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RESUMEN 

La variación de caracteres entre individuos de una población es un tema central en la teoría 

darwiniana de la Selección Natural, aún cuando los procesos involucrados en el origen de estas 

variaciones han recibido menor atención. Desde una perspectiva evolutiva, el origen de una 

especialización al interior de un linaje puede ser una interrogante distinta a la de la mantención, una 

vez originada. En ese sentido, el desarrollo embrionario sería tendría una gran relevancia sobre el 

origen de la variación fenotípica viable y susceptible de ser seleccionada, en tanto la Selección 

N atural determinaría a continuación cuales de esas variantes pueden prosperar y mantenerse en la 

historia evolutiva. Por lo tanto, es posible centrarse en el estudio de los procesos que llevan al origen 

de la variabilidad fenotípica heredable sin la necesidad de conocer si las novedades que surjan 

estarán sujetas a posteriores procesos selectivos. No obstante, para estudiar el origen de las 

novedades morfológicas y las restricciones en el cambio fenotípico se requiere del conocimiento 

acerca de los procesos que dirigen el desarrollo. Cambios de base epigenética que ocurren durante el 

desarrollo han propiciado la aparición de grandes transformaciones morfológicas a lo largo de la 

historia evolutiva. 

Existen evidencias indicando que xenobióticos ambientales pueden interferir en el desarrollo 

embriológico temprano en los animales, lo que tendría consecuencias en el estado adulto. Durante 

el proceso embrionario el microambiente en el cual el feto se desarrolla es susceptible a 

influencias por parte de la madre y por lo tanto vulnerable a variaciones en el estado hormonal de 

ésta. Dicho estado hormonal puede ser profundamente alterado por el medio, a través de 

compuestos con acción estrogénica (CAEs). Los fitoestrógenos son CAEs que se encuentran en 

compuestos vegetales. Algunos de ellos, como daidzeína y genisteína, han sido encontrados en 

alimentos comunes en la composición dictaria natural de roedores. 
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Se ha descrito en roedores, que cambios en el epigenotipo derivados de la exposición temprana a 

CAEs pueden ser transmitidos a las generaciones subsiguientes. Por ejemplo, se conoce que la 

exposición temprana (blastocistos en cultivo) a compuestos estrogénicos sintéticos como el bisfenol 

A, puede repercutir en rasgos en el adulto, como el peso. Incluso, se ha demostrado que la 

exposición in utero al dieti1estilbestrol (DES) puede producir una aumentada susceptibilidad a 

determinados tipos de tumores y mas aún, dicho aumento se pude transmitir transgeneracionalmente 

sin la necesidad de haber sido estimulada nuevamente por el DES. Dicha herencia podría deberse a 

la acción de los CAEs sobre la metilación del DNA. Si a estos hechos agregamos quc altas 

cantidades de fitoestrógenos dietarios pueden producir una considerable actividad estrogénica, 

comparable a la producida por DES, y que la exposición temprana en la ontogénia a fitocstrógcnos 

puede inducir a alteraciones morfológicas y en el patrón de metilaciones de proto-oncogenes, es 

factible inferir que en roedores, alteraciones en el estado hormonal de hembras preñadas producidas 

por el consumo de fitoestrógenos afectan: 

i) las señales en el ambiente intrauterino donde se desarrolla el embrión, y en consecuencia ii) el 

proceso de reestablecímiento de patrones de metilación de gene s en el embrión en desarrollo, lo que 

produce iii) alteraciones tanto en el fenotipo adulto resultante, como en ciertos caracteres de historia 

de vida de una población. 

Basado en lo anterior, el presente estudio evaluó en Mus musculus domesticus si CAEs de origen 

natural (fitoestrógenos dietarios, en este caso) actuando a través de la madre, podrían producir 

modificaciones epigenéticas en etapas tempranas del desarrollo, verificando además sus 

consecuencias en parámetros de historia de vida. Para ello, los roedores fueron sometidos a una dicta 

alta en fitoestrógenos ad libitum, conteniendo 2% de un extracto de isoflavonas de soja (Glycine 

max), alimento natural que presenta la mayor concentración conocida de los fitoestrógenos 

genisteína y daidzeína. 
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Se evaluó si someter hembras de roedores preñadas al consumo de fitoestrógenos podría producir 

alteraciones en los patrones de metilación del ADN, específico en genes y general en el genoma, 

tanto en el embrión preimplantacional como en hígado y páncreas en adultos. Además, se estudió si 

el consumo de fitoestrógenos por parejas de roedores puede desencadenar diferencias morfométricas 

y en parámetros de la historia de vida en la descendencia. En Mus musculus existe evidencia de que 

estos rasgos se ven modificados cuando se someten roedores n~onatos a tratamiento con 

fitoestrógenos. Sin embargo, no existen estudios que demuestren este efecto en descendientes de 

hembras preñadas consumiendo altas concentraciones de fitoestrógenos. 

En este estudio, los roedores fueron sometidos a dos tratamientos, en los que se les suministró ad 

limitum una de las siguientes dietas: i) alimentación por comida alta en fitoestrogenos (Dieta ISF), 

compuesta por pellet para ratón con 2% de extracto comercial de isoflavonas, y ii) alimentación por 

comida baja en fitoestrogenos (Dieta Control), que consistió solamente en pellet para ratón. Se 

evaluó el efecto del consumo de una dieta alta en fitoestrógenos (2 % isoflavonas) por una población 

experimental de ratones, en tres ámbitos: 

i) fisiología intrauterina en madres, para lo cual se desarrolló una técnica para la determinación por 

HPLC de catecolestrógenos intrauterinos, cuya secreción podría verse afectada debido a un alto 

consumo de fitoestrógenos. 

ii) caracteres morfométricos y de historia de vida en la descendencia, para lo cual se evaluaron 

parámetros como peso, tamaño, distancia ano-genital y fecha de maduración sexual. 

iii) metilación de gene s en la descendencia (embriones y tejidos adultos) de madres sometidas a los 

tratamientos, para lo cual se midió metilación del ADN en los genes ce-actina y Receptor de 

Estrógeno a en adultos y en UNE (secuencia repetida) en embriones. 
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En cuanto a resultados experimentales, en el ámbito ecológico-poblacional se observaron en las crías 

importantes variaciones en respuesta al consumo de altas cantidades de fitoestrógenos. Entre estas 

variaciones destacan la disminución en el peso en machos adultos (parámetro morfornétrico) y el 

adelantamiento de la maduración sexual en hembras (parámetro de historia de vida). En el ámbito 

molecular se observaron cambios en la metilación de sitios CpG en las crías, en respuesta al 

tratamiento con altas cantidades de fitoestrógenos dietarios. Los cambios fueron observados en 

adultos para el gen «-actina en hígado y páncreas, y para el gen ERa en hígado. Además, se observó 

reducción en mutaciones en dos sitios CpG en la secuencia repetida UNE en blastocistos de madres 

tratadas con una dieta alta en fitoestrógenos. 

Por 10 tanto, agentes ambientales como los fitoestrógenos, actuando en etapas claves de la ontogenia 

pueden inducir alteraciones tan importantes como i) en parámetros epigenéticos como la metilación 

del DNA en genes específicos, ii) en parámetros de historia de vida que pueden repercutir 

profundamente en la estructura de una población, como la edad de maduración sexual, y iii) en 

parámetros morfométricos como el peso animal adulto, lo que podría tratarse de un efecto 

epigenético asociado a genes parentalmente marcados (GPM) o solamente a un efecto fisiológico 

relacionado con la conversión de hormonas o la suplantación del estimulo hormonal por 

fitoestrógenos. 

Estos resultados resaltan la importancia de dar mayor énfasis a los procesos evolutivos inductivos 

además de los procesos evolutivos restrictivos. Dentro de este enfoque, se enfatiza como los cambios 

evolutivos pueden surgir como respuestas organísmicas estructurales a estímulos ambientales 

específicos, que a su vez pueden actuar en ventanas temporales bien delimitadas durante la 

ontogenia, permitiendo dicha respuesta. Sin embargo, lo anterior no excluye la posibilidad de que 

estos cambios ambientalmente inducidos puedan transformarse a futuro en adaptaciones. Por otro 

lado, denota que el estudio de las adaptaciones y/o selección natural no es un tópico estrictamente 
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necesario para el estudio de la evolución. Es innegable que la forma en como el ambiente restringe 

la estructura de un organismo juega un rol importante en la formación de este. Sin embargo, no 

menos importante es que la formación del organismo también ocurre por como el ambiente induce 

cambios en dicha estructura, mecanismo que debe tomarse más en consideración en estudios 

evolutivos. 

Xlll 



ABSTRACT 

Variation in characters among individuals in a population is a central topic in the Darwinian theory 

of Natural Selectíon. Even more when the processes involved on the origin of such variations have 

received minor attention. From an evolutionary perspective, the origin of a specialization in a lineage 

may be treated as a different issue than of the maintenance of such specialization, once it is 

originated. In this sense, embryonic development would be the main responsible for the origin ofthe 

viable phenotypic variation and furthermore, capable to be selected. On the other hand, Natural 

Selection would then define which variant can prosper and perpetuate in evolution. Thus, it is 

possible to focus on the study of those processes leading to the origin of the heritable phenotypic 

variability without the need for knowing whether the novelties that eventually arise will be subjected 

to further selective processes. Nevertheless, to study the origin of the morphologic novelties and the 

restrictions on the phenotypic change it is required to know about the processes driving 

development. Epigenetic changes occurring during development have lead to significant 

morphological transformations along the evolutionary history. 

There are some evidenccs showing that environmental xenobiotics can interfere during early 

devclopment, which could have consequences on the adult stage. During the embryonic process, the 

microenvironment where the fetus develops is susceptible to influcnces from thc mother and 

therefore, also susceptible to changes in maternal hormonal state. Such hormonal state can be 

strongly influenced by thc cnvironment, through the action of compounds with estrogenic effects, 

Some of thosc compounds can be found in vegetables. These are called phytoestrogens, Somc 

phytoestrogens as daidzein and genistein can be naturally available for rodent consumption. It has 

been described in rodents that changes in the epigcnotype produccd after early cxposure to 

compounds with estrogenic action (CEA) can be transmitted to the subsequent generations. Such 

kind of heredity could be attributed to the action of such CEA on DNA methylation. In addition, 
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there are evidcnces reporting that high amounts of dietary phytoestrogens are able to produce 

considerable cstrogenic activity, comparable to that produced by DES, and that early ontogcnctical 

cxposure to phytoestrogens can trigger morphologic alterations and on methylation pattcrns on 

proto-oncogenes, Based on that evidences, 1 proposed that in rodents, alterations in the hormonal 

state of pregnant females produced by the consumption of phytoestrogens (or other xenocstrogens) 

affect: i) the hormonal signaling in the intrauterinc environmcnt wherc embryo dcvelopmcnt takes 

place, which in turn have consequences on ii) the process of resetting of methylation patterns in the 

developing embryo, which produces alterations in both the resulting adult phenotype and in lifc 

history characters of a population. 

The present study evaluated in Mus musculus domesticus if natural CAEs (in the present case, 

dietary phytoestrogens), acting through the mother could be able to produce epigenetic modifications 

at early stages during development, verifying also the consequences on life-history parameters. The 

experimental approaeh to investigate it consisted of feeding adult rodents ad libitum with a diet high 

in phytoestrogens, containing 2% of a soy (Glycine max) isoflavones-extract. Soy is the food item 

presenting the higher known concentrations of the phytocstrogens genistcin and daidzein, It was 

cvaluated if such high maternal consumption of phytoestrogens could be producing ehanges in DNA 

methylation patterns in two specific gene s in the adult offspring, in liver and pancreas, or in general 

methylation along the genome in blastocysts. Morphomctric and life history characters were also 

evaluated in the offspring of mice couples subjected to control diet or the diet containing 2% 

isoflavone-extract. Previous evidence in Mus musculus shows that these traits are modified whcn 

subjecting neonatal rodents to treatment with phytoestrogens. Nevcrtheless, no studies have reported 

these effects on offspring from pregnant mothers fceding high amounts ofphytoestrogens. 

In thc present study, rodents werc assigned to one of the following experimental treatments: mice 

were fed ad libitum on i) control diet (chow diet for rodents), or on ii) control diet plus 2% soy- 
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isoflavones concentrate (ISF diet). The effect of the consumption of a diet high on phytoestrogens 

was assessed in an experimental population of mice. Threc levels of analysis were defined to 

evaluate the hypothesis. The experimental approach used in this thesis focused on: 

i) the physiological level on mothers, developing a technique capable of detecting and quantifying 

intrauterine catecholestrogens through HPLC, since secretion of these compounds could be affected 

by a high consumption of phytoestrogens; 

ii) the molecular level, measuring DNA methylation in thc offspring (blastocysts and adults) of 

mothers consuming high amounts of phytoestrogens, on genes o-Actin and Estrogen Receptor-a in 

adults and UNE repeated sequence in blastocysts; 

iii) the ecological level in the adult offspring, measuring morphometric and life-hístory characters, 

such as weight, size, ano-genital distance and timing of sexual maturation, in the offspring of mice 

couples subjected to control or ISF diet. 

