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EL SINDROME METABOLICO INDUCIDO POR FRUCTOSA ES ASOCIADO CON
HIPERTENSION GLOMERULAR Y DANO MICROVASCULAR RENAL EN RATAS.

INTRODUCCION

La prevalencia de obesidad y sindrome metabdlico se ha acentuado debido a
los cambios en el tipo de dieta. En particular, la ingesta de fructosa se ha
incrementado por el aumento en el consumo de refrescos y otras bebidas endulzadas
con sacarosa y jarabe de maiz alto en fructosa. Un efecto peculiar del consumo de
fructosa es que produce aumento del acido urico plasmatico. Recientemente se
encontré que la hiperuricemia asociada al consumo de fructosa en ratas, es
parcialmente responsable del desarrollo de sindrome metabdlico. Adicionalmente
estudios clinicos y experimentales asocian a la hiperuricemia con la génesis y

perpetuacion de la hipertension arterial y el dafio renal.

Por lo tanto el objetivo del presente trabajo fue estudiar el efecto de diferentes
rutas de administracién de la fructosa sobre la induccion de sindrome metabdlico y sus
consecuencias sobre la hemodinamica glomerular y la estructura renal. Para ello se
estudiaron ratas Sprague-Dawley macho de 290-350 gr por 8 semanas. Con el fin de
inducir sindrome metabodlico se administré una dieta al 60% de fructosa (n=7) o
fructosa al 10% en el agua de beber (n=7). El grupo control consistié de 7 ratas en
dieta normal y agua pura. Se midié el peso corporal y la ingesta de alimento y agua
semanalmente. En el periodo basal y a las 8 semanas se cuantificaron el acido urico y
los triglicéridos plasmaticos y se midid la presidén arterial sistélica en los animales
concientes. Al final del periodo de estudio se evalu6 la hemodinamica glomerular
mediante técnicas de micropuncion renal. Al final del experimento los rifiones se fijaron
por perfusion para el estudio histolégico y se pesaron. Se midi6 la pared vascular en
arteriolas aferentes de glomérulos localizados en la regién mas externa de la corteza
renal mediante inmunohistoquimica y calculando el area arteriolar por analisis de
imagen computarizado, ademas se cuantifico la expresion de a-actina y se determind

la presencia de gloméruloesclerosos y fibrosis tubulointersticial.



La administracién de fructosa en la dieta produjo una ingesta caldrica mayor de
este carbohidrato comparado al que produjo el consumo en el agua de beber (38+2%
vs 7810.4%, p<0.001). La administracion de fructosa por ambas vias produjo
hipertension, hiperuricemia e hipertrigliceridemia, sin embargo hubo un incremento
progresivo de estos parametros a mayor consumo calérico de fructosa. Se encontraron
correlaciones positivas entre el porcentaje de consumo calérico de fructosa y los
valores de acido urico (r= 0.64, p=0.01) y triglicéridos plasmaticos (TG: r= 0.87,
p<0.0001) a las 8 semanas. Adicionalmente el grupo que recibié fructosa en la dieta
desarrolld hipertrofia renal, hipertensién glomerular, vasoconstriccion cortical y
arteriolopatia de los vasos preglomerulares. Encontramos correlaciones positivas entre
presion arterial sistémica y presion glomerular (r= 0.56, p=0.01); acido urico plasmatico
y area arteriolar (r=0.77, p<0.0001); area arteriolar y presion glomerular (r= 0.57,

p=0.007), y area arteriolar y resistencia aferente (r= 0.49, p=0.02).

En conclusién: (1) La ingesta de fructosa produce sindrome metabdlico, a
mayor consumo caldrico del carbohidrato las caracteristicas de sindrome metabdlico
se acentuaron. (2) El sindrome metabdlico produjo hipertrofia renal, arteriolopatia,
hipertensién glomerular y vasoconstriccion cortical. Estos cambios son mas evidentes
a mayor consumo de fructosa y son similares a los observados en hiperuricemia
experimental. (3) Estos resultados apoyan la nocién del papel fundamental de acido

urico en el desarrollo del sindrome metabdlico experimental.



OBJETIVO GENERAL

Evaluar el efecto de la forma de administracién de la fructosa, en la dieta o en

el agua de beber, sobre la estructura y la hemodinamica glomerular en ratas,

Objetivos especificos.

Comparar el efecto de la forma de administracion de la fructosa en la
generacion de sindrome metabdlico a través de la cuantificacion de los siguientes

factores: peso, acido urico, triglicéridos e hipertension arterial.

Comparar el efecto de la administracion de la fructosa sobre los parametros de

hermodindmica glomerular utilizando la técnica de micropuncion renal.

Comparar el efecto de la administracion de la fructosa sobre la estructura renal
evaluada como incremento de la pared vascular de la arteriola aferente, alteraciones
glomerulares (esclerosis y expresion de a-actina) y fibrosis tutulointesticial mediante

estudios histopatolégicos.



DISENO EXPERIMENTAL

Se estudiaron 21 ratas macho que se dividieron en 3 grupos: normales (N, n=7),
fructosa al 10% en el agua de beber (F10, n=7) y fructosa al 60% en la dieta (F60, n=7).
Se cuantifico el acido urico plasmatico (AU), y presion arteria sistolica (PAS) basaly ala 8
semanas de seguimiento. Al final del periodo de estudio se evalué la hemodindmica
glomerular con técnicas de micropuncién renal y se realizo el estudio histopatolégico.



MATERIALES Y METODOS

Animales. Los animales utilizados fueron machos de la cepa Sprague Dawley con
un peso promedio de 290-350 gr adquiridos en Harlan México.

Reactivos. Se utilizd D-fructosa, 98% de Sigma-Aldrich para preparar la solucién
al 10% de fructosa que se utilizd como agua de beber, de la cual se dosificaron 100 mL
diarios a cada animal. Para el grupo de fructosa en dieta se dosificaron 50 g diarios a
cada animal de un alimento con un contenido de 60% de fructosa adquirido de Harlan
Teklad, México S.A. de C.V.

Determinacion del consumo de fructosa. Para el seguimiento del consumo de
fructosa se peso el alimento y midié el volumen de agua restantes. También se tomo el
peso de los animales para conocer la correlacion entre el consumo de fructosa y el

aumento de masa corporal.

Presion arterial. La presion arterial sistdlica se midié en los animales conscientes
colocados en una jaula de restriccion a la que fueron habituados por una semana
previamente, Se introdujeron en una caja con lamparas para aumentar la temperatura de
la cola de los animales y hacer mas detectable el flujo sanguineo. Para medir la presion
arterial se utilizé un pletismografo con un transductor diferencial de presion que mide el

flujo sanguineo en la cola de la rata.

