos, lo cual se ha relacionado con incremento en la presion sanguinea en la edad
adulta (Wlodek et al 2008).

La desnutricion debida a la reduccion entre el 30-50% de la ingesta total de la madre
durante la gestacion y/o la lactancia, es otro modelo muy utilizado para el estudio
principalmente de la hipertension (McMillen & Robinson, 2005). Este modelo induce
disminucion en la utilizaciéon de la glucosa periférica, en el numero de islotes y de
células beta pancreaticas asi como baja produccion de insulina en los crios (Garofano et
al 1997).

El incremento o la disminucion en el nimero de crias de la camada durante la lactancia,
es otro modelo utilizado para evaluar los efectos de la desnutricién o la malnutricion. En
este modelo, el efecto méas importante, es la alterada neogénesis pancreatica (Garofano
et al 1997). En él, se observa que durante la prueba de tolerancia a la glucosa, la camada
con el mayor niimero de crios, es decir, las desnutridas, presenta tolerancia a la glucosa
normal pero menor secrecion de insulina en respuesta al estimulo. Lo anterior ha
sugerido mayor sensibilidad a la insulina en los tejidos periféricos (Waterland & Garza,
2002) (Tabla 1).

La dieta baja en proteinas es frecuentemente utilizada para producir malnutricion. Este
modelo induce la disminucion en la proliferacion y el aumento de la apoptosis de las
células beta (Petrik et al 1999).

Los efectos que se observan debido a desnutricion o a la malnutricién, también
dependen del grado, duracion e intervalo de tiempo en el cual se establece la condicion.

1.4.1. Efectos de la malnutricion proteica

La malnutricion en humanos tiene muchas variantes, sin embargo la prevalencia mas
alta entre las distintas poblaciones a nivel mundial se caracteriza, por la dieta baja en
proteinas, siendo esta carencia de naturaleza crénica. La disminucidon en cantidad y
calidad de las proteinas en la dieta, es sustituida principalmente por grasas y/o hidratos
de carbono (Morgane et al 1978).

Como se menciond, las proteinas son importantes para el correcto crecimiento y
funcionamiento del organismo, sin embargo, cobran mdas importancia durante las
primeras etapas del desarrollo (Snoeck et al 1990). Es por ello que uno de los modelos
mas utilizados para estudiar los efectos de la malnutricion ya sea a nivel periférico o
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central durante las primeras etapas del desarrollo, es la dieta baja en proteina. Este
modelo varia en cuanto al porcentaje, el tipo de proteina, la duracion y la etapa durante
la cual se induce la malnutricion (McMillen & Robinson, 2005; Tovar et al 2002).

Las dietas bajas en caseina son frecuentemente utilizadas para valorar los efectos de la
malnutricion hipoproteica. Los porcentajes que se han utilizado van desde el 6% hasta el
25%, considerado este ultimo porcentaje como la concentracion normal para el
desarrollo y crecimiento adecuado (Resnick et a/ 1982).

En la mayoria de los estudios se induce la malnutricion durante toda la gestacion y/o
toda la lactancia (Gravena et al 2007; Resnick et al 1982; Snoeck et al 1990) o en
periodos cortos durante estas mismas etapas (Chamson-Reig et al/ 2006) (Tabla 1).

La caseina, es considerada como la mayor fuente de aminodcidos en los animales
jovenes. Esta es importante durante las etapas tempranas de desarrollo y en general en la
vida del individuo, ya que promueve la absorcion de calcio en los huesos, estimula la
mineralizacion e inhibe la reabsorcion de los mismos (Mardon ef al 2008). Ademas la
caseina constituye el mayor componente proteico de la leche que también funciona en
ella como acarreadora de aminoacidos y minerales (Ginger & Grigor, 1999). Ademas
algunos péptidos de la caseina estan involucrados en la inmunomodulacion (Fiat &
Jolles, 1989).

1.4.1.1. Efectos en el crecimiento, 6rganos periféricos y el metabolismo

En general la malnutricion induce disminucién en el tamafio y en el peso corporal que
se conoce como un retraso en el crecimiento.

Estudios anatdémicos, han demostrado que la malnutriciéon temprana produce en el
cerebro, los pulmones, el pancreas, el higado, el bazo, el corazon, los rifiones, el timo y
la masa muscular, disminucién en su peso total al compararlo con los pesos de los
organos de animales alimentados con dietas balanceadas. Sin embargo, cuando el peso
se evalta con respecto al peso corporal de estos animales, el cerebro y los pulmones
muestran proporcionalmente mayor peso, por lo que se han considerado como 6rganos
protegidos de los efectos de la malnutricion temprana (Desai et al 1996).

A nivel metabolico, los 6érganos también se ven afectados de diferente manera.

La malnutricién en la rata inducida por el 6 u 8% de proteina durante las etapas
tempranas de desarrollo, produce en los crios bajo peso y disminucion en la talla que se
mantiene hasta la vida adulta (Resnick et a/ 1982). También induce en la madre
reduccion en la concentracion de insulina y aminodcidos circulantes y aumento en la
glucosa, que repercute en baja produccion de insulina en los crios (Petry ef al 2001).

En el pancreas de ratas, la malnutricion del 8% de proteina durante la gestacion y la
lactancia produce tanto al nacimiento como al destete, reduccion en la proliferacion de
células B, asi como reduccidon en el tamafio y en la vascularizacion de los islotes
(Snoeck et al 1990).

Berney et al 1997; demuestran que en las ratas malnutridas, ya sea durante la gestacion
y la lactancia o durante los dos periodos por separado, que el pancreas tiene menor
numero de islotes y de células beta, con respecto a sus controles. Esto semejante a lo
observado por Snoeck y cols. (1990). Sin embargo, esta diferencia desaparece si los
islotes y las células son evaluadas en proporcion al peso corporal de los animales.

Otro efecto de la dieta baja en proteinas es el incremento en la poblacién de células a,
valores normales de glucagon en ayunas o después de alimentarse, pero disminucion en
la secrecion de insulina con respecto a las ratas control alimentadas con dieta
balanceada (Ozanne et al 1998).
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En el higado de ratas malnutridas, enzimas relacionadas con el metabolismo de la
glucosa se encuentran alteradas. Mientras la PEPCK (fosfoenol piruvato carboxicinasa),
que participa en la gluconeogénesis, se encuentra incrementada, la GK (glucocinasa),
que interviene en la glucolisis, se encuentra reducida. Lo anterior induce gran
produccion de glucosa enddgena pero su utilizacion como fuente energética se
encuentra disminuida (Burns et al 1997).

La malnutricion proteica en las ratas también produce disminucion en la concentracion
plasmatica de la glucosa en ayunas, mientras que los acidos grasos libres (AGL) y el
glucogeno hepatico se encuentran aumentados (Latorraca et al 1998). Por otro lado, la
concentracion plasmatica de triacilgliceroles (TAG), bajo dos condiciones metabdlicas
diferentes (ayuno o alimentacion), se encuentra disminuida (Ozanne et a/ 1998) (Tabla
1).

Los efectos de la malnutricién proteica también se han evaluado en experimentos in
vitro en pancreas de ratas, en los cuales se ha demostrado que al estimular la produccion
pancredtica de insulina con arginina y leucina, ésta se ve disminuida en animales
malnutridos a una edad temprana (Dahri ef al 1991).

1.4.1.2. Efectos en el sistema nerviosos central

A pesar de que el cerebro es considerado como 6rgano “protegido” de los afectos de la
malnutricion, existen diversos estudios que demuestran que realmente no lo esta.

La mayoria de los estudios que se han realizado a nivel de sistema nervioso central se
han enfocado a los efectos en areas relacionadas con el aprendizaje o en la conducta.
Por ejemplo: en ratas, estructuras cerebrales que intervienen con la respuesta al estrés
(cingulo anterior y la corteza medial prefrontal), muestran incremento en su actividad en
respuesta a la inmovilidad, en un restrictor que reduce sus movimientos (Rosene et al
2004).

En el hipocampo incremento de las células gabaérgicas, relacionado con alteraciones de
memoria y motivacionales ha sido descrito (Diaz-Cintra et a/ 2007).

Por otro lado, se ha demostrado que los animales malnutridos en la edad temprana
presentan astrogliosis en la corteza, el hipocampo y el cerebelo lo cual puede estar
afectando el desarrollo neuronal en estos animales (Feoli ez a/ 2008).

El hipotdlamo, area del cerebro que participa en la regulacion central de la ingesta de
alimento, el peso corporal y el metabolismo, ha sido poco estudiada en cuanto a los
efectos que la malnutricion temprana puede tener ya sea a corto o a largo plazo.

Se ha demostrado que la malnutriciéon durante la gestacion y la lactancia en las ratas,
induce incremento en la produccién total de neuropéptido Y (NPY), en el
paraventricular (PVN), en el hipotadlamo lateral (LH) y en el arqueado (ARC)
(Plagemann et al/ 2000b). En contraste, al evaluar el nimero de neuronas inmuno
positivas a NPY en el ARC, Plagemann et a/ 2000a demuestran, que estas se encuentran
disminuidas. También encontraron incremento en el volumen relativo y densidad celular
mayor en los nicleos ventromedial (VMH) y PVN, mientras que al parecer el LH, el
arqueado (ARC) y el dorsomedial (DMH) no se ven afectados en cuanto al volumen y
densidad neuronal total (Tabla 1).

Los estudios anteriores realizados en ratas, sugieren que estas alteraciones inducidas por
la malnutricidon temprana podrian originar deficiencias metabolicas, modificaciones en
la ingesta de alimento y la regulacion del peso corporal a largo plazo en estos animales
malnutridos tempranamente.
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Tabla 1: Resumen de los efectos inmediatos y a largo plazo de las deficiencias nutricionales. *El retraso
en el crecimiento y la disminucion del peso de 6rganos, son comun denominador para todos los tipos de
dificiencias. A largo plazo, el bajo peso y la talla, también es efecto comun en los diferentes modelos

Manipulacion

Periodo

Efectos inmediados

Efectos a largo plazo

Ligamiento de
arteria uterina

Gestacion

*Retraso en el
crecimiento.
*Disminucién en el
peso de érganos
como el cerebro,
higado, pdncreas,
tejido adipso, etc.
Reduccién en el
nimero de neuronas
y glomérulos.

**Bajo peso y talla.
Hipertensidn.

Reduccidn del total
de ingesta (30-50%)

Gestacién y/o
lactancia

Disminucion en la
utilizacién de la
glucosa periférica,
en el ndmero de
islotes pancredticos,
células betay en las

secrecion de insulina.

Hipertensidn.

Incremento en el
ndmero de crios

Lactancia

Alteraciones en la
neogénesis
pancredtica.
Disminucién en la

secrecidén de insulina.

Alteraciones en el
metabolismo de la glucosa.

Reduccién en la
ingesta de proteina
(6-8%)

Gestacién y/o
lactancia

Alteraciones en
enzimas hepdticas
(PEPK, GK).
Alteraciones
lipidicas.
Disminucion en la
vascularizacion del
pdncreas, en la
proliferacién de
células beta;
aumento en la
apoptdsis de células
beta.

Disminucion en la
produccién de
insulina.
Alteraciones
celulares y en la
morfologia cerebral.

Alteraciones en el
metabolismo de la glucosa y
los lipidos.

Tendencia a la obesidad.
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1.5. Rehabilitacion nutricional en modelos animales

Para que las enfermedades metabolicas se desencadenen ademas de los factores
genéticos, las influencias epigenéticas son de suma importancia. La dieta es uno de los
principales factores epigenéticos que influyen de manera determinante.

Diversos protocolos de rehabilitacion se han desarrollado con la finalidad de esclarecer
hasta qué punto en el individuo se pueden revertir los efectos de la dieta desbalanceada
en la edad temprana.

1.5.1. Efectos en el crecimiento, 6rganos periféricos y el metabolismo

Winick ef al 1968, demuestran que ratas recién nacidas alimentadas en camadas grandes
de 18 crios durante 9 dias, presentan menor peso de dérganos (corazon, pulmones,
higado cerebro, rifiones, bazo y timo) y el contenido de ADN y ARN disminuidos al
comparalo con animales alimentados en camadas estandar (controles) de 10 crios. Al ser
alimentadas a partir del dia 10 y hasta el destete en camadas de 3, presentan el mismo
peso y contenido celular que sus controles. Este estudio concluye que si la
rehabilitacion se lleva a cabo durante la vida temprana (lactancia), los efectos de la
desnutricidn sobre el crecimiento, peso corporal y de los drganos pueden ser revertidos.
En contraste, otros estudios han informado que los efectos no se revierten (Desai et al
1995; Desai et al 1996; Desai et al 1997).

Otro protocolo de rehabilitacion comunmente utilizado, estd basado en el método
“cross-fostering” o “intercambio de madres durante la lactancia” o “intercambio
materno”. El cual consiste en cambiar a partir del nacimiento a crios que fueron
malnutridos con la dieta baja en proteina durante la gestacion, a una hembra lactante
bien alimentada. Con este paradigma el corazén los rifiones y el timo muestran relacion
normal con respecto al peso corporal, mientras los pulmones, el cerebro, pancreas, bazo,
musculo e higado muestran reduccion significativa con respecto al peso total del animal,
en comparacion con los controles alimentados con la dieta 20% de proteina durante la
gestacion y la lactancia (Desai ef al 1996).

Estos datos indican que la rehabilitacion nutricional induce cambios selectivos en los
diferentes oOrganos y tejidos y que algunos no logran recuperarse a pesar de ser
alimentados con dieta balanceada.

En otros estudios se ha demostrado que durante la prueba de tolerancia a la glucosa,
ratas que fueron malnutridas durante la gestacion y después sometidas al protocolo de
intercambio materno, muestran a los tres meses de edad mayor tolerancia a la glucosa
durante los primeros 30 minutos de la prueba. Sin embargo, muestran la produccion de
insulina disminuida en comparacién con sus controles nutricionales alimentados con
dieta balanceada en la edad temprana. En la edad adulta estos mismos animales durante
los primeros 30 minutos de la prueba tienen menor tolerancia a la glucosa con tendencia
al incremento en la produccion de insulina. Con estos resultados Hales et al 1996,
proponen que los animales se vuelven intolerantes a la glucosa en la edad adulta.

El suministro de leptina ha sido también utilizado para inducir la rehabilitacion
neonatal. Ratas que fueron desnutridas con la reduccion del 30% de la ingesta total
durante la gestacion, posteriormente fueron sometidas al intercambio materno durante la
lactancia y ademas se les suministrd una inyeccion de leptina diaria durante 10 dias en
la vida posnatal, mostraron ganancia de peso e ingesta calérica equivalente al grupo
alimentado con dieta balanceada. Este protocolo de rehabilitacion indujo también en las
ratas que el peso del tejido adiposo, los valores de insulina y leptina fueran similares a
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las ratas control (Vickers et al 2005). En este trabajo, se sugiere que la “programacion
metabolica” es potencialmente reversible durante la ultima fase de la plasticidad en el
desarrollo (lactancia), y propone a la leptina como un agente que puede revertir los
efectos prenatales de la desnutricion (Vickers et al 2005).

Otro protocolo frecuentemente utilizado en la rehabilitacién es la administracion de
dietas elevadas en hidratos de carbono o en lipidos, posterior al periodo de desnutricion
o malnutricion. Bieswal et a/ 2006, muestran que la malnutricion del 8% de proteina
seguida de la dieta alta en hidratos de carbono hasta la vida adulta, da como resultado
hiperglucemia y obesidad. Sin embargo, este mismo efecto ademas de hiperinsulinemia,
se observa en las ratas control alimentadas con dieta balanceada en la vida temprana, y
sobrealimentadas a partir del destete y hasta la vida adulta. En este estudio se concluye
que el destete es una ventana temporal muy importante y sensible a los efectos de la
dieta, durante la cual se puede alterar la sensibilidad y la produccion de insulina, con lo
que explican entonces el efecto en los animales control.

Desai et al en 1997, demostraron que también con la rehabilitacién nutricional basada
en la dieta palatable (alta en grasa y en hidratos de carbono), se tiene como
consecuencia incremento en el peso corporal, aumento de los TAG y en la insulina, y
modificaciones en las enzimas hepaticas en las ratas adultas. Sin embargo, también en
este estudio los efectos adversos se observan tanto en el grupo control como en los
malnutridos durante gestacion y lactancia, lo que sugiere que el metabolismo también es
susceptible a cambiar en la vida adulta.

1.5.2. Efectos en el sistema nerviosos central

Diversos modelos se han propuesto para revertir los efectos que se observan en el
sistema nervioso central debido a la malnutricion o la desnutricion temprana.

Se ha encontrado que ratas desnutridas durante la gestacion y la lactancia con el 50% de
la dieta control, y al destete alimentadas de manera ad libitum, presentan disminucién
en la produccion de leptina, y de ARNm de POMC en el ARC al compararlas con los
controles a los 30 dias posnatales. En contraste, el ARNm de NPY no se ve afectado
con esta desnutricion (Delahaye et al 2008). Con el estudio anterior y otros, se ha
postulado que sefiales periféricas neonatales como la leptina o la insulina (Delahaye et
al 2008; Plagemann et al 1999), desempefian un papel neurotrofico, promoviendo el
desarrollo de los nucleos y las proyecciones hipotaldmicas (Delahaye et al 2008;
Vickers et al 2005). Ademas se ha comprovado que estas sefiales pueden en etapas
tempranas del desarrollo revertir los efectos de la malnutricion (Vickers et al 2005).

Por otro lado, existen trabajos en los cuales se demuestra que la rehabilitacion no logra
revertir las alteraciones.

Ratas que fueron sometidas a malnutricion con dieta 6% de caseina durante la gestacion,
posteriormente sometidas al intercambio materno, a los 9 dias posnatales, muestran el
tamafo total del hipotdlamo menor que en los animales control, con lo que concluyen
que los animales no se rehabilitan (Kehoe et a/ 2001).

Ratas que fueron desnutridas con 70% de la dieta ad /ibitum en la gestacion, durante la
lactancia fueron rehabilitadas con intercambio materno, y posteriormente alimentadas
ad libitum hasta los 4 meses de edad; presentaron tanto en condiciones de alimentacién
como de ayuno de 48 h, mayor concentraciéon de leptina, ademds de disminucion y
aumento en el contenido de ARNm de NPY y de POMC respectivamente en el
hipotdlamo. Con los resultados obtenidos de este trabajo se sugiere que el hipotalamo
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queda “programado” para controlar la ingesta de alimento y el balance energético hasta
la vida adulta (Breton et a/ 2009).
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2. PLANTEAMIENTO GENERAL DEL PROBLEMA

Las consecuencias de la malnutricion durante la gestacion y la lactancia, a nivel
periférico y de sistema nervioso central, han sido ampliamente estudiadas. En contraste,
poco se sabe de los efectos de la malnutricion después estas etapas tempranas.

Los experimentos de esta tesis fueron dirigidos a demostrar que la malnutricion depués
de los periodos criticos del desarrollo puede inducir modificaciones en la regulacion
metabolica y hormonal tanto en la periferia como en el sistema nervioso central. En
apoyo a esta teoria, existen algunos trabajos que demuestran que la lactancia y sobre
todo el destete constituyen una ventana de tiempo vulnerable para el establecimiento de
los niveles de regulacion metabolica y hormonal. Asi como para el control del balance
energético a largo plazo tanto a nivel periférico como de sistema nervioso central
(Aguayo-Mazzucato et al 2006; Coupé et al 2009; Reichling & German, 2000).

Debido a que el balance energético se lleva a cabo tanto a nivel periférico como
hipotalamico, este estudio postula que al encontrar modificados los niveles metabolicos
y hormonales en los animales malnutridos, es posible que estos también presenten
actividad neuronal diferente a animales bien nutridos.

Se sabe que la produccion de la proteina c-Fos participa en la activacion de la expresion
génica de otras proteinas. Esta se expresa constitutivamente en las neuronas bajo
condiciones fisiologicas normales, pero también se puede inducir su expresion por
seflales como la depolarizacion de la membrana celular. Diversos estudios han
demostrado que estimulos como los cambios en el metabolismo, cambios en las
concentraciones de metabolitos y hormonas como la glucosa y la insulina asi como el
tipo de dieta que ingeren los animales inducen la expresion del gen en el sistema
nervioso central (Darcel et a/ 2005; Dunn-Meynell ef al 1997; Morgan & Curran, 1991).

Los niveles metabdlicos y hormonales periféricos se ven modificados en los animales
malnutridos, esto podria estar relacionado con cambios en la expresion de
neuropéptidos relacionados con la ingesta de alimento. Plagemann et a/ 2000b
mostraron que la malnutricion temprana modifica principalmente la secrecion de los
péptidos orexigénicos. Sin embargo, no se sabe cual es la respuesta de otros péptidos
orexigénicos o anorexigénicos que podrian verse afectados por la malnutricién ya sea
temprana o al destete. Este estudio pretende demostrar que la expresion de
neuropéptidos se ve afectada y que esto podria contribuir a la desregulacion del balance
energético que se observa en estos animales.

Los protocolos comunmente utilizados para inducir la rehabilitacion nutricional, se
basan en dietas contituidas por un exceso en el contenido de energia basada en hidratos
de carbono y/o lipidos (Bieswal et al 2006; Desai et al 1997). Sin embargo, los efectos
de la rehabilitacion nutricional balanceada es decir, la dieta contituida por todos los
micro y macroelementos en cantidad y calidad necesarias, han sido poco explorados.

Ademas de las dietas excesivas que se han utilizado en los protocolos de rehabilitacion
nutricional, el tiempo durante el cual se lleva a cabo la recuperacion ha sido por
periodos cortos, siendo tres meses el tiempo mas largo frecuentemente utilizado
(Bieswal et al 2006; Desai et al 1997). Por tal motivo, en este trabajo se propuso
evaluar la rehabilitacion nutricional con la dieta balanceada a corto plazo y a largo
plazo, considerando el primero hasta el dia posnatal 90 y el segundo al dia posnatal 180.
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Con base en los antecedentes, en este estudio se abordaron algunos de los efectos que la
malnutricion pudiera ejercer en tres diferentes etapas de la vida de la rata:
gestacion/lactancia, el periodo poslactancia y la edad adulta. También se exploraron los
efectos de la rehabilitacion nutricional balanceada hasta los 90 y 180 dias de vida
posnatal. Los efectos de estas manipulaciones se abordaron en tres niveles diferentes
que corresponden a los siguientes 3 experimentos:

1. Se evalué el peso corporal asi como los niveles de glucosa, TAG, AGL,
glucdégeno hepatico, insulina, y glucagon, que pudieran indicar posibles
alteraciones metabolicas.

2. Se explor6 la actividad neuronal mediante la expresion de la proteina c-Fos,
considerado como marcador de actividad neuronal, en nucleos hipotalamicos
involucrados con el balance energético.

3. Se analizé la expresion de neuropéptidos orexigénicos y anorexigénicos en

nucleos hipotalamicos que participan en el balance energético y la ingesta de
alimento.
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3. HIPOTESIS GENERALES

En los individuos malnutridos durante cualquier etapa de su vida se obsevaran niveles
metabolicos y hormonales diferentes a los animales alimentados balanceadamente.

La malnutricion inducird la actividad neuronal asi como la expresion de neuropéptidos
orexigénicos y anorexigénicos diferencial, con respecto a los animales que se
alimentaron con la dieta balanceada.

La rehabilitacion nutricional con la dieta balanceada revertira los efectos debidos a la
malnutricion, tanto a nivel metabolico y hormonal como a nivel de sistema nervioso
central en la actividad celular y en la produccién de neuropéptidos.

4. OBJETIVOS GENERALES

Determinar los efectos de la malnutricion en tres etapas diferentes de la vida de la rata.
A nivel periférico, evaluando el peso corporal, el peso del tejido adiposo, metabolitos y
hormonas. A nivel de sistema nervioso central, explorando la actividad de nucleos
hipotalamicos involucrados con el balance energético.

Evaluar los efectos de la rehabilitacién nutricional balanceada a corto y a largo plazo,

tanto a nivel metabdlico y hormonal como a nivel de sistema nervioso central en el
hipotalamo.
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5. EXPERIMENTO 1:

“EN LA RATA LA MALNUTRICION PROTEICA AL DESTETE PRODUCE
ALTERACIONES METABOLICAS A CORTO Y A LARGO PLAZO, EN
CONTRASTE CON LOS PERIODOS TEMPRANOS Y TARDIOS”

5.1. Hipotesis Especificas

Ratas malnutridas en tres etapas diferentes de la vida presentaran el peso corporal
inferior en comparacion con sus controles nutricionales alimentados con dieta

balanceada.

La malnutricién en cualquier etapa de la vida modificarda los niveles de regulacion
metabolica de glucosa, AGL, TAG, glucogeno hepatico, insulina y glucagén.

La rehabilitacion nutricional balanceada a largo plazo revertira los efectos debidos a la
malnutricion en el peso corporal y en los niveles de regulacion metabolica y hormonal.
5.2. Objetivos Especificos

Desarrollar en ratas un modelo que permita observar los efectos de la malnutricion en el
incremento de peso corporal en tres diferentes etapas de la vida.

Comprobar que la malnutricion modifica los niveles de regulacion metabdlica y
hormonal y que la rehabilitacion nutricional balanceada puede revertir dichos efectos.
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“Post-weaning protein malnutrition in the rat produces short and long
term metabolic impairment, in contrast to earlier and later periods”
Maria del Carmen Mifiana-Solis and Carolina Escobar.

Int J Biol Sci. 2008, 4(6): 422-432.

ABSTRACT

Malnutrition during gestation and lactation modifies metabolic strategies and leads to
metabolic disease in adult life. Studies in human populations suggest that malnutrition
during infancy may also induce long term metabolic disorders.

The present study investigated if post-weaning and a late period of development might
be sensitive for long term metabolic impairment. Hereto male Wistar rats were
malnourished with a low protein diet (6%), during gestation and lactation (MGL), from
weaning to 55 days (MPW) or during adulthood from 90 to 120 days (MA). Control
rats (C) were fed with a regular diet (23% protein). We determine plasma
concentrations of insulin, glucagon, triacylglycerols (TAG), free fatty acids (FFA), and
liver glycogen after a Glucose Tolerance Test (GTT).

Independent of the age of onset, malnutrition induced low body weight. Early and post-
weaning malnutrition produced impaired glucose tolerance and low values of TAG, also
in MPW induced low values of insulin and glucagon. At 90 days, after balanced diet
rehabilitation, the MGL group showed a similar glucose tolerance test as the controls
but display low values of insulin, while the MPW group exhibited high levels of glucose
and TAG, and low values of insulin, glucagon, FFA and hepatic glycogen. At 180 days,
after balanced rehabilitation only MPW rats showed metabolic alterations. Malnutrition
during adult life (MA) did not produce metabolic disturbances. Surprisingly the results
uncover the post-weaning stage as a vulnerable period to malnutrition that induces long
lasting metabolic alterations and deficiency in pancreatic function.

Keywords: development, critical period, nutritional rehabilitation, insulin, metabolic
disease, pancreas.

INTRODUCTION

Obesity, diabetes mellitus type Il and metabolic syndrome, are important modern life
style health problems related to early malnutrition as a possible predisposing factor [1-
3]. Several studies have reported that during gestation and lactation considered as a
critical periods of development [4], malnutrition induces anatomical and physiological
adaptations in order to allow survival in poor nutritional conditions [5-7].

Early low protein malnutrition produces a decrease of vascularization in the pancreas
[8], reduced number of islets and B cells, and decrease of insulin production [9]. In the
liver low protein in the diet induces a decrease in the production of glucokinase and
increase in phosphoenolpyruvate carboxykinase, two enzymes involved in the
glycolytic and gluconeogenic functions, respectively, resulting in a higher level of
continuous endogenous glucose production by the liver [10]. Malnutrition during
gestation and lactation modify the insulin sensitivity in muscle leading to impaired
glucose uptake [11], while in adipose tissue early malnutrition increased number of
glucose transporters and insulin receptors which promote high glucose storage [12, 13].
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Also, insulin, leptin, glucagon, and metabolites like free fatty acids are modified by
malnutrition [14, 15].

Such adaptations are thought to enable the organism to survive under detrimental
nutritional conditions. This process is known as the “foetal programming hypothesis”
[16].

Experimental and epidemiological studies have focused on the effects of early
malnutrition, however recently, some studies in human populations’ postulate infancy
as a vulnerable period in which malnutrition can permanently modify the metabolism
and result in metabolic diseases later in life [17, 18].

The possibility of nutritional rehabilitation of foetal programming has been explored in
studies performing a cross-fostered paradigm and leptin injection during lactation [19],
as well as using either a balanced or hypercaloric diet [10].

Consequently, for determining with more accuracy the wvulnerable period of
development in the present study we investigated in rats the effects of low protein
malnutrition at three different stages of life: gestation and lactation (critical period), for
30 days after weaning (day 25- 55) or in adulthood at 90 to 120 days also the effects of
nutritional rehabilitation were tested on a short and a long term basis (90 and 180 days).

The effects of malnutrition and rehabilitation on metabolism were determined after a
glucose tolerance test (GTT) on serum metabolites and hormones. Present data show
deleterious acute effects by low protein malnutrition during gestation and lactation and
after weaning, but not in adult life. The effects of early malnutrition were partially
reversed by the period of nutritional rehabilitation, while surprisingly nutritional
rehabilitation did not reverse deleterious effects of post-weaning malnutrition indicating
a vulnerable stage of development in which metabolism is permanently affected and
may lead to metabolic disease in adult life.

MATERIALS AND METHODS

ANIMALS AND GENERAL CONDITIONS

All animal procedures were approved by the Biosecurity and Bioethics Committee,
Faculty of Medicine, UNAM, according to the Mexican Laws for Animal Care [20],
which comply with the Guide for the Care and Use of Laboratory Animals (NIH
publication 80-23, revised 1996). Control and malnourished offspring were born to
female Wistar rats (Rattus norvegicus) obtained from the general bioterium of the
Faculty of Medicine of Universidad Nacional Auténoma de México.

Breading females as well as the offspring after weaning were housed in groups of 3-4
animals in transparent acrylic cages (40 X 50 X 20 cm) and were maintained in a light-
dark cycle 14:10 h (lights on 6:00h), with controlled temperature of 22-24°C, 40-50%
humidity, food and water ad libitum.

NUTRITIONAL CONDITIONS

Rats were born to 3 month-old primiparous females exposed to an isocaloric (4 kcal/ g)
low protein diet (6% of protein Harlan TD 92090) or to a balanced regular chow diet
(23% protein Purina chow 5001). The balanced and low protein diets have been
employed by previous studies and produce reproducible nutritional states [21-23].

For mating, females were exposed for one week to males (2 females and 1 male).
Pregnancy was confirmed by abdominal palpation and weight increase. Date of
parturition was estimated 22 days after the introduction of the males into the females’
cage. Three days before expected parturition, females were placed in individual cages
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(30 X 40 X 20 cm) with sufficient wood shavings for nesting and were maintained in
individual conditions until weaning (for details see Mifiana and Escobar [22].

On post-natal (P) day 1, litters were standardized to 8 pups (4 females and 4 males). On
day P25 litters were weaned and only males were used for all experiments according to
the indicated ages and nutritional protocols.

GROUPS

Nutritional controls (C) were born from females fed the balanced diet and continued to
be fed the same regular diet along their life.

Rats for the gestation and lactation malnutrition (MGL) group were born from female
rats exposed to the low-protein diet for two weeks prior to mating, during gestation and
lactation.

Rats for post-weaning malnutrition (MPW) group were born to females fed the balanced
diet during gestation and lactation; at weaning (P25) offspring were switched to the 6%
low-protein diet for 30 days until day 55 of age.

Rats for adult malnutrition (MA) group were switched to the low-protein diet at 90 days
of age for 30 days.

In order to determine acute effects of malnutrition a first set of rats (n = 7) for each
group was tested and sacrificed immediately at the end of the low protein interval: For
the MGL this represented P25; for MPW at P55 and for MA at P120. A second set of
rats (n = 7) for each malnourished group was rehabilitated by providing a balanced diet
until 90 or 180 days of age in order to determine short and long term effects of
nutritional recovery.

The groups and nutritional conditions are represented in figure 1.

23 dayz 55 days 90 days 120 days 180 days
¢ [3 >
G A
MCL 7 >
MPW | i V: >
MA [T 7 >

Figure 1. Schematic representation of the experimental groups. Arrows represent the life span of rats with
G = gestation and L = lactation. Day of birth is indicated by the short dotted line. Striped areas represent
the intervals in which rats of different groups were exposed to the 6% protein diet, while white areas
represent exposure to the 23% protein balanced diet. Vertical lines represent selected ages for GTT and
blood sampling.
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METABOLIC DETERMINATIONS

To unmask acute effects of malnutrition, as well as short and long term effects of
nutritional rehabilitation rats were tested with an oral glucose tolerance test (GTT) as
described previously [24, 25]. Briefly, rats were weighed and were fasted for 16 h (food
was removed the previous day at 18:00 h), between 09:30 and 10:00 h rats were
anaesthetized with an intraperitoneal injection of chloral hydrate (1g/ 25mL: 1mL/
100g) to avoid pain and stress during the GTT. This anaesthetic was chosen over others
due to its minimal effects on glucose metabolism [26]. For a base line, before glucose
administration, a small drop of blood was obtained from a small incision in the tail and
glucose was measured with a glucometer (Ascencia ELITE of Bayer). Then, an
orogastric catheter was introduced to the stomach and glucose was delivered in a
concentration of 200g/ L dose 2g/ kg [25]. Following samples of blood were obtained
from the same incision in the tail at 15, 30, 60 and 120 min after glucose administration.
At the end of the GTT and still under anaesthesia the thoracic cavity was opened and a
blood sample of 3mL was obtained from the cava vein for quantification of insulin,
glucagon triacylglycerols (TAG) and free fatty acids (FFA). Also the main liver lobule
was frozen at -45°C for subsequent determination of hepatic glycogen.

Blood was collected in 5SmL test tubes containing a clot-forming gel (Vacutainer,
Becton Dickinson) and centrifuged at 2500 rpm for 15 minutes to obtain plasma.
Aliquots of 200uL were coded and frozen at -45°C for subsequent determinations.
Serum insulin and glucagon were determined in duplicate with a standard '*I
radioimmunoassay kit (Diagnostic Products Corporation; TKIN1 and KGND1). For
insulin assays were performed with a sensitivity of 1.2 ulU/ mL, with intra- and
interassay coefficients of variation of 5.1% and 7.1% respectively. For glucagon the
sensitivity was 13 pg/ mL, with intra- and interassay coefficients of variation of 3.2 and
8% respectively. TAG were determined with a standard enzymatic kit (Bayer SERA-
PACK ® Plus No B-014551-0). FFA were determined with an enzymatic method
according to Novak [27], and hepatic glycogen was assayed using 1g of tissue,
according to the extracting method of Hassid and Abraham [28]. The extracted glucose
was determined using a standard enzymatic kit (Hycel de México No 70408).

STATISTICAL ANALYSIS

Data are reported as the mean + standard error of the mean (SEM). Body weight along
time for the three groups was analyzed with a two way ANOVA for repeated measures
for the factors group and time.

Blood glucose values during the GTT are represented as absolute increase (mg/ dL) as
compared to the basal value considered starting point = 0. Data were compared among
groups with a two way ANOVA for the factors groups and time. ANOVA tests were
followed by a post hoc Tukey multicomparison test with o set at p < 0.05. Student “t”
test for independent samples were used for compared the metabolites and hormones
between C and malnourished or rehabilitated groups. The statistical analysis was
performed using the program Statistica (version 4.5, 1993) and graphics were elaborated
using Sigma Plot 2001.

RESULTS
BODY WEIGHT
At the end of the low protein period all rats of the three groups had significantly lower
body weight (p < 0.04) than their age paired controls (fig. 2).
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On day P2 the MGL group weighed 59% and at weaning (P25) 34% of the controls’
body weight (fig. 2A). Likewise in the MPW group after the 30 day period of
malnutrition (25-55 days) the growth rate had slowed down resulting that MPW rats
weighed 31% of the controls (fig. 2B). Adult low protein malnutrition from 90-120 days
resulted in a loss of body weight leading MA rats to weight 76% of the controls (fig.
20).

In spite of short or long term balanced diet rehabilitation, the MGL and MPW
malnourished groups were not able to catch up to reach the C group body weight (fig. 2
A and B) thus at 90 and 180 days the MGL group reached 67% and 81% of their
controls’ body weight, respectively (p < 0.02; fig. 2A) while the MPW group reached
68% and 82% at 90 and 180 days, respectively (p < 0.02; fig. 2B). In contrast, the MA
group recovered to 93% of the C group body weight (fig. 2C).
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Figure 2. Body weight of A) rats malnourished during gestation and lactation and rehabilitated from
weaning to 180 days (MGL group; n = 7) B) rats malnourished from weaning to 55 days and rehabilitated
until 180 days (MPW group; n = 7) and C) rats malnourished from 90 to 120 days and rehabilitated (MA
group; n = 7). Control rats are represented with the black continuous line, while malnourished groups are
represented with dotted line. The striped box represents the malnutrition interval. Values are given as
means £ SEM. * show statistical difference (p < 0.05), only males were used for the experiment.

GLUCOSE TOLERANCE TEST
Before glucose administration MGL and MA groups displayed similar blood glucose
concentrations as their C groups, while the MPW group exhibited lower concentration
as their controls (p = 0.04; table 1).
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After oral glucose administration Control groups showed a peak of blood glucose values
between 30 to 60 minutes and thereafter values decreased to near basal levels towards
the end of the GTT. In contrast 2h after glucose administration, MGL and MPW rats
still exhibited high levels of glucose at the end of the GTT but only MGL rats displayed
significantly high levels (p = 0.01; table 1; figure 3 A and D). The two way ANOVA
indicated statistical difference between C and MGL (F @4, ¢0) = 2.59; p = 0.04) and
between C and MPW (F (4, 60) = 3.71; p= 0009)

The MA group displayed after malnutrition and after balanced diet rehabilitation the
same GTT as their controls (table 1 and fig. 3G, H).

In the MGL group, balanced diet rehabilitation reversed the response in the GTT to
control levels in a short and in a long term (table 1 and fig. 3B and C); however in the
MPW group at 90 the response to a glucose bolus was still deficient and different from
the controls (p = 0.01; table 1 and figure 3E). ANOVA indicated statistical difference
(F @, 60) = 3.09; p = 0.02). After a long term rehabilitation (180 days) the MPW rats
exhibited a similar response as their controls (figure 3F).

Table 1. Blood glucose levels obtained before and after an oral glucose tolerance test in

mg/ dL.
Groups Acute effect Short term Long term
basal final basal final basal final

C 825+79 134 +£10.2 80.1 £5.7 120.7 £ 4.6 100.7 £ 3.7 134.1 £10.7
"MGL | 63.8+89 |1822+209 | 804%58 |[1105£69 | 982+9.7 | 119+£10.6

C 106.7 £5.2 | 116.1 £12.2 80.1 £5.7 120.7 £ 4.6 100.7 £3.7 134.1 £ 10.7
"MPW | 55451 |137.2£218 | 84+7.0 |168.4+109 | 93+7.9 | 158+16.8

C 924+24 |167.1+7.6 100.7 £ 3.7 134.1 £10.7
MA | 93.8+11.6 [197.7+21.9 | 954+85 | 173+292

Values are represented = SEM; (n =7); " denoted differences between C and MGL or
MPW groups (p < 0.01).
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Figure 3. The absolute glucose increase (mean + SEM) during Glucose Tolerance Test. Left column
represents groups after an acute stage of malnutrition; A) MGL at 25 days; D) MPW at 55 days and G)
MA at 120 days. The middle column represents the GTT values after short term rehabilitation: B) MGL
and E) MPW rats evaluated at 90 days and H) MA rats evaluated at 180 days. The right column
represents the glucose values after long term rehabilitation C) MGL and F) MPW at 180 days of age. *
indicates statistical difference (p < 0.003); n = 7 for all groups .

PLASMA DETERMINATIONS

After the GTT insulin levels were not affected in the MGL and MA groups with respect
to the controls (fig. 4 A and G respectively), while the MPW rats exhibited low insulin
values compared with their controls (p = 0.001; fig. 4D). After short term rehabilitation
(at 90 days) both MGL and MPW groups exhibited low insulin levels as compared with
their controls (p < 0.001; fig. 4B and E) and such effects persisted in the MPW group in
a long term (p = 0.001; fig. 4F). MGL and MA groups did not show a difference at 180
days (fig. 4C and H).

Like wise plasma glucagon levels were not affected by early malnutrition (MGL) or by
late malnutrition (MA) in the acute test or after balance rehabilitation (fig. S A, B, C
and G, H). However, in the MPW group glucagon was significantly decreased at 55
days and was not restored after nutritional rehabilitation at 90 and 180 days (fig. 5 D, E,
F). Student “t” test indicated statistical difference between the C and the MPW group (p
=0.001 for acute effects; p = 0.03 for short and p = 0.001 for long term rehabilitation).

At the end of the GTT the MGL and MPW groups exhibited low plasma concentration
of TAG as compared with their controls (MGL, p = 0.002 and MPW, p = 0.001; fig. 6 A
and D respectively), while malnutrition in adult life did not alter plasma TAG (fig. 6G).

After the balanced diet rehabilitation TAG levels in the MGL and MA groups were
similar to control values (see figures 6 B, C and H) while the MPW group showed short
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and long term TAG alteration with significantly increased values as compared to the
controls (p = 0.02 and p = 0.05, respectively; figures 6 E, F).

No significant effects were observed in FFA after the three different stages of
malnutrition (fig. 7A, D and G), likewise after the interval of nutritional rehabilitation
MGL and MA groups maintained similar values as their controls (fig. 7 B, C, and G, H
respectively).

However, low FFA levels were detected in the MPW group after short and long term
nutritional rehabilitation (p = 0.03; at 90 days and p = 0.001; at 180 days; figures 7 E
and F).

The nutritional status of the rats had no effect on the hepatic glycogen levels in MGL
and MA groups either under acute effects of malnutrition nor after nutritional
rehabilitation periods, (fig. 8 A, B, C and G, H). In the MPW group hepatic glycogen
was similar to the C group immediately after the malnutrition period and at 180 days
(fig 8D and F), while at 90 days MPW rats displayed lower glycogen concentration than
the C group (p = 0.05; fig. 8E).

Acule affect Shart ierm Loeg term
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Figure 4. Plasma insulin concentration after GTT. Values are presented as mean + SEM; n = 5-7. Left
panel of graphics represent the values at the end of malnutrition stage for A) MGL, D) MPW and G) MA
groups. Central panels showed the hormone concentration after short term rehabilitation; B) MGL, E)
MPW and H) MA groups; the right graphics represents the insulin values after long term balance
rehabilitation for C) MGL and F) MPW groups. Statistical difference between the control (black bars)
and the malnourished groups (white bars) is indicated * p < 0.05.
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Figure 5. Mean = SEM of plasma glucagon concentration after GTT. Asterisk indicates statistical
difference between C and MPW groups (p < 0.03; n = 5-7). For other indications see Fig. 3 and 4.
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Figure 6. Plasma concentration of triacylglycerols (TAG) after GTT. Values are presented as mean =+
SEM, n = 7. Statistical difference between the control (black bars) and the malnourished groups (white
bars) is indicated * p < 0.05. For details see fig. 3 and 4.
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Figure 7. Plasma concentration of free fatty acids (FFA) in control and malnourished rats at the end of
GTT are presented as mean + SEM (n = 7). Indications as in figure 3 and 4. Statistical difference is
indicated by * p < 0.03.
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Figure 8. Hepatic glycogen concentration per gram of tissue (mean £ SEM; n = 7) after
GTT. Indications as in Fig. 3 and 4. * denoted statistical significance p = 0.05.
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DISCUSSION

In the present study malnutrition during three different periods in life was compared.
The results show that malnutrition early in life, mainly during the post-weaning period
produces deleterious effects on the glucose tolerance test and related metabolic
parameters. For the first time malnutrition during the post-weaning period is shown to
be the most vulnerable period for the development of later life metabolic disturbances.
These results may explain why up till now substantial controversy exists about the
recovery of early malnutrition; it might be the result of slight differences in the length of
the post-natal treatment period.

The present results show that malnutrition during gestation and lactation interfered with
the general growth of the pups resulting in a lower body weight than their controls.
These findings agree with those reported by other authors [23, 29] who have shown a
similar proportion of slow growth rate and low body weight in malnourished rats
compared with a well nourished control group. Interestingly malnutrition after weaning
exerted a similar effect as early malnutrition leading to similar deficit of body weight.
Many studies have focused on analyzing the effects of malnutrition during gestation and
lactation [15, 30, 31] but have not explored the effects of protein malnutrition in later
periods of accelerated growth, like the immediately post-weaning period. During this
interval from weaning to 55 days, rats still undergo a fast growth spurt and our results
show that during this period the young rats are most vulnerable to the effects of
malnutrition. This agrees with other studies who have indicated the relevance of this
interval for bone and reproductive development [32-33].

With the balanced diet rehabilitation both MGL and MPW groups were able to grow at
a faster rate, however could not reach similar values as the C rats. These data are also in
agreement with results from other groups indicating that early malnourished animals do
not completely catch up in spite of nutritional rehabilitation [34, 35]. Adult rats exposed
to malnutrition, significantly lost body weight during this interval, but were able to
catch up after 30 days of rehabilitation.

Malnutrition during gestation and lactation as well as after weaning produced in a short
term glucose intolerance, while malnutrition during adult life did not produce alteration
in glucose metabolism in spite of 30 days of low protein diet. Such observations agree
with earlier studies in malnourished animals during gestation and lactation that have
reported decreased vascularization of the pancreas and number of islets of Langerhans,
and reduced number of 3 cells which all together results in deficient secretion of insulin
[8, 25, 36] especially in response to a glucose stimulus [37, 38].

After long term balanced diet rehabilitation the three experimental groups showed the
same glucose response as the C groups in the GTT. Interestingly early glucose
impairment observed in MGL and MPW groups were reverted by nutritional
rehabilitation in spite of low insulin production at least in MPW rats. Changes in insulin
sensitivity can influence plasma glucose levels as a response to a glucose
administration. For example an increased sensitivity to insulin in the muscle has
previously been observed by Hales et al [39] in early malnourished-rehabilitated rats.
This can explain why the MGL and MPW groups under short and long rehabilitated
periods were able to decrease the glucose levels during the GTT in spite of low insulin
production, suggesting an alteration in insulin sensitivity and production, which in a
long term can lead to insulin resistance, visceral obesity and diabetes.

In spite of the widely studied effects of malnutrition on B cells and insulin production by
the pancreas, only a few studies have explored the effects of malnutrition on a-cells and
glucagon production [40, 41]. Our present data show that early malnutrition does not
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exert any affect on glucagon values however; post-weaning malnutrition decreases the
glucagon levels for more than 50% compared to controls, even after short and long term
nutritional rehabilitation. It is important to point out that at all three ages on acute effect
of malnutrition was a low glucagon concentration as compared with the intervals when
rats were rehabilitated with a balanced diet. This effect is possibly related with the age
as well as with negative metabolic state associated to the low protein diet, since low
glucagon levels allow energy storage and may be a relevant adaptive strategy during
malnutrition [42, 43].

The most remarkable finding in this study is the severe alterations observed in the MPW
rats in blood glucose, insulin and glucagon levels. This finding suggest that after
weaning the pancreas is vulnerable to a nutritional insult, probably because it is still
undergoing adjustments in its anatomical and functional organization. According to
Fowden [44] the main phase or remodeling of the pancreas occurs around weaning (2-3
weeks of post-natal age) and is associated with a wave of islet cell apoptosis. Data
obtained with the MPW group indicate the need to study the vulnerability of the
pancreas and metabolic functions in later stages of development as a possible cause for
metabolic diseases. The present data suggest that even after weaning pancreas islets,
vascularization and B cells may be modified by a nutritional insult.

The possibilities of achieving rehabilitation after early malnutrition are controversial;
one study reported that during intraperitoneal GTT malnourished-rehabilitated animals
are less glucose tolerant with a tendency to higher plasma insulin concentrations than
controls [39], while another study showed a normal oral GTT with a blunted insulin
response [45]. Several factors may be responsible for these contradictory results: the
difference in the time and type of rehabilitation, which can be provided by either a
balanced or a hypercaloric diet [10]; the method for glucose administration for the GTT
can influence the time of absorption, which for our study was infused orally to the
stomach, while other studies have administered the glucose via intraperitoneal injection
[39, 46]. Nonetheless, the present results are in agreement with Bieswal et al, [45] who
found an altered response to glucose administration after an acute interval of
malnutrition, but not after nutritional rehabilitation.

Malnutrition induced low levels of TAG in MGL and MPW groups, while free fatty
acids were not affected by malnutrition. The fact that MPW rats show increased levels
of TAG and decreased levels of FFA even after long term rehabilitation emphasizes the
long term effect of MPW on many metabolic parameters. Since increased levels of TAG
are also associated with diabetes type 2 and cardiovascular disease [47, 48] this
observation only emphasizes the risk of late malnutrition for metabolic disease.
Previous studies have reported that early malnutrition promotes hepatic glycogen
storage [49, 50] due to adaptation of hepatic enzymes [10]. In contrast we observed in
general no significant changes in malnourished groups while in MPW group after short
term rehabilitation showed significant low concentrations of glycogen.

In conclusion our results show that the interval after weaning is a relevant
developmental period in which metabolism can be affected by malnutrition. Our results
also indicate that during this period the pancreas is vulnerable for malnourishment. With
the employed rehabilitation diet the induced metabolic changes by malnutrition are
reversible at early stages, while they are irreversible for the period after weaning. We
provide evidence that the later stage of development encompassing puberty is a
vulnerable period in which severe malnutrition can lead to permanent metabolic
disturbances in adult life. Such findings are relevant because they point out an
additional stage in life in which diet can influence metabolism in a permanent manner,
and give support to previous observations in human populations [17, 18] that indicate
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infancy as the most vulnerable period that can predispose to metabolic disease similar to
diabetes mellitus type Il and metabolic syndrome.
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6. EXPERIMENTO 2:

“EN RATAS MALNUTRIDAS ANTES O DESPUES DEL DESTETE LA
INMUNOREACTIVIDAD DE FOS EN EL HIPOTALAMO SE VE ALTERADA
DESPUES DE LA ADMINISTRACION DE GLUCOSA”.

6.1. Hipotesis Especificas

La malnutricién inducird la actividad neuronal diferencial en nucleos hipotalamicos
involucrados con el balance energético con respecto de animales alimentados con dieta
balanceada.

La rehabilitacion nutricional balanceada a corto plazo inducira la respuesta neuronal
similar a los controles nutricionales en animales previamente malnutridos.

6.2. Objetivos Especificos

Determinar los efectos de la malnutricion en dos edades diferentes de la rata, en la
actividad neuronal de algunos nucleos hipotaldmicos involucrados con el balance

energético y la ingesta de alimento.

Observar los efectos de la rehabilitacion nutricional balanceada a corto plazo, sobre la
actividad neuronal de nticleos hipotalamicos en ratas previamente malnutridas.
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“Altered Fos immunoreactivity in the hypothalamus after glucose administration
in pre and post-weaning malnourished rats”.
Maria del Carmen Mifiana-Solis, Angeles-Castellanos M, Ruud Buijs and Carolina
Escobar.
Nutrition Neuroscience (aceptado) 2009.

ABSTRACT

The present study explored the effects of malnutrition and nutritional rehabilitation on
the response to glucose in hypothalamic nuclei involved in metabolic homeostasis.

Male Wistar rats were malnourished during gestation-lactation (MGL) or at weaning to
55 days (MPW). Two groups of rats were rehabilitated with a balanced diet until 90
days (MGL-R and MPW-R, respectively). After a glucose tolerance test (GTT) brains
were processed for Fos immunoreactivity (Fos-IR). Both malnourished groups
displayed hyperglycemia after GTT. MGL exhibited an increased number of Fos-IR
neurons in the ventromedial hypothalamic nucleus (VMH), while MPW showed
increased Fos-IR in the arcuate nucleus (ARC) and VMH and a decreased in the
paraventricular nucleus (PVN), as compared with their controls. Nutritional
rehabilitation normalized values of glucose after GTT in both groups, while low number
of Fos-IR neurons remained in the ARC, PVN and VMH of MPW-R rats, indicating a
deleterious long lasting effect after post-weaning malnutrition.

Key words: malnutrition, energy balance, hypothalamus, metabolic impairment,
glucose

1. INTRODUCTION

Early malnutrition affects a large percentage of infants in developing countries'. A wide
range of experimental studies with rodents demonstrate that malnutrition during
gestation and lactation leads to decreased body weight and selective alterations on
organs’ growth”. It also imprints metabolic systems in order to adapt to a nutritional
deficient environment, by modifying the production of liver enzymes”, the sensitivity to
insulin in the skeletal muscle and glucose transporters mainly GLUT 1 and GLUT 4*.
Furthermore, early malnutrition decreases vascularization and the number of 8 cells in
the pancreas’ and increases the concentration of insulin receptors in adipose tissue®
resulting in an increased peripheral insulin sensitivity. Such adaptations lead in
adulthood glucose intolerance’, metabolic disease like obesity, hypertension and
diabetes mellitus type 2°. We have recently reported that malnutrition during gestation
and lactation as well as at weaning to 55 days, results in glucose intolerance as
determined with a glucose tolerance test (GTT) leading to important long lasting
alterations in metabolic balance’.

Glucose is the most important fuel for the body and especially for the brain since it is
the primary fuel'’. The brain needs to react to changes in blood glucose concentration in
order to induce compensatory reactions in the periphery to maintain glucose
homeostasis''. Glucose balance depends on the interaction of several organs like brain,
liver, pancreas, adipose tissue and muscle. The hypothalamus plays an important role in
regulating food intake and glucose production, it also coordinates the function of
peripheral tissues to maintain energy balance'’. Glucosensitive and glucoresponsive
neurons are present in hypothalamic nuclei and promote glucose homeostasis through
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autonomic pathways to control secretion of pancreatic hormones, endogenous glucose
production by the liver and energy expenditure'>'*'*. Other metabolic signals like
insulin'® and leptin'® are also monitored in the hypothalamus in order to maintain
energy homeostasis.

The arcuate nucleus (ARC), the paraventricular (PVN), ventromedial (VMH),
dorsomedial nucleus (DMH), and lateral area (LHA) are hypothalamic structures that
have shown to respond to changes in blood glucose and constitute the functional circuits
to control energy balance'’. For many years it has been known that neurons within the
hypothalamus change their activity in response to changing levels of blood glucose''.
Other studies have shown the neuronal activation of hypothalamic nuclei to glucose
infusion with the detection of the Fos protein, which is used as marker of neuronal
activity. The number of Fos positive neurons in response to acute physiological or
chemical manipulation, reaches peak values 90 min after stimulus'®. After intra-carotid
glucose injection Dunn-Meynell et al' described increased number of Fos
immunoreactive neurons in the PVN and VMH, and Guillod-Maximin et al®® found
increased number of Fos positive cells in the ARC and PVN in rats, significantly
different from an infusion of 0.9% saline.

Malnutrition during gestation and lactation impacts directly on the developing brain,
delaying cellular proliferation and disturbing migration processes” **. Early
malnutrition also has been suggested to disturb the developing hypothalamus inducing
in a long term, decrease of neuronal density in the suprachiasmatic nucleus™**, and in a
short term decreased glia/neuron ratio in the periventricular area and decrease of NPY
(neuropeptide Y) and galanin production in the ARC nucleus”. These findings indicate
that the hypothalamus is vulnerable to malnutrition during critical stages of
development. In addition due to their relevant role for glucose homeostasis, it is
possible that hypothalamic nuclei will modify their response to glucose signal in order
to enable malnourished organisms to maintain energy balance under critical nutritional
conditions as observed in the pancreas and liver.

Consequently in order to uncover possible changed hypothalamic strategies for glucose
sensing after malnutrition and rehabilitation, we compared the number of Fos
immunoreactive neurons in the perifornical area (PeF), ARC, DMH, PVN and VMH
nuclei after an intra-peritoneal glucose bolus (IPB) as employed for a GTT. We
hypothesized that rats malnourished during gestation and lactation or from weaning to
55 days would exhibit a different Fos response in hypothalamic neurons after an intra-
peritoneal glucose bolus as compared with their well nourished controls, while
rehabilitated rats at 90 days would exhibit a reversion of deleterious effects due to
malnutrition.

2. MATERIALS AND METHODS

2.1 Subjects and general conditions

Wistar rats Rattus norvegicus bred at the Faculty of Medicine, Universidad Nacional
Autonoma de México, (UNAM) were used. Adult and post-weaning rats were housed in
groups of 4 animals in acrylic cages and were maintained in a light-dark cycle 14:10 h
(lights on 6:00h), with controlled temperature of 22-24°C, 40-50% humidity, with food
and water ad libitum. The experimental procedures were approved by the Biosecurity
and Bioethics Committee, Faculty of Medicine, UNAM, in strict accordance with the
Mexican norms for animal handling Norma Oficial Mexicana NOM-062-Z0O0-1999,
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which conforms to international guidelines for animal handling. All efforts were made
to minimize the number of animals and their suffering.

2.2 Nutritional conditions

Male rats used in all experiments were born to 3 month-old primiparous females
exposed either to chow standard feeding (Purina, USA) or an isocaloric low-protein diet
(6% casein; Teklad, Harlan TD 92090) at the indicated ages. The low-protein and
regular diets used for this study have been used previously by our group and others to
induce severe low protein malnutrition or a well nourished control condition®">*?’.
Reproductive units were formed with one male and two females. On postnatal (P) day 1,
litters were standardized to 8 pups (4 males and 4 females), which were immediately
weighed. For more details for mating, litter standardization and weaning see reference®.
Rats were assigned to one of three groups according to their nutritional conditions:
Nutritional controls (C) were rats born from females that were always fed a balanced
standard diet and pups were maintained in the same diet along life.

Gestation and Lactation malnourished rats (MGL) were born to females exposed to a
low protein diet for two weeks previous to mating, during gestation and lactation up to
P25.

Post-weaning malnourished rats (MPW) were born to females exposed to a chow
standard diet during gestation and lactation, at weaning (P25) pups were switched to a
6% low protein diet for 30 days, thus until P55.

Two rehabilitated groups were formed whereby one set of MGL and MPW rats and
were switched to a standard chow diet until P90: MGL-R and MPW-R, respectively.

2.3 Intraperitoneal glucose bolus (IPB) and perfusion

MGL and MPW rats at P25 and P55 respectively, nutritional rehabilitated groups
(MGL-R and MPW-R) at P90 and their corresponding controls were first exposed to an
intra-peritoneal glucose bolus as performed for a GTT (n = 4 per group). At the
indicated ages rats were weighed and fasted for 16 h (food was removed at 18:00 h).
The next day at 10:00 h rats received an intra-peritoneal glucose injection (0.9% saline
with glucose 1g/ 10mL) in a dose of 1g/ kg body weight.

Following a protocol of GTT, two hours after glucose injection rats were anaesthetized
with an overdose of pentobarbital (Sedal-Vet 65), previous to perfusion and under
anesthesia blood glucose from the heart auricle was determined with a glucometer
(Ascencia ELITE of Bayer) as described in other studies™?, it is important to point out
that the dynamic of energy balance under anesthesia is modified’**' as compared from
awake rats, however it allowed to insure a similar metabolic condition for all rats.
Immediately rats were perfused transcardially with 200 mL of saline (0.9%) followed
by 200 mL of paraformaldehyde (4%) in phosphate buffer saline (PBS 0.1M, pH 7.2).
The brains were removed, post-fixed for 1 day, and cryoprotected in 10, 20 and 30%
sucrose in a buffer phosphate saline (0.9%; PBS) solution. Frozen (-18°C) coronal
sections of 40um were cut with a cryostat at the level of the hypothalamus. Sections
were serially collected in four sets of which 1 set was used for this study.

2.4 Immunohistochemistry

Free floating sections were incubated for 48 h at 4° C in Fos antibody raised in rabbit
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:2500 in buffer phosphate
saline (0.9%; PBS); 1% goat serum and 0.3% Triton X-100 (PBSGT). Following
incubation in the primary antibody, sections were rinsed three times for 10 min in PBS,
and were incubated 2 h at room temperature in biotinylated secondary antibody IgG
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(anti-rabbit made in goat; Vector Laboratories) 1:200 in PBSGT. Two hours later and
after three rinses of 10 min each, tissues were incubated for 2h at room temperature in
avidin-biotin-peroxidase complex (0.9% avidin and 0.9% biotin solutions; Vectastain
Elite ABC kit; Vector Laboratories) diluted in PBSGT.

Finally, tissue sections were rinsed again three times for 10 min in PBS and were
reacted with 3, 3’ diaminobenzidine (DAB; Sigma. 0.05 mg/mL, in Trisma buffer PBS
pH 7.2) as the cromogen, with hydrogen peroxide (35uL/ 50 ml, 30% H,0O,). Sections
were then mounted on gelatin-coated slides, and dehydrated through a series of alcohols
(70, 90, 96, 100%), cleared with xylene and coverslipped with Entellan (Merck,
Darmstadt, Germany).

2.5 Quantification of Fos positive cells

The number of Fos immunoreactive neurons (Fos-IR) was counted bilaterally in two
representative coronal sections (anterior and posterior regions) (n = 4 per group) for
each nucleus according with the stereotaxic atlas’>. For the PVN sections selected
correspond to Bregma -1.60 and -1.88; for the ARC, DMH, VMH nuclei and PeF area
sections correspond to Bregma -2.30 and -3.30. Images were examined under a light
microscope (Nikon, Elipse E600) and captured at a 10X magnification using a
computerized image analysis system (Meta Vue series 4.5; Universal Imaging
Corporation).

The number of Fos-IR cells was counted at a 10X magnification with a semi-automatic
system. In order to minimize the number of false positives, background optical density
(OD) was established in a nearby region lacking Fos expression. An observer blind to
the rats’ nutritional conditions counted the Fos-IR neurons reaching or surpassing three
times the OD background, whereas cells under this staining threshold were discarded.
Total number of Fos-IR neurons for the two representative sections were averaged per

group.

2.6 Statistical analysis

Body weight, blood glucose concentrations and number of Fos-IR neurons were
classified for group and age and reported as mean * standard error of the mean (sem).
Student’s t-test for independent samples was used to compare the controls vs
malnourished rats at P25 and at P55. A one way ANOVA was used to compare control
vs two rehabilitated groups at P90 days, followed by a post hoc Tukey multicomparison
test with o set at p < 0.05. The statistical analysis was performed using the program
Statistica (version 4.5, 1993) and graphics were elaborated using Sigma Plot 2001.

3. RESULTS

3.1 Body weight and blood glucose concentration after IPB

Low protein diet during gestation and lactation or from weaning to P55 resulted in
significantly low body weight gain compared with the well nourished C groups. At the
end of the acute period of malnutrition the MGL and MPW rats weighed 42% and 28%
of their respective C groups (p < 0.001). At P90, the MGL-R and MPW-R rats still
maintained low body weight compared with the C group. The one way ANOVA
indicated the statistical difference (F (o, 9y = 25.27; p = 0.0002) (Table 1).

Two hours after the glucose load, both malnourished groups (MGL and MPW)
exhibited high values of blood glucose as compared to their controls (p < 0.001) while
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rats exposed to nutritional rehabilitation MGL-R and MPW-R showed similar blood

glucose values as the control group (F 2,9y = 0.89; p = NS) (Table 1).

Table 1: Body weight and blood glucose concentration two
hours after intra-peritoneal bolus in malnourished rats at P25,

P55 and at PO after nutritional rehabilitation

Lge Groups Body weight EBlood glucose
(days) (2] (mg/ dL;
C 4540+ 173 €625+ 513
25 ML 20354086 * 15900 & 14,20 *
C 230,75 £ 4.60 106.25 + 3.94
55 MPW £5.50 & 2.25 * 205.25 % 17.75 *
C 363.75+5.18 126.00 % 27.39
aQ MGLE | 24525+1455% | 103.75+7.63
MPW-E | 25500+ 1653 % | 139.25% 1636

*p 2001 (n=4); controls different to malnourished or
rehabilitated groups.

3.2 Number of Fos immunoreactive neurons in hypothalamic nuclei.

The effect of the glucose bolus on the number of Fos-IR cells in representative sections
of hypothalamic nuclei at the level of ARC, PVN and VMH in C and MPW rats at P55,
and in C and rehabilitated groups at P90, where the most significant differences were
observed, is shown in Figure 1 and Figure 2 respectively. Glucose injection resulted in
significant increased number of Fos-IR cells in the VMH of MGL rats as compared to
the C group (p = 0.04; Figure 3C), for this group other hypothalamic nuclei exhibited a
similar response as the controls (Figures 3A, 3B and Figure 4A, 4B). In MPW rats a
significant increased number of Fos-IR neurons was observed in the ARC (p = 0.003)
and VMH (p = 0.002) (Figure 1A, 1B, 1E, 1F and Figure3A, and 3C; respectively) and
a significant decrease was observed in the PVN (p = 0.05; Figure 1C, 1D and Figure
3B) as compared to the controls. At P90 after nutritional rehabilitation the one way
ANOVA indicated statistical difference among groups for ARC (F (o, 9y = 9.89; p =
0005), PVN (F 2,9 = 7.55; pP= 0008) and VMH (F 2,9 = 4.78; pP= 003) The post hoc
test indicated in the MPW-R rats a significant reduced number of Fos-IR neurons in the
ARC (Figure 2A, 2C and Figure 3A), in the PVN (Figure 2D, 2F and Figure 3B) and
in the VMH (Figure 2G, 21 and Figure 3C) while MGL-R did showed differences
(Figures 2A, 2B, 3A; 2D, 2E, 3B and 2G, 2H, 3C). No significant effects of Fos-IR
cells were observed in the DMH and PeF due to malnutrition or rehabilitation (Figure
4A and 4B).
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Figure 1. Representative photomicrographs of Fos immunoreactive cells in coronal sections of the
arcuate (A and B), paraventricular (C and D) and ventromedial (E and F) hypothalamic nuclei in the
control (left panels) and in the post-weaning malnourished (MPW) group (right panels) at 55 days of age,
2 hours after intra-peritoneal glucose injection. Scale bar-100um. Third ventricle, 3V; medial eminence,
ME.
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Figure 2. Photomicrographs illustrating Fos immunoreactive neurons in representative hypothalamic
coronal sections of control (left panels), malnourished rats during gestation and lactation (middle panels)
and rats malnourished after weaning (right panels) at 90 days of age, after an interval of nutritional
rehabilitation and 2 hours after intra-peritoneal glucose injection. A, B, and C correspond to the arcuate
nucleus; D, E and F to the paraventricular nucleus and G, H and I, to the ventromedial nucleus. Scale bar
corresponds to 100 um. Third ventricle, 3V; medial eminence, ME.
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Figure 3. Mean number (+ sem) of Fos-IR neurons in the ARC, PVN and VMH nuclei 2 hours after intra-
peritoneal glucose injection in male rats malnourished from gestation to lactation (MGL; white bars),
malnourished after weaning to P55 (MPW; gray bars), and after balanced diet rehabilitation at P90
(MGL-R; striped-white bars and MPW-R striped-gray bars) and their well nourished controls (black
bars). Asterisks indicate statistical difference between C and malnourished or rehabilitated groups (p <
0.01; n =4 per group).
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Figure 4. Mean number (+ sem) (n = 4 per group) of Fos-IR neurons in the dorsomedial nucleus and
Perifornical area 2h after intra-peritoneal glucose injection. No significant differences were observed in
male rats malnourished from gestation to lactation (MGL; white bars), malnourished after weaning to P55
(MPW; gray bars), and after balanced diet rehabilitation at P90 (MGL-R; striped-white bars and MPW-R
striped-gray bars) as compared with their well nourished controls (black bars).

4. DISCUSSION

Malnutrition during gestation and lactation, as well as from weaning to P55, induced a
slow growth rate leading to underweight in rats. Rehabilitation with a regular chow diet
allows a catch up in body weight but was not enough to achieve similar values as the
controls at P90. Growth delay and underweight are consistent effects of gestation-
lactation malnutrition as described previously by our group and others®'**%;
interestingly, malnutrition from weaning to P55 also exerted a severe effect on body
weight, leading rats to slow down their growth rate and to weigh only 28% of their
controls after 30 days of low-protein diet. This later group reflects the impact of
malnutrition during the later stages of development that comprise the period of sexual
maturation in rats, which is not seen by many groups as a critical period for
development”?'** therefore it is relevant to point out that the effects were similar in
severity as those observed during gestation and lactation. The failure to catch up after
nutritional rehabilitation clearly confirms the vulnerability of the body to dietary
restriction during both developmental intervals of fast growth.

Two hours after glucose administration both malnourished groups exhibited

significantly higher blood glucose values as compared to their well nourished controls
suggesting a process of glucose intolerance, insulin resistance or a deficient pancreatic
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response for insulin production, as previously reported by our group and others’. In a

previous study we reported similar effects after a glucose tolerance test and we reported
low insulin values in both MGL and MPW rats’, suggesting the possibility of a deficient
pancreatic response and possible pancreatic damage. Low insulin production has been
ascribed to a permanent reduction in pancreatic vascularization, reduced pancreatic islet
size®* and decreased number of pancreatic p-cells due to early nutritional insult®. It is
important to point out that post-weaning malnutrition produced similar severe effects as
early malnutrition on peripheral glucose values. Aguayo-Mazzucato et al’® described
that the interval for pancreatic development extends up to post-natal day 28, indicating
that the critical period of development for the pancreas lasts to the early post-weaning
period. They demonstrate that blood glucose homeostasis and the secretion of insulin
and glucagon are associated with morphological and functional changes of alpha and
beta cell populations during this post-weaning period. Our present data suggest that
malnutrition after weaning affects this last period of pancreatic functional adjustment.
However, nutritional rehabilitation, as observed in MGL-R and MPW-R resulted in
similar glucose values as the controls, suggesting the possibility of metabolic
adjustments in later stages of life. Such reversion of effects was previously reported by
Hales et al’ for early malnourished rats, suggesting increased insulin sensitivity after
nutritional rehabilitation.

In early malnourished rats glucose injection induced an increased number of Fos-IR
neurons in the VMH, while in late malnourished rats it resulted in increased number of
Fos-IR cells in the ARC and in the VMH, and diminished number of Fos positive cells
in the PVN. In spite of nutritional rehabilitation MPW-R maintained a long lasting
disturbed hypothalamic response after the glucose bolus. Plasma glucose is sensed in
the viscerosensory circuits integrated by the vagal complex, including the nucleus of the
solitary tract and the area postrema in the brainstem and in other circumventricular
organs located in the hypothalamus and forebrain®”. Electrophysiological recordings and
detection of Fos immunoreactivity have shown afferent and efferent pathways
interconnecting glucose sensing structures in order to integrate information concerning
immediate metabolic status'>. Thus the Fos response observed in hypothalamic nuclei
after glucose injection may be the result of direct activation to glucose sensing neurons
in the hypothalamus, and the result of integrative activity due to the interaction of this
complex neural circuitry.

In the ARC nucleus, a high number of Fos-IR cells is induced by a fasting state, while
glucose infusion or re-feeding inhibits the number of Fos positive neurons™. In contrast,
the PVN shows the inversed pattern with increased number of Fos-IR cells after
intracarotid glucose administration'®*® and low number of Fos-IR neurons under
euglycemic or hypoglycemic conditions®. This expected response in the ARC and in
the PVN was observed at P90 in the control group, but not in MPW-R rats indicating
that in the hypothalamus dietary rehabilitation did not reverse deleterious functional
strategies elicited by malnutrition. At P25 neither the controls nor malnourished rats
exhibited the expected pattern after the glucose bolus in the ARC and in the PVN,
suggesting immaturity of this neuronal system. At P55 control rats exhibited the
expected Fos response as observed in adult controls, while malnourished rats (MPW)
still exhibited high number of Fos-IR neurons in the ARC and low Fos-IR neurons in
the PVN after the glucose bolus, indicating immaturity or a deleterious effect due to
post-weaning malnutrition. This last finding points out the post-weaning stage as a
vulnerable period for hypothalamic functional adjustments. Present data fit with the
observations of Plagemann er al*> who reported deleterious effects due to early
malnutrition on the development of hypothalamic nuclei and on cell density in the PVN.
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They also reported diminished number of NPY positive cells in the ARC which are
sensitive to a glucose concentration.

Alternatively, the high number of Fos-IR neurons in the ARC both in controls and in
MGL rats at P25, after glucose bolus may be related to the immature stage of the blood
brain barrier (BBB), since at the level of the ARC it is still not fully developed at
weaning™’. Due to this immature state high peripheral circulating glucose may influence
the ARC response. In addition increased or extremely decreased glucose levels modify
the permeability of the BBB*' resulting in high levels of glucose reaching the ARC
nucleus and thus inducing altered cellular activation in both groups. Consequently the
altered response of the ARC in MPW animals and after rehabilitation (MPW-R) may
indicate a long lasting change of the BBB. In addition since it is well known that cell
populations in the ARC project to the PVN and modulate its response to glucose* the
modified activity of the ARC in the MPW rats could have influenced the response in the
PVN.

During development a series of metabolic and neuronal factors can influence the
growth, and functional organization in the hypothalamus. Vickers e al* and Delahaye
et al™, suggest that during development this functional and anatomical organization in
the ARC nucleus is dependent on an early leptin surge by adipose tissue. The absence of
this leptin surge at this critical period leads to decreased expression of POMC mRNA in
the ARC. In early malnourished rats leptin is significantly diminished*, and this maybe
a relevant factor for altered response after the IPB. Nitric oxide (NO) plays an
important role in the regulation of food intake and energy balance® and nitric oxide
synthase (NOS) is a mediator of the effects of leptin and NPY on food intake behavior
and energy metabolism in the ARC-PVN-VMH circuitry*®. Marcelino et al*’
demonstrated that NOS is diminished in the malnourished animals and may then affect
the influence of leptin on the hypothalamic circuitry development. Also glucocorticoids
and the corticotropin-releasing hormone (CRH) can influence the development of the
hypothalamic-pituitary-adrenal axis (HPA)*. Especially CRH, a strong anorexigenic
neuropeptide which is produced in the PVN is vulnerable to nutritional insults®.
Nishiyama et al*, described that during starvation CRH is inhibited, while Nufiez ez a/*°
reported that undernutrition induces an over expression of CRH in the PVN. Thus we
conclude that malnutrition can affect the development of the hypothalamus through
different pathways. Further developmental studies are necessary to integrate the
influence of central and peripheral signals in the development of hypothalamic nuclei
and functional adaptations to malnutrition.

In the VMH 3-22 % of its cells are glucosensitive and 14-49 % are glucoresponsive
neurons’' conferring to the VMH a pivotal role for sensing the metabolic state™>. The
increased number of Fos-IR neurons in the VMH of the MGL and MPW rats may be
due to high blood glucose levels that remained after the glucose bolus in this groups,
different from the well nourished controls and adult groups at P90. This explanation
finds support in previous studies describing increased number of Fos positive cells in
the VMH associated with glucose administration'*'’. Moreover electrophysiological
studies have demonstrated that VMH neurons respond in a dose dependent way to
glucose infusions®. This is further supported by the fact that after nutritional
rehabilitation when blood glucose levels in both groups were normalized the response
of the VMH was similar to the controls in MGL- rats. In addition, the decreased number
of Fos-IR cells observed in the MPW-R rats suggests an altered sensitivity of the VMH
to a normal glucose in spite of nutritional rehabilitation.
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In summary, our study demonstrates that malnutrition early in life and especially from
weaning to 55 days modifies hypothalamic activity after a glucose bolus. The ARC,
PVN and VMH were especially affected while the DMH and PeF area did not show any
effects due to early malnutrition. This modified response observed after malnutrition,
may reflect different strategies for glucose sensing and for maintaining energy balance,
as a possible adaptation to a scarce nutritional state during development. The permanent
disturbance in hypothalamic response to peripheral nutrients, as observed in the
rehabilitated group (MPW-R), may lead to a failure to respond to metabolic challenges
in a later stage of life, when nutritional conditions have improved. This permanent
effect on the hypothalamus may be one of the factors promoting obesity and metabolic
syndrome.
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7. EXPERIMENTO 3:

“LA MALNUTRICION TEMPRANA Y AL DESTETE ALTERA LA
EXPRESION DE a-MSH EN EL HIPOTALAMO: POSIBLE RELACION CON
LA OBESIDAD A LARGO PLAZO”.

7.1. Hipotesis Especificas

En ratas malnutridas se modificara la expresion de péptidos orexigénicos y
anorexigénicos en nucleos hipotaldmicos involucrados con el balance energético y la
ingesta de alimento.

Después de la rehabilitacion nutricional balanceada a corto plazo las ratas previamente
malnutridas mostraran la expresion de péptidos orexigénicos y anorexigénicos similar a
los controles nutricionales.

7.2. Objetivos Especificos

Observar en ratas malnutridas la expresion de neuropéptidos orexigénicos y
anorexigénicos en nucleos hipotalamicos involucrados con el balance energético y la

ingesta de alimento.

Evaluar los efectos de la rehabilitacion nutricional balanceada a corto plazo sobre la
expresion de neuropéptidos en nucleos hipotalamicos.
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“Early and post-weaning malnutrition impairs a-MSH expresion in the
hypothalamus: A posible link to long long-term overweight”.
Maria del Carmen Minana-Solis, and Carolina Escobar.

Nutrition Neuroscience (enviado) 2009.

ABSTRACT

The present study explored the effects of early and post-weaning malnutrition and
nutritional rehabilitation on orexigenic (ORX and NPY) and anorexigenic peptides (o-
MSH) expressed in hypothalamic nuclei. Male Wistar rats were malnourished during
gestation-lactation (MGL) or from weaning to post-natal day 55 (MPW; P55). Two
groups of rats were rehabilitated with a balanced diet until P90 (MGL-R and MPW-R,
respectively). After a glucose tolerance test (GTT) brains were processed for
immunohistochemistry. Malnourished groups were hyperglycemic after GTT. ORX
expression did not display any difference. Only MGL rats showed increased NPY
immunoreactivity in ARC and PVN nuclei, and both malnourished groups showed low
a-MSH expression in the PVN and DMH, as compared with their controls. After
nutritional rehabilitation rats showed normal GTT, increased rate of body and adipose
tissue weights and high proportion of food ingestion. Both rehabilitated groups’
maintained low a-MSH expression in the PVN indicating a deleterious long-lasting
effect.

Key words: malnutrition, energy balance, hypothalamus, metabolic programming,
appetite programming

1. INTRODUCTION

Epidemiological studies have linked poor early nutrition and susceptibility as a way to
increase cardiovascular disease, obesity, type 2 diabetes mellitus and other metabolic
diseases in adulthood" **. Animal models have been developed in order to explain the
physiological basis of this relationship and to dissect the contribution of genetic and
environmental factors. Models for investigating the role of fetal and post-natal
malnutrition on diseases in adulthood and their underlying mechanism are based mainly
on maternal protein restriction®. The consequences of a restricted diet for offspring bear
striking similarities to human metabolic disorders in adult life’. Recently our group
demonstrated that not only gestation-lactation malnutrition, but also low protein diet
from weaning to 55 days post-natal, exerts deleterious long-lasting effects on growth
and glucose metabolism®.

Our group and others have evidenced that peripheral metabolic disarrangement due to
malnutrition correlate with neural alterations in hypothalamic nuclei involved in energy
homeostasis” * °. These studies have reported that peripheral and hypothalamic signals
providing metabolic balance information are altered in malnourished animals.

The hypothalamus is the brain area in which metabolic energy expenditure and food
intake signals are integrated and regulated. Hypothalamic neurons are target of
endocrine and metabolic peripheral signals (i.e., leptin, insulin and glucose among
others) and express different neuropeptides in order to modulate the feedback pathways
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for energy balance, regulation of the endocrine axis, body weight and feeding
behaviour'™ ''. In hypothalamic nuclei two groups of neuropeptides with opposite
effects on feeding behavior and energy homeostasis have been identified, and according
to their effects they are classified as orexigenic or anorexigenic peptides'”.

Among the orexigenic peptides that promote food intake, body weight gain and
decreased energy expenditure, neuropeptide Y (NPY) and orexins (ORX), also known
as hypocretins, are important signals regulating these processes. NPY is abundantly
synthesized by neurons of the ventromedial arcuate (ARC) nucleus which projects
towards the paraventricular (PVN), dorsomedial (DMH), ventromedial hypothalamic
nucleus (VMH) and lateral hypothalamic area (LH)". Orexin producing neurons are
almost exclusively localized in the LH and widely project to the ARC and VMH in the
hypothalamus and to forebrain areas and brain stem nuclei involved in feeding
behavior'.

The main functional anorexigenic peptide implicated in energy balance is a-MSH
(alpha-melanocyte stimulating hormone); a peptide from the POMC complex, a-MSH is
known to reduce food intake and body weight and increases energy expenditure''. This
peptide is expressed in neurons of the lateral ARC, which sends their projections to the
LH, PVN and DMH nucleus'.

For the hypothalamus, glucose sensing is a pivotal role for the control of energy
homeostasis. Hyper- or hypoglycemia is detected by specialized neurons, including
orexigenic and anorexigenic neurons which then initiate the counter regulatory response
keeping blood glucose levels in the normal range'®. Low glucose levels induce an
increase in NPY expression in the ARC nucleus while glucose injection reduces its
expression'’. The a-MSH neurons in the ARC nucleus are excited by increased glucose
and inhibited by low glucose concentration'®. On the other hand, hypoglycemia
stimulates the expression of ORX in the LH area whereas signals related to nutrient
ingestion decrease its production'’.

Terroni et al 2005 described in fetal mice from pregnant dams fed with a low protein
diet that mRNA of POMC and NPY in the ARC nucleus are both increased, indicating
that changes in the nutritional status of a pregnant mother can alter the balance among
the offspring’s neuropeptides system. Furthermore, early malnutrition (gestation-
lactation) modifies the expression of hypothalamic neuropeptides inducing increased
expression of NPY in the PVN and LH area in weanling offsprings*'. Based on such
evidence it is suggested that dysfunction of the hypothalamic system may underlie the
etiology of metabolic diseases such as obesity and diabetes type 2 in adult life'>**. This
is further supported by studies associating loss of the ability for glucose sensing in a-
MSH and NPY neurons in the ARC nucleus and propensity to develop obesity due to a
high fat diet™ ** *°. Obesity has been associated with decreased a-MSH and increased
NPY production in the ARC nucleus®; also diabetes is related to increased NPY
expression in the ARC and PVN?” and reduced a-MSH mRNA expression in the
ARC?. In the LH area ORX are generally diminished in hyperphagic rodents™ as well
as in diabetic animals™.

In a previous study, we reported that gestation-lactation (MGL) and post-weaning
(MPW) malnutrition induce an altered c-Fos response in hypothalamic nuclei involved
in energy homeostasis after a glucose bolus’, suggesting deleterious effects of the low
protein diet on the systems that control energy balance. Interestingly the deleterious
effects of the post-weaning malnutrition were not reverted by nutritional rehabilitation
and thus the response to a glucose bolus remained altered at the age of 90 days.

From this previous study we hypothesized that malnutrition early in life and after
weaning may modify the expression of peptides associated with energy balance. To test
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our hypothesis we evaluated the expression of a-MSH and NPY in the ARC, PVN and
DMH and the expression of ORX in the lateral hypothalamus (LH). We evaluated
immunohistochemical expression of the neuropeptides after an acute interval of
malnutrition, at 25 post-natal days for the MGL and at 55 post-natal days for the MPW
rats, two hours after an intraperitoneal glucose bolus. This same response was tested in
rats rehabilitated with a balanced diet until 90 days of life, in order to determine
possible reversion of deleterious effects after nutritional rehabilitation.

2. MATERIALS AND METHODS

2.1 Subjects and general conditions

Wistar rats (Rattus norvegicus) were used for this study and were bred at the Faculty of
Medicine, Universidad Nacional Autébnoma de México, UNAM.

Adult and post-weaning rats were housed individually in acrylic cages in a room
maintained with a 12:12 h light/dark cycle (lights on at 6:00h), constant temperature (22
+ 1 °C) and 40-50% humidity, with free access to food and water. All efforts were made
to minimize the number of animals and their suffering. The experimental procedures
were carried out in compliance with the principles of Biosecurity and Bioethics
Committee in the Faculty of Medicine, UNAM, following the guidelines of the Mexican
Laws for Animal Care (Decreto de la ley de proteccion a los animales, Gaceta Oficial
del Distrito Federal 26/02/02), which comply with the Guide for the Care and Use of
Laboratory Animals (NIH publication 80-23, revised 1996).

2.2 Nutritional conditions

Male rats born to 3 month-old primiparous females exposed either to a balanced regular
laboratory diet (Purina chow 5001) or an isocaloric low protein diet (6% casein; Teklad,
Harlan TD 920906) were used at 3 different ages. The 6% casein and the balanced diet
have been previously employed by our group and others for similar studies’ "2,
Control and malnourished groups were obtained as described elsewhere®. Briefly,
control (C) rats were born to dams nourished with a balanced diet during gestation and
lactation and were maintained in the same nutritional condition until post-natal (P) day
90. Early malnourished rats (MGL) were born from dams malnourished two weeks
previous to mating, during gestation and lactation until weaning (P25). Post-weaning
malnourished rats (MPW) were born to dams exposed to a balanced diet during
gestation and lactation, at weaning the offspring were nourished with low protein diet
for 30 days, thus until P55.

At the end of the malnutrition periods (P25 and P55, respectively in each group) one-
half of the male rats were used for study the acute effects of malnutrition whereas other
rats were transferred to a balanced diet until P90 for evaluating the effects of nutritional
rehabilitation (R), resulting four groups: MGL, MPW, MGL-R and MPW-R
respectively and their corresponding controls. Rats were euthanized at P25, P55 and
P90.

2.3 Body weight and food consumption

Body weight was evaluated in MGL rats at P2 and P25. The MPW rats were also
weighed at P25 and P55. Both rehabilitated groups of rats were weighed weakly during
rehabilitation periods until P90. We calculated the increase in the body weight ratio
subtracting the initial and final values during malnourished or rehabilitated period.
Control groups were evaluated at the same ages as malnourished and rehabilitated
groups.
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Food ingestion was evaluated weakly and the average obtained during rehabilitation
periods for MGL-R and MPW-R rats and their balanced diet controls. Food was
provided ad libitum in each rat cage and was weighed both at the beginning and at the
end of a 24-hour period (at 8:00 am). To obtain the total amount of ingested food we
subtracted the consumption from P25 to P90 and from P55 to P90 for MGL-R and
MPW-R groups, respectively. We also obtained the proportion of ingested food adjusted
for body weight in each group.

2.4 Intraperitoneal bolus (IPB) of glucose and perfusion

At the age of P25 for MGL, P55 for MPW and P90 for rehabilitated groups, brains were
obtained after an intraperitoneal glucose bolus as described before’. Briefly, after 16 h
of food deprivation (food was removed at 18:00 h), conscious rats were weighed and
then received an IPB of glucose as performed for a glucose tolerance test. Glucose
solution was administered in a dose of 1g/ kg of body weight (1g/ 10 ml glucose
solution in NaCl 0.9%).

Two hours after the glucose injection, rats at the indicated ages in each group (n = 3 per
group and age) were deeply anaesthetized with an overdose of pentobarbital
(Sedalpharma; Pet’s Pharma de M¢éxico), allowed to insure a similar metabolic
condition for all rats. Before starting perfusion and under anesthesia a drop of blood
from the heart auricle was obtained for determining blood glucose with a glucometer
(Ascencia ELITE of Bayer). Rats were transcardially perfused with 200 ml of NaCl
(0.9%) followed by 200 ml of paraformaldehyde (4%) in phosphate buffer saline (PBS
0.1M, pH 7.2). After perfusion abdominal, retroperitoneal and epididymal white adipose
tissues were dissected and weighed. The weight proportion for each fat pad with respect
to body weight was calculated. Brains were removed, post-fixed for 1 day in
paraformaldehyde, and cryoprotected in 10, 20 and 30% sucrose in PBS. Brains were
frozen and 40pm serial coronal sections were obtained with a cryostat at the level of the
hypothalamus (Bregma —1.40 to —=3.30 mm, + 0.15 mm; **) and collected in 0.1 M PBS
for immunohistochemical analysis. Sections were serially collected in four sets of which
3 sets were used for this study.

2.5 Immunohistochemistry

Brain serial slices were processed for immunostaining for Orexin A (ORX),
neuropeptide Y (NPY) and a-MSH. Free floating sections were incubated during 48 h at
4° C in primary antibody for ORX A made in goat (1:1000; Santa Cruz Biotechnology;
Santa Cruz, CA, USA), NPY made in rabbit (1:1000; Santa Cruz Biotechnology; Santa
Cruz, CA, USA) or a-MSH made in sheep (1:10000; Chemicon International Inc). The
primary antibody was diluted in PBS, 1% goat or rabbit serum and 0.3% Triton X-100
(PBSRT or PBSGT respectively). Tissues were rinsed three times for 10 min in PBS,
then were incubated for 2 h at room temperature in biotinylated secondary antibody IgG
(anti-goat made in rabbit, anti-rabbit made in goat, anti-sheep made in rabbit, Vector
Laboratories) 1:200 in PBSRT/GT. After two hours tissues were rinsed three times and
then were incubated for 2 h in avidin-biotin-peroxidase complex (0.9% avidin and 0.9%
biotin solutions; Vectastain Elite ABC kit; Vector Laboratories) diluted in PBSRT/GT.
Tissues were rinsed again three times with PBS and peroxidase activity was revealed
with 3, 3’ diaminobenzidine (DAB; Sigma. 0.05 mg/ ml, in Trisma buffer PBS) and
35ul/ 50 ml, 30% hydrogen peroxide. The reaction was stopped by rinsing sections in
PBS. Sections were mounted on gelatin-coated slides, and dehydrated through a series
of alcohols, cleared with xylene and coverslipped with Entellan (Merck, Darmstadt,
Germany).
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2.6 Quantification of ORX, NPY and a-MSH cells and fibers

ORX positive cell bodies were mainly found in the perifornical area and posterior LH,
and cellular bodies expressing a-MSH were observed and evaluated in the lateral ARC
nucleus. We counted all the positive cells for both neuropeptides in the nuclei. Not well
defined cell bodies were observed for NPY thus, for this peptide positive fibers were
evaluated in the ARC, DMH and PVN. Also positive fibers for a-MSH were evaluated
in the DMH and PVN.