With regard to the experimental results, in the ecological level important changes were detected in 

the offspring in response to the phytoestrogenic treatment, among them, reduction in size of adult 

males (morphometric parameter) and advancement of sexual maturation in females (life-history 

parameter). At the molecular level, changes in methylation in CpG sites were observed in the 

offspring in response to the phytoestrogenic trcatmcnt. Changes were detected in adults for ce-Actin 

gene in liver and páncreas, and for ER~ gene in liver. In addition, reduced mutations were observed 

in two CpG sites in UNE repeated sequcnce in blastocysts from mothers eonsuming high quantities 

ofphytoestrogens. 

Thus, environmental agents as phytocstrogens, acting in key stages during ontogeny are able to 

induce important alterations as: i) on epigenetic paramcters as gene specific DNA methylation, ii) on 

life-history characters that influences population structure, as timing of sexual maturation, and iii) on 

morphometric parameters sueh as adult weight, whieh may represent either an epigenetie effeet 

XV! 



associated to Imprinted Genes, or to a physiological effect related to mimicking of hormonal stimuli 

by phytoestrogens. 

These results highlight the importance of giving more emphasis to inductive evolutionary processes 

in addition to restrictive evolutionary processes. This focus emphasises how evolutionary changes 

may arise as structural organismic responses to specific environmental stimuli, which can in tum act 

in very limited windows of time during ontogeny, making possible such a response. Nevertheless, 

the former do not exc1ude the possibility that such environmentally induced changes may be further 

transformed in adaptations. In parallel, such focus reinforce that the study of adaptations and/or 

natural selection is not a requirement for studying evolution. It is undcniable that the way in which 

the environment restricts the organism structure is fundamental for the shaping of it. Neverthcless, 

as important is how the environment induces changes that help to shape the organismo Such a 

mechanism should be more considered in studies of evolutionary biology. 

xvii 



1 



INTRODUCTION - 

This thesis is conceived on the basis of my interests on the phcnornena of epigenetics, on the role 

of environment on inducing evolutionary changes, and on the early embryo as an important stage 

in ontogeny, as a target for environmental effccts and also as a source for producing cvolutionary 

changcs. Environmental estrogens were a primary souree of intcrest, given thc incipient 

evidences on possiblc epigenetic effects on animals, especially on the best known epigenctic 

mechanism to date, DNA methylation. Bcsides, their naturally availability for consumption by a 

variety of animals lead me to think of phytoestrogens as a natural souree candidatc for inducing 

cvolutionary changes. 

An extensive review on the mattcr and speculations on the possiblc cvo1utionary role of 

cnvironmental estro gens gave rise to a perspective article, which was published in Evolution and 

Development (vol. 7, N° 4, pg 341-350; 2005) with the name of "Environmental Signaling and 

Evolutionary Change: can exposure 01 pregnant mammals to environmental estrogens lead to 
epigenetically induced evolutionary changes in embryos?", Thc paper exposes all the theoretical 

support and evidences for the hypothesis proposed in this thesis, and is inc1uded as the Part II. 

Briefly, the evidence considered for the construction of the hypothesis is that, in rodents: i) a 

rnother rnediated early exposure to synthetic estrogenic compounds, can produce devclopmental 

alterations, sometimes with transgenerational consequences; ii) a naturally reachablc high 

consumption of dietary phytoestrogens can produce a strong estrogcnic activity, and iii) the early 

ontogenctical cxposure to phytocstrogens can induce alterations both in morphological 

parameters and in mcthylation pattems in specific genes. 
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Bascd on that evidcncc, 1 proposed the following hypothesis: 

In rodents, altcrations in the hormonal statc of pregnant females produced by thc 

consumption of phytoestrogens (or other xenoestrogens) affect: i) thc hormonal signalling in the 

intrauterine environment where embryo development takes place, which in turn havc 

consequences on ii) the process of resetting of methylation pattems in the dcvcloping cmbryo, 

which produces alterations in both the resulting adult phenotype and in life-history charactcrs of a 

population. 

Considering the theoretical framework exposed in the abovementioned papcr, three levels of 

analysis werc defined to evaluatc the hypothcsis. The experimental approach uscd in this thcsis 

focused on i) the physiologicallevel on mothers, ii) the molecular level (DNA methylation) in the 

offspring (blastocysts and adults), and iii) the ecological level in the adult offspring. A summary 

of the work performed in each level is described ncxt. 

As previously mentioned, there is strong evidence suggesting that dietary consumption of high 

amounts of phytoestrogcns by prcgnant mice females could lcad to variations in the secrctions of 

the catceholcstrogens 4-0H-Estradiol and 2-0H-Estradiol, whieh eould in tum affect the proecss 

ofDNA methylation in embryos. Nevertheless, no studics have developed a tcchnique to mcasure 

the secretions of such compounds directly in biological secretions, which would be in tum useful 

to detect such catecholestrogens in thc intrauterine secretions as well. This will permit to evaluatc 

how intrauterinc secrctions of catcchoestrogcns are responding to high levels of maternal 

consumption of phytoestrogens. Thereforc, the first goal of the prcsent thesis was to develop a 

techniquc capablc to detect and quantify both 4-0H-Estradiol and 2-0H-Estradiol in biological 
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f1uids. These results gave rise to a manuscript, which is shown in the Appendix and named 

"Separation and quantification ofthe catecholestrogens 4-0H-Estradíol and 2-0H-Estradiol by 

HPLC: an improved procedure for measurement of polential cancer biomarkers". 

The second goal of this thesis is exposed in the Part III, and is related with ecological effects of a 

high consumption of phytoestrogens in an experimental population of mice. Morphometric and 

life-history characters were evaluated in the offspring of mice couples subjected to control diet or 

a diet containing 2% of an isoflavone-extract. These results are included in the manuscript named 

"Maternal Effects of Dietary Consumption of Phytoestrogens on Life-History and Morphornetric 

Characters in Mice Offspring", 

The third goal of the present study was to evaluate if such high maternal consumption of 

phytoestrogens could lead to produce changes in gene specific or general DNA methylation 

pattems of the offspring. With that aim, we analysed in mice the consequences of the maternal 

consumption the 2% isoflavones diet on methylation profiles in the offspring. We analysed the 

promoter regions of 3 gene s to check for effects on tissue specific gene methylation (skeletal a 

Actin and ERa in liver and pancreas) and on global methylation changes (UNE elements). The 

results arising from these experiments are included in a manuscript "Sex-specific methylation 

patterns change in offspring born lo mothers consuming a diet rich in phytoestrogens", which is 

shown in the Part IV ofthis thesis. 

The Part V of this thesis is devoted to expose general conclusions of the present study and al so to 

point out the new questions that emerged from the experimental work pcrformed. 

4 



11 



EVOLUTION & OEVELOPMENT 7:4,341-350 (2005) 

Environmental signaling and evolutionary change: can exposure of 
pregnant mammals to environmental estrogens lead to epigenetically 
induced evolutionary changes in embryos? 

Carlos Guerrero-Bosagna,a,b,* Pablo Sabat,b,c and Luis Valladarese 
"Laboratodo de Hormonas y Receptores, Instituto de Nutrición y Tecnología de los Alimentos (INTA), Universidad de Chile, 
Santiago, Chile 
'Laboratorío de Ecofisiología Animal, Departamento de Ciencias Ecológicas, Facultad de Ciencias, Universidad de Chile, 
Santiago, Chile 
"Center for Advanced Studies in Ecology & Biodiversity and Departamento de Ecología, Facultad de Ciencias Biológicas, 
Pontificia Universidad Católica de Chile, Santiago, Chile 
• Author lor correspondence: (ernail; catelo@uec,inta.uchile.cl) 

SUMMARY DNA methylation is one of the epigenetic and 
hereditary mechanisms regulating genetic express ion in 
mammalian ceUs. In this review, we pro pose how certain 
natural agents, through their dietary consumption, could 
induce changes in physiological aspects in mammalian 
mothers, leading to alterations in DNA methylation patterns 
of the developing fetus and to the emergence of new 
phenotypes and evolutionary change. Nevertheless, we 
hypothesize that this process would require (i) certain key 
periods in the ontogeny of the organism where the 

INTRODUCTION 

An old question in evolutionary biology is "how does var 
iation originate?" No matter how old this question is, the 
controversy remains regarding whether (i) variability in pop 
ulations appears exclusively by random mutations, a position 
defended by neo-Darwinism, or (ii) the formation of novel 
characters can, in some way, be induced by external environ 
mental forces. Current understanding of epigenetic modifica 
tion of DNA shows that such controversy still exists. In this 
sense, Jaenisch and Bird (2003) suggested that future lines of 
investigation should place emphasis on the identification of 
the stimuli that can initiate evolutionary changes, They pro 
posed that it is possible for external factors, such as dietary 
compounds, to lead to the accumulation of epigenetic changes 
over the years within populations. Given the recent evidences 
on mechanisms of epigenesis, here we propose that under 
certain conditions, such epigenetic changes could become 
persistent over generations and this could have evolutionary 
genetic consequences in a lineage. 

~, BLACKWELL PUBLlSHING, INe. 

environmental stimuli could produce effects, (ii) particular 
environmental agents as such stlrnulí, and (iii) that a genomic 
persistent change be consequently produced in a population. 
Depending on the persistence of tne environmental stimuli 
and on whether the affected genes are imprinted genes, 
induced changes in DNA methylation patterns could become 
persistent. Moreover, some fragments could be more 
frequently methylated than others over several generations, 
leading to biased base change and evolutionary con 
sequences. 

We believe that a first approach toward evaluating this 
problem requires separating the phenomenon of the emer 
gence of an evolutionary novelty into two processes: (i) that 
responsible for the origin of a new character and (ii) that 
maintaining such a character over generations (i.e., fixation}. 
Such separation has been previously proposed by authors 
such as Futuyma and Moreno (1988) and West-Eberhard 
(1998). 

As Darwin, most evolutionary biologists ha ve concenrrat 
ed almost exclusively on the second process, that is the form 
in which an evolutionary novelty can be fixed, not inquiring 
into the problem of how evolutionary novelties originate. 
Variation among individuals and correlated differences in fit 
ness became a central topic in Darwin's theory (Endler 1986) 
and thereafter, Neo-Darwinian theory interpreted changes in 
allelic frequencies of populations instead of studying the 0[ 
igin of new phenotypes (Nijhout et al. 1986). 

In accordance with the separation between origin and 
fixation of an evolutionary novelty, some authors state 
that evolution is always a two-step process, first involving 
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developmentally rnediated variation, and then selection, 
whose operation results in gene frequency changes (Wake 
and Larson 1987; West-Eberhard 1998). In this sense, changes 
arising because of alterations in early developmental process 
es, which, furthermore, could, in some cases, be environmen 
tally induced, can appear whether or not such changes could 
become fixed and prosper in a population. Hence, in our 
opinion, the diversity and evolution of species should be ex 
plained not only by those selective processes imposed by the 
environment but also by the action of the environment as an 
inductor of genotypic and phenotypic variation, which is the 
material basis for se1ection. 

Regarding the persistence of such epigenetic changes 
through generations, long ago, Weismann (1893) stated that 
external influences may produce hereditary variations when 
they are capable of modifying the determinants of the germ 
plasmo Nevertheless, this could be only one of the ways 
through which environmental factors induce transgenerational 
epigenetic changes. We recognize two ways for this to occur: 
one is by dramatically modifying DNA aspects in the germ line 
with transgenerational consequences, that is by means of pro 
ducing rnutations or transgenerationally persistent epigenetic 
modifications in the genome, and the other is through inducing 
ontogenetical variation at every generation, although not pro 
dueing inheritance through the germ line. From our perspec 
tive, inductive environmental forces can act to create, through 
one or both of these forms, new conformation of organisms, 
which also implíes new possíbílities within its surrounding 
environment. Jablonka and Lamb (1995) have named the 
range of the possible responses of individuals to new environ 
mental challenges as the "reaction range" of individuals. 

Based on his experiments in Drosophila, Waddington pro 
po sed two new concepts related to the capacity of environ 
mental infíuences to induce the appearance of new characters 
in organisms and their maintenance over generations. First, in 
the face of disturbing and external stressing infiuences, there 
are counteracting tendencies in development toward normal 
adult conditions (i.e., canalization; Waddington 1959). Sec 
ond, whereas these counteracting tendencies exist, if a stress 
ing stimulus is capable of developmentally modifying a strain 
of organisms, the derived population may evolve exhibiting 
the modification even in the absence of the stress (Wadding 
ton 1952). He termed this process "genetic assirnilation." 

An irnportant faet to notice is that, through these concepts, 
Waddington distinguished particular environmental stirnuli 
capable of inducing epigenetic changes, which are the "stress 
ing" ones. McClintock (1984) also stated that a particular 
kind of stimuli producing stress lead to a genome's reaetion to 
it, whose response may underlie formation of new species. 
Furtherrnore, she stated that genome produces programmed 
responses, although it is necessary to subject the genome 
repeatedly to the same challenge in order to observe the na 
ture of the induced changes. 

At present, it is widely known that DNA methylation is 
one of the epigenetic and hereditary aspects that regulate ge 
netic express ion in mammalian cells (Khosla et al. 200 1). 
Furtherrnore, DNA methylation is capable of being modified 
by the action of externally applied agents (Mac Phee 1998). 
Not all, but particular cornpounds found in nature could act 
as such agents. Moreover, they could be capable of affecting 
the evolution of organisms, inducing profound changes in 
individual s and populations, perhaps with transgenerational 
consequences. We hypothesize that, whereas certain condi 
tions are required for this process to occur, it is a feasible 
phenomenon. The task is to identify the conditions constrain 
ing such a process. 

Experimental evidenees concerning alterations of methyl 
ation patterns, at least in mamma1s, are generally restricted 
to studies of the effects of synthetic compounds or dietary 
restrictions of food items containing the methyl group (see 
Laird and Jaenish 1996; Singal and Ginder 1999). Although 
this is very important for understanding the mechanisms of 
DNA methylation, from an evolutionary perspective, it is of 
greater relevance to find compounds that are naturally in 
eontaet with organisms; for example, those available for di 
etary consumption, which, in addition, could produce alter 
ations in patterns of DNA methylatíon in organisms. 

In this article, focusing exclusively on the phenomenon of 
how evolutionary novelties originate, we describe how in 
mamrnals, eertain natural agents could induce alterations 
in particular mechanisms of regulation of gene expression in 
individuals, such as methylation patterns, and the further 
arising of new, specific phenotypes in subsequent generations, 
leading to evolutionary change. Nevertheless, we hypothesize 
that this process would require (i) certain key periods in the 
ontogeny of the organism where the environmental stimuli 
could produce effects, (ii) particular environmental agents 
as such stimuli, moreover, acting persistently, and (iii) that 
a persistent genomic change be consequently produeed in a 
population. 

The first requirement emerges beeause not all cornpounds 
are capable of producing an effect on mothers that will have 
consequences on the fetus; the second emerges frorn the faet 
that an organism is not equally sensitive to outer stimuli 
throughout ontogeny; and the third because transgenerational 
persistency of characters is ensured when it reaches the gen 
ornie level. Eaeh of the three requirements presented will be 
more extensively treated later in the texto 

DNA METHYLATION: EPIGENETIC IMPRINTING 
ON THE GENOME 

Experimentation on the problem of how evolutionary nov 
elties arise and the consequences 011 the genetic system 
of exposition to an environmental stimulus have been the 
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focus of epigenetic studies in a variety of organisrns, includ 
ing Drosophila (Rutherford and Lindquist 1998), bacteria 
(Cairns et al. 1988), and yeast (Steele and Jinks-Robertson 
1992). 

Several types of epigenetic inheritance have been described 
to date. Jablonka and Lamb (1995) have proposed three sys 
tems of epigenetic inheritance: (i) steady-state systems, such as 
Wright's (1945) persistence of alternative cellular states as a 
result of changes in nuclear genes or in cytoplasmic constit 
uents of the cell, (ii) structural inheritance systems, such as the 
maintenance through generations of the ciliary patterns in 
protozoa, albeit of the gene tic constitution of the cells in 
volved (Nanney 1985), and (iii) chromatin-marking systems, or 
those related to the transmission of specific patterns of the 
chromatin structure (Holliday 1987; Jablonka et al. 1987). 
Specifically, the Iatter refers to non-DNA parts of the chro 
mosomes that are capable of binding proteins or additional 
chemical groups attached to DNA bases, which affect the 
nature and stability of gene expression, now commonly 
named genomic imprinting. DNA methylation describes a 
postreplicative modification, in which a methyl group is add 
ed to a DNA residue in a covalent manner (Laird and Jaenish 
1996); for this reason, it is a form of genomic imprinting. The 
DNA methylation reaction is enzymatical!y catalyzed by 
DNA methyltransferases (Dnmts) and takes place in 5' to 3' 
oriented CG dinucleotides, which are known as CpG sites, at 
the carbon 5 of the cytosine ring (Singa! and Ginder 1999). 
CpG islands are regions with a high frequency of CpG sites; 
these islands are often associated with genes, and are usually 
found in promoter zones (Gardiner-Garden and Frommer 
1987). CpG sites are not evenly distributed within the genome, 
and are preferentially unmethylated, regardless of the tran 
scriptional activity of the associated gene (Bird 1986). As 
other regions are normally methylated, patterns of genomic 
DNA methylation can be distinguished along the genome 
(Singal and Ginder 1999; Bestor 2000; Jones and Takai 2001). 
Nevertheless, there is controversial information regarding 
whether methylation patterns are established because of 
the enzymatic activity of one or more Dnmts (Bestor 2000; 
y okochi and Robertson 2002). 

There are at least three families of Dnmts described to 
date: Dnmtl, Dnmt2, and Dnmt3. However, there is no 
agreement regarding whether each one plays a specific, dif 
ferential role in the process of DNA methylation (Bestor 
2000). It has been speculated that Dnmt3A and Dnmt3B are 
responsible for the establishment of methylation patterns 
during early development, whereas Dnmtl is responsible for 
the further maintenance of such patterns. Experiments con 
ducted in vitro support this model, revealing that Dnmtl has 
a preference for hemimethylated DNA as a substrate (Yodcr 
et al. 1997), whereas Dnmt3A and Dnmt3B act as a de novo 
methyltranferase, preferring unmethylated DNA (Yokochi 
and Robertson 2002). 
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There are multiple isoforms of Dnmts, but al! are encoded 
by the same cytosine-Dnmt gene (Deng and Szyf 1998). 
Among these isoforms, Dnmtlo is a variant of Dnmtl that 
accumulates in oocyte nuclei during the follicular growth 
phase, and Dnmt3L is an isoform of Dnmt3a and Dnmt3b, 
but that lacks Dnmt enzymatic activity and interacts with 
Dnmt2a and Dnmt3b (Kierzenbaum 2002). Dnmt3L acts as a 
cofactor for de novo methylation of imprinted genes in the 
fernale gametes and for the establishment of methylation im 
prints in oocytes (Hata et al. 2002). 

It is worth noting that Dnmt 1 is localized principally in 
soma tic cell nuclei, but it is cytoplasmatic in the oocyte and in 
the preimplantation embryo (Bestor 2000). However, the var 
iant Dnmtlo has transient nuclear localization in the eight-cell 
stage, corresponding to the time when genomic imprints are 
established (Howell et al. 2001). On the other hand, Dnmt3L 
co-localizes with Dnmt3a and Dnmt3b in mammalian cell 
nuclei (Hata et al. 2002). 

Given the crucial role of the diverse Dnmts in the epige 
netic modification of DNA, it is of great interest to know 
whether there are environmental substances capable of mod 
ifying the intracellular levels of such enzymes or their patterns 
of gene expression. Nevertheless, no studies have reported this 
kind of interaction, which we suspect may have a role in 
relating environmental stimuli to DNA modification. How 
ever, the recent finding that individual Dnmts can be tracked, 
and that their binding to genomic DNA can be quantified in 
vivo in mammalian cells (Liu et al. 2003) can be enormously 
helpful for determining the link between environmental corn 
pounds and the process of DNA methylation. 

IMPRINTEO GENES: ONA METHYLATION ANO 
PERSISTENCE OF MARKS THROUGH 
GENERATIONS 

Roemer et al. (1997) were the first to show reappearance in 
the progeny of modified characters in parents. In their exper 
iments on rodents, the adult phenotype produced because of 
the fusion of pronuclei with eggs of difTerent genotypes was 
also observed in the offspring. Furthermore, such transgene 
rational persistence of the modified characters was related to 
altered methylation patterns that were, in turn, transmitted 
through male gametogenesis. However, not all genes are 
equally capable of passing on changes in patterns of methyl 
ation. There is a particular class of genes, crucial for under 
standing the mechanisms of epigenetic inheritance, that are 
known to have relatively unchanged methylation patterns 
over generations. These genes, named "imprinted genes", do 
not seern to be affected by overall alterations in methylation 
patterns that take place early in development (Constancia et 
al. 1998). Such genes carry a molecular memory of their pa 
rental origin that is acquired early in the germ line (Surani 
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2001). This molecular memory is associated with specific me 
thylation patterns in CpG islands of each allele, which con 
sequently affect further genic expression (Costello and Plass 
2001). 

Once the allelic differences in methylation of imprinted 
genes are defined (during the establishment of germina! Iine 
in the developing embryo), such differences generally remain 
stable in the somatic tissues (Constancia et al. 1998). The 
marking process of these genes appears to involve three stag 
es: (i) the establishment of marks in gametes; (ii) the perma 
nence of these marks during embryogenesis and in the adult 
soma tic tissues; and (iii) the erasure ofmarks in the early germ 
line (Razin and Cedar 1994). Conclusive information on the 
way in which methylation in imprinted genes is initiated from 
an unmethylated state during gametogenesis is still elusive 
(Ferguson-Srnith and Surani 2001). However, recent investi 
gations indicate that primordial germ cells are substantially 
methylated (which corresponds to the same pattern in soma tic 
cells) before they colonize gonads and become demethylated 
around the time of entry into the gonads (Hajkova 2002). An 
incornplete deletion of marks during gametogenesis would 
explain the inheritance ofthe parental epigcnotype (Reik et al. 
2001). 

CHANGING ONA METHYLATION ANO ITS 
IMPLlCATIONS 

Imprinted genes may be susceptible to undergoing changes in 
methylation patterns during preimplantational development 
(Khosla et al. 200 1). As imprinted genes tend to conserve 
methylation patterns from one generation to the next, chang 
ing methylation patterns in these genes could lead to the ap 
pearance of the derived alterations in the future generations. 
Therefore, if external agents are capable of inducing partic 
ular changes in methylation patterns in these genes, such 
changes couId ftourish transgenerationally. Moreover, this 
could take place in the absence of the stimuli that initially 
changed its methylation pattern, generating a process that 
would be a kind of Waddington's "genetic assimilation" but 
in imprinted genes, 

Changes ofmethylation patterns in certain imprinted genes 
can generate associated specific phenotypes (see Morison et 
al. 2001 for examples). Particularly interesting, from our per 
spective, is the Beckwith-Wiedemann syndrome. Researchers 
suspect that this syndrome is related to the loss of imprinting 
in Igl2, and is characterized by sornatic overgrowth, macro 
glossia, abdominal wall defects, visceromegaly, and an in 
creascd susceptibility to childhood tumors (Caspary et al. 
1999). Therefore, in this case, a change in methylation pat 
terns in a single gene can lead to phenotypic changes in several 
characters, 

However, even if no one imprinted gene is affected when 
altered by an environmental signal, environmentally induced 
changes in methylation patterns could also become persistent 
if such changes, and the environmental conditions allowing 
the establishment of such changes, are both conserved 
throughout generations. This could occur whenever there is 
a concordance, an association between the environrnental 
stimuli, the established DNA methylation patterns, and the 
resulting phenotype of an organismo For instance, if some 
natural agent can induce the loss of methylation in genes and 
produce phenotypic alterations (e.g., those modiñcations 
emerging from the loss of methylation in Igf2), a standard 
phenotypic pattern will arise every time the specific environ 
mental stimuli lead to the establishment of particular patterns 
of methylation. Still, it is important to consider that this could 
be a broader phenomenon, and environmentally induced 
changes in methylation patterns could affeet several other 
imprinted genes as wel!. As a result, an environmental stim 
ulus would bias the phenotypic change toward certain types 
of phenotypes. 

Nevertheless, the consequences of altering DNA methyl 
ation toward specific persistent patterns could imply mutation 
in those specific segments of the genome. For instanee, it 
is known that a methylated cytosine is half-way to the 
substitution of a cytosine for a thymidine. The completion of 
conversion requires only a hydrolytic deamination reaction 
(Singal and Ginder 1999). Therefore, if some methylated sites 
are frequently methylated over several generations, it is pos 
sible that an eventual base change from cytosine to thymidine 
will occur more frequently than any other substitution. In 
fact, CpG sites are hotspots for transitions from cytosine to 
thymidine, generated by a spontaneous deamination of 5-me 
thyl cytosine to thymidine (Coulondre et al. 1978). The result 
would be, as mentioned by West-Eberhard (2003), that 
"evolved sensitivity to environmental infiuence during gene 
expression could infiuence susceptibility to certain kinds of 
structural change during evolution." 

EARLY DEVELOPMENT: A KEY STAGE OURING 
ONTOGENY 

The first condition for our statement on environmentally in 
duced evolution is that the process must occur early in on 
togeny, before or during the establishment of the germ line in 
metazoa. This is important for two main reasons: first, be 
cause eventual reprogramming of methylation pattems in the 
germ line can be transrnitted to the progeny (Surani 2001), 
and second, because during development, there is an en 
hanced susceptibility of the organism to the action of outer 
compounds, with greater consequences in the adult than when 
the same stimulus occurs later in ontogeny (Arnzallag 2000). 
With regard to the latter statement, Gould and Lewontin 
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(1979) have emphasized that during the early ontogenetic 
stages of complex organisms, "differentiation of organ sys 
tems and their integration into a functioning body is such a 
delicate process so easily derailed by early errors, with accu 
mulating effects." 

The morphogenic process of an organism is basically the 
product of a three-way interaction between the environment, 
gene tic factors, and those characteristics that emerge from 
a self-organized dimension created by development itself 
(Amzallag 2000). The establishment 01' rnethylation patterns 
during early development (as well as other processes in 
morphogenesis) also depends on the immediate environment 
experienced by the embryo. These methylation patterns will 
guide the forma tío n of particular cel! types by controlling 
gene expression (Holliday 1998). therefore biasing further 
morphogenesis. 

In mammals, patterns of methylation are established for 
the entire genome at least three times during development. 
The periods in which reprogramming of methylation patterns 
takes place are: (i) before the implantation of the ernbryo, (ii) 
during the development of the germ line (Reik et al. 2001). 
and (iii) during the period beginning soon after blastocyst 
implantation (Constancia et al. 1998) until gastrulation (Mac 
Phee 1998). Before blastocyst implantation, a great part of the 
DNA is demethylated (Dean et al. 1998); thus, the DNA of 
blastocysts hardly shows methylation (Mac Phee 1998). 
Between blastocyst implantation and gastrulation, there is a 
wave of de novo methylations that restore the overall me 
thylation patterns, which is retained in the soma tic cells of 
animal for the rest of its life (Mac Phee 1998). In the germ 
line, reprogramrning takes place by overall demethylations 
and methylations of the genome (Constancia et al. 1998). In 
mice, primordial germ cells undergo an overall demethylation 
process in early development until day 13 or 14 (Reik et al. 
2001). Later, during gametogenesis, there is a de novo me 
thylation event until the previously observed high Ievels of 
methylation in the zygote (Mac Phee 1998), oocyte, and 
sperm geno mes (Reik et al. 2001) are reached. It is likely that 
both demethylations taking place during the first stages of 
postzygotic cleavage, and methylations occurring after im 
plantation, are important in removing acquired epigenetic 
modifications, especially those acquired during gametogenesis 
(Reik et al. 2001). 

ROLE OF REPRODUCTION IN TRANSMITTING 
ENVIRONMENTALLY INDUCED ALTERATIONS IN 
METHVLATION PATTERNS 

Reproduction involves the conservation in the progeny not 
only of the structure required to carry out the self-conserved 
organization represented by the organism but also the pres 
ervation of the structural characteristics of the environment 
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that allow such organization to take place (Maturana 
Romesín and Mpodozis 2000). An experimental approach 
to such a statement comes from Clark and Galef (1995), who 
proposed that daughters tend to resemble their mothers not 
only beca use both share a relatively large proportion of their 
genes but also because they tend to have similar histories of 
fetal exposure to steroids. 

Applying this view to DNA rnethylation, reproduction 
plays a key role in passing on those changes in patterns of 
methylation that could eventualty arise during early srages of 
the ontogeny. Reproduction, in addition to conserving the 
pattern of DNA methylation of an organism's genome 
throughout generations in a lineage, will al so conserve the 
conditions allowing such patterns of methylation to be es 
tablished in every generation. Hence, for a mammal to be 
formed from a zygote, and for development to take place 
generating a phenotype similar to the paren tal phenotypic 
pattern, the process requires not only the genetic content that 
provides a zygote with the potential to become an adult but 
also a surrounding environment for the ernbryo, which en 
sures the occurrence of appropriate methylations, at key pe 
riods of time during the embryological process. 

Nevertheless, in mamrnals, despite the fact that the uterus 
acts as a buffer for either mechanical or chemical perturbat 
ions on the developing embryo, making the developmental 
process more isolated from environmental perturbations than 
in other taxa, the development is still susceptible to particular 
perturbations. Maternal effects such as variations in the 
hormonal status of a mother are capable of affecting the 
microenvironment in which the fe tus develops (Clark and 
Galef 1998) and, consequently, its later ontogenetic processes 
(Bernardo 1996). For exarnple, studies have shown that 
differential exposition to hormones can affect characters 01' 
the embryo. Clark et al. (1993) and Vandenbergh and Hug 
gett (1994) demonstrated that the intrauterine position of 
fernale rodents affects the sex ratio of their litters, which is 
beca use of differential prenatal exposure to steroidal hor 
rnones, which in turn depends on the gender of neighboring 
embryos. 

Besides, the hormonal state of the mammalian female can 
be strongly infiuenced by the environment through com 
pounds that are naturally found in her diet (Nagao et al 
2001). In this sense, it has been reported that feed toxicants, or 
dietary imbalances of specific nutrients, can alter the cornpo 
sition of oviductal and uterine secretions (McEvoy el al. 
2001). 

Thus, the establishment of methylation patterns in the 
embryo is a process that depends directly on the environment 
in which it takes place, that is the intrauterine environment. 
but also indirectly on the surrounding environmental signa 
ling, which, in some way, alters such an intrauterine environ 
ment. Accordingly, perturbing the intrauterine environment 
while early development takes place could bring about 
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consequences in the establishment of methylation patterns, 
with the corresponding phenotypic repercussions. 

ENVIRONMENTAL AGENTS PRODUCING 
MOTHER TO FETUS INDIRECT EPIGENETIC 
EFFECTS 

Our second condition is that only particular compounds in 
nature could act as environmental inputs for environmentally 
induced evolution to take place. The early embryo is exqui 
sitely sensitive to alterations in its environment (McEvoy et al. 
2001). Nevertheless, not every compound with which a mam 
malian motber has contact in nature is capable of altering the 
embryo environment, although some compounds could lead 
to alterations in mammalian hormonal features. Furthermore, 
we believe that some environmental compounds can, in ad 
dition to altering the hormonal status of a mammalian moth 
er, be in turn capable of affecting important processes during 
the early development, including the establishment of me 
thylation patterns in the embryo. Among those environmen 
tally available compounds capable of affecting the hormonal 
status of a mammalian mother, there are some of synthetic 
origin, or xenobiotics (Danzo 1998) and of natural origin, 
such as pbytoestrogens. The latter refers to secondary met 
abolites produced by plants (Croteau et al. 2000; Yu et al. 
2000) that produce estrogenic action at a variety of levels in 
animal s (Mcl.achlan 2001). Phytoestrogens are readily avail 
able in the environment for animal consumption and their 
physiological, hormonal, and nonhormonal effects in animals 
have been studied to some extent (Levy et al. 1995; Santell 
et al. 1997; Boettger-Tong et al. 1998; Milligan et al. 1998; 
Gallo et al. 1999). Some phytoestrogens such as genistein and 
daidzein belong to a c1ass of flavonoids, the so-called isoflav 
ones (Liggins et al. 2000). The consumption of isoflavones can 
elicit uterotrophic and mammatrophic effects in mice and on 
the hypothalamicjpituitary axis as well (Santell et al. 1997). In 
humans, it has been reported that the consumption of phyt 
oestrogens affects levels of the sex hormone-binding globulin. 
which regulates the bioavailability of steroidal sex hormones 
(Pino et al. 2000). 

Changing the hormonal status in mammals could have 
consequences beyond the physiologic leve!. Mcl.achlan (200 1) 
suggested that estrogens could playa role in programming or 
imprinting those genes involved in cell proliferation, difieren 
tiation, or survival, either directly or through related signaling 
pathways. He also proposed that an estrogenic chemical rnay 
directly imprint a gene through a process leading to persistent 
gene tic change, probably at the level of DNA methylation. In 
this sense, Barrett et al. (1981) suggested that diethylstilbestrol 
(DES), a powerful estrogenic synthetic compound, could 
transform cells by rnechanisms other than punctual muta 
tions, frameshift mutations, or small deletions. Currently, one 

could also interpret this cell transformation as alterations in 
methylation patterns. Some evidence for tbis phenomenon 
comes from studies in chicken liver, where estrogens appear to 
act in the regulation of expression of the vitellogenin 1 and Il, 
and VLDL rr genes, through changes in patterns of methyl 
ation of estrogen-responsive element sites (Edinger et al. 
1997). It has also been shown that neo natal exposure to DES 
and adult ovary hormones produces abnormalities in the de 
methylation of the lactoferrine promoter, which shows that 
either hormonal xenobiotics or natural hormones are capable 
of triggering impairments during the development of organs 
(Li et al. 1997). 

It has been reported that environmental estrogens can al so 
produce direct effects on DNA methylation patterns. For ex 
ample, administration of the phytoestrogens cumestrol and 
equal to newborn mice can enhance methylation and produce 
inactivation in the proto-oncogene H'-ras (Lyn-Cook et al. 
1995). In addition, Day et al. (2002) demonstrated that me 
thylation patterns can be altered in 8-week-old mice that 
consumed high quantities of genistein. 

With respect to hormonal effects early in development, 
Holliday (1998) was the first 10 envisage a possible link be 
tween hormone action and establishment of DNA methylat 
ion in mammalian embryos. He proposed that the effect of 
teratogens on a mother might disrupt the normal distribution 
of DNA methylation in a developing fetus, producing devel 
opmental abnormalities or defects that can appear in the 
subsequent generations. Newbold et al. (2000) reported that 
after administering DES to pregnant rats during early post 
implantational development and neonatality, a greater sus 
ceptibility for specific tumor formation in rete testis and 
reproductive tract tissues occurred in FI and appeared further 
in tbe non-DES exposed F2. These authors speculated that 
this transgenerational phenomenon could implicate epigenetic 
alterations that were transmitted through germ line, including 
changes in methylation patterns. Although this finding strong 
Iy suggests alteration and further transmission of a genomic 
change through germ line across more than one generation in 
response to an early exposition to an estrogenic compound, 
there is still missing evidence on the mechanism behind this 
process and whetber it implies changes in DNA methylation 
patterns. 

In the experiments of Newbold et al. (2000), the trans 
generational persistence of the enhanced susceptibility to 
tumor formation takes place when mothers are exposed to 
DES after embryo implantation; however, estrogens play an 
important role even before implantation occurs. The implan 
tation process involves cornplex interactions between the 
blastocyst and the uterus (Paria et al. 1993). Uterine preim 
plantational estro gen secretions are essential for activating the 
blastocyst of Mus musculus for furtber implantation, which 
is not possible if estrogen secretions are prevented by 
ovariectomization (Paria et al. 1998). Nevertheless, just as 
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estrogenic stimuli are needed for normal development, pre 
implantational exposure to synthetic estrogenic compounds 
can lead to phenotypic alterations. For instance, Takai et al. 
(2000) reported that in utero preimplantational exposure of 
rodent ernbryos to the synthetic estrogen bisphenol-A leads to 
an increased body mass of the animal s at weaning. Further 
more, Wu et al. (2004) have recently shown that in vitro early 
exposure to the environmental contaminant 2,3,7.8-tetra 
chlorodibenzo-p-dioxin can indeed alter DNA methylation 
patterns in preimplantational embryos. Interestingly, those 
genes changed, H19 and IGF-2, were imprinted genes. 

Although it is not known whether compounds with est 
rogenic action (CEA) inside the uterus could act directly upon 
the developing embryo, or vía intermediaries, it is possible 
that the relationship between estrogenic stimuli and methyl 
ation in the preimplantational embryo is mediated by the ex 
pression of e-foso While on the one hand it is known that c-fos 
directly regulates the dnmtl transcription, increasing Dnmtl 
levels (Bakin and Curran 1999), on the other, the induction of 
c-fos is a response attributed to membrane-mediated estrogen 
actions (Das et al. 2000). Through this mechanism, which 
provides an alternative pathway to the c1assical estrogen re 
ceptors CJ. and B, CEA could trigger responses, as has been 
observed in pancreatic B cells (Nadal et al. 2000). In summary, 
the membrane-mediated estrogenic actions would first induce 
c-fos and then trigger the activation of the Dnmtl enzyme. 

Furthermore, in blastocysts, this indirect and membrane 
mediated relationship between estrogenic stimuli and c-fos 
activation could also occur. In preimplantational blastocysts, 
Paria et al. (1998) demonstrated that latent blastocysts can be 
activated if they are incubated in vitro with 4-0H-17B-estra 
diol, a catecholestrogen synthesized from 17B-estradiol in 
uterine luminal epithelia by the action of the hydrogen-z/hid 
roxilase-4 enzyme. This response to 4-0H-1713-estradiol could 
also occur via a pathway distinct from the classical nuclear 
estrogen receptors (Paria et al. 1998). In addition, Paria et a]. 
(1998) found that 4-0H-17f3-estradiol increases with the ep 
ithelial growth factor (EGF) receptor. Interestingly, other 
studies have demonstrated that an increase in the EGF re 
ceptor may also be related to activation of c-fos (Kamiya et al. 
1996). On the other hand, a direct induction of c-fos by est 
rogen has also been shown in different cell types (Allen et al. 
1997; Garcia et al. 2000), which occurs via an estro gen re 
ceptor element present in this gene (Hyder et al. 1992). Thus, 
estrogenic stimuli could induce c-fos, either directly, through 
a gene receptor, or indirectly through mernbrane-mediated 
reactions, 

Furthermore, phytoestrogens could also induce c-fos and 
consequently alter methylation patterns in cells, A study sup 
porting this view dernonstrated that the intake of genistein in 
ovariectomized female rodents induced the expression of the 
RNA messenger of c-fos in the uterus (Santell et al. 1997). 
Hence, we suspect that phytoestrogens can al so act on blasto- 
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cysts, which could occur through membrane-mediated estro 
gen actions, directly indu~ed by isoflavones in uterine 
secretions, or mediated by other compounds secreted in the 
uterine epithelia such as 4-0H-17I3-estradiol. The formation 
of this compound in uterine epithelia could be related to 
plasmatic isoflavone content, although no studies have at 
tempted to detect such compounds in uterine secretions, or 
showed that its high consumption can alter the production of 
cathecolestrogens in the uterine epithelia. 

Although there is strong evidence suggesting that the hor 
monal status of mammalian mothers can be an important 
feature related to the establishment of methylation patterns in 
early ernbryos, so far, there is no concluding evidence of this. 
We believe that an investigation on this subject should be 
performed in order to uncover the aspects behind an eventual 
epigenetic role of estrogenic compounds (both animal pro 
duced, plant produced, and synthetic) on developmental 
processes, in particular, on the establishment of methylation 
patterns in the early embryo. 

THE "GENOMIC CHANGE" REQUIREMENT FOR A 
PROCESS TO BE CONSIDERED EVOLUTIONARY 

The third requirement that we propose for the environmental 
and hormonal induction to become an evolutionary process is 
that genomic change should be achieved. Evolutionary 
change in the morphogenetic process must arise from chang 
es in patterns of regulation and interaction during ontogeny 
(see discussion by Atchley 1987). Such a connection gains 
special importance when considering that the patterns of reg 
ulation and interaction occurring at early stages in ontogeny 
could, even in mamrnals, be susceptible to environmental 
changes. 

Nevertheless, the question arising at this point goes beyond 
the relationship between the environmental stimuli and even 
tual epigenetic consequences on DNA methylation, The chal 
lenge is to know how an eventual change in DNA 
methylation patterns could become persistent and evolution 
ary. Besides, another question arises, regarding the definition 
of evolutionary change. Is persistence in the conditions al 
lowing the establishment of changed methylation patterns 
across Iineages a sufficient attribute for such changes to be 
considered as evolutionary, or do such changes need to reach 
the threshold of mutation at the genomic level? 

It is true that genomic mutational change en sures a great 
degree of persistence through generations. However , persist 
ence can al so be the result of two processes, as previously 
mentioned: (i) the environment could persistently trigger, 
generation after generation, a specific change in methylation 
patterns, or (ii) persistence could be present in intrinsic fea 
tures of the organisms as, for instance, the stable nature of 
the DNA. 
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Given the special feature of imprinted genes regarding 
possessing methylation patterns that are more stable across 
generations than other genes, persistence could be achieved 
through changing methylation patterns of imprinted genes. In 
this view, such changes in imprinted genes could have the same 
evolutionary value of mutations, given that there is an asso 
ciated character variation with the changes, and because of the 
persistence of these changes throughout generations. Thus, the 
definition of "evolutionary change" at this point becomes 
blurred. What is true is that persistence through generations 
could be achieved in alternative ways to genomic mutation. 
Nevertheless, speaking in terms of genomic mutation, this 
could be achieved when the persistent change in methylated 
cytosines bias to specific mutations, as previously mentioned. 

Regarding the frequency of eventual mutations derived 
from changes in methylation patterns, given that such 
changes can be environmentally induced, they cannot be con 
sidered to be at random. Therefore, we can expect that in these 
cases, the appearance of mutation will be in greater frequency 
than when mutation is considered to be at random, In fact, 
there is a 12-fold higher than normal mutation rate for the 
conversion of the methylated form of CpG to TpG and CpA, 
which reduces the occurrence of CpG to about 20% of its 
expected frequency in vertebrate genomes (Sved and Bird 1990). 

Despite the evidence suggesting that the environment, 
through the action of naturally consumed agents, can alter 
the developmental process to the point that the emerging 
alterations can be inherited as evolutionary change, conc1usive 
information is still elusive. Evidence in the direction of 
genomic change derived from alterations in methylation 
patterns is needed for our hypothesis to be plausible in the 
c1assic view of the meaning of evolutionary change. 

SPECULATIONS ON THE EVOLUTIONARY 
IMPLlCATIONS OF EARLY EXPOSURE TO 
ENVIRONMENTAL ESTROGENS 

Holliday (1998) proposed that teratogens could target mech 
anisms that control patterns of DNA methylation in partic 
ular regions of the genome of developing embryos, modifying 
methylation patterns of the same DNA sequence in somatic 
cells, leading to a developmental alteration, and subsequently 
producing changes in germ line cells. Moreover, if such 
altered methylation patterns are eventually transmitted lo a 
subsequent generation, the same type of defect might be seen 
(Holliday 1998). Phytoestrogens could act in the same man 
ner, but with the peculiarity that they are naturally available 
for consumption by many organisms, Phytoestrogens are 
present in high quantities in food items commonly included in 
the natural dietary composition of rodents, such as fruits, 
nuts, seeds (Liggins et al. 2000) and especially wheat, oats, 
and soy (Thigpen et al. 1999). 

In this sense, if a natural population of rodents is suddenly 
subjected to a high intake of phytoestrogens, it is feasible 
to hypothesize that such a high intake by pregnant rodents 
could infiuence the normal reproductive process, altering 
the mother's hormonal status, the intrauterine signaling, 
and, consequently, the establishment of DNA methylation 
patterns in embryos. The resulting phenotypes will be in ac 
cordance with the particular pattern of DNA methylation 
achieved as a consequence of the environmental stimuli, 
represented in this case by phytoestrogens. As a result, such 
changes in methylation patterns will persist in the population 
if the organisms are constantly subjected to this same 
environmental input and consequently, the achieved pheno 
types will also persist throughout generations. Nevertheless, it 
is important to point out that such a newly formed phenotype 
must not be considered to be associated with any adaptive 
goal; on the contrary, the new forms of organisms will fit 
within the environment they live, resulting from an environ 
mental input that leads to standardized phenotypes in 
concordance with the environmental stimuli that produced 
them. In the particular case of imprinted genes, changing 
methylation patterns on those genes could imply transgene 
rational persistence of epigenetic changes in the absence of 
the environmental input that initially produced them. 

Because the early stages of ontogeny play key roles in the 
establishment of phenotypic variation, it is important to 
determine how environmental signals (particularly CEA) are 
involved in the developmental process. Nevertheless, a com 
plete understanding of this involvement is difficult at this 
time. One of the complications is that the mechanisms 
through which estrogen and CEA bring about physiological 
actions are not yet c1early understood (Nilsson et al. 2001), 
Further studies on the effects of CEA on organisms, especially 
during early stages of ontogeny, are needed to provide new 
insights, and to help in the understanding ofthe impact ofthis 
c1ass of compounds on ecosystems in general (McLachlan 
2001), and, particularly, on the physiologically relevant evo 
lutionary processes that guide the formation of organisms and 
lineages. 
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ABSTRACT 

In mammals, variations m maternal hormonal status are capable of affecting the 

microenvironment where the fetus develops and its further ontogenetic process. Exogenous 

extrogens as phytoestrogens could alter the hormonal intrauterine environment, affecting 

early processes in the embryo responsible for adult life-history and morphologic characters. 

This paper investigate the effect of feeding adult mice with high amounts of dietary 

phytoestrogens (soy isoflavones) on morphometric aspects (size, weight and and ano 

genital distance) and life-history traits (sex ratio and female sexual maturation) in the 

offspring. Maternal treatment with dietary isoflavones i) advanced puberty in female 

offspring, ii) did not produce differences in sex ratio in litters, iii) generate male pups 

heavier when adults, and iv) did not produce effect on size or ano-genital distance in pups 

of any gender. The effects of environmental estro gens in mammals open intriguing 

questions on the role of these compounds when viewed from ecological or evo1utionary 

perspectives. 
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INTRODUCTION 

It has been described in several organisms (fishes: Lombardi, 1996; insects: Carriére, 1994; 

mammals: Ims, 1987) that the environment experienced by parents can influence the 

phenotype of the offspring and alter its life history characters. In addition to nutrients, 

parents can provide their offspring with factors such as pre-regulated genomes, defensive 

agents, symbionts, pathogens, hormones, enzymes and cultural leaming (Rossiter, 1996). 

The consequences of maternal effects might be seen at many levels of interaction between 

organisms, among them population dynamics, life history and evolution of characters 

(Rossiter, 1996; Bernardo, 1996). 

In marnmals, some maternal effects, such as the consequences of variations in hormonal 

status, are capable of affecting the microenvironment where the fetus develops (Clark & 

Galef, 1998) and consequently, its further ontogenetic process (Bernardo, 1996). For 

example, prenatal exposure to high levels of testosterone induces variation in life history 

characters such as age at puberty, period of fertility and sex proportion in litters (Clark & 

Galef, 1995). In parallel, variations in life history characters can have populational 

consequences, through changes in growth rate or fitness (Futuyma, 1998). 

Acting early during development, exogenous estrogenic compounds may have a role 

producing epigenetic modification during key stages of the ontogeny in mammals 

(Guerrero-Bosagna et al. 2005) which may alter characters related to life-history traits. 

Timing of sexual maturation is one of those traits. Howdeshell et al. (1999) showed that 

prenatal treatment with the synthetic estrogen bisphenol-A significantly reduces the number 

of days between vaginal opening and first vaginal estrous. Morphological alterations can 
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also be produced in adults due to exposure to estrogenic compounds earIy during ontogeny. 

Takai et al. (2001) have shown that blastocysts exposed to the synthetic estrogen 

Bisphenol-A produce adult mice that are heavier at weaning than controls, despite having 

similar weight at birth. Natural estrogenic compounds, such as genistein, have also been 

studied, but apparently produce the opposite effect on body mass. For example, Nagao et al. 

(200 l) reported that rodents fed with the phytoestrogen genistein between 1 and 5 days 

post-natal (dpn) give birth to pups with lower post-puberty body weights, as compared with 

controls. 

Sex ratio has been reported to be influenced by environmental cues in both invertebrates 

and non-mammalian vertebrates (Dyson and Hurst, 2004; Crews, 2003). Exogenous 

estrogens play an important role in sex determination and together with incubation 

temperature they may synergetically induce ovarian differentiation in the red-eared slider 

turtle (Crews, 2003). Nevertheless, also mammals can be subjected to environmental 

influences in the mechanisms of sex determination. In a recent review, Rosenfeld and 

Roberts (2004) presented several examples of sex ratio changes in response to nutritional or 

other environmental factors. They also proposed two main mechanisms implicated in 

skewing sex ratio: (i) those operating prior to conception and (ii) those favoring one sex 

over the other after fertilization. 

Hormones seem to be very important in biasing sex proportion in mammals. Studies by 

Clark et al. (1991) reported in Mongolian gerbils (Meriones unguiculatus) that fernale 

fetuses in utero neighbored by two males are exposed to higher levels of testosterone than 

those in utero between two female fetuses. In addition, such differences in the early 
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exposition to hormones lead to differences in the sex proportion of the offspring. Clark et 

al. (1993) reported a greater proportion of males in litters born to females surrounded by 

two males when they were fetuses, than in litters born to females surrounded by two 

females when fetuses. 

The hormonal state of a mammalian female can be strongly influenced by the environment 

through compounds that are naturally found in her diet (Nagao et al., 2001) and al so by 

xenobiotics (Danzo, 1998). It has been reported that feed toxicants and dietary imbalances 

of specific nutrients can alter the composition of oviductal and uterine secretions (Me Evoy 

et al., 2001). For example, Guay et al (2002) showed in pigs that supplementation of folic 

acid in maternal diet reduced the homocysteine content in uterine flush by approximately 

30% during early pregnancy (preimplantation blastocyst stage). Since maternal marnmalian 

consumption of phytoestrogens could alter the hormonal intrauterine environment where 

foetus develops (Guerrero-Bosagna et al., 2005), they may al so epigenetically alter in the 

embryo early processes responsible for adult characters, such as life history and 

morphologic characters. 

In the present paper, we investigated the effect of feeding adult mice with high amounts of 

dietary phytoestrogens on morphometric and life-history characters in the offspring. 

Morphometric aspects evaluated in the offspring were size, weight and ano-genital 

distance, while life-history characters studied were sex ratio in litters and female sexual 

maturation. 
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MATERIAL AND METHODS 

Adult mice (Mus musculus) of C3H strain from a lab stock population, reared for several 

generations, were initially raised in individual plastic cages with a standard laboratory 

chow diet for rodents (Champíon'" S.A., Santiago, Chile), the control diet, and water ad 

libitum. Then mice were randomly assigned in male/female couples to one of foIlowing 

experimental treatments: mice were fed with i) control diet or ii) control diet plus a 

commercial concentrate of soy isoflavones (Soy Life®, Netherlands B. V.) added at 2% 

(w/w) , diet named as ISF. In order to the ensure high levels of plasmatic isoflavones in 

mice feeding ISF diet, treatment with the ISF diet was initiated two weeks before placing 

the male and female couples in the same cage. The proportion of the soy isoflavones 

concentrate in diet was chosen considering a previous study of Gallo et al. (1999), which 

demonstrated that post weaning long-term consumption of meals with as high as 2.4% soy 

extract produces significant agonistic effects in a variety of estrogen-dependent tissues and 

reproductive parameters in female rats and also advances the age of vaginal opening. In 

both experimental treatments, animal s were fed ad libitum and maintained at a light cycle 

of 12: 12 at 22 ± 2°C. In order to avoid maternal cannibalism, pups were not handled until 

the age of 7 dpn when gender was identified. The time of the onset of vaginal opening, 

expressed as days after birth, was used to measure sexual maturation in females. All female 

pups were examined daily after the age of 20 dpn to check the occurrence of vaginal 

opening. Morphometric parameters such as weight, size and ano-genital distance were 

measured in all pups at 7, 14,21 and 42 dpn. Two tailed Student t test were used for all the 

comparisons performed in this study. Differences were considered to be significant at 

P<O.OS. All protocols used in the present study were approved by the Institutional Animal 
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Care and Use Committee at INTA (Instituto de Nutrición y Tecnología de los Alimentos), 

Universidad de Chile. 

RESULTS 

No difference was found in sex ratio or litter size between the control and ISF groups. 

Average sex ratio of males found in litters bom to parents treated with the ISF diet was 49, 

4 % ± 5.8 (n = 12) and in litters bom to parents fed on control diet was 53,2 % ± 4.6 (n == 

13) (values expressed as means of % of males per litter ± SE; P=0.63). Litter size values 

were 8.5 ± 0.58 (n= 13) for control group and 8.1 ± 0.69 (n= 12) for the ISF group (values 

expressed as means oflitter size ± SE; P= 0.68). 

Sexual maturation was advanced by approximately 6 days in female pups bom to ISF-fed 

mothers, with vagina1 opening occurring at 25.7 dpn ± 0.48 (n= 32) as compared to 31.6 

dpn ± 0.75 (n= 39) in the control group (values expressed as means of day of vaginal 

opening ± SE; Fig. la and lb; P<0.001). Not surprisingly, weight, size and ano-genital 

distance in females at the day of vaginal opening were al so reduced in the ISF feeding 

group. Weight changed from 17.9 g ± 0.11 (n= 39) to 12.6 g ± 0.09 (n= 32), size from 8.1 

cm ± 0.08 (n= 39) to 7.2 cm ± 0.14 (n= 32), and ano-genital distance from 6.6 mm ± 0.45 

(n= 39) to 5.8 mm ± 0.54 (n= 27) (all values are expressed as means ± SE; P<O.OOI for all 

the comparisons). Such decreases are certainly associated with the reduced age at which 

fema1es mature. 
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Fig 1 - Timing of female mice sexual maturation expressed as (a) distribution of occurrence of 

vaginal opening along days after birth and as (b) means of days of occurrence of vagina! opening 

after birth ± SE ± !,96*SE. Differences were tested with Student t test and considered to be 

significant atp<O.05. 



Male pups bom to mothers in the control group were heavier than those bom to mothers in 

the ISF group at the age of 42 dpn (Table 1); nevertheless, no difference in weight for 

females was observed between the two groups (Table 2). Furthermore, there were no 

differences in weight among mal e and female pups within the ISF group at the age of 42 

dpn (P=O.30), but within the control group, males were heavier than females (Fig. 2; 

P<O.OOl). No differences were detected among the experimental groups in size or ano 

genital distance for either males (Table 1) or females (Table 2). 



Table 1: Morphometric parameters in male pups measured at days 7, 14, 21 and 42 after birth. Values are expressed as means of the average 

male values per Htter ± SE. Differences among groups (*) were tested with S!udent t test and considered to be significan! at P<0.05. 

day 7 dpn day 14 dpn day 21 dpn day 42 dpn 

Mean SE n Mean SE n Mean SE n Mean SE n 
Average Pup Weight ISF 4.22 0.25 9 6.34 0.44 9 9.29 0.67 9 23.85 0.96 9 
per Litter (g) Control 4.45 0.28 12 6.72 0.26 12 9.55 0.57 12 26.18 0.56 12 

P values 0.5094 0.5122 0.7691 0,039* 

Mean SE n Mean SE n Mean SE n Mean SE n 
Average Pup Size ISF 4.61 0.1 9 5.69 0.15 9 6.41 0.18 9 8.96 0.19 9 
per Litter (cm) Control 4.74 0.07 12 5.84 0.11 12 6.74 0.15 12 9.34 0.12 12 

P values 0.3036 0.4217 0.1727 0.0885 

Mean SE n Mean SE n Mean SE n Mean SE n 
Average Pup Ano-Genital ISF 4.05 0.15 9 6.09 0.16 9 8.91 0.4 9 16.7 0.43 9 
Distance per Litter (m m) Control 4.31 0.14 12 6.35 0.24 12 9.41 0.44 12 16.94 0.38 12 

P values 0.2276 0.1997 0.4281 0.7018 



Table 2: Morphometric parameters in female pups measured at days 7, 14,21 and 42 after birth. Values are expressed as means of the average 

male values per litter ± SE. Differences among groups (*) were tested with Student t test and considered to be significant at P<O.05. 

day 7 dpn day 14 dpn day 21 dpn day42 dpn 

Mean SE n Mean SE n Mean SE n Mean SE n 
Average Pup Weight ISF 4.17 0.25 10 6.16 0.36 10 9.11 0.62 10 22.52 0.81 10 
per Litter (g) Control 4.46 0.2 12 6.83 0.25 12 9.2 0.47 12 22.72 0.32 12 

P vafues 0.3931 0.1148 0.907 0.8087 

Mean SE n Mean SE n Mean SE n Mean SE n 
Average Pup Size ISF 4.61 0.11 10 5.59 0.14 10 6.44 0.2 10 8.83 0.14 10 
per Litter (cm) Control 4.74 0.08 12 5.87 0.09 12 6.72 0.15 12 9.07 0.11 12 

P vafues 0.3306 0.0864 0.2637 0.1874 

Mean SE n Mean SE n Mean SE n Mean SE n 
Average Pup Ano-Genital ISF 2.41 0.14 10 3.94 0.15 10 4.9 0.12 10 7.06 0.09 10 
Distance per Litter (mm) Control 2.71 0.17 12 3.92 0.14 12 5.13 0.18 12 7.12 0.14 12 

P values 0.2029 0.9241 0.331 0.7342 
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DISCUSSION 

The present study evaluated aspects related to morphology and life-history traits in the 

offspring of an experimental population of mice subjected to a high dietary consumption of 

isoflavones. Regarding morphometric aspects, we found no effect of the parental treatment 

with dietary isoflavones on size or ano-genital distance in pups. Nevertheless, we found 

that mal e pups bom within the control group were heavier at the age of 42 dpn than those 

bom within the ISF group. This is concordant with experiments performed by Nagao et al. 

(2001) showing lower body weight in mice pups bom to mothers injected with the 

phytoestrogen genistein. Neverthe1ess, our results show the opposed effects of those 

reported by Takai et al. (2000), in which culturing blastocytes in presence of the synthetic 

estrogen Bisphenol-A resulted in heavier pups at weaning when compared with controls. 

This cou1d be due to the source of the estro gen (natural or synthetic) employed in these 

studies. It is likely that environmental estrogens, such as genistein, would produce effect 

others than those produced with synthetic estrogens, such as Bisphenol-A. 

The mechanism behind these weight differences could have either an epigenetic or a 

physiological base, given that after birth, pups were fed on the same diet as parents. 

Interestingly, in the present study the same effect was not observed in fema1es. Therefore, if 

the mechanism behind such weight difference is epigenetic, imprinted genes could be 

involved, given their particularity of being differentially methylated in both alleles 

(Constancia et al., 1998). 

Nevertheless, other evidence suggests that the mechanism behind this sex specific effect in 

weight could be merely physiological and related with testosterone levels, as it is well 
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known that body mass is strongly influenced by testosterone in males. While some studies 

in human granulose-luteal cell cultures have shown that phytoestrogens inhibit aromatase 

activity, leading to a reduced conversion from androgens to estrogens (Whitehead and 

Lacey, 2003; Lacey et al., 2005), other authors show that dietary phytoestrogens could 

partially prevent the disruption in the spermatogenesis seen in aromatase knocked out 

(ArKO) male mice (Robertson et al., 2002). 

Although both findings may seem contradictory, phytoestrogens could be acting at both 

levels, in one hand inhibiting aromatase activity and, in parallel, mimicking the estrogen in 

some tissues. The fact that the effects of dietary phytoestrogens are independent of changes 

to the pituitary-gonadal axis (Robertson et al., 2002) supports this idea. In addition, the 

above mentioned incongruence could be related with the type of phytoestrogen employed in 

each study. Recently, Edmunds et al. (2005) reported that genistein but not other 

phytoestrogens stimulated aromatase activity in endometrial stromal cells. Further 

investigation should be done in order to elucidate if these male related response of weight 

to phytoestrogens are dependent on testosterone production. 

It has been hypothesizes that phytoestrogenic influences could take place either directly, 

through the presence of isoflavones in uterine secretíons, or indirectly, mediated by other 

compounds secreted in the uterine epithelia such as 4-0H-170-estradiol, but that would be 

responding to circulating levels of isoflavones (Guerrero-Bosagna et al., 2005). Clark & 

Galef (1995) proposed that early exposure to differentiallevels of testosterone induces sex 

ratio alterations in litters. Based on that tendency, we suspected that feeding female mice 
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with high amounts of phytoestrogens could alter the uterine microenvironment where the 

embryo develops and, in consequence, this could have effects on the sex ratio of the 

offspring. Nevertheless, we did not find significant differences in the percent of males in 

litters among controls and ISF treated, showing that eventual effects of phytoestrogens do 

not interfere with the mechanisms of sex determination. 

Regarding life-history traits, we found that the maternal treatment with dietary isoflavones 

advanced puberty in female offspring. This could al so be the product of either an epigenetic 

or a purely physiological phenomenon. It is interesting to note that, in the experiments of 

Gallo et al (1999), age at vaginal opening was significantly reduced when animals were 

feeding a 2.4% isoflavone me al after weaning, but not when feeding reduced amounts of 

isoflavones. This suggests that the effect of advancement in sexual maturation is 

physiological and strongly dependent on the amount of isoflavones in the diet. 

Nevertheless, we can not discard that an epigenetic effect triggered during prenatal stages 

of ontogeny is also playing a role in producing an earlier sexual maturation. Further studies 

should be performed in order to clarify whether these advancements in sexual maturation 

are only physiological, perhaps triggered when the stimulus is produced after birth and 

before weaning, or whether they are in fact epigenetically based. 

In spite of the mechanism involved in producing advancement of female sexual maturation, 

important consequences on population structure and/or evolutionary process can emerge 

from that shift. Compared to other life histories traits, changes in the timing of sexual 

maturation impact strongly on fitness, across a variety of types of life histories (Stearns, 

1992). For example, organisms that mature earlier have a high probability of surviving to 
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maturity (Bell, 1980). Advanced age of maturity will produce shorter generations, and 

higher survivor to maturity due to a shorter juvenile period (Stearns, 1992). 

The populational effects of earlier sexual maturation have been extensively treated in fishes 

but not in mammals. Recent evidence in fish shows that evolutionary changes in the 

maturation reaction norm have strong repercussions for the mean size and the density of 

harvested individuals, which results, in most of cases, in reduction of biomass (Emande et 

al., 2004). Body size is another feature that is influenced by the timing of maturation. Aday 

et al. (2006) showed in the bluegill (Lepomis macrochirus) that body size is influenced by 

both resource availability and the processes controlling timing of maturation, acting in sex 

specific ways. Our results in mice, however, show that adult body weight and size in 

females were not affected by maternal consumption of phytoestrogens, in spite of the 

marked variations in the age of vaginal opening. Timing of maturation is usually though to 

evolve as a consequence of selective pressures, which implies restrictive environmental 

forces acting on organisms. Nevertheless, this paper emphasizes how environment, rather 

than restricting the ontogeny of organisms, can act inducing changes in life history traits, 

which may also lead to ecological and evolutionary changes. 

Steroid-mediated maternal effects in viviparous organisms could have long-lasting 

consequences on those life history aspects related to fitness of the offspríng in vertebrates 

in general and be an important evolutionary factor (Uller et al., 2004). Environmental 

estrogens should not be placed apart when speaking of steroid mediated maternal effects. 

The increasing knowledge on the mechanisms of actions of environmental estrogens and 

their physiological repercussions in mammals open intriguing questions on the role of these 
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compounds when viewed from ecological or evolutionary perspectives, something that very 

few studies have explored to date. 
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ABSTRACT 

Many faetors and enzymes appear to act together with DNA methyltransferases in the 

process of DNA methylation. Prenatal period is a crucial stage for the establishment of 

methylation patterns. Exposure to some ehemicals through maternal dietary eonsumption, 

sueh as phytoetrogens, could affeet the process of DNA methylation resetting in 

mammalian embryos. In this paper we analysed in miee the eonsequenees of a maternal 

eonsumption a diet (ISF diet) with high doses of phytoestrogens (2% of a soy-isoflavones 

extraet) on methylation profiles in the offspring. We analysed the promoter regions of 3 

genes to check for effeets on tissue specifie gene methylation (skeletal o-Actin and ERa in 

liver and panereas) and on global methylation changes (UNE elements). Maternal ISF diet 

eonsumption inereases offspring levels of methylation in two CpG sites in females and one 

CpG site in males for cc-Actin in liver, and in one CpG sites for Era in liver. No ehange 

was deteeted for UNE elements in blastoeysts. Tissue specific differenees in methylation 

profiles were al so deteeted in the present study. For o-Actin, panereas shows a different 

methylation profile as liver, heart, skeletal muscle and kidney. For ERa, we found absenee 

of methylation in panereas, eontrasting with the methylation profile seen in liver. Also 

interesting is the findíng of reduced base change in two CpG sites in UNE elements in 

blastocysts in response to the maternal treatment with ISF diet. Maternal eonsumption of 

compounds as phytoestrogens may influence and bias the proeess of establishment of 

methylation patterns in mammalian embryos. 



INTRODUCTION 

DNA methylation is one of the epigenetic mechanisms regulating gene expression In 

mammals. Recent evidence, however, shows that DNA methylation is not acting alone in 

the process of epigenetic regulation and it is now clear that the mechanism behind 

establishment and maintenance of DNA methylation is complex. RNA factors, histone 

methylation and chromatin remodelling enzymes appear to act together with DNA 

methyltransferases for the establishment and maintenance of methylation patterns and for 

generating site specific methylation and tissue specific differences (Chen & Riggs, 2005). 

It is widely known that reprogramming of DNA methylation patterns takes place at least 

three times during development (reviewed in Chen & Riggs 2005, Guerrero-Bosagna et al. 

2005; Li 2002; Reik et al. 2001). Pre-implantation period is one of the key stages in the 

mammalian development. A general genome-wide demethylation process occurs in that 

period, beginning after the fecundation, and a further re-establishment of methylation takes 

place before implantation (Reik et al., 2001). Imprinting gene s may be particularly 

susceptible to methylation changes that occur during pre-implantation development (Khosla 

et al., 2001), contrasting with non-imprinted genes, that acquire their methy1ation patterns 

after implantation (Kafri et al., 1992; Monk et al., 1987). Regardless of the specific time 

during early development, before or after implantation, the prenatal period is a crucial stage 

for the establishment of methylation patterns and exposure to some chemical compounds 

through maternal dietary consumption could have consequences on the process of DNA 

methylation resetting in mammalian embryos (Guerrero-Bosagna et al., 2005). 

Recent papers have shown that early exposure to some chemical compounds can alter 

methylation in specific genes. Anway at al. (2005) showed that exposing a gestating rat 



mother to the endocrine disruptor vinclozine produced altered methylation patterns in 25 

different PCR products after a methylation-sensitive restriction enzyme digestion analysis. 

Among those PCR products, two fragments were identified in the study: one corresponding 

to a region of the lysophospholipase gene and other corresponding to a region codifying for 

the cytokine-inducible SH2 protein. Waalkes el al. (2004) showed that maternal exposure 

to arsenic alters methylation in the promoter region of the Estrogen Receptor alpha gene 

(ERa) in the offspring. Wu el al. (2004) demonstrated that pre-implantation embryos 

exposed to the environmental contaminant 2,3,7,8- Tetrachlorodibenzo-p-dioxin tended to 

have decreased expression levels of the imprinted genes H19 and Igf2, which correlated 

with increased methylation in the 430-base pair H19/Igf2 imprint control region. It has also 

been shown that a normally methylated CpG site in the promoter of the lactoferrine gene is 

unmethylated in developmentally estrogenised mice (Li et al. 1997). 

Phytoestrogens could also contribute to changes in the DNA methylation pattems triggered 

during early stages of development. Two studies have shown that treating mice with 

phytoestrogens can alter methylation pattems, however in both cases treatment with 

phytoestrogens is started after birth. Lyn -Cook el al. (1995) showed that treating neo-natal 

mice with injections of the phytoestrogens Cumestrol and Equol, between days 1-10 post 

natal, triggers a hypermethylation of H-Ras in the pancreas. Day et al. (2002) fed rnice with 

Genistein after 8 wk of age, and also reported changes in methylation patters in several 

CpG islands of specific genes. To the best of our knowledge, no work has shown that 

maternal treatment with dietary phytoestrogens could lead to changes in methylation 

patterns in the offspring. 
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In the present paper, we studied if treating mice mothers with a diet rich in isoflavones the , 

methylation patterns observed in two tissue specific genes, the skeletal u-Actin gene and in 

ERu gene, were altered in the liver or pancreas from the adult offspring. In addition, we 

evaluated if the maternal consumption of isoflavones also affected methylation patterns in 

the repeated UNE elements in blastocysts, to determine if global methylation may also be 

affected by the diet rich in phytoestrogens. We used bisulphite genomic sequencing to 

detect changes in methylation of individual CpG sites across the promoter regions of the 

gene s (Clark et al., 1994). 

MATERIAL AND METHODS 

Animals and Experimental Treatments 

Adult mice (Mus musculus) of a Balb/c strain from a lab stock population, reared for 

several generations, were initially maintained in individual plastic cages with standard 

laboratory chow diet for rodents (Champion'" S.A., Santiago, Chile) and water ad libitum. 

Then, females were randomly assigned to one of the experimental treatments. One 

treatment consisted of keeping these females rnice feeding on the same diet provided 

previously. In the other treatment, females were subjected to a diet elaborated with the 

control diet plus a commercial concentrate of isoflavones (Soy Life'", Netherlands B. V.) 

added at 2% (w/w), which was named ISF diet. One male were assigned to each female 

and pregnancy was detected by observation of the vaginal plug in the females. In order to 

ensure high levels of plasmatic isoflavones in the females belonging to the treatment with 

ISF diet, feeding was initiated two weeks before placing male and female in the same cage. 
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In both experimental treatments, animal s were fed ad libitum and maintained at a light 

cyc1e of 12: 12 at 22 ± 2 "C. Pregnant female mice were used either to obtain blastocysts 

and also adult pups, from where DNA samples were isolated from liver and pancreas. 

Animal Sacrlfices 

Females used to obtain blastocysts were sacrificed at the fourth day after detection of the 

vaginal plug. The offspring used to obtain DNA from pancreas and liver were sacrificed 

after the age of 42 days. All sacrifices were performed according procedures recommended 

by the 2000 Report of the American Veterinary Medicine Association (A VMA) Panel on 

Euthanasia (Beaver et al., 2001). Animals were introduced in a glass chamber with C02 and 

maintained until 1 minute after no vital signs were observed. Then, cervical dislocation was 

practiced to ensure the animal was killed. 

Collection of Blastocysts 

After sacrifice, pregnant females were dissected, uteri were extracted and both uterine 

homs were separated. Each one was flushed with M16 medium (Sigma'") and the elutant 

collected in small glass capsules. Identification of blastocytes was performed under 40X 

magnification. Using a glass transfer micro-pipette, embryos were placed in micro-drops of 

M16 medium under a layer of sterile mineral oíl (Sigma'i') inside polystyrene culture dishes 

(Nunclon™, Denmark). All blastocysts obtained from each female were pooled in a single 

micro-drop of medium. Capsules with blastocysts were maintained at _200 C until DNA 

isolation was performed. 
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lsolation of Nucleic Acids from Blastocysts and Adult Tissue 

DNA from embryos was isolated by the proteinase K method, described by Zuccotti and 

Monk (1997); 72 , . il of a solution containing 280 ug/ml proteinase K, 1mM SDS and 

111pg/ml tRNA from E. co1i (Sigma'") were added to the micro-drops containing the 

pooled blastocysts, under the mineral oil. Then, capsules were placed over a thermal plate 

at 37° C for 90 minutes. Micro-drops containing DNA were transferred to 600 ¡.Ll tubes and 

covered with mineral oil. Tubes were ineubated at 98° C for 15 minutes. For liver and 

pancreas from adult mice, DNA was extracted with Wizard" DNA Extraetion Kit 

(Promega), following product direetions. All DNA samples were stored at -200 C until 

analysis of DNA methylation through Bisulphite Sequencing was performed. 

Bisulphite Treatment of DNA 

DNA bisuphite treatment was essentially carried out as previously described by Clark el al. 

(1994) and Clark and Frommer (1997), with modifications described in Wamecke el al. 

(2002). For blastocysts DNA, bisulphite incubation was reduced to 4 h. For adult liver and 

pancreas, incubation times with bisulphite varied depending on the quality of the DNA 

samples, previously checked in 0.8% agarose gels. More degraded samples were treated 

with bisulphite for 4 hrs, partially degraded samples were treated for 6 hrs and intaet high 

molecular weight DNA samples were treated with bisulphite for 16hrs. The bisulphite 

reaction was desalted using a DNA c1ean-up column (Promega), as instructed by 

manufacturero Bisulphite treated DNA from liver and pancreas was eluted in 50 ¡.Ll H20 and 

DNA samples from blastocysts were eluted in 20 ¡.LI H20. 



PCR conditions 

For the skeletal ce-Actin promoter, nested primers and PCR conditions used were the same 

as previously described (Warnecke & Clark, 1999). For the ER-a gene, a fragment in the 

promoter region of the exon C (Kos et al., 2000) was amplified using the following semi 

nested PCR primers: forward external, 5'-GAGTTTTTTTTAGGAATGTTGATTTT-3'; 

forward internal, 5'-GGAGGGGTTGTTAAGTGTTTT -3'; reverse, 5' 

ACACAACTTCCTTCTCCAACTAAAAA-3'. PCR conditions were the same as for a 

Actin, except that annealing temperatures used for the first round primers were 63 o C and 

for the second round primers were 59° C. For the UNE elements , semi-nested PCR 

pnmers used were: forward, 5'-GGTYGTTATTTTGGTTTTGGGATTT-3'; reverse 

external 5'-TCAACTTCTATAATACAAACTCTCACCTATACAA-3'; reverse internal, 

5'-ACCAAATAACACCTACTACTCCTAAAACTAAAA-3'. PCR conditions for UNE 

elements were also the same as for ce-Actin, except that annealing temperatures used for the 

first round primers were 61.20 C and for the second round primers were 59.5° C. All PCR 

reactions for bisulphite treated DNA were set up in a volume of 20 ¡..tI containing IX 

Promega master mix and forward and reverse primers. All PCRs were performed in 

triplicate for each tissue sample. 

Cloning and Sequencing 

For cloning, PCR products in triplicate were pooled for each sample and then purified using 

Wizard® PCR clean-up coIumns (Promega). Purified DNA fragments were cloned into the 

pGEM-T-Easy Vector (Promega) using the Rapid Ligation Buffer System (Promega). For 

direct sequencing, all triplicate PCR products were purified by the Exo-Sap method 
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(Exonuclease 1 and Shrimp Alkaline Phosphatase from Amersham Biosciences). The 

sequencing reactions for both direct PCR products and clones were carried out by using the 

Dye Terminator cycle sequencing kit with AmpliTaq DNA polymerase FS (Applied 

Biosystems) and the automated 373A NA Sequencer (Applied Biosystems). 

The methylation profiles were analysed by either direct quantitative bisulphite PCR 

sequencmg or PCR clonal analysis. For «-Actin and ERa, direct PCR bisulphite 

sequencing analysis was used. All the direct PCR sequencing analyses were performed on 

raw data electrophenograms, that permits quantification of the differences among 

methylated and unmethylated peaks at each CpG site. Examples of methylated and 

unmethylated sequences are shown in the figures (Fig. 1 a and 1 b). The UNE elements were 

analysed by cloning and sequencing analysis and quantification of methylation was 

expressed as percent of methylated sites in clones for each CpG site. 

Statistical Analyses 

All statistical analyses were performed with Statistica 6.0 (Statsoft'"). We used multivariate 

ANOV A to test for changes in methylation, and either broad or per CpG site effects were 

assessed using the multivariate or univariate approaches. All differences were considered as 

significant at P<0.05, except when other Pis shown. 



FIGURES 

Figure 1) Sequence of a-Actin 
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Fig. 1 - Direct sequencing profile of o-Actin PCR products amplified from bisulphite treated DNA. 

Sequence includes the 8 CpG sites analysed which are shown with arrows in the figure. The shown 

sequences were obtained with the reverse primer. CpG sites in the forward strand appear in the reverse 

strand as CG when methylated and as CA when unmethylated. Two samples are shown, one that is 

majoritary methylated (a), one that is completely unmethylated (b). 
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RESULTS 

The methylation profile in the offspring bom to mice fed on high doses of phytoestrogens 

was analysed in the promoter regions of 3 genes (skeletal cc-Actin, ERa and UNE 

elements) in order to determine whether there was any effect on tissue specific gene 

methylation or global methylation changes. Specific gene methylatíon were analysed in 

skeletal ce-Actin and ERa, and global methylation was studied by changes in methylation 

ofthe UNE repeated element. 

For the skeletal ce-Actin promoter, we determined the methylation profile of 8 CpG sites, 

using direct bisulphite DNA sequencing across the promoter region, from 529-785 (Fig. 2), 

in male and female offspring from liver and pancreas. The analysis with multivariate 

ANOV A showed that no global differences in methylation in liver between DNA from 

pups born to rnothers fed with the control diet plus 2% isoflavones extract (ISF diet) or the 

control diet, performing comparisons within males, within females or pooling male and 

female data. Nevertheless, when evaluating the individual CpG site effects, we found that 

CpG sites # 4 and # 7 showed increased levels of methylation in ISF group versus the 

control group in liver from females (Fig. 3a). CpG Site # 7 had decreased level 01' 

methylation in ISF group versus controls in liver from males (Fig. 3b). No CpG site 

specific effect was detected pooling male and female data (Fig. 3c). 

Figure 2) ce-Aetin CpG sites analysed 
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Fig. 3 - Methylation profile ofthe 8 CpG sites analysed for u-Actin in adult liver from rnice bom to mothers 

consuming control or ISF diet. Methylation values per epG site were calculated measuring the high 01' 

methylated or unmethylated peaks in the raw data electrophenograms and then the median of the methylation 

values in triplicate was estimated for each animal. (a) represents comparison between females (n = 4 for 

control and n = 5 for ISF); (b) represents comparison between males (n = 5 for control and n = 5 for ISF); (e) 
represents comparison between control and ISF groups, pooling male and female data (n = 9 for control and n 

= 10 for ISF). Values are expressed as the means of the methylation values ± SE. * indicates univariate 
differences detected with with MANOVA and considered to be significant at P<0.05. 



For pancreas, multivariate analysis revealed no differences between experimental groups, 

comparing within males or within females. Nevertheless, when performing the univariate 

analysis, site # 5 showed increased level of methylation in ISF group regarding to controls 

in males (Fig 4a), although no CpG site specific change were detected for females (Fig. 4b). 

Interestingly, pooling mal e and female data together revealed a nearly significant difference 

with the multivariate approach (P=O.08), suggesting that overall changes in methylation are 

taking place in «-Actin for pancreas. Moreover, two CpG site specific changes in 

methylation were detected, in sites # 5 and 8, showing increased levels of methylation in 

the ISF group with respect to control group (Fig. 4c). The other analysis performed was a 

comparison in methylation status between pancreas and liver, using only control animals 

(both males and females), in order to address the occurrence of tissue specific methylation 

for cc-Actin. Both multivariate and univariate differences (sites # 2, 5 and 8) were found in 

methylation among liver and pancreas, showing a natural occurrence of tissue specific 

methylation among these tissues for o.-Actin (Fig 5). 

For ERa alpha, the methylation profile of 6 CpG sites located from -2285 to -1979 were 

analysed (Fig, 6). In liver, the analysis with multivariate ANOV A showed no broad effects 

among males or females. N evertheless, with the univariate analysis a difference was 

detected between females in CpG site #1, showing an increased level of methylation in 

mice from ISF group (Fig 7a). No differences were detected with the univariate analysis in 

males (Fig. 7b) or pooling together male and female data (Fig. 7c). In addition, we also 

found tissue specific methylation for ERa, where CpG sites were differentially methylated 

in liver, as shown in fig. 6c, but totally unmethylated in pancreas. 



Figure 4 
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Fig. 4 - Methylation profile of the 8 CpG sites analysed for n-Actin in adult pancreas from mice bom to 

mothers consuming control or ISF diet. Methylation values per CpG site were calculated measuring the high 

of methylated or unmethylated peaks in the raw data electrophenograms from direct sequencing and then the 

median of the methylation values in triplicate was estimated for each animal. (a) represents comparison 

between males (n = 5 for control and n = 5 for ISF); (b) represents comparison between females (n == 3 for 

control and n == 5 for ISF); (e) represents comparison between control and ISF groups, pooling mal e and 

female data (n == 8 for control and n = 10 for ISF). Values are expressed as the means of the methylation 

values ± SE. * indicates univariate differences detected with with MANOV A and considered to be significant 

atP<O.05. 
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Figure 5 

a-Actin Liver vs Pancreas 

7 8 

Fig. 5 - Comparison among methylation profiles for n-Actin in pancreas and liver from control 

mice, pooling male and female data together. Values are expressed as the means ofthe methylation 

values ± SE. * índícates unívaríate differences detected with with MANOV A and considered to be 

significant at P<O.05. 

Figure 6) Era CpG sites analysed 
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Fig. 6 - Map of the analysed regíon for ERa, showing the locations of CpG sites. 
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Figure 7 
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Fig. 7 - Methylation profile of the 6 CpG sites analysed for ERa in adult liver from mice bom to mothers 

consuming control or ISF diet. Methylation values per CpG site were calculatcd measuring the high of 

methylated or unmethylated peaks in the raw data electrophenograms from dircct scqucncing and then the 

median of the methylation values in triplicate was estimated for each animal. (a) represents comparison 

between females (n = 4 for control and n = 5 for ISF); (b) represents comparison betwcen males (n = 5 for 

control and n = 4 for ISF); (e) reprcsents comparison between control and ISF groups, pooling malc and 

female data (n = 9 for control and n '" 9 for ISF). Values are expressed as the means of the mcthylation values 

± SE. * indicates univariate differcnces dctected with with MANOV A and considered to be significant at 

P<O.05. 
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The other sequence analysed was the repeated sequence UNE in blastocysts, in which 12 

CpG sites were analysed. Here the analyses were performed with bisulphite PCR clonal 

sequencing. Due to the high number of base change detected when comparing with all the 

other genes analysed, we established three categories for the statistical analysis that were 

methylated, unmethylated and mutated. All data on methylation and base change for UNE 

elements, which was obtained through clonal sequencing, is shown in tables 1 a and 1 b. 

Multivariate ANOV A were performed for blastocysts UNES and no differences were 

found in "methylation" among blastocysts originated from mothers treated with control or 

ISF diet (Fig. 8a). No differences were found with the multivariate analysis for "mutation" 

as well. Nevertheless, CpG site # 6 and CpG site # 12 (p<O.06) showed CpG site specific 

differences in base change among blastocysts proceeding from mothers treated with control 

diet or ISF diet (Fig. 8b). The treatment significantly reduces base change in both sites. 



Figure 8 
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Fig. 8 - Methylation (a) and Mutation (b) profiles of the 12 CpG sites analysed for UNE elements in pre 

implantation blastocysts from mothers consuming control or ISF diet. Methylation or base change values pcr 

epG site were calculated detecting methylation or base change in peaks from electrophenograms obtained 

after cloning and sequencing. The percent of methylation or base change in clones was established for each 

pool of blastosysts from each mother. n = 4 pool s of blastocysts from control mothcrs and n = 4 pools of 

blastocysts from ISF mothers. Values are expressed as the means ofthe methylation values ± SE. * indicates 
univariate differences detected with with MANOV A and considered to be significant at P<O.05. 
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Animal Label 

TABLE lA: Blastocysts methylatlon state at UNE CpG sltes for samples from Control diet fed mothers 

1 2 12 3 4 
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:; 6 7 8 9 10 11 
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TABLE lB: Blastocysts methylatlon state at UNE CpG sites for samples from ISF diet fed mothers 
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DISCUSSION 

The analysis of methylation in promoter regions of specific gene s as ERa and a-Actin 

revealed that the consumption of high amounts of dietary phytoestrogens (in the present 

case represented by a diet containing 2% of a soy extract of isoflavones) by mice mothers 

lead to punctual but not global changes in CpG sites methylation in the offspring. For a 

Actin, it is interesting to notice that there is a natural difference (seen in controls) among 

males and females in CpG sites # 4 and # 7, with males tending to have decreased levels of 

methylation in these sites in regard to females. Nevertheless, the treatment with dietary 

isoflavones seems to cause a suppression of such gender differences, increasing the levels 

of methylation in both # 4 and 7 CpG sites in females. In addition to those differences 

observed in liver, interesting results appeared for ce-Actin in pancreas as well. A significant 

increase in methylation was detected for site # 5 in males from ISF group with respect to 

controls. Although this change is not observed in females, analysis of male and female data 

pooled together showed increased methylation in response to ISF treatment in two CpG 

sites, # 5 and # 8. In principle, this seems to be an inconsistent finding; however, it can be 

explained by the number of individuals in each comparison. Pooling mal e and female data 

increased the number of individual s and leads the MANOV A to show differences that were 

hidden when performing the analysis with fewer data. Thus, according to what is shown in 

fig. 4 a, b and e, the difference in pooled data observed for site # 5 is due to a male 

difference; nevertheless, the difference in pooled data observed for site # 8 is due to pre 

existing independent differences for each gender, which shows up when the statistical test 

increases its power in response to the higher number ofindividuals in the analysis. We also 

found one site specific difference produced by the ISF treatment in the site # 1 in Era. 
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The differences in methylation seen for both genes analysed does not show a defined global 

pattern regarding the direction ofthe changes. In some sites methylation is increased by the 

treatment but in others is decreased. However, there are specific sites that seem to be 

specific targets for specific stimulus that could interact with those previously mentioned 

factors as RNA factors, histone methylation and chromatin remodelling enzymes in order to 

establish a methylation pattern. The direction of the changes must be defined by the 

interaction among these factors and not solely by the stimulus, although the stimulus is 

certainly producing influences leading to a specific change, Moreover, such specific 

methylation change is not at random, but consistent with the stimulus that triggered that 

change, producing a pattern response. This is interesting from a evolutionary point of view 

because indicates that certain c1ass of environmental compounds are able to cross the uterus 

barrier in mammals and induce biased modifications in methylation pattems in embryos. 

Another interesting finding is one that corroborates the tissue specific differences in 

methylation ofthe mice cc-Actin promoter seen in Wamecke & Clark (1999). In the present 

study, we found for «-Actin that pancreas shows a different methylation profile as liver or 

as all the other tissues analysed in Warnecke & Clark (1999) such as heart, skeletal muscle 

and kidney. Tissue specific differences in methylation profiles were also detected for ERa, 

which show absence of methylation in pancreas, contrasting with a well defined 

methylation profile seen in liver. 

The question arising at this point is: when and how during development these differences in 

methylation are established? Other authors have also described tissue specific methylation. 
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Song et al. (2005) identified 150 spots produced by restriction landmark genomic scanning 

in the mice genome, which presented methylation in some tissues but not in others. One 

altemative for explain such differences in methylation among differentiated tissues is that 

important events of methylation could be occurring when organs are been formed in the 

embryo at the time of organogenesis, in addition to those well known events occurring in 

pre-implantation (Reik et al., 2001) and post-implantation blastocysts (Constancia et al., 

1998) or during gastrulation (Mac Phee, 1998). Nevