
1Biological Research

Biological
Research
is the continuation since 1992 of
ARCHIVOS DE BIOLOGÍA Y 
MEDICINA EXPERIMENTALES
founded in 1964
Founding Editor:
Jorge Mardones
Past Editors:
Tito Ureta,
Patricio Zapata,
Manuel Krauskopf
Jorge Garrido

This Journal is the offi cial organ of the 
SOCIEDAD DE BIOLOGÍA DE CHILE
Legal personality No 2.521 (4.6.54)
RUT 70-397.400-7
Legal address: Canadá 308
Santiago 9, Chile
(Legal Advisor and Representative)
Jaime Altamirano P.

This journal is partly subsidized by 
the “Funds for Publication of Scientifi c 
Journals” of the National Comission of 
Scientifi c and  Technological
Research (CONICYT), Chile

Yearly subscription US$ 250
Payable to
Sociedad de Biología de Chile

Correspondence to
BIOLOGICAL RESEARCH
Sociedad de Biología de Chile
Canadá 253, piso 3o, Dpto. F.
PO Box 16164, Santiago, Chile
Fax (56-2) 225 8427
Phone (56-2) 209 3503
E-mail socbiol@biologiachile.cl
Internet: www.biologiachile.cl

Indexed by Scielo, Medline, Biosis, 
Embase, Lilacs, Periodica, Research 
A l e r t ,  S c i e n c e  C i t a t i o n  I n d e x 
Expanded (ISI), Web of Science (ISI)

Abstracted in Biological Abstracts, 
Excerpta Medica, Index Medicus and 
Medlars

ISSN: 0716-9760
ISSN electronic version: 0717-6287

Editor-in-Chief
Manuel J. Santos
Pontifi cia Universidad Católica de Chile
Santiago, Chile.

Associate Editors
Gloria Montenegro Pontifi cia Universidad Católica de Chile, Chile.
Christian González Universidad de Chile, Chile.
Mauricio González Universidad de Chile, Chile.
Rosalba Lagos Universidad de Chile, Chile.
Ricardo Moreno Pontifi cia Universidad Católica de Chile, Chile.
Victoria Velarde Pontifi cia Universidad Católica de Chile, Chile.

Assistants to the Editors
Yolanda Zambrano (Production)
Rubén Carrasco (Production)
George Montgomery (Editing and Proofreading)
Sociedad de Biología de Chile

Editorial Board
Oscar Burrone International Centre for Genetic Engineering and Biotechnology (ICGEB) 

Trieste, Italy.
Enrique Brandan Pontifi cia Universidad Católica de Chile, Chile.
Néstor Bianchi Instituto Multidisciplinario de Biología Celular (IMBICE) La Plata, 

Argentina
Philipe Bouvet École Normale Supérieure du Lyon, France.
Francisco Bozinovic Pontifi cia Universidad Católica de Chile, Chile.
Juan José Cazzulo Universidad Nacional San Martín, Argentina.
Víctor Cifuentes Universidad de Chile, Chile.
Inés Contreras Universidad de Chile, Chile
Leopoldo De Meis Universidad Federal Río de Janeiro, Brazil.
Sonia Dietrich Institute of Botany, São Paulo, Brazil.
Raúl Fernández Donoso Universidad de Chile, Chile.
Gonzalo Gajardo Universidad de Los Lagos, Chile.
Joan Guinovart Universidad de Barcelona, Spain.
Cecilia Hidalgo Universidad de Chile, Chile.
Luis Felipe Hinojosa Universidad de Chile, Chile.
Carlos Hirschberg Boston University, U.S.A.
Tsuneo Imanaka Toyama University, Japan.
Nibaldo Inestrosa Pontifi cia Universidad Católica de Chile, Chile.
Ramón Latorre Centro de Neurociencia de Valparaíso, Chile.
Sergio Lavandero Universidad de Chile, Chile.
Lisette Leyton Universidad de Chile, Chile.
Martín Montecino Universidad de Concepción, Chile.
Juan Olate Universidad de Concepción, Chile.
Adrián Palacios Universidad de Valparaíso, Chile.
Manuel Rieber Instituto Venezolano de Investigaciones Científi cas (IVIC) Venezuela.
Gloria Riquelme Universidad de Chile, Chile.
Flavio Salazar O. Universidad de Chile, Chile.
José Luis Santos Universidad de Chile, Chile.
M.A.Q. Siddiqui State University of New York, U.S.A.
Eugenio Spencer Universidad de Santiago de Chile, Chile.
Marc Thiry Université de Liège, Belgium.
Tito Ureta Universidad de Chile, Chile.
Carlos Valenzuela Universidad de Chile, Chile
Pablo Valenzuela Fundación Ciencia para la Vida, Chile.
Claudio Vásquez Universidad de Santiago de Chile, Chile.

Biological N 45.indb   1Biological N 45.indb   1 29-03-12   10:5429-03-12   10:54



Sociedad de Biología de Chile

Directorio Sociedad de Biología de Chile 2011-2012
Mesa Directiva

Dr. Patricio Ojeda
Presidente
Facultad de Ciencias Biológicas
P. Universidad Católica de Chile
Alameda 340
Fono: 3542879
pojeda@bio.puc.cl

Dra. Rosalba Lagos
Vicepresidenta
Facultad de Ciencias
Universidad de Chile
Las Palmeras 3425
Fono: 9787348
rolados@uchile.cl

Dr. Marco Tulio Núñez
Past president
Facultad de Ciencias
Universidad de Chile
Las Palmeras 3425
Fono: 9787360
mnunez@uchile.cl

Dr. Héctor Toledo
Tesorero
Facultad de Medicina
Universidad de Chile
Independencia 1027
Fono: 9786053
htoledo@med.uchile.cl

Dr. Eduardo Palma
Secretario
Facultad de Ciencias Biológicas
P. Universidad Católica de Chile
Alameda 340
Fono: 3542192
epalma@bio.puc.cl

Dra. María Antonieta Valenzuela
Directora
Facultad de Ciencias Químicas y 
Farmacéuticas
Universidad de Chile
Vicuña Mackenna 20
Fono: 9782957
mavalenz@uchile.cl

Dr. Rodrigo Iturriaga
Director
Facultad de Ciencias Biológicas
P. Universidad Católica de Chile
Alameda 340
Fono: 3542852
riturriaga@bio.puc.cl

Presidentes de Sociedades 

Afi liadas

Sociedad de Ecología de Chile
Dra. Bárbara Saavedra
Wildlife Conservation Society
Fono: 56-2-6351095
e-mail: bsaavedra@wcs.cl

Sociedad de Biología Celular de Chile
Dra. María Rosa Bono
Facultad de Ciencias
Universidad de Chile
Fono: 56-2-9787339
E-mail: mrbono@uchile.cl

Sociedad de Bioquímica y Biología 
Molecular de Chile
Dra. Victoria Guixé
Facultad de Ciencias
Universidad de Chile
Fono: 56-2-9787335
E-mail:vguixe@uchile.cl

Sociedad de Reproducción
y Desarrollo
Dra. Carmen Romero
Facultad de Medicina
Hospital Clínico J.J. Aguirre
Fono: 56-2-9788305
E-mail:cromero@redclinicauchile.cl

Sociedad de Botánica de Chile
Dra. Gloria Rojas Villegas
Museo Nacional de Historia Natural
Fono: 56-2-6804619
Fax: 56-2-680460
E-mail: grojas@mnhn.cl

Sociedad Chilena de Ciencias 
Fisiológicas
Dr. Julio Alcayaga
Facultad de Ciencias
Universidad de Chile
Fono: 56-2-9787366
E-mail: jalcayag@uchile.cl

Sociedad de Microbiología de Chile
Dr. Omar Orellana Orellana
ICBM- Facultad de Medicina
Universidad de Chile
Fono: 56-2-9786325
E-mail: oorellan@uchile.cl

Sociedad de Genética de Chile
Dr. Juan Carlos Marín
Facultad de Ciencias
Universidad del Bío-Bío
Fono: 56-42-253153
E-mail: jcmarin@ubiobio.cl

Sociedad Chilena de Inmunología
Dr. Ángel Oñate
Facultad de Ciencias Biológicas
Universidad de Concepción
Fono: 56-41-2204118
E-mail: aonate@udec.cl

Sociedad Chilena de Evolución
Dr. Pedro Victoriano
Facultad de Ciencias Naturales y 
Oceanográfi cas
Universidad de Concepción
Fono: 56-41-2203058
E-mail: pvictori@udec.cl

Sociedad de Farmacología de Chile
Dr. Juan Carlos Prieto
Facultad de Medicina
Universidad de Chile
Fono: 56-2-9786044
E-mail: jprieto@med.uchile.cl

Secciones
Sección Zoología
Mauricio Canals

Biological N 45.indb   2Biological N 45.indb   2 29-03-12   10:5429-03-12   10:54



3 Índice

2012 - vol. 45 - no 1

Review Article

5 RAÚL LAGOS-CABRÉ AND RICARDO D. MORENO
 Contribution of environmental pollutants to male infertily: A working model of germ cell 

apoptosis induced by plasticizers

Research Articles

15 EL-JAWAHER ABDULLA BIN-DOHAISH
 The effects of 4-nonylphenol contamination on livers of Tilapia fi sh (Oreochromus spilurs) in Jeddah

21 ANILEI HOARE, DENISSE BRAVO, MARA MARTINIC, MIGUEL A. VALVANO, INÉS 
CONTRERAS, SERGIO A. ÁLVAREZ

 The normal chain length distribution of the O antigen is required for the interaction of Shigella 
fl exneri 2a with polarized Caco-2 cells

27 MANUEL F. ELLAHUEÑE, L. PATRICIA PÉREZ-ALZOLA AND M. ISABEL OLMEDO
 Chronic ethanol consumption in mice does not induce DNA damage in somatic or germ cells, 

evaluated by the bone marrow micronucleous assay and the dominant lethal mutation assay

33 THOMAS SIMON, SÉVERINE TANGUY-ROYER, PIERRE-JOSEPH ROYER, NICOLAS 
BOISGERAULT, JIHANE FRIKECHE, JEAN-FRANÇOIS FONTENEAU AND MARC GRÉGOIRE

 Human dendritic cells sequentially matured with CD4+ T cells as a secondary signal favor CTL 
and long-term T memory cell responses

45 WARAPORN KAEWKORN, NANTEETIP LIMPEANCHOB, WAREE TIYABOONCHAI, SUTATIP 
PONGCHAROEN, MANOTE SUTHEERAWATTANANONDA

 Effects of silk sericin on the proliferation and apoptosis of colon cancer cells

51 SANDRA VILLANUEVA, PÍA ESCOBAR, IORAM JACUBOVSKY, CARLOS IRARRÁZABAL, 
JUAN E CARREÑO, JOSÉ M. ERPEL, CARLOS CÉSPEDES, ALEXIS A. GONZÁLEZ, CARLOS P. 
VIO AND VICTORIA VELARDE

 Cyclooxygenase-2 and hypoxia-regulated proteins are modulated by basic fi broblast growth factor 
in acute renal failure

61 EDGAR H. VOGEL
 Reinstatement of short-latency responses after asymptotic Pavlovian conditioning training by the 

presentation of an extraneous stimulus

67 RANA KEYHANMANESH AND MOHAMMAD H. BOSKABADY
 Relaxant effects of different fractions from Tymus vulgaris on guinea-pig tracheal chains

75 LIPING-ZHAO, WENHUI-YAN, HENG-XIANG, XIAOYANG-WANG, HAIXUAN-QIAO
 Proteomic Investigation of Changes in Rat Skeletal Muscle after Exercise-Induced Fatigue

Biological N 45.indb   3Biological N 45.indb   3 29-03-12   10:5429-03-12   10:54



81 JORGE G. FARÍAS, ANDREA B. ZEPEDA AND GLORIA M. CALAF
 Melatonin Protects the Heart, Lungs and Kidneys from Oxidative Stress under Intermittent 

Hypobaric Hypoxia in Rats

87 RICARDO OLIVARES, CARLOS MORGAN, HERNÁN PÉREZ, ALEJANDRO HERNÁNDEZ, 
FRANCISCO ABOITIZ, RUBÉN SOTO-MOYANO, JULIO GIL, ALEXIS ORTIZ, OSVALDO 
FLORES, MIGUEL GIMENO AND JESÚS LABORDA

 Anatomy of corpus callosum in prenatally malnourished rats

4Índice

Biological N 45.indb   4Biological N 45.indb   4 29-03-12   10:5429-03-12   10:54



Biol Res 45: 5-14, 2012

Review Article

Contribution of environmental pollutants to male infertily: A working 
model of germ cell apoptosis induced by plasticizers

Raúl Lagos-Cabré and Ricardo D. Moreno1

1 Departamento de Fisiología, Facultad de Ciencias Biológicas, Pontifi cia Universidad Católica de Chile, Santiago Chile.

ABSTRACT

Bisphenol A [2,2-bis(4-hydroxyphenyl)propane] (BPA), 4-nonylphenol (NP) and di(2-ethylhexyl)phthalate (DEHP), and its metabolite 
mono-2-ethylhexyl phthalate (MEHP) are chemicals found in plastics, which act as endocrine disruptors (EDs) in animals, including human. 
EDs act like hormones in the endocrine system, and disrupt the physiologic function of endogenous hormones. Most people are exposed 
to different endocrine disruptors and concern has been raised about their true effect on reproductive organs. In the testis, they seem to 
preferentially attack developing testis during puberty rather than adult organs. However, the lack of information about the molecular 
mechanism, and the apparently controversial effect observed in different models has hampered the understanding of their effects on 
mammalian spermatogenesis. In this review, we critically discuss the available information regarding the effect of BPA, NP and DEHP/
MEHP upon mammalian spermatogenesis, a major target of EDs. Germ cell sloughing, disruption of the blood-testis-barrier and germ cell 
apoptosis are the most common effects reported in the available literature. We propose a model at the molecular level to explain the effects 
at the cellular level, mainly focused on germ cell apoptosis.
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INTRODUCTION

Low sperm count (oligospermia), absence of spermatozoa in 
the semen (azoospermia) and morphological abnormalities 
are among the primary factors contributing to male infertility 
(WHO, 2010). The molecular and cellular bases of these 
pathologies are still not fully understood, but several studies 
suggest that increased germ cell death (apoptosis) during 
spermatogenesis may explain decreased sperm production 
in patients with oligo- and azoospermia. Spermatogenesis is 
highly infl uenced by external stimuli, such as drugs, radiation, 
reproductive and somatic pathologies, seasonal breeding, 
temperature and environmental pollutants, which increase the 
constitutive levels of apoptosis in germ cells (Tripathi et al., 
2009).

Endocrine disruptors (EDs) involve a great number of 
molecules capable of inducing estrogenic or antiandrogenic 
responses in animals, including humans. Phenols and 
phthalates are among the EDs that can cause male infertility 
and other pathologies associated with developmental 
abnormalities. Bisphenol A [2,2-bis(4-hydroxyphenyl)propane] 
(BPA), 4-nonylphenol (NP) and di(2-ethylhexyl)phthalate 
(DEHP) and its major metabolite mono(2-ethylhexyl)phthalate 
(MEHP) are found mainly in polycarbonate plastics, toys, 
dentist devices, food packaging, blood bags, cosmetics and 
currency paper (Guenther et al., 2002; ter Veld et al., 2006; 
EC-SCF, 2007; Liao and Kannan, 2011). Unfortunately they 
can leach from the lining of plastic packages, cans and baby 
bottles, and pipe walls. In this way, the human body is exposed 
to concentrations of 10µg/day of BPA, 7.5µg/day of NP and 
30µg/day of DEHP, and they have been detected in human 

body samples, such as serum, urine, amniotic fl uid of pregnant 
women, breast milk and even in semen (Guenther et al., 2002; 
Inoue et al., 2002; Calafat et al., 2005; Carlsen et al., 2005; 
Main et al., 2006; EC-SCF, 2007; Phillips and Tanphaichitr, 
2008; Han et al., 2009; Huang et al., 2009; Zhang et al., 2009). 
Thus, experimental evidence clearly shows that humans are 
exposed to EDs, which may threaten normal physiology during 
development and adult life.

Even though these compounds are considered to mimic the 
effect of estrogen and other steroid hormones, deregulating 
the control of several hormone-dependent developmental 
processes (Phillips and Tanphaichitr, 2008; Roy et al., 2009), in 
vitro assays have shown that the potency of each ED (BPA, NP 
and DEHP, among others) is much lower than that of estrogen 
(~10,000 fold lower than estradiol, E2) (ter Veld et al., 2006). 
Therefore, it is plausible to propose that these molecules also 
act through a non-classical estrogenic pathway and probably 
bind and activate a wide range of proteins, activating different 
intracellular pathways. This would explain the multiple effects 
described at the cellular and physiological levels. Particularly 
relevant are the surviving and dead pathways that are 
disrupted and/or activated by these molecules, because by 
inducing germ cell apoptosis they could contribute to lower 
sperm production in the human testis.

First, we will briefl y review the mechanism of apoptosis 
and the process of spermatogenesis. Then, we will critically 
discuss the available information linking plasticizers such 
as BPA, NP and DEHP/MEHP to alteration in normal 
spermatogenesis. Finally, we propose a molecular pathway in 
order to explain the deleterious effects of these molecules in 
spermatogenesis.
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THE MECHANISM OF APOPTOSIS

Apoptosis is characterized by several hallmarks, such as: 
internucleosomal DNA fragmentation, caspase activation and 
externalization of phophatidyl serine (Degterev and Yuan, 
2008; Fadeel et al., 2008; Youle and Strasser, 2008). Caspases 
are serine-proteases that are synthesized as inactive zymogens 
and become active upon death stimuli. The extrinsic pathway 
is initiated by activation of death receptors, such as Fas 
(CD95/Apo-1) or tumor necrosis factor receptor 1 (TNFR1). 
Trimerization of death receptors in response to ligand biding 
induces the formation of a multimeric complex termed 
death inducing signaling complex (DISC), which activates 
procaspase-8 in mice and capasase-10 in humans (Scaffi di et al., 
1998; Scaffi di et al., 1999; Salvesen, 2002; Henkler et al., 2005). 
Caspase-8 and/or 10 proteolytically process caspase-3, -6 and 
-7. Among them, caspase-3 is the main executioner caspase 
involved in dismantling the Golgi apparatus, nuclear lamina 
fragmentation, DNA fragmentation (due in part to proteolysis 
of a DNAse inhibitor) and the decrease in mitochondrial 
membrane potential (Sato et al., 2004; Kuribayashi et al., 2006).

The intrinsic pathway of apoptosis could be activated 
by different stimuli, such as radiation, DNA fragmentation, 
starvation, oxidative stress and autophagy (Degterev and 
Yuan, 2008). This pathway is characterized by a decrease in 
mitochondria membrane potential and release of cytochrome C 
from the mitochondria, which along with dATP, the cytosolic 
protein Apaf-1 and procaspase-9 assemble a complex termed 
apoptosome. Within this complex, procaspase-9 becomes 
active and then activates caspase-3, connecting the intrinsic 
and extrinsic pathways (Shi, 2002; Shi, 2006). Mitochondria 
membrane stability is preserved by anti-apoptotic protein of 
the the B-cell lymphoma-2 (BCL-2) family. BCL-2, BCL-x and 
BCL-w are three anti-apoptotic proteins that interact with and 
repress the activity of pro-apoptotic proteins. Two general 
classes of pro-apoptotic family proteins exist: (1) those that 
share three homology regions (BH1, BH2 and BH3), and that 
are termed multidomain proteins; and (2) those that share little 
sequence homology, except for the conserved BH3 domain, 
also termed “BH3-only” proteins (Chen et al., 2005; Zhai et 
al., 2008; Ku et al., 2010; Young et al., 2010). Among the “BH3-
only” group we fi nd Bcl-2 antagonist of cell death (BAD) and 
p53 upstream modulator (PUMA) (Villunger et al., 2003). It 
appears that the multidomain pro-apoptotic proteins BAX and 
BAK are crucial for outer mitochondrial membrane (OMM) 
permeabilization and the subsequent release of apoptogenic 
molecules, such as cytochrome-c and DIABLO (also known 
as SMAC), which leads to caspase-9 activation (Riedl and 
Shi, 2004; Westphal et al., 2010). Thus, apoptosis is a complex 
process involving activation of several independent, but 
convergent pathways in order to induce cell death avoiding an 
infl ammatory response.

MAMMALIAN SPERMATOGENESIS

The making of mammalian spermatozoa starts with 
engagement in a differentiation pathway of a diploid cell 
termed spermatogonium, which establishes itself at the basal 
lamina of seminiferous tubules (de Rooij and Russell, 2000; 
Oatley and Brinster, 2008). Through several mitotic divisions, 
type A spermatogonial stem cells either renew themselves 
or differentiate into later-stage spermatogonia to eventually 

initiate meiosis (Oatley and Brinster, 2008). Germ cells in 
meiosis, spermatocytes, will undergo two successive divisions, 
without a S phase, and will become haploid round spermatids, 
which eventually transform into mature spermatozoa (Hermo 
et al., 2010). Mingled among germ cells are the Sertoli cells, 
which are the somatic component of seminiferous epithelium 
that provide mechanical and nutritional support to germ 
cells (Figure 1). Germ cells in adult rat testes are grouped 
into 14 cell association or stages (numbered I-XIV) and six 
in humans (I-VI) (Moreno and Alvarado, 2006). Adjacent 
Sertoli cells bind to each other through tight junctions (TJs) 
constituting the blood–testis barrier (BTB) between 10 and 
16 days of age in mice, and 20-25 days in rats, providing a 
protected environment for germ cell development termed the 
adluminal compartment (Dym and Fawcett, 1970; Sharpe et 
al., 2003; Yan et al., 2008). The TJs, which are the only known 
examples of occluding junctions, consist of three classes of 
integral membrane proteins, namely occludin, claudin and 
junctional adhesion molecules (Mruk and Cheng, 2004). In this 
way only spermatogonia and pre-leptotene spermatocytes are 
attached to the basal lamina and outside from the adluminal 
compartment (Fig 1).

Numerous studies indicate that Sertoli cells are involved 
in the progression of spermatogenesis through a variety of 
paracrine signals regulating gene expression and metabolism 
of germ cells (Skinner, 2005). Sertoli cells regulate survival 
of germ cells via paracrine secretion of trophic factors such 
as insulin growth factor (IGF), nerve growth factor (NGF), 
growth factor derived from glia (GDNF) and stem cell factor 
(SCF). Moreover, it has been shown that apoptosis of germ 
cells is somehow controlled by hormonal levels including 
testosterone, estrogen and FSH (Shetty et al., 1996; Yan et al., 
2000b; Tesarik et al., 2002). Testosterone is essential for meiosis 
and subsequent differentiation of spermatids (De Gendt et al., 
2004). Testosterone exerts its action through the Sertoli cell, 
which expresses the androgen receptor, and stimulates the 
synthesis of various proteins and trophic factors in specifi c 
periods of spermatogenesis (Wang et al., 2009). Therefore, 
germ cell development is a complex differentiation process 
controlled by juxta/paracine, and endocrine interactions.

APOPTOSIS DURING MAMMALIAN SPERMATOGENESIS

Sperm production relies on physiological and environmental 
factors, which may attenuate or even totally suppress 
testicular function. Germ cell apoptosis has been shown to 
play an important role in controlling sperm output in many 
species and has been linked to infertility in humans (Feng 
et al., 1999; Weikert et al., 2004; Ji et al., 2009). Germ cells 
undergoing meiosis (spermatocytes) are highly sensitive to 
heat shock, ionizing radiation, growth factor deprivation, and 
chemotherapeutic agents (Russell, 2004; Bieber et al., 2006; 
Lizama et al., 2009; Silva et al., 2011). Many studies have 
shown the relevance of apoptosis in regulating spermatozoa 
output and eliminating damaged germ cells (Knudson et 
al., 1995; Beumer et al., 1998; Yin et al., 1998; Allemand et 
al., 1999; Feng et al., 1999; Honarpour et al., 2000; Yan et al., 
2000a; Russell et al., 2002; Moreno et al., 2006). To this end, it 
has been reported that massive germ cell death occurs under 
physiological conditions (constitutive apoptosis) during the 
first round of spermatogenesis (Oakberg, 1956; Rodriguez 
et al., 1997; Moreno et al., 2006). Different experimental 
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Figure 1: Major targets of BPA, NP and MEHP in a mammalian testis. Bisphenol A (BPA), 4-nonylphenol (NP) and di(2-ethylhexyl)
phthalate (DEHP) disrupt spermatogenesis at different levels. They lower intratesticular and plasma testosterone (T) by affecting Leydig 
cells, resulting in decreased spermatogenesis. In addition, in vitro and in vivo studies show that Sertoli cells (SC) are primary targets 
of these compounds, affecting their metabolism, protein expression and morphology. BPA induces spermatogonium (SP), pachytene 
spermatocyte (PC) and preleptotene spermatocyte (PlC) apoptosis by affecting SC. The blood-testis barrier (BTB), which separates the 
adluminal compartment from the basal compartment within seminiferous tubules, ectoplasmic specializations (ES), which maintain 
attached elongated spermatids (S) to SC, and gap junctions (GJ) are disrupted by EDs, producing sloughing and apoptosis of germ cells.

Figure 2: Model of the effects of EDs on Sertoli-germ cell interaction and germ cell apoptosis and sloughing. Depiction of a model 
of para/juxtacrine signaling events between germ cells (GC) and Sertoli cells during apoptosis induced by endocrine disruptors. Dotted 
lines indicate an unknown mechanism.
Triangles represent EDs molecules.
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approaches have pointed out that spermatocytes are the main 
cell type undergoing apoptosis, with a smaller fraction of 
spermatogonia also undergoing the process (Jahnukainen et al., 
2004; Moreno et al., 2006).

During spermatogenesis, about 75% of germ cell die 
in every round of spermatogenesis (Huckins, 1978). One 
possibility for this massive germ cell death is that the Sertoli 
cells provide an appropriate environment only to a certain 
amount of germ cells, so that apoptosis would serve as 
a mechanism to remove excess of germ cells that cannot 
be supported by Sertoli cells. Another hypothesis is that 
apoptosis is used to eliminate germ cells that do not pass the 
control points of the cell cycle. In several mammalian species, 
apoptosis occurs simultaneously with the mitotic divisions 
of the spermatogonia and with the beginning of meiosis of 
spermatocytes (Blanco-Rodriguez, 2002; Blanco-Rodriguez et 
al., 2003). This suggests that the checkpoints could be helping 
to correct the number of germ cells in relation to the number 
of Sertoli cells, acting specifi cally on cells with problems of 
chromosomal rearrangements during meiosis or damaged cells 
unable to repair the breaks in their DNA (Salazar et al., 2003; 
Salazar et al., 2005).

The importance of apoptosis in spermatogenesis is evident 
when pro-apoptotic genes are deleted (BAX, Bim or Bik) or 
anti-apoptotic genes are overexpressed (such as BCL-2). Both 
conditions are associated with infertility due to the arrest of 
spermatogenesis at the onset of meiosis (Knudson et al., 1995; 
Feng et al., 1999; Yamamoto et al., 2001; Russell et al., 2002; 
Yan et al., 2003; Coultas et al., 2005). Furthermore, inhibiting 
the engulfment of apoptotic bodies by Sertoli cells decreases 
sperm production and mice become sub-fertile (Maeda et al., 
2002; Elliott et al., 2010). Results from our laboratory indicate 
an increase in the levels of the Fas receptor, the transcription 
factor p53 and the activation of caspases 8, 9, 3 2 and 6 in 
apoptotic germ cells (Lizama et al., 2007; Codelia et al., 2008). 
Interestingly, anti-cancer drugs, such as etoposide, which 
promotes DNA breaks by inhibiting topoisomerase II, induce 
apoptosis in spermatocytes (Ortiz et al., 2009; Codelia et al., 
2010; Lizama et al., 2011; Lizama et al., 2012) by activating 
p73 and caspases. Thus, it seems that some elements of the 
mechanism involving constitutive (physiological) pathways are 
shared with externally induced apoptosis.

ADVERSE EFFECTS OF ENDOCRINE DISRUPTORS ON HUMAN 
FERTILITY

Clinical studies suggest that EDs could affect reproductive 
tract development because DEHP exposure during pregnancy 
correlates with low birth weight (Zhang et al., 2009) and 
a decrease in the anogenital distance (AGD) in females. In 
males, a reduced AGD accompanied by incomplete testicular 
descent has been observed in boys prenatally exposed 
to phthalates (Swan et al., 2005). Additionally, several 
abnormalities regarding secondary sexual characteristics 
have been observed in boys and girls when EDs are 
present, for example, girls exposed in utero to high doses of 
polybrominated biphenyls (PBB), >7 parts per billion (ppb) 
show an early menarche (at least one year earlier) than those 
who were not exposed to this ED (Blanck et al., 2000), while 
boys exposed in utero to pesticides show a signifi cant decrease 
in penis length at the age of 3 months, along with a low 
testicular volume and decreased T levels (Andersen et al., 

2008). Cultured human fetal testes treated with MEHP show 
an increase in apoptosis of germ cells and reduced expression 
of anti-Müllerian hormone mRNA, which may be linked 
to the feminization effect exerted in utero (Lambrot et al., 
2009). In this regard, it is worth mentioning that millions of 
women in the USA between the 1950s and 1970s were treated 
with diethilbestrol (DES), an artificial estrogen that was 
prescribed to pregnant women to avoid miscarriages. 31.5% 
of the male children of these women showed abnormalities 
in their reproductive tracts, including epididymal cyst and 
hyposplastic testes in adulthood, compared to only 7.8% of 
males who presented these abnormalities when their mothers 
did not take DES (Bibbo et al., 1977; Gill et al., 1979; Jensen 
et al., 1995; Toppari et al., 1996). These males also showed 
decreased ejaculated volume and sperm abnormalities (Bibbo 
et al., 1977), suggesting that in utero exposure to estrogen 
is a major factor in male genital abnormalities observed in 
adulthood. The transgenerational and long-term negative 
effects on male testes were evidenced by the grandsons 
of women who received DES showing a high risk for 
hypospadias (Klip et al., 2002; Brouwers et al., 2006).

During a breastfeeding study, several phthalate monoesters 
were transferred to newborns from contaminated breast 
milk and these babies show low free T levels along with an 
increase in the luteinizing hormone (LH)/T ratio, indicating a 
possible adverse effect on Leydig cells or the gonadal-pituitary 
axis (Main et al., 2006). Similar effects have been observed 
in infertile men with high DEHP levels in semen, who also 
show an increase in serum estradiol (E2) and prolactin (PRL) 
(Li et al., 2011b). In fertile men, no signifi cant associations 
were found among any semen parameters and urinary BPA 
concentrations (Mendiola et al., 2010). However, a signifi cant 
inverse association was detected among urinary BPA 
concentrations  free androgen index (FAI) levels and the FAI/
LH ratio, as well as a signifi cant positive association between 
BPA and sex hormone-binding globulin (SHBG). These results 
suggest that low BPA concentrations may be linked to subtle 
variations in sex hormones in fertile men.

The output and quality of sperm are useful tools 
to measure the effect  of  exogenous compounds on 
spermatogenesis. A high correlation has been observed 
between urine BPA levels and semen quality in Chinese 
men (including motility, viability, sperm count and sperm 
concentration), which also correlated with the educational level 
and longer employment history; men with better education 
and a long history of employment had lower levels of BPA 
since they were not in contact with EDs, unlike men who 
worked in factories (Li et al., 2011a). Urine BPA levels could 
also be associated with sperm abnormalities and sperm DNA 
fragmentation (suggesting apoptosis) in men from an infertility 
clinic (Meeker et al., 2010). However, direct application of 
BPA to human sperm samples does not produce any negative 
effects (Bennetts et al., 2008), suggesting that the observed 
negative effects could be induced during spermatogenesis 
and/or epididymal transit and not through a direct effect 
on spermatozoa. Regarding DEHP effects, it has been shown 
that infertile men in India who present DEHP levels of 
up to 0.77±1.2 µg/mL in semen have the following sperm 
abnormalities: reduced sperm count and motility, depolarized 
mitochondrial membrane, higher levels of reactive oxygen 
species (ROS) in semen and higher lipid peroxidation levels 
that correlate to the DEHP levels observed in these patients 
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(Pant et al., 2008). Similar effects have been observed in 
Chinese men where high urine BPA levels correlate with low 
sperm count, motility and concentration (Li et al., 2011a).

A recent study demonstrated that DEHP-contaminated air 
was associated with an increase in sperm DNA fragmentation 
and a decrease in sperm motility in polyvinyl chloride (PVC) 
factory workers (Huang et al., 2011). As in the case of DEHP-
exposed workers, air BPA-exposed workers also show reduced 
sexual desire, accompanied by erectile dysfunction and 
ejaculation diffi culties (Li et al., 2010). Diet and residential 
area (urban or rural) could be important factors related to the 
negative effects of EDs, since consumption of certain foods 
from contaminated areas could increase the levels of EDs in 
semen. In this regard, infertile men who live in urban areas 
and have a fish-based diet (probably from contaminated 
waters) have higher levels of polychlorinated biphenyls 
and phthalate esters than those of men who live in urban 
areas, but with a diet that does not include fi sh. These men 
showed reduced levels of progressive sperm motility, lower 
ejaculated volume and sperm vitality compared to fertile 
men (Rozati et al., 2002). It has been determined that high 
levels of organochlorine pesticides could be related to sperm 
abnormalities in greenhouse workers (Abell et al., 2000). These 
compounds have also been detected in young men (Carreno 
et al., 2007) who live near agricultural areas in southern 
Spain, suggesting possible risk factors of living and ingesting 
food from or near contaminated areas. The paucity of studies 
regarding the role of EDs in human reproductive functions 
limits the extent to which conclusions can be made. Despite 
that, the available data strongly suggest an adverse effect 
of BPA, NP and DEHP on sex hormone levels and semen 
parameters.

EDS AFFECT SPERMATOGENESIS AND INDUCE GERM CELL 
APOPTOSIS IN ANIMAL MODELS

A reduction in Leydig cell numbers and T plasma levels 
have been observed in pubertal mice orally receiving 160 to 
960mg/kg of BPA for thirteen days (Li et al., 2009). However, 
treatment of adult mice and rats (Toyama et al., 2004) with 
20 to 200µg/kg of BPA for six days produced abnormalities 
in ectoplasmic specializations (ES) in elonged spermatids, 
without major changes in Sertoli or Leydig cells. ES are testis-
specifi c adherens junctions between elonged spermatids and 
Sertoli Cells, and their assembly and stability rely on T levels 
(Wong et al., 2005; Ruwanpura et al., 2010). E2 administration 
has also been shown to decrease ES stability by reducing 
T levels (Wong et al., 2005); therefore, it is possible that 
application of BPA mimics the effect of E2, thus affecting T 
levels and disrupting ES between elongated spermatids and 
Sertoli cells.

BPA increases Fas and FasL levels in germ and Sertoli 
cells, respectively, accompanied by activation of caspase-3 
in germ and Leydig cells when administered by gavage to 
pubertal mice (Li et al., 2009). Administration of 1.2 to 10µg/
day of BPA for fi ve days to neonatal male rats lowers sperm 
count and motility in adulthood, accompanied by a low 
mating rate and sloughing of germ cells, hence demonstrating 
the long-term effects of these compounds and suggesting 
that EDs accumulate in the body and/or metabolic pathways 
are permanently disrupted (Salian et al., 2009). Male mice 
whose mothers received an implant containing varying BPA 

concentrations from before mating until four weeks postnatal 
(weaning) show increased T plasma levels with low doses 
of BPA (1.2µg/day), but decreased levels with higher doses 
of BPA (60µg/day), along with a sloughing of germ cells 
and a reduction of seminiferous tubules with elongated 
spermatids (Okada and Kai, 2008). Similarly, prepubertal mice 
administered 50µg/mL of BPA in drinking water have been 
shown to have decreased T levels and multinucleated germ 
cells (Takao et al., 2003).

DEHP and its active metabolite MEHP might be one of 
the most environmentally abundant phthalates and have 
been shown to deplete gonocytes (future germ cells) in fetal 
rat testes and decrease T levels (Chauvigne et al., 2009). 
These effects have also been observed in human fetal testes, 
but without a T level decrease (Lambrot et al., 2009). Both 
studies show that Sertoli cells are unaffected and that Leydig 
cells remain active, but only in human fetal testes. When 
administered during the gestational period, DEHP (10mg/
kg) produces several negative effects on Leydig cells, such as a 
decrease in volume and number, and an increase in T plasma 
levels. On the contrary, higher doses of DEHP (750mg/
kg or 1g/Kg) decrease T plasma levels (Lin et al., 2008) and 
increases germ cell apoptosis compared to wild type mice 
(Lin et al., 2010). A single dose of 2g/kg of MEHP by gavage 
to prepubertal rats has been observed to disrupt vimentin 
fi laments in Sertoli cells and activates apoptosis only in germ 
cells, as evidenced only by TUNEL and DNA fragmentation 
assays  These effects were observed as early as 12 hours 
after MEHP administration (Richburg and Boekelheide, 
1996). Prepubertal mice treated with 1g/kg of MEHP show 
an upregulation of FasL and TNF-α 1.5 hours after exposure 
through activation of NFkB (Yao et al., 2007). The same study 
showed an increase in FasL (mRNA and protein levels) in 
primary Sertoli cell cultures and ASD17D cells (Sertoli cell 
line), which is akin to the effect of BPA on mice testes (Li et 
al., 2009). These results suggest that FasL increase in Sertoli 
cells could be a common pathway and a major player in 
BPA- and DEHP/MEHP-induced germ cell apoptosis (Figs 
1, 2). Studies in gld mice harboring an inactivating mutation 
in FasL have shown decreased apoptosis of germ cells after 
MEHP exposure, demonstrating the role of this protein in 
EDs-induced apoptosis (Richburg et al., 2000). On the other 
hand, mice lacking FasL (FasL-/-) show an increase in basal 
levels of germ cell apoptosis, and when exposed to 1g/kg 
of MEHP, they show a dramatic decrease in the high basal 
germ cell apoptosis (Lin et al., 2010). This could be because 
of a signifi cant increase in c-FILP levels, and endogenous 
caspase-8 inhibitor, after MEHP treatment only in FasL -/- ice. 
Even though increases in c-FLIP levels in FasL−/− mice after 
MEHP may account for the observed decreases in germ cell 
apoptosis, the mechanism underlying c-FLIP protein levels 
regulation in these mice after MEHP exposure is not readily 
apparent (Lin et al., 2010).

Oral administration of NP (1, 10 and 100µg/kg/day) to 
male rats decreased epididymis and testis weight, as well 
as epididymal sperm count. Interestingly, NP-treated male 
rats show greater ROS production and decreased antioxidant 
enzyme levels compared to controls (Chitra et al., 2002). 
Administration of NP (125, 250 and 300mg/kg/day) for 
sixty days to 20-day old rats elicits Fas and FasL mRNA 
upregulation in testes and increases TUNEL-positive cells 
compared to controls (Han et al., 2004), which is in agreement 
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with the effects produced by BPA and DEHP/MEHP described 
above. Activation of the extrinsic pathway seems to have a 
major role in germ cell apoptosis induced by BPA, DEHP and 
NP, which is similar to the physiological conditions (Moreno et 
al., 2006).

During spermatogenesis, germ and Sertoli cells are in close 
physical and functional contact through gap junctions (GJ), 
tight junctions (TJ) and adheren junctions (AJ). GJs mediate 
communication by forming intercellular pores by the docking 
of two hemichannels of adjacent cells. These hemichannels 
are composed of connexins (Cx), which are a protein family 
composed of about 20 members of transmembrane proteins 
(Decrock et al., 2009). TJs and AJs, along with intermediate 
filament-based desmosome junctions, are located near the 
basement membrane of the seminiferous tubule forming the 
blood-testis barrier (BTB), which allows the existence of a 
basal and adluminal compartment (Fig 1) to generate a specifi c 
microenvironment for germ cell development (Cheng and 
Mruk, 2002; Lee and Cheng, 2004). In vivo and in vitro studies 
show that TJs, AJs and GJs are targets of EDs that affect Sertoli-
Sertoli and Sertoli-germ cell interactions (Fig 1). In addition, 
disruption of vimentin fi laments by MEHP promotes germ cell 
detachment due to Sertoli cells shrinking. NP administration 
to pregnant rats during gestation, lactancy and 10 weeks after 
weaning (corresponding to a complete lifespan exposed to NP) 
have been shown to decrease epithelial thickness, probably due 
to Sertoli cells shrinking and an increase in germ cell apoptosis 
(de Jager et al., 1999; McClusky et al., 2007). ). In summary, 
all the evidence indicates that directly, or indirectly through 
the Sertoli cells, EDs sever the interaction between Sertoli and 
germ cells and thereby provoke detachment (sloughing) of 
germ cells.

5. A MOLECULAR MODEL OF EDS IN MAMMALIAN TESTES

The effect observed by EDs in testes may be mediated primarily 
by nuclear estrogen receptors (ER) alpha and beta (ERα and 
ERβ), which are expressed by Sertoli and germ cells (O’Donnell 
et al., 2001). ERs are activated by a large number of ligands 
(hormones, environmental pollutants and phytoestrogens, 
among others). In fact, BPA induces changes in the levels 
of ERα and ERβ in adult mice testes (Takao et al., 2003) and 
affects the recruitment of their coactivator (Routledge et al., 
2000). These receptors can generate two possible responses: 
a genomic response, which leads to gene expression, and a 
non-genomic response, a faster response involving kinase 
phosphorylation and ion channel regulation (Marino et al., 
2006; Fu and Simoncini, 2008). This non-classical membrane 
estrogen receptor (ncmER), which is a G-protein coupled 
receptor, produces a fast activation of voltage-gated channels, 
thus raising the intracellular Ca2+ (iCa2+) concentration in the 
target cell (Carmeci et al., 1997; Marino et al., 2006).

It has been described that Sertoli cells in vitro exposed to 
a variety of EDs show an increase in iCa2+, which could be 
due to an external infl ux or a depletion in intracellular stores, 
by inhibiting the SERCA pump at the endoplasmic reticulum 
(Hughes et al., 2000; Gong et al., 2008) (Fig 2). However, we 
cannot exclude the possibility of a genomic participation of 
ERs in germ cell apoptosis and sloughing, since there is an 
increase in FasL expression by a genomic pathway in TM4 (a 
Sertoli-like cell line) cells treated with E2 (Catalano et al., 2007). 
In addition to an increase in iCa2+ in Sertoli cells exposed to 

NP, increased ROS production has also been observed (Gong 
and Han, 2006), demonstrating another mode of action of these 
compounds. It is possible that elevated ROS production is 
associated with mitochondrial and/or endoplasmic reticulum 
stress. This hypothesis is supported by the fi ndings that in 
primary Sertoli cell cultures, NP increases ROS levels and 
lipid peroxidation while decreasing mitochondrial membrane 
potential (Gong and Han, 2006), which are all characteristics 
of oxidative stress. In this regard, it has been shown that 
stress signals are related to an increase in ROS production, 
along with an activation of the p38MAPK pathway (Liu and 
Chang, 2009) that in turn upregulates the Fas/FasL system. 
However, EDs promote inactivation of p38MAPK and ERK1/2 
in isolated Sertoli cells and TM4 cells (Aravindakshan and 
Cyr, 2005; Bhattacharya et al., 2005), which has been related 
to the downregulation of TJ, AJ and GJ proteins and in this 
way induces sloughing and apoptosis of germ cells, showing 
that the mechanisms of ED affects spermatogenesis are still a 
subject of controversy.

Several lines of evidence shown here suggest the 
participation of the Fas-FasL system in the apoptosis of germ 
cells elicited by EDs. It has been demonstrated in MCF7 cells 
that FasL expression depends on peroxisome proliferator-
activated receptor-γ (PPARγ) through the binding of the SP1 
transcription factor (Bonofi glio et al., 2009), both of which are 
expressed in mammalian testes (Fig 2). However, there are no 
data available supporting this proposal.

It has recently been shown that matrix metalloproteinase 
2 (MMP2) is involved in the disruption of junction complexes 
between Sertoli-Sertoli and Sertoli-germ cells (Yao et al., 
2010). They also observed an early increase in ADAM10 and 
ADAM17 protein levels, which can participate in the MEHP 
response. Following treatment with a single dose of MEHP, the 
levels of the inhibitor of MMP2, TIMP2, decrease signifi cantly 
and as a consequence, the MMP2 activity increases (Yao 
et al., 2009). ADAM10 and ADAM17 belong to a family of 
extracellular proteases that are involved in the release of 
many protein ectodomains from the cell surface, including 
TNF-α, FasL, Notch, APP and TrkA, thus indicating a strong 
participation in autocrine, paracrine and juxta/paracrine 
signaling (Schlondorff and Blobel, 1999; White, 2003). They 
are widely distributed in the male reproductive tract, however 
the biological function of many of these proteases is still 
unknown (Moreno et al., 2011). It is possible that ADAM17 
may participate in TNF-α shedding from germ cell plasma 
membrane and exert paracrine signaling on Sertoli cells. In 
addition, ADAM17 can also shed the extracellular domain of 
JAM-A (Koenen et al., 2009), a well known protein of TJs (see 
above), hence destabilizing the BTB and leading to germ cell 
sloughing (Fig. 2).

Our model puts forward ADAM metalloproteases as 
novel elements in germ cell apoptosis following ED treatment. 
Interestingly, we have recently shown that the ADAM17-
mediated shedding of the c-kit extracellular domain is 
involved in germ cell apoptosis, suggesting that this could be 
a mechanism common to physiological and ED-induced germ 
cell apoptosis (Lizama et al., 2010).
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The effects of 4-nonylphenol contamination on livers of Tilapia 
fi sh (Oreochromus spilurs) in Jeddah
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ABSTRACT

Alkylphenol polyethoxylates is a group of estrogenic compounds. Natural or synthetic types of these compounds react with the endocrine 
system by binding hormone receptors, resulting in interference with their action, which is why they are called endocrine disrupting 
chemicals. Among their hydrolytic products are nonylphenols (NP), which are considered pollutants of aquatic environments. The objective 
of this study was to evaluate the pathological alterations on liver tissue of fi sh exposed to these compounds for long durations, starting 
from beginning of life and during the period of sexual maturity. Tilapia fi sh were obtained from Abhur fi sh farms, reared in the laboratory 
in special basins, and divided into two groups. The fi rst maternal group was untreated and their larvae were divided into three sub-groups: 
control; exposed to 15µg/L; and exposed to 30 µg/L. The second maternal group was divided into 2 sub-groups: with larvae exposed 
to 15µg/L; and with their larvae exposed to 30 µg/L. Larvae and mother exposed to different concentrations of NP (15 and 30 µg/L) 
showed an increased accumulation of NP in both livers and muscles compared to the control group due to bioaccumulation. Tissue section 
examinations of the treated group (15 µg NP /L) showed disruption of liver architecture, with lyses, loss of nuclei, necrosis, and fatty 
infi ltration. The changes were more marked in tissues exposed to (30 µg NP /L). Although this pollution was not lethal, its effect may be 
refl ected in vital activities and in the economy.

Key words: nonylphenol, Tilapia fi sh ,liver, histology.

INTRODUCTION

Alkylphenol polyethoxylates are considered effective surface-
acting agents (Nimord and Benson, 1996). Many studies have 
indicated that these compounds have the ability to change or 
stop the normal physiological functions of organisms exposed 
to them, due to their estrogenic nature. Natural or synthetic 
types of these compounds react with the endocrine system 
by binding hormone receptors, resulting in interference with 
their action and metabolism, which is why they are called 
endocrine disrupting chemicals (EDCs) (Tyler et al., 1998). 
They are considered a great threat to living organisms in water 
environments and consequently to human beings (Jessica et al., 
2006). These estrogen analogues are originally derived from 
many sources, such as paper, dyes, paints, detergents, and 
agricultural activity. They are drained into sewage systems and 
fi nally seep into ground waters (Johnson et al., 2005). Among 
these synthetic estrogens is 17 alpha ethinyl estradiol, which 
is of special concern because of its use as an oral contraceptive 
and its widespread presence in treated sewage water (Ying et 
al.,2002). It is also considered a dangerous compound because 
of its effectiveness in nanogram concentrations (Ascenzo 
et al., 2003). It was synthesized specifi cally to resist lyses 
and metabolic degradation in vivo (Kime, 1998). In vitro 
alkylphenol polyethoxylate compounds are susceptible to 
hydrolysis to ethoxylates with short bonds and derivatives of 
carboxylic acid. Finally, they are degraded to alkylphenols, 
(Nimrod and Benson, 1996), lipophilic and persistent 
metabolites (Ahel and Giger, 1993). Among these hydrolytic 
products are nonylphenols (NP) that are considered pollutants 
found in practically all aquatic environments. They have not 
only been found in sewage water, but also in surface water, 

sediments with concentrations ranging from nano to milligram 
quantities per liter (Talmage, 1994). EDCs compounds disrupt 
the endocrine system that regulates most responses in living 
organism. They include synthetic products like biphenol 
A, polychlorinated biphenol, dioxins, phtalates, pesticides, 
heavy metals, alkyphenols, polycyclic aromatic hydrocarbons, 
ethinylestradiol and estradiol. All these compounds, among 
others, seep from sewage water to aquatic environments 
(Ying et al., 2002;Ma et al., 2005). It is likely that there is an 
association between exposure to these compounds and changes 
observed in secondary sex characteristics of male and female 
fi sh (Bindohaish, 2008).

Many studies have demonstrated that alkylphenols have 
estrogenic effects that inhibit testicular growth in rainbow 
fi sh (Oncorhynchus mykiss), carp (Platichthys fl esus), and 
fl ounder (Platihthys fl esus). They also stimulate production 
of egg forming cells in immature Japanese medaka fish 
(Oryzias Latipes). In addition, they stimulate synthesis of one 
protein present in yolk vitellogenin. The latter is considered 
a sensitive biomarker for estrogen exposure (Gimeno et al., 
1998).

Mathiessen et al. (1998) found that the effect of estrogen on 
fi sh was much wider than previously thought. The presence of 
these compounds in water and their consequent ingestion by 
living organisms became a major concern.

The aim of this study is to evaluate the pathological 
alterations on fish livers due to exposure to different 
concentrations of 4-nonylphenol compounds for long 
durations, starting from the beginning of life and during 
the period of sexual maturity, as well as comparing levels 
of alterations between fish from contaminated and non-
contaminated mothers.
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MATERIALS AND METHODS

Chemicals

4-nonylphenol was purchased from Luborchemikalien sigma-
Aldrich, dissolved in ethanol, diluted to concentrations of 15 
and 30 µg/L in basins prepared for rearing. Other basins with 
natural seawater were used for the control group.

Study site

The area of Abhur, close to the College for Marine Science, 
is considered an ideal region because it far from industrial 
areas. Specimens of water and sediments were collected in 
July 2008. Water (5 liters/region) was collected in polyethylene 
containers. Sediments (the top 15cm) were collected for 
analysis. The fish were handled in conformance with the 
Guiding Principles in the Care and Use of Laboratory Animals, 
endorsed by the American Physiological Society.

Fish

Tilapia fi sh (Oreochromus spilurs) were selected because they 
are easy to obtain and use in laboratory experiments. They are 
the most suitable species that can be reared in the Jeddah sea 
environment. In addition, they can live in a range of high levels 
of salt content, have a reproduction rate and are resistant to 
diseases and parasites.

The fi rst group

Tilapia fi sh (weight: 16.25±0.43 g. and length 8.5±0.48 cm.) 
were obtained from fi sh farms in the Abhur area. They were 
reared in the laboratory in special basins from egg-laying, 
hatching and larvae formation, without treatment.

The larvae were collected and divided into three sub-
groups. Each group contained 50 fi sh:

1. The fi rst sub-group was reared without treatment until 
maturity.

2. The second sub-group was exposed to (15µg/L) 
nonylphenol.

3. The third was exposed to(30 µg/L) nonylphenol.

Specimens from young and mothers were obtained.

The second group

Tilapia fi sh (weight: 16.25±0.43 g. and length: 8.5±0.48 cm.) 
were obtained from fi sh farms in the Abhur area. They were 
reared in the laboratory in special basins, divided into two sub-
groups, each group containing 50 fi sh:

1. The fi rst sub-group was exposed to (15µg/L) nonylphenol.
2. The second was exposed to (30 µg/L) nonylphenol.

The experiment continued in the same conditions from 
egg-laying, hatching and larvae formation until maturity. 
Specimens from young and mother were obtained.

During the experiment, which extended from July until 
December 2008, fi sh were maintained under suitable light, 
temperature and feeding conditions. Basins were inspected 
daily to remove unconsumed food and excreta that could 
easily pollute the water. Waste pipelines and ventilation lines 

were routinely cleaned to remove dirt. The numbers of dead 
fi sh throughout the experiments were recorded.

Experimental studies

1. Histological examination

Fish were removed from the basins, dried on fi lter paper, 
dissected and livers were extracted. General morphological 
characteristics of the organ, such as color, size and texture, 
were registered. The organ was preserved in 10% formalin 
for 24 hrs. Livers were dehydrated, paraffi nized and then 
cross-sectioned at 2-3 microns, followed by staining with 
hematoxylin and eosin for light microscopic examination.

2. Determination of bioaccumulation of nonylphenols in tissues

Concentrations of 4-nonylphenols were measured in livers 
and muscles. Specimens were dried, ground, and digested 
with nitric acid. The sediment (1-5 mm) was dissolved in one 
normal nitric acid, completed with deionized water, kept in 
clean bottles and the substance concentration was measured by 
atomic absorption spectroscopy.

RESULTS

Water and sediment analysis

Table (1) shows the mean concentrations of nonylphenol 
(Abhur area - Red Sea coast, Jeddah) in water (4.65±2.61 µg/L) 
and sediments (32.33±3.21 µg/g.) and this considered the 
natural concentration in the environment.

Bioaccumulation of 4-NP in selected organs

Table (2) demonstrates that:

1. concentrations of NP are higher in the livers (10.533± 1.528 
µg./g.) of control mothers than in muscles (8.333 ±0.528 
µg./g). Mothers exposed to different concentrations of NP 
(15, 30 µg/L) showed higher concentrations of NP in both 
livers and muscles than in those of the control groups with 
increasing exposure due to bioaccumulation.

2. concentrations of NP are higher in the livers (12.333±1.528 
µg./g.) of control larvae than in muscles (7.333±2.517 
µg./g). Larvae exposed to different concentrations of NP 
(15, 30 µg/L) showed higher concentrations of NP in both 
livers and muscles than in those of control groups with 
increasing exposure due to bioaccumulation. This is quite 
evident in the treated mother groups.

Morphological examination

The numbers of dead fi sh throughout the experiments were 
within a normal range and all of them were healthy.

TABLE 1
Concentration of 4-NPnonylephenol in water (µg/L) and 

sediments(µg/g) of Abhur site.

Site  Water Sediments

Abhur site Mean±S.D 4.65±2.61 32.33±3.21
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Histological examination of liver

Maternal control specimens

Histological examination of liver sections revealed a normal 
architecture according to sea fi sh (Roberts, 1978). Although 
this was a control group, some pathological changes were 
observed, such as light staining and loss of the hexagonal 
structure of liver cells. The rest of the cells were arranged in a 
normal hexagonal pattern with deeply stained central nuclei 
in acidophilic cytoplasm. The cells were separated by blood 
sinusoids from a central vein (Fig. 1).

1. First sub-group (control larvae)

Stained sections showed central  vein with radiated 
hepatocytes, separated by sinusoid with Kupffer cells (Fig. 2).

2. Second sub-group (treated larvae from non-treated mothers)

Tissue section examinations of the group treated with low 
concentrations of NP (15 µg/L) showed disruption of liver 
architecture. In spite of the presence of normal cells, the 
majority showed lyses, loss of nuclei, the presence of vacuolar 
cells and stagnation of blood in sinusoids (Fig. 3).

Fig. 1: Light micrograph for typical structure of maternal non-
treated liver showing: central vein (CV) lined with endothelial cells 
(E) and sinusoid with Kupffer cells(S).

Fig. 2: Light micrograph for typical structure of standard liver of 
larva showing: central vein (CV) with radiated hepatocytes (H) 
separated by sinusoid with Kupffer cells(S).

Fig. 3: Light micrograph of treated larvae liver from non-treated 
mother (15 mg NP/L) showing: congestion of both central vein (CV) 
and sinusoid(S) with vacuolar degeneration of hepatocytes (arrows).

TABLE 2
Bioaccumulation of 4-NP(µg/g.) in liver and muscles of  Fish larvae From untreated and treated mothers with different concentration of 

4-NP.

Groups concentration of 4-NP in water Mg/L  liver Muscles
Treated mother 15 Mean±S.D 37.00±9.786 27.600±5.598

30 Mean±S.D 43.00±8.600 32.300±6.780
Larvae from treated mother 15 Mean±S.D 44.33±10.600 38.000±6.080

30 Mean±S.D 51.667±9.127 52.333±6.506
Standard mother 4.65 Mean±S.D 10.533± 1.528 8.333 ±0.528
Larvae from untreated mothers 15 Mean±S.D 34.333±9.661 25.000±5.568

30 Mean±S.D 36.667±10.786 27.333±4.933
Larvae reared at standard water 4.65 Mean±S.D 12.333±1.528 7.333±2.517
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3. Third sub-group (treated larvae from non-treated mothers)

The changes were more marked in tissues exposed to higher 
concentrations of NP (30 µg/L) where sections showed 
dilated blood vessels, loss of the hexagonal architecture of 
the liver, presence of fat globules, eccentric nuclei in cells and 
vacuolated cytoplasm. Other fields showed more damage 
represented by an increase in the number of cells, decreased 
affi nity to eosin due to vacuolated cytoplasm, deep staining of 
pyknotic nuclei and the presence of clapped sinusoids full of 
stagnant blood (Fig. 4).

Treated maternal specimen

1. First sub-group (treated mothers and larvae)

Examination of the sections from the mothers of the group 
exposed to a lower concentration of NP revealed more loss 
of the ribbon-shaped structure, the presence of areas with 
lyses and some staining, but the rest maintained the normal 
hexagonal architecture, with deeply stained and degenerated 
nuclei in cytoplasm, and the central vein and sinusoids fi lled 
with stained fl uid (Fig. 5). In the treated larvae from treated 
mothers, there are also some vessel abnormalities, such as a 
dilated central artery, ruptured vessel walls, dilated sinusoids, 
increased number of kuppfer cells, increased fat globules in 
cells and the presence of deeply stained degenerated nuclei 
(Fig. 6).

2. Second sub-group (treated mother and larvae from treated 
mothers)

The exposure of mothers to the higher concentration 
of NP resulted in changes that ranged from severe to 
moderate, represented by the presence of hemorrhaging 
in the central vein, increased wall thickness, lyses of 
cytoplasm in the majority of cells, loss of cell boundaries, 

Fig. 4: Light micrograph of treated liver from non-treated mother 
(30 mg NP/L) showing: hepatocytes with lipid droplets (arrow) 
and marginal nuclei. Not, congestion and dilatation of both 
sinusoids (S) and central vein(CV).

Fig. 5: Light micrograph of treated larvae liver from treated mother 
(15 mg NP/L) showing: Disturbance of hepatic architecture. Note, 
dilated and congested blood vessel (BV),stasis of red blood cells 
(stare) and necrotic area (arrows) (H&E x 40).

Fig. 6: Light micrograph of treated larvae liver from treated mother 
(15 mg NP/L) showing: dilated sinusoids (S) and central vein(CV). 
Note hepatocytes with variable sized of fat vacuoles (arrows).

dilated sinusoids, the vacuolated hepatic cord separated 
by dilated blood vessels that had ruptured endothelium, 
darkly stained cytoplasm and deeply stained nuclei 
(Fig. 7). The treated larvae from treated mothers showed loss 
of liver architecture, increased number of cells containing 
bare nuclei, increased fat content and the presence of short 
compressed unconnected sinusoids (Fig. 8).

DISCUSSION

Water and sediment analysis

The results  showed that  sediments contained high 
concentrations of NP compared to water in the selected zone 
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Fig. 7: Light micrograph of liver from treated mother (30 mg 
NP/L) showing: the vacuolated hepatic cord separated by dilated 
blood vessels (arrows) which have ruptured endothelium (dashed-
line ). Note, pyknotic nuclei (N). (H&E x40).

Fig. 8: Light micrograph of treated larvae liver from treated mother 
(30 mg NP/L) showing: marginal nuclei of atrophied  hepatocytes 
(H) with fatty tissue appearance. Not, short and closed sinusoids 
(S) (H&E-X400).

and this was supported by previous studies that demonstrated 
the hydrophobic nature of NP compounds, their strong 
affi nity to precipitate with non-soluble molecules, and that 
their fi nal degradation with CO2 and water is very slow 
due to the slow breakdown of the phenol ring (Talmage, 
1994; Nimord and Benson, 1996). Consequently fi sh living 
in this zone that are exposed to estrogenic alkylphenols, 
either directly from sediments or indirectly by feeding on 
the invertebrates living on these surfaces, will be seriously 
affected. In this work, the concentration of NP compounds in 
many specimens obtained from sediments in areas close to 
sewage outlets and areas close to industrial effl uents reached 
(32.33±3.21 µg/g.), which contrasts with low concentrations 

that did not exceed 12.4 mg/kg (Hale et al., 2000), indicating 
that NP compounds exist among a mixture of other 
compounds, such as octyl and disulphonic, in spite of their 
low concentrations (Bennie, 1999).

Concentration of 4-NP in tissues

Low concentrations of NP were found in muscles (7.333±2.517 
µg./g) and liver (12.333±1.528 µg./g.) of control larvae 
fi sh and in control mothers in muscle (8.333 ±0.528 ) and 
in liver (10.533± 1.528 ). There was a relative increase in 
concentrations in tissues among young fi sh from untreated 
mothers with the increase in exposure from 15 to 30 mg/L. 
There was also a marked increase in concentrations in tissues 
of fi sh from treated mothers, with both the lower and higher 
concentrations. This refl ects the bioaccumulation of NP in 
fi sh tissues through the main sources, namely gills and the 
alimentary canal. Consequently these pollutants reach liver 
tissues through the blood (Roberts, 1978). It was clear from 
our results that the liver has more bioaccumulation than 
the muscles because of it role in storage, detoxifi cation and 
regulation of all metabolic processes (Elrayis,1989 ).

This study showed that NP concentrations increased 
in the tissues of the young of mothers previously exposed, 
indicating long-term vertical transmission. Studies in the UK 
have demonstrated the presence in sewage systems of high 
concentrations of natural estrogenic compounds like estrone, 
17-B-estradiol and synthetic estrogen from contraceptive pills 
made with ethinyl estradiol. The concentrations were high 
enough to stimulate vitellogenin. Many highly lipophilic 
and strongly adsorptive endocrine disrupting chemicals 
accumulate in sediments and tissue, increasing the probability 
that fi sh are exposed to the additive effects of other estrogenic 
compounds, which contributes to the overall contamination of 
the water environment (Virtanen, 1986).

Histological examination

Histological examination of tissues from fish exposed 
to different doses of NP compounds during pregnancy, 
development and maturity showed severe and variable affects, 
which increased with increased duration of exposure at the 
lower and higher concentrations. These results agree with 
previous studies that have demonstrated acute infl ammatory 
edema and activation of kuppfer cells in cases of poisoning, 
especially with pesticides (Lutty et al., 2000). Burkitt et al. 
(1996) related these infl ammatory changes to the immune 
reaction of the body to harm induced by chemicals and to 
infection by viruses and parasites that affected cells and 
tissues. The cellular edema of macrophages is considered 
a marker of chronic infl ammation, where lymphocytes are 
responsible for the production of antitoxins and cell healing 
(Curran, 1996). Sileo et al. (2004) explained that the formation 
of cytoplasmic vacuoles in liver tissues of exposed birds 
living in water environment was due to acute intoxication 
by zinc and lead, which also appeared in the present tissue 
abnormalities. Mollendroff (1973) discovered that the 
formation of vacuoles is a defense mechanism by which the 
cell collects harmful and degraded substances to prevent 
interference with its viable activity. Burkitt et al. (1996) 
noted that interference with fatty acid metabolism leads to 
accumulation of neutral fat, resulting in equal-edged, and non-
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membranous empty vacuoles. The neutral fat is dissolved by 
organic solvents during tissue preparation, leaving unstained 
empty vacuoles. Fatty infi ltration can accompany hydropic 
degeneration, which appears as faintly stained vacuoles.

Examination of tissue sections treated with low doses 
showed that the liver cells maintain their ribbon-shaped 
structure, normal arrangement around the central vein, 
and normal content of cytoplasm and nuclei. Accumulation 
of fat droplets of different sizes in different cells was also 
observed. In addition, many dispersed cells with degenerated 
nuclei were observed, deeply stained with eosin. These cells 
separate from the rest due to dilation of intercellular spaces 
initiating cell necrosis. Studies have shown that the fatty 
infi ltration and vacuolar degeneration are due to different 
contaminants. Khadre (1992) observed that exposure of T. Zilli 
fi sh to heavy metals resulted in swelling of liver cells due to 
accumulation of cytoplasmic vacuoles, nuclear atrophy and 
lyses of plasma membrane. Other studies have shown that 
exposure of Siganus rivulates fi sh to heavy metals results 
in abnormal liver architecture, fullness of cells with fat and 
their necrosis (Abdelaziz et al., 2006). Fabacher and Chambers 
(1971) determined that the amount of fat in Gambusia sp. fi sh 
is directly proportionate to their tolerance to insecticide DDT 
as fat gave them protection from toxins (Cheville, 1988). The 
effects on liver tissue increased with a higher doses and longer 
exposure, with the spread of necrotic cells in liver parenchyma. 
These cells can be distinguished from neighboring cells by 
their ribbon shape refl ecting focal lysis. The cells degenerated 
and transformed to eosinic masses with no nuclei or atrophied 
and deeply stained nuclei. The other sections showed 
abnormalities, such as dilation of both sinusoids, central and 
portal veins and RBCs accumulation. There was a disturbance 
of liver architecture with many spaces that made the liver cells 
indistinguishable. This was probably due to loss of structural 
proteins (Burkitt et al., 1996). Kaptaner and Unal (2010) 
investigated that NP-dependent hepatotoxicity was causally 
related to the increase in apoptosis where NP (200 µg L−1) 
caused signifi cant increases in the extent of apoptosis in liver .

It is worth noting that the harmful effects on tissues, which 
varied in severity, were present in untreated fi sh reared in 
natural water and treated fi sh exposed to NP, indicating water 
pollution. Although this pollution was not lethal, its effect will 
be refl ected in economic development and human reproduction.
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The normal chain length distribution of the O antigen is required for 
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ABSTRACT

Shigella fl exneri causes bacillary dysentery in humans. Essential to the establishment of the disease is the invasion of the colonic epithelial 
cells. Here we investigated the role of the lipopolysaccharide (LPS) O antigen in the ability of S. fl exneri to adhere to and invade polarized 
Caco-2 cells. The S. fl exneri 2a O antigen has two preferred chain lengths: a short O antigen (S-OAg) regulated by the WzzB protein and a 
very long O antigen (VL-OAg) regulated by WzzpHS2. Mutants with defi ned deletions of the genes required for O-antigen assembly and 
polymerization were constructed and assayed for their abilities to adhere to and enter cultured epithelial cells. The results show that both 
VL- and S-OAg are required for invasion through the basolateral cell membrane. In contrast, the absence of O antigen does not impair 
adhesion. Purifi ed LPS does not act as a competitor for the invasion of Caco-2 cells by the wild-type strain, suggesting that LPS is not 
directly involved in the internalization process by epithelial cells.

Key words: Shigella, epithelial cells, O antigen

INTRODUCTION

Species of the genus Shigella cause bacillary dysentery 
in humans, an acute intestinal infection characterized by 
bloody diarrhoea due to an intense inflammatory reaction 
accompanied by destruction of the colonic mucosa (Schroeder 
and Hilbi, 2008). An essential step to establish the disease is the 
invasion of the intestinal epithelial cells followed by bacterial 
multiplication and spread into adjacent cells. In the initial phase 
of infection, Shigella is transcytosed across M cells reaching the 
submucosa, and then free bacteria invade epithelial cells from 
the basolateral side (Schroeder and Hilbi, 2008). The invasive 
capacity of Shigella depends on proteins encoded in the large 
virulence plasmid (Parsot, 2009). This region contains more 
than 30 genes organized into two clusters: the mxi-spa locus 
that encodes the components of a type three secretion system 
(T3SS), and the ipaBCDA locus that encodes effector proteins 
that are translocated through the T3SS and cause cytoskeletal 
rearrangements that promote bacterial ingestion (Parsot, 2009).

The expression of Shigella virulence genes is controlled 
by environmental conditions prevalent in the large intestine 
(Dorman and Porter, 1998); however, full activation of the 
secretion system is triggered upon contact of Shigella with the 
host cells (Parsot, 2009). Thus, early interactions of bacteria 
with epithelial cells must take place before invasion can occur. 
Nonetheless, the nature of these interactions is not completely 
understood.

Lipopolysaccharide (LPS) has been implicated in the 
adherence and/or invasion of epithelial cells by several Gram-
negative bacteria (Hoare et al., 2006; Kanipes et al., 2004; Klena 
et al., 2005; Zaidi et al., 1996). LPS consists of the inner lipid A 
portion, the core oligosaccharide, and the O polysaccharide or 

O antigen (OAg), which is exposed to the cell surface (Raetz 
and Whitfi eld, 2002). The LPS of S. fl exneri 2a has O-antigen 
molecules with two preferred chain lengths, a short or 
S-OAg composed on average of 17 repeated units (RU) that 
is regulated by a chromosomally-encoded WzzB protein, and 
a very long or VL-OAg of about 90 RU that is regulated by 
WzzpHS2, which is encoded in plasmid pHS2.

The role of LPS in the invasion process of Shigella is 
unclear. Early reports using spontaneous or transposon-
insertion mutants lacking O antigen or with truncated cores 
indicated that neither a complete core nor the O antigen is 
required for S. fl exneri entry into HeLa cells (Okamura et al., 
1983; Okamura and Nakaya, 1977; Rajakumar et al., 1994; 
Sandlin et al., 1995). More recently, a study conducted with 
mutants that were identifi ed by signature-tagged mutagenesis 
indicated that a strain lacking O antigen was able to invade 
HeLa cells; however that work also showed that glycosylation 
of the O antigen enhances bacterial invasion, suggesting that 
a polymeric O antigen is necessary to this process (West et 
al., 2005). Only one study has addressed the role of LPS in the 
interaction of S. fl exneri with polarized epithelial cells. Using 
mutants obtained by Tn10 insertion, Köhler et al. (2002) found 
that adhesion to polarized human T84 colonic epithelial cells 
requires the presence of polymerized O antigen.

In this study, we have investigated the role of the O antigen 
in the ability of S. fl exneri to adhere to and invade polarized 
Caco-2 cells, using a series of mutants with defi ned, non-
polar deletions of the genes required for the assembly and 
polymerization of the O antigen. Our results indicate that 
polymerized O antigen is necessary for internalization and, 
moreover, a normal chain length distribution of the O antigen 
is required for the invasive process.
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MATERIAL AND METHODS

Bacterial strains, plasmids, media and growth conditions

Table I summarizes the properties of the bacterial strains and 
plasmids used in this study. Bacteria were grown in Luria-
Bertani medium (LB) (10 g/L Bacto tryptone, 5 g/L Bacto yeast 
extract, 5 g/L NaCl). Solid cultures were done in tryptic soy 
agar (TSA, Difco) containing 0.01% (w/v) Congo red (TSA-CR) 
at 30 ºC to ensure the presence of the virulence plasmid in the 
constructed strains (Schuch and Maurelli, 1997). Ampicillin 
(100 µg/mL), kanamycin (50 µg/mL), and tetracycline (10 µg/
mL) were added when appropriate.

Mutagenesis of LPS biosynthesis genes

Mutagenesis was performed by the Red/Swap method to create 
chromosomal mutations by homologous recombination using 
PCR products (Datsenko and Wanner, 2000). Shigella fl exneri 
2a strain 2457T containing pKD46, which expresses the λ Red 
recombinase system, was transformed with PCR products 
that were generated using as template plasmid pKD4, which 
contains the FRT-flanked kanamycin-resistance gene (aph). 
Each primer pair also carried 30 bases that were homologous 
to the edge of the gene targeted for disruption. The sequences 
of the oligonucleotide primers used in this study are available 
on request. The kanamycin-resistant transformants were replica 
plated in the absence of antibiotic selection at 37 ºC and fi nally 
assayed for ampicillin sensitivity to confi rm loss of pKD46. To 
obtain non-polar deletion mutants, the antibiotic resistance 
gene was removed by transforming the gene replacement 
mutants with pCP20, which encodes the FLP recombinase that 
mediates site specifi c recombination between the FRT sites 

(Cherepanov and Wackernagel, 1995). Correct insertional gene 
replacements and the deletion of the antibiotic gene cassettes 
were confi rmed by PCR.

Cloning of the wzzB and wzzpHS2 genes

DNA fragments containing the S. flexneri 2457T wzzpHS2 
(NC_002773) and wzzB (GeneID:1077593) genes and their 
promoter regions were amplifi ed by PCR. The amplicons were 
cloned into pDA12 (Aubert et al., 2008). The sequences of the 
primers used for the cloning experiments are available upon 
request.

LPS purifi cation

Large scale LPS preparations from S. fl exneri wild type and 
the O-antigen mutants wzzpHS2::aph and wzzB were obtained 
by the method of Darveau and Hancock (1983). The quality 
of the purifi ed LPS samples was confi rmed by Tricine-SDS-
PAGE as described below. To rule out the presence of proteins, 
LPS samples were analyzed by SDS-PAGE and proteins were 
quantifi ed using the Coomassie Plus protein assay kit (Pierce).

LPS analysis

Proteinase K-digested whole-cell lysates were prepared as 
described previously (Hitchcock and Brown, 1983), and LPS 
was separated on 12% (w/v) acrylamide gels using a Tricine-
sodium dodecyl sulfate (SDS) buffer system (Lesse et al., 1990). 
Gel loadings were normalized so that each sample represented 
the same number of cells as previously described (Bravo et 
al., 2008). Gels were silver stained by a modifi cation of the 
procedure of Tsai and Frasch (1982).

TABLE I
Strains and plasmids used in this study

Strain or plasmid Relevant propertiesa Source or reference

Shigella fl exneri 2a

2457T wild type ISPb

MSF1107 2457T wzzpHS2::aph, KanR This study

MSF1033 2457T wzzB This study

MSF1749 2457T wzy This study

MSF1210 2457T waaL This study

MSF252 2457T mxiH::aph, KanR This study

Plasmids

pKD46 bla PBAD gam bet exo pSC101 oriTS (Datsenko and Wanner, 2000)

pKD4 bla FRT aph FRT PS1 PS2 oriR6K (Datsenko and Wanner, 2000)

pCP20 bla cat cI857 _PR fl p pSC101 oriTS (Cherepanov and Wackernagel, 1995)

pDA12 cloning vector, oripBBR1, mob-, Pdhfr, TetR (Aubert et al., 2008)

pDAPF2 wzzpHS2 cloned into pDA12 This study

pDABF3 wzzB cloned into pDA12 This study

a KanR, kanamycin resistant.
b ISP, Institute of Public Health, Santiago, Chile.
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Type three-secretion system induction

The secretion of Ipa proteins was induced by supplementing 
bacterial cultures with 20 µg/mL Congo red, as described by 
Bahrani et al. (1997). After the induction, supernatants were 
concentrated and the protein samples were analyzed by SDS-
PAGE and silver stained.