Three representative coronal sections (anterior, medial and posterior region) of each
structure (n = 3) were selected according with the stereotaxic atlas®®. For the PVN
sections selected correspond to Bregma -1.60 and -1.88; for the ARC, DMH, and LH
area sections correspond to Bregma -2.30 and -3.30.

Images were examined under a light microscope (Nikon, Elipse E600) and captured at a
10X magnification. Immuno-reactive (IR) cells were counted using a computerized
image analysis system (Meta Vue series 4.5; Universal Imaging Corporation). NPY and
a-MSH —IR fibers were evaluated with optical density using the software ImageJ (NIH).
The area of each nucleus was outlined to evaluate the relative optical density (OD)
defined according to values calibrated with a "*C scale. We used anatomical references
to outline the corresponding nuclei.

An observer blind to the rat’s nutritional conditions evaluated the positive neurons and
fibers for ORX, NPY and a-MSH. Total number of cells or the value of OD of the fibers
were obtained bilaterally from three consecutive slices and averaged for each animal
and per group.

2.7 Statistical analysis

Body fat pad weights and food ingestion were transformed into proportional values
according to individual’s body weight. Blood glucose concentration, values of body and
fat pad weights, food ingestion, cell number and the arbitrary OD of fibers in each
nucleus were classified for group and reported as mean + standard error of the mean
(sem). Student’s ¢ test for independent samples was used to compare the control and the
malnourished groups at P25 and P55. For compare the control and two rehabilitated
groups at P90 a one-way ANOVA with group as independent variable was used,
followed by a post hoc Tukey multicomparison analysis, the p level was set at P < 0.05
considered as statistically significant. The statistical analysis was performed using the
program Statistica (version 4.5, 1993) and graphics were elaborated using Sigma Plot
2001.

3. RESULTS

3.1 Body weight, food consumption, fat pads weight and blood glucose after IPB of
glucose

Malnutrition in both stages of life induced a significantly low body weight (Table 1)
and a slow increase in the body weight ratio. From P2 to P25 control rats increased their
body weight ~505 % while in the same interval MGL increased their body weight ~376
%. Likewise, in the interval between P25 to P55 control rats augmented ~466 % their
body weight while MPW rats augmented ~138 %.

After nutritional rehabilitation both groups MGL-R and MPW-R, remained with lower
body weight as compared with their well nourished controls (Table 1). The one-way
ANOVA indicated a statistical difference between C and rehabilitated groups in body
weight (F o, 9) = 134.14; p = 0.001). Although at 90 days MGL-R and MPW-R rats
remained with low body weight than their C counterparts, the ratio of body weight
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increased during the rehabilitation period and represented an increase of ~1185 % for
MGL-R (from P25 to P90) as compared with C group (~776 %) and an increased of
~372.7 % for MPW-R (from P55 to P90) in contrast to ~164.3 % for C rats.

During the rehabilitation period the MGL-R and MPW-R rats consumed in absolute
terms the same amount of food than their C group (C: 23.14 + 0.44 g; MGL: 22.80 +
0.45 g and MPW: 23.70 + 0.35 g, respectively; n = 4). However, when ingested food
was adjusted for their body weight, C rats consumed a daily proportion of 7.5 %, while
MGL-R consumed 11.9 % and MPW-R 13.9 %, indicating hyperphagia in both
rehabilitated groups.

In both malnourished groups at P25 or P55 the weights of the abdominal,
retroperitoneal and epididymal fat pads were statistically lower compared with their
well nourished controls. However, when it was adjusted as the proportion of their body
weight, the percentage was similar for all groups (Table 1). At P90, the end of the
balanced diet rehabilitation period, the absolute weight of the three fat pads for the
MGL-R and MPW-R was similar to their controls. For the rehabilitated groups the one-
way ANOVA revealed no significant difference for the absolute weight among groups
(abdominal: F 5 9y = 1.79, NS; retroperitoneal: F (5 9y = 2.17, NS; epididymal: F ( ¢) =
2.40, NS). However, the adjusted weights of the adipose tissues in proportion to the
body weight resulted in a higher percentage of fat in both rehabilitated groups,
indicating that these rats accumulate more fat compared with C animals (Table 1).

Two hours after intraperitoneal glucose injection, MGL and MPW rats displayed
significantly higher glucose values as compared to their C rats. After nutritional
rehabilitation MGL-R and MPW-R rats showed similar blood glucose values as the
control group (F e 9 = 0.89; p = NS; Table 1).
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Table 1: Effects of malnutrition during gestation and lactation, from weaning to P55 or rehabilitation at P90 on body weight, blood
glucose, absolute weight and proportional to body weight of adipose tissue, two hours after intraperitoneal glucose injection.

GROUPS
AGE IN DAYS 25 55 90

VARIABLE C MGL C55 MPW C MGL-R MPW-R

Body weight (g) 49 £2 22+ 1% 230 £3 68+2% |3 7747 259 + 5% 252 + 6*

Blood glucose (mg/ dl) 66 £5 159 + 14* 106 + 4 205 + 18%* 126 = 27 104 +8 139+ 16

Abdominal fat (g) 0.12+0.00 | 0.05+0.00* 1.32+0.1 0.32 £ 0.04* 3+0.3 2.42 £0.04 25+0.1
(%) 0.26 £0.01 | 0.25+0.01 0.57 £ 0.03 0.47 + 0.06 0.75 + 0.1 0.93 £0.03 0.99 +£0.02
Retroperitoneal fat (g) 0.07 £0.00 | 0.04 £ 0.00* 0.77+0.1 0.25+0.02* | 2.22+0.1 2.15+£0.1 2+0.04
(%) 0.15+£0.01 | 0.18 £0.02 0.33 £ 0.02 0.38 +0.03 0.58 + 0.01 0.83 £0.03 0.79£0.01

Epididymal fat (g) 0.10 £0.01 | 0.05 £ 0.00* 1.47+1.2 0.35+£0.1* 2.27+0.1 2.07 £0.04 2.22+0.1
(%) 0.21 +£0.02 | 0.22 £0.02 0.64 +£0.1 0.53 +0.14 0.56 + 0.01 0.80 £0.02 0.88 £0.04

Values are means + sem; n =4 * p < 0.001; controls different to malnourished or rehabilitated groups.
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3.2 Immunoreactive cells and fibers in hypothalamic nuclei

In the LH the ORX-IR positive cells were similar for control and malnourished rats at
P25 and P55, as well as in rehabilitated groups. No statistical differences were observed
(Figure 1).
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Figure 1. Mean number of ORX-IR neurons in the LH (n = 3 per nutritional group + sem) 2 hours after
intraperitoneal glucose injection in male rats malnourished from gestation to lactation (MGL; white bars),
malnourished from weaning to P55 (MPW; gray bars) and their well nourished controls (C; black bars),
and 90 day old rehabilitated with a balanced diet (MGL-R; striped-white bars and MPW-R striped-gray
bars) and their well nourished controls (black bars). No statistical differences were observed between C
vs malnourished or rehabilitated groups.

Early malnutrition (MGL) induced a statistically significant higher relative OD of NPY-
IR fibers in the ARC and PVN (Figure 2A and B), while post-weaning malnutrition did
not induce any effect on the NPY-IR fibers. Balanced diet rehabilitation reversed the
effects observed in MGL rats, and no differences were observed between control and
MGL-R in the ARC (F 2,6)=0.64; p=NS) and PVN (F (2,6)= 1.63; p =NS).

In the DMH no effect was observed in the relative OD of NPY-IR fibers in MGL and
MPW groups, however after nutritional rehabilitation the MPW-R rats displayed
significant increased NPY-IR fibers (Figure 2C). The analysis of one-way ANOVA
revealed a significant effect at P90 (F (5, 6y = 27.65; p = 0.001).
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Figure 2. Relative optical density of NPY at the level of ARC, PVN and DMH hypothalamic nuclei as
determined by immunohistochemistry in C, MGL, MPW, MGL-R and MPW-R groups, two hour after
intraperitoneal glucose injection. Data are expressed as mean + sem (n = 3 per nutritional group). Asterisk
indicate significant differences between C vs MGL group (P = 0.01 for ARC nucleus and P = 0.04 for
PVN); and between C vs MPW-R in DMH nucleus (P = 0.001). For more details of groups see figure 1

The number of a-MSH-IR cells in the ARC was not different between control and the
MGL group. However, a significant reduction of the a-MSH-IR fibers was detected in
the PVN and DMH (Figure 3A, B and C; Figure 4A and B). In the MPW rats a
significant decreased number of a-MSH-IR cells were observed in the ARC as well as
decreased a-MSH-IR fibers in the PVN (Figure 4C and D) and DMH nuclei (Figure
3A, B and C). At P90 after balanced diet rehabilitation, MGL-R and MPW-R groups
showed no significant differences from the control in the ARC a-MSH-IR cell number
(F 2,6y = 1.32; p = NS) or OD fibers in the DMH (F (5, 6y = 4.02; p = NS) (Figure 3A
and C). In contrast, long-lasting decreased of a-MSH-IR fibers in the PVN as compared
with their well nourished C group were observed in both rehabilitated groups (Figure
3B; Figure 5A, B and C). The analysis with the one-way ANOVA indicated a
significant effect at P90 (F (5, 6)=12.14; p = 0.01).
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Figure 3. Mean number (+ sem; n = 3 per nutritional group) a-MSH-IR neurons in the ARC nucleus and
relative optical density of a-MSH-IR fibers expressed in the PVN and DMH nuclei in C, MGL, MPW,
MGL-R and MPW-R groups, two hour after intraperitoneal glucose injection. * indicates statistical
difference: In ARC: C vs MPW, p = 0.006; PVN: C vs MGL and C vs MPW, p =0.03; DMH: C vs MGL,
p = 0.008; C vs MPW, p = 0.02. For rehabilitated groups, C vs MGL-R, p = 0.02; C vs MPW-R, p =
0.008. For more details of groups see figure 1.
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Figure 4. Photomicrographs illustrating a-MSH-IR fibers in representative hypothalamic coronal sections
of PVN in control groups (left panels A and C, respectively) and malnourished rats MGL and MPW
(right panels B and D, respectively) at P25 and P55. Scale bar corresponds to 100 um. Third ventricle,
3V.

Figure 5. Representative immunohistochemical staining of positive fibers for a-MSH in the PVN nucleus
in C and rehabilitated rats at P90. A correspond to control group, B to MGL-R and C to MPW-R. Scale
bar corresponds to 100 um. Third ventricle, 3V.
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4. DISCUSSION

In agreement with our previous studies and with others® " ** %, we found that low
protein malnutrition during gestation and lactation as well as from weaning to P55
induced a long-lasting slowdown growth on the offspring. This lead to maintain low
body weight of MGL-R and MPW-R rats until P90 in spite of a balanced diet nutritional
rehabilitation. The effect observed pointing out the importance of both periods for the
correct growing. Also, during the rehabilitation period malnourished animals, compared
with their well nourished control rats, exhibited a faster ratio of body weight increase, in
spite of ingesting similar amounts of food per day. However, when adjusting the amount
of ingested food to their body weight, a process of hyperphagia became evident.

Some studies indicate that the consequence of early detrimental metabolic conditions
followed by the new adequate nutritional environment leads to latent obesity that can
only be unmasked when animals are exposed to carbohydrates and/ or lipids rich diet*®™
37 This is a manifestation of the thrifty phenotype resulting from an early deficient
nutritional environment™® >’

We demonstrate that malnourished animals have low weight of fat pads compared with
well nourished controls, however when weight of adipose tissues was expressed as
proportion of the animals body weight it was significantly higher, indicating propensity
to accumulate fat in early malnourished rats. This same process is consistent with
previous studies’® *'* ** * In spite that MGL-R and MPW-R rats did not show a
declared obesity compared with C groups, the increased proportion of fat depots may
have contributed to the higher ratio of body weight increase. It is suggested that
increased insulin receptor expression and higher glucose uptake are may be the causes
of increased fat stores that promote obesity”.

In our study, MGL and MPW rats exhibited significantly higher blood glucose values
two hours after glucose administration, as compared to their well nourished controls. In
malnourished animals during gestation and lactation low insulin production has been
described as a reduction in pancreatic vascularization and islet size*!, as well as
decreased number of pancreatic p-cells*’. Also, we have previously reported that MGL
and MPW exhibit low insulin values after a glucose tolerance test® and for the MPW
this may be related to pancreatic alterations in the restructuring post-natal window®. At
P90 after nutritional balance rehabilitation, MGL-R and MPW-R rats displayed similar
glucose values as the controls, suggesting the possibility of metabolic adjustments in
later stages of life. Such effects were previously reported by Hales et al 1996* for
rehabilitated rats, mediated by increased insulin sensitivity in muscle and adipose tissue
after nutritional rehabilitation.

ORX in LH area are involved in the control of food intake and body weight, and also
are sensitive to changes in blood glucose* *. Glucose or food inhibit ORX expression,
while hypoglycemia or fasting increase their expression’. In the current study, two
hours after glucose injection, the immunopositive cells to ORX in the LH area were
similar for malnourished or rehabilitated rats with respect to the C groups, in spite of
increased values of blood glucose observed in MGL and MPW rats.

Remmers ef al 2008°!, demonstrates that after early undernutrition, by increasing pups
during lactation, the ORX system was not affected. Contrasting a permanent increased
expression of ORX peptide was observed when peri-natal fat rich diet was provided to
the mothers and offspring early in life’>. With our results and previous’ we can
conclude that the ORX system is refractory to a deficient diet at any time of onset, or
that the ORX system is highly adaptive to deficient nutritional insults.
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Insulin and leptin are important peripheral signals for the correct development of the
brain during early life spurt growth™. Besides, both hormones are known to be relevant
regulators of hypothalamic NPY and o-MSH secretion®®. Previous reports indicate that
malnutrition early in life induces decreased production of leptin and this alters the
development of the ARC nucleus and the expression of NPY and o-MSH
neuropeptides” >°. Such results however are controversial, since Plagemman et al 2000°
reported less numerical densities of neuron positive for NPY in the ARC with normal
values of leptin; and also with normal leptin values, the same numerical densities of
neuropeptide in the ARC and medial eminence complex and high density of fibers that
arrive to the PVN were also reported by Plagemann et al 2000*'. In contrast Delahaye et
al 2008’ found with low leptin levels, normal NPY and low o-MSH expression in ARC
nucleus in the weanling rats, also this study showed normal NPY neuron nerve fiber
projection ARC-PVN but decreased a-MSH.

In this study we observed in the MGL group an up-regulation of NPY in the ARC and
PVN, while late malnutrition (MPW) did not affect this system. In contrast a-MSH
expression in the PVN and DMH was decreased after both stages of malnutrition (MGL
and MPW). Malnutrition induces low leptin and insulin levels®°, and is possible that in
MGL rats the low hormonal values resulted in a deficient development of both systems.
It is important to note that the drastically reduced surge of plasma leptin is accompanied
by marked alterations of the hypothalamic neoropeptide system maturation in neonates
at post-natal day 14° and thus late malnutrition did not modify this process. Thus the
differential effects observed in the NPY-IR and o-MSH-IR between the MGL and
MPW rats respect their C groups, may be due to the different stage of vulnerability of
the hypothalamus to malnutrition. While the NPY system is fully developed and
matures at the first post-natal weeks>®, the a-MHS system is apparently not fully mature
before weaning and is preferentially affected by a deficient diet and possibly low leptin
levels as reported by Delahaye et al 2008’

After nutritional rehabilitation, at P90, we observed a differential long-lasting effect by
malnutrition. The NPY-IR response was similar to the C group while a-MSH-IR
remained low in the PVN and a tendency to low values was also observed in the DMH
in both rehabilitated groups. Breton et al 2009°° have reported increased expression of
POMC mRNA during fasting condition, with no changes in the NPY system after
nutritional rehabilitation in pre-natal undernourished rats. In contrast, Remmers et al
2008°" described in adult rehabilitated animals low mRNA levels of o-MSH in ARC
nuclei while NPY remained unchanged under basal condition. For our study a
determining factor might be the glucose and insulin concentrations, associated with the
condition after which the animals were evaluated (two hours after glucose bolus in the
present study). In addition, different mechanisms that are thought to influence
hypothalamic appetite-satiety programming during the peri-natal and early life are
largely unknown and might differ depending on the models used.

We do not know exactly what is the explanation and meaning of the increased NPY-IR
in the DMH of MPW-R rats and the low a-MSH expression in both malnourished and
rehabilitated groups, however it is possible that both are involved in the deregulation of
food intake reported here and by other authors*> . Also, it is possible that the increased
of NPY-IR in the DMH of MPW-R is associated with a propensity to develop obesity as
reported by Bi et al 2001°7 and 2003°® in genetic obesity models and the a-MSH-IR
down regulation observed in the PVN of rehabilitated groups is related probably with
decreased ARC projections. It is clear that the ARC-PVN circuit is fundamental in the
transmission of the satiety message in the hypothalamus™ and is possible that this
system is affected in these animals.

84



Present results are in agreement with previous observations indicating that, early
malnutrition affects hypothalamic development™ ', induces hyperphagia and a masked
obesity (marked by increased percentage of body fat and food intake)*’. The obesity is
observed in adult life in spite of balance diet consumption. This study provides evidence
that post-weaning malnutrition also induces significant alteration of the a-MSH-PVN
system that remains until adulthood. The decrease of the a-MSH expression in the PVN
induces an unbalance in the hungry/satiated feedback® and may underlie the
hyperphagia and a low metabolic rate'' favoring body weight gain in rehabilitated rats.
While this adaptation is in favor of short-term survival probably leads to long-term
effects related with metabolic diseases in adult life obesity. Although the induction of
obesity is a multifactorial process, the diversity of animal models and conditions with a
common endpoint might suggest some shared pathways. Several factors such as food
ingestion, adipose tissue, metabolic and hypothalamic signals are undoubtedly
important, but the plasticity of the hypothalamus in late development appears to be a
crucial determinant for set-points of appetite and metabolism. Also, our data suggest
that maternal or late malnutrition differently programs the long-term appetite-regulatory
system of offspring, especially the response of POMC neurons to energy status and food
intake.
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8. DISCUSION GENERAL

La disminucién del peso corporal es indicador anatémico de los efectos de la
malnutriciéon durante el crecimiento del individuo. De hecho, dependiendo del déficit de
peso corporal es como se clasifica a groso modo el grado de malnutricion (Icaza &
Béhar, 1981; Secretaria de Salud y Asistencia; NOM-031-SSA2-1999).

En el presente estudio se encontré que la malnutricién proteica induce retraso en el
crecimiento, cuando ésta se lleva a cabo durante los periodos criticos del desarrollo es
decir, durante la gestacion y la lactancia. Esta condicion también ha sido encontrada en
otros trabajos (Granados-Rojas et al 2004; Resnick et al 1982). Se ha atribuido
principalmente a que la ingesta inadecuada de la madre privio y/o durante el embarazo,
tiene como resultado que ésta carezca de la cantidad de reservas energéticas adecuadas
y disponibles para que los crios se desarrollen de manera 6ptima durante la gestacion y
por tanto al nacimiento presentan bajo peso (Resnick et al 1982).

Durante el amamantamiento la madre malnutrida no produce leche en cantidad y calidad
suficiente para alimentar a la camada de manera adecuada (Bautista ef a/ 2008; Ronayne
De Ferrer & Sambucetti, 1993). Esto también induce o mantiene, como en este
protocolo, el retraso en el crecimiento, dando como resultado que el peso de los crios
malnutridos sea inferior al de sus controles nutricionales al destete.

Este trabajo demuestra por primera vez que la malnutricion del destete hasta el dia P55,
al igual que durante los periodos criticos, produce retraso en el crecimiento. Esto se vio
reflejado en el déficit de peso corporal semejante en proporcion, a lo observado con las
ratas malnutridas durante la gestacion y la lactancia.

Estudios como los de Lobe ef al 2006; Pucciarelli & Goya, 1983; y Reichling &
German 2000, han demostrado que la etapa de la pubertad es muy importante para el
correcto desarrollo y maduracién de los huesos y de los musculos. En el presente
experimento al inducir la malnutricion a las ratas del destete al dia P55, abarcamos la
etapa de la madurez sexual; durante la cual los animales incrementan su peso y su talla
de manera considerable. La restriccién nutricional afectd este proceso de crecimiento.
Por ello, proponemos a esta etapa como periodo “vulnerable” a las condiciones
nutricionales que afecta el incremento de peso corporal. En contraste, las ratas
malnutridas del dia P90 al dia P120, mostraron pérdida del peso corporal, que no
permanece a largo plazo.

La rehabilitacion nutricional no logré compensar el déficit inicial de peso por lo que aun
a los 90 y 180 dias las ratas malnutridas durante gestacion y lactancia o del destete al
dia P55 mantuvieron su peso por debajo de los controles. Un estudio previo en nuestro
laboratorio demostrd que la tasa de incremento de peso es mayor en estos animales que
en sus controles nutricionales, pero no logran alcanzarlos debido a su déficit inicial
(Mifana-Solis & Escobar 2006).

Otros estudios demuestran que los animales malnutridos durante las edades tempranas
del desarrollo crecen mas lentamente pero por mas tiempo que los animales alimentados
balanceadamente (Reichling & German, 2000). Nuestros resultados coinciden entonces
con estudios previos en que se muestra que a pesar de la ingesta de la dieta balanceada
los animales no logran rehabilitarse al menos en cuanto al peso corporal se refiere
(Desai et al 1996; Resnick et al 1982).

La malnutricion induce en el pancreas cambios tanto a nivel anatémico como

fisiologico. Animales malnutridos durante los periodos criticos del desarrollo presentan
reduccién de la vascularizacidon, del nimero de islotes pancredticos y de células f3
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(Berney et al 1997; Snoeck et al 1990). La disminucién en la secrecion de insulina es
otro efecto debido a la malnutricién temprana (Barbosa et a/ 2002).

En el presente estudio encontramos que después de la PTG, las ratas malnutridas
durante las etapas criticas del desarrollo o a partir del destete, presentan hiperglucemia
asociada probablemente a la secrecion disminuida de insulina.

Latorraca et al 1998, reportan que bajo condiciones ad /ibitum de alimentacion, las ratas
malnutridas muestran valores de glucosa semejantes al control, a pesar de presentar
disminucién en la secrecion de insulina. En contraste, Gamallo at al 1989, encuentran
niveles disminuidos de glucosa en ad libitum y Ozanne et al 1996, valores normales de
insulina bajo condiciones de ayuno.

La diferencia entre nuestros datos y los de los autores mencionados, se debe
probablemente a la condicion metabdlica bajo la cual fueron obtenidas las mediciones.
En nuestro estudio la tendencia de los bajos niveles de insulina en ratas MGL en
comparacion con los controles nutricionales, puede ser la causa de la hiperglucemia dos
horas después del bolo de glucosa.

Los animales malnutridos a partir del destete y hasta el dia P55, mostraron
hiperglucemia que se relaciona claramente, con la produccion significativamente
disminuida de insulina. Estos datos contradicen a los efectos clasicos de la
programacion del pancreas apoyados por los trabajos de Garofano ef al 1997 y Snoeck
et al 1990. En ellos, se postula que la etapa critica para el desarrollo del pancreas es
durante la gestacién y la lactancia. Sin embargo, Aguayo-Mazzucato, et al 2006,
demuestran que en el pancreas se dan intensos cambios estructurales y funcionales
durante la etapa del destete (primer mes de vida). Las cé€lulas  asi como las a tienen
importantes modificaciones que influyen en la secrecion tanto de la insulina como del
glucagon.

En nuestro estudio es probable que al abarcar la etapa del destete hasta la pubertad de la
rata bajo la codicién de malnutricion, afectemos la ultima etapa de remodelacion del
pancreas, ya que tanto la produccion de insulina como de glucagon se ve disminuida en
estos animales. Sin embargo, se requieren estudios morfologicos para determinar si con
la malnutriciéon tardia se esta afectando el numero celular asi como también la
vascularizacion del o6rgano. Asi mismo, es importante estudiar los mecanismos
involucrados en estas alteraciones, que pudieran relacionarse con la baja produccién de
insulina y de glucagon.

Por otro lado, Dollet et al/ 1985, demuestran que a lo largo de la vida (en la rata), se
llevan a cabo al menos tres etapas durante las cuales los valores de regulacion de la
glucosa asi como de la insulina y del glucagon varian. Uno de estos periodos ocurre
durante la etapa joven-adulta (tres meses de edad), presentandose estos cambios de
manera mas notoria en los animales malnutridos. Es posible que estos reajustes
metabodlicos contribuyan también a los resultados obtenidos durante esta etapa en los
animales malnutridos tempranamente.

La malnutricién en la vida adulta no tuvo ningin efecto en el metabolismo de la
glucosa, en la produccion de insulina o de glucagon. Es probable que en estos animales
el pancreas se encuentre totalmente desarrollado y no afectemos ni la morfologia ni la
fisiologia del mismo, y a su vez que existan mecanismos compensatorios para mantener
niveles normales tanto de glucemia como hormonales.

La condicién de malnutricion ha sido considerada como agente estresor el cual, origina

la pérdida de la homeostasis. Esto induce en el organismo cambios fisioldgicos para
poder sobrevivir bajo estas condiciones (Bertram & Hanson, 2002).

90



Los glucocorticoides producidos en las glandulas adrenales son sefiales importantes que
intervienen en la respuesta al estrés. Estos regulan la sintesis de catecolaminas que a su
vez participan en la homeostasis de los hidratos de carbono y de las grasas (Barth et al
2007; Duncan et al 2007; Tsigos & Chrousos 2002). La elevacion plasmatica de los
niveles de catecolaminas, induce la produccion de glucosa a traves de la
gluconeogénesis y de la lipolisis principalmente (Barth e a/ 2007; Duncan et al 2007).
Durante el desarrollo estas hormonas son importantes ya que promueven la
diferenciacion y maduraciéon de los organos y tejidos como el pancreas, higado y
cerebro (Gesina ef al 2006; Kapoor ef al 2006; Mayor & Cuezva 1985).

Durante los periodos criticos del desarrollo la malnutricion induce en la madre
elevacion de la secrecion de glucocorticoides y catecolaminas, que pasan a través de la
placenta hacia el feto en desarrollo e induce, modificaciones a nivel anatomico y
fisiologico en el crio (Gesina ef al 2006; de Moura & Passos, 2005; Langley-Evans et a/
1996). Los efectos inducidos por la elevacion de las hormonas en la vida temprana, se
mantienen a largo plazo y se ha relacionado con alteraciones metabdlicas como la
obesidad y la hipertension (Petry et al 2000; Tsigos & Chrousos 2002).

En el presente estudio no se midido la concentracion de glucocorticoides o
catecolaminas. Sin embargo, ya que los animales MGL y MPW se encuentran bajo
condiciones de estrés, es posible que la hiperglucemia observada en estas ratas se deba a
la movilizacion a la circulacion de la glucosa debido a estas sefiales hormonales. En las
ratas MA a pesar de que no se observo incremento en la glucosa, seria de gran utilidad
también evaluar las concentraciones de las hormonas para determinar el grado de estrés
que induce la malnutricidn en la vida adulta.

Después de la rehabilitacion nutricional balanceada, las ratas malnutridas en la edad
temprana mostraron la curva de tolerancia a la glucosa normal a pesar de que presentan
disminuida significativamente la produccion de insulina. Previamente esto habia sido
publicado por Hales et al 1996, que muestran que con la produccion disminuida de
insulina, los animales rehabilitados desarrollan estrategias compensatorias que les
permiten mostrar la tolerancia a la glucosa normal. Lo anterior se ha atribuido a que los
animales expresan mayor niumero de receptores a insulina en el musculo y por tanto son
mas sensibles a la hormona. Esto contribuye a mejorar la tolerancia a la glucosa en
animales malnutridos y rehabilitados (Ozanne et al 1996). Por lo tanto es posible que
esta condicion se presente en los animales MGL evaluados en este experimento.
Bieswal ef al 2006, demuestran que a los 8 meses de edad, ratas malnutridas durante las
etapas criticas y rehabilitadas al destete, presentaron tanto secrecion de insulina como
tolerancia a la glucosa similar a los controles. Desai et a/ 1997, muestran que después
de 48 horas de ayuno las concentraciones de glucosa e insulina son semejantes a los
valores encontrados en sus controles nutricionales. Hales et al 1996, demuestran el
mismo efecto que reporta Bieswal ef a/ 2006, a los 15 meses de edad.

Los datos del presente estudio con los animales malnutridos durante la gestacion y la
lactancia y rehabilitados hasta el dia P180 coiciden con los datos de los experimetos
antes mencionados. Esto podria indicar la recuperacion del pancreas en los animales
malnutridos durante los periodos criticos. En contraste, los animales malnutridos del
destete al dia P55, mantienen intolerancia a la glucosa, la secrecion de insulina y
glucagon disminuida que se mantiene aun después de la rehabilitacion. Esto podria estar
indicando dafo pancreatico permanente en estos animales.

Las alteraciones en la distribucion o en el numero de las células alfa y las beta han sido
atribuidas principalmente al flujo sanguineo diferencial que presentan los controles y los
animales malnutridos (Berney et al 1997 y Snoeck et al 1990). En general, poco se ha
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estudiado del efecto inmediato de la malnutricion o de la rehabilitacion nutricional
balanceada en las células a o en la produccion de glucagon.

Se pueden encontrar controversias en la literatura en los valores del glucagon por
ejemplo, niveles disminuidos en la produccién han sido demostrados por Alvarez et al
1986 y Rao, 1995b, mientras que el trabajo de Ozanne ef al 1998, muestra que no hay
diferencias en la concentracion de la hormona.

Es posible que ademas de alteraciones morfologicas en el pancreas, mecanismos
involucrados en la secrecion del glucagon, de la insulina o en los receptores de las
hormonas, asi como en los transportadores de glucosa principalmente en tejido adiposo,
musculo e higado, se vean alterados por la malnutricion al destete. Uno de los
mecanismos que pudiera afectar tanto la secrecion como la sensibilidad de las hormonas
pancredticas a largo plazo podria ser la elevada secrecion tanto de glucocorticoides
como de catecolaminas. Esto ya ha sido reportado para ratas malnutridas durante los
periodos criticos (Fagundes et al 2009; Petry et al 2000). Un efecto mas intenso podria
darse en las ratas malnutridas al destete con efectos a largo plazo.

El tamafio de los l6bulos hepaticos en los animales malnutridos se incrementa en
comparacion con animales control (Burns ef a/ 1997). Sin embargo, no hay diferencias
si éste se evaliia con respecto al peso corporal de los animales (Burns et al 1997; Desai
et al 1996).

Bajo condiciones ad libitum de alimentacion Gosby et al 2003, demuestran que el
glucdégeno hepdtico se encuentra incrementado, mientras Gamallo ef al 1989,
mencionan que no existe diferencia entre la concentracion de los controles y la de los
malnutridos bajo la misma condicion metabdlica. Después de la rehabilitacion
nutricional ratas malnutridas durante los periodos criticos tienen concentraciones de
glucdgeno hepatico similares a sus controles nutricionales (Fagundes ef a/ 2009).

Por otro lado, también se ha encontrado que después de la malnutricion temprana y la
rehabilitacion nutricional, enzimas que regulan la gluconeogénesis (PEPCK,
fosfoenolpiruvato carboxicinasa) o la glucdlisis (GK, glucocinasa) se encuentran
aumentadas y disminuidas respectivamente después de 48 horas de ayuno (Burns et al
1997), lo que se ha relacionado con la alteracion en la produccion hepatica de la glucosa
e incremento en el almacenamiento de glucdégeno (Burns ef al 1997; Rao, 1995a). En
contraste Rees ef a/ 2006, demuestran que ambas enzimas no presentan concentraciones
diferentes a sus controles nutricionales cuando estas son evaluadas después de la curva
de tolerancia a la glucosa.

En nuestros experimentos no encontramos diferencia significativa en la concentracion
de glucdgeno hepéatico entre los grupos control y los grupos MGL, MPW o MA; sin
embargo, encontramos que los animales MPW rehabilitados en el dia P90 presentaron
disminucién en la concentracion del glucogeno hepatico.

Es posible que la insulina disminuida observada en este grupo, esté¢ influyendo en la
baja concentracion de glucogeno, ya que es una sefial para que se almacene la glucosa
en el higado. Experimentos in vitro como los realizados por Murphy et a/ 2003, sobre la
sintesis y utilizacion del glucdgeno podrian ayudarnos a determinar el mecanismo por el
cual las ratas MPL tienen disminucidn hepatica del mismo.

El metabolismo de la glucosa estd estrechamente relacionado con el de los lipidos
(Samra, 2000), el cudl también se ve afectado por la malnutricion.

La disminucion plasmatica de los TAG es efecto directo de la dieta baja en proteina.
Esta condicion nutricional origina en el higado déficit para formar las lipoproteinas que
liberan los TAG a la circulacion, los cuales se acumulan originando estenosis hepatica o
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higado graso (Flores et al 1970; Ginsberg et al 2005). La lipoproteina lipasa, encargada
de hidrolizar los TAG en el tejido adiposo y muscular, también se encuentra disminuida
como efecto de la malnutricion (Gouache et a/ 1991), y altera por lo tanto los perfiles
lipidicos en estos animales.

En el presente trabajo, se encontr6 que los grupos MGL y MPW, presentan valores
disminuidos de TAG en contraste con las ratas MA que tienen los mismos niveles que
sus controles nutricionales. Es posible que en los dos primeros casos exista acumulacion
de TAG en el higado.

Ratas malnutridas durante la gestacion y la lactancia, después de la rehabilitacion
nutricional a los 90 dias de vida bajo condiciones ad libitum de alimentacion, presentan
concentracion disminuida de TAG y altos niveles de AGL. Después de 24 horas de
ayuno no muestran diferencias significativas (Ozanne et al 1998).

En un trabajo previo en nuestro laboratorio demostramos, que ratas rehabilitadas a los
90 dias de edad, tenian valores de TAG y AGL similares a sus controles nutricionales
bajo las condiciones metabolicas de ad libitum, ayuno de 48 horas y saciedad (Mifana-
Solis & Escobar 2006).

En el presente trabajo se encontr6 que después de la rehabilitacion nutricional
balanceada las ratas MGL aparentemente pueden regular su lipidemia, mientras que las
ratas MPW tanto al dia P90 como al dia P180 presentan dislipidemia (valores elevados
de TAG y disminuidos de AGL).

El aumento en la concentraciéon de TAG plasmaticos puede deberse (a diferencia del
estado de malnutricion) a la excesiva formacion y liberacion en el higado y/ o en el
tejido adiposo. Sin embargo, habria que explorar como se lleva a cabo este cambio en la
regulacion lipidica después de la rehabilitacion nutricional.

La concentracion significativamente disminuida de AGL puede deberse a la elevada
oxidacién en el higado y/ o en el musculo, resistencia hepatica a la insulina o la
secrecion hormonal disminuida por el pancreas, la cual se observo en estos animales.

La evaluacion de las lipoproteinas de alta, baja y muy baja densidad asi como el
colesterol y las enzimas relacionadaos con la lipolisis tanto en el tejido adiposo, como
en el musculo y en el higado de los animales malnutridos y rehabilitados es de gran
relevancia ya que estas alteraciones metabdlicas estan relacionadas con alteraciones
cardiovasculares (Ginsberg & Illingworth, 2001), las cuales a la vez se han
correlacionado con la malnutricién temprana.

Las discrepancias entre los datos obtenidos en el presente estudio y en la bibliografia
citada, es probable que se deban:

- A la condicion metabolica, la hora del dia en la cual se toman las muestras de los
animales, la edad en la cual se evaluan, asi como la especie y cepa utilizada.

- Los diferentes modelos de deficiencia nutricional utilizados (desnutricion o
malnutricién) por otros grupos de estudio, las diferentes etapas y/ o a la duracion de la
deficiencia nutricional y de la rehabilitacion nutricional, es otra importante variable que
tiene que ser tomada en cuenta cuando se comparan los modelos.

No obstante el modelo utilizado, las conclusiones a las que se llega en cada uno, es que
la deficiencia nutricional conlleva a alteraciones metabdlicas que perduran a largo
plazo. Sin embargo, considero que es de suma importancia evaluar los mecanismos
mediante los cuales se desencadenan estas alteraciones en los diferentes modelos.

Por tratarse de especies diferentes (i.e. humanos, roedores, etc.), al compara los
resultados obtenidos en los modelos de laboratorio, se corre el riesgo de que no todo se
pueda extrapolar. El analizar y comparar los efectos que se observan en cada modelo,
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podria darnos una visién mas amplia de los posibles efectos aque se podrian observan
en los humanos y la posible explicacion a los hallazgos en los estudios epidemiolédgicos.

Es importante hacer notar en esta parte de la discusion, que en contraste con los grupos
MGL y MPW, las ratas MA no mostraron diferencias con respecto a sus controles en
los parametros metabolicos evaluados. Es posible que un mes de la deficiencia
nutricional en la etapa adulta no sea suficiente para originar alguna alteracion sin
embargo, un periodo mayor de tiempo podria modificar el metabolismo.

Las diferencias de los parametros metabolicos evaluados, se encontrarén en los grupos
MGL y MPW asi como en los grupos rehabilitados correspondientes, es por ello que se
decidi6 solo abarcar estos grupos para los experimentos posteriores.

La malnutricion en etapas tempranas del desarrollo induce que el peso neto del cerebro
sea inferior en comparacion con el de animales alimentados con dieta balanceada. Sin
embargo, si se evalua con respecto al peso corporal del animal, éste pesa
proporcionalmente mas que el de los controles nutricionales. Lo anterior ha originado
que se considere como 6rgano protegido a expensas de otros como el higado o el
pancreas que presentan proporcionalmente menor peso (Resnick ef al 1982).

Morgane et al 1993, mostraron que existe retraso en la proliferacion celular y
alteraciones en el proceso de migracion neuronal en ratas malnutridas. A nivel de
hipocampo se encontr6 que animales malnutridos presentan disminucion celular,
relacionada con el déficit de atencion, aprendizaje y memoria que se ha descrito para
estos animales. Estos efectos se revierten con la dieta balanceada a los 90 dias de edad
(Diaz-Cintra et al 2007).

En el hipotadlamo, la malutricién durante las etapas tempranas de desarrollo induce que
en el NSQ la densidad y el tamafio neuronal se vean disminuidos, lo que da origen a
alteraciones en el patron de suefio y de conducta (Aguilar-Roblero et al 1997; Cintra et
al 1994). Plagemann et al 2000a demostraron que en ratas malnutridas, el volumen
celular total de los nucleos PVN y VMH se encuentra aumentado en comparacion con
animales alimentados con dieta balanceada.

En el hipotilamo se lleva a cabo, en cordinacion con los organos periféricos, la
homeostasis metabolica. Sin embargo, pocos estudios se han enfocado a estudiar los
efectos que la malnutricién podria tener en esta area del cerebro. Particularmente en los
nucleos ARC, DMH, PVN, VMH y el LH, ya que estos estan estrechamente
relacionados con la ingesta de alimento y el balance energético (Lopez et al 2007;
Lynch et al 2000; Marty et al 2007) (Figura 3).
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Figura 3: Esquema tridimensional del hipotalamo de rata. Vista dorsocaudal del hemisferio derecho.
Abreviaturas: AHA, area hipotalamica anterior; ARC, nucleo arqueado; AV3V, érea anteroventral del
tercer ventriculo; CI, cépsula interna; DP, subntcleo parvocelular dorsal del nicleo paraventricular
(PVN); DMH, nucleo dorsomedial; F, fornix; LHA, area hipotalamica lateral; LPOA, area predptica
lateral; ME, eminencia media; MP, subnucleo parvocelular medial del nucleo paraventricular; MPO, area
predptica medial; OT, tracto Optico; Pe, periventriculo; Sch, ntcleo supraquiasmatico; SOP, nticleo
supraoptico; SI, sustancia inominata; ST, nucleo subtalamico, VMH, nucleo ventromedial; VP,
subnucleo parvocelular ventral del niicleo paraventricular. (Tomado de Berthoud, 2002).
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Para evaluar la actividad en el cerebro se han utilizado el ARNm o la expresion de la
proteina c-Fos como indicador indirecto de actividad neuronal, bajo distintas
condiciones metabolicas (Darcel ef al 2005; Dunn-Meynell et al 1997; Riediger et al
2004).

C-Fos es un protooncogen que pertenece a la familia de genes de expresion inmediata
de factores de transcripcion. La proteina y el ARNm de c-Fos se expresan en las células
del sistema nervioso central de manera constitutiva. Sin embargo, estimulos quimicos,
fisiologicos o eléctricos, pueden estimular su sobrexpresion. Algunos estimulos que
inducen su expresion son los factores de crecimiento y los cambios de potencial de la
membrana celular, asi como la concentracion de iones como el calcio.

La activacion de la transcripcion de c-Fos comienza 5 minutos después del estimulo y
alcanza el méaximo de expresion después de 30-45 minutos. La sintesis de la proteina
sigue a la expresion del ARNm y tiene su punto maximo a los 90 minutos después del
estimulo (Morgan & Curran, 1991).

En el presente estudio evaluamos la actividad neuronal mediante la cuantificacion del
nimero de células inmunoreactivas a la proteina de c-Fos en ratas malnutridas y
rehabilitadas después del BIP de glucosa. Encontramos que los efectos de la
malnutricion en el hipotdlamo fueron selectivos. Actividad neuronal diferencial fue
observada en el ARC, PVN y el VMH. En contraste, el DMH y el area PF no mostraron
alteraciones debidas a la malnutricién temprana o del destete al dia P55.

El aumento en el nimero de células IR-cFos observada en el VMH de las ratas MGL
dos horas después del BIP de glucosa se revirtid con la rehabilitacion balanceada.
Plagemann et al 2000a, muestran que el nimero de células en este nucleo se encuentra
aumentado en animlaes malnutridos. Es posible que el incremento en la IR- que
nosotros observamos se deba a este incremento celular y que al deste se reorganice el
nucleo. Es decir, que durante la lactancia el hipotdlamo se encuentre atin inmaduro y al
alimentar a los animales con la dieta balanceada al destete, el hipotdlamo se reorganice
anatdmicamente.

Las ratas MPW durante el periodo de malnutricion presentaron mayor nimero neuronal
IR-cFos en el VMH. Después de la rehabilitacion nutricional la actividad disminuyo. Es
posible que la malnutricion influya en la etapa del destete para la reorganizacion y
ajuste del hipotalamo a la dieta solida, alterando su fisiologia. Por otro lado también
cabe la posibilidad de que el incremento en la IR, sea el resultado de la concentracion
elevada de glucosa que encontramos dos horas después de la curva de tolerancia en los
dos grupos malnutridos.

Dunn-Meynell et al 1997, demuestran que el VMH aumenta su actividad en respuesta al
bolo de glucosa. Con estudios electrofisiologicos Silver & Erecinska 1998, demostraron
que este nucleo responde de manera dosis dependiente a las concentraciones de glucosa.
Con lo cual es posible que el incremento en el numero neuronal IR-cFos encontrado
tanto en el grupo MGL como en el MPW en el VMH se deba a la concentracion elevada
de glucosa obtenida en las ratas.

El ARC esta en contacto directo con la eminencia media, que es considerada como
organo circunventricular. Este nucleo recibe la informacion directa de las sefiales
periféricas tanto metabdlicas como hormonales (Norsted et a/ 2008). Por otra parte, las
neuronas del PVN tienen contacto con el tercer ventriculo (Norsted et al 2008) y
ademas el ARC y el PVN, tienen interconexién neuronal. La actividad entonces del
PVN, considerado como nucleo integrador (Williams ez a/ 2001), se ve influenciada por
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las terminales axonicas de otros nucleos como el ARC y es posible que la respuesta a
sefiales periféricas o centrales en estos dos nticleos se altere reciprocamente.

En el ARC se ha descrito que la actividad neuronal, evaluada mediante la expresion de
c-Fos, se incrementa cuando los animales se someten al ayuno, mientras la infusion de
glucosa o realimentacion revierte esta respuesta (Becskei e al 2008). En contraste en el
PVN Ia respuesta es inversa al ARC es decir, después del bolo intracarotideo de glucosa
se induce el incremento de la activad de las células (Dunn-Meynell et al 1997 y
Guillod-Maximin et al 2004), y ésta disminuye bajo la condicion de euglucemia o
hipoglucemia (Ao et al 2005).

El grupo MGL present6 en general la respuesta esperada y semejante a sus controles en
los nicleos ARC y PVN después del bolo de glucosa. En contraste, las ratas MPW
mostraron respuestas contrarias a las descritas en la literatura en ambos nucleos. Un
factor que pudiera afectar la deteccion de glucosa en estos nucleos es la barrera
hematoencefalica (BHE). Esto es debido a la interaccion con el 3er ventriculo del ARC
y PVN.

Es posible que la BHE se vea alterada con la malnutricién ya que del destete a los 35
dias, ésta modifica su permeabilidad y por tanto el paso de glucosa a los organos
cicunventriculares (i.e. la eminecia media) y también el paso de moléculas a ntcleos
como el PVN. Se considera que la BHE esta totalmente madura y con ello es mas
selectiva al paso de moléculas hasta los 60 dias de edad en la rata (Nehlig, 1997).

La hiperglucemia que se observo en las ratas MPW al final del BIP de glucosa a los 55
dias posnatales, pudo alterar la permeabilidad de la BHE. Simpson et al 1999
demuestran que niveles extremadamente altos o bajos de glucosa modifican su
permeabilidad. Esto podria entonces dar como resultado alteraciones en la respuesta
neuronal en el ARC y PVN en las ratas malnutridas a partir del destete, en respuesta a la
hiperglucemia observada.

Por otro lado, diversas sefiales periféricas como la leptina (Delahaye et al/ 2008; Vickers
et al 2005), la insulina (Plagemann et al 1999), y los glucocorticoides (Kehoe et al
2001), juegan un papel importante durante el desarrollo en la organizacion anatdmica y
funcional del hipotalamo.

Es posible que en los animales MPW la insulina disminuida que se reportd, en el
experimento 1, y probablemente la leptina y los glucocorticoides estén también
modificados y participando en la remodelacion y maduracion hipotaldmica en estos
animales. Sin embargo, estudios ontogenéticos y de madurez hipotaldmica son
necesarios para integrar la influencia de sefales periféricas alteradas y las adecuaciones
y respuestas de estos nicleos a la malnutricion tardia.

Después de la rehabilitacion nutricional las ratas MPW-R mostraron disminucion en el
numero de neuronas IR-cFos en los nucleos ARC, PVN y VMH, en respuesta a las
concentraciones normales de glucosa observadas en estos animales en comparacion con
sus controles nutricionales. Modificaciones en la sensibilidad o en la respuesta a la
glucosa asi como también en la permeabilidad alterada de la BHE durante el periodo de
malnutricién, podrian ser una posible explicaciéon a la respuesta disminuida que se
observa en los nucleos.

Las neuronas y las células B pancredticas detectan la concentracion de glucosa de forma
similar. Esta se lleva a cabo por medio de la Glococinasa (GK) y los transportadores de
glucosa, especialmente GLUT1 y GLUT3 (Mountjoy & Rutter, 2007). El ARNm de
GLUT3 se encuentra ampliamente distribuido en las neuronas en el ARC, PVN y VMH
(Lynch et al 2000) mientras que GLUT1 en la BHE (Vannucci et al 1998).
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Se ha demostrado que en animales malnutridos los transportadores de glucosa en
cerebro se encuentran alterados Sadiq ef al 1999. También en el pancreas y en el higado
se ha descrito la disminucion de la GK en estos animales (Desai et a/ 1997; Hales et al
1996). Con estos estudios podemos suponer que la deteccion hipotalamica de glucosa en
los animales MPW-R se encuentra alterada permanentemente y la respuesta celular, a
pesar de la rehabilitacion nutricional y de concentraciones normales de glucosa, no es la
adecuada.

El peso corporal asi como el porcentaje de incremento del mismo en los grupos MGL y
MPW, fue inferior al de sus respectivos grupos control durante los periodos de
malnutricion.

El National Research Council (1995), reporta que el minimo de proteina para la
subsistencia de las ratas es de 5% mientras que para que se lleve a cabo el correcto
crecimiento e incremento de peso es del 15% (Elverdin et a/ 2006). Esto explica los
resultados obtenidos en el presente estudio. A pesar de que la dieta 6% de proteina es
isocalorica, la deficiencia de proteina induce que los animales no logren el peso
adecuado para la edad y la talla esperada, de tal manera que su porcentaje de incremento
también es inferior al de sus controles nutricionales.

Durante el periodo de rehabilitacion nutricional, los grupos MGL-R y MPW-R,
mantienen su peso corporal por debajo del grupo control. En contraste, el porcentaje de
incremento de peso durante este periodo, es mayor en ambos grupos.

Desai et al 1996 y Resnick et al 1982, consideran que debido a que los animales no
logran alcanzar el peso de sus controles, estos no se rehabilitan. Lo anterior pone de
manifiesto que es importante tomar en cuenta la perspectiva desde la cual se analiza la
rehabilitacion nutricional.

El mayor porcentaje de incremento en los grupos MGL-R y MPW-R durante el periodo
de rehabilitacion podria deberse a que las ratas presentan hiperfagia. La cual es evidente
al evaluar la ingesta de alimento respecto al peso corporal de los animales. Esta
condicién no se observa si tomamos el peso neto de la cantidad de alimento que
ingieren. Algunos estudios proponen que estos animales presentan obesidad
“enmascarada”, la cual se manifiesta solo cuando son expuestos a dietas excesivas
(Bieswal et al 2006; Desai et al 1997). El efecto de esta nueva condicidon nutricional se
le conoce como “fenotipo frugal o econdmico” (Hales & Barker 1992; Petry, 2001).

La mayor proporcion del peso de los tejidos adiposos: abdominal, retroperitoneal y
gonadico podria ser la causa del incremento de peso corporal que se observa en las ratas
rehabilitadas. Dollet et al 1985; Gosby et al 2003, demuestran que el tejido adiposo en
animales rehabilitados, pesa menos que en animales control. Orozco-Soélis et al 2009;
Thompson et al 2007, muestran que en animales rehabilitados estos tejidos pesan mas
que en los animales control al evaluarlos con respecto a sus pesos corporales.

El incremento en la proporcion del peso de los paquetes adiposos puede deberse al
numero elevado de receptores de insulina y al incremento en la toma de glucosa que ha
sido demostrado en estos animales (Remacle ef al 2004). Esto promueve la acumulacion
de grasa y por tanto la obesidad.

En resumen, el incremento en la proporcion de peso corporal durante el periodo de
rehabilitacion, se puede deber a la hiperfagia y al incremento de grasa que se observa en
las ratas MGL-R y MPW-R.

En el hipotdlamo medial, se producen neuropéptidos asociados a los estados
metabolicos de hambre y saciedad, conocidos como orexigénicos y anorexigénicos,
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respectivamente (Leibowitz & Wortley 2004; Lopez et al 2007). La produccion de
estos, depende de sefales periféricas como la glucosa, acidos grasos, insulina, glucagon,
leptina, etc. Estas provienen de drganos como el higado, tejido adiposo y pancreas
(Marty et al 2007). Las sefiales metabolicas y hormonales, junto con las producidas en
el hipotdlamo, regulan el peso corporal, la ingesta de alimento, el gasto y la
acumulacion energética (Williams et a/ 2001) (Figura 4).

a-MSsH
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Figura 4: Esquema que representa algunas de las sefiales metabdlicas que se producen bajo los estados
metabolicos, orexigénico (- -) y anorexigénico (—).

Las sefiales periféricas (glucosa, acidos grasos libres, insulina, glucagon y leptina), llegan al hipotalamo
ventral, en donde son integradas por los nucleos relaciondos con el balance energético y la ingesta de
alimento. En ellos se producen los neurépéptidos que estimulan (NPY u ORX) o inhiben la ingesta de
alimento (a-MSH).
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Dentro de los péptidos orexigénicos se ubican a las orexinas (ORX) y el neuropéptido Y
(NPY). Las ORX se sintetizan basicamente en células del LH, las cuales proyectan
principalmente al ARC y VMH (Sakurai, 2006). El NPY se sintetiza en el ARC, cuyas
células proyectan hacia el PVN, DMH, VHM y LH (Jolicoeur ef al 1995).

El o-MSH es un neuropéptido anorexigénico que se sintetiza a partir de las
proopiomelanocortinas. Se produce en células del ARC que proyectan hacia el LH,
PVN y DMH (Cone, 2005).

El NPY y las ORX son neuropéptidos que incrementan su concentracion cuando
disminuyen los niveles de glucosa y en general bajo el estado catabolico. El a-MSH por
el contrario, es un péptido que se produce cuando existen niveles elevados de glucosa o
después de la alimentacion (estado anabdlico).

Dos horas después del BIP de glucosa la expresion de ORX en el LH tanto en los
grupos malnutridos como en los rehabilitados fue similar a sus controles nutricionales.
Es posible que la malnutricién no altere la expresion de las ORX, como se vid en este
estudio y como ha sido demostrado por Remmers ef al 2008. Al parecer, solo con la
dieta alta en grasas durante el periodo perinatal, se induce incremento de la expresion de
ORX en el LH (Chang et a/ 2008).

Se ha demostrado que la expresion de las ORX en el LH se modifica dependiendo de las
concentraciones de glucosa (Bernardis & Bellinger 1996; Orsini et al 1992).
Alternativamente, las ratas malnutridas presentaron hiperglucemia, y la expresion de
ORX fue similar a sus respectivos controles. Se esperaba la disminucion de la expresion
de este neuropéptido, como efecto de los elevados niveles de glucosa, como ha sido
demostrado por Cai et al 1999. Sin embargo, en las ratas malnutridas las células del LH
no estan respondiendo correctamente, a los niveles elevados de glucosa y por tanto su
actividad pudiera estar alterada debido a la malnutricion.

La IR- de los péptidos NPY y a-MSH se ve alterada de manera diferencial tanto por la
malnutricion como por la rehabilitacion nutricional. En las ratas MGL se observé la
expresion de la IR-NPY elevada en el nticleo ARC y PVN. En contraste, las ratas MPW
no mostraron ninguna diferencia en la expresion de NPY con respecto a sus controles
nutricionales. Ambos grupos malnutridos mostraron disminuida la IR- a-MSH en el
PVN y DMH. También el grupo MPW mostré disminuido el nimero de neuronas que
expresa a-MSH en el ARC.

Se esperaba que la respuesta en ambos grupos malnutridos fuera: la disminucion en la
IR-NPY y el aumento en IR-a-MSH como resultado de los altos niveles de glucosa
encontrados. Debido a que el incremento en la concentracion de glucosa es una sefial de
saciedad (Arora & Anubhuti, 2006).

Como se describidé anteriormente, sefiales periféricas como la insulina y la leptina,
durante la vida temprana, influyen de manera decisiva en el correcto desarrollo del
hipotalamo, y principalmente de las vias relacionadas con el balance energético.
(Delahaye et al 2008; Grove & Smith 2003; Vickers et al 2005).

Es posible que los bajos niveles de insulina encontrados en el experimento 1, en las
ratas malnutridas, influyeran en el correcto desarrollo de ambos sistemas
contraregulatorios. Ademas, también es posible que los efectos diferenciales debidos a
los dos diferentes periodos de malnutricion, se deban a la distinta vulnerabilidad en
ambos sistemas (orexigénico y anorexigénicos). La expresion de a-MSH disminuida
puede correlacionarse con el estado energético negativo de los animales malnutridos. En
los cuales, la senal de saciedad no se activa correctamente.
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A los 90 dias de edad, con niveles normales de glucosa dos horas después del BIP, el
grupo MGL-R no presenté ninguna diferencia en la expresion de NPY, mientras el
grupo MPW-R present6 incremento en la IR- en el DMH. En contraste, ambos grupos
rehabilitados mostraron disminuida la IR-aMSH en el PVN.

La interpretacion de la desregulacion hipotaldmica en las ratas rehabilitadas es
compleja.

Yang et al 2009, demostraron que la alteracion de la expresion de NPY en el DMH en
la ratas, es factor importante que puede modificar la ingesta de alimento, originando
desbalance energético y finalmente obesidad.

Es posible que el incremento en la IR- de NPY en el DMH en las ratas de este
experimento, esté relacionado con la propensién a desarrollar obesidad (u obesidad
enmascarada). Lo cual ha sido descrito por Bi et a/ 2001 y 2003, en modelos genéticos
de obsesidad.

Por otro lado, el circuito a-MSH-ARC-PVN es fundamental en la transmisién de la
sefal de saciedad (Millington, 2007). La baja IR-a-MSH en las ratas rehabilitadas, es
posible que sea efecto de la disminucion en las proyecciones ARC-PVN. Por lo tanto la
expresion disminuida del neuropéptido en el PVN podria estar relacionada con el
desequilibrio en el sistema de retroalimentacion hambre/saciedad que origina patrones
alterados de alimentacion (Karla ef a/ 1999). Esto correlacionaria con el incremento en
proporcion del peso corporal, de la ingesta de alimento y del incremento en el peso del
tejido adiposo que presentaron ambos grupos (MGL-R y MPW-R) durante el periodo de
rehabilitacion nutricional.

El desarrollo de la obesidad, la diabetes, patologias cardiovasculares o el sindrome
metabodlico es un proceso multifactorial que clésicamente, se ha asociado a efectos
permanenetes debidos a la nutricion deficiente. La desnutricién o malnutricién durante
la vida temprana origina la “programacion metabdlica”, cuyos efectos perduran hasta la
vida adulta. Lucas A. 1998, define a la ventana critica, como el periodo durante el
desarrollo en el cual se llevan a cabo importantes cambios estructurales y funcionales de
los 6rganos y sistemas. Si el individuo es expuesto a condiciones ambientales adversas,
estas pueden originar consecuencias a largo plazo es decir, la “programacion
metabolica”.

Bajo la definicion clasica de “periodo critico” y “programacion metabdlica”, se han
estudiado los efectos que produce la malnutricion durante la gestacion y la lactancia. Sin
embargo, muy pocos estudios se han enfocado a estudiar los efectos de la malnutricién
después de los “periodos criticos”. Este trabajo plantea posibilidad de la extension de
estos periodos o el establecimiento de etapas vulnerables durante la vida de la rata (del
deste a la pubertad), para el estudio de los efectos de la malnutriciéon en la homeostasis
metabolica.

A lo largo de este estudio se hizo referencia a distintas citas bibliografica, en las que se
menciona que per se la dieta desbalanceada o en exceso puede originar alteraciones a
largo plazo independientemente de las influencias genéticas o ambientales durante la
vida temprana.

Asi mismo también se encontraron varios estudios que al compararlos daban como
resultado diversas controversias entre los resultados encontrados en cada uno. Por ello,
al comparar los resultados obtenidos en cada estudio debe de tomarse en cuenta todas
las variables que podrian estar afectando la interpretacion de los resultados y la
determinacion de sus efectos.
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Los modelos en animales bajo condiciones controladas de laboratorio han permitido
explorar las diferentes patologias asi como los mecanismos fisiologicos, bioquimicos y
moleculares que las componen. Estos modelos no pueden ser usados como sustitutos en
los estudios de patologias como la diabetes y la obesidad en los humanos. Estos
permiten explorar los aspectos que éticamente no pueden ser estudiados en el ser
humano. Todos los modelos explorados proveen informacion de como se lleva a cabo el
proceso de la “programacién” y a que nivel podria estar actuando. Sin embargo, la
interpretacion de los datos y la extrapolacion debe de realizarse con cautela.
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9. CONCLUSIONES GENERALES

¢ La malnutricion en cualquier etapa de la vida, indujo bajo peso corporal.
Del destete a los 55 dias al igual que durante los periodos criticos, la
malnutriciéon produjo retraso en el crecimiento que se reflejo en el bajo peso
permanente en las ratas. La malnutricion en la edad adulta indujo la pérdida de
peso corporal que se recuperd con la rehabilitacion nutricional balanceada.

¢ La malnutriciéon durante la gestacion y la lactancia indujo hiperglucemia y
niveles disminuidos de triacilgliceroles. La malnutricién del destete hasta el dia
posnatal 55, modifico los valores de regulacion metabolica de la glucosa, acidos
grasos libres triacilgliceroles, insulina y glucagon. En la edad adulta la
deficiencia nutricional no indujo ninguna alteracion en los valores de regulacion
metabodlica.

@ Los efectos de la malnutricion en el periodo critico del desarrollo sobre el
metabolismo de la glucosa y los lipidos se revirtio6 con la rehabilitacion
nutricional balanceada, mientras que la malnutricién posterior al destete tuvo
efectos permanentes en el metabolismo de la glucosa, lipidos y en la produccién
de hormonas pancreaticas.

¢ La malnutricion temprana modifica selectivamente la actividad neuronal en
nucleos hipotalamicos relacionados con el balance energético. Los nucleos
ARC, PVN y VMH mostraron la expresion diferencial, mientras que el DMH y
el area perifornical no parecen ser afectados por la malnutricion.

® Los efectos deletéreos de la malnutricion temprana sobre la respuesta neuronal
hipotalamica, se revirtieron con la rehabilitacion nutricional balanceada,
mientras que los efectos de la malnutricional al destete fueron permanentes.

© La expresion del NPY en ratas malnutridas en la edad temprana se vio
incrementada en el ARC y PVN. La malnutricion temprana y tardia induce la
reduccion de la expresion de a-MSH en el ARC, PVN y DMH.

¢ La rehabilitacion nutricional revierte los efectos de la malnutricion temprana en
la expresion de NPY. Mientras la expresion de a-MSH se ve permanentemente
disminuida en ratas previamente malnutridas temprana y tardiamente.

& Esta tesis puso en evidencia que la malnutricion después del destete tiene
efectos deletéreos y permanentes sobre el metabolismo periférico y el
funcionamiento de nucleos hipotalimicos involucrados en el balance
energético. Estos podrian originar a largo plazo obesidad. Por lo tanto
plantea la necesidad de ampliar el concepto de periodos criticos del
desarrollo a etapas tardias posteriores a la lactancia para el estudio de los
efectos deletereos y permanentes de la malnutricion.
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10. ANEXO:

“EFECTOS DIFERENCIALES DE UN PROTOCOLO DE RESTRICCION
DE ALIMENTO EN LA EXPRESION DE GENES RELOJ
EN EL HIPOTALAMO DE LA RATA”

Durante el desarrollo de este proyecto de doctorado ademas de llevar a cabo los
experimentos relacionados con la malnutricion y la rehabilitaciéon nutricional, me
involucré con el tema de los ritmos bioldgicos y realicé dos estancias de investigacion
en el “Institut de Neurosciences Cellulaires et Intégratives” en el Département de
Neurobiologie des Rythmes, de la Université de Strasbourg, en Estrasburgo, Francia.
Bajo la direccion del Dr. Paul Pévet y el Dr. Etienne Challet. Durante las estancias tuve
la oportunidad de colaborar en el proyecto M04-S02 del programa ECOS-Nord / Anuies
titulado “Identificacion y caracterizacion molecular del reloj sincronizado por alimento”
del cual se origind la siguiente publicacion.

El objetivo principal de este articulo fue caracterizar las oscilaciones de genes reloj en el
hipotalamo bajo la influencia de la sincronizacidén por alimento. La expresion de genes
reloj se valud en nucleos hipotalamicos involucrados en la regulacion circadiana de la
ingesta de alimento: NSQ, ARC, DMH, PVN y VMH.

En este articulo se publicaron resultados novedosos como el hecho de que la
sincronizacion por alimento induce el cambio de fase diferencial en la expresion de los
genes reloj: Perl, Per?2 y Bmall, evaluados mediante la concentracion del ARNm.
Encontramos también que el NSQ puede también ser modificado por el alimento bajo
condiciones especiales como en este caso la restriccion de alimento o dieta hipocaldrica
(Mendoza et al 2005). Este nucleo cominmente se conoce como el reloj maestro en los
mamiferos y estd sincronizado u obedece particularmente las sefales temporales del
ciclo luz-obscuridad, las cuales transmite al resto del organismo.

A la vez se observd que Perl se sincroniza en el ARC y el DMH. Estas son estructuras
que anticipan es decir, se “preparan” y “estiman” el tiempo en el cual se va a presentar
el alimento. En estos mismos nucleos observamos que se induce la disminucion del
RNAmM de Per2 después de la llegada del alimento, lo que contrasta con estudios
previos (Verwey et al 2007).

Se describid que el alimento induce aumento en la expresion de Perl y Per2 en el PVN,
que coincide con estudios previos que demuestran expresion incrementada del ARNm y
la proteina de c-Fos (Angeles-Castellanos et al 2004; Poulin & Timofeeva, 2008).

El ARNm de Bmall, practicamente no mostro ningin cambio asociado a la restriccion
de alimento en los nucleos hipotalamicos evaluados.

Este trabajo contribuye a los ya mas de 30 afios que se han dedicado diversas
investigaciones a encontrar la estructura o en su defecto la red de estructuras (que es lo
que yo creo que existe) que forman parte de lo que en ritmos bioldgicos se conoce como
el FEO (por sus siglas en inglés) de Food-entrained-oscillator o el oscilador-
sincronizado por el alimento (OSA, por sus siglas en espaiol). Este se encarga de
estimar el tiempo de la llegada del alimento, y se podria localizar ya sea dentro del
sistema nervioso central o en 6rganos periféricos (o ambos). Asi mismo también cabe
mencionar que diversos estudios se han dedicado a analizar las sefiales periféricas como
la insulina, el glucagon y la corticoesterona que podrian formar parte de este sistema
“medidor o estimador del tiempo” (Diaz-Munoz M et a/ 2000).
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En resumen este estudio apoya la teoria de que el alimento es una sefial muy importante
para los organismos y su supervivencia, ademas de que este influye de manera
fundamental en la organizacion de los ritmos circadianos a nivel del hipotalamo para
llevar a cabo el balance energético y el estado de alertamiento.
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“Differential effects of a restricted feeding schedule on clock-gene expression in the
hypothalamus of the rat”.
Mifiana-Solis MC, Angeles-Castellanos M, Feillet C, Pévet P, Challet E and Escobar C.
Chronobiol Int. 26(5): 808-820.

ABSTRACT

Restricted feeding schedules (RFS) entrain digestive, hormonal and metabolic functions
as well as oscillations of clock genes such as Per/ and Per2 in peripheral organs. In the
brain, in particular in the hypothalamus, RFS induce and shift daily rhythms of Per/ and
Per2 expression. To determine whether RFS affect clock genes in extra- SCN oscillators
in a uniform manner, the present study investigated daily rhythms of Perl, Per2 and
Bmall expression in various hypothalamic regions. Wistar rats were entrained to daily
RFS (2 h food access starting at ZT6, 6 h after lights on) (RF) or fed ad libitum (C) for 3
weeks. Brains were sampled every 3 h starting at ZTO0, and hypothalamic slices were
processed with in situ hybridization. In response to RFS, Perl expression showed a 3 h
phase-advance in the suprachiasmatic nuclei (SCN), while it was triggered at ZT6,
anticipating food access in both arcuate (ARC) and dorsomedial nuclei (DMH). It was
unaffected in the ventromedial (VMH) and paraventricular (PVN) nuclei. In contrast,
Per2 expression during RFS showed a marked post-prandial peak in the PVN, was
unchanged in the SCN and ARC, and was down-regulated in the DMH and VMH. The
temporal patterns of Bmall expression was not significantly modified in RF rats. Because
RFS differentially affected clock gene expression (phase-change, up- or down-regulation)
depending on the combination of hypothalamic nuclei and targeted genes, the present
data clearly highlight the fact that metabolic or temporal cues elicited by feeding have
profound effects on temporal organization in the brain.

KEYWORDS: Circadian rhythms, Perl, Per2, Bmall, suprachiasmatic nucleus

INTRODUCTION

In mammals, the master biological clock is located in the suprachiasmatic nucleus (SCN),
which is mainly synchronized by the light: dark signals. Self-sustained circadian
rhythmicity, such as that generated in the SCN, is thought to rely on interlocking
transcriptional/ translational feedback loops that involve several clock genes and proteins,
including Bmall, Clock, Perl and Per2 (Okamura et al., 2002).

In nature, food is seldom available along the 24 h. Therefore animals need to know where
and when foraging to find food. It is suggested that a food entrained oscillator provides
time cues to predict, anticipate and respond to feeding opportunities (Stephan, 2002). The
underlying mechanisms providing food related timing cues are still poorly understood.
Experimental models have been developed to better uncover the mechanisms of the food-
driven oscillator. When access to food is restricted to a few hours daily during the light
phase, rodents develop arousal and increased locomotor activity anticipating meal time
(Mistlberger, 1994; Stephan, 2002), overriding the signals coming from the SCN which
remains coupled to the light—dark cycle (Stephan, 1992). Moreover such restricted
feeding schedules (RFS) entrain digestive, hormonal and metabolic functions (Davidson
& Stephan, 1999; Diaz-Mufoz et al., 2000; Escobar et al., 1998; Honma et al., 1983;
Krieger et al., 1977). It entrains also Perl and Per2 oscillations in peripheral organs,
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uncoupling their daily oscillations from the SCN (Damiola et al., 2000; Hara et al., 2001;
Stokkan et al., 2001; Wakamatsu et al., 2001; Yamazaki et al., 2000).

It is also known that in the brain of rats exposed to RFS, daily patterns of c-FOS
expression are elicited or phase-changed in hypothalamic and brain stem regions
involved in mediating metabolic and arousal signals to the rest of the brain (Angeles-
Castellanos et al., 2004; Angeles-Castellanos et al., 2005; Gooley et al., 2006; Meynard
et al., 2005). Also corticolimbic structures involved in hedonic and motivational
processes exhibit food-entrained patterns in c-FOS expression (Angeles-Castellanos et
al., 2007; Mendoza et al., 2005a).

In the dorsomedial nucleus of the hypothalamus (DMH), the arcuate nucleus (ARC) and
perifornical area (PeF), all hypothalamic areas involved in energy balance and feeding
behaviour, RFS induce or increase the amplitude of daily rhythms of Per/ and Per2
genes or their proteins (Angeles-Castellanos et al., 2008; Mieda et al., 2006; Verwey et
al., 2007), suggesting oscillatory mechanisms in these structures. Areas of the
corticolimbic system also exhibit daily rhythms of Per/ and Per2 genes and their proteins
adjusted to a scheduled meal time (Angeles-Castellanos et al., 2007; Angeles-Castellanos
et al., 2008; Verwey et al., 2007; Verwey et al., 2008; Waddington-Lamont et al., 2007;
Wakamatsu et al., 2001), suggesting that RFS can drive daily rhythms of clock genes and
proteins in the extra- SCN oscillators involved in energy homeostasis and motivation for
food.

It is not clear however, whether clock genes in extra- SCN oscillators respond to feeding
schedules in a uniform manner and whether this regulation is structure specific. Our
recent study rather supports the last interpretation (Feillet et al., 2008). The proteins
PER1 and PER2 are not identically phased in hypothalamic and other forebrain regions.
Likewise, a daily hypo-caloric diet affected differentially the phase and amplitude of
clock genes in these structures (Feillet et al., 2008).

The aim of the present study was thus to go further in this analysis and to determine
whether the hypothalamic regions involved in energy balance and feeding behaviour
which express food-entrained temporal profiles of Perl, also express daily food-entrained
rhythms of Per2 and Bmall and whether their response to meal time is reset with a
similar phase.

METHODS

Animals and housing conditions

Adult male Wistar rats (Rattus norvegicus) weighing 250-280g were obtained from the
general bioterium of the Faculty of Medicine of Universidad Nacional Autébnoma de
Meéxico. The experimental procedures were approved by the Biosecurity and Bioethics
Committee, Faculty of Medicine, UNAM, in strict accordance with the Mexican norms
for animal handling Norma Oficial Mexicana NOM-062-Z0O0-1999. All efforts were
made to minimize the number of animals and their suffering and the study was consistent
with the ethical standards established by the journal (Portaluppi et al., 2008).

Rats were housed in groups of 6 animals and maintained at constant temperature (22 + 1
°C) with a 12:12 light-dark cycle; lights on at 06:00 h, defined as ZTO lights off at 18:00
defined as ZT12.

Water and regular laboratory rodent diet (Purina, Chow 5001; Woodstock, Ontario,
Canada) were provided throughout the study ad libitum unless otherwise stated. Rats
were acclimated to environmental conditions for one week before starting the
experimental protocol.
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Groups and food entrainment

Rats were randomly assigned to control ad libitum (C) or to a restricted-feeding schedule
(RF) group and were kept in groups of six animals of the same condition for three weeks
in transparent acrylic cages (40 X 50 X 20 cm). The C group had free access to food
through the experiment and RF had food available daily for two hours in the middle of
the light period (ZT6-ZT8).

After three weeks of RFS, the rats from both groups, C and RF were decapitated every
three hours (ZTO0, ZT3, ZT6, ZT9, ZT12, ZT15, ZT18 and ZT21) to complete a 24 h
cycle. At ZT6 RF brains were obtained before the daily food access. All brains were
dissected and frozen in 2-methylbutane (Sigma) in less than one minute, and stored at -40
°C until sectioning.

In situ hybridization
The hypothalamus (bregma -1.30 — -3.30; Paxinos & Watson, 1998) was cut in 20 um
thick coronal sections with a cryostat at -20°C and mounted directly on gelatin-coated
slides. The antisense and sense RNA probes for »Perl, rPer2 and rBmall were generated
with an in vitro transcription kit (Maxiscript, Ambion, TX) and were transcribed in
presence of (*>S) UTP with T7 RNA polymerase for Per I and Per 2 and with T3 for
Bmal 1.
The slides were removed from the freezer, warmed to room temperature and fixed in 4%
paraformaldehyde in phosphate buffered saline (PBS) for 15 min, rinsed twice with PBS
for 5 min each and then acetylated twice in 0.1 M triethanol-amine for 10 min, washed
twice with PBS and dehydrated in an ethanol series (70, 90, 65 and 100%). Sections were
air-dried at room temperature and then were incubated at 54° C overnight with
hybridization buffer containing 10’ cpm/mL of **S-labeled cRNA antisense probes. Slides
were then cooled at room temperature coverslips were removed by dipping slides in 4X
saline sodium citrate (SSC) and then rinsing them for 5 min. Slides were incubated for 30
min at 37° C in RNAse buffer containing 0.1 mg/mL RNAse (Sigma, St. Louis, MO).
Slides were then rinsed twice in 2X SSC for 5 min each one and rinsed forlOmin in 1X
SSC, 0.5 SSC and 30 min in 0.1X SSC at 54° C. Finally slides were dehydrated in
ethanol series (70, 90, 95 and 100%) and air dried.
Brain slices and radioactive standards (**C) in each cassette were included and exposed
for 7 days to an autoradiographic film (Biomax, Kodak, France). Autoradiographs of
brain sections and standards were scanned in a double-bed scanner (Epson perfection,
4180), and the images were saved in TIFF format. The optical density of Perl, Per2 and
Bmall hybridization was measured in the SCN, ARC, PVN, DMH and VMH nuclei
using the software Image] (NIH). Measures were obtained bilaterally from three
consecutive slices and averaged for each animal (n = 4-6 per circadian point). The area of
each nucleus was outlined for evaluating the intensity of the signal, and when virtually no
signal was found, we used anatomical references to outline the corresponding nuclei.
Bata are expressed as relative optical density (OD) according to values calibrated with a
C scale.

Statistical analysis

Data were organized by nutritional group and time point and are presented as mean
values * standard error (S.E.M.). Data were compared with two-way ANOVA for
independent measurements for the factors nutritional group and time, and was followed
by the post- hoc Tukey multiple comparisons test with p< 0.05.
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RESULTS

In situ hybridization allowed detecting expression of Perl, Per? and Bmall in all the
hypothalamic nuclei. However, the intensity and the pattern of expression differed according
to the clock gene and the studied nuclei (Figure 1).

In the SCN, clear diurnal rhythms were observed in the C group for the three studied clock
genes. For Perl, peak values were observed at ZT6; for Per2, peak values were obtained at
ZT12 and for Bmall, highest and lowest levels were found during the dark and light phase,
respectively. RFS produced a 3-h phase advance in Per/, while the phase in Per2 and Bmall
remained unchanged (Figure 2, top). The two-way ANOVA indicated for the 3 clock genes a
significant effect of time and no difference between groups. However, the ANOVA indicated
a significant interaction of group X time for Per/ confirming a difference between C and RF
group (see Table 1).

Per1 Per 2

Ad libitum

Figure 1: Representative autoradiographs of in situ hybridization of Perl, Per2 and Bmallin C and RF groups,
at the level of the SCN, ARC, DMH PVN and VMH at different ZT points. Scale bar 500um.
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Figure 2: Relative optical density of Perl, Per2 and Bmallin C (black dots and continuous line) and RF (white
triangles and dotted lines) groups at the level of the SCN, ARC and DMH hypothalamic nuclei, as determined
by quantitative in situ hybridization. Data are expressed as mean + S.E.M. (n = 4-6 per circadian point). Asterisk
and & indicate significant difference between highest and lowest values in the C and RF groups, respectively (p

<0.01).
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Figure 3: Circadian expression of Perl, Per2 and Bmall in C (black dots and continuous line) and RF (white
triangles and dotted lines) groups in the PVN and the VMH nuclei. * indicates significant difference between
highest and lowest values in the C group and & in the RF group (p <0.01, n = 4-6 per circadian point).
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Table 1. Results of the two-way ANOVA for three clock genes in hypothalamic nuclei.

HYPOTHALAMIC GROUP TIME INTERACTION
NUCLEUS
Perl F(1, 61) = 0.00 NS F(7,61)=31.74 | 0.001 F(7,61)=5.57 0.001
SCN Per?2 F(1, 61)=0.10 NS F(7,61)=11.70 | 0.001 F(7, 61) = 0.56 NS
Bmall F(1, 53) = 2.67 NS F(7,53)=11.01 | 0.001 F(7,53) =1.32 NS
Perl F(1, 56) = 5.59 0.02 F(7,56)=13.63 | 0.001 F(7,56 ) =11.01 0.001
ARC Per?2 F(1, 60) = 1.34 NS F(7, 60) = 6.13 0.001 F(7, 60) = 0.64 NS
Bmall F(1,52) =0.19 NS F(7,52)=17.42 0.001 F(7,52) =2.99 0.01
Perl F(1,56 ) =1.09 NS F(7,56) = 4.53 0.001 F(7, 56) = 2.69 0.01
DMH Per?2 F(, 61) = 16.68 0.001 F(7, 61) = 13.07 0.001 F(7, 61) =9.87 0.001
Bmall | FQ,54)=0.12 NS F(7, 54) = 0.20 NS F(7, 54) = 0.87 NS
Perl F(1, 62) = 2.11 NS F(7, 62) = 6.96 0.001 F(7, 62) =2.70 0.01
PVN Per?2 F(1, 61) = 6.85 0.01 F(7, 61) = 8.60 0.001 F(7, 61)=7.51 0.001
Bmall F(1,52) = 0.10 NS F(7,52) = 6.53 0.001 F(7,52)=2.37 0.03
Perl F(1, 55) =5.72 0.02 F(7,55)=12.12 | 0.001 F(7, 55) = 0.69 NS
VMH Per2 F(1, 59) = 7.10 0.009 F(7,59) = 4.89 0.001 F(7,59) = 2.44 0.02
Bmall F(1, 54) =2.77 NS F(7, 54) = 2.09 NS F(7, 54) = 1.56 NS

SCN: suprachiasmatic nucleus; ARC: arcuate nucleus; DMH: dorsomedial nucleus; PVN: paraventricular nucleus;

VMH: ventromedial nucleus.
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In the ARC, no diurnal rhythms were observed in the C group for Perl and Per2, but a
significant nocturnal peak was found in Bmall expression. RFS during the light phase shifted
the peak of Perl to ZT6, anticipating food access, and produced a non-significant increase of
Bmall at ZT12, while Per2 expression remained unchanged (Figure 2, middle). For Per!/ the
two-way ANOVA indicated a significant difference between nutritional groups, for the 3
genes indicated a significant effect due to time and detected a significant interaction of group
X time for Perl and Bmall (see Table 1).

In the DMH a clear diurnal rhythm was observed in the C group for Per2 with a nocturnal
peak at ZT18, while no diurnal rhythm was seen for Perl or Bmall. RFS induced
rhythmicity of Perl expression with a peak at ZT6 preceding meal time, while the Per2
oscillation was markedly dampened. No significant change in the temporal pattern of Bmall
expression was observed (Figure 2 bottom). The two-way ANOVA confirmed a significant
difference between nutritional groups for Per2, significant effects of time and significant
group X time interaction for Per/ and Per2, while no effect was obtained for Bmall (Table

).

In the PVN of C rats, a clear diurnal rhythm was observed for Perl and Bmall with high
values in early and late night, respectively, while no significant oscillations were observed
for Per2. RFS during the light disturbed the nocturnal pattern of Perl. Interestingly, RFS
induced a nocturnal peak at ZT12 for Per2, 6 h after meal time. In contrast, Bmall
expression remained unchanged (Figure 3 top). The two-way ANOVA indicated a significant
effect due to nutritional groups for Per2 and significant time effect and group X time
interaction for Perl, Per2 and Bmal 1(see Table 1).

In the VMH the C group showed a daily peak in Perl, Per2 and Bmall at ZT3, ZT12 and
ZT18, respectively; however, this last result was not statistically significant. RFS abolished
rhythmicity for Per2 and Bmall expression, and produced a slight increase in the daily
expression of Perl (Figure 3 bottom). Such effects were confirmed by the two-way ANOVA,
indicating significant difference between nutritional groups and due to time for Per/ and
Per2, significant group X time interaction for Per2, and no effect for Bmall (Table 1).

DISCUSSION

Present data indicate that daily temporal patterns of Perl, Per2 and Bmall are different
among various hypothalamic structures under ad libitum conditions and that RFS do not lead
to a uniform timing effect in clock gene expression throughout the hypothalamus. RFS
exerted differential effects on clock genes either by up- or down-regulating their expression,
by inducing phase changes or in some cases leaving them unaffected.

C rats, exhibited robust daily oscillations of Perl, Per2 and Bmall in the SCN, site of the
master clock in mammals. In contrast, in C rats other hypothalamic nuclei showed
oscillations in one or two clock genes, but in no case in all. Significant peaks predominated
in the dark phase. The finding of a daily rhythm of Per2 in the DMH seems contradictory
with previous studies that have not reported a rhythm of Per2 under ad libitum condition
(Mieda et al., 2006; Verwey et al., 2007), however both studies only report quantitative data
of the protein and it is possible to observe a slight increase at ZT21.

In the present study we showed normo-caloric differential effect on clock genes; we did not
evaluate body weight or food ingestion; however in a previous study we reported that rats
adapt to this schedule and ingest in two hours approximately the same amount as free feed
rats (Martinez-Merlos et al, 2004). A series of studies have reported that the SCN is not
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necessary for food-entrainment (Stephan et al., 1979) and that RFS do not modify the
expression of clock genes in the SCN (Damiola et al., 2000; Hara et al., 2001; Verwey et al.,
2007; Wakamatsu et al., 2001). Contrary to those reports, we found a 3 h phase-shift of Perl
in the SCN in response to RFS that fits with up-regulation of the protein Perl and c-FOS
inhibition in that structure during food anticipation in RF rats (Angeles —Castellanos et al,
2008 and Escobar et al, 2007). A possible difference with such studies is the 3-week period
during which rats were food-entrained. Studies reporting no changes on the SCN have
exposed mice or rats to relatively brief intervals (6-8 days) of daily feeding schedules
(Damiola et al., 2000; Hara et al., 2001; Wakamatsu et al., 2001). Thus the interval may be
too short to observe a shift. Another parameter to take into account is the duration of daily
food access, which was 2 h in the present study and can last up to 12 h in other studies that
did not find changes in SCN timing (Damiola et al., 2000). A shorter window of daily food
access could have more potent synchronizing effects on hypothalamic oscillators. Some
reports using special mice strains or long intervals of restricted feeding conditions have also
found effects on the SCN (Abe et al., 2007; Castillo et al., 2004). In arrhythmic rats due to
prolonged housing under constant light, Lamont et al. (2005) restored PER2 protein rhythm
in the SCN with daily 3 h feeding schedules. However, no phase change in PER2 oscillation
was observed in the SCN of rats exposed to daytime restricted feeding with or without
palatable food (Verwey et al., 2007). Finally, a daily hypo-caloric diet also induced a similar
phase advance of Perl/ in mice as reported here in RF rats (Mendoza et al., 2005b).
Altogether such findings point out interplay of feeding cues with the SCN and the possibility
that under special conditions the SCN pacemaker can be reset by unknown input signals
associated with feeding schedules.

In hypothalamic nuclei involved in metabolic and feeding functions, the main effect exerted
by RFS was a shift or induction of Per/ and Per2 mRNA expression, with a peak around
meal time. Importantly, in this study RFS affected differentially the clock components in
hypothalamic nuclei, as previously reported (Feillet et al., 2008). As detailed below, these
observations indicate that in hypothalamic oscillators, clock genes have independent daily
oscillations with different sensitivities to entraining feeding stimuli.

In the ARC, RFS elicited a peak of Perl expression at ZT6 anticipating food access, which is
in agreement with a previous study where we previously reported induction of PER1 protein
with peak values at ZT12 (Angeles-Castellanos et al., 2008) and up- regulation and phase
advance of PER1 and PER2 by hypo-caloric feeding in mice (Feillet et al., 2008). This effect
is not surprising since the ARC is the main entrance of hormonal and metabolic signals to the
hypothalamus (Hill et al., 2008).

The role of the DMH in food entrainment is controversial due to the contradictory results
reported by different groups (Gooley et al; 2006; Landry et al, 2007; Landry & Mistlberger
2007 and Mistlberger et al, 2008). Present data contribute to this controversy, since we have
observed a dampening of Per2 in RF rats. Induction of Per! expression in the DMH by RFS
confirms previous results (Gooley et al., 2006; Mieda et al., 2006), however do not agree
with an up-regulation of PER2 protein in the DMH of rats exposed to daytime restricted rich
diet as described by Verwey et al. (2007) and with the induction of a Per2 RNA rhythm in
mice reported by Mieda et al, (2006). However it is important to point out that one study
used a high caloric diet, which can induce a different metabolic state (Verwey et al., 2007)
and the other study (Mieda et al, 2006) does not provide quantification of the Per2 RNA
expression. Finally another factor influencing our present results could be the housing
conditions of the rats, because in this study the social interaction between rats could have
influenced the RFS. It is well documented that the DMH regulates arousal related with
circadian rhythms and feeding (Aston-Jones et al, 2001). Thus a conclusive role of the DMH
will need uniformity in experimental protocols.
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Based on c-FOS activity the VMH has also been proposed as the initiating structure for
anticipatory activity (Ribeiro et al, 2007); in the present study no significant changes of clock
genes were observed in RF rats, thus the role of the VMH as a putative food entrained
oscillator is also doubtful.

In the PVN it is interesting to note that the post-prandial expression of Per2 coincides with a
specific induction of c-fos mRNA and protein in the PVN (Angeles-Castellanos et al., 2004;
Poulin & Timofeeva, 2008). This meal induced pattern may be the response to digestive
processes and has been observed in other relay structures providing input signals elicited by
feeding to the brain (Angeles-Castellanos et al., 2005 and Mieda et al., 2006).

The lack of synchrony among clock genes in the different hypothalamic structures has
previously been reported by different groups. Nakamura et al. (2005) showed with the Peri-
luc reporter a desynchronous and asymmetric adjustment among regions in the SCN after
light pulses or phase shifts. Likewise, Yan and Okamura (2002) found that the phase and
amplitude of clock genes are not expressed uniformly throughout the SCN. Present evidence
suggests that this can also happen in other brain areas, since Per/ and Per2 expression in
hypothalamic nuclei are neither uniformly expressed, nor identically phased. This
particularity of extra- SCN oscillators was previously described in forebrain structures of
mice entrained with a hypo-caloric diet (Feillet et al., 2008). Present data provide evidence
that this desynchrony occurs also after normo-caloric food entrainment. The lack of regular
orchestration of clock genes in these structures may be the cause of the dampening of extra-
SCN oscillations.

In conclusion, during the last 30 years numerous experimental data have been collected that
support the existence of endogenous time-keeping systems able to predict, anticipate and
respond to feeding opportunities. A number of hypothalamic nuclei exhibit oscillations of
clock genes driven or strongly modulated by feeding schedules; however, they are not driven
uniformly. Such findings do not provide evidence of a localized food entrained oscillator in
the hypothalamus and rather suggest a system of multiple food driven oscillator. The lack of
concerted oscillations in hypothalamic nuclei may participate to their weak or dampening
oscillations as compared with those in the SCN. Further studies will need to define the
cellular pathways that link feeding cues with the induction or modifications of clock gene
oscillations.
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