Acido durico, triglicéridos y glucosa séricos. Estas determinaciones se
realizaron a partir de una muestra de sangre obtenida de la cola de la rata utilizando
EDTA % como anticoagulante. Se utilizaron kits comerciales basados en métodos

enzimaticos.

Hemodinamica glomerular. Se utilizé la técnica de micropuncion renal mediante
la cual se obtuvieron muestras de orina, liquido tubular y sangre de las arteriolas
eferentes, y las presiones intratubular a flujo libre y flujo detenido, y capilar peritubular. A
partir de estos datos se calcularon los parametros de hemodinamica glomerular.



En breve las ratas se anestesiaron con pentobarbital sddico (30 mg/Kg de peso
corporal i.p.) y se colocaron en una mesa termorregulada a 37°C, se cateterizo la traquea
con tubo de polietileno PE-240, las venas yugulares y ambas arterial femorales con tubo
de polietileno PE-50. Ademas se cateterizd6 una rama de una de las venas yugulares con
tubo de polietiieno PE-10 para suministrar dosis suplementarias de anestésico, segun
requerimientos. Se expuso el ridn a través de una incisién de lumbotomia y se coloc6 en
una cdpsula de lucita, conservando su posicion fisiolégica sin comprimir el uretero ni el
pediculo renal. Se cateteriz6 el uretero con tubo de polietileno PE-10. El espacio entre la
capsula y el rindn se llend con algodén y posteriormente con agar y la superficie del rifién
se cubrid con solucién Ringer a 37°C. El rifndn se ilumind con luz fria transmitida por fibra
optica permitiendo visualizar claramente los tibulos y capilares de la corteza renal con un
microscopio estereoscépico. Uno de los catéteres femorales se utiliz6 para obtener
muestras de sangre periédicamente y el otro para monitorizar de forma continua la
presion arterial media, mediante un transductor de presién (modelo P23db, Statham
Instruments, Gould Div Inc Hato Rey, Pto Rico), conectado a un poligrafo (Grass Model
RPS 7C8, Instruments, Quincy, Mass, EUA).

Las muestras de sangre se repusieron de forma simultdnea con el mismo volumen
obtenido de una rata donadora. Los animales se mantuvieron en condiciones de
euvolemia mediante la administracion intravenosa de plasma isooncético de rata a dosis
de 10 ml/kg de peso corporal en una hora, seguido de una infusién de polifructosan
(Inutest. Fresenius Kabi, Austria) al 75% en solucion Ringer via i.v. a una velocidad de 2.2
ml/h durante todo el experimento. Después de un periodo de equilibrio de 60 min., se
inicié una recoleccion de orina de 30 a 40 min. en tubos de plastico. El volumen urinario
se calculdé por la diferencia de pesos entre el tubo con la muestra colectada y el tubo
previamente pesado. Al principio y al final de la recoleccidon de orina se obtuvieron
muestras de sangre. Simultdneamente a la recoleccion de orina, se obtuvieron 7 a 9
muestras por micropuncién del liquido tubular y de sangre de la arteria eferente y se midio
la presion del capilar peritubular e intratubular a flujo libre y flujo detenido (para estimar la
presion del capilar glomerular) con un equipo servo-null (Servonulling Pressure System
model 4A, Instrumentation for Physiology and Medicine Inc, San Diego CA USA)
conectado a un poligrafo (modelo P23db, Statham Instruments, Gould Div Inc Hato Rey,
Pto Rico). Al final de los experimentos los rifilones fueron fijados por perfusién para el
estudio histolégico.



Métodos analiticos: La concentracion de polifructosan en sangre y orina se midié
con la técnica de antrona de Davidson y Sackner (J Lab Clin Med 62:351-6, 1963). El
volumen de las muestras tubulares se midi6 con un capilar de cuarzo de diametro
constante, previamente calibrado a un volumen fijo de entre 8 y 12 nanolitros con un error
del 2%. La concentracion de polifructosan se midié por triplicado por el método
microfluorométrico de Vureck y Pegram (Anal Biochem 16:409-419, 1966). La
concentracion de proteinas plasmaticas aferentes y eferentes se midié por duplicado
mediante el micrométodo fluorométrico de Viets (Anal Biochem 88:513-521, 1978). Con
las mediciones anteriores se determinaron: la filtracion glomerular por nefrona (FG/n), la
presion capilar glomerular (PCG), el flujo plasmatico glomerular (QA), el flujo sanguineo
glomerular (FSG), las presiones oncoéticas aferente y eferente (nAy nE), las resistencias
aferente y eferente (RA, RE), la presion efectiva de filtracion (PEF), el delta de presién

transcapilar (AP) y el coeficiente de ultrafiltracion (Kf).

Estudios histopatoldgicos. Después de terminar el estudio de micropuncién los
rinones se fijaron en solucion de paraformaldehido al 4% para realizar el analisis
histolégico de forma ciega. En la cuantificacién de la morfologia de las arteriolas aferentes
se realizd la inmunohistoquimica en cortes de 4um parafinizados con el anticuerpo
primario contra a-actina y y-actina de musculo liso. Se utilizo como contraste la tincién con
acido peryodico de Shiff (PAS). Con un microscopio Olympus a una magnificacion de
1000x se seleccionaron vasos adyacentes a los glomérulos en la corteza externa, las
arteriolas aferentes fueron diferenciadas de las eferentes por la presencia de una lamina
elastica interna y de endotelio delgado y aplanado. Utilizando andlisis de imagen
computarizado (Image-Pro Plus) se midié el engrosamiento de la pared arteriolar en 5-10
arteriolas por biopsia. Previamente se reporto que las células mesangiales cambian su
fenotipo y expresan o-actina en el glomérulo durante el desarrollo de dafo renal
hipertensivo por lo que se evaluaron de 20-30 glomérulos de las mismas muestras para
cuantificar la a-actina en areas mesangiales. La presencia de gloméruloesclerosis y
fibrosis tubulointersticial fue determinada por medio de la tincién tricromica de Masson en
todos los grupos de ratas.



REVISION BIBLIOGRAFICA

El sindrome metabdlico comprende una serie de factores asociados con la
resistencia a la insulina, que incluyen hiperglucemia, hipertrigliceridemia, disminucién de
lipoproteinas de alta densidad (HDLs) e hipertension arterial. Actualmente se han incluido
otros factores como la obesidad central, hiperuricemia y aumento de la lipoproteinas de
baja densidad (LDLs) [1]. La gran importancia de este padecimiento radica en que las
personas que lo presentan tienen riesgo de desarrollar diabetes mellitus, enfermedad
cardiovascular y enfermedad renal cronica [2, 3].

La prevalencia del sindrome metabdlico se ha incrementado en los paises
desarrollados y la dieta es un factor ambiental importante que contribuye a la generacién
de obesidad y sindrome metabdlico. Actualmente la ingesta de fructosa en México y
Estado Unidos se ha incrementado debido al consumo de bebidas y alimentos
procesados endulzados con sacarosa Yy jarabe de maiz alto en fructosa (JMAF). El uso
comercial del JMAF comenz6 en 1970, y para el afo de 1985 alcanzaba el 35% de la
cantidad de edulcorantes por peso seco y en 2001 los edulcorantes del maiz sumaron el
56% del consumo total de edulcorantes [1, 4]. En 1993 se estimo que el promedio del
consumo de fructosa en adolescentes y adultos fue de 40 g/dia, de los cuales 13g
provenian de fuentes naturales y 27g de alimentos o bebidas adicionadas con fructosa [1].

En 1997 el promedio del consumo de fructosa fue de 97 g/dia (388 kcal) y cabe
sefalar que dos refrescos de 355 mL pueden aportar 50g de fructosa (200 kcal) que
sobrepasan el 10% de los requerimientos energéticos de una mujer adulta de mediana
edad [1]. Por lo tanto, el aumento en el consumo de fructosa contribuye a la prevalencia
de obesidad y anormalidades metabdlicas.

Se ha encontrado que el metabolismo de la fructosa tiene efectos importantes en
el metabolismo de la glucosa y de los lipidos que dan origen a una serie de
anormalidades metabdlicas correspondientes al sindrome metabdlico [5-10].

La fructosa es absorbida en el intestino delgado a través del transportador Glut-5
no dependiente de sodio y posteriormente ésta llega al higado por medio de la vena porta.
Una vez en el higado, la fructosa es metabolizada extensamente y sus metabolitos entran



a varias rutas metabdlicas ocasionando alteraciones cuando se consume en dosis altas
[5].

El metabolismo hepéatico de la glucosa esta limitado por su capacidad de
almacenamiento como glucégeno y por la inhibicién de la glucélisis mediante el efecto
inhibitorio del ATP y el citrato sobre la enzima fosfofructocinasa. Por el contrario, la
fructosa es metabolizada a fructosa -1-fosfato a través de la enzima fructocinasa y por lo
tanto evita el paso de regulaciéon de la fosfofructocinasa [1]. Se ha demostrado que
durante el consumo simultaneo de glucosa y fructosa (sacarosa) se induce un aumento
marcado en la incorporacion hepatica de glucosa asi como un incremento significativo en
la sintesis de glucdégeno. Estos efectos son mediados por el incremento de la produccion
de fructosa-1-fosfato mediada por el metabolismo de la fructosa lo cual inhibe Ila
glucogeno fosforilasa con la consecuente acumulacién de glucdégeno; adicionalmente el
aumento de glucosa-6-fosfato activa a la glucéogeno sintetasa que es la enzima
responsable de la sintesis del glucégeno [9].

Por otro lado la fructosa funciona como una fuente no regulada en la produccién
de AcetilCoA que ocasiona un incremento en la lipogénesis de novo. La fructosa da origen
a dos moléculas de gliceraldehido-3-fosfato que son convertidas, a través de una reaccion
catalizada por la enzima piruvato-cinasa, a piruvato, el cual a su vez genera AcetilCoA por
accién de la enzima piruvato deshidrogenasa. La AcetiCoA es la principal fuente de
carbono para la lipogénesis y depende de la concentracion de piruvato, la cual esta
regulada por la piruvato deshidrogenasa. Esta ultima enzima se encuentra activada
cuando se administra una concentracidon de fructosa por arriba de la concentracion
fisiologica (1.3 mmol/L) por efecto de una disminucion en la relacion [ATP]/[ADP]
provocada por la fosforilacién de la fructosa en fructosa -1-fosfato [9]. Como resultado de
la esterificacibn de la cadena de AcetilCoA ocurre la produccion de fosfolipidos y
triglicéridos que son los mayores precursores de las lipoproteinas de muy baja densidad
(VLDLs). Asi, las concentraciones elevadas de fructosa son utilizadas como una fuente no
regulada de acetilCoA [9]. En efecto, estudios en humanos han demostrado que la
ingestion de fructosa resulta en un incremento marcado de la lipogénesis de novo
mientras que cantidades isocaléricas de glucosa no producen este efecto [9]. Asi la
fructosa es mas lipogénica que la glucosa, efecto que puede ser exacerbado en sujetos
con hiperlipidemia primaria, resistencia a insulina o diabetes tipo Il. En un andlisis de 33
estudios experimentales se demostr6 en 26 que ocurre un aumento de las



concentraciones plasmaticas de triglicéridos en respuesta a una dieta alta en fructosa
[10].

Un efecto peculiar del consumo de fructosa es el aumento de las concentraciones
plasméticas de &cido Urico. Se ha observado en varios estudios experimentales y en
humanos que el consumo de fructosa lleva al desarrollo de hiperuricemia [11, 12], y
también se ha observado que los pacientes hipertensos tienen un aumento mayor en la

concentracion de acido urico después de una infusién de fructosa [10].

El incremento de acido Urico por consumo de fructosa se relaciona con una caida
en la concentracion hepatica de ATP y fosfato inorganico. Esta se encuentra asociada a
la inhibicion de la fosforilacion oxidativa del ATP por escasez de fosfato inorganico, que se
encuentra secuestrado en forma de gliceraldehido-3 fosfato y fructosa-1-fosfato tras la
fosforilacion de la fructosa que lleva a cabo la enzima fructocinasa. La disminucion en la
concentracion de ATP conduce a la eliminacién de la inhibicion alostérica de las enzimas
que degradan el AMP: AMP desaminasa y 5-nucleotidasa. Este efecto genera un aumento
en la concentracion de inosina que es el sustrato para la formaciéon de acido drico [9];
aunado a esto, la disminucion de nucleosidos de adenina totales provoca la estimulacion
de la sintesis de novo de nucle6tidos como una regulacion por retroalimentacion. Por
consiguiente se elimina la inhibicién alostérica de los dos primeros pasos de la sintesis de
novo de nucleédtidos, catalizados por las enzimas PRPP sintetasa y PRPP glutamil-
amido-transferasa y hay un aumento en la produccién de 5-fosforribosil-1-pirofosfato
(PRPP), que da lugar a la formacién de IMP, que es degradado también a &cido Urico, ya
qgue la enzima 5-nucleotidasa sigue activa [9]. Asi entonces la ingesta de fructosa propicia
el aumento de &cido Urico por dos mecanismos: aumento de la concentracién de inosina
por degradacién de ATP y estimulacién de la sintesis de novo de nucleétidos y su
consiguiente degradacion.

Por otro lado se ha sugerido que la hipertensién secundaria al sindrome
metabdlico inducido por sobrecarga de fructosa podria estar asociada con el aumento de
acido urico causada por la ingesta de este carbohidrato [13].



A este respecto, estudios epidemioldgicos recientes han reevaluado el papel del
acido urico en el desarrollo de hipertension arterial. En varios estudios se encontré que la
hiperuricemia predice el desarrollo de hipertension arterial. De particular relevancia es un
estudio en el que el acido urico se encontré aumentado en casi el 90% de adolescentes
con hipertension esencial de reciente diagnéstico. Ademas estudios piloto mostraron que
la reduccién de la hiperuricemia con alopurinol corrigié la hipertension en 4 de 5 de estos
pacientes [14]. Estos resultados son consistentes con la hipétesis de que el aumento de
acido urico puede participar en la patogénesis temprana de la hipertension arterial.

Adicionalmente, un elemento sobresaliente en la hipertension asociada a
hiperuricemia es la presencia de lesiones vasculares independientes de la hipertension.
Se ha encontrado en pacientes hipertensos correlacién entre la concentracion de acido
arico sérico y resistencia vascular renal, y disminucion de la filtracion glomerular [15].
Estos hallazgos sugieren que la hiperuricemia se asocia con dafo vascular renal. En
estudios realizados en autopsias de pacientes con gota se encontraron cambios
histolégicos vasculares renales en mas del 75 % de los casos [16]. Adicionalmente se ha
descrito un sindrome familiar de hiperuricemia juvenil caracterizado por disminucion de la
excrecién fraccional de urato, hipertension, dafio vascular y tubulointersticial sin depdsito
de cristales de urato [17, 18].

Con el fin de determinar la participacion del acido urico en la patogénesis de la
hipertensién se desarroll6 un modelo experimental de hiperuricemia moderada en la rata.
La administracion de acido oxoénico (inhibidor de la uricasa, enzima ausente en el hombre)
induce hiperuricemia sin formacién de cristales de urato. A las 4 semanas los animales
desarrollaron hipertension arterial, hipertrofia de la arteriola aferente e inflamaciéon
tubulointersticial. El tratamiento con alopurinol y benzodiarona previno las alteraciones
descritas [19, 20]. Adicionalmente en estudios in vitro el &cido Urico indujo proliferacion de
células de musculo liso vascular [21].

Por otra parte, la produccién de 6xido nitrico (ON) derivado de la sintasa endotelial
juega un papel importante en el mantenimiento de la microvasculatura, asi una produccion
andmala de ON es comun en sujetos con sindrome metabdlico, hipertension y/o
enfermedad vascular [22, 23]. A este respecto se encontr6 que el &cido Urico reduce la
concentracion de ON en células endoteliales en cultivo humanas y de rata [24, 25].



Consistentemente con estos hallazgos se encontr6 que las ratas con hiperuricemia por
acido oxonico tienen concentraciones bajas de nitritos plasmaticos (producto de la
degradacién del ON) lo cual se previene si los animales son tratados con alopurinol [25].
Estas evidencias apoyan la nocién de que la hiperuricemia puede producir disfuncién
endotelial. De hecho numerosos estudios han reportado que la disminucion de la
concentracion de acido Urico sérico con alopurinol mejora la funcion endotelial en

pacientes con dafo cardiaco, diabetes, hipercolesterolemia y en fumadores [26, 27, 28].

En estudios realizados en nuestro laboratorio encontramos que la hipertrofia de la
arteriola aferente inducida por hiperuricemia se traduce en la alteracion del mecanismo de
autorregulacion que permite mantener la presidon glomerular normal en presencia de
hipertensién sistémica [29, 30]. En los animales hiperuricémicos el aumento de la presion
sistémica se transmitié al capilar glomerular induciendo hipertension glomerular, a pesar
de que el grado de arteriolopatia aferente correlacioné positivamente con el grado de
vasoconstriccion cortical renal [29]. Es un hecho bien conocido que tanto la lesién
vascular de la arteriola aferente como las lesiones tubulointersticiales inducidas por la
isquemia renal prolongada producen a largo plazo hipertension sensible a sal [31].
Adicionalmente se sabe que la hiperuricemia es un hallazgo comun en otras condiciones
relacionadas con hipertensién esencial como son las ratas de la cepa espontdneamente
hipertensa [32]. Recientemente se ha demostrado en ratas, que la arteriolopatia inducida
por la administracion de acido oxénico por 7 semanas se asocidé con aumento de la
presion sistémica en respuesta a un aumento de sodio en la dieta [33]. Estos resultados
sugieren que una vez que se establece la lesidén estructural la hipertension se auto-
perpetua aunque se retire el insulto inicial. A este respecto es interesante que las ratas
con sobrecarga de fructosa en el contexto de una dieta baja en sodio no desarrollaron
hipertensién arterial [34].
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Sanchez-Lozada LG, Tapia E, Jiménez A, Bautista P, Cris-
tébal M, Nepomuceno T, Soto V, Avila-Casado C, Nakagawa T,
Johnson RJ, Herrera-Acosta J, Franco M. Fructose-induced
metabolic syndrome is associated with glomerular hypertension
and renal microvascular damage in rats. Am J Physiol Renal
Physiol 292: F423-F429, 2007. First published August 29, 2006;
doi:10.1152/ajprenal.00124.2006.—Fructose intake has been re-
cently linked to the epidemic of metabolic syndrome and, in turn,
the metabolic syndrome has been epidemiologically linked with
renal progression. The renal hemodynamic effects of fructose
intake are unknown, as well as the effects of different routes of
administration. Metabolic syndrome was induced in rats over 8 wk
by either a high-fructose diet (60%, F60, n = 7) or by adding
fructose to drinking water (10%, F10, n = 7). Body weight and
food and fluid intake of each rat were measured weekly during the
follow-up. At baseline and at the end of wk 8, systolic blood
pressure, plasma uric acid, and triglycerides were measured. At the
end of week 8 glomerular hemodynamics was evaluated by mi-
cropuncture techniques. Wall thickening in outer cortical and
juxtamedullary afferent arterioles was assessed by immunohisto-
chemistry and computer image analysis. Fructose administration
either in diet or drinking water induced hypertension, hyperurice-
mia, and hypertriglyceridemia; however, there was a progressive
increment in these parameters with higher fructose intake
(C<F10<F60). In addition, the F60 rats developed kidney hyper-
trophy, glomerular hypertension, cortical vasoconstriction, and
arteriolopathy of preglomerular vessels. In conclusion, fructose-
induced metabolic syndrome is associated with renal disturbances
characterized by renal hypertrophy, arteriolopathy, glomerular hy-
pertension, and cortical vasoconstriction. These changes are best
observed in rats administered high doses (60% diet) of fructose.

uric acid; obesity

METABOLIC SYNDROME IS A PATHOPHYSIOLOGICAL entity character-
ized by insulin resistance, hyperinsulinemia, dyslipidemia, hy-
pertension, and obesity (27). The risk for developing diabetes
type 2, cardiovascular disease, and renal disease is increased
with increasing manifestations of the various components of
the syndrome within any individual.

The macronutrient content of the diet has been linked to the
metabolic syndrome. Recently, consumption of dietary fruc-
tose has been suggested to be one of the environmental factors
contributing to the development of obesity and the accompa-
nying abnormalities of the metabolic syndrome (7). In fact, a
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well-known experimental model of metabolic syndrome is
induced by high consumption of fructose; this model induces
hypertension, hypertriglyceridemia, hyperinsulinemia, and in-
sulin resistance in rats (12). Fructose consumption is able to
produce these effects because fructose is more lipogenic than
glucose and usually causes greater elevations of triglycerides
(10), which, in turn, increases intramyocellular triglyceride
content in the skeletal muscle, causing insulin resistance.

Fructose is unique among sugars in that it also results in a
marked synthesis of uric acid; this effect is secondary to
fructose phosphorylation by fructokinase (also called ketohex-
okinase), which uses ATP as phosphate donor. Accumulation
of fructose-1-phosphate causes depletion of hepatic ATP and
increases the degradation of nucleotides to uric acid (10). In
effect, it is well known that healthy individuals show a tran-
sient rise in serum uric acid following an oral or intravenous
challenge of fructose, and this is greater in gouty patients or
their siblings (8, 24).

Recently, the role of fructose-induced hyperuricemia in the
development of metabolic syndrome was examined (20). In
fructose-fed rats administration of allopurinol lowered uric
acid levels and significantly reduced blood pressure, improved
basal and stimulated insulin levels, corrected the hypertriglyc-
eridemia, and prevented the weight gain (20). Since endothelial
dysfunction is a hallmark of insulin resistance, it was interest-
ing to find that vasorelaxation of arterial rings in response to
acetylcholine, a process that is mediated by nitric oxide (NO),
was blocked by uric acid (20). Thus uric acid-induced endo-
thelial dysfunction with impaired NO production may partici-
pate in the development of insulin resistance in fructose-fed
rats. On the other hand, renal arteriolar damage, glomerular
hypertension, and cortical vasoconstriction have also been
reported to be induced by hyperuricemia (29, 30) but it is not
known whether this also occurs in fructose-overloaded rats.

Fructose-induced metabolic syndrome can be created exper-
imentally either by feeding rats with a high-fructose diet (60%)
(12, 20) or by adding fructose to drinking water (10—-20%) (5);
nevertheless, different routes of administration might induce a
variable consumption of fructose and, in turn, result in variable
manifestations of metabolic syndrome components.

Therefore, we hypothesized that different routes of fructose
administration in rats probably induce variable degrees of
metabolic syndrome that may induce different physiological
and morphological renal responses.

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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METHODS

Three groups of male Sprague-Dawley rats were studied (290-350
g, Harlan Mexico). Control group (C; n = 7) received regular diet
(57.3% of carbohydrate, 41.2% as starch. cat. 2018S Harlan Teklad,
Indianapolis, IN). Fructose 60 group (F60; n = 7) was fed a 60%
fructose diet (Harlan Teklad). Fructose 10 group (F10; n = 7) was fed
a regular diet, and fructose was administered as a 10% solution
(prepared every 2 days) in drinking water. Animals consumed diets
and fluids ad libitum. All groups were followed for 8 wk. Experiments
were approved by the Ethics Committee of Instituto Nacional de
Cardiologia Ignacio Chavez.

Measurements. Body weight, food intake, and fluid intake of each
rat were measured weekly during the follow-up. At baseline and at the
end of 8 wk, systolic blood pressure (SBP) was measured in conscious
rats by tail cuff sphyngomanometer (XBP-1000 Kent Scientific, Tor-
rington, CT). All animals were preconditioned for blood pressure
measurements 1 wk before each experiment. Plasma uric acid (Diag-
nostic Chem) and triglycerides (Spinreact) were measured at the same
time points. In addition, plasma glucose (Spinreact) was measured at
the end of week 8 in C, F10, and F60 groups.

In all rats, a 24-h urine sample to assess the presence of albumin-
uria was collected in metabolic cages at the end of week 8 of the study.
Quantification of urinary rat albumin was performed by ELISA
analysis (Nephrat, Exocell, Philadelphia, PA).

Micropuncture. Animals were anesthetized with pentobarbital so-
dium (30 mg/kg ip) and placed on a thermoregulated table to maintain
body temperature at 37°C. Trachea, jugular veins, femoral arteries,
and the left ureter were catheterized with polyethylene tubing (PE-
240, PE-50, and PE-10). The left kidney was exposed, placed in a
Lucite holder, sealed with agar, and covered with Ringer solution.
Mean arterial pressure (MAP) was monitored with a pressure trans-
ducer (model PT300; Grass Telefactor, Warwick, RI) connected to the
catheter in the femoral artery and recorded on a polygraph (Grass
Instruments, Quincy, MA). Blood samples were taken periodically
and replaced with blood from a donor rat. Rats were maintained under
euvolemic conditions by infusion of 10 ml/kg of body weight of
isotonic rat plasma during surgery, followed by an infusion of 25%
polyfructosan, at 2.2 ml/h (Inutest, Fresenius Kabi, Linz, Austria).
After 60 min, five to seven samples of proximal tubular fluid were
obtained to determine flow rate and polyfructosan concentrations.
Intratubular pressure under free-flow (FF) and stop-flow (SFP) con-
ditions and peritubular capillary pressure (Pc) were measured in other
proximal tubules with a servo-null device (Servo Nulling Pressure
System; Instrumentation for Physiology and Medicine, San Diego,
CA). Glomerular colloid osmotic pressure was estimated from protein
concentrations obtained from blood of the femoral artery (Ca) and
surface efferent arterioles (Ce). Polyfructosan was measured in
plasma and urine samples by the anthrone-based technique of David-
son and Sackner (6).

The volume of fluid collected from individual proximal tubules was
estimated from the length of the fluid column in a constant bore
capillary tube of known internal diameter. The concentration of
tubular polyfructosan was measured by microfluorometric method of
Vurek and Pegram (36). Protein concentration in afferent and efferent
samples was determined according to the method of Viets et al. (35).
Glomerular filtration rate (GFR), single-nephron GFR, glomerular
capillary hydrostatic pressure (PGC), single-nephron plasma flow
(QA), afferent (AR), efferent (ER) resistances, and Ky were calculated
with equations previously reported (2).

Renal histology and quantification of morphology. After the mi-
cropuncture study, kidneys were washed by perfusion with PBS, fixed
with 4% paraformaldehyde, and weighed. Renal biopsies were em-
bedded in paraffin. Four-micrometer sections of fixed tissue were
stained with periodic acid Schiff (PAS) reagent. Arteriolar morphol-
ogy was assessed in outer cortical and juxtamedullary (JM) nephrons
by indirect peroxidase immunostaining using a monoclonal rat anti-

GLOMERULAR HYPERTENSION IN METABOLIC SYNDROME

human antibody specific for cardiac, smooth and striated muscle o
actin and smooth muscle v actin (Clone HHF35, DAKO, Carpinteria,
CA) (15). Afferent arterioles were identified by their location adjacent
to the vascular pole of the glomerular tuft, the presence of an internal
elastic lamina, and by having fewer thin flattened endothelial cells
than the efferent arteriole (25, 33). We excluded from measurement
all vessels showing more than one layer of endothelium as suggested
by Clapp and Croker (4). Renal sections incubated with normal rabbit
serum were used as negative controls (29).

For each arteriole, the outline of the vessel and its internal lumen
(excluding the endothelium) were generated using computer analysis
to calculate the total medial area (outline-inline), in 510 arterioles per
biopsy. The media/lumen ratio was calculated by the outline/inline
relationship (29). Quantifications were performed blinded.

Previously, it was reported that mesangial cells change their phe-
notype and expressed a-smooth muscle actin in the glomeruli during
the development of hypertensive renal damage (14). Thus we em-
ployed the same sections used for the assessment of arteriolar mor-
phology to evaluate the immunostaining of muscle actin in mesangial
areas. Twenty to 30 outer cortical and available juxtamedullary
glomeruli (X100) per biopsy were analyzed using Image-Pro-Plus 5.0
(Media Cybernetics, Silver Spring, MD). Positive brown color mes-
angial areas were selected and quantified in pixel units in each
glomerulus. The mean amount of positive brown areas/glomerulus
was obtained by averaging the values from the examined glomeruli.

In addition, the presence of glomerulosclerosis and tubulointersti-
tial fibrosis was assessed by Masson’s trichrome staining in all groups
of rats.

Statistical analysis. Values are expressed as means * SE. Groups
were analyzed by one-way ANOVA. Comparisons among groups
were performed with Bonferroni’s multiple comparison test. Compar-
isons between F10 vs. F60 were done with unpaired r-test. The
relationship between variables was assessed by correlation analysis.
Statistical analysis was performed with Prism version 3.03 (GraphPad
Software, San Diego, CA). P < 0.05 was considered significant.

RESULTS

General parameters. Baseline values of SBP, plasma uric
acid (UA), trigylcerides (TG), and body weight (BW) are
depicted in Fig. 1. We did not find differences in mean values
of SBP (C: 115 = 5 mmHg, F10: 123 = 5 mmHg, F60: 107 =
3 mmHg), UA(C: 0.53 = 0.03 mg/dl, F10: 0.34 = 0.045 mg/dl,
F60: 0.43 = 0.09 mg/dl), and BW (C: 325 = 4 g, F10: 330 =
5 g, F60: 328 = 5 mg/dl) among the groups. Fasting TG levels
were <150 mg/dl in all groups at baseline, although they were
slightly but significantly lower in the F10 group (C: 98 * 11
mg/dl, F10: 50 = 8 mg/dl, F60: 94 = 10 mg/dl; P < 0.05 vs.
C and F60).

Mean daily water and food consumption in control animals
were 17 = 0.21 g and 37 = 0.7 ml of water. Similarly, the F60
group ingested 17 £ 0.41 g and drank 34 * 0.8 ml of water (C
vs. F60, P = not significant). F10 rats ate 30% less food and
drank 80% more water compared with C and F60 groups (12 *
0.27 g, P < 0.001 vs. C and F60; 65 = 6 ml, P < 0.001 vs. C
and F60). The caloric intake was calculated based on daily
food and fluid intakes and the caloric values of regular diet (3.3
Kcal/g) and fructose (4 Kcal/g). Fructose intake of rats ac-
counted for 38 = 2% of caloric intake in F10 and 66% in F60
(P < 0.001).

Absolute values of BW, SBP, and plasma UA and TG at
week 8 are depicted in Table 1. To better understand the
changes induced by fructose intake, we calculated the ratio
baseline/week 8 of body weight, SBP, UA, and TG in each rat
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and compared them among the groups. There were no signif-
icant differences in body weight gain among groups (C: 1.16 =
0.02, F10: 1.18 = 0.03, F60: 1.21 = 0.01). SBP, UA, and TG
changes were significantly higher in F10 and F60 compared
with C (SBP: C, 0.96 = 0.05; F10, 1.29 * 0.07; F60, 1.39 =
0.04; C vs. F10 and F60, P < 0.05. UA: C, 0.97 = 0.19; F10,
2.97 = 0.42; F60, 3.89 = 0.94, C vs. F10 and F60, P < 0.05.
TG: C, 0.84 = 0.06; F10, 2.20 * 0.42; F60, 3.16 * 0.32, C vs.
F10 and F60, P < 0.05). Although we did not find statistical
differences in the ratios of BW, SBP, UA, and TG between F10
and F60, we observed a progressive increment in these param-
eters coupled with higher fructose intake (C<F10<F60). In
addition, we found a linear relationship between fructose
caloric intake vs. absolute values of UA and TG at week 8 (UA:
r=0.57, P =0.03; TG: r = 0.77, P = 0.001) and between
plasma uric acid and SBP (r = 0.54, P < 0.01).

Finally, we did not find differences in plasma glucose (C,
121 = 6 mg/dl; F10, 107 = 6 mg/dl; F60, 111 £ 4 mg/dl; P =
not significant; Table 1) and urinary albumin excretion (C,
11.6 £ 0.15 mg/dl; F10, 11.4 = 0.22 mg/dl; F60, 11.1 = 0.29
mg/dl; P = not significant) among groups at the end of week §.

Glomerular hemodynamics. Similarly to SBP, MAP was
significantly higher in F10 and F60 groups compared with C
rats (C: 116 = 5 mmHg; F10: 145 = 5 mmHg; F60: 142 = 4
mmHg; C vs. F10 and F60, P < 0.01). Total GFR was similar
among the groups (C: 0.78 = 0.05 ml/min; F10: 1.00 = 0.05
ml/min; F60: 1.02 = 0.11 ml/min). In contrast, higher fructose
caloric intake in F60 group was associated with a significant
decrement of cortical single-nephron GFR (C: 38 = 2 nl/min;
F10: 50 = 6 nl/min; F60: 25 * 3 nl/min) and ultrafiltration
coefficient (C: 0.058 £ 0.009 nl-s’l-mmHg*I; F10: 0.060 =
0.006 nl-s~'*mmHg~!; 0.025 = 0.003 nl-s~'*mmHg ') com-
pared with C and F10 groups (P < 0.05; Fig. 2). In addition,
glomerular plasma flow was numerically lower compared with
C and reached statistical significance compared with F10 (C:
171 = 11 nl/min; F10: 179 = 18 nl/min; F60: 111 = 15 nl/min;
F10 vs. F60, P < 0.05; Fig. 2). The decrements in single-

Table 1. BW, SBP, and plasma UA, TG, and glucose at
week 8

Glucose,

BW, g SBP, mmHg UA, mg/dl TG, mg/dl mg/dl

Control  376.7%=5.5 108.3*+4.2 0.51*+0.10 79.1%£8.5 121*6
F10 390.0%£6.5 155.7*+3.6* 0.86*0.06* 93.9+8.3 107*6
F60 397.6+4.5 147.8+2.4* 1.19%0.11* 280.1x16.5f 111+4

Values are means = SE. BW, body weight; SBP, systolic blood pressure;
UA, uric acid; TG, triglycerides. *P < 0.05 vs. C. P < 0.05 vs. F10.

nephron GFR and glomerular plasma flow in F60 resulted from
the significant increase of afferent (C, 1.8 + 0.15 dyn-s-cm™>;
F10, 2.6 = 0.28 dyn-s-cm ™ ; F60, 3.5 *= 0.41 dyn*s-cm™>; C
vs. F60, P < 0.01) and efferent resistances (C, 1.0 = 0.09
dyn-s-cm~3; F10, 1.1 = 0.12 dyn-s-cm™>; F60, 1.7 = 0.23
dyn-s-cm’s; F60 vs. C and F10, P < 0.05). Despite cortical
vasoconstriction, F60 animals developed glomerular hyperten-
sion compared with the C group (C: 47 = 1 mmHg; F10: 49 *
1 mmHg; F60: 53 = 1 mmHg; C vs. F60, P < 0.01; Fig. 2). In
addition, we found a positive linear relationship between MAP
and glomerular pressure (r = 0.49, P < 0.05) and a negative
correlation between plasma uric acid and ultrafiltration coeffi-
cient (r = —0.41, P < 0.05).

Kidney size and renal histology. F60 rats had larger kidneys
as percentage of BW than C and F10 groups (C: 0.36 = 0.02%;
F10: 0.34 = 0.01%; F60: 0.40 = 0.01%; F10 vs. F60, P <
0.01). In addition, we found a positive correlation between
fructose caloric intake and kidney size as percent of BW (r =
0.57, P = 0.03).

Figure 3 shows the renal arteriolar morphology in outer
cortical glomeruli. We observed a progressive increment of
arteriolar wall area with increasing fructose caloric intake,
which was statistically significant when comparing Controls
vs. F60 (C: 227 + 8 wm?; F10: 264 + 7 um?; F60: 298 + 16
wm?; C vs. F60, P < 0.01). In JM nephrons, we find a similar
pattern, although it did not reach statistical significance (C:
210 = 7 um?; F10: 240 = 30 wm?; F60: 289 + 21 um?; P =
not significant).

We also found positive linear relationships between plasma
uric acid and outer cortical glomeruli arteriolar area (r = 0.77,
P < 0.0001). Additionally, outer cortical glomeruli arteriolar
area and glomerular pressure (r = 0.57, P = 0.007), and
afferent resistance (r = 0.49, P = 0.02) correlated positively.

We did not find statistical significant differences in the
media to lumen relationship among the groups in cortical (C:
2.4 £ 0.35; F10: 2.6 £ 0.3; F60: 2.8 = 0.4; P = not
significant) and juxtamedullary nephrons (C: 2.0 = 0.3; F10:
2.7 = 0.5; F60: 1.7 = .0.2; P = not significant). However,
when we compared cortical M/L vs. juxtamedullary M/L in the
same group, we found a significant difference in F60 group
(P = 0.02).

Additionally, we found a faint and nonsignificant a-actin
staining in cortical (C: 197 * 27 pixels/glomeruli; F10: 158 *
20 pixels/glomeruli; F60: 134 = 14 pixels/glomeruli; P = not
significant) and juxtamedullary (C: 253 £ 37 pixels/glomeruli;
F10: 224 = 23 pixels/glomeruli; F60: 177 * 15 pixels/
glomeruli) glomerular mesangial areas. Similarly, no differ-
ences were found in glomerulosclerosis and tubulointerstitial
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Fig. 2. Glomerular hemodynamics in control,
F10, and F60 groups at the end of week 8.
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fibrosis among groups and the Masson’s trichrome-stained
sections in F10 and F60 rats were comparable to Control
animals.

DISCUSSION

In the present study, we examined the effect of two different
methods of fructose administration in the development of
metabolic syndrome and on glomerular hemodynamic changes
and afferent arteriole morphology. Fructose administration
either in drinking water or in the diet was able to induce
systemic hypertension, hyperuricemia, and hypertriglyceride-
mia. However, 60% fructose diet resulted in a higher fructose
caloric intake, which was associated with worsening metabolic
syndrome parameters as well as renal arteriolar damage, glo-
merular hypertension, and cortical vasoconstriction. These data
thus demonstrate a direct relationship between increasing fruc-
tose consumption and worsening features of the metabolic
syndrome with deleterious effects on renal hemodynamics and
morphology.

There is clinical and epidemiological evidence that suggests
a progressive association between fructose consumption and
the development of metabolic syndrome (7). Indeed, a marked
increase in obesity and metabolic syndrome in the last 20 years
within the United States has been linked to a 30% overall
increase in fructose ingestion, in part, because of the introduc-
tion of high fructose corn syrup as a sweetener in soft drinks
and other foods (22). In the present study, we observed a
gradual but mild increment in blood pressure, plasma uric acid,
and triglycerides with increasing caloric intake of fructose
(C<F10<F60) supporting the causal role of greater consump-
tion of fructose with the worsening of metabolic syndrome
parameters. Although we did not observe changes in plasma
glucose at the end of the study among the groups, this finding

is not atypical in this experimental model characterized by
insulin resistance instead of hyperglycemia (12, 20).

Recent epidemiological evidence indicates that metabolic
syndrome may be a risk factor for renal damage and is also
a predictor of poor outcome in patients with chronic renal
failure (3, 13, 17). In this regard, we found that higher
fructose intake was associated with kidney hypertrophy; in
other pathophysiological conditions such as diabetes melli-
tus, the development of irreversible renal changes is always
preceded by early hypertrophic processes (31). Since glo-
merular hemodynamics changes are considered one of the
main factors that lead to renal damage, we determined
whether fructose-induced metabolic syndrome was able to
produce glomerular hemodynamic disturbances. While we
found that fructose induced features of metabolic syndrome,
either in diet or drinking water, only rats that received 60%
fructose diet developed glomerular hypertension and corti-
cal vasoconstriction as indicated by a significant decrease of
single-nephron GFR and ultrafiltration coefficient and a rise
of afferent and efferent resistances. Due to the fact that
glomerular hemodynamics are determined by microvascular
structure and function (28), it was interesting to find that
F60 rats developed thickening of the vascular wall of the
afferent arterioles in outer cortical nephrons. We previously
showed that arteriolopathy of preglomerular vessels has a
detrimental impact in glomerular function in hyperuricemic
rats (29). In this study, we confirmed this association since
arteriolar area and glomerular pressure (r = 0.57, P =
0.007), as well as arteriolar area and afferent resistance,
(r = 0.49, P = 0.02) correlated positively. In addition, we
found a positive linear relationship between MAP and
glomerular pressure (r = 0.49, P < 0.05); this finding
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Fig. 3. Afferent arteriolar morphology in outer cortical nephrons in Control
(A), F10 (B), and F60 (C) groups (X1,000).

suggests an impairment of the autoregulatory capacity of
preglomerular vessels in F60 rats.

We do not have an explanation why mild differences in
blood pressure, plasma UA, and TGs produced such a consid-
erable effect on glomerular hemodynamics in the F60 rats. It
was also interesting that F10 rats did not demonstrate cortical
vasoconstriction; however, fructose in drinking water induced

F427

a marked increment in water consumption; thus, volume ex-
pansion in F10 rats may have had a renal vasodilatory effect.

It is assumed that glomerular hemodynamic changes precede
structural damage. In the present study, functional alterations
in cortical nephrons in F60 rats were not accompanied by
increased expression of mesangial a-actin, glomerulosclerosis,
or tubulointerstitial fibrosis. In addition, urinary excretion of
albumin was normal in the fructose-treated groups. Thus these
findings suggest that, at this time point, renal alterations re-
sulting in metabolic syndrome are limited to glomerular he-
modynamic changes and that it likely takes a more prolonged
period of time to produce glomerular or tubulointerstitial struc-
tural lesions. Indeed, we recently found that chronic feeding of
fructose (60%) in the remnant kidney model does accelerate
renal progression (Gersch M and Johnson R, unpublished
data).

On the other hand, the selective alteration of superficial
nephron dynamics implies a correlative increase in filtration in
deeper nephrons as total GFR did not change in the F60 group.
In this regard, there are a number of anatomical and functional
differences between cortical and JM nephrons. JM glomeruli
are larger and GFR is also higher than those of cortical
nephrons (1). Hence, it has been suggested that in chronic
arterial hypertension and ischemic nephropathies, such as may
be occurring in F60 rats, that JM nephrons undergo a dispro-
portionate rise in SNGFR, presumably associated with exces-
sive high PGC and/or blood flow (23). In this study, we found
a significant lower M/L ratio in JM compared with cortical
afferent arterioles in F60 group, implying that JM nephrons
have a larger lumen which could be associated with a higher
blood flow in this population. This finding is in agreement with
an increased GFR in deeper nephrons.

Hyperuricemia is considered a component of the metabolic
syndrome. A unique feature of fructose ingestion is that it
produces an increment of UA levels due to its hepatic catabolic
pathway (10). In the present study, plasma UA levels corre-
lated with fructose ingestion even in individual animals as
demonstrated by the positive correlation between %fructose
caloric intake and UA at week 8. Previously, we demonstrated
that rats made hyperuricemic by inhibiting uricase with oxonic
acid had increased blood pressure, afferent arteriole thickening,
glomerular hypertension, and cortical vasoconstriction (29). In
the present study, we found positive linear relationships be-
tween plasma uric acid and SBP (r = 0.54, P < 0.01) and
arteriolar area (r = 0.64, P < 0.001) and a negative correlation
with ultrafiltration coefficient, a marker of glomerular vaso-
constriction (r = —0.41, P < 0.05). Therefore, higher UA
levels induced by 60% fructose diet may be partially respon-
sible for the glomerular hemodynamic alterations.

Several studies have shown that ANG II plays an impor-
tant role in the alterations induced by high fructose con-
sumption in rats. Actions of ANG II in this model are
associated with the development of hypertension, suppres-
sion of adiponectin secretion (26), increase of adipocyte size
(9), and generation of oxidative stress (32). In addition,
blockade of ANG II abolished the increased VSMC prolif-
eration, restored eNOS activity (19), and improved the
insulin sensitivity (11). Since hyperuricemia is associated
with activation of RAS (18, 21), it is tempting to speculate
that increased synthesis of ANG II in this model could be
secondary to the rise of plasma uric acid.

AJP-Renal Physiol - VOL 292 « JANUARY 2007 « www.ajprenal.org

1002 ‘Sz Arenuer uo 610°ABojoisAyd-jeualdle wouy pspeojumoq




B8
2
2
2.
N
oW
=
g
2
|
<
=
1
M
)
o
@)
=
<
Yo
=
o
P—
c
(]
@)
e
j%)

F428

In summary, our results demonstrate several important
new findings potentially related to the ongoing epidemic of
metabolic syndrome. First, we provide evidence that in-
creasing amounts of fructose result in increasing features of
the metabolic syndrome. Second, we demonstrate that fruc-
tose-induced metabolic syndrome results in renal hypertro-
phy, afferent arteriolopathy, glomerular hypertension, and
renal vasoconstriction. These changes are similar to what we
have observed with experimental hyperuricemia (29), and
indeed, in previous experimental studies we have been able
to largely block the features of fructose-induced metabolic
syndrome by lowering serum UA (20). This latter finding is
all the more relevant since humans lack uricase and hence
develop hyperuricemia more readily than rodents in re-
sponse to diet (16). Indeed, the administration of small
doses of an uricase inhibitor to rats fed fructose dramatically
increases the serum UA (34). Thus, while large doses
(>60% caloric intake) of fructose were needed to observe
the renal hemodynamic effects in these rats, it is likely that
lower doses would be necessary in humans. Since the
average fructose intake in young adults may approach 10—
20% of overall caloric intake (7, 22), the observations in this
study may be of great clinical relevance to the effects of
fructose on the metabolic syndrome and the kidney in humans.
Further studies to determine the effect of lowering UA on the
renal hemodynamic and morphological changes in fructose-
induced metabolic syndrome are planned.
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