Mammalian cell cultures

Caco-2 cells (American Type Culture Collection HTB-37), 
human colonic carcinoma cells, were maintained in high-
glucose DMEM supplemented with 10% (v/v) fetal bovine 
serum (FBS) and non-essential amino acids (GIBCO BRL). 
Caco-2 polarized monolayers were obtained as follows: 3 µm 
pore size polycarbonate filter inserts (Millicell, Millipore) 
were coated with type A Gelatin (SIGMA) for 6 h before cell 
seeding. Then, 3 x 105 cells were seeded onto the inverted fi lter 
inserts and allowed to attach overnight. After that, inserts were 
placed upright in 24-well culture plates (basolateral side of 
monolayer upward) and maintained for 7 days in 5% CO2 and 
95% air, changing medium every 2 days. Electrical resistance 
was measured every day using a dual-voltage Ohmmeter 
clamp until a steady-state transepithelial cell resistance of 
approximately 400 to 800 Ω/cm was reached.

Adhesion and invasion assays

Bacteria were grown aerobically to an optical density at 600 
nm of 0.3, washed twice with phosphate-buffered saline (PBS), 
suspended in DMEM supplemented with 10% (v/v) FBS and 
added to polarized Caco-2 cells monolayers at a multiplicity 
of infection of approximately 100. Adhesion assays were 
performed by co-incubating the monolayers with bacteria 
for 1 h at 4 ºC. Then, each well was rinsed three times with 
100 µL of ice-cold PBS and cells were lysed by incubation with 
100 μL of sodium deoxycholate (0.5% w/v in PBS) for 10 min. 
LB (900 μL) was added, and each sample was vigorously mixed 
to recover adherent bacteria, which were quantifi ed by plating 
for colony-forming units (CFU) on TSA-CR plates. Adhesion 
was calculated as follows: percent adhesion = 100 x (number of 
cell-associated bacteria/initial number of bacteria added). For 
invasion assays, after addition of bacteria to the monolayers, 
the culture plates were centrifuged at 180 x g for 10 min and 
then incubated for 30 min at 37 ºC. Cells were washed three 
times with pre-warmed PBS and incubated for an additional 
1 h in DMEM supplemented with 10% FBS and containing 
gentamicin (50 µg/mL) to kill extracellular bacteria. Cells were 
then washed three times with PBS and lysed with sodium 
deoxycholate (0.5% w/v in PBS). Intracellular bacteria were 
diluted and plated on TSA-CR plates. Invasion was calculated 
as the number of bacteria resistant to gentamicin/initial 
number of bacteria added. Invasion and adherence of the wild-
type strain was arbitrarily defi ned as 100%.

For competition assays, purifi ed LPS preparations (100 µL) 
at different fi nal concentrations in PBS were added to polarized 
Caco-2 cells and incubated for 1 h at 37 ºC. Then, PBS was 
removed and invasion assays were performed as described 
above.

Data were obtained from at least three independent 
experiments performed in triplicate and were expressed 
as means ± standard errors. The statistical signifi cance of 

differences in the data was determined using the one-way 
analysis of variance (ANOVA) test and the Dunnett's post-test.

RESULTS

Construction and LPS phenotypes of S. fl exneri strains with defi ned 
mutations in O-antigen genes

Defi ned, non-polar deletions of genes responsible for assembly 
of the O antigen were constructed. The disrupted genes 
included: (i) wzzpHS2, encoding the chain length regulator that 
determines polymerization of the VL-OAg (>90 RU), (ii) wzzB, 
encoding the chain regulator responsible for polymerization 
of the S-OAg (11-17 RU), (iii) wzy, encoding the O-antigen 
polymerase, and (iv) waaL, which encodes the O-antigen ligase; 
a protein catalyzing the link between O-antigen chain and 
the lipid A-core region (Schnaitman and Klena, 1993). Fig. 1A 
shows the LPS patterns of the parental and LPS mutant strains. 
As previously reported (Carter et al., 2007), strain wzzpHS2::aph 
(MSF1107) produced O-antigen chains lacking VL-OAg 
(lane 2), whereas the wzzB mutant strain (MSF1033) did not 
exhibit S-OAg molecules (lane 3). Mutant wzy (MSF1749) 
showed a semi-rough phenotype with a very prominent band 
corresponding to core substituted with one O-antigen unit 
(lane 4). Finally, the waaL mutant (MSF1210) produced LPS 
with a complete core region and devoid of O antigen (lane 5).

To evaluate whether the LPS defects of the mutants 
affected the function of the T3SS, exponential cultures of each 
strain were incubated with Congo red to induce secretion of 
the effector proteins, as described in Materials and Methods. 
A mutant defective in type-three secretion ( mxiH) was also 
analyzed as negative control. The parental strain and all the 
O antigen mutants showed the characteristic electrophoretic 
profile of Ipa proteins (Parsot et al., 1995), indicating a 
functional T3SS (Fig. 2).

Polymeric O antigen with normal chain-length distribution is 
required for invasion, but not for adhesion, to Caco-2 cells

To address the role of the O antigen in the initial 
interaction of S. fl exneri with epithelial cells, we compared the 
abilities of mutants and the wild-type 2457T to adhere to and 
enter Caco-2 cells as a polarized colonic epithelial cell model.

We fi rst investigated the role of O antigen in adhesion. The 
experiments were done under conditions in which invasion 
was inhibited by reduced temperature (4 ºC) as described in 
Material and Methods. As shown in Fig. 1B, all the mutants 
exhibited the same or higher levels of adhesion to Caco-2 cells 
compared to the parental strain. These results indicate that the 
presence of O antigen is not required for adhesion of S. fl exneri 
to epithelial cells.

The ability of the O-antigen mutants to invade polarized 
epithelial cells was assayed. A mxiH mutant, which lacks 
one structural protein of the needle complex of the T3SS, was 
used as negative control. As shown in Fig. 1C, mutants in the 
wzzpHS2 or wzzB genes were signifi cantly less invasive than 
the wild-type strain. This phenotype was also observed for 
the wzy and waaL mutants. We concluded from these data 
that entry of S. fl exneri into epithelial cells from the basolateral 
surface requires not only polymerized O antigen but also, most 
importantly, a modal chain-length distribution of O-antigen 
molecules contributed by both WzzB and WzzpHS2.

To ensure that the defects in O-antigen chain length were 
responsible for the diminished invasive capacity of mutants 
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wzzpHS2 and wzzB, each mutant was complemented with the 
corresponding intact gene cloned into the low copy number 
plasmid pDA12 (Table I). The complemented strains showed 
wild-type LPS profi les (Fig. 3A). The invasion abilities of the 
complemented mutants were compared with the parental 
strain transformed with the vector pDA12. Both strains 
were able to enter Caco-2 cells as well as the wild type. The 
complemented wzzB showed higher invasion levels, but the 
differences with the wild type levels of invasion were not 
statistically signifi cant (Fig. 3B).

LPS does not inhibit S. fl exneri invasion of polarized Caco-2 epithelial cells

To elucidate whether O-antigen molecules are required 
for the fi rst interaction with epithelial cells, LPS from the 
parental, wzzpHS2 and wzzB strains was purifi ed and used as 
a competitor in the invasion assay. As shown in Fig. 4, pre-
treatment of the monolayers with LPS purifi ed (2 and 5 µg/
mL) from any of the three strains did not affect the invasion 
ability of the parental strain. The same results were obtained 
when higher amounts of competitor LPS (100 and 1000 µg/
mL) were added (data not shown). These results demonstrated 
that LPS does not compete for internalization of S. fl exneri 

into epithelial cells by the basolateral membrane, supporting 
our fi nding that LPS is not required for adhesion, but rather it 
would be needed in a later step of the invasion process.

DISCUSSION

The role of LPS O antigen in the initial interaction of S. 
fl exneri with epithelial cells is not yet well defi ned. Earlier 
studies carried out with HeLa cells indicated that O antigen 
is not required for S. fl exneri invasion (Okamura et al., 1983; 
Okamura and Nakaya, 1977; Rajakumar et al., 1994; Sandlin 
et al., 1995). These studies were conducted using mutants 
that were not rigorously characterized genetically, obtained 
either spontaneously or by transposon insertions. In any case, 
secondary mutations and/or polar effects on genes located 
downstream the mutation site in the wba operon cannot be 
ruled out.

In this work, we dissected the contribution of O antigen 
to epithelial cell invasion by S. fl exneri using mutants with 
defined deletions of genes for O antigen assembly and 
polymerization. We found that polymeric O antigen is required 
for invasion of polarized Caco-2 cells by the basolateral side. 
Our results are not in accordance to those of Köhler et al. 

Figure 1: (A) LPS profi les from S. fl exneri wild type and its isogenic O-antigen mutants. LPS samples from equal numbers of bacterial cells 
were loaded in each lane and were analyzed by Tricine/ SDS-polyacrylamide gel electrophoresis on a 12% acrylamide gel followed by 
silver staining. (B) Adhesion and (C) invasion of S. fl exneri wild type and mutants to polarized Caco-2 cells. The assays were performed in 
triplicate on at least three independent occasions. Averages ± standard errors (error bars) are shown. Values that are signifi cantly different 
from those of the wild type are indicated by * (p<0.05) or *** (p<0.001). The strains are 2457T (wt), MSF1107 (ΔwzzpHS2::aph), MSF1033 
(ΔwzzB), MSF1749 (Δwzy), MSF1210 (ΔwaaL), MSF252 (ΔmxiH::aph).
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(2002), who reported that the presence of O antigen was not 
required for the invasion process itself, but it was essential 
for adhesion. In that study, invasion assays were performed 
by incubating the monolayer with bacteria at 37 ºC for 90 
min, then gentamicin was added and incubation proceeded 

Figure 2: Secretion of Ipa proteins by S. fl exneri wild type and 
mutants. Secretion was induced by incubating bacteria with Congo 
red (CR). Proteins in culture supernatants were electrophoresed 
and silver stained. The positions of Ipa proteins are indicated. 
Numbers indicate positions and sizes (in kDa) of standard 
proteins.

Figure 3: (A) LPS profiles from S. flexneri wild type and 
complemented O-antigen mutants (B) Invasion of polarized 
Caco-2 epithelial cells by S. fl exneri wild type and complemented 
O-antigen mutants. The assays were performed in triplicate on 
at least three independent occasions. Averages ± standard errors 
(error bars) are shown. Values were not signifi cantly different from 
those of the wild-type S. fl exneri. The strains are 2457T/pDA12 
(wt/vector), MSF1107/pDAPF2 (ΔwzzpHS2::aph/wzzpHS2

+) and 
MSF1033/pDABF3 (ΔwzzB/wzzB+).

Figure 4: Effect of pre-treatment of Caco-2 cells with purifi ed 
LPS on bacterial invasion. (A) LPS profi les of samples purifi ed 
from S. fl exneri wild type and its isogenic O-antigen mutants. (B) 
Competition assays. Caco-2 cells were pre-treated with 2 or 5 mg/
mL of LPS obtained from each indicated strain before the addition 
of wild-type bacteria. Invasion assays were performed in triplicate 
on at least three independent occasions. Averages ± standard 
errors (error bars) are shown. Values were not significantly 
different from that of non treated Caco-2 cells.

for additional 90 min. After lysis of the monolayer, CFU were 
counted. To estimate the number of surface-associated bacteria, 
the invasion values were subtracted from the CFU obtained 
after the initial 90 min of incubation without gentamicin. 
So, it is possible that during incubation with gentamicin, 
intracellular bacteria proliferated. Thus the invasion index 
was over estimated, lowering the adherence values. In 
consequence, these experimental conditions could explain 
why the authors attributed to an impaired adhesion a defect in 
invasion.

Interestingly, we found that polymerized O antigen with a 
normal chain length distribution, that is, containing S-OAg and 
VL-OAg, is required for polarized-cell invasion by S. fl exneri 
(Fig. 1). Mutants with deletions of either wzzB or wzzpHS2 were 
signifi cantly less invasive than the parental isolate. When 
these mutants were transformed with plasmids containing the 
corresponding intact gene, the invasive capacity was restored 
to wild-type levels (Fig. 3).

Our results suggest that no direct interaction occurs 
between O-antigen molecules and a possible ligand on the 
epithelial cell surface to promote invasion (Fig. 4). The invasion 
defects of the O-antigen mutants could be attributable to a 
general compromise of the outer membrane integrity. As 
the loss of bacterial cell envelope integrity often results in 
increased permeability and sensitivity to detergents, cationic 
peptides, antibiotics and other toxic compounds (Nikaido 
and Vaara, 1985), bacteria were tested for sensitivity to SDS, 
polymyxin B, EDTA, and novobiocin by the method described 
by Maloney and Valvano (2006). No differences were observed 
between any of the mutants and the wild-type strain (data not 
shown), suggesting that the cell envelope of the LPS mutants 
remains fully functional. Nonetheless, a normal LPS may 
be necessary for the assembly or exposure of other surface 
structure that mediates the entry process. In support of this 
notion, it has been reported that the O antigen contributes 
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to stabilize the outer membrane by the interaction between 
adjacent O-antigen chains (Nikaido, 2003), and LPS also 
interacts with outer membrane proteins allowing their correct 
localization and function (Goldberg and Theriot, 1995).

In S. fl exneri, mutants that are devoid of VL-OAg, but not 
of S-OAg, are highly sensitive to serum (Hong and Payne, 
1997). These fi ndings, together with the results of this study 
suggest that, while the presence of VL-OAg would be optimal 
for extracellular survival, a normal chain length distribution 
(S-OAg and VL-OAg) is required for internalization of bacteria 
into polarized epithelial cells.
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ABSTRACT

Although alcohol is known to be a carcinogen for humans, ethanol-genotoxicity studies are incomplete. Ethanol seems not to be a bacterial 
mutagen, but the results are confl icting in rodent assays. We investigate the genotoxicity in the bone marrow micronucleus (MN) test and 
in the dominant lethal mutation (DLM) assay using two long-term ethanol exposure protocols. In the MN test, mice consumed three doses 
(5, 10 and 15% v/v) for 32 weeks. MN induction was compared to two control groups of 5- and 38-week-old mice (the ages of the treated 
mice when the treatment was initiated and when they were killed, respectively). For the three groups treated with ethanol there was no 
signifi cant increase in MN induction as compared to the fi rst control group, but observed MN frequencies were signifi cantly lower than in 
the 38-week-old control group. This suggests a protective effect against genotoxic damage caused by aging, probably due to ethanol action 
as a hydroxyl radical scavenger.
In the DLM assay, male mice drank ethanol at 15% or 30% (v/v) for 20 weeks. In both groups the number of dead implants was similar to 
the control, but there was a signifi cant reduction in total implants, indicating a pre-implantation loss.

Key words: dominant lethal mutation, ethanol, genotoxicity, micronucleus test

INTRODUCTION

Chronic alcoholism is a mayor public health issue around 
the world. Consumption of alcohol has been related to 
cardiovascular diseases (Friedman, 1998), hepatic effects (Lieber, 
1985), brain toxicity (Harper, 1998), and increased incidence of 
esophagus, larynx and oral cavity cancers. The International 
Agency for Research on Cancer (IARC, 1998) has found that 
there is suffi cient evidence for the carcinogenicity of alcoholic 
beverages in humans, and has classifi ed alcoholic beverages 
as Group I carcinogens, although the mechanism of ethanol 
carcinogenicity is still not known (Kayani and Parry, 2010).

There are many studies about the genotoxic potential of 
ethanol, some of which have shown chromosomal effects in 
lymphocytes of alcoholics, like sister chromatid exchanges 
(reviewed in Obe and Anderson, 1987), induction of 
chromosomal aberrations (López et al., 2001) and increased 
incidence of aneuploidy (Kucheira et al., 1986), suggesting that 
alcoholism may cause chromosome damage in humans.

The genotoxicity testing of ethanol was first reviewed 
by an expert group of the International Commission 
for the Protection against Environmental Mutagens and 
Carcinogenesis (ICPEMC) (Obe and Anderson, 1987). No 
conclusion was reached about the effects of ethanol in relation 
to genetic damage. In 1995, the UK Department of Health’s 
Committee on Mutagenesis of Chemicals in Food, Consumer 
Products and the Environment reviewed the evidence for 
the mutagenecity of ethanol, acetaldehyde and alcoholic 
beverages. The Committee agreed that the consumption of 
alcoholic beverages does not present any signifi cant concern 
with respect to their mutagenic potential.

In 2001, Phillips and Jenkinson (Phillips and Jenkinson, 
2001) made a review of the available information on the 
genotoxicity of ethanol, concluding that the data derived from 
studies using standard genotoxicity methods are incomplete. 
They reported that there is clear evidence that ethanol is not 
a bacterial or mammalian mutagen, but the results of some 
in vivo rodent assays are confl icting. The reported tests for 
chromosome aberrations in vivo are all negative, a minority 
of micronucleus tests have given positive results, dominant 
lethal assays are divided between positive and negative, and 
there is some limited evidence that high doses of ethanol can 
induce sister chromatid exchanges (SCE) and aneunogenic 
effects.

More recently, in vitro micronucleous (MN) tests with 
human TK6 cells showed non-MN induction with ethanol 
exposure up to 1.6% (v/v) (Bryce et al., 2007), while the 
cytokinesis blocked micronucleous assay (CBMN) revealed a 
dose dependent increase in the mean frequency of binucleated 
cells with MN with 0.8, 1.0 and 2.0% (v/v) of ethanol (Kayani 
and Parry, 2010)

The present study investigated the genotoxic potential of 
ethanol by using long-term exposure protocols to simulate 
chronic alcoholism in a mouse micronucleus bone marrow test 
and a mouse dominant lethal mutation assay.

MATHERIAL AND METHODS

Chemical Reagents

Ethanol (CAS Nº 6417-5) was obtained from Merck Chemical 
Co. (Germany).
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Animals and treatments

CF1 mice were obtained from the National Health Institute 
of Chile. They were kept with water and pellets (mouse chow 
Kimber, Chile) ad libitum, with a controlled temperature (24ºC) 
and humidity (40 - 50%) and a 12-hour light-dark cycle. During 
the study animals were kept under the same environmental 
conditions, except that ethanol treated groups received ad 
libitum an aqueous ethanol solution instead of water. Since 
mice do not like the taste of ethanol, we fi rst began the ethanol 
treatment with a very low dose, which was daily increased to 
5, 10, 15 or 30% (v/v)

Micronucleus Assay

For chronic ethanol treatment, three groups of male mice (n=6) 
drank an aqueous solution of ethanol with concentrations of 
5, 10 or 15% (v/v) from 5 to 38 weeks of age. Control animals 
(n=6) received only water for the same period of time. The 
mouse bone marrow micronucleus assay was performed 
as previously reported (Ellahueñe et al., 1994). For each 
animal, 2000 polychromatic erythrocytes (PCE) were scored, 
and cytotoxicity was measured as the ratio of PCE/NCE 

(normochromatic erythrocytes) in 200 total erythrocytes. The 
results were analyzed statistically by the Mann-Whitney U test, 
with the level of signifi cance set at a = 0.05.

Dominant Lethal Mutation Assay

Two groups of male mice (n=10) were exposed to 15% or 30% 
(v/v) of ethanol in the drinking water, as the only choice of 
liquid, from 10 to 30 weeks old. The control group (n=10) 
received only water for the same period of time. After the 
exposure interval, the ethanol solution was replaced by water 
in order to have minimal effects on mating performance. 
Each male was separately caged with two virgin females; 
each morning the females were examined for the presence 
of the vaginal plug, mated females were replaced and non-
mated females were kept in cages. This mating procedure 
was performed for three consecutive days. The mated 
females were killed by cervical dislocation 12 days after the 
vaginal plug was observed and each uterus was removed and 
examined for the number and status of all implantation sites. 
The numbers of total live and dead implants were scored. The 
percentage of induced dominant lethal mutations (DLM) was 
calculated as:

TABLE I
Mean frequency of micronucleous induction in 2000 polychromatic 

erythrocytes scored for each mouse, with 6 mice per group

Treatment MN PCE ± sd EPC/ENC ± sd

5-week control 2.7 ± 1.2 * 0.7 ± 0.3

38-week control 6.5 ± 3.0 0.5 ± 0.2

Ethanol at 5% 4.0 ± 2.7 * 0.7 ± 0.1

Ethanol at 10% 2.5 ± 0.5 * 0.5 ± 0.2

Ethanol at 15% 3.2 ± 1.6 * 0.6 ± 0.1

*: Signifi cant difference at p<0.05 when compared to the 38-week control 
group. Abbreviations used: MN, micronucleus; PCE, polychromatic erythrocytes; 
EPC/ENC, the ratio of polychromatic/normochromatic erythrocytes in 200 total 
erythrocytes; sd, standard deviation.

The results were analyzed statistically by the student’s t 
test, with the level of signifi cance set at a = 0.05.

RESULTS

Table I shows the micronucleus bone marrow test results. 
There were no signifi cant increases in induced MNPCEs at 
any of the ethanol doses (5, 10, or 15% v/v) as compared to 
the 5-week-old control group. In addition, no differences 
were observed among the three doses. However, there were 
signifi cant differences in induced MN between the two control 
groups, 2.7 ± 1.2 in 5-week-old mice and 6.5 ± 3.0 in 38-week-
old mice. As well, the MN frequencies observed in the three 
ethanol treated groups were all signifi cantly lower than the 
values observed in the 38-week-old control group.

The PCE/NCE ratio was within the normal range (>0.1) for 
both the treatment and control groups, showing no cytotoxic 
effect of ethanol ingestion on the cell population.

Dominant lethal mutation results are summarized in 
Table II. The number of total implants per pregnant female is 
similar for both ethanol doses, and signifi cantly lower than 
the number observed in the control group. The mean numbers 
of living embryos per pregnant female also decreased in both 
ethanol treated groups, but not to statistically signifi cant levels. 
No differences were observed for the mean number of dead 
implants, and the percentage of DLM was low and similar for 
both ethanol doses.

DISCUSSION

Alcohol abuse greatly increases the risk of different 
malignancies, including cancer, but the mechanisms by which 
ethanol could be a carcinogenic or co-carcinogenic agent 

remain unknown. The available data from studies on ethanol 
using standard genotoxicity methods are incomplete and 
inconclusive (Phillips and Jenkinson, 2001). Nevertheless, 
some studies have shown that chronic alcoholism may cause 
chromosome damage in humans, such as chromosome 
aberrations in peripheral blood lymphocytes (Burim et al., 
2004), centromere positive MN in lymphocytes (Maffei et al., 
2000), or micronuclei in tongue cells (de Almeida et al., 2002), 
suggesting a relationship between excessive consumption of 
ethanol-containing beverages and some degree of genotoxicity. 
On the other hand, the reports for chromosomal aberrations in 
vivo, designed to model the effects of alcoholism in animals, 
were all negative. Ethanol showed no effect on micronucleous 
incidence in rat bone marrow, when ethanol was administered 

DLM (%) = 1 –     Average of living embryos in the experimental group     x 100

 Average of living embryos in control group

Biological N 45.indb   28Biological N 45.indb   28 29-03-12   10:5529-03-12   10:55



29ELLAHUEÑE ET AL. Biol Res 45, 2012, 27-31

in drinking water at 5% for 10-30 days (Balansky et al., 1993) 
or at 10% and 20% for 3 to 7 weeks (Tates et al., 1980). As 
well, a non-signifi cant increase in chromosomal aberration 
frequency was observed at 20% of ethanol administered for 
30 days (Tavares et al., 2001). These negative results could be 
the consequence of the short exposure time period (30 days), 
or the small number of animals (Tates et al., 1980). However, 
if ethanol per se is neither carcinogenic nor mutagenic, it 
could act as an enhancer for carcinogenicity. In this way it has 
been suggested that the ability of ethanol to induce CYP2E1 
(Guegerich et al., 1994) could be the mechanistic basis of 
ethanol for enhancement of genotoxicity and carcinogenicity 
in mixtures containing carcinogens, such as alcoholic 
beverages (which contain urethane, and probably other 
known carcinogens). In support of this suggestion, alcoholic 
beverages, such as tequila and brandy, were demonstrated to 
be more genotoxic with the sister chromatid exchange test in 
mouse bone marrow cells than was ethanol itself (Pina Calva 
and Madrigal-Bujaidar, 1993).

In this work, we investigated the possible genotoxic effects 
of chronic ethanol exposure, so mice were drinking ethanol 
for a longer period of time than that used in the other cited in 
vivo ethanol studies. In the mouse bone marrow micronucleus 
assay (Table I), we observed that all ethanol doses tested did 
not increase the MNEPC frequency as compared to that in 
control animals. Because it has been reported that the MNEPC 
frequency increases in mice with age (Sato, 1995, Dass et al., 
1997), we used two control groups, one 5 weeks old, the age at 
which the treated mice began drinking ethanol, and the other 
38 weeks old, the age at which the treated mice were killed 
after drinking ethanol. Surprisingly, we observed that the 
MNEPC frequency was signifi cantly lower in the three ethanol-
treated groups compared to the 38-week-old control group, 
suggesting an ethanol protective effect against genotoxic 
damage caused by aging. This low MN frequency observed in 
our experiment could not be ascribed to an ethanol cytotoxicity 
effect, because the EPC/ENC ratio is within the normal range 
(≥ 0.1) in all of the treated and control animals (Table I).

Ethanol has previously been reported as a genotoxic 
protective agent. Different injected ethanol doses have been 
shown to reduce the induction of mouse MNEPC by urethane 
(Choy et al., 1995). The same authors also demonstrated that 
ethanol delays urethane genotoxicity for 12 hours (Choy et al., 
1996).

Other authors have reported a radioprotective effect of 
ethanol. The addition of 10 mM ethanol reduced X-ray-induced 
chromosome aberrations in human lymphocytes in vitro, while 
ethanol was less effective in protection from carbon-induced 
chromosome aberrations. Since densely ionizing radiation 

produces lesions through direct action, while other ionizing 
radiation, like X-rays or g-rays, induces DNA lesions mostly 
by indirect action where free radicals play an important role, 
the authors concluded that ethanol protects DNA from X rays 
by scavenging hydroxyl (OH) radicals (Monobe and Ando, 
2002). The same authors found that in mice that are given 1 ml 
of 5.5% ethanol orally 30 min before whole body irradiation, 
chromosome aberrations in spleen cells were significantly 
reduced by ethanol for g-ray irradiation, but not for carbon-ion 
irradiation (Monobe et al., 2003). These results may confi rm 
the hypothesis that ethanol acts as a free radical scavenger. In 
human lymphocytes, ethanol showed a protective effect for 
hydrogen peroxide-induced DNA damage in vitro (Greenrod 
and Fenech, 2003), also apparently by acting as a free radical 
scavenger.

Paradoxically, oxidative metabolism of ethanol has been 
described as the mechanism by which ethanol can induce 
genotoxicity damage and some authors have demonstrated 
that antioxidants could markedly decrease the levels of ethanol 
induced DNA single-strand breaks in mouse brain cells (Guo et 
al., 2007)

The pr imary s i te  of  e thanol  absorpt ion is  the 
gastrointestinal tract. Only 2% - 10% of the total ethanol 
ingested is eliminated by the kidney, and the rest is mainly 
oxidized in the liver (Lieber, 1997). Ethanol oxidation occurs 
in three places in hepatocytes, by different pathways: (a) 
in the cell cytoplasm by alcohol dehydrogenase; (b) in the 
endoplasmic reticulum by the microsomal ethanol oxidation 
system (MEOS); and (c) in the peroxisomes by catalase (Burim 
et al., 2004). Each of these three oxidation processes produces 
specifi c metabolites.

The fi rst phase of ethanol biotransformation involves its 
oxidation to acetaldehyde, the main and primary metabolite 
of ethanol. Acetaldehyde is a highly reactive compound that 
can interact with DNA, forming DNA adducts of acetaldehyde 
like those observed in peripheral white blood cells of alcohol 
abusers (Fang and Vaca, 1995), or DNA strand breaks (Singh 
and Khan, 1995) and DNA cross-links in cultured human 
lymphocytes (Blasiak et al., 2000). Thus, the high levels of 
acetaldehyde accumulated during ethanol metabolism could 
be responsible for the positive genotoxic effects of ethanol 
reported in some papers. According to many authors, ethanol 
does not possess genotoxic potential and the observed ethanol 
genotoxicity is only due to acetaldehyde. Nevertheless, 
Kayani and Parry (2010) have shown that both ethanol 
and acetaldehyde can produce signifi cant increases in MN 
induction, establishing that ethanol-MN induction is mainly 
through an aneugenic mechanism, while acetaldehyde does 
the same through a clastogenic effect. Different factors could 

TABLE II
Uterine examination of females mated with control and chronic alcoholic mice

Treatment Number of 
pregnant females

Mean of total 
implants ± sd

Mean of living 
embryos ± sd

Mean of dead 
embryos ± sd

DominantLethal 
Mutations (%)

Control 23 14.04 ± 1.89 13.30 ± 2.10 0.74 ± 1.32

Ethanol at 15% 18 11.61 ± 1.86* 11.00 ± 1.85 0.61 ± 0.70 17.3

Ethanol at 30% 21 12.19 ± 1.86* 11.43 ± 2.16 0.76 ± 1.09 14.1

*: Signifi cant difference at p<0.05 when compared to the control group.
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regulate the rates of alcohol and acetaldehyde metabolism. 
One of these factors is alcohol deshydrogenase (ADH) and 
acetaldehyde deshydrogenase (ALDH) polymorphisms, 
both enzymes being primarily responsible for the amount of 
acetaldehyde generated. There could be a relationship between 
polymorphisms of ethanol-induced metabolism genes and 
alcoholism (Chen et al., 2009), and an effect has been observed 
of drinking alcohol and ADH/ALDH polymorphism on DNA 
damage, as measured by the alkaline comet assay (Weng et 
al., 2010). Thus, human polymorphisms of these enzymes 
could explain the different effects of the ethanol consumed by 
alcoholics.

Chronic ethanol consumption leads to its oxidation by 
MEOS, where P4502E1 is the main component of this system, 
generating an adaptive increase of ethanol metabolism (Lieber, 
1997). This adaptation and/or tolerance to high concentrations 
of ethanol has been suggested to prevent ethanol that has 
entered the circulation from reaching excessive levels, so this 
progressively increasing rate of ethanol clearance from blood 
could explain the lack of genotoxic effect of chronic ethanol 
administration in rats (Tavares et al., 2001), as well as our 
negative results in mice. Furthermore, together with a lack 
of genotoxic effect, we also observed less genotoxic effects in 
older mice chronically exposed to ethanol. We suggest this 
could also be explained by ethanol metabolic pathways. Since 
oxidative damage of macromolecules plays a signifi cant role in 
the aging of rodents (Martin et al., 1996) and enzymes involved 
in free radical detoxifi cation, such as superoxide dismutase 
and catalase, are known to decrease in the liver and brain 
of mice with age (Dass et al., 1997), the genotoxic protection 
effect of ethanol could be due to ethanol acting as a hydroxyl 
radical scavenger by reducing free radical production. Chronic 
alcohol consumption could stimulate catalase activity, which 
is involved in ethanol oxidation, producing an adaptive 
increase similar to that observed for CYP2E1 activity. This 
hypothesis could also explain the absence of a synergistic or 
additive genotoxic effect of ethanol combined with cigarette 
smoke observed in alcoholic smokers (Burim et al., 2004), and 
the increase of cells with chromosomal aberrations in chronic 
alcoholics after 12 months of abstinence in comparison to the 
frequency at the beginning of an intensive treatment program 
(Huttner et al., 1999).

In germ cells, the dominant lethal mutation assay (Table II) 
gave no evidence of a signifi cant increase in post-implantation 
lethality, while a moderate but signifi cant reduction in mean 
total implants was observed, indicating pre-implantation 
loss. These results are similar to those reported by Rao et al, 
who found a signifi cant reduction in mean total implants in a 
Swiss strain, but not in CBA mice after acute ethanol treatment 
(Rao et al., 1994). Thus, our results exclude the possibility that 
chronic ethanol exposure could induce germinal chromosome 
mutations in mice.

Finally, our results show that chronic treatment with 
ethanol does not induce genotoxic damage in somatic or 
germinal mouse cells evaluated by the micronucleus or the 
dominant lethal mutation assays. This suggests that ethanol 
could have a protective effect on age-related genotoxic 
damage, presumably due to free radical scavenging by ethanol, 
although further studies are required to confi rm this effect and 
to elucidate the underlying mechanism.
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Human dendritic cells sequentially matured with CD4+ T cells as a 
secondary signal favor CTL and long-term T memory cell responses
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ABSTRACT

Dendritic cells (DCs) are professional antigen-presenting cells involved in the control and initiation of immune responses. In vivo, DCs 
exposed at the periphery to maturation stimuli migrate to lymph nodes, where they receive secondary signals from CD4+ T helper cells. 
These DCs become able to initiate CD8+ cytotoxic T lymphocyte (CTL) responses. However, in vitro investigations concerning human 
monocyte-derived DCs have never focused on their functional properties after such sequential maturation. Here, we studied human DC 
phenotypes and functions according to this sequential exposure to maturation stimuli. As fi rst signals, we used TNF-α/polyI:C mimicking 
infl ammatory and pathogen stimuli and, as second signals, we compared activated CD4+ T helper cells to a combination of CD40-L/
IFN-γ. Our results show that a sequential activation with activated CD4+ T cells dramatically increased the maturation of DCs in terms of 
their phenotype and cytokine secretion compared to DCs activated with maturation stimuli delivered simultaneously. Furthermore, this 
sequential maturation led to the induction of CTL with a long-term effector and central memory phenotypes. Thus, sequential delivery of 
maturation stimuli, which includes CD4+ T cells, should be considered in the future to improve the induction of long-term CTL memory in 
DC-based immunotherapy.

Key words: Cytotoxic T lymphocytes, dendritic cells, T memory cell, sequential maturation.

INTRODUCTION

The importance of DCs in adaptive immune responses has 
been extensively demonstrated in recent decades. DCs reside 
in skin, mucosa and peripheral tissues where they are exposed 
to foreign antigens. Through their capacity to sample their 
environment, to migrate to lymph nodes and to activate 
lymphocyte populations, these sentinel cells are at the origin 
of antigen-adapted immune responses, making a link between 
natural, innate and specifi c adaptive immunity (Banchereau 
and Steinman, 1998). In this context, DCs are at the heart of the 
immune surveillance mechanism, capturing and presenting 
antigens to specifi c T lymphocytes that can participate in 
response against pathogens or tumors.

Many studies in murine models have underlined the 
importance of CD4+ T cells in the induction of CD8+ T cell 
responses by DCs, and more recently in the establishment of 
a CD8+ T cell memory pool (Castellino and Germain, 2006). 
It is now well established in these animal models, that DCs 
must fi rst be exposed to preliminary maturation signals in 
the periphery to induce their activation and migration to 
secondary lymphoid organs where they can interact and 
receive additional signals from CD4+ T helper cells. CD4+ 
T cell help is mediated by several factors, such as CD40-L. 
CD40-L expressed by activated CD4+ T cells is known 
to induce an increase in the expression of co-stimulatory 
molecules by DCs and in the secretion of bioactive IL-12p70, 
a cytokine required for Th1 differentiation and CTL activation 
(Bennett, et al., 1997, Mackey, et al., 1998, Ridge, et al., 1998, 
Schoenberger, et al., 1998). However, CD40-L independent 
signals, such as IFN-γ, can also act on DCs to increase their 
capacities to initiate CTL responses (Lu, et al., 2000, Schroder, 

et al., 2004). In addition, it was recently demonstrated in 
a murine model that these CD4+ T cell-derived signals 
induce secretion of the chemokines CCL3 and CCL4 by DC. 
These chemokines are reported to attract naïve CD8+ T 
cells, thus increasing the probability that an antigen-specifi c 
CD8+ precursor comes into contact with a mature antigen-
presenting DC (Castellino and Germain, 2006, Castellino, et 
al., 2006, Arens and Schoenberger, 2010). Furthermore, these 
chemokines favored the differentiation of a long-term CD8+ 
T memory cell pool (Castellino and Germain, 2007, Obar and 
Lefrancois, 2010).

Thus, the murine models suggest that DC maturation 
require a two-step process in order to enable the effi cient 
activation of CD8+ T cell responses and the generation 
of a T memory cell pool. Surprisingly, while numerous 
differences exist between murine and human DCs, no in 
vitro investigations concerning human DC maturation have 
taken into account this two-step maturation process. Indeed, 
they have focused on maturation stimuli, used alone or in 
combination, but delivered simultaneously, and not with 
CD4+ T lymphocytes as a second signal. Thus, in the present 
study, we characterized the phenotype and function of 
human DCs sequentially matured with activated CD4+ T 
cells as a second signal in comparison to DCs activated with 
simultaneous delivery of maturation stimuli. We set up a DC 
maturation protocol composed of TNF-α/polyI:C as a fi rst 
combined signal that mimics the peripheral stimuli, followed 
by exposure to allogenic CD4+ T cells activated with CD3 
and CD28 specifi c mAb. We investigated the effect of this 
sequential maturation on the phenotype of DC and their ability 
to secrete cytokines and chemokines. We also compared their 
capacity to prime antigen-specifi c CD8+ T cell responses. We 
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found that sequential maturation of human DCs, especially 
with activated CD4+ T cells as a second signal, lead to a 
better differentiation of anti-tumor CD8+ T cells with a long-
term memory phenotype. Our work therefore reports a new 
approach using sequential maturation to optimize in vitro DC 
maturation and T cell activation for the development of DC-
based immunotherapy.

METHODS

Cell culture

Human PBMCs were obtained at the Etablissement Français du 
Sang in Nantes from healthy donors (convention ATS 2000-12). 
After Ficoll-Paque density gradient centrifugation (Amersham, 
Uppsala, Sweden), monocytes were purifi ed from PBMCs by 
elutriation using a Beckman Avanti J20 centrifuge equipped 
with a JE5.0 rotor and a 40 ml elutriation chamber. Monocyte 
purity (> 90%) was assessed by fl ow cytometry using scatter 
gating to defi ne monocyte and lymphocyte populations.

Monocytes were cultured in fl asks at 2x106 cells/ml in 
RPMI 1% penicillin–streptomycin–glutamin supplemented 
with 2% human albumin (Laboratoire  Français  de 
Fractionnement et de Biotechnologies, Les Ulis, France), 500 
U/ml recombinant human GM-CSF and 40 ng/ml recombinant 
human IL-4 (both from CellGenix, Paris, France). Immature 
DCs were harvested at day 5 and cultured in fresh medium 
with cytokines at 1x106 cells/ml, in 24-well plates coated with 
poly(2-hydroxyethylmetacrylate) (Sigma, St Quentin Fallavier, 
France) to prevent cell adhesion. DC maturation was induced 
by the addition of TP: 20 ng/ml TNF-α (AbCys, Paris, France) 
and 50 µg/ml poly I:C (Sigma, St Quentin Fallavier, France), 
or CI: 0.5 µg/ml soluble CD40-L trimer (AbCys) and 1000 U/
ml IFN-γ (AbCys), or T4+: activated CD4+ T cells at a DC/
T4+ ratio of 1/2. In some conditions, T4+ or CI was added to 
DCs matured 10 hrs with TP. In order to activate CD4+ T cells 
(T4+), allogeneic CD4+ T lymphocytes were incubated for 6 
hours in 24-well plates, coated with 0.5 µg/ml of anti-CD3 
mAb (Orthoclone OKT3, Janssen-Cilag, France) and 0.5 µg/
ml of anti-CD28 mAb (CD28.2, BD Biosciences, Paris, France), 
then washed and gamma-irradiated at 35 Gy to prevent 
proliferation.

The T2 cell line (Gift of T. Boon, Ludwig Institute for Cancer 
Research, Brussels) is a HLA-A*0201+ human T cell leukemia/B 
cell line hybrid defective for TAP1 and TAP2, thus expressing 
empty HLA class I molecules at its surface that can be loaded 
with exogenous peptides (Salter and Cresswell, 1986).

Immunofl uorescence and fl ow cytometry

The surface phenotype of DCs was determined using the 
following PE-conjugated monoclonal antibodies (mAb): 
anti-CD80 (MAB104, Beckman-Coulter, Paris, France), anti-
CD86 (HA5.2B7, Beckman-Coulter), anti-CD83 (HB15a 
Beckman-Coulter), anti-CD40 (MAB89, Beckman-Coulter), 
anti-HLA-DR (Immu-357, Beckman-Coulter), and FITC-
conjugated anti-HLA-ABC mAb (B9.12.1, Beckman-Coulter). 
The fraction of responding CD8+ T cells was measured using 
APC-conjugated anti-CD8 mAb (RPA-T8, BD Biosciences) and 
PE-conjugated anti-IFN-γ mAb (4S.B3, BD Biosciences). The 
memory phenotype of CD8+ T cells was determined using PE-
Cy5-conjugated anti-CD45RA mAb (HI100, BD Biosciences), 

PE-conjugated anti-CCR7 mAb(150503, RD system), FITC-
conjugated anti-CD27 mAb (M-T271, BD Biosciences), APC-
conjugated anti-CD28 mAb (CD28.2, BD Biosciences), FITC- or 
PE-conjugated anti-CD45RO mAb (UCHL1, BD Biosciences) 
and FITC-conjugated anti-CD127 mAb (hIL-7R-M21, BD 
Biosciences).

For cell surface staining, cells were incubated with mAb 
diluted in PBS containing 10% fetal calf serum (FCS, Sigma) for 
30 min at 4°C in the dark, washed with PBS and then analyzed 
using a FACScalibur fl ow cytometer (Becton-Dickinson) and 
CellQuest Pro software. For IFN-γ intracellular staining, cells 
were fi xed in PBS containing 4% paraformaldehyde (Electron 
Microscopy Science) for 10 min at room temperature, washed, 
permeabilized and stained with mAb in PBS containing 0.1% 
bovine serum albumin (BSA, Sigma) and 0.1% saponin (Sigma) 
at room temperature. Cells were washed and analyzed by fl ow 
cytometry. The percentage of positive cells was determined 
by comparison to the staining observed with isotype controls 
(FITC- or PE-conjugated mouse immunoglobulin G1 (IgG1) 
and IgG2b, BD Biosciences).

Cytokine production measurement

DCs were plated at 1x106 cells/ml in RPMI +2% human 
albumin, supplemented with maturation stimuli. Supernatants 
were harvested after 48hrs of maturation. Cytokine production 
was determined using a CBA kit (BD Biosciences) in 
accordance with the manufacturer’s protocol. The kit enables 
the simultaneous measurement of IL-10, IL-12p70, IL-6, CCL3 
(Mip1-α) and CCL4 (Mip1-β) concentration by fl ow cytometry.

CD8+ stimulation by matured DCs

CD8+ T lymphocytes were negatively selected using Rosette 
Sep, according to the manufacturer’s instructions (Stem Cell). 
Cells were then washed and cultured in RPMI supplemented 
with 8% pooled human serum (pHS) prepared locally.

For the induction of Melan-A-specifi c CTL, HLA-A*0201+ 
CD8+ T lymphocytes were cultured with autologous matured 
DC loaded for 2 hrs at 4°C with 10 µg/ml of Melan-A(26-35) 
A27L peptide (ELAGIGILTV, Eurogenetec) in U-bottom 96-
well plates at a DC/T cell ratio of 1/10. Some 20 U/ml of 
IL-2 (AbCys) and 5ng/ml of IL-7 (AbCys) were added 5 and 
7 days later, respectively. At day 6, the fraction of Melan-A-
specifi c CTL was measured by CD8/IFN-γ co-staining after 
a 6 hrs re-stimulation with T2 cells loaded with 10 µg/ml of 
Melan-A(26-35) A27L peptide in the presence of brefeldin A. The 
cytotoxic activity of Melan-A specifi c CTL was determined 
by 51Cr-release assay. At day 14, the profi le of the CD8+ T 
memory cells was determined by immunofl uorescence and 
fl ow cytometry.

51Cr-release assay

Target cells (T2 cells) were pulsed for 1 hr with Na2
51CrO4 

(NEN life science, Paris, France) and then washed. CD8+ T 
cells were co-cultured with Na2

51CrO4-pulsed T2 cells loaded 
with Melan-A(26-35) A27L peptides at several effector/target 
cell ratios. After 4 hrs of culture at 37°C, 25μL of supernatant 
was harvested and added to a 100 μL scintillation cocktail 
(optiphase supermix, Wallac, UK) before liquid scintillation 
counting. The percentage of specifi c lysis was calculated as 
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follows: (sample release - spontaneous release/maximum 
release - spontaneous release) x 100. The spontaneous release 
was calculated from targets incubated with culture medium, 
and the maximum release from targets incubated with 1% 
Triton X-100 (Sigma).

Statistical analysis

Statistical signifi cance was assessed using the Kruskal-Wallis 
nonparametric test and Dunn’s multiple comparison post-hoc 
test with GraphPad Prism 4 software.

RESULTS

Optimal DC maturation is induced by sequential exposure to maturation 
signals

In a fi rst set of experiments, we measured the expression of DC 
maturation markers induced by the delivery of activated CD4+ 
T cells (T4+) after an initial exposure to TNF-α and poly I:C 
(TP) and determined the optimal sequence of the addition of 
these signals (Fig. 1). Immature DCs (iDC) exposed for 48 hrs 
to TP, to allogeneic T4+ or to both maturation stimuli delivered 
simultaneously, acquired a mature phenotype with an 
increased expression of surface CD80, CD86, CD83 and HLA 
class I molecules (Fig. 1A). Interestingly, the maturation level 
of these DCs was strongly improved when T4+ were added 
10 hrs after the initial exposure to TP. The DC maturation 
level then decreased when the delay between exposure to 
TP and T4+ was extended to 24 hrs and 48 hrs. These results 
suggest that matured DCs are more sensitive to T4+-derived 
signals 10 hrs following initial exposure to TP and that this 
sensitivity then decreased because of their exhausted nature 
(Langenkamp, et al., 2000).

In addition to surface markers, we also measured cytokine 
productions by DC in culture supernatants (Fig. 1B). High 
levels of IL-6, IL-10 and IL-12 were observed in the culture 
of DC matured by the simultaneous addition of TP and T4+ 
(TP/T4+ sim). In comparison, high levels of IL-6 and IL-12 
production were also measured for DCs matured sequentially 
by TP and, 10hrs later, activated CD4+ T cells, but the IL-10 
production dropped dramatically. The addition of activated 
CD4+ T cells 24hrs or 48hrs after TP did not result in higher 
production of the three cytokines, confi rming the observation 
shown in Figure 1A that DCs are less sensitive to CD4+ T 
cell signals 24 hrs after the exposition to TP. Therefore, for 
all subsequent experiments, exposure to second signals was 
performed ten hours after exposure to TP and is referred as 
TP+T4+.

Activated CD4+ T cells as second signals dramatically increases DC 
maturation

In a previous study, we reported that a combination of Poly 
I:C and TNF-α induces DC maturation and that IL-12p70 
production by mature DC can be increased by addition, 
several hours later, of activated CD4+ T cell signals such as 
IFN-γ and CD40-L (Spisek, et al., 2003). In the present study, 
we used as first signals, TNF-α/polyI:C (TP) mimicking 
infl ammatory and pathogen stimuli, and as second signals, we 
compared a combination of CD40-L/IFN-γ (TP+CI) to activated 
CD4+ T cells (TP+T4+). We then analyzed the expression of 

a large panel of surface maturation markers: CD80, CD86, 
CD83, CD40, HLA class I and class II (Fig. 2). The strongest 
expression of these phenotypic markers was observed on DCs 
exposed fi rst to TP and then, ten hours later, to T4+ as a second 
signal, with signifi cant differences for CD86, CD83, CD40 and 
HLA ABC (P<0.05). However, the expression of the HLA-DR 
molecule was not amplifi ed by the sequential delivery of T4+. 
Comparatively, when we tried to mimic the effects of the 
activated CD4+ T cells by providing DCs with a combination of 
soluble CD40-L plus IFN-γ as a second signal (TP+CI), we also 
observed an increased maturation level, but not to the same 
extent as that observed when DCs were exposed to TP plus 
T4+. Our results suggest that the signal provided by activated 
CD4+ T cells to DCs cannot be mimicked by the simple 
addition of CD40-L and IFN-γ and that additional stimuli are 
required.

To further defi ne the effects of sequential exposure to TP 
and T4+ on DC maturation level, we measured the secretion 
of major cytokines (IL-6, IL-10 and IL-12p70) and chemokines 
(CCL3 (Mip-1α) and CCL4 (Mip-1β)) by DC. Supernatants 
of the different DC cultures were analyzed by cytometric 
bead array (Fig. 3). We observed that secretion of IL-6, IL-10 
and IL-12p70 by DC was induced by the mixture of TNF-α 
and Poly I:C as we previously reported (Spisek, et al., 2003). 
These secretions were signifi cantly increased (P<0.05) by the 
sequential addition of activated CD4+ T cells, which, alone, did 
not produce any of these cytokines (data not shown).

In comparison, the addition of soluble CD40-L and IFN-γ 
(TP+CI) after the fi rst signal did not affect the production of 
IL-6, IL-10 and IL-12p70. Our results suggest that additional 
unknown signals delivered by activated CD4+ T cells 
participate with IFN-γ and CD40-L to increase IL-12p70 
secretion. In addition, we observed that secretion of CCL3 
and CCL4 chemokines, which are implicated in the attraction 
of naïve T cells (Castellino, Huang, Altan-Bonnet, Stoll, 
Scheinecker and Germain, 2006), is also greatly increased by 
the sequential addition of T4+ ten hours after the exposure of 
DC to TP. Thus, the sequential combination of TNF-α / Poly 
I:C and activated CD4+ T cells conditions the DC to produce 
the maximum levels of the cytokines IL-6 and IL-12p70 and 
the chemokines CCL3 and CCL4, associated with a highly 
mature surface phenotype. The large amount of IL-12p70 
induced by the sequential maturation of DC by TP plus T4+ 
would probably provide a microenvironment favorable to 
the initiation and development of Th1 and CTL responses. 
In contrast, the amount of IL-10 production by TP plus T4+-
matured DCs has a negative effect on these T cell responses 
(O'Garra and Vieira, 2007).

DCs matured sequentially with CD4+ T cells as a second signal induce 
cytotoxic CD8+ T cell responses against the tumor-associated antigen 
Melan-A

Since we observed a strong maturation profi le and a high 
production of IL-12p70 by DCs sequentially matured by TP 
and T4+ (Fig. 2 and 3), we hypothesized that this sequential 
maturation would favor induction of CTL specific for a 
tumor-associated antigen. Thus, autologous HLA-A*0201+ 
CD8+ T lymphocytes from healthy donors were stimulated 
once with iDC or differentially matured DCs pulsed with the 
Melan-A26-35 A27L peptides derived from the melanocytic 
differentiation antigen Melan-A/MART1 (Fig. 4). After six 
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Fig. 1 Optimal DC maturation is induced by addition of activated CD4+ T cells as a second signal, ten hours after the fi rst maturation 
signal. (A) phenotypic analysis of immature dendritic cells (iDC) and mature DC exposed for 48 hrs to different maturation stimuli: TNF-α 
and poly I:C (TP), irradiated activated CD4+ T cells (T4+), both stimuli added simultaneously (TP/T4+ sim) or TP followed by T4+, 10 hrs, 
24 hrs or 48 hrs later (TP+T4+ 10h, TP+T4+ 24h or TP+T4+ 48h). Median fl uorescence intensity (MFI) is indicated on the corresponding 
histogram plot. (B) Analysis of IL-6, IL-10 and IL-12 production in the supernatant of DC culture exposed 48hrs to the different maturation 
stimuli. Measurement of cytokine production was performed by commercially available BD Cytometric Bead Array kits, according to the 
manufacturer’s protocol.
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Fig. 2 DCs treated with activated CD4+ T cells as a secondary maturation signal exhibit a more mature phenotype. (A) Comparative 
phenotypic analysis of iDCs and mature DCs exposed for 48 hrs to different maturation stimuli: TNF-α and poly I:C (TP), CD40-L and IFN-γ 
(CI), TP followed 10 hrs later by CI (TP+CI) and TP followed 10 hrs later by T4+ (TP+T4+). (B) Analysis from six healthy donors of iDC and 
mature DC phenotypes, exposed for 48 hrs to different maturation stimuli. Results are expressed as MFI and each symbol represents one 
donor.
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days of culture, part of the T cell population was stimulated 
by peptide-pulsed T2 cells in the presence of brefeldin A. 
The proportion of Melan-A-specific CTL was assessed by 
measurement of intracellular IFN-γ and surface CD8 staining 
by fl ow cytometry (Fig. 4A and 4B). The greatest expansion of 
Melan-A-specifi c CTL was observed in the culture where CD8+ 
T cells were stimulated by DCs that had been sequentially 
matured by TP and T4+. Indeed, we observed two-fold 
more CD8+ T cells able to produce IFN-γ in response to the 
Melan-A peptides in culture stimulated with peptide-pulsed 
DC sequentially matured by TP and T4+ compared to TP-
matured DC. This difference was signifi cant (P<0.01). The 
addition of CD40-L and IFN-γ to DC matured with TP did not 
allow reaching the amplifi cation level of Melan-A-specifi c CTL 
obtained with DCs matured with TP plus T4+. These results 
suggest that signals other than CD40-L and IFN-γ are probably 
involved in the induction of Melan-A-specifi c CTL response.

The cytotoxic activity of the expanded Melan-A-specifi c 
CTL was also analyzed six days after the stimulation with DC, 
using Melan-A-pulsed T2 cells (Fig. 4C). Cytotoxic activities 
were well correlated to the Melan-A-specifi c CTL frequency 
determined by IFN-γ/CD8 staining. The highest Melan-A/
MART-1 specifi c lysis was observed in the culture where CD8+ 
T cells were stimulated by DC matured with TP plus T4+, 
suggesting that sequentially matured DC prime functional 
cytotoxic T lymphocytes .

Anti-tumor cytotoxic CD8+ T cells primed by sequentially matured 
DCs with CD4+ T cells as a second signal exhibit a long-term memory 
phenotype

It has been established in mouse models that CD4+ plays a 
role in the differentiation of long-term CD8+ T cell memory 
responses (Castellino and Germain, 2006). Thus, fourteen days 
after the stimulation we characterized the effector/memory 
phenotype of T cells surviving after the contraction phase in 
Melan-A-specifi c CTL cultures with markers currently used 
in the literature: CD27, CD28, CD45RO, CD45RA, CD127 
and CCR7 (Powell, et al., 2005, Miller, et al., 2008). Cells 
were stained with an anti-CD45RO+ mAb to identify CD8+ 
T memory cells, and their expression of CD27, CD28 and 
CD45RA was analyzed (Fig. 5). Indeed, these three markers 
are expressed in naïve T cells, but tend to disappear upon the 
acquisition of effector function and are strongly re-expressed 
(CD27 and CD28) or moderately (CD45RA) when T cells 
acquire the memory phenotype. We found that a population 
of intermediate CD45RO+ CD27+ CD28+ CD45RA cells among 
the CD8+ T cells, persisted in the culture and were more 
frequent in the condition where DCs had received secondary 
signals from activated helper cells (TP+T4+). The combination 
of CD40-L, plus IFN-γ as a second signal (TP+CI), had a weaker 
effect. We then studied CD127 (IL-7Rα) expression on this 
population. Indeed, it is now acknowledged that selective 

Fig. 3 DCs matured sequentially with CD4+ T cells as a secondary signal produce high levels of infl ammatory cytokines and chemokines. 
Supernatants were collected from iDC and mature DCs exposed for 48 hrs to different maturation stimuli: TNF-α and poly I:C (TP), TP 
followed 10 hrs later by CD40-L and IFN-γ (TP+CI) or T4+ (TP+T4+). Cytokines (IL-10, IL-12p70, IL-6) and chemokines (CCL3, CCL4,) were 
measured in supernatants using commercially available BD Cytometric Bead Array kits, according to the manufacturer’s protocol. Each 
symbol represents one donor.
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Fig. 4 DCs matured sequentially with CD4+ T cells as a secondary signal generate cytotoxic T cells. DCs activated by the indicated 
maturation agents were loaded with Melan-A(26-35) A27L peptide, and used to stimulate autologous CD8+ T lymphocytes from healthy 
donors at a 1:10 DC/T cell ratio. (A) After 6 days, T cells were re-stimulated with unloaded or Melan-A peptide-loaded T2 cells for 6 hrs and 
the production of IFN-γ by CD8+ T cells was measured by intracellular staining and fl ow cytometry. The percentages of IFN-γ+ CD8+ T cells 
are indicated on the dot plot. A representative experiment for one donor out of three is shown. (B) The percentage of IFN-γ+ CD8+ T cells 
responding to Melan-A peptide was determined from three independent experiments. Each symbol represents one donor. (C) CD8+ T cells 
were incubated for 4 hrs with Melan-A peptide and 51Cr loaded T2 cells at Effector:Target ratios of 3:1 (white), 10:1 (grey), 20:1 (black). 
The percentage of lysis induced by DC-stimuladed CD8+ T cells was then measured by Cr51 release compared to spontaneous and maximal 
release. A representative experiment for one donor out of three is shown.
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expression of CD127 identifi es memory cells (Kaech, et al., 
2003). We observed that CD45RO+CD28+CD45RAint cells 
expressed CD127, with much higher intensity in the “TP+T4+” 
condition (MFI=107 compared to MFI<65 for all other 
conditions). These cells identifi ed as CD45RO+ CD45RAint 
CD27+CD28+CD127hi display a phenotype typical of long-
lived T memory cells.

To complete the characterization of these T memory cells, 
we analyzed their expression of CCR7. Indeed, two mains 
populations of CD8+ T memory cells have been described 
depending on their expression of CCR7: CCR7- effector T 
memory cells (Tem) and CCR7+ central T memory cells (Tcm) 
(Sallusto, et al., 1999). We observed that the T memory cells 
obtained from stimulation with DCs sequentially matured 
with T4+ as second signals, exhibit both memory profi les, 

Tem (37.6%) and Tcm (55.7%), whereas the majority of T 
memory cells obtained from other mature DCs were mainly 
CCR7- Tem. Furthermore, CCR7 expression was stronger on 
the Tcm obtained from sequentially matured DCs compared to 
the Tcm obtained from other conditions (MFI=21 compare to 
MFI<10 for all other conditions). Thus, our results demonstrate 
that sequential maturation of DCs in the presence of helper 
cells contributes to the generation of a long-term T cell pool 
composed of both Tem and Tcm memory components.

DISCUSSION

Description of DCs maturation in mouse model showed 
that this process is a multi-step phenomenon, with a fi rst 
maturation signal received in the periphery (infl ammatory 

Fig. 5 DCs matured sequentially with CD4+ T cells as a secondary signal favor the generation of CD8+ T cells exhibiting a memory 
phenotype. DCs were activated by the indicated maturation agents, loaded with Melan-A(26-35) A27L peptide, and used to stimulate 
autologous CD8+ T lymphocytes at a DC/T cell ratio of 1:10. After 15 days, the CD8+ T cell memory profi le was determined by 
immunofl uorescence and fl ow cytometry. T cells were gated according to their morphological properties and CD28, CD27, CD127 and 
CCR7 expression was studied on the CD45RO+ CD45RAint T cell population (R1 gate). The percentage of gated cells is indicated on the 
dot plot. A representative experiment for one donor out of three is shown.
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and/or pathogenic signals), which at least induces DC 
activation and their migration to lymph nodes, where they 
receive additional maturation signals from CD4+ T cells 
(Banchereau and Steinman, 1998). In our in vitro study, we 
characterized, for the fi rst time, this sequential maturation 
of human DCs with activated CD4+ T cells as a second 
signal. We used TNF-α and poly I:C as first maturation 
signals, since these two signals are relevant as infl ammation 
and pathogenic stimuli, respectively, that DCs encounter 
in periphery. In a previous study we demonstrate that the 
combination of TNF-α and poly I:C is the most effi cient in 
inducing the complete activation of human DCs compared to 
a large variety of maturation molecules or cytokine cocktails 
(Spisek, 2001; Gregoire, 2003). These two molecules are also 
relevant for clinical applications of this maturation process 
(Mc IlRoy et al., 2003; Royer et al., 2006). In this study, we  
show that DC maturation requires second signals delivered by 
activated CD4+ T cells a few hours after exposure to peripheral 
maturation stimuli to fully initiate CD8+ T cell responses. 
DCs activated by this sequential procedure exhibit a more 
profoundly mature phenotype, which improves their ability 
to induce differentiation of tumor antigen-specifi c CTL with a 
long-term memory phenotype.

It was previously demonstrated in murine models that 
in secondary lymphoid organs, activation of CD4+ T helper 
cells by mature DC results in stimulation and conditioning 
of DCs by CD4+ T cells that “license” DCs to induce CTL 
responses. It has been well established that CD40-L is one 
of the main activated CD4+ T cell signals provided to DCs 
and that CD40-L/CD40 interactions initiate differentiation 
of naïve CD8+ T cells to effector CTL by DCs (Bennett, et al., 
1998, Ridge, et al., 1998, Schoenberger, et al., 1998, Johnson, 
et al., 2009). In our study, we show that activated allogeneic 
CD4+ T cells used as a second signal are more effi cient at 
maturing monocyte-derived human DCs than the combination 
of CD40-L and IFN-γ, suggesting a more complex exchange 
of signals between these two types of cells. In addition to 
CD40-L and IFN-γ, CD4+ T cells produce other factors such 
as molecules of the TNF family (TNF-α; TRANCE…) and 
cytokines such as IL-2, which may explain the difference 
observed in DC between the CD40-L/IFN-γ combination and 
activated CD4+ T cells used as second signals.

Furthermore, these CD4+ T cell/DC interactions not only 
affect the maturation phenotype of DCs, but also induce 
the secretion of chemokines by DCs, such as CCL3 and 
CCL4 (Mip1-α and -β). Chemokines are reported in murine 
models to have a chemotactic effect on naïve CD8+ T cells 
(Castellino, et al., 2006) and to favor the encounter of rare 
antigen-specific naïve CD8+ precursors with mature DCs. 
In our study, we show that DCs exposed to activated CD4+ 
T cells secrete high quantities of these two chemokines, 
which in humans may have the same chemotactic effect on 
naïve CD8+ T cells as observed in mice. Furthermore, it has 
been shown that CCL3 and CCL4 produced by T helper-
conditioned DCs play a role in the generation of pre-memory 
CD8+ T cells characterized by a high expression of IL-6Rα 
and IL-7Rα (Castellino and Germain, 2007). Survival of these 
pre-memory CD8+ T cells is dependent on IL-6, even in the 
presence of IL-7 (used under our experimental conditions). 
In addition, it has been shown that IL-6 produced upon TLR 
signaling can block CD4+CD25+ T cell-mediated suppression 
(Pasare and Medzhitov, 2003). These effects of IL-6, CCL3 

and CCL4 on the immune response fit well with our present 
observations. Indeed, activated CD4+ T cells exposed to 
mature DCs, which produced the highest amount of IL-6, 
CCL3 and CCL4, induced Melan-A-specific CTL, which 
exhibited the strongest long-term memory phenotype (CD27+ 
CD28+ CD45RAint CD45RO+ CD127+ CD8+) (Powell, et al., 
2005).We also observed a dramatic effect of activated CD4+ T 
cells on cytokine production, notably IL-12, by mature DCs. 
IL-12 secretion by DCs skews the immune response towards 
a Th1 profile (Macatonia, et al., 1995, Hilkens, et al., 1997), 
whereas IL-10 inhibits it (O’Garra and Vieira, 2007). In our 
study, activated CD4+ T cell-exposed mature DCs, which 
produced high amounts of IL-12, were the most efficient to 
induce a CTL response against a tumor-associated antigen 
such as Melan-A from HLA-A*0201+ healthy blood donors. 
Therefore, the balance of effect between IL-10 and IL-12 is in 
favor of IL-12, skewing the immune response towards a Th1 
profile.

Several anti-tumor immunotherapeutic strategies have 
been developed during the last decade, such as injection of 
anti-tumor-specific T cells or tumor antigen-loaded DCs, 
notably to treat melanoma patients. Despite induction of anti-
tumor T cell responses and encouraging clinical results, one 
common problem encountered during these protocols is the 
failure to induce a long-lasting anti-tumor T cell response 
(Dudley and Rosenberg, 2007, Palucka, et al., 2007). Indeed, 
in adoptive immunotherapy clinical trials, anti-tumor-specifi c 
T cells are detected for only a few days following injection 
in the patients (Dudley, et al., 2001, Yee, et al., 2002). In DC-
based clinical trials, progression of the disease after a period of 
stabilization was described when the anti-tumor-specifi c CTL 
response ceases (Andersen, et al., 2001), and a re-stimulation 
of anti-tumor-specifi c T cells is required for these cells to be 
detected several weeks after the DC injection (Palucka, et al., 
2005, Simon, et al., 2009). Interestingly, Rosenberg’s group 
designed a modifi ed clinical trial based on immunotherapy to 
increase the survival of tumor-antigen-specifi c CTLs injected 
to patients (Dudley, et al., 2002). They treated the patients with 
a lympho-depleting chemotherapeutic regimen prior to the 
injection of T cells to limit the negative effect of CD4+CD25+ 
regulatory T cells and to disrupt homeostatic T cell regulation. 
The authors succeeded in inducing a long-lasting anti-tumor-
specifi c CTL response that was still detectable in the blood 
of responding patients two months after the injection. They 
were also able to defi ne the phenotype of these tumor-reactive 
cells as effector T memory cells (Tem) characterized by a 
CD27+CD28+CD45RAintCD62L-CCR7-CD127+ phenotype 
(Powell, et al., 2005). However, in a mouse model, transfer 
of anti-tumor central T memory cells (Tcm) was shown to be 
more effi cient at inducing tumor regression than transfer of 
anti-tumor Tem (Klebanoff, et al., 2005). This suggests that 
both memory subsets play a complementary role in T cell 
memory responses. In the periphery, Tem are able to quickly 
lyse cells harboring the antigen. This cytotoxic response is 
reinforced by a new pool of effector T cells differentiated 
from Tcm exposed to the antigen in secondary lymphoid 
organs. Thus, it is likely that the presence of both subsets is 
required for optimal T memory cell responses. In our study, we 
demonstrate that DC sequentially matured with poly I:C plus 
TNF-α followed by activated CD4+ T cells, allow the priming 
of tumor-associated antigen-specifi c CTL, which differentiate 
in vitro into both Tem and Tcm memory subsets. The Tem 
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exhibited a CD27+CD28+CD45RAintCD127+ phenotype 
similar to the persistent anti-tumor T cells described by Powell 
et al (Powell, et al., 2005).

Altogether, the results of our study demonstrate for the 
fi rst time that sequential maturation of human DCs using 
activated CD4+ T cells as a second signal greatly increases the 
capacity of DCs to prime a complete CTL response, with the 
establishment of a long-lasting anti-tumor T memory cell pool 
containing both effector and central components. This work 
has important implications for the development of DC-based 
immunotherapy and highlights the requirement of T helper-
derived signals in the DC maturation process.
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ABSTRACT

Sericin is a silk protein woven from silkworm cocoons (Bombyx mori). In animal model, sericin has been reported to have anti-tumoral action 
against colon cancer. The mechanisms underlying the activity of sericin against cancer cells are not fully understood. The present study 
investigated the effects of sericin on human colorectal cancer SW480 cells compared to normal colonic mucosal FHC cells. Since the size of 
the sericin protein may be important for its activity, two ranges of molecular weight were tested. Sericin was found to decrease SW480 and 
FHC cell viability. The small sericin had higher anti-proliferative effects than that of the large sericin in both cell types. Increased apoptosis 
of SW480 cells is associated with increased caspase-3 activity and decreased Bcl-2 expression. The anti-proliferative effect of sericin was 
accompanied by cell cycle arrest at the S phase. Thus, sericin reduced SW480 cell viability by inducing cell apoptosis via caspase-3 activation 
and down-regulation of Bcl-2 expression. The present study provides scientifi c data that support the protective effect of silk sericin against 
cancer cells of the colon and suggests that this protein may have signifi cant health benefi ts and could potentially be developed as a dietary 
supplement for colon cancer prevention.

Key words: Silk sericin, colon cancer, apoptosis, Bcl-2, caspase-3.

INTRODUCTION

Colon cancer is one of the most common that causes cancer 
related deaths worldwide. The incidence is high, especially 
in developed countries, and it is now rising in developing 
countries like Thailand (Labianca et al., 2004; Khuhaprema 
and Srivatanakul, 2008). Genetics, environment, lifestyle, and 
diet are considered important factors that contribute to the 
development of colon cancer. Epidemiological studies have 
indicated that diet signifi cantly infl uences the risk of colon 
cancer. Western dietary habits, especially high consumption 
of fat and red meat, increase risk of colon cancer, whereas 
high consumption of fruits, vegetables, and dietary fi bers 
probably protect against it (van Breda et al., 2008). Because diet 
is an important factor for identifying risk of colon cancer, it is 
believed that 90% of colon cancer cases could be prevented by 
dietary intervention or by supplementary diets that protect 
against colon cancer (Johnson, 2004).

Numerous studies in different experimental systems 
have shown that fruits and vegetables exert benefi cial effects 
through various mechanisms. The protective effects of fruits 
and vegetables to reduce colon cancer risk might be the result 
of their high content of anti-oxidant vitamins and fibers 
(Campos et al., 2005; Levi et al., 2001; Wogan, 1985). Apart 
from fruits and vegetables, dietary proteins such as soy, whey, 
and buckwheat proteins have also been found to reduce the 
development of colon cancer in animals (Belobrajdic et al., 
2003; Hakkak et al., 2001; Liu et al., 2001). Interestingly, a non-
dietary protein called sericin has been reported to suppress 
colon tumorigenesis in both mice and rats (Zhaorigetu et al., 
2001; Zhaorigetu et al., 2007).

Sericin, a silk protein, is one of the main constituents 
of silk cocoons, comprising 20-30% of total cocoon weight 
(Sasaki et al., 2000). Sericin is insoluble in cold water although 
it is easily dispersed or solubilised in hot water. Sericin 
is specifi cally synthesized in the middle gland of the silk 
worm, Bombyx mori. Sericin was found to suppress lipid 
peroxidation and tyrosinase inhibitory activity in an in vitro 
study (Kato et al., 1998). Interestingly, it is resistant to several 
proteases, which might make sericin beneficial for colon 
health (Sasaki et al., 2000; Kato and Iwami, 2002). Moreover, 
because of its proteinous nature, sericin is a biocompatible 
and biodegradable material. In addition to its anti-oxidant 
activity (Fan et al., 2009), sericin exhibits chemopreventive 
effects by suppressing 7,12-dimethylbenze(a)anthracene/12-
O-tetradecanoyl-phorbol-13-acetate(DMBA-TPA)-induced 
mouse skin tumorigenesis (Zhaorigetu et al., 2003) and colon 
tumorigenesis in 1,2-dimethylhydrazine (DMH)-induced colon 
cancer in animal models (Zhaorigetu et al., 2001; Zhaorigetu 
et al., 2007). The mechanisms of its chemoprevention are 
associated with its ability to reduce colonic oxidative stress and 
colonic cell proliferation, and also to suppress aberrant crypt 
foci in animals (Zhaorigetu et al., 2001; Zhaorigetu et al., 2007).

It should be noted that sericin preparation from silk 
cocoons is generally heterogeneous, with various sizes of 
polypeptides. Since sericin is a polymeric protein, different 
extraction techniques can provide different sizes or molecular 
weights of polypeptides consequently, exhibiting different 
effects (Terada et al., 2005). Thus, the size of sericin appears 
to be important for its activity. For this reason, the present 
study investigated the effect of two differently sized sericin 
preparations on the viability of colonic cell lines, including 
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cancerous cells SW480 and normal cells FHC. The effect of 
sericin on the cell cycle and apoptosis of these cells were 
investigated. Certain apoptotic cellular pathways involving 
caspase-3 activity as well as Bcl-2 and Bax protein expression 
were also investigated.

METHODS

Preparation of Sericin

Silk sericin was supplied by the Institution of Agricultural 
Technology, Suranaree University of Technology, Nakorn 
Ratchasrima, Thailand. The sericin was classifi ed into 2 types 
according to isolation techniques; large-size sericin (MW 191-
339 kDa) and small-size sericin (MW 61-132 kDa). Briefl y, silk 
sericin was extracted with deionized water from raw silk yarns 
of the silkworm Bombyx mori under high pressure and high 
temperature. The specifi c extraction condition was under a 
pending Thai patent (application number 080595). The extract 
was later dried at 130 ºC, and then ground and sieved through 
a 0.75 mm screen. The resulting sericin powder was sealed in 
sterile plastic bags and kept at room temperature until used. 
The sericin was used by reconstituting it in phosphate-buffered 
saline (PBS) and was sterilized by autoclaving at 121°C for 15 
minutes.

Cell culture

The human colorectal cancer cells (SW480: ATCC number 
CCL-228) and normal human fetal colonic mucosal cells (FHC: 
ATCC number CRL-1831) were purchased from the American 
Type Culture Collection (ATCC: Manassas, VA, USA). The 
SW480 cells were cultured in Dulbecco’s modifi ed Eagle’s 
medium with HamF-12 (DMEM/F-12), supplemented with 
10% fetal bovine serum (FBS) and 100 units/ml penicillin 
and 100 mg/ml streptomycin, all procured from Gibco, 
NY, USA. FHC cells were cultured in the above medium, 
supplemented with 25mM N’-2-Hydroxyethylpiperazine-N’-2 
ethanesulphonic acid (HEPES) (JRH Biosciences, KS, USA), 
5 mg/ml insulin (Sigma, MO, USA), and 100 ng/ml 
hydrocortisone (Sigma). Both SW480 and FHC cells were 
cultured in a humidifi ed atmosphere of 95% air and 5% CO2 at 
37 °C.

Cell viability assay

The cells were plated in 96-well plates at a concentration of 
1 ´ 104 cells per well with complete culture medium. After 
an overnight incubation, the cells were exposed to various 
concentrations (25-1,600 mg/ml) of each type of sericin for 
24, 48 and 72 h. MTT solution (0.5 mg/ml) was added to the 
culture medium 2 h before the end of the treatment period. 
Formazan crystals were then lysed with DMSO:ethanol (1:1), 
and the absorbance was read at 595 nm using a micro-plate 
reader (Beckman Coulter, NSW, Australia).

Cell apoptosis assay

Apoptosis was detected with an annexin V-FITC kit (Becton 
Dickinson, NJ, USA) according to the manufacturer’s 
instructions. Initially, the cells were plated in a 60-mm culture 
dish at a concentration of 1´106 cells per dish with complete 

culture medium. After an overnight incubation, the cells were 
treated with sericin at a concentration of 1600 mg/ml for 72 
h. After treatment, the cells were collected, washed with ice-
cold phosphate-buffered saline (PBS) pH 7.4, centrifuged, and 
resuspended in 1X binding buffer. Cells were then stained with 
annexin V-FITC and propidium iodide (PI) solution, incubated 
for 15 min in the dark, and analyzed by FACSCalibur using 
CellQuestPro software (Becton Dickinson).

Caspase-3 activity assay

The cells were plated in 60-mm culture dishes at a 
concentration of 1´106 cells per dish with DMEM/F-12 with 
10% FBS. After overnight incubation, the culture medium was 
replaced with a new complete medium and then treated with 
sericin at a concentration of 1600 mg/ml for 72 h. Then, the 
cells were harvested by trypsinization before caspase-3 activity 
was detected by using Caspase-3 fl uorimetric kit (Sigma). 
According to the manufacturer’s instructions, caspase-3 
activity was detected by using acetyl-Asp-Glu-Val-Asp-7-
amido-4-methylcoumarin (Ac-DEVD-AMC) as a substrate. 
The fl uorescence of 7-amido-4-me  thylcoumarin (AMC) was 
measured at Ex 360 nm and Em 460 nm.

Western blot analysis

The cells were plated in 60-mm culture dishes at a 
concentration of 1´106 cells per dish with DMEM/F-12 with 
10% FBS. After overnight incubation, the culture medium 
was replaced with new complete medium and then treated 
with sericin at a concentration of 1600 mg/ml for 72 h. After 
treatment, the cells were lysed and the protein concentrations 
in cell lysate were determined by using a BCA protein assay 
kit (Thermo scientifi c, Rockford, USA). Twenty micrograms 
of each cell lysate sample were loaded and separated on SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). The resulting 
electrophoresis products were transferred onto a PVDF 
membrane and were then incubated with specifi c antibodies 
against Bcl-2 or Bax and then a secondary antibody conjugated 
with alkaline phosphatase. The protein bands were detected 
by using nitro blue tetrazolium chloride/5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) as a substrate.

Cell cycle analysis

The cells were plated in 60-mm culture dishes at a 
concentration of 1´106 cells per dish with DMEM/F-12 with 
1% FBS. After overnight incubation, the culture medium 
was replaced with new complete medium and then treated 
with sericin at a concentration of 1600 mg/ml for 72 h. After 
treatment, the cells were harvested by trypsinization, washed 
with PBS pH 7.4, and fi xed in 70% ethanol at 4 °C for 1 h. The 
cells were then treated with 100 mg/ml of RNase A at 37 °C 
for 30 min and then stained with 20 mg/ml of PI (Molecular 
Probes, Invitrogen, NY, USA) for 30 min at room temperature 
in the dark. The cell analysis was performed by FACSCalibur 
using CellQuestPro software (Becton Dickinson).

Statistical analysis

All data was expressed as mean ± standard deviation (SD). The 
statistical analysis was performed by using a one-way analysis 
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of variance (ANOVA) and a two-tailed Student’s t-test. The p 
values < 0.05 were considered statistically signifi cant.

RESULTS

Effect of sericin on SW480 and FHC cell viability

SW480 colon cancer cells and FHC normal colon cells were 
treated with small or large sericin at various concentrations 
(25-1,600 mg/ml) for 24, 48 and 72 h. Both sizes of sericin at all 
tested concentrations did not affect the viability of either type 
of cell at treatment periods of 24 and 48 h (data not shown). At 
72 h of sericin treatment, the viability of SW480 and FHC cells 
gradually decreased with an increasing concentration of sericin 
(Figure 1). These fi ndings suggest that sericin has considerably 
low cytotoxicity to both colon cancer cells and normal colon 
cells. To compare between small and large sericin, the small 
sericin has a slightly higher anti-proliferative effect than that of 

the large sericin (Table 1). Large sericin seemed to reduce the 
viability of colonic adenocarcinoma SW480 better than normal 
FHC cells (Figure 1A), whereas small sericin did not show 
such differences (Figure 1B). The results suggest that sericin 
possesses low to moderate effect on the cellular viability for 
colon cells.

Effect of sericin on SW480 and FHC cell apoptosis

At 72 h of treatment, sericin at 1,600 mg/ml showed a 
signifi cant reduction of SW480 and FHC cell viability. These 
cells were then tested as to whether they underwent cell 
apoptosis or necrosis. The result showed that small but not 
large sericin signifi cantly increased the percentage of late 
apoptotic cells in adenocarcinoma SW480 cells (Figure 2A). 
Neither size of sericin changed the percentage of necrotic 
cells when compared to the control cells and PBS-treated cells 
(Figure 2A). In contrast, the colonic normal FHC cells did not 
undergo cell death either via apoptotic or necrotic processes 
following sericin treatment (Figure 2B).

Effect of sericin on caspase-3 activity

Caspase-3 is an executioner caspase, whose activity is 
increased when cells are about to undergo apoptosis. 
Therefore, we determined whether or not caspase-3 activity 
was directly involved in cell apoptosis induced by sericin. As 
shown in Figure 3, SW480 cells treated with sericin at 1,600 
mg/ml for 72 h exhibited increased caspase-3 activity. Only 
the small sericin significantly enhanced caspase-3 activity 
in SW480 cells. This suggests that sericin, particularly the 
small-sized, induced adenocarcinoma colonic cells to undergo 
apoptosis through a caspase-3 dependent pathway.

Effect of sericin on Bcl-2 and Bax expression

The expression of anti-apoptotic protein Bcl-2 and pro-
apoptotic protein Bax were also expected to correlate with 
the degree of apoptosis of SW480 cells in the previous 
experiment. The expression of these proteins was examined 
by using Western blotting. After treating the cells with both 
sizes of sericin at 1,600 mg/ml for 72 h, there was a slight 
reduction of Bcl-2 protein levels, but only the small sericin 
showed a significant effect (Figure 4). The expression of 
the Bax protein in sericin-treated cells did not differ from 
that in the control cells (Figure 4). This suggests that sericin 
down-regulated anti-apoptotic protein Bcl-2, which may then 

Figure 1: Effect of sericin on SW480 and FHC cell viability. 
SW480 and FHC cells were incubated with small (A) and large 
(B) sericin at various concentrations (25 – 1,600 mg/ml) for 72 
h. The cell viability was determined by MTT assay. Results are 
expressed as mean±SEM and represent the average values from 
fi ve experiments. * two-tailed Student’s t-test indicates signifi cant 
difference compared to control SW480 cells with p values of 
less than 0.05. # two-tailed Student’s t-test indicates signifi cant 
difference compared to control FHC cells with p values of less than 
0.05.

TABLE 1
The effect of sericin (1,600 mg/ml, 72 h)

on SW480 and FHC cell viability

Sericin
Cell viability (% of control)

p-value
SW480 (mean±SD) FHC (mean±SD) 

Small 62.16 ± 8.27 67.90 ± 4.52 0.17

Large 69.78 ± 8.60 81.16 ± 10.53 0.22

p-value 0.24 0.03

Statistical calculation was performed using Student’s t-test.
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Figure 3: Effect of sericin on caspase-3 activity of SW480 cells. 
Cells were treated with 1,600 mg/ml of small and large sizes of 
sericin for 72 h. The caspase-3 activity was determined by using 
Ac-DEVD-AMC, a specifi c fl uorometric substrate for caspase-3. 
Results are expressed as mean±SEM and represent the average 
values from three experiments. * two-tailed Student’s t-test 
indicates signifi cant difference compared to control cells with p 
values of less than 0.05.

Figure 2: Effect of sericin on SW480 and FHC cell apoptosis. Flow 
cytometry analysis of cell apoptosis was measured after SW480 
(A) and FHC (B) cells were treated with 1,600 mg/ml of small and 
large-sizes of sericin for 72 h. Results are expressed as mean±SEM 
and represent the average values from fi ve experiments. * two-
tailed Student’s t-test indicates signifi cant difference compared to 
control cells with p values of less than 0.05.

enhance adenocarcinoma SW480 cells to undergo an apoptotic 
process.

Effec  t of sericin on the cell cycle

To further investigate whether or not the inhibitory effect 
of sericin on SW480 cell viability might partially be due 
to an arrest of cell proliferation, a cell cycle analysis was 
also conducted by using fl ow cytometry. After treating the 
SW480 cells with sericin at 1,600 mg/ml for 72 h, they were 
harvested and stained with PI. As shown in Table 2, the colon 
adenocarcinoma SW480 cells had a higher percentage of cells 
in the S phase (19.22±6.33%) than FHC normal colonic cells 
(7.64±1.01). After treatment with either small or large sericin, 
the percentage of SW480 cells in the S phase fell below the 
control level, although the reductions were not statistically 
significant. Interestingly, both sizes of sericin caused a 
signifi cant increase in the percentage of the S-phase of FHC 
cells as compared to the control cells. These results suggest that 
the cell cycle of adenocarcinoma and normal colonic cell lines 
are differently regulated by sericin treatment.

DISCUSSION

Sericin has previously been reported to suppress colon 
tumorigenesis in animal models (Zhaorigetu et al., 2001; 
Zhaorigetu et al., 2007). However, there is still a limited 
number of studies that explain sericin’s mechanisms of action 

for this process. Thus, this present study investigated whether 
sericin has any effects on colon cancer cells and normal 
colonic cells. The results showed that sericin exerted a greater 
inhibitory effect on SW480 cells than on FHC cells. Sericin also 
exerted a moderate inhibitory effect on the cell viability of 
SW480 and FHC cells. Small-size sericin (61-132 kDa) reduced 
the viability of SW480 cells via the induction of cell apoptosis 
as well as by the reduction of the S-phase cell population. 
Large-size sericin (191-339 kDa) seems to decrease SW480 cell 
viability through cell cycle regulation. The sericin-induced 
apoptsis of SW480 cells was associated with an increase 
in caspase-3 activity and a down-regulation of Bcl-2 anti-
apoptotic proteins. Normal FHC colonic cells did not undergo 
apoptosis, and the cell cycle of these cells changed only slightly 
after the sericin treatment.

The observed chemopreventative effect may be attributed 
to several mechanisms, such as suppression of cancer 
cell proliferation, induction of cell apoptosis, inhibition 
of angiogenesis, and regulation of the cancer cell cycle. 
Among these mechanisms, cell apoptosis is the major 
target for the treatment and prevention of colon cancer 
(Lifshitz et al., 2001; Sun et al., 2004; Huerta et al., 2006). 
In the present study, sericin induced late apoptosis in 
SW480 colon cancer cells but not in FHC normal colonic 
cells. Early apoptosis is characterized by the changes in the 
cellular membrane. Phosphatidyl serine, normally located 
inside the cell membrane, moves to the outer surface, and 
mitochondrial membrane potential drops. Late apoptosis 
involves fragmentation of nuclear chromatin. The stages of 
apoptosis depend on differential apoptotic stimuli, as well as 
functions of anti-apoptotic and pro-apoptotic proteins (Indran 
et al., 2011; Kelly et al., 2011; Ascenzi et al., 2011). Malignant 
transformation of epithelial cells, including those of the 
colon, also involves various proteins that promote or inhibit 
apoptosis at different stages (Royer and Lu, 2011). Thus, it is 
possible that sericin might have an infl uence on some as yet 
unidentifi ed proteins associated with the late apoptotic stage in 
colon cancer cells.
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TABLE 2
The effect of sericin (1,600 mg/ml, 72 h) on cell cycle of FHC and SW480 cells

Treatment

Stage of cell cycle

G0/G1 S G2/M

FHC SW480 FHC SW480 FHC SW480

Control 69.79 ± 4.04 60.46 ± 6.17 7.64 ± 1.01 19.22 ± 6.33 17.08 ± 3.02 16.49 ± 8.09

PBS 68.56 ± 5.12 66.20 ± 2.67 7.90 ± 2.60 13.54 ± 3.08 17.06 ± 3.72 20.11 ± 5.90

Small sericin 69.97 ± 6.43 70.51 ± 3.54 9.93 ± 1.31* 10.46 ± 3.01 13.11 ± 2.78 17.98 ± 2.07

Large sericin 67.23 ± 8.01 67.91 ± 1.41 10.02 ± 1.57* 11.00 ± 2.13 15.26 ± 2.89 20.21 ± 0.66

Results are expressed as mean±SD of three experiments. * p value of less than 0.05 compared to control cells.

Figure 4: Effect of sericin on the expression of Bcl-2 and Bax 
proteins in SW480 cells. Cells were treated with 1,600 mg/ml 
of small and large sizes of serica in for 72 h. Twenty micrograms 
of cell lysates were subjected to SDS-PAGE and immunoblotting 
was conducted with a specifi c antibody against Bcl-2, Bax or 
β-actin (A). The relative abundance of each protein band to its 
control β-actin band was estimated by densitometric scanning 
and calculated to a percentage of the control (B). Results are 
expressed as mean±SD and represent the average values 
from three experiments. * two-tailed Student’s t-test indicates 
signifi cant difference compared to control cells with p values of 
less than 0.05.

The mechanisms of apoptosis mainly involve two signaling 
pathways, namely the intrinsic pathway, involving the 
activation of the mitochondria and several caspases, and the 
extrinsic pathway, involving the activation of death receptors 
(Elmore, 2007). The key element in a mitochondrial pathway 
is the release of cytochrome c from mitochondria to cytosol to 
bind to Apaf-1 and caspase-9, and fi nally to activate caspase-3 
(Shi, 2002). Caspase-3 activity is increased when the cells 
undergo apoptosis (Stennicke and Salvesen, 1998; Wang et al., 
2005). In addition to caspase-3, apoptosis regulatory proteins 
Bcl-2 and Bax associated with the mitochondrial pathway 
were also examined. In sericin treated SW480 cells, Bcl-2 
was down-regulated, but Bax remained unchanged. These 
fi ndings suggest that sericin may promote cell apoptosis via 
the mitochondrial pathway. However, the reduced viability of 
FHC normal cells induced by sericin was not associated with 
cell apoptosis. However, the decrease in cell viability after the 
sericin treatment might have been a result of mechanisms other 
than apoptosis such as cell cycle regulation.

Cell cycle is a complex process involved in cellular 
proliferation. A defect in the normal pattern of cell cycle may 
lead to excessive proliferation and fi nally to the formation of 
cancerous cells (Schafer, 1998). Although the present fi ndings 
showed that sericin had no signifi cant effect on the cell cycle 
of SW480 cells, the percentage of cells in the G0/G1 phase 
tended to increase. Interestingly, the cell cycle of FHC cells was 
arrested at the S phase, indicating that sericin, at least in part, 
may accelerate cell proliferation in normal colonic cells.

Since sericin is a polymeric protein, different extraction 
techniques can produce different sizes of sericin. Biological 
activities of sericin are associated with its molecular weight. 
Small-size sericin (5–100 kDa) rather than large-size sericin 
(50-200 kDa) can accelerate the proliferation of hybridoma 
cells (Terada, 2005). The present results showed that small-size 
sericin (61-132 kDa), but not large-size sericin (191-339 kDa), 
signifi cantly reduced cell viability and induced cell apoptosis 
in SW480 cell. In conclusion, the present study demonstrates 
that a small sericin of 61-132 kDa has anti-proliferative effects 
for SW480 human colon carcinoma cells. Sericin could induce 
cell apoptosis associated with an increase in caspase-3 activity 
and a decrease in Bcl-2 anti-apoptotic protein expression. 
Sericin had no cytotoxicity, and indeed it might accelerate 
cell proliferation of FHC normal colonic cells. Thus, sericin 
appeared to exert a chemopreventive effect against colon 
cancer by inducing apoptosis in cancerous cells, whereas this 
protein had no effect on normal colonic cells. Therefore, sericin 

may have signifi cant health benefi ts and it could potentially 
be developed as a dietary supplement for colon cancer 
prevention.
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ABSTRACT

Acute renal failure (ARF) can be caused by injuries that induce tissue hypoxia, which in turn can trigger adaptive or infl ammatory 
responses. We previously showed the participation of basic fi broblast growth factor (FGF-2) in renal repair. Based on this, the aim of this 
study was to analyze the effect of FGF-2 signaling pathway manipulation at hypoxia-induced protein levels, as well as in key proteins 
from the vasoactive systems of the kidney. We injected rat kidneys with FGF-2 recombinant protein (r-FGF) or FGF-2 receptor antisense 
oligonucleotide (FGFR2-ASO) after bilateral ischemia, and evaluated the presence of iNOS, EPO and HO-1, in representation of hypoxia-
induced proteins, as well as COX-2, renin, kallikrein, and B2KR, in representation of the vasoactive systems of the kidney. A reduction in 
iNOS, HO-1, EPO, renin, kallikrein, B2KR, and in renal damage was observed in animals treated with r-FGF. The opposite effect was found 
with FGF-2 receptor down-regulation. In contrast, COX-2 protein levels were higher in kidneys treated with r-FGF and lower in those that 
received FGFR2-ASO, as compared to saline treated kidneys. These res ults suggest that the protective role of FGF-2 in the pathogenesis of 
ARF induced by I/R is a complex process, through which a differential regulation of metabolic pathways takes place.

Key words: ARF, COX-2, FGF-2, kidney regeneration.

INTRODUCTION

Acute renal failure (ARF) is known to be associated with high 
mortality and morbidity (Schrier et al., 2004). ARF has an 
initiating phase characterized by organ dysfunction (Sutton 
et al., 2002), an extension phase marked by infl ammatory 
responses (Molitoris and Sutton, 2004), and a resolution phase 
in which cellular repair typically occurs (Sutton et al., 2002).

Acute tubular necrosis (ATN) is a common cause of 
ARF (Esson and Schrier, 2002), and is observed in hypoxic 
conditions such as hemorrhagic shock or sepsis (Mehta, 2003). 
The transcriptional response to hypoxia can be adaptive or 
infl ammatory (Taylor and Colgan, 1999). Adaptive responses 
are controlled through the nuclear accumulation of hypoxia-
inducible factor 1 alpha (HIF-1α), and by other proteins 
that support tissue survival that are controlled by HIF-1α 
(Bunn and Poyton, 1996), such as erythropoietin (EPO), heme 
oxygenase-1 (HO-1) and inducible nitric oxide synthase (iNOS) 
(Ashley et al., 2002; Lee et al., 1997; Melillo et al., 1997; Noiri 
et al., 2001). Accordingly, the increased expression of these 
proteins may be linked to the resolution phase of ARF (Kirkby 
and Adin, 2006). We previously reported changes in the 
expression of EPO and HO-1, using an experimental approach 
of renal ischemia/reperfusion (I/R) as a model of ATN 
(Villanueva et al., 2007).

A healthy kidney produces vasoactive substances through 
the activation of the renin-angiotensin system (RAS), and 
the kallikrein-kinin system (KKS). These vasoactive systems 
not only participate in maintaining renal blood flow and 
adequate glomerular fi ltration rates, but are also involved 
in renal development (Shen and El-Dahr, 2006). In addition, 
eicosanoids, the products of cyclooxygenases (COX type 1 

and 2), exert physiological activity in the kidney and other 
organs, thus playing an important role in the regeneration 
of damaged tissue, as reported for endothelial (Eligini et al., 
2009), gastric mucosal (Brzozowski et al., 2000; Mizuno et al., 
1997), skin (Hamamoto et al., 2009), skeletal muscle (Bondesen 
et al., 2004), corneal endothelial (Jumblatt and Willer, 1996), 
lung (Fukunaga et al., 2005), colon (Reuter et al., 1996) and 
glomerular mesangial cells (Ishaque et al., 2003). Although 
COX-2 has been postulated to cause adverse events in the 
kidney, including ARF (Braden et al., 2004, Seibert et al., 1994), 
this enzyme has a physiological role in the normal adult 
kidney (Vio et al., 1997; Vio et al., 2001; Leon et al., 2001) and 
is necessary for normal kidney development (Vio et al., 1999). 
In experimental I/R we have observed alterations in the KKS 
and in the RAS. The observed increase in renin and decrease 
in kallikrein and COX-2 protein levels suggest a differential 
regulation of these proteins during ischemic damage 
(Villanueva et al., 2007). Considering that these enzymes are 
important in renal development, they could also be part of the 
regenerative phase described in ARF.

Fibroblast growth factor (FGF) has been suggested to be a 
renal protector in I/R (Cuevas et al., 1999). Furthermore, basic-
FGF (FGF-2) has been postulated to be involved in epithelial-
mesenchymal transition and early tubulogenesis (Perantoni 
et al., 1995). Using a recombinant protein (r-FGF), we have 
observed a correlation between the increase of FGF-2 and the 
increase of some proteins during ATN recovery, which are 
known to be implicated in kidney development (Villanueva 
et al., 2006a; Villanueva et al., 2006b, Villanueva et al., 2008). 
Nevertheless, the complete regenerative responses induced by 
FGF-2 in experimental I/R cannot be understood based solely 
on the induction of these proteins. Several publications have 
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also shown an FGF effect on proteins regulated by hypoxia 
in different tissues (Akiba et al., 1997; Neuvians et al., 2004; 
Schmerer et al., 2006).

In light of this evidence, we hypothesized that FGF 
modulation of the protein levels induced by hypoxia and 
key proteins from the vasoactive systems of the kidney could 
contribute to the resolution phase of ARF. To this purpose, we 
manipulated FGF-2 levels in an experimental model of I/R, 
and studied the relative abundance of iNOS, EPO and HO-1 in 
representation of hypoxia-induced proteins, as well as levels of 
COX-2, renin, kallikrein, and the B2 kinin receptor (B2KR) in 
representation of the vasoactive systems of the kidney.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (220 to 250 g, n=7 for each 
I/R group: 24h, 48h, 72h and 96h) were housed in a 12h light/
dark cycle. Animals were weighed at the time of bilateral 
ischemic injury initiation and after completion of experiments. 
Animals had free access to food and water, and were kept 
at the animal care facilities of the Universidad Católica de 
Chile. All experimental procedures were in accordance with 
institutional and international standards for the humane care 
and use of laboratory animals (Animal Welfare Assurance 
Publication A5427-01, Office for Protection from Research 
Risks, Division of Animal Welfare, National Institutes of 
Health).

Renal ischemia/reperfusion injury

An established model was performed of renal I/R injury 
that resembles structural and functional consequences of 
renal ischemia, including apoptotic tubular epithelial cells 
(Perantoni et al., 1995). Animals were anesthetized with 
ketamine: xylazine (25:2.5 mg/kg, ip), maintaining body 
temperature at 37ºC. Both kidneys were exposed by a 
fl ank incision and both renal arteries were occluded with a 
non-traumatic vascular clamp for 30 minutes. Then, while 
clamps were in position, the left kidney was injected in the 
parenchymal medullary area with 200 μl of r-FGF (30 mg/
kg) (Villanueva et al., 2008; Unger et al., 2000) or FGFR2-ASO 
(112 μg/kg) (Villanueva et al., 2006b; Carstens et al., 2000) 
(preliminary experiments using methylene blue dye or Bouin’s 
solution demonstrated that the volume used allowed extensive 
diffusion over the tissue); the right kidney was injected with 
the same volume of saline NaCl, 0.9 % (S), used as a vehicle 
for the oligonucleotides, and also used for control purposes. 
After injection clamps were removed, renal blood fl ow was 
reestablished and both incisions were sutured. Rats were 
allowed to recover in a room at warm temperature levels. 
24, 48, 72 and 96 hours after reperfusion, both kidneys were 
removed and the animals were sacrifi ced by exsanguination 
under heavy anesthesia (ketamine: xylazine). The kidneys 
were then processed for immunohistochemistry and Western 
blotting.

Tissue processing and immunohistochemical analysis

Tissue processing for immunohistochemical studies in 
paraplast-embedded sections was carried out according to 

methods previously described (Vio et al., 1999; Vio et al., 
2001). Immunolocalization studies were performed using 
an indirect immunoperoxidase technique (Villanueva et al., 
2006a). Briefl y, tissue sections were dewaxed, rehydrated, 
rinsed in 0.05 M tris-phosphate-saline (TPS) buffer (pH 
7.6) and incubated with the primary antibody overnight at 
22°C. Sections were subsequently washed, followed by 30 
minutes of incubation with the corresponding secondary 
antibody and with the peroxidase-antiperoxidase (PAP) 
complex. Immunoreactive sites were revealed using 0.1% 
of 3,3’-diaminobenzidine (wt/vol) and 0.03% (vol/vol) of 
hydrogen peroxide solution.

Antibodies and chemicals

The following primary antibodies were used: monoclonal 
antibodies against macrophages (clone ED-1, Biosource, 
Camarillo, CA), monoclonal antibodies against a-smooth 
muscle actin (α-SMA: clone 1A4, Sigma Aldrich Co., St. Louis, 
MO), monoclonal antibodies against iNOS (Transduction 
Labs., Lexington, KI), goat polyclonal antibodies against 
COX-2 (Cayman Chemical Company, Ann Arbor, MI), goat 
polyclonal antibodies against EPO (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA), goat polyclonal antibodies against HO-1 
(StressGen Biotechnologies Corp., Victoria, Canada), and rabbit 
monoclonal against FGFR2 (clone EPR5180, Epitomics, Inc. 
Burlingame, CA). Rabbit polyclonal antibodies against renin, 
B2KR and kallikrein were prepared as described previously 
(Velarde et al., 1995).

Secondary antibodies and the corresponding PAP 
complexes were purchased from MP Biomedicals, Inc. (Aurora, 
OH). Triton X-100, 3,3’-diaminobenzidine, carrageenan, tris-
HCl, hydrogen peroxide, phosphate salts, and other chemicals 
were purchased from Sigma Aldrich Co. (St. Louis, MO).

Western-blotting

For Western-blotting experiments, longitudinal sections from 
kidneys including the inner and outer medulla (approximately 
1 mm thick) were homogenized with an Ultra-Turrax 
homogenizer in PBS 1X buffer containing 0.05 M of EDTA and 
a protease inhibitor cocktail (Pierce, Rockford, IL). The protein 
concentration was determined by the method of Bradford 
(Bio-Rad, Richmond, CA). Western blotting was performed as 
previously described (Villanueva et al., 2006a). Briefl y, sixty 
micrograms of protein were mixed with an equal volume of 
SDS-PAGE sample buffer (100 mM tris-HCl, pH 6.8, 200 mM 
dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol). 
Proteins were separated on 12% SDS-polyacrylamide gels 
and transferred to nitrocellulose membranes. Blocking was 
carried out by incubation in blocking solution (8% nonfat 
dry milk in tris-buffered saline-0.1% tween) for 2 hours at 
room temperature. After blocking, membranes were probed 
with the corresponding primary antibody for 18 hours at 4ºC, 
washed with tris-buffered saline-tween, and incubated with 
the appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibody for 1 hour at room temperature. Proteins 
were detected by using enhanced chemiluminescence 
techniques (Pierce, Thermo Scientifi c, Rockford, IL).

Subsequently, blots were scanned and densitometric 
analysis was performed by using the public domain NIH 
Image program v1.61 (US National Institutes of Health, http://
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rsb.info.nih.gov/nih-image). The expression of α-tubulin was 
used to correct variation in sample loading.

Determination of tissue damage and immunohistochemical quantifi cation

Tissue damage was evaluated through periodic acid-
Schiff (PAS) staining. Immunolocalization of ED-1 and 
interstitial α-SMA were used as tissue damage markers. The 
immunoreactive area in each fi eld (whole kidney sections) 
was determined by image analysis using Simple PCI 
software (Compix). Total immunostained (brown) cells were 
averaged and expressed as the mean absolute values or the 
mean percentage of stained cell area per fi eld, as previously 
described (Villanueva et al., 2006a) with minor modifi cations.

Statistical Analysis

The differences were assessed with the Mann-Whitney 
nonparametric test for pair-wise comparisons, when overall 
signifi cance was detected. The signifi cance level was defi ned at 
P<0.05. Protein densitometry values are presented as mean ± 
SD. All values are represented by Arbitrary Units (AU).

RESULTS

Determination of tissue damage

According to our hypothesis, if FGF-2 modulates the levels of 
proteins involved in the different phases of ARF, the reduction 
of FGF-2, or its signaling should therefore alter the levels of 
such proteins. With this idea in mind, we injected the kidneys 
with FGF receptor type 2 (FGFR2) antisense oligonucleotide 
(ASO). To confi rm that the antisense oligonucleotide reduced 
the expression of the receptor, kidneys injected with ASO 
(Fig. 1A) and control kidneys injected with a scrambled 
oligonucleotide (Fig. 1B) were stained against this receptor. 
As shown in Fig. 1, immunostaining for the FGF receptor was 
not observed when kidneys were injected with the ASO, thus 
confi rming the effectiveness of the antisense oligonucleotide on 
the expression of the receptor.

Renal functional damage produced by I/R was assessed 
by serum creatinine levels. Rats subjected to I/R, and injected 

with saline had creatinine levels of 0.6±0.1 mg/dL two days 
after injection. Creatinine levels were 0.40±0.02 mg/dL in 
animals subjected to I/R and injected with r-FGF, whereas 
such levels were 0.9±0.2 mg/dL (P<0.05) in rats subjected to 
I/R and injected with FGFR2-ASO.

PAS staining of sections from kidneys injected with saline 
48 hours after I/R showed alterations in morphology, which is 
consistent with ATN (Fig. 2B) as compared to sham operated 
animals (Fig. 2A). These alterations were characterized by 
fl attening of the brush border epithelia and a high percentage 
of proximal tubule cells undergoing mitosis. However, 
detection of such alterations did not occur 96 hours after 
I/R (data not shown), in accordance with previous results 
(Villanueva et al., 2006b). Kidneys treated with r-FGF showed 
a morphology closer to normal at 48 hours after I/R (Fig. 2C), 
compared to those injected with saline (Fig. 2B). Nevertheless, 
an important level of mitosis was maintained. Kidneys 
treated with FGFR2-ASO showed altered morphology, with 
an increase in the damaged area as mentioned above. These 
alterations in renal structure were observed 24 hours after I/R 
and were maintained for 96 hours (Fig. 2D).

Regarding renal damage markers, an increased number of 
interstitial macrophages (ED-1) and interstitial myofi broblasts 
(α-SMA) were observed 48 hours after I/R in kidneys injected 
with saline (ED-1: 238 μm2 and α-SMA: 22,103 μm2) (Fig. 2F, J), 
when compared to sham operated animals (Fig. 2E, I), similar 
to what was reported previously (Villanueva et al., 2006b). In 
contrast, r-FGF treated rats showed lower numbers of both 
markers (ED-1: 180 μm2 and α-SMA: 4,392 μm2) at the same 
period of time, without apparent morphological alterations 
(Fig. 2G, K). Kidneys injected with FGFR2-ASO showed 
an increased number of macrophages (ED-1: 650 μm2) and 
interstitial α-SMA (47,369 μm2), which was maintained up to 
96 hours after I/R (Fig. 2H, L). This histological data was well 
correlated with the creatinine levels mentioned above.

iNOS, HO-1 and EPO levels in I/R kidneys treated with r-FGF or 
FGFR2-ASO

To understand the mechanism associated with experimental 
I/R and the putative effect of FGF-2, we analyzed three 
stress proteins induced by hypoxia, namely iNOS, HO-1 

Figure 1: ASO effect on FGFR2 expression in medullary renal tubules. IHQ was performed on kidneys samples obtained 48 hours 
after injection with (A) an FGF receptor type 2 antisense oligonucleotide (FGFR2-ASO), or (B) a scrambled oligonucleotide (SO), (n=5 
for each group). An important reduction in bFGFR2 staining was observed in kidneys treated with ASO, compared to kidneys injected with 
scrambled oligonucleotides. Staining was observed in the entire cell area. Scale bar= 50 μm.
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and EPO, and compared the relative abundance of these 
proteins when kidneys were injected with r-FGF or FGFR2-
ASO. When kidneys were injected with saline, the levels of 
the three proteins were higher when observed 24 hours after 
I/R. However, as can be seen in Fig. 3, the levels of the three 
proteins decreased at 48 hours compared to their levels at 24 
hours (iNOS: 185 ± 16AU at 24h v/s 82 ± 15 AU at 48h; HO-1: 
126 ± 34AU at 24h v/s 15 ± 8 AU at 48h; and EPO: 125 ± 26AU 
at 24h v/s 77 ± 9 AU at 48h; P<0.05) (Fig. 3, circles A,B & C). 
Nevertheless, an important reduction in the levels of these 
markers was observed at 24 hours in kidneys treated with 
r-FGF compared to saline injected kidneys (iNOS: 37 ± 2 AU; 
HO-1: 15 ± 4 AU and EPO: 88 ± 5 AU; P<0.05) (Fig. 3, squares). 
Furthermore, a significant increase in these proteins was 
maintained in kidneys treated with FGFR2-ASO for at least 96 
hours after experimental I/R (iNOS: 214 ± 18 AU; HO-1: 126± 
28 AU and EPO 165 ± 24 AU at 96h; P<0.05) (Fig. 3, triangles). 
Since two bands were observed for HO-1 and EPO, only the 
band closer to the molecular weight described for each of these 
proteins was used for densitometry.

The protein distribution of iNOS, HO-1 and EPO was 
analyzed by immunohistochemistry. At 48 h after I/R, iNOS 
was observed in collecting ducts localized in the outer medulla 
(Fig. 4, A, B & C), and HO-1 was localized in the cortical area, 
mainly in interstitial cells. iNOS was still observed in the outer 
medulla in r-FGF treated kidneys, but was limited to certain 
tubules, while HO-1 was mainly localized in some tubular 
cells, possibly due to a treatment effect (Fig. 4, D, E & F). In 

Figure 2: Evidence of histological renal damage in hypoxic kidney induced by I/R and treated with r-FGF or FGFR2-ASO. 
Immunohistochemistry was performed on kidney samples from sham operated animals (A,E & I), or obtained 48 hours after I/R and saline 
(S) injection (B,F & J) or FGF-2 recombinant protein (r-FGF) (C,G & K), and at 96 hours after I/R in kidneys injected with FGF-2 receptor 2 
antisense oligonucleotides (FGFR2-ASO) (D,H & L) (n=7 for each group). Histological damage was evaluated by PAS staining (A,B,C & D). 
Brush border, epithelial fl attening and mitosis are shown. Induction of renal damage markers such as ED-1 (E,F,G & H) as a measurement 
of macrophages, or α-SMA (I,J,K & L) as a measurement of myofi broblasts, are shown. Scale bar=100μm. The arrows in F,G,H,J,K,and L 
show one area where the markers are localized.

the case of FGFR2-ASO treated rats, immunostaining for iNOS 
was still observed in all tubular segments, while HO-1 was 
again observed in the interstitium. Accordingly, when the 
immunostaining was quantifi ed, kidneys from animals treated 
with r-FGF showed a lower staining for iNOS and HO-1, 48 
hours after experimental I/R (iNOS: 6,232 μm2 and HO-1: 433 
μm2) (Fig. 4, B & E), when compared to the group treated with 
saline (iNOS: 13,645 μm2 and HO-1: 966 μm2) (Fig. 4, A & D). 
Moreover, this reduction was still observed 96 hours after I/R 
(data not shown). In contrast, kidneys treated with FGFR2-ASO 
showed an increase in the staining for both proteins 48 hours 
after I/R (iNOS: 20,469 μm2 and HO-1: 948 μm2) (Fig 4, C & F), 
which was maintained for 96 hours after I/R, compared to the 
group treated with saline (Fig. 4, A & D). Immunostaining for 
EPO was localized mainly in a few cells of the kidney cortex in 
animals submitted to I/R and injected with saline after 48 hours 
(Fig. 4, G). The staining was higher in animals treated with 
FGFR2-ASO (2,124 μm2) (Fig. 4, I), compared to animals treated 
with r-FGF (535 μm2) (Fig. 4, H). The distribution was mainly 
peritubular, close to proximal tubules and loops of Henle. 
However, in the r-FGF group it was also localized in tubular 
cells, probably due to a treatment effect.

Renal levels of vasoactive system components are regulated by the FGF-2 
pathway

Normal kidney function is due to the proper balance between 
the KKS and the RAS (Schmaier, 2003). In addition, these 
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Figure 3: FGFR2-ASO and r-FGF effects on HO-1, EPO and 
i-NOS response in I/R-induced ARF. Proteins induced by 
hypoxia (A)HO-1, (B)EPO and (C)i-NOS were analyzed at 24, 48, 
72 and 96 hours after a 30 min ischemia in kidneys injected with 
saline (circles), r-FGF (squares) or FGFR2-ASO (triangles). n=7 
for each group. *=P<0.05 compared to saline at the same point in 
time.

systems are involved in renal development and maturation 
(Shen and El-Dahr, 2006). We evaluated the effect of FGF in the 
distribution and levels of certain components of these systems 
in kidneys after I/R (Fig. 5 and 6). First, we analyzed renin 
expression in the three conditions described above: saline, 
r-FGF and FGFR2-ASO. Kidneys treated with r-FGF showed 
an important reduction in renin levels at 24 hours compared 
to the saline group. This low level was maintained at 96 hours 
after I/R, which was when the renin levels in the saline group 
also decreased to a similar level (24 ± 3 AU at 24 hours v/s 23 
± 3 AU at 96 hours; P<0.05) (Fig. 5, A). Kidneys treated with 
FGFR2-ASO showed an increase in renin levels at all times 
analyzed after I/R (182 ± 16 AU at 24 hours and 170 ± 36 AU 
at 96 hours; P<0.05) (Fig. 5, A). We previously demonstrated 
that kallikrein levels can be modulated after I/R (Villanueva et 
al., 2007). In the present study, we found that kallikrein levels 
were low at all analyzed times in kidneys treated with r-FGF, 
compared to the saline condition (46 ± 7 AU v/s 76 ± 5 AU at 

24 hours) (Fig. 5, B). In contrast, kidneys treated with FGFR2-
ASO showed an increase in kallikrein levels 24 hours after I/R, 
which was maintained at all analyzed times (115 ± 13 AU at 24 
hours; P<0.05) (Fig. 5, B).

Another important KKS protein is the B2 kinin receptor 
(B2KR). In the case of kidneys treated with r-FGF, B2KR levels 
decreased at all evaluated times when compared to the saline 
group (27 ± 5 AU v/s 149 ± 5 AU at 24 hours; P<0.05) (Fig. 
5, C). In contrast, kidneys treated with FGFR2-ASO showed 
higher B2KR levels at all the analyzed times in contrast to the 
saline group (172 ± 10 AU at 24 hours P<0.05) (Fig. 5, C).

Immunostaining for renin, kallikrein and B2KR observed 
at 48 hours after treatment showed similar results to those 
observed by Western blot, that is, immunoreactivity in the 
r-FGF group decreased in cell number and in intensity (renin: 
43 μm2, kallikrein: 136 μm2 and B2KR: 117 μm2) (Fig. 6, E-G), 
compared to saline group (renin: 50 μm2, kallikrein: 345 μm2 

and B2KR: 345 μm2) (Fig. 6, A-C). In contrast, the kidneys 
treated with FGFR2-ASO showed increased immunoreactivity 
for renin, kallikrein and B2KR compared to the saline group 
(renin: 151 μm2, kallikrein: 371 μm2 and B2KR: 177 μm2) (Fig. 
6,  I-K).

Kidneys submitted to I/R and injected with saline solution 
had almost undetectable COX-2 protein levels when measured 
by Western blot at 24, 48 and 96 hours after I/R, with an 
increase at 72 hours after reperfusion (Villanueva et al., 2007). 
In contrast, kidneys treated with r-FGF showed an increased 
expression of COX-2 24 hours after I/R, which was maintained 
at all evaluation times (126 ± 35 AU at 24 hours; P<0.05) (Fig. 
4, D). Conversely, COX-2 was not detectable by Western blot 
at any evaluation time in kidneys treated with FGFR2-ASO, 
(Fig. 5, D). In addition, IHC revealed that kidneys injected with 
r-FGF had an increased COX-2 immunoreactivity 48 hours 
after I/R (118 μm2) (Fig. 6, H), whereas kidneys treated with 
FGFR2-ASO showed a decreased COX-2 staining (14 μm2) (Fig. 
6, L) when compared to control saline kidneys (54 μm2) (Fig. 6, 
D).

As expected, COX-2 and B2KR were mainly observed in 
thick ascending limbs (Vio et al., 1999; Vio et al., 2001), renin 
was present in the afferent arteriole, and kallikrein was located 
in connecting tubule cells in the kidney cortex. The treatments 
with FGFR2-ASO or r-FGF did not modify the localization of 
these proteins.

DISCUSSION

ARF induced by ischemia is a reversible pathological 
condition, whose recovery is characterized by the restoration 
of the renal tubular system (Villanueva et al., 2006a). However, 
there are persistent post-ischemic alterations in renal function 
that can lead to permanent failures in urinary concentrating 
ability, associated with enduring vascular damage. One 
particular protein that has been observed to be altered, even 
several weeks after I/R, is Kallikrein (Basile et al., 2005).

We recently reported that FGF-2 prevents renal damage 
and stimulates kidney regeneration in an adult kidney 
I/R model, through the induction of proteins involved in 
embryonic kidney development (Villanueva et al., 2008). 
In addition, recent studies performed in different tissues 
(esophagus, gastric mucosa, corpus luteum and red blood 
cells), have shown an important interaction between FGF-2 
and the vasoactive renal systems, or FGF-2 and stress proteins 
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Figure 4: Immunolocalization of proteins that respond to hypoxia in I/R-induced ARF. Staining for iNOS (A,B & C), HO-1 (D,E & F) 
and EPO (G,H & I) was observed 48 hours after I/R in kidneys injected with saline (A,D & G), r-FGF (B,E & H) or FGFR2-ASO (C,F & I) (n=7 
for each group). Scale bar=100μm. The arrows indicate representative immunostained (brown) areas.

Figure 5: Immunoblot for vasoactive proteins in by I/R-induced ARF. Vasoactive proteins: renin (A), kallikrein (B), B2KR (C) and 
COX-2 (D), were analyzed at 24, 48, 72 and 96 hours after 30 min of ischemia in kidneys injected with saline (circles), r-FGF (squares) or 
FGFR2-ASO (triangles). (n=7 for each group). *=P<0.05 compared to saline at each time point.
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induced by hypoxia (Schmerer et al., 2006; Unger et al., 2000; 
Carstens et al., 2000; Baguma-Nibasheka et al., 2007;Martins 
et al., 2008). This raises the possibility that FGF-2 may have a 
double role in kidney repair, by increasing the expression of 
repairing proteins, and by modulating the vasoactive systems 
of the kidney as well as the proteins related to the hypoxic 
stress response. In this study we performed complementary 
experiments to evaluate the direct effects of FGF-2 on the 
regulation of the components of these vasoactive systems 
and stress-related proteins induced by hypoxia, as well as 
their participation in renal damage and their involvement in 
persistent alterations.

FGFs mediate their biological effects by binding to, 
and activating receptors with tyrosine kinase activity. 
This interaction results in a series of molecular events 
that culminate in biological responses such as mitosis, 
differentiation or migration (Friesel and Maciag, 1999). In this 
regard, FGFR2 is localized throughout the whole cell and, as 
observed in some cases, staining up to the apical membrane, 
mainly in tubular segments of the inner stripe of the outer 
medulla, which is similar to what has been observed by other 
researchers (Cancilla et al., 2001). It can be speculated that the 
growth factor reaches its receptor from the blood vessels in 
normal conditions, but it can also reach the receptor through 
the tubular lumen when the fi ltration barrier is damaged.

We analyzed three stress proteins regulated by hypoxia 
(HO-1, EPO, and iNOS), and also proteins that are not only 
involved in urine concentration and blood pressure regulation, 
but in kidney development as well (B2KR, kallikrein, renin and 
COX-2). The major fi ndings of this study were the signifi cant 
decreases of most of these proteins in kidneys treated with 
r-FGF. To explain these results, we could speculate that FGF-2 
is directly inhibiting the overexpression of these proteins, or 

that the effect of FGF-2 is indirect, probably mediated by HIF-
1α or other transcription factors that are regulated by FGF-2. 
This pattern was the opposite for COX-2 proteins, since they 
increased in the r-FGF group. This result suggests that COX-
2 might be regulated by a different mechanism, as discussed 
later.

Although three HO isoforms have been reported, only the 
inducible isoform HO-1 is expressed in renal tissue (Yang et 
al., 2004). HO-1 induction occurs as an adaptive and benefi cial 
response to several injury processes, including oxidative 
injuries (Morimoto et al., 2001), rhabdomyolysis (Carstens et 
al., 2000), cisplatin nephrotoxicity and ARF (Shimizu et al., 
2000). This may be explained by the generation of products 
from heme degradation, iron, carbon monoxide, biliverdin 
and bilirubin, which exert important antioxidant, anti-
infl ammatory, and cytoprotective functions (Kirkby and Adin, 
2006). We found increased levels of HO-1 in kidneys with high 
damage induced by FGFR2-ASO. This could be explained by 
a compensatory mechanism against maladaptive responses 
stimulated by hypoxia. In addition, the low levels of HO-1 
observed even at 24 hours after I/R, when r-FGF was injected, 
could be explained by the anticipation of HO-1 level reduction, 
as compared to the effect under the saline injection condition.

EPO is a protein involved in renal erythropoiesis, and as 
such, it is regulated by hypoxia. EPO has protective effects 
on retina and renal tubular cells; in the specifi c context of 
ARF (Sharples et al., 2005), EPO exerts its action through the 
activation of Janus kinase 2, Akt, and multiple targets with 
antiapoptotic effects (Sharples et al., 2004). In addition, FGF 
has been reported to inhibit EPO-induced erythropoiesis 
(Schmerer et al., 2006; Kreja et al., 1993). It is possible that 
the observed EPO induction in ischemic kidneys treated with 
FGFR2-ASO could be related to the molecular machinery 

Figure 6: Immunolocalization of vasoactive proteins in I/R-induced ARF . Staining for renin (A,E & I), kallikrein (B,F & J), B2KR (C,G 
& K) and COX-2 (D,H & L) was evaluated 48 hours after ischemia in kidneys injected with S (A-D), r-FGF (E-H) and FGFR2-ASO (I-L) (n=7 
for each group). Scale bar=100μm. The arrows indicate representative immunostained (brown) areas.
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elicited in the protective response to I/R damage, and that this 
response is not necessary or is anticipated in the presence of 
FGF-2.

Recent studies have shown that nitric oxide (NO) generated 
by iNOS is involved in many pathological states (including 
renal I/R), contributing to oxidative damage of critical cellular 
macromolecules (Chatterjee et al., 2002; Viñas et al., 2006). In 
addition, the increase in HO-1, together with an increase in 
iNOS, the former producing CO and the latter producing NO, 
could contribute to the production of NO in a regulated and 
benefi cial form (Lee and Yen, 2009). In this study, we have 
shown that FGF-2 is involved in the suppression of iNOS 
and HO-1 induction, suggesting that additional production 
of NO and CO is not needed to preserve renal function in the 
presence of this growth factor or, as previously speculated 
for HO-1 and EPO, the effects on iNOS regulation were 
anticipated at least 24 hours when r-FGF was administered.

We have also analyzed the FGF effect on some proteins 
from renal vasoactive systems that have been involved in 
renal development, and that could participate in the recovery 
of renal damage. As mentioned previously, the activity 
of the KKS is important for normal kidney development 
(Shen and El-Dahr, 2006). Kallikrein cleaves kininogen to 
produce bradykinin (BK), which binds to its receptor B2KR, 
activating intracellular signaling (Velarde et al., 1995). B2KR 
is constitutively expressed in renal tissues, and has been 
associated with the differentiation of the distal nephron and 
epithelial cells derived from embryonic stem cells (El-Dahr, 
2004). When BK concentration increases, the receptor is 
down-regulated by internalization, followed by degradation 
(Velarde et al., 1995). The up-regulation of B2KR observed in 
saline treated kidneys after 24 hours of I/R could be explained 
by a decrease in bradykinin, caused by the reduction of 
kallikrein, observed at that same time period. In addition, it 
has been observed that the B2KR is induced by hypoxia in 
endothelial cells (Liesmaa et al., 2009), which is also consistent 
with the high levels of B2KR observed 24h after I/R. The 
negative feedback of BK toward its receptor could explain 
the increase in kallikrein and the reduction of the receptor 
observed 48 hours after I/R. Recent reports have shown that 
B2KR expression and BK secretion decrease during in vitro 
differentiation (Martins et al., 2008), suggesting an additional 
regulatory mechanism. The participation of FGF in tissue 
differentiation and the observations of Martins et al., could 
explain the reduction of kallikrein and the B2KR in the 
presence of r-FGF at 96 hours after I/R, as well as the opposite 
effect with FGFR2-ASO observed in the present study.

The effect of COX-2 on renal damage is controversial; while 
Matsuyama et al. (2005) proposed that COX-2 might induce 
renal tissue damage triggered by I/R, other authors have 
suggested a role for COX-2 in regeneration (Feitoza et al., 2005). 
Several studies have shown COX-2 participation in nephron 
development (Vio et al., 1999) and tissue repair (Eligini et al., 
2009; Brzozowski et al., 2000; Mizuno et al., 1997; Hamamoto 
et al., 2009; Bondesen et al., 2004; Reuter et al., 1996; Leahy 
et al., 2002). In addition, a benefi cial effect of COX-2-derived 
mediators has been reported; examples are lipoxin in acute lung 
injury (Fukunaga et al., 2005) and prostaglandin E2 in corneal 
endothelial injury (Jumblatt and Willer, 1996). Furthermore, 
an inhibitory effect on apoptosis has been described in renal 
glomerular mesangial cells (Ishaque et al., 2003).

The results obtained in the present study might be 

explained by the effects of COX-2 derivatives on proteins 
induced by renal damage. In this sense, the regulation of COX-
2 expression acquires great importance. Our observations 
indicate that COX-2 has an opposite regulation from those 
of the other studied proteins. We postulate that COX-2 has a 
similar effect to the one reported previously in kidney tubular 
cells, in terms of its involvement in repairing tissue damage. 
However, this COX-2 effect might only be observed when renal 
tubules are preserved and COX-2 can be induced as occurs in 
the presence of r-FGF. In contrast, when tissue damage is high, 
as observed in I/R+S, the induction of COX-2 would not be 
possible. Additionally, recent publications have shown a direct 
association between COX-2 and FGF-2 (Baguma-Nibasheka 
et al., 2007), and COX-2 mRNA has been shown to increase 
in response to FGF-2 administration in retinal epithelial cells, 
(Ershov and Basan, 1999). A decrease in COX-2 and an increase 
in HO-1 activity have also been observed in endothelial cells 
(Morimoto et al., 2001; Li et al., 2003), suggesting that the 
heme-hemoxygenase system could be a negative regulator for 
COX-2 expression.

In summary, it is obvious that this study has some 
limitations due to two facts, namely that it is an in vivo 
study and, as such, it is hard to isolate one single effect, and 
that most of the experiments are not quantitative, so they 
only refl ect a relationship between the compared proteins. 
However, despite such limitations, it is possible to postulate 
that FGF could be acting as a master regulator in I/R. In this 
sense, we suggest a model in which iNOS, HO-1, EPO, Renin, 
Kallikrein, B2KR are initially stimulated by FGF to induce cell 
proliferation and tissue regeneration. The continuous presence 
of FGF-2 could act as negative feedback to the abovementioned 
proteins to end a phase, and as a positive stimulus to COX-2 
that, after the reduction of HO-1, could increase and act on 
the following phase of differentiation. Consequently, further 
studies are needed to evaluate this new model. Nevertheless, 
this study opens a new perspective for the use of FGF-2 in 
future research for kidney damage and regeneration.
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Reinstatement of short-latency responses after asymptotic Pavlovian 
conditioning training by the presentation of an extraneous stimulus
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ABSTRACT

The purpose of this study was to examine whether the progressive disappearance of short-latency conditioned responses, or inhibition of 
delay, observed in Pavlovian conditioning with long inter-stimulus intervals, could be reverted by the presentation of a novel stimulus. 
In one experiment, two groups of rabbits received extensive training with a short (250 ms) or a long (1500 ms) tone that overlapped and 
terminated with a periorbital shock unconditioned stimulus. After training, the presentation of an extraneous stimulus prior to tone onset 
produced a reinstatement of short latency CRs in the group trained with the long CS, but did not affect CR latency in the group trained with 
the short CS.
This finding is consistent with Pavlov’s (1927) view that conditioning with long conditioned stimuli involves the acquisition of response 
tendencies in the early portion of the stimulus that are subsequently suppressed by the development of an inhibitory process.

Key words: Inhibition of delay, conditioning, temporal discrimination, eyeblink conditioning, timing

INTRODUCTION

Inhibition of delay is an empirical fact of Pavlovian 
conditioning that consists of an increase in the latency of the 
conditioned response (CR) over training. The first systematic 
observations of this phenomenon date back to 1927 in Pavlov’s 
studies of salivary conditioning in dogs. He noticed that over 
the course of training with a long conditioned stimulus (CS) 
that precedes the unconditioned stimulus (US, typically food) 
there was a gradual reduction in the amount of saliva elicited 
during the early portion of the CS, and an increase in the 
amount of saliva elicited during the latter portion of the CS. 
Since the responses that originally occurred in the early portion 
of the CS seemed to be “inhibited” as training progressed, he 
proposed the term “inhibition of delay” (Pavlov, 1927).

During the 1960s, there was marked interest among 
theorists in the nature of the inhibition of delay reported by 
Pavlov. Consequently, Pavlov’s findings were frequently 
analyzed and scattered evidence was reported in several 
theoretical papers (e.g., Kimmel, 1965; Prokasy, 1965; Sheffi eld, 
1965). For instance, Sheffield (1965) reported the lengthening 
of the latency of conditioned salivation in a dog trained with 
a 4-sec CS and Kimmel (1965) observed a virtually linear 
increase in the latency of human Galvanic Skin Response with 
a light CS followed by a fi nger shock US.

For early theoreticians, inhibition of delay is closely related 
to other temporal phenomena of Pavlovian conditioning, 
such as the fact that the latency of onset and peak of the CR 
increases with the CS-US interval, and that the prominent 
time of occurrence of the CR is at the US locus (Bitterman, 
1964; Davis et al., 1989; Gallistel and Gibbon, 2000; Mauk and 
Ruiz, 1992). Nevertheless, although these observations are 
not incompatible with the notion of inhibition of delay, and 
probably are regulated by partially common mechanisms of 
temporal discrimination, they should not be taken as indicative 
that an excitatory tendency has been inhibited during the 

early portion of the CS. Vogel et al. (2003) pointed out that a 
genuine demonstration of inhibition of delay should include 
both, evidence of conditioned responses in the early portion 
of the CS at initial stages of training, presumably due to the 
development of the so-called “excitatory CS-US associations”, 
and a subsequent suppression of these responses at the end of 
conditioning, presumably due to the progressive development 
of the so- called “inhibitory CS-US associations” in the early 
portion of the CS.

As a theoretical interpretation of inhibition of delay, Pavlov 
(1927) proposed that training with a single CS can be seen 
as a situation where animals learn to discriminate among a 
complex combination of hypothetical elements present over 
the duration of the CS. This implies that the CS is made up of 
a number of components that establish separable associations 
with the US. A critical aspect of this CS representation is the 
assumption that the pattern of activity of each element varies 
in time following CS initiation, such that they are differentially 
eligible for reinforcement and non-reinforcement depending on 
their temporal location with respect to the US.

Figure 1 presents an example of how the temporal 
discrimination hypothesis can be implemented in modern 
theories of Pavlovian conditioning (e.g., Vogel et al., 2003). 
It is assumed that some CS-elements have a more positive 
correlation with reinforcement across trials than other elements 
do, in such a way that they may develop comparatively 
more associative strength. In Figure 1, processing of the CS 
is represented by a set of binary elements, which can be in an 
“on” state of activity (represented as a black circle) or in an 
“off” state of activity (represented as a white circle), at any 
time during the CS. The figure depicts the pattern of activity 
of six elements in a training situation in which the US is 
presented in the last temporal segment of the CS. Although the 
elements differ in their loci of activity, they can be classified 
roughly into three categories. The “A-elements” that are 
solely activated at the US locus, the “X-elements” that are 
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activated in both the US locus and at some other moments, and 
the “B-elements” that are activated only when the US is not 
present. Thus, temporal discrimination would be an instance 
of an AX+BX discrimination in which the elements A, B and 
X develop differential associations with the US, according to 
their differential temporal contiguity with the US.

response rate, whereas it did no affect responding when it was 
presented in the later portion of the CS.

Apart from the early reports described above, the evidence 
on the existence of inhibition of delay in other preparations 
is controversial. That is, although a progressive increase in 
the latency of CR has been demonstrated in the conditioned 
suppression of instrumental behavior in rats (Hammond and 
Maser, 1970; Hendry and Van Toller, 1965; Millenson and 
Hendry, 1967; Smith et al., 1969; Zielinsky, 1966) and fear 
conditioning in dogs (Rescorla, 1967), in human and rabbit 
eyelid conditioning, the literature is ambiguous. For instance, 
while some studies of human eyelid conditioning reported 
increases in the latency of CR (Runquist and Muir, 1965) 
others showed decreases (Ebel and Prokasy, 1963; Hilgard 
and Campbell, 1936; Subosky, 1967). Likewise, most research 
conducted with rabbit eyelid conditioning reports that the 
CR latency decreases with training towards an asymptote at 
about half of the CS duration (e.g., Coleman and Gormezano, 
1971; Gormezano, 1972; Salafi a et al., 1974; Salafi a et al., 1975; 
Schneiderman, 1966; Schneiderman and Gormezano, 1964; Smith 
et al., 1969), which is the opposite of an inhibition of delay effect.

On the face of these controversial results, Vogel et al. (2003) 
suggested that the predominant absence of inhibition of delay 
seen in rabbit eyeblink conditioning could be due primarily 
to the fact that the reported data were based on moderate 
amounts of training, typically between eight and ten sessions, 
and with relatively short CSs, which might not be suffi cient to 
observe the development of inhibition of delay. In agreement 
with this reasoning, Vogel et al. reported two experiments that 
demonstrated inhibition of delay when rabbits were trained 
with relatively long but not with short CSs. Specifi cally, in 
Experiment 2, two groups of rabbits received 20 daily sessions 
of eyelid conditioning training, in which a tone CS overlapped 
and terminated with a shock US. Each session consisted of 56 
reinforced trials and 6 nonreinforced trials. For the animals in 
the group designated as “short CS group” (n=8), the CS was 
250 ms duration, while in the group designated as “long CS 
group” (n=7), the CS was 1500 ms duration. Inhibition of delay 
was apparent in animals trained with the long 1500 ms CS but 
not in animals trained with the shorter-250 ms CS, whose CR 
latency decrease, rather than increased over training.

The present experiment was designed to extend the 
findings of Vogel et al. (2003) by investigating a disinhibition 
procedure in the same 15 animals that were trained with short 
and long intervals. The rationale of the experiment is that if the 
animals of the two groups of Vogel et al. (Experiment 2) had 
developed differential inhibition of delay, and the difference 
was due to differential conditioned inhibition, then the 
presentation of an extraneous stimulus prior to the initiation 
of the CS (the disinhibition procedure) may have a differential 
effect on the two groups. Specifically, it was expected that 
there would be a reinstatement of short latency CRs in the 1500 
ms animals, which had presumably developed inhibition of 
delay, but there would be no effect on the animals trained with 
the 250 ms CS, which did not develop inhibition of delay.

METHOD

Animals

Male New Zealand white rabbits (Oryctolagus cuniculus; n=16) 
weighing between 2 and 3 kg, were individually housed and 

Figure 1. Schematic representation of the temporal discrimination 
hypothesis of inhibition of delay: It is assumed that the CS 
activates a sequence of binary elements whose state of activity 
varies between off (white circles) and on (black circles) states 
over the duration of the CS. The black rectangles at the bottom 
represent the duration of the CS and the US.

According to the theoretical analysis presented above, 
inhibition of delay is the result of conditioned inhibition to 
these CS elements that are consistently activated in absence 
of the US (the “B” elements) in position of overlap with those 
elements that are partially associated with the US (the “X” 
elements). This notion implies that excitatory and inhibitory 
CS-US associations coexist in the early part of the CS. Very few 
studies, however, have evaluated the nature of the association 
existing in the early portion of the CS.

Evidence of inhibition in the early portion of the CS has 
been provided by means of a summation test by Rodnick 
(1937). He demonstrated that the human eyelid conditioned 
response to a brief vibratory CS was significantly diminished 
in amplitude when presented 5-sec after the onset of a 21-sec 
light that had been paired with a wrist shock US, as compared 
to trials without the light CS. Although the light CS produced 
some decrement in the conditioned eyelid response before it 
was paired with the US, this decrement was reliably greater 
after it had been paired with the US.

Pavlov (1927) suggested another method to detect excitatory 
and inhibitory tendencies in the early portion of the CS. He 
reported that animals that had developed inhibition of delay 
would show a reappearance of short latency CRs in the presence 
of an extraneous, “disinhibiting” stimulus. The disinhibition 
procedure was further explored by Rescorla (1967, Experiment 
2) in dogs trained to avoid a CS paired with footshock. 
Inhibition of delay was demonstrated by a progressive reduction 
in the rate of avoidance responses to the early portion of the CS. 
In the last session of training, a novel stimulus presented during 
the early portion of the CS produced a uniform increase in the 
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maintained with ad libitum food and water, except during 
experimental sessions

Apparatus

The experiment was conducted in 66 cm × 48 cm × 48 cm 
isolation chambers. Each chamber was completely lined with 
aluminium foil to provide a homogeneous visual surrounding 
and illuminated by a 1W neon bulb. Ventilation fans provided 
a constant background masking noise that raised the ambient 
sound pressure level to approximately 70 dB (re 20 uN/m2) 
in each chamber. During the experimental sessions, the rabbit 
was loosely restrained within a 51 cm ×18 cm ×14 cm Plexiglas 
box, from which its head protruded. The conditioned stimulus 
was a 3000-Hz 90-dB tone that coterminated with a 50-ms 
3-mA shock US delivered to the right paraorbital region. The 
“extraneous stimulus,” (see procedure below) was a 1000 ms 
sequence of alternating presentations of a 250 ms light and a 
250 ms vibrotactile stimulus applied to the animal’s chest. The 
light stimulus was a 12/sec flashing light generated by a strobe 
lamp located behind the animal so as to reflect diffusely from 
the walls of the chamber. The vibrotactile stimulus was a 30-
Hz oscillation provided by a hand massager mounted on the 
floor of the restraining box so as to maintain firm contact with 
the animal’s chest. For half of the animals in each group, the 
extraneous stimulus began with the light and for the other half 
it began with the vibrotactile stimulus.

Closure of the rabbit’s eye was monitored by an adaptation 
of the photoresistive transducer described by Gormezano 
and Gibbs (1988). The resulting signal was displayed on a 
polygraph, adjusted so that a 1 mm eyelid closure produced a 1 
mm deflection of a recording pen.

Procedure

The experiment is a continuation of the study reported by 
Vogel et al (2003, Experiment 2). In this previous study, 
two groups of rabbits received 20 daily sessions of eyelid 
conditioning training, in which a tone CS overlapped and 
terminated with a shock US. Each session consisted of 56 
reinforced trials and 6 nonreinforced trials. For the animals in 
the group designated as “short CS group” (n=8), the CS was 
250 ms duration, while in the group designated as “long CS 
group” (n=8), the CS was 1500 ms duration.

The experiment reported here began the day following 
the last session of this training. Here a “disinhibition test” 
was conducted in two successive sessions. Each test session 
consisted of 56 regular training trials and 7 test trials in which 
the extraneous stimulus preceded the CS. This stimulus was 
delivered 1000 ms prior to the onset of the CS on designated 
test trials. The test trials were distributed such that one test 
trial occurred after approximately each 6 training trials.

Scoring

Movements of the rabbit’s eyelid were recorded automatically 
by a computer program with a frequency of one sample every 
10 ms. An eyelid CR was scored when the record indicted an 
eyelid closure of 0.5 mm or more, relative to the pre-stimulus 
baseline, occurring from 50 ms after the CS onset to 30 ms after 
the US onset. The variable of interest was the latency of the 
CR, computed as the delay between the onset of the CS and 

the onset of the CR. To avoid distortions due to the different 
durations of the CS, the latency was expressed as “relative 
latency” by dividing the latency by the duration of the CS in 
each group.

RESULTS AND DISCUSSION

Figure 2 depicts the mean relative latency of the CR for 
the trials that immediately preceded each test trial with 
the extraneous stimulus, for the trials that contained the 
extraneous stimulus, and for the trials that immediately 
followed the test trials with the extraneous stimulus. Although 
both groups showed shorter latency of CRs in those trials in 
which the novel stimulus was presented as compared to the 
immediately preceding and subsequent trials, the decrease of 
the Short CS group was negligible, within the range of within 
session variability, whereas the decrease in the Long CS group 
was very striking and substantial.

Figure 2. Mean relative latency of CR for the trials that 
immediately preceded each test trial with the extraneous stimulus, 
for the trials that contained the extraneous stimulus and for the 
trials that immediately followed the trials with the extraneous 
stimulus. The error bars represent the standard error of the means.

Statistical analyses confirmed the reliability of these 
observations. A 2 (group: 250 ms, 1500 ms) x 3 (trial type: 
Pre-extraneous stimulus, during extraneous stimulus, Post-
extraneous stimulus) ANOVA revealed reliable main effects of 
group (F 

1, 11
 =9.003, p =0.009) and trial type (F 

2, 22
 =33.271, p 

<0.001) and reliable group x trial type interaction (F 
2, 22

 =20.93; 
p <0.001).

The main effect of the trial type was due to shorter relative 
latency of the CR during the extraneous stimulus trials than 
in the pre-extraneous stimulus and post-extraneous stimulus 
trials in both groups. Likewise, the main effect of group was 
due to shorter relative latency of the CR in the long-CS group 
than in the short-CS one.

The most interesting effect is the trial type x group 
interaction, which was examined by LSD pairwise comparisons 
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of the three trial types in each group. This analysis indicated a 
reliable decrement in relative latency of CR from the pre and 
post-extraneous stimulus trials to the extraneous stimulus 
trials (ps <0.01) in the 1500 ms group, but no reliable effects in 
the 250 ms group (ps >0.239).

Note that the two groups were responding with similar 
relative latency in regular trials (see the pre-extraneous and 
post-extraneous stimulus trials in Figure 2). However, just as 
the groups approached these similar relative latencies from 
different directions (i.e. one group increased and the other 
decreased its latency, as reported by Vogel et al., 2003), they 
also exhibited differential effects of the extraneous stimulus. 
This is consistent with the notion that an inhibitory process 
may underlie inhibition of delay and that excitatory and 
inhibitory associations coexist in the early portion of the CS in 
those cases in which inhibition of delay occurred.

There are some alternative explanations for the differential 
effect of the extraneous stimulus in the two groups that 
should be noted. For example, it can be hypothesized that the 
decrease in the latency of CR during test trials was due to a CR 
“potentiation” or “sensitization” caused by the introduction 
of the extraneous stimulus. According to this interpretation, 
the reinstatements of short latency responses would not be 
the result of disinhibition caused by the extraneous stimulus, 
but rather of the manifestation of an unconditioned response 
controlled by the latter stimulus. That this effect was evident 
in the long but not in the short CS group might be attributed 
to a delay in the potentiation effect, so that it would be more 
evident when the CR was delayed (in the 1500 ms group) 
than when the CR was more immediate (in the 250 ms group). 
The possibility of CR potentiation could be investigated by 
replicating the basic design of this experiment and including 
test trials with several different extraneous stimulus-CS 
intervals. The hypothetical potentiation effect might be more 
likely to be seen in the short CS if the extraneous stimulus 
were lengthened. Likewise, if the extraneous stimulus is a 
source of response potentiation, it would be expected that a 
similar increase in responding in the early portion of the CS 
(or decrease in latency of CR) would be observed in the early 
stages of training as well as at asymptote. Conversely, if the 
effect of the extraneous stimulus is to remove inhibition, no 
effect of the extraneous stimulus should be expected in early 
stages of training, when inhibition of delay has presumably no 
yet developed.

It should be pointed out that even if the decrease in the 
latency of CRs in the 1500 ms group were due to a removal of 
inhibition by the extraneous stimulus, this experiment does 
not comment on why the “disinhibition” effect is obtained. 
One interpretation is that a novel stimulus specially disrupts 
inhibition, leaving the excitatory tendency relatively intact, by 
virtue of inhibition being more labile than excitation, as has 
been suggested by Pavlov (1927). One could equally argue, 
however, that the CS elements that developed excitation 
might be more context-independent than those CS elements 
that developed inhibition, such that the latter elements would 
be more readily changed in its perceptual properties by the 
extraneous stimulus. This view has the advantage that it does 
no appeal to differential properties of inhibition and excitation, 
but nevertheless it clearly requires further theoretical and 
empirical examinations in order to specify the conditions 
under which these differential effects may occur (see Wagner, 
2003; Wagner and Vogel, 2008).
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ABSTRACT

In previous studies, the relaxant effect of Tymus vulgaris has been demonstrated on guinea pig tracheal chains. Therefore, in the present 
study, the relaxant effects of n-hexane, dichloromethane, methanol and aqueous fractions of Tymus vulgaris on tracheal chains of guinea pigs 
were examined. The relaxant effects of four cumulative concentrations of each fraction (0.4, 0.8, 1.2 and 1.6 g%) in comparison to saline as 
negative control and four cumulative concentrations of theophylline (0.2, 0.4, 0.6 and 0.8 mM) were examined for their relaxant effects on 
precontracted tracheal chains of guinea pig by 60 mM KCl (group 1) and 10 µM methacholine (group 2, n = 7 for each group).
In group 1, all concentrations of the n-hexane fraction and theophylline and three last concentrations (0.8, 1.2 and 1.6 g%) of 
dichloromethane and two higher concentrations (1.2 and 1.6 g%) of methanol fractions showed signifi cant relaxant effects compared 
to that of saline (p<0.05 to p<0.001). In group 2, all concentrations of theophylline, n-hexane and dichloromethane fractions and three 
concentrations (0.8, 1.2 and 1.6 g%) of methanol and two higher concentrations (1.2 and 1.6 g%) of aqueous fractions showed signifi cant 
relaxant effects compared to that of saline (p<0.05 to p<0.001). In addition, with group 1, the relaxant effect of all concentrations of all 
fractions except the n-hexane fraction, were signifi cantly less than those of theophylline (p<0.05 to p<0.001). The n-hexane fraction showed 
higher relaxant effect than theophylline. The relaxant effect of all concentrations of the n-hexane fraction and the three last concentrations 
(0.8, 1.2 and 1.6 g%) of dichloromethane and aqueous fractions were signifi cantly greater in group 2 than in group 1 (p<0.05 to p<0.001). 
There were signifi cant positive correlations between the relaxant effects and concentrations for theophylline and all fractions (except 
aqueous fraction in group 1) in both groups, but a negative correlation for the aqueous fraction in group 1 (p<0.05 to p<0.001).
These results showed a potent relaxant effect for n-hexane and weaker relaxant effect for other fractions from Tymus vulgaris on tracheal 
chains of guinea pigs.

Key words: Tymus vulgaris; Fractions; Relaxant effects; Guinea pig; Trachea

INTRODUCTION

The main active constituents of Tymus vulgaris L include: 
terpenes, phenols, thymol, carvacrol, terpenoids, glycosides 
of  phenolic  monoterpenoids,  eugenol and aliphatic 
alcohols, flavonoids such as thymonin, cirsilineol and 
8-methoxycirsilineol, biphenyl compounds of monoterpenoid 
origin, caffeic and rosmarinic acids and saponins (ESCOP, 
1997). Other constituents include tannins, labiatic acid, ursolic 
acid, and oleanolic acid. Thyme also contains apigenin, 
luteolin, and 6-hydroxyluteolin glycosides, as well as di-, tri-, 
and tetramethoxylated fl avones (Mossa, 1987).

Essential oils extracted from fresh leaves and fl owers can 
be used as aroma additives in food, pharmaceuticals, and 
cosmetics (Simon et al., 1999; Javanmardi et al., 2002; Senatore, 
1996). Traditionally, thyme possesses various benefi cial effects, 
e.g., antiseptic, carminative, antimicrobial, and antioxidative 
properties (Baranauskiene et al., 2003). Thyme extract has 
been used orally to treat dyspepsia and other gastrointestinal 
disturbances; coughs due to colds, bronchitis and pertussis, 
laryngitis and tonsillitis (as a gargle). Topical applications 
of thyme extract have been used in the treatment of minor 
wounds, the common cold, disorders of the oral cavity and as an 
antibacterial agent in oral hygiene. Both essential oil and thymol 

are ingredients of a number of proprietary drugs including 
antiseptic and healing ointments, syrups for the treatment of 
respiratory disorders and preparations for inhalation (Mossa, 
1987). It has also been used to improve digestion (ESCOP, 1997) 
and to treat pertussis, stomatitis, and halitosis (Stecher, 1968).

Previous studies have shown different pharmacological 
effect for this plant. In vitro studies have shown that both 
thyme essential oil and thymol have antifungal activity against 
a number of fungi including Cryptococcus neoformans, 
Aspergillus, Saprolegnia, and Zygorhynchus species (Vollon 
and Chaumont, 1994; Perrucci et al., 1995; Pasteur N et al., 
1995; Tantaouielaraki and Errifi, 1994). Both essential oil 
and thymol have antibacterial activity against Salmonella 
typhimurium, Staphylococcus aureus, Escherichia coli and a 
number of other bacterial species (Janssen et al., 1987; Juven 
et al., 1994). As an antibiotic, thymol is 25 times more effective 
than phenol, but less toxic (Czygan, 1989). The relaxant effect 
of this plant on tracheal and ileal smooth muscle has been 
shown (Meister et al., 1999; Boskabady et al., 2006; Babaei et 
al., 2008). The relaxant effect of other plants of this family on 
tracheal and ileal smooth muscle of guinea pigs has also been 
reported previously (Reiter and Brandt, 1985).

Therefore, in the present study, the relaxant effects of 
n-hexane, dichloromethane, methanol and aqueous fractions 
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of T. vulgaris on tracheal chains of guinea pigs were examined. 
These fractions are different ingredients of the plant that have 
not been characterized in terms of composition.

MATERIALS AND METHODS

Plant and fractions

T. vulgaris was collected from the Tabas mountains (centre 
east region of Iran) and identifi ed by botanists at Ferdowsi 
University in the city of Mashhad. A voucher specimen was 
preserved in the Herbarium of the School of Agriculture, 
Ferdowsi University (Herbarium No: 153-2613-2). Four 
fractions were prepared as follows (Fig. 1): 300 ml n-hexane 
was added to two hundred grams of chopped, dried seeds 
and the solution was kept at room temperature for 48 hours. 
The solution was then separated by maceration and dried by 
a rotary evaporator at 50ºC under reduced pressure. The same 
as above, dichloromethane, methanol and distilled water were 
respectively added to the remaining powder and extractions 
were carried out by maceration at room temperature for 48 
hours. Finally, four different fractions including n-hexane, 
dichloromethane, methanol and water extracts were obtained. 
The 40 g% solutions were prepared for all fractions by adding 
distilled water to dried fractions.

Tissue preparation

Guinea pigs (400-700 g, both sexes) were killed by a blow on 
the neck and tracheas were removed. Each trachea was cut into 
10 rings (each containing 2-3 cartilaginous rings). All the rings 
were then cut open opposite the trachealis muscle, and sutured 
together to form a tracheal chain (Holroyde, 1986). Tissue was 
then suspended in a 20 ml organ bath (Schuler organ bath 
type 809, March- Hugstetten, Germany) containing Krebs-

Henseliet solution of the following composition (mM): NaCl 
120, NaHCO3 25, MgSO4 0.5, KH2PO4 1.2, KCl 4.72, CaCl2 2.5 
and dextrose 11.

The Krebs solution was maintained at 37oC and gassed 
with 95% O2 and 5% CO2. Tissue was suspended under an 
isotonic tension of 1 g and allowed to equilibrate for at least 1 h 
while it was washed with Krebs solution every 15 min.

Protocols

We examined the relaxant effects of four cumulative 
concentrations (0.4, 0.8, 1.2 and 1.6 g%) of n-hexane, 
dichloromethane, methanol and aqueous fractions of T. vulgaris 
and theophylline anhydrous (Sigma Chemical Ltd, UK) (0.2, 
0.4, 0.6 and 0.8 mM) as positive control, and saline (1 ml) as 
negative control. To produce the fi rst concentration of each 
fraction, 0.2 ml of 40 g% was added to a 20 ml organ bath and 
for other three concentrations; 0.2 ml of 40 g% was added to 
the organ bath respectively three times. For theophylline, 0.2 
ml of 20 mM concentrated solution was added to the organ 
bath 4 times. The consecutive volumes were added to the 
organ bath at fi ve minutes intervals.

In each experiment, the effect of four cumulative 
concentrations from each fraction, theophylline or saline 
on contracted tracheal smooth muscle was measured after 
exposing tissue to each concentration of the solution for 5 min. 
An increase in the length of tracheal chain was considered to be 
a relaxant (bronchodilatory) effect and expressed as a positive 
percentage change in proportion to the maximum contraction. 
A decrease in length of tracheal chain was considered as a 
contractile (bronchoconstrictory) effect, which was expressed as 
a negative percentage change (Holroyde, 1986).

The relaxant effect of different solutions was tested with 
two different experimental designs, (n= 7 for each group) as 
follows:

Figure 1: Separation of different fractions of the seeds of Tymus vulgaris. The numbers in grams refer to dried yield fraction.
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1. On tracheal chains contracted by 60 mM KCl (group 1 
experiment).

2. On tracheal chains contracted by 10 µM methacholine 
hydrochloride (Sigma Chemical Ltd, UK), (group 2 
experiment).
The relaxant effects in two groups of experiments were 

examined in two different series of tracheal chains. All of the 
experiments were performed randomly with a 1 h resting 
period for tracheal chains between each two experiments 
while washing the tissues every 15 min with Krebs solution. 
In all experiments, responses were amplifi ed with an amplifi er 
(ML/118 quadribridge amp, March- Hugstetten, Germany) and 
recorded on power lab (ML-750, 4 channel recorder, March- 
Hugstetten, Germany).

Statistical analysis

All data were expressed as mean±SEM. Data of relaxant 
effects of different concentrations of each fraction were 
compared to the results of negative and positive controls 
using paired t-test. The data of relaxant effects obtained 
in two groups of experiments were compared using 
the unpaired t-test.  The relaxant effects of different 
concentrations of four different fractions were compared to 
each other using ANOVA. The relaxant effect of different 
concentrations of four fractions and theophylline were 
related to their concentrations using least square regression. 
Significance was accepted at p<0.05.

RESULTS

Relaxant (bronchodilatory) effect

In group 1 experiments, all concentrations of theophylline and 
n-hexane fraction, three last concentrations (0.8, 1.2 and 1.6 g%) 
of dichloromethane and two higher concentrations (1.2 and 1.6 
g%) of methanol fractions showed signifi cant relaxant effects 
compared to that of saline (p<0.05 to p<0.001). However, all 
concentrations of aqueous fraction showed contractile effects 
compared to that of saline in this group which was statistically 
signifi cant for three last concentrations (0.8, 1.2 and 1.6 g%), 
(p<0.05), (Fig. 2).

In group 2 experiments, all concentrations of theophylline 
and n-hexane and dichloromethane fractions, three last 
concentrations (0.8, 1.2 and 1.6 g%) of methanol fraction and 
two higher concentrations of aqueous fraction (1.2 and 1.6 g%) 
showed signifi cant relaxant effects compared to that of saline 
(p<0.05 to p<0.001), (Fig. 3).

Comparison of the relaxant effect of theophylline with different fractions

In both groups 1 and 2, the relaxant effect of all concentrations 
of dichloromethane, methanol and aqueous fractions were 
significantly less than those of theophylline (p<0.05 to 
p<0.001). The relaxant effect of n-hexane fraction was 
significantly higher than that of theophylline in group 2 
(p<0.01 to p<0.05), (Fig. 2 and 3).

Figure 2: Relaxant effect (mean±SEM) of four different fractions (n-hexane, dichloromethane, methanol and aqueous) from T. vulgaris 
in comparison with negative control (saline) and positive control (theophylline) in Group 1 experiments (contracted tracheal chains by 
60 mM KCl, n=7). The four different concentrations for fractions were 0.4, 0.8, 1.2 and 1.6 g%, and for theophylline, 0.2, 0.4. 0.6 and 0.8 
mM. Dichlorom.: dichloromethane. Statistical differences between the effect of fractions and theophylline with that of saline; *: p<0.05, **: 
p<0.01 and ***: p<0.001. Statistical differences between the effect of fractions and theophylline; +: p<0.05, ++: p<0.01 and +++: p<0.001.
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Comparison of the relaxant effect of different fractions

In both groups, the relaxant effects of all concentrations of 
the n-hexan fraction were signifi cantly greater than those of 
others (p<0.01 to p<0.001). In addition, the relaxant effects 
of all concentrations of aqueous fractions were signifi cantly 
lower than those of other fractions in both groups (p<0.05 to 
p<0.001).

Comparison of the relaxant effect between two groups of experiments

The relaxant effect of all concentrations of the n-hexane 
fraction and the three last concentrations (0.8, 1.2 and 1.6 g%) 
of dichloromethane and aqueous fractions were signifi cantly 
greater in group 2 than in group 1 experiments (p<0.01 to 
p<0.001). However, there was no signifi cant difference in the 
relaxant effect of different concentrations of the theophylline 
and methanol fraction between two groups (Fig. 4).

Correlation between concentrations of solutions and their relaxant effect

There were significant positive correlations between the 
relaxant effects and concentrations for theophylline and all 
fractions (except aqueous fraction in group 1) in both groups 
(p<0.05 to p<0.001). However, the correlation between the 
relaxant effects and concentrations for aqueous fraction in 
group 1 was not signifi cant (Table 1).

DISCUSSION

In this study, the relaxant effects of four different fractions 
of T. vulgaris in comparison to saline as negative control and 
theophylline as positive control were studied. In group 1 
experiment (contracted tracheal chains by KCl), all fractions 
(except aqueous fraction) and theophylline showed relaxant 
effect on tracheal smooth muscle. The relaxant effects of 
dichloromethane and methanol fractions were signifi cantly 
less than that of theophylline. However almost, all fractions of 
T. vulgaris showed relatively potent relaxant effects compared 
with the effect of saline. In group 2 experiments, the relaxant 
effects of dichloromethane, methanol and aqueous fractions 
were significantly lower than that of theophylline but 
n-hexane fraction showed a relaxant effect higher than that 
of theophylline. Theophylline is a non-specifi c relaxant drug 
for airways with different possible mechanisms including 
inhibition of phosphodiesterase to increase intracellular cAMP 
levels (Rabe et al. 1995) and nonselective adenosine receptor 
antagonist effect (Daly et al. 1987). Therefore, it was used as 
a positive control in the present study. There were positive 
correlations between concentrations and the relaxant effects of 
all fractions in both groups of experiments. The contractions 
obtained by 10 µM MC and 60 mM KCl were 70% of maximum 
contraction by the corresponding substance. Therefore, the 
comparison of the relaxant effects of different solutions in pre-
contracted tracheal muscle by two substances is valid.

Figure 3: Relaxant effect (mean±SEM) of four different fractions (n-hexane, dichloromethane, methanol and aqueous) from T. vulgaris in 
comparison to negative control (saline) and positive control (theophylline) in Group 2 experiments (contracted tracheal chains by 10 mM 
methacholie, n=7). The four different concentrations for fractions were 0.4, 0.8, 1.2 and 1.6 g%, and for theophylline, 0.2, 0.4. 0.6 and 0.8 
mM. Dichlorom.: dichloromethane. Statistical differences between the effect of fractions and theophylline with that of saline; *: p<0.05, **: 
p<0.01 and ***: p<0.001. Statistical differences between the effect of fractions and theophylline; +: p<0.05, ++: p<0.01 and +++: p<0.001.
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Figure 4: Concentration response curves of the relaxant effect of n-hexane (a), dichloromethane (b), methanol (c) and aqueous fractions 
(d) from T. vulgaris and theophylline (e) in two groups of experiments. Group 1: KCl induced contraction of tracheal chains (o) and Group 
2: methacholine induced contraction of tracheal chains, (n=7 for each groups). Concentrations for fractions were 0.4, 0.8, 1.2 and 1.6 g%, 
and for theophylline, 0.2, 0.4. 0.6 and 0.8 mM. Statistical differences in the relaxant effect of different concentrations of each fraction of 
Group 1 and those of Group 2; NS: non-signifi cant difference, *; p<0.05, **; p<0.01, ***; p<0.001. The concentration unit for fractions was 
g%, and for theophylline, mM.

TABLE 1
Correlation (r) among the relaxant effects of four different fractions (n-hexane, dichloromethane, methanol and aqueous)

from T. vulgaris and theophylline with their concentrations in two groups of experiments

Different 
solutions

n-hexane fraction Dichloromethane fraction Methanol fraction Aqueous fraction Theophylline

R P value R P value r P value R P value r P value

Group 1 0.762 p<0.001 0.869 p<0.001 0.460 p<0.05 -0.257 NS 0.908 p<0.001

Group 2 0.876 p<0.001 0.920 p<0.001 0.849 p<0.001 0.534 p<0.01 0.947 p<0.001
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The results of this study confi rmed those of Meister et al. 
(1999), Boskabady et al. (2006), Babaei et al. (2008) and Reiter 
and Brandt (1985) indicating relaxant effect of this plant on 
tracheal and ileal smooth muscles. In our previous study, the 
relaxant effect of macerated and aqueous (Soxhlet extracted) 
extracts of the plant was studied (Boskabady et al. 2006). 
However, the present work studied the effect of four different 
fractions of the plant that were different in composition. 
The results of the present study showed that n-hexane is the 
main fraction of the plant responsible for the relaxant effect 
of the plant and aqueous fraction showed the least relaxant 
effect. Therefore, the results showed that mainly lipid soluble 
ingredients of the plant are responsible for its relaxant effect.

The spasmolytic and antitussive activity of thyme has 
been most often attributed to its constituents: thymol and 
carvacrol, which make up a large percentage of the volatile 
oil (Meister et al., 1999). Although these compounds have 
been shown to prevent contractions induced in the ileum and 
the trachea of the guinea pig, by histamine, acetylcholine and 
other reagents, the concentration of phenolics in aqueous 
preparations of the drug is insuffi cient to account for this 
activity (Van Den Broucke, 1980; Van Den Broucke and 
Lemli, 1981). Our previous study (Boskabady and Jandaghi, 
2003) showed a potent effect for carvacol, which is one of the 
constituents of T. vulgaris. Therefore, the carvacol content 
of the plant may be responsible for its relaxant effect on 
tracheal chains. Experimental evidence also suggests that 
the in vitro spasmolytic activity of thyme preparations is 
due to the presence of polymethoxy flavones (Van Den 
Broucke and Lemli, 1983). In vitro studies have shown that 
flavones and thyme extracts inhibit responses to agonists 
of specific receptors such as acetylcholine, histamine and 
L-norepinephrine, as well as agents whose actions do not 
require specific receptors, such as barium chloride. The 
fl avones of thyme were found to act as noncompetitive and 
non-specifi c antagonists. They were also shown to be Ca2-
antagonists and musculotropic agents that act directly on 
smooth muscle (Van Den Broucke and Lemli, 1983).

The relaxant effect of the plant is not due to its main 
constituent, thymol because another study we conducted failed 
to show any relaxant effect for thymol on tracheal chains of 
guinea pig (Boskabady et al., 1998).

Methacholine caused contraction by stimulating muscarinic 
receptors. However, KCl causes depolarisation of the 
muscle fi bbers leading to increase of sarcopelasmic calcium 
concentration and contraction. Therefore, the results of the 
present study may indicate that the relaxant effect of different 
fractions from T. vulgaris on tracheal chains of guinea pigs 
might be produced due to their inhibitory effect on muscarinic 
receptors because, the relaxant effect on methacholine induced 
contraction was greater than KCl induced contraction. In 
addition, the relaxant effect of muscarinic receptors has been 
documented previously (Leonards et al., 1992). However, 
due to the existence of relaxant effect of relaxant effect of 
n-hexane, dichloromethane and methanol fraction on KCl 
induced contraction of tracheal muscle (group 1); these 
fractions may have inhibitory effect on calcium channels and/
or opening effect on potassium channels. In fact, the relaxant 
effect of potassium channels openers (Buckle et al., 1993; 
Perez-Guerrero et al., 1997) and calcium channel blockers 
(Miyahara et al., 1993; McCaig and DeJonckeere, 1993) has 
been shown. In addition, it is well known that KCl can affect 

calcium channels. However, with regard to the potent relaxant 
effect of β-adrenergic receptors (Lronards et al., 1992; Buckle 
et al., 1993), stimulator effect of fractions of the plant on β2-
adrenoceptors could not be excluded by the results of this 
study. Therefore, more studies are required to reveal the 
different therapeutic effects, effective substance(s), and extract 
mechanism(s) of relaxant effect of T. vulgaris.

A secretomotoric activity has also been suggested for thyme 
oil, which has been associated with a saponin extract from T. 
vulgaris (Vollmer, 1932). Stimulation of ciliary movements in 
the pharynx mucosa of frogs treated with diluted solutions 
of thyme oil, thymol or carvacrol has also been reported 
(Freytag, 1933). Furthermore, an increase in mucus secretion 
of the bronchi after treatment with thyme extracts has been 
observed (Schilf, 1932). Muller-Limmroth and Frohlich (1980) 
have suggested a protective effect on mucous layers in the 
hypopharynx and spasmolytic, secretolytic and bactericide 
effects. In contrast, Lemiere et al (1996) have reported the 
occupational asthma due to the exposure of subjects to thyme. 
The antioxidant effects of this plant have been also shown. 
Therefore, this plant may have theraputic effect on respiatory 
diseases (Haraguchi et al., 1996). It was also shown that the 
thyme extract may help in the treatment of diseases related to 
endothelin hyper-reagibility of the bronchus system, such as 
asthma and COPD (chronic obstructive pulmonary disease), but 
thymol is not involved in this effect (Engelbertz et al., 2008).

In the present study, 4 concentrations of each fractions 
and positive control (theophylline) were used to evaluate 
the concentration dependency of the relaxant effect of each 
solution. A complete dose-response curve, achievement of 
Emax and measurement of EC50 values were only valid for a 
pure substance that affects a certain receptor. For an unknown 
solution such as fractions used in the present study the 
examination of the effect of few concentrations is valid. In fact, 
in further studies the pure effective substance of each fraction 
needs to be identifi ed and its complete dose-response curve, 
Emax and EC50 should be measured. The aim of the present 
study was to evaluate the relaxant effect of different fractions 
of T. vulgaris. However, the exact mechanism(s) of the relaxant 
effects of different fractions and their effective substances such 
as the effect of different fractions on calcium channels should 
be examined in further studies.

As is made clear in the Method section (Plant and 
fractions), all fractions were dried (the solvents were 
removed). Therefore, the effects of the vehicles n-hexane, 
dichloromethane and methanol were not contributed in the 
observed relaxant effects.

Nonploar substances, lipids and essential oil are extracted 
in n-hexane fraction, polar terfenadines is extracted in 
dichlormethan fraction, glycosides and saponins are extracted 
in methanol fraction and carbohydrates and solutes are 
extracted in aqueous fraction. Considering the best effect of 
volatile oil-containing n-hexane fraction, the observed relaxant 
activity may be attributed to mainly the non-polar constituents 
of the plant such as carvacrol and thymol. In fact, the relatively 
potent relaxant effect of carvacrol on tracheal chains was 
observed in our previous study, which supports the fi ndings of 
the present study (Boskabady and Jandaghi, 2003). However, 
the relaxant effects of other fractions, especially dichlormethan  
and methanol fractions indicated that other ingredients of the 
plant also contributed to its relaxant effect on tracheal smooth 
muscle.
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In conclusion, the results of this study indicate a potent 
relaxant effect for n-hexane and weaker relaxant effect for 
other fractions from T. vulgaris on tracheal chains of guinea 
pigs. The weakest relaxant effect was seen for aquous fractions.
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ABSTRACT

The mechanisms of exercise-induced fatigue have not been investigated using proteomic techniques, an approach that could improve 
our understanding and generate novel information regarding the effects of exercise. In this study, the proteom alterations of rat skeletal 
muscle were investigated during exercise-induced fatigue. The proteins were extracted from the skeletal muscle of SD rat thigh, and 
then analyzed by two-dimensional electrophoresis and PDQuest software. Compared to control samples, 10 signifi cantly altered proteins 
were found in exercise samples, two of them were upregulated and eight of them were downregulated. These proteins were identifi ed by 
MALDI TOF-MS. The two upregulated proteins were identifi ed as MLC1 and myosin L2 (DTNB) regulatory light-chain precursors. The 
eight decreased proteins are Glyceraldehyde-3-phosphate Dehydrogenas (GAPDH); Beta enolase; Creatine kinase M chain (M-CK); ATP-
AMP Transphosphorylase (AK1); myosin heavy chain (MHC); actin; Troponin I, fast-skeletal muscle (Troponin I fast-twitch isoform), fsTnI; 
Troponin T, fast-skeletal muscle isoforms (TnTF). In these proteins, four of the eight decreased proteins are related directly or indirectly to 
exercise induced fatigue. The other proteins represent diverse sets of proteins including enzymyes related to energy metabolism, skeletal 
muscle fabric protein and protein with unknown functions. They did not exhibit evident relationship with exercise-induced fatigue. 
Whereas the two identifi ed increased proteins exhibit evident relationship with fatigue. These fi ndings will help in understanding the 
mechanisms involved in exercise-induced fatigue.

Key words: Proteomics, exercise-induced fatigue, skeletal muscle, rat

INTRODUCTION

Exercise-induced fatigue is a reduction in maximal voluntary 
muscle force that results from intense physical activity 
(Gandevia. S. C. 2001). Exercise-induced fatigue is a 
complex process. In the course of exercise the physiological 
environment changes, which could result in the alteration 
of gene and protein expression levels and the alteration of 
posttranslational modifications. Importantly, intense and 
prolonged exercise can result in changes in cell signaling 
pathways in eukaryotic cells (Reid MB. 2008; Powers SK et al. 
2008). Thus, the proteome profi le of skeletal muscles during 
exercise-induced fatigue is distinct from that of the normal 
physiological state. Although many proteins associated with 
exercise have been identifi ed (Adam J et al. 2009; Borja Guerra 
et al, 2010; Craig A. Goodman et al. 2009), the molecular 
mechanisms involved in exercise-induced fatigue have not 
been well elucidated. Investigation into the alterations of 
proteins in exercise-induced fatigue will help to discover 
mechanisms, pathways and new players involved in the 
induction and regulation of fatigue.
Proteomics is the study of protein properties (expression level, 
posttranslational modifi cation, interactions, etc.) on a large 
scale to obtain a more global view of physiological processes. 
The application of proteomics to investigate exercise is in its 
infancy (D.S. Hittel et al. 2007), and few studies have been 
published in this area (Jatin G. Burniston 2008; Yamaguchi 

W et al. 2010). in order to understand the mechanisms of 
exercise-induced fatigue and search for new proteins involved 
in it. In the present study, an exercise-induced fatigue 
model of rat SD was built using swimming. Biochemical 
and behavioral indices were used to verify the credibility of 
the model. After the modeling, the skeletal muscle of rat SD 
thigh was separated at the low temperature condition and the 
proteins were extracted.

Proteins of skeletal muscle were separated by two-
dimensional (2D) gel electrophoresis. The protein patterns of 
scanned 2D images were analyzed with PDQuest software and 
10 proteins were found to be upregulated or downregulated. 
These altered proteins were then identifi ed by MALDI TOF-
MS/MS and searched against the SWISS-PROT and NCBInr 
database. Our fi ndings reveal novel changes in the expression 
of well-known metabolic enzymes and myofi brillar proteins. 
Some of these are related to fatigue, while others have not been 
confi rmed as involved in the process of fatigue. Therefore, 
further investigation of their roles during fatigue will help to 
elucidate the mechanism of exercise induced fatigue.

MATERIALS AND METHODS

The model of exercise-induced fatigue

The model of exercise-induced fatigue was established as 
described by (Shin Terada. 2001, HOU L. 2005). Nine- to 
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ten-week-old male Sprague-Dawley rats with initial body 
weights of 200±20g were used for this study. Sixteen male 
SD rats were randomly divided into exercise and rest groups 
according to weight. In the exercise group, the rats repeated 
30-minute swimming bouts daily for the fi rst 2 days. This was 
increased by 30 min each day for the next 3 days, reaching 
120 minutes of swimming by the fi fth day. This was increased 
to 180 minutes for the sixth and seventh days. For the fi nal 
three days the exercise was doubled by introduced 180-minute 
swimming bouts interspaced with six hours for rest. (Table 
1). All rats swam in a barrel fi lled to a depth of 80cm and an 
average surface area of 190 cm2/rat. Water temperature was 
maintained at 35°C during swimming training. Changes in 
body weight and the biochemical index blood urea nitrogen 
(BUN) were used to verify the credibility of the model.

Preparation of skeletal muscle proteins

The rats from the exercise and control groups were killed by 
decollation, proteins were extracted from the skeletal muscle 
of SD rat thigh at a low temperature and dissolved in 9 mol/L 
urea, 2% CHAPS ( Sigma ), Pharmalyte pH 3-10 (Amersham 
Pharmacia), 1% DTT, and then separated from insoluble 
material by centrifugation. The total protein concentration was 
determined by the Bradford assay (Kruger N J et al. 1996).

2-Dimensional gel electrophoresis and image analysis

Two-dimensional gel electrophoresis (2DE) was carried 
out in the IPGphor system (BioRad) as described (Gorg et 
al. 1998). Isoelectric focusing (IEF) of 500µg samples was 
performed in pre-cast immobilized pH gradient (IPG) 
strips (pH3–10, L=18cm; Pharmacia) using the following 
rehydration and running conditions: rehydration 14hours, step 
1: 250V, 30min, step 2: 1 000V, 1 hour, step3: 1 000–10 000V, 
5–6hours , step 4: 10 000V, 60 000Vh. After IEF separation, 
the extruded strips were incubated in buffer 1 (50 mmol 
Tris-HCl, pH 8.18, 6 mol urea, 30 % glycerol, 2 % SDS, 015 
%DTT) and buffer 2 (50 mmol/L Tris-HCl, pH 8.18, 6mol/L 
urea, 30% glycerol, 2% SDS, 4.5% iodoacetamide) for 15 min, 
respectively. The equilibrated gels were immediately applied 
to 12 % polyacrylamide slab gels for second separation. Gel 
electrophoresis was carried out at a constant current (30mA/

gel) and a set temperature of 20ºC. Following electrophoresis, 
the gels were stained with Coomassie Brilliant Blue. Analysis 
o f the gels, including background subtraction, spot detection, 
volume normalization and differences in protein expression 
levels among samples were analyzed by using PDQuest 
software (version 6.0, BioRad), To determine the variation, 3 
gels were prepared for each sample. The protein spots that 
varied >2 fold changes and were specifi c for the test groups 
and the control group were manually labeled and considered 
for MS analysis.

In-gel digestion and mass spectrometric identifi cation

Gel spots were excised from the stained gel, and cut to 
1–2mm2 slices. The excised pieces were destained with 25 
mmol ammonium bicarbonate/50 % acetonitrile (Fisher), 
and were washed with 100% acetonitrile, and then dried 
with a SpeedVac Plus SC110A vacuum concentrator (Savant, 
Holbook, NY, USA). Trypsin in digestion buffer (25 mmol 
ammonium bicarbonate P5 mmolPL calcium chloride) was 
added to the dry gel pieces and incubated for 15 hours for 
rehydration at 37ºC.The resulting peptide mixture was 
extracted with 5% TFA for 1 hour at 40ºC and followed by 2.5% 
TFA/50% acetonitrile for 1 hour at 30ºC. The supernatants 
were pooled and the peptides were dried by a vacuum 
concentrator. Peptide sequences were identifi ed using matrix 
assisted laser desorption Pionization time of flight mass 
spectrometry (MALDI-TOF MS). Prior to mass spectrometry, 
the peptide samples were reconstituted with 0.5% TFA. 
Peptide mass mapping of tryptic digests was carried out 
with a Micromass Tof Spec MALDI-TOF mass spectrometer. 
The datasets of the MS spectra, including peptide sequence 
information, were searched against the SWISS-PROT (GeneBio, 
Geneva, Switzerland) and NCBInr database using Mascot 
Daemon (Matrix Science, London, UK) as a client attached to 
the Mascot search protocol.

Immunoblot analysis

The proteins were extracted from the skeletal muscle of SD 
rat thigh and lysed in a buffer (0.5 M Tris HCl, 0.4% SDS, 
20% glycerol, 1.5% BromphenolBlue, 1.0%beta-mercap 
toethanol) by boiling for 5min. Equal amounts of protein were 

TABLE 1
Sswimming periods per day over the ten day experiment

SWIMMING PERIODS
First day 30min
Second day 30min
Third day 60min
Fourth day 90min
Fifth day 120min
Sixth day 180min
Seventh day 180min
Eighth day 180min, two times, The interval between the two times measures 6 hours
Ninth day 180min, two times, The interval between the two times measures 6 hours
Tenth day 180min, two times, The interval between the two times measures 6 hours, 
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subjected to 12% SDS gel electrophoresis and transferred to 
polyvinylidenediuoride membranes (AmershamBiosciences, 
Piscataway, NJ, USA). Membranes were probed with antibodies 
as indicated below and detected using ECL Advance or Plus 
(Amer-sham Biosciences). The blots were probed with the 
following antibodies, Rabbit anti-Actin (1:1000, cell signal), 
Rabbit anti-alpha Tubulin (1:1000), anti-rabbit HRP-conjugated 
secondary antibody (1:5000), and polyclonal anti-GAPDH 
antibody (1:500) (Santa Cruz, CA, USA).

Statistic analysis

Protein expression data for control and treated groups are 
expressed as the mean±SD of 3 replicate gels for fold changes 
of normalized spot volumes. For the statistic analysis of 
data, the Student-t-test was used, with p<0.05 considered as 
signifi cant.

RESULT

Effect of swimming on body weight and BUN of rats

After ten days of loading-increasing swimming exercise, the 
body weight of the exercise group had decreased signifi cantly 
and the BUN had increased signifi cantly compared to the 
control groups (Fig 1, Fig 2). These changes of behavioral 

Fig. 1: The changes of the rat body weight in the course of 
exercise (C: contral group, E exercise group)

Fig. 2: The changes of the BUN concentration of rat after exercise 
(C: contral group, E exercise group)

Fig. 3: 2-D map of SD rat thigh (E: exercise group, C: control 
groups), number1 to number 10 indicate the up-regulated or 
down-regulated proteins in exercise group.

and biochemical index showed that the rats were in the 
condition of fatigue. The model was suitable for the use of the 
experiments about exercise-induced fatigue.

Protein expression profi le

To investigate the potential proteomic alterations of rat 
skeletal muscle during exercise-induced fatigue, the proteins 
were extracted from the skeletal muscle of SD rat thigh and 
separated by two dimensional gel electrophoresis, The muscles 
were stained with Coomassie Brilliant Blue and the data was 
analyzed by PDQuest software (Fig 3).

Figure 3 shows a pair of Coomassie Brilliant Blue stained 
gels obtained from rat skeletal muscle proteins during 
exercise-induced fatigue. The distributing modes of overall 
skeletal muscle proteins were very similar to each other, the 
range of pI was 4.0–9.0, and the Mr range was 20–100 kD. 
The overall protein profi les in the control and exercise groups 
were compared by image analysis. Using pH 3–10 stripes, 
computer assisted analysis of the gels detected about 400 spots. 
Compared to control samples, ten proteins were apparently 
upregulated or downregulated in treated rats, determined by 
two dimensional gel electrophoresis and PDQuest software 
analysis. These proteins exhibited >2 fold changes between the 
exercise and control group. Two of them were upregulated and 
eight of them were down regulated.
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These proteins were identifi ed by MALDI-TOF MS and 
the Mascot search program. Two of the upregulated proteins 
were identifi ed as myosin L2 (DTNB) regulatory light chain 
precursor (pI 4.82, Mr 19kD), and Myosin light chain 1 (MLC1, 
pI 5.03, Mr 22kD).

The eight downregulated proteins were identifi ed as Beta 
enolase (pI 7.74, Mr 46.8 kD); Glyceraldehyde-3-phosphate 
Dehydrogenas (GAPDH, pI 8.44, Mr 35.8kD); Creatine kinase 
M chain (M-CK, pI 6.58, Mr 43kD); Adenylate kinase isoenzyme 
1, ATP-AMP Transphosphorylase (AK1, pI 7.71, Mr 21.6 kD); 
Myokinase; myosin heavy chain (MHC, pI 5.31, Mr 24 kD); 
actin (pI 5.23, Mr 42 kD); Troponin I, fast skeletal muscle (fsTnI, 
Troponin I, fast-twitch isoform, pI 8.86, Mr 21.2 kD); Troponin 
T, fast skeletal muscle isoforms (TnTF, pI 6.18, Mr 30.6kD).

The four downregulated proteins (GAPDH; Beta enolase; 
M-CK; ATP-AMP Transphosphorylase) are enzymes related 
to energy metabolism; the other four downregulated proteins, 
MHC; actin; fsTnI; TnTF) are muscle fabric proteins (Table 2, 
Table 3).

Immunoblot verifi cation of Actin and GAPDH

Downregulation of actin and GAPDH expression was found 
in the muscles of the exercise group by 2-DE. Western blot 

analysis was then performed for these two proteins in an 
independent set of skeletal muscle samples. Western blot 
showed the consistent downregulation of actin and GAPDH 
in the exercise group compared to the control group, Levels of 
these two proteins were signifi cantly lower in the muscle of the 
exercise sample compared to controls (Fig 4).

DISCUSSION

During intense activation of skeletal muscle, contractile function 
becomes impaired. This is known as fatigue. The cause of fatigue 
is probably multifactorial, but a central role is changes in high-
energy phosphates (i.e. ATP and ADP). The accumulation of 
by-products of rapid energy metabolism has also been postulated 
(Westerblad H et al. 1998). Therefore, the proteome profile 
of skeletal muscle during exercise-induced fatigue is distinct 
from that of the normal physiological state. In this study, the 
alterations of skeletal muscle proteins during exercise-induced 
fatigue were analyzed by two-dimensional electrophoresis. The 
results showed that 10 proteins were apparently upregulated or 
downregulated after exercise-induced fatigue. Two of them were 
upregulated and eight were downregulated.

In these proteins, four of the eight decreased proteins may 
relate to exercise induced fatigue directly or indirectly. The 

TABLE 2
Identifi cation of differentially expressed protein spots in treated rats by mass spectrometry and database searches

Spots
number

SWISS-PROT
ID

Theoretical
pI

Theoretical
Mr(kDa)

Sequence
covered

MASquot
Score Protein name

1 XP217111.1 8.44 35.8 14% 275
glyceraldehyde-3-phosphate
dehydrogenase

2 XP229872.1 7.62 46.2 8% 199 beta enolase

3 P00564 6.58 43.0 8% 80 creatine kinase, M chain

4 ATRT 5.23 42.0 10% 154 Actin

5 P39069 7.71 21.6 17% 133 ATP-AMP transphosphorylase

6 P09739 6.18 30.6 6% 33 troponinT, fast skeletal muscle isoforms

7 P16409 5.03 22.0 22% 203 myosin light chain 1

8 P27768 8.86 21.2 16% 161 troponin I, fast-twitch isoform

9 MORTL2 4.82 19.0 5% 85 myosin L2 (DTNB) regulatory light chain precursor

10 AAA41656.1 5.31 24.0 5% 45 myosin heavy chain

TABLE 3
Fold changes of differentially expressed proteins in treated group compared to untreated group (p<0.05)

Spot
no Protein name Fold changes

1 glyceraldehyde-3-phosphate dehydrogenase (GAPDH) -4.87
2 beta enolase -2.05
3 creatine kinase, M chain (M-CK) -2.14
4 Actin -2.27
5 ATP-AMP transphosphorylase -2.16
6 troponinT, fast skeletal muscle isoforms (TnTF) -1.93
7 myosin light chain 1(MLC1) +2.73
8 troponin I, fast-twitch isoform (fsTnI) -2.68
9 myosin L2 (DTNB) regulatory light chain precursor +2.58

10 myosin heavy chain (MHC) -2.47

Data represents mean±SD of 3 experiments. (+) indicates upregulation, whereas (−) indicates downregulation 
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other proteins represent diverse sets of proteins including 
enzyme related to energy metabolism, skeletal muscle protein 
that do not exhibit evident relationship with exercise.induced 
fatigue. Whereas, the two increased proteins that were 
identifi ed exhibit evident relationships with fatigue.

GAPDH is a classical glycolytic protein in energy 
production (Anders J et al, 2000). However, recent evidence 
has demonstrated that mammalian GAPGH displays a number 
of diverse activities unrelated to its glycolytic function. 
These include its role in membrane fusion, RNA transport, 
microtubule assembly, DNA replication, DNA repair, and 
apoptosis (Chuang DM et al. 2005). Exercise promotes 
consumption of energy sources such as glycogen by mobilizing 
internal energy metabolism to the maximum and using and 
depleting the energy source. The role of GAPDH in fatigue 
may correlate with its energy supply for movement and 
transport.

Creatine kinase (CK) is a key enzyme for maintaining a 
constant ATP/ADP ratio during rapid energy turnover. It 
catalyzes phosphate exchange between the high free energy 
phosphates ATP and phosphocreatine (PCr) via the reaction: 
PCr + ADP + H+  creatine (Cr) + ATP. In skeletal muscle 
there are two major forms of CK: one is found in the cytosol 
(M-CK) and the other is associated with mitochondria 
(ScCKmit). M-CK dominates in fast-twitch muscles and is 
considered important for energy utilization at sites of high 
energy turnover (LaBella J J et al. 1998), Several studies have 
demonstrated that the complete absence of CK activity is 
associated with an immediate marked decline in skeletal 
muscle force generation and power output during repetitive 
activation (Steeghs K A et al.1997; Anders J et al. 2000; 

Watchko J F et al.1997; Momken I et al.2005), Our result is 
consistent with these previous fi ndings.

Beta enolase is a glycolytic enzyme of particular interest 
because it has muscle specifi c isoforms (Chosa E et al. 2003). In 
adults, subunits of the muscle isoform of enolase (b-enolase) 
accumulate preferentially in fast-twitch muscle fi bers in which 
the b-isoenzyme accounts for more than 90% of total enolase. 
In this study, Beta enolase was found to have decreased in 
skeletal muscle. However, its role in fatigue remain unclear 
and deserves further investigation.

Actin is a globular, roughly 42-kDa protein found in all 
eukaryotic cells. Actin participates in many important cellular 
processes including muscle contraction, cell motility, cell 
division and cytokinesis, vesicle and organelle movement, 
cell signaling, and the establishment and maintenance of cell 
junctions and cell shape.

Myosin, a large family of motor proteins found in 
eukaryotic tissues, is a thick fi lament-based molecule that 
harnesses the free energy furnished by ATP hydrolysis to 
perform mechanical work against actin proteins of the thin 
fi lament. The cyclic attachment and detachment of myosin 
with actin that generates muscle force and shortening is 
Ca2+ regulated and is responsible for actin-based motility 
(Vandenboom R. 2004).

MHC is a structurally bound contractile protein of the thick 
fi laments, which has a ATPase function that could involve 
binding with actin. In this work, MHC and actin were found 
to have decreased in skeletal muscle. It is probable that during 
intense activation of skeletal muscle, contractile function 
becomes impaired, and attachment of myosin with actin, which 
generates muscle force, was no longer needed.

Fig. 4: (A) Westem blots showing expression of GAPDH an actin among control and treated groups. Equal loading of the samples was 
evaluated by reprobingmthe menbranes with tubuin antiboby. (B)Quantitative fold change. *indicates signifi cant difference, p<0,05.
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In contrast to MHC, there are only three TnI isoforms, one 
for slow-twitch skeletal muscle, one for fast-twitch skeletal 
muscle, and one for myocardium (North KN et al. 2008). Our 
results provide evidence that the high muscle force associated 
with eccentric contraction causes rapid removal of fsTnI. 
These fi ndings support the concept that eccentric exercise 
initiates a series of events that result in rapid disruption of the 
cytoskeletal network and contractile apparatus, which could be 
the mechanism for deterioration of the contractile response and 
loss in force generation.

Skeletal muscle is the most important effector of exercise-
induced fatigue, although several proteins have been found to 
be associated. However, their role in exercise-induced fatigue 
is not well understood. Therefore, further investigation of their 
role will help to elucidate the mechanism of exercise induced 
fatigue.
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ABSTRACT

Melatonin (N-acetyl-5-methoxytryptamine) is the main secretory product of the pineal gland in all mammals including humans, but it is 
also produced in other organs. It has been previously demonstrated to be a powerful organ-protective substance under oxidative stress 
conditions. The aim of this study was to evaluate the protective effect of melatonin in several organs such as heart, lung, kidney, and of 
the reproductive system, such as testis and epididymis in animals exposed to intermittent hypobaric hypoxia and therefore exposed to 
oxidative stress and analyzed by lipid peroxidation. Ten-week-old male Wistar rats were divided into 6 groups for 96 hours during 32 days 
under: 1) Normobaric conditions, 2) plus physiologic solution, 3) plus melatonin, 4) intermittent hypobaric hypoxia, 5 plus physiologic 
solution and 6) plus melatonin. The animals were injected with melatonin (10 mg/kg body weight) at an interval of 96 hours during 32 
days. Results indicated that melatonin decreased lipid peroxidation in heart, kidneys and lung under intermittent hypobaric hypoxia 
conditions. However, it did not exhibit any protective effect in liver, testis, epididymis and sperm count.
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INTRODUCTION

Oxidative stress can be triggered by a series of endogenous 
and exogenous factors, including exposure to high altitude. 
Exposure to high altitudes has been associated with an increase 
in the production of reactive oxygen species that are generated 
during the re-oxygenation phase of intermittent continuous 
hypobaric hypoxia and contribute to physiological responses 
(Nanduri et al., 2008: Farias et al., 2005a). The highly reactive 
property and oxidative capability that characterize the reactive 
oxygen species and the free radicals result in overall damage 
that affects the main cell components and tissues (Blokhina 
et al., 2003; Radak et al., 1997; Nakanishi et al. 1995; Radak 
et al., 1994). The use of antioxidants in pharmacological 
concentrations to reduce the effects of intermittent hypobaric 
hypoxia by oxidative stress has been reported (Vagas et 
al., 2011, Farias et al., 2010). Oxidative stress per se may be 
associated with complications such as myocardial injury, 
pulmonary edema, kidney and liver failure, and increased 
mortality (Kücükakin et al., 2007).

Melatonin (N-acetyl-5-methoxytryptamine) is the main 
secretory product of the pineal gland in all mammals including 
humans, but it is also produced in other organs (Okutan et al., 
2004). It is a highly effective antioxidant, scavenging hydroxyl 
radicals and inhibiting the production of nitric oxide (Gitto et 
al., 2011; Serel et al., 2004) and other antioxidants like vitamins 
E and C (Kücükakin et al., 2009). The ability of melatonin to 
counteract ROS formation is due to the special characteristic 
of this substance to cross morpho and physiological barriers 
distributed in tissues, cells and sub-cellular compartments due 
to its distinct physical and chemical properties (Costa et al., 
1995; Tomás-Zapico et al., 2005). In addition, the “hormone 
of darkness” and messenger of the photoperiod is also well 
known to exhibit strong direct and indirect antioxidant 

properties, one of which is capturing ROS directly and another 
is stimulating gene expression and the activity of some 
enzymes that can activate enzymatic antioxidants (Kücükakin 
et al., 2009). This demonstrates that the surgical removal of 
the pineal gland, one source of melatonin, exacerbates the 
tissue damage caused by free radicals (Reiter et al., 2001). 
Melatonin has previously been demonstrated to be a powerful 
protective substance in numerous injury models as ischemia/
reperfusion, where it is cardio-protective in both physiological 
and pharmacological concentrations. These benefi cial effects 
have been attributed to the capacity of this hormone to act as a 
radical scavenger (Kücükakin et al., 2009; Mathes, 2010).

During the last 20 years, intensive mining activity has 
been developed in Chile, particularly in the Andean mountain 
range, where the altitude is over 4,000 meters above sea level. 
It is estimated that there is a working population of over 55,000 
who are exposed to hypobaric hypoxia (high altitude sickness). 
Miners work under these conditions for 4 to 20 days, followed 
by days off at sea level, and this is repeated over several years 
(Jalil et al., 1994, Germack et al., 2002; Richalet et al., 2002). 
Intermittent exposure to high altitudes is virtually unknown to 
date; however it is an unusual condition for workers involving 
a series of changes at the physiological and cellular levels 
aimed to compensate the decrease in partial oxygen pressure 
(PO2). On the other hand, exposure at 7,576 m.a.s.l. for 5 days 
caused an increase in lipid peroxidation in the plasma of 
rats (Kumar et al., 1999). It has been previously shown that 
melatonin can also protect tissues from oxidative damage (e.g: 
testicles) under intermittent hypobaric hypoxia conditions 
(Bustos-Obregón et al., 2010; Hartley et al., 2009). The aim of 
this study was to evaluate the protective effect of melatonin in 
several organs, such as heart, lung, kidney, and reproductive 
system as testis and epididymis in animals exposed to IHH and 
therefore exposed to oxidative stress.
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MATERIAL AND METHODS

Experimental design

Ten-week-old male Wistar rats (246 ± 11g; n= 36) were obtained 
from the Animal Facility at the University of Valparaiso. 
Rats were housed under a 12L: 12D cycle, with water and rat 
chow being provided ad libitum. They were killed by cervical 
dislocation. All procedures were performed in agreement 
with the Principles of Laboratory Animal Care, advocated 
by the National Society of Medical Research, and the Guide 
for the Care and Use of Laboratory Animals (Institute of 
Animal Laboratory Resources, 1996). Rats were divided into 
6 groups (6 rats per group): 1) normobaric conditions (Nx), 2) 
Nx + physiologic NaCl solution (Nx + PS), 3) Nx + Melatonin 
(Nx+Me), 4) intermittent hypobaric hypoxia (IHH), 5) IHH+ PS, 
and 6) IHH + Me. A 3x2-factorial experimental design was used 
to consider 3 injection treatments (no injection, PS, and Me) and 
2 environmental treatments (Nx and IHH). The animals were 
intraperitoneally injected melatonin (10 mg /kg body weight) 
or vehicle (0.1 mL of PS) at intervals of 96 hours. The IHH 
group of animals were exposed to hypobaric hypoxia for 96 
hours (428 torr; PO2 89.6 mm Hg) followed by the Nx condition 
for 96 hours (96 hours of hypoxia/96 hours of normoxia) for 
a total period of 32 days. Pressure changes in the hypobaric 
chamber were achieved by steps of 150 mm Hg per minute, 
which simulated altitude changes. The Nx animals were housed 
in the same room next to the IHH animals.

Determination of Thiobarbituric Acid-Reactive Substances 
(TBARS)

Body weight was determined 32 days after initiation of the 
protocol. Rats were then killed by cervical dislocation, and 
the different organs were collected in phosphate-buffered 
saline (PBS; pH 7.2). Determination of thiobarbituric acid–
reactive substances (TBARS) was undertaken as an index 
of lipid peroxidation. TBARS were estimated at 532 nm, 
and their concentrations were calculated using a molar 
extinction coeffi cient of 1.56 X105 M-1 cm-1 obtained utilizing 
malondialdehyde (MDA; Sigma-Aldrich, St Louis, Missouri) as 
a standard (Farias et al., 2010). The results were expressed as 
nmol of MDA equivalents/mg tissue.

Isolation and sperm count

Sperm count was performed as previously described (Farías et 
al., 2010). Briefl y, epididymal spermatozoa were separated by 
cutting the caudal epididymis into segments of approximately 
1 mm3 with a sharp razor blade in 1 mL of PBS (pH 7.2). 
Spermatozoa from caudal regions were completely removed 
by vortexing gently in PBS, and the tissue debris was allowed 
to settle for 5 minutes. Spermatozoa released in the buffer 
were aspirated, centrifuged at 800 xg for 15 minutes, and used 
for biochemical determinations. All of these procedures were 
performed at 4°C. The number of sperm in the suspension was 
counted using a Neubauer chamber.

Figure 1. Levels of lipid peroxidation and organ size in 
heart and lung after IHH: Rats were submitted to intermittent 
hypobaric hypoxia (IHH) or normobaric (Nx) condition, with 
or without treatment of melatonin (Me). PS: rats treated with 
physiological NaCl solution. At the end of treatment (32 days), 
lipid peroxidation and organ size were determined in heart (A, B) 
and lung (C, D). Bars indicate the mean SD (n=6). a p<0.05 (Hx 
versus Nx); b p<0.05.

Figure 2. Levels of lipid peroxidation and organ size in 
kidney and liver after IHH: Rats were submitted to intermittent 
hypobaric hypoxia (IHH) or normobaric (Nx) condition, with 
or without treatment of melatonin (Me). PS: rats treated with 
physiological NaCl solution. At the end of treatment (32 days), 
lipid peroxidation and organ size were determined in kidney (A, 
B) and liver (C, D). Bars indicate the mean SD (n=6). a p<0.05 (Hx 
versus Nx); b p<0.05.
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Statistical analysis

The results were analyzed using a 2-way variance analysis 
(ANOVA) followed by a Bonferroni analysis. The level of 
statistical significance was set at p <0.05. The data were 
analyzed using the GraphPad Prism software version 4.0 
(GraphPad Software, San Diego, California). The results are 
presented as means ± standard deviation (SD).

RESULTS

Determination of thiobarbituric acid–reactive substances 
(TBARS) was undertaken as an index of lipid peroxidation. 
The present results show that intermittent hypobaric hypoxia 
induced lipid peroxidation in heart in comparison to normoxic 
(Nx) conditions as indicated by the levels of TBARS (P<0.05) 
and shown in Figure 1A. However, melatonin diminished such 
effect that was corroborated by a decrease in mass of the organ 
(Figure 1B). Similar results were observed in lung (P<0.05) 
as shown in Figure 1C: However, but there was a signifi cant 
(P<0.05) increase in the mass of such organ (Figure 1D).

Lipid peroxidation in kidneys has been found to under 
IHH conditions more than under Nx conditions (P<0.05) as 
shown in Figure 2A. It is interesting to note that there was 
a decrease induced by melatonin (P<0.05). However, there 
was no signifi cant difference in organ mass (P>0.05), as can 
be observed in Figure 2B. Figure 2C shows that there was no 
signifi cant difference in lipid peroxidation in the liver under 
IHH and Nx conditions (P>0.05). However, there was an 
increase in lipid peroxidation in melatonin-treated animals, 
compared to the Nx and IHH treated groups (P<0.05). As 
well, the lipid peroxidation in the melaton-treated group was 

Figure 3. Levels of lipid peroxidation and organ size in testis 
and epididymis after IHH: Rats were submitted to intermittent 
hypobaric hypoxia (IHH) or normobaric (Nx) condition, with 
or without treatment of melatonin (Me). PS: rats treated with 
physiological NaCl solution. At the end of treatment (32 days), 
lipid peroxidation and organ size were determined in testis (A,B) 
and epididymis (C,D). Bars indicate the mean SD (n=6). a p<0.05 
(Hx versus Nx); b p<0.05.

Figure 4. Effect of intermittent hypobaric hypoxia in sperm 
number: Rats were submitted to intermittent hypobaric hypoxia 
(IHH) or normobaric (Nx) condition, with or without treatment of 
melatonin (Me). PS: rats treated with physiological NaCl solution. 
At the end of treatment (32 days), epidydimal cauda spermatozoa 
were counted. Hx induced a signifi cant decrease in sperm count, 
which was not prevented by melatonin treatment. Bars indicate 
the mean SD (n=6). a p<0.05.

accompanied by an increase in organ mass (P<0.05), as shown 
in Figure 2D.

Figure 3A shows that IHH induced a signifi cant (P<0.05) 
increase in lipid peroxidation in testis in comparison to Nx 
conditions. Melatonin did not have any effect, but there was a 
decrease in organ mass (P<0.05) compared to IHH conditions 
(Fig3 B). Similar results were observed in epididymis (P<0.05) 
in comparison to Nx (Fig 3C), although there was no signifi cant 
difference (Fig3D) in organ mass (P>0.05). There was a non-
signifi cant difference in sperm counts under Nx conditions. 
However, there was a decrease in sperm number under IHH 
conditions (P<0.05), as observed in Figure 4. Melatonin in the 
doses used in this study did not have any effect.

DISCUSSION

The protective role of melatonin against oxidative stress 
in rats exposed to intermittent hypobaric hypoxia was 
analyzed in this study. Oxidative stress can be triggered by 
a series of endogenous and exogenous factors, exposure to 
intermittent hypobaric hypoxia being one of them (Farias 
et al., 2010; Vargas et al., 2011). Exposure to high altitudes 
is associated with an increase in the production of reactive 
oxygen species, which are generated during the phase of re-
oxygenation of intermittent hypobaric hypoxia and contributes 
to the physiological responses (Nanduri et al., 2008). The main 
cause of oxidative stress is lower availability of oxygen as it 
converts to H2O by cytochrome oxidase. Hypoxia appears to 
affect enzyme activities such as superoxide dismutase (SOD), 
glutathione reductase (GSR) and glutathione peroxidase 
(GPX), which are usually reduced (Maiti et al., 2006). Recently, 
studies have demonstrated melatonin interactions with many 
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physiological processes and diseases (Peliciari-Garcia et al., 
2011). Therefore, the effects of melatonin could depend on 
physiological processes of the organs when these are subjected 
to environmental stress like IHH.

Little is known about the level of oxidative damage 
suffered by cell structures in several organs and tissues 
exposed to high altitude. The study of lipid oxidative damage 
by estimating malonydialdehyde (MDA) content as a product 
of lipid peroxidation has been performed on humans, as well 
as animal models (Moller et al., 2001; Joanny et al., 2001; Radak 
et al., 1994; Kurmar et al., 1999).

These studies have demonstrated that melatonin plays a 
protective role in heart, lung and kidney in animals exposed 
to intermittent hypobaric hypoxia since intermittent lipid 
peroxidation results in lower malonydialdehyde content 
in such tissues. The effect of melatonin was corroborated 
by changes in the organ mass. It is interesting to note that 
melatonin membrane receptors like MT1 and MT2 have been 
described in heart, lung, liver and kidney (Sanchez-Hidalgo 
et al., 2009; Ishii et al., 2009). Authors (Nakanishi et al. (1995) 
have reported that exposure to hypobaric hypoxia induced 
at 5,000 meters above see level results in increased oxidative 
stress in heart, lungs, kidneys and liver. However, these 
authors did not consider the melatonin effect.

Our results showed that the administration of melatonin to 
rats induced lipid peroxidation and an increase in liver mass 
that was not affected by melatonin exposure when injected 
into the experimental animals. Despite the enormous amount 
of data supporting the idea of melatonin as a liver protective 
agent, it should be noted that there are also other reports that 
have indicated no hepato-protective effect of melatonin to 
the effect of 2-nitropropane and ethanol in rat liver, which 
supports our results (Mathes, 2010). On the other hand, 
lower rates of ROS generation in the liver and decreases in 
mitochondrial energy metabolism has been reported in rats 
subjected to hypobaric hypoxia (Costa et al., 1993; Nouette-
Gaulain et al., 2011 and Farías et al., 2005a).

The present study demonstrated that intermittent 
hypobaric hypoxia induces lipid peroxidation in testis and 
epididymis, as previously reported (Farias et al., 2010; Vargas 
et al, 2011). However, in the aforementioned studies melatonin 
did not have any effect with the doses used in contrary 
to other reports where melatonin had a protective role in 
testis and spermatogenesis of rats subjected to intermittent 
hypobaric hypoxia (Hartley et al., 2009; Bustos-Obregón et 
al., 2010; Vargas et al., 2011); Ahmad & Haldar (2010) as well 
as hamsters and rats, where melatonin seems to act directly 
on Leydig cells to suppress testosterone release in vitro. When 
administered orally at 10 mg/kg bodyweight, melatonin has 
been described as a counteracting substance for testis and 
spermatogenesis damage in rats subjected to intermittent 
hypobaric hypoxia (Vargas et al., 2011). The present results 
showed that melatonin, with the doses given via intra-
peritoneal, had no protective effect in testis and epididymis. 
Furthermore, it has been reported that injecting hamsters with 
melatonin induced damage in testis by decreasing levels of LH 
and FSH (Tamarkin et al., 1976).

Some authors have reported that melatonin treatment 
induced a marked reduction in sperm quality and did not 
prevent the reduction in sperm concentration under an 
ischemia/reperfusion condition (Oosthuizen et al. 1986; 
Kurcer et al., 2010), which concurs with the results of the 

present work. Luboshitzky et al. (2002) reported that melatonin 
administration (3mg) is associated with decreased semen 
quality in healthy men, probably through the inhibition of 
aromatase at the testicular level. Aromatase is the terminal 
enzyme responsible for forming estrogens from androgens 
and it plays a physiological role in the maintenance of 
male gonadal functions (Carreau et al., 2001). This enzyme 
is expressed in Leydig cells, Sertoli cells, germ cells and 
ejaculated spermatozoa (Carreau and Hess, 2010) in animals 
and humans. In conclusion, melatonin plays a protective 
role in heart, lung and kidney under intermittent hypobaric 
hypoxia conditions.
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ABSTRACT

The effect of prenatal malnutrition on the anatomy of the corpus callosum was assessed in adult rats (45-52 days old). In the prenatally 
malnourished animals we observed a signifi cant reduction of the corpus callosum total area, partial areas, and perimeter, as compared 
with normal animals. In addition, the splenium of corpus callosum (posterior fi fth) showed a signifi cant decrease of fi ber diameters in 
the myelinated fi bers without changing density. There was also a signifi cant decrease in diameter and a signifi cant increase in density of 
unmyelinated fi bers. Measurements of perimeter’s fractal dimensions from sagittal sections of the brain and corpus callosum did not show 
signifi cant differences between malnourished and control animals. These fi ndings indicate that cortico-cortical connections are vulnerable to 
the prenatal malnutrition, and suggest this may affect interhemispheric conduction velocity, particulary in visual connections (splenium).

Key Words: corpus callosum, prenatal malnutrition, rat, splenium

INTRODUCTION

A commonly used protocol for inducing prenatal malnutrition 
in rats consists of a restriction of food intake in pregnant 
females at a 40% of daily requirements since the eighth day of 
pregnancy up to birth (Soto-Moyano et al., 1993). This and other 
types of caloric-protein malnutrition of pregnant rats correlate 
with lower body weight of the offspring as well as with a high 
mortality rate during early postnatal life (Morgane et al., 1993). 

In humans, fetal undernutrition has been found to be 
associated to disease in a variety of physiological systems, such 
as the cardiovascular system (hypertension, coronary heart 
disease, stroke, atherosclerosis, coagulation disorders, pre-
eclampsia), reproductive system (polycystic ovary syndrome, 
early adrenarche/menarche, early menopause), respiratory 
system (chronic obstructive pulmonary disease, asthma), 
endocrine system (hypercortisolism, hypothyroidism), 
skeletal system (osteoporosis), and the nervous system 
(neurological disorders, schizophrenia, dementia) (for review 
see Fowden et al. 2006). In animal models of experimental 
malnutrition (rat, guinea pig and sheep), changes in the 
fetal nutritional environment lead to permanent alterations 
of the developmental pattern of cellular proliferation and 
differentiation in key tissue and organ systems (hearth, 
endothelium, vascular smooth muscle, skeletal muscle, kidney, 
rennin-angiotensin system, pancreatic growth, adipose tissue 
and adipocyte secretion, hypothalamo-pituitary-adrenal 
axis, and peripheral and central nervous system) that results 
in pathological consequences in adult life (for review see 
McMillen and Robinson, 2006). 

Concerning the rat central nervous system, prenatal 
malnutrition has been shown to alter brain development 

and growth, thus desynchronizing cell migration, retarding 
or blocking cell differentiation and increasing cell death 
associated to a diminished number of neurons (Morgane et 
al., 1993). Those impairments are frequently associated to 
behavioral alterations (Morgane et al., 1993; Levitsky and 
Strupp, 1995). In addition, inadequate prenatal nutrition 
increases central noradrenaline levels and release (Soto-
Moyano et al., 1994; Soto-Moyano et al., 1998a; Soto-Moyano 
et al., 1998b), which is most relevant because noradrenaline 
is a critical factor for regulating regressive events of neuronal 
projections during normal brain development (Soto-Moyano et 
al., 1994).

The corpus callosum (CC) is the major commissure in 
the brain of placental mammals, being formed by numerous 
transversal fibers connecting mostly homologous but also 
heterologous cortical areas in both hemispheres (Aboitiz et 
al., 1993). Its function is to integrate sensory and cognitive 
experience of the two sides of the brain and is a likely target 
of developmental injuries. In fact, the CC and total brain size 
are affected by prenatal insults like ethanol ingestion and overt 
protein malnutrition (Morgane et al., 1978; Zimmerberg and 
Mickus 1990; Gressens et al., 1997). Overt prenatal protein 
malnutrition also reduces spontaneous forebrain neuronal 
activity in adulthood (Stern et al., 1983). Moreover, projecting 
fi elds of transcallosal evoked responses are affected in overt 
and hidden forms of prenatal protein malnutrition (Soto-
Moyano et al., 1993; Soto-Moyano et al., 1998a; Forbes et al., 
1975). Although reduction in CC size and functionality has 
been reported in malnourished animals, it has not yet been 
studied at the fi ne anatomical and ultrastructural levels. 

On these bases, it seems likely that the CC may be 
an important target in the pathophysiology of prenatal 
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malnutrition. In order to assess this hypothesis, the effect 
of prenatal malnutrition on CC anatomy was determined in 
adult rats (45-52-day old). The perimeter, total area and partial 
areas of CC sagittal cuts, as well as the fractal dimension of CC 
shape were determined. In addition, we considered of interest 
to study the possible effects of malnutrition on the histology of 
the callosal splenium, which may affect the velocity of cortical-
cortical occipital conduction, and particularly the visual 
information.

METHODS

Laboratory Animals and Experimental Treatment 

The experimental protocols and animal management were 
carried out in accordance to NIH guidelines (NIH, 1996) and 
approved by the Committee of Bioethics at INTA, University 
of Chile. The experiments were conducted on male and female 
Sprague-Dawley rats (INTA, Santiago, Chile) born from dams 
subjected during pregnancy to one of the following nutritional 
conditions (8 pregnant rats per groups): 1) well-nourished 
pregnant rats, with free access to a 21% protein non purifi ed 
diet (Champion®, Santiago, Chile: 21.4% protein, 6.9% fat, 
45.9% carbohydrate, 4.6% minerals, 0.5% vitamins, 10% water, 
10.7% non-nutritive fi ller and 13.3KJ/g. ) (Soto-Moyano et 
al., 1998b), and 2) malnourished pregnant rats, with free 
access to food until 7 days post-conception; after this date the 
nonpurifi ed diet was restricted to 10 g/day until parturition. 
This amount of food is about 40% of that consumed by normal 
pregnant rats during weeks 2 and 3 of gestation (Soto-Moyano 
et al., 1993; Soto-Moyano et al., 1998b), and was given two 
times daily (5 g at 09:00 h and 5 g at 19:00h) in order to 
minimize anxiety for feeding in food restricted pregnant 
dams. At birth, to ensure adequate nutrition during lactation, 
prenatally malnourished pups were fostered to well-nourished 
dams giving birth on that day, according to rearing procedures 
already described (Morgane et al., 1993); pups born from 
well-nourished mothers were also fostered to well-nourished 
dams, in order to equalize among groups other factors that 
may depend on the rearing conditions (i.e. stress due to cross-
fostering) (Navarrete et al., 2007).

During the suckling period, all litters were adjusted to 8 
pups per dam (4 males and 4 females), and all dams continued 
to receive the standard laboratory diet ad libitum. After 
weaning at 21 days of age, the offspring were given free access 
to the nonpurifi ed diet up to sacrifi ce (45-52 days of age). Body 
weight of pregnant rats and offspring were measured daily. All 
these procedures were performed as previously reported (Soto-
Moyano et al., 1993; Soto-Moyano et al., 1998b).

Macroscopic study

After i.p. injection of 40 mg/kg sodium thiopental and 
intracardial perfusion of 10% formalin in saline solution, at 
body temperature and at equivalent volume

of 20% to body weight, animals (malnourished = 8 and 
control = 8) were sacrifi ced by decapitation. Encephala were 
extracted and kept in 10% formalin until sectioned and 
photographed. Digital photographs of mid-sagittal sections were 
analyzed using the software Scion Image for Windows (Merlo et 
al., 2002), under 100X total magnifi cation, to determine total and 
partial areas of CC as well as perimeters, according to Witelson 

(1989), who divided arbitrarily the corpus callosum into three 
regions in relation to its maximum length: the anterior third 
(genu), the middle third (body), and the posterior third which is 
often divided into fi fth posterior (splenium) (Fig. 1). Brain weight 
measurements were performed excluding cerebellum, brainstem 
and olfactory bulbs.

We calculated the fractal dimension of the perimeters of 
CC areas with the FDC (Fractal Dimension Calculator) software, 
which uses the box-counting technique. The math formula 
used for calculations is log N(s) = D log (1/s), where: D is 
fractal dimension, N is the number of boxes containing image 
dots, and s is the box side iterated as expressed in pixels 
(Guzmán et al., 1993). Mathematicians have demonstrated 
that fractal dimension could be used to measure the space 
complexity of a structure, the greatest values of fractal 
dimensions being associated to high geometric complexity of 
any structure. We made the calculations over the perimeter of 
the problem zone from original images fi ltered by Photoshop 
software. From these images we calculated the fractal 
dimensions. Thereafter, we compare the fractal dimension of 
sagittal cuts from brain and corpus callosum from eutrophic 
and malnourished groups (Fig. 1).

Microscopy study

Eight animals and their respective controls were perfused 
transcardially with Karnosky’s solution (1.5% glutaraldehyde; 
0.8% paraformaldehyde) in sodium phosphate buffer, at 
body temperature and at equivalent volumen of 20% to body 
weight. Thereafter the brain was extracted and the splenium 
of CC (posterior fi fth) dissected, which contains visual fi bers 
from the occipital cortex and other regions (Witelson, 1989). 
Tissues were fi xed in 2.5% glutaraldehyde for 8h at 4 ºC and 
afterward washed in 0.1 M sodium phosphate buffer, pH 7.3. 
Tissue samples were post-fi xed in 1% osmium tetroxide for 1 
h at room temperature, and fi nally included in EPON. Semi-
thin 1 µm slices were obtained and stained with toluidine 
blue in 1% sodium borate to show the splenium (posterior 
region), allowing axons to be counted (expressed as number 
of axons per mm2) and diameters of both myelinated and 
non-myelinated callosal fi bers measured (expressed in µm). 
Thereafter, 60 nm thin slices were mounted on 200 mesh 
grids, and left in uranyl acetate and Reynolds stain for 10 min, 
before observing them at the transmission electron microscope 

Figure 1: Cross section of corpus callosum indicating the three 
regions and posterior fi fth in relation to its maximum length. AT 
= anterior third, MT = middle third, PT = posterior third, and PF = 
posterior fi fth. Each square in the background is of 1 mm side
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(Zeiss EM 109). Observations were made at an adequate 
magnification to get a clear visualization of myelinated 
and unmyelinated axons. Five of ten fi elds (27,000 x 23,000 
µm) were photographed per every splenium respective to 
each animal, and analyzed with the software Scion Image for 
Windows (Merlo et al., 2002; Olivares et al., 2007) using total 
magnifi cation of 28,606X. All fi bers were counted excepting 
those touching the left and inferior adjacent sides and the 
lower right of the images (Gundersen, 1977). An average 
number of 109 myelinated and 593 unmyelinated fi bers were 
counted per field. Regarding the myelinated fibers, their 
internal diameters were considered excluding the myelin 
sheat, and considering the minimal diameter of every fi ber, 
in order to minimize factors such as elongation of the tissue 
and oblique cutting of fibers. Glial processes cannot not 
distinguished from unmyelinated fi bers with the panoramic 
magnification used for fiber counting; however, these 
processes are more frequent between adjacent myelinated 
fibers, regions that were not considered in the counting 
process.

Statistical analysis

Resulting values from malnourished (n=8) and control animals 
(n=8), were corrected at their real magnifi cation, and data are 
reported as means ± SD. 

We used the Program SPSS (Statistical Package for the 
Social Sciences) from IBM® SPSS® Statistics. The statistic 
Mann-Whitney U test (Ferrán, 2001) is a nonparametric test 
that we used to determine the effect of diet on the performed 

measurements. We used it because it is a distribution free 
test or nonparametric one, then does not require assumptions 
about the shape of the underlying compared distributions. 
It tests the hypothesis that two independent samples come 
from populations having the same distribution, statistical 
differences were considered signifi cant at a probability level 
equal or less than 0.05.

RESULTS

The macroscopic study showed that the offspring of 
malnourished dams presented lower body weight than 
eutrophic animals since birth up to weaning (p < 0.001), but no 
differences were observed when sacrifi ced at adulthood (45-52 
days of age). Nevertheless, malnourished animals exhibited 
lower brain weight at the moment of sacrifi ce (p < 0.01) as 
compared to control animals. Additionally, we calculated the 
percentage of weight gain of malnourished animals respective 
to eutrophic controls, from birth to weaning and from weaning 
to sacrifi ce. In the fi rst case there was a decrease in weight gain 
(p < 0.01) and in the latter case an increase (p < 0.01). Finally, 
the difference between brain weight/body weight ratios 
between the two groups was not signifi cant (Table I). 

Regarding the total and partial areas of CC, a reduction 
was observed in the malnourished group (p < 0.05) as well 
as in total perimeter (p < 0.01; Table II) as compared to 
controls. No signifi cant statistical differences were detected 
when comparing fractal dimension of brain and CC from 
malnourished and control animals (Table III) using Mann-
Whitney U test statistics.

TABLE I
Average body weight, brain weight, gain weight and brain:body weight relation

WEIGHTS Malnourished (n=8) Control (n=8) M-W U Test

Body weight at birth (g) 6.06 ± 0.14 7.55 ± 0.24 p < 0.001
Body weight at weaning (g) 42.69 ± 1.28 59.35 ± 3.19 p < 0.001
Body weight 45-52-day-old (g) 154.50 ± 18.88 170.64 ± 22.00 NS
Weight gain from birth to weaning (%) 604.58 ± 30.12 686.67 ± 46.34 p < 0.01
Weight gain from weaning to sacrifi ce (%) 261.63 ± 39.62 187.38 ± 31.95 p < 0.01
Brain weight (g) 1.10 ± 0.07 1.23 ± 0.06 p < 0.01
Brain: Body weight relation 0.73 ± 0.07 0.73 ± 0.09 NS

TABLE II
Average callosal measurements

CALLOSAL MEASUREMENTS Malnourished (n=8) Control (n=8) M-W U Test

Total area (mm2) 2.65 ± 0.61 3.93 ± 0.31 p < 0.01
Anterior third (mm2) 0.95 ± 0.22 1.49 ± 0.3 p < 0.01
Middle third (mm2) 0.74 ± 0.26 1.08 ± 0.16 p < 0.05
Posterior third (mm2) 0.97 ± 0.17 1.36 ± 0.24 p < 0.01
Posterior fi fth (mm2) 0.62 ± 0.13 0.87 ± 0.14 p < 0.01
Total perimeter (mm) 14.54 ± 1.37 17.13 ± 1.29 p < 0.01

TABLE III
Average fractal dimensions

FRACTAL DIMENSION Malnourished (n=8) Control (n=8) M-W U Test

Brain 1.08 ± 0.03 1.09 ± 0.02 NS
Corpus callosum 1.35 ± 0.09 1.29 ± 0.07 NS
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The CC of malnourished rats exhibited thinner myelinated 
fi ber diameters than the control group (p < 0.05). In addition, 
the malnourished group also presented lower values in the 
diameter of unmyelinated fi bers than the control group (p < 
0.001; Table IV, Fig. 2 and 3). Density of myelinated fi bers was 
not different between groups. In contrast, malnourished rats 
presented higher density of unmyelinated fi bers than controls 
(p < 0.05; Table V, Fig. 2 and 3).

DISCUSSION

Macroscopic study

Malnutrition during gestation resulted in a signifi cant body 
weight defi cit of pups at birth and at weaning age, and in 
signifi cantly less weight gain from birth to weaning, indicating 
that reduction of food intake by the dams during pregnancy 
caused fetal growth retardation. Although the weight gain 
from weaning to sacrifice was significant higher in the 
malnourished group, no differences were observed in body 
weight of young rats at sacrifi ce and in the brain/body weight 

relation, which is in agreement with previous works by our 
group (Soto-Moyano et al., 1998a; Soto-Moyano et al., 1998b; 
Navarrete et al., 2007). Malnutrition during gestation also 
resulted in a signifi cant brain weight defi cit in newborns (Table 
I). The postnatal recuperation of body weight, but not of brain 
weight, complies with the concept of a prenatal correlated 
growth between body and brain that becomes unlocked 
postnatally, body weight then increasing much faster than 
brain weight (Aboitiz, 1996).

Our findings regarding the CC are in agreement with 
Zimmerberg and Mickus (1990), who investigated the size 
of CC in rats prenatally exposed to alcohol. Those animals 
exhibited smaller total CC areas than control animals and 
the callosal size was negatively correlated to open field 
activity, suggesting a possible role in normal exploratory 
behavior. Furthermore, in a previous work from our group, 
rats malnourished prenatally and during lactation with a 
low-protein, isocaloric diet were shown to have smaller CC 
than controls, which was consistent with differences in brain 
weight. In contrast, prenatally malnourished rats rehabilitated 
with high-protein diet during lactation showed normal brain 
weight and development of the mid-third and posterior third 
of the callosum, but reduced size of the anterior third at 45-52 
days of age (Olivares et al., 2002). This observation may imply 
that those rehabilitated animals are specifi cally damaged in 
certain frontal functions (Kolb, 1984). In our current study 
the experimental conditions were more dramatic, since all 
partial areas of CC were signifi cantly smaller (p < 0.05) in 
malnourished than in control animals (Table II). These results 
suggest that prenatal malnutrition affects interhemispheric 
connections in different regions of the cerebral cortex.

We used the same morphometric software utilized by Merlo 
et al., (2002) who found changing values of callosal areas and 
perimeters with age in humans with no signifi cant differences 
between genders. We used the Box counting technique to 
calculate fractal dimensions, as previously used in works on 
kidney (Gil et al., 2006) and the bronchial tree (Canals et al., 

TABLE IV
Average diameter fi bers

µm
Malnourished 

(n=8)
Control

(n=8)
M-W U Test

Myelinated Fibers 0.42 ± 0.03 0.49 ± 0.07  p < 0.05
Unmyelinated Fibers 0.12 ± 0.01 0.18 ± 0.02 p < 0.001

TABLE V
Average density fi bers

axons / mm2 Malnourished 
(n=8)

Control
(n=8)

M-W U Test

Myelinated Fibers 0.19 ± 0.04 0.16 ± 0.02 NS
Unmyelinated Fibers 1.18 ± 0.29 0.73 ± 0.24 p < 0.05

Figure 2:  Electron micrograph of the splenium from a 
representative control animal. MF: myelinated fi ber, Bar: 1µm.

Figure 3:  Electron micrograph of the splenium from a 
representative malnourished animal. UF: unmyelinated fi ber, Bar: 
1µm.
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2003). We have not found previous works showing calculations 
of CC fractal dimension. Kiselev et al., (2003) determined fractal 
dimension of the whole cerebral cortex by a volumetric method 
from data obtained by magnetic resonance imaging, a different 
methodology than that used by us.

Microscopic Study

Diverse factors can affect the normal histology of CC. For 
example, the effects of alcohol consumption as well as thiamin 
defi ciency on CC size have been studied in rats (He et al., 
2007). When examined at the electron microscopy, the CC from 
those animals showed thinner diameters, higher fi ber density, 
a high proportion of small diameter fi bers and thinner myelin 
sheaths than groups ingesting either alcohol-thiamin or water-
thiamin (He et al., 2007).

Concerning the reported inverse relationship between 
axon diameter and density (Aboitiz, 1992), our data showed 
that the callosal splenium evidenced a signifi cant decrease 
in diameters in both myelinated and unmyelinated fi bers (p 
< 0.05; p < 0.001, respectively) and an increase of density of 
unmyelinated fi bers in malnourished animals (p < 0.05), but 
not of myelinated fi bers (Fig. 2 and 3). These observations 
are in line with previous studies in rats subjected to prenatal 
protein malnutrition. These animals, though calorically 
compensated, exhibited signifi cant smaller axon diameters 
in the splenium while densities of both types of fi bers were 
unchanged (Olivares et al., 2007). Differences observed in the 
current work are stronger than those detected by Olivares et 
al. (2007), probably due to less severity of the malnutrition 
model used in that study. In addition, we have presently 
increased the number of animals per group. Whether there was 
postnatal axon growth, which may compensate during lactancy 
the effects of prenatal malnutrition, remains unanswered but 
possible mechanisms involving development of myelin and 
axon glial sheaths are expected.

CONCLUSIONS

We conclude that malnourished animals show significant 
reductions in both total and partial callosal areas as well 
as in callosal perimeters. However, prenatal malnutrition 
did not modify the geometry associated to morphologic 
complexity of brain and CC, according to our calculations of 
fractal dimensions, fi nding an isometric reduction of callosal 
measurements. In fact, we found isometric reductions in any 
measures of brain parts, thus meaning that there are changes 
in the absolute values of the measurements obtained but 
not in the relationship between these measures. Therefore, 
these isometric variations do not affect inferences about 
relationships, and the causes of these geometric variations are 
changes in the size of the whole body (Bonner and Horn, 2000; 
Brown et al., 2000).

Finally, both myelinated and unmyelinated types of fi bers 
decreased signifi cantly in diameter, and a concomitant increase 
of unmyelinated fi ber density, but not of myelinated axons, 
was observed. These findings suggest that cortico-cortical 
(interhemispheric) connections are vulnerable to prenatal 
malnutrition and this may affect interhemispheric conduction 
velocity, particularly in relation to visual connections 
(splenium). 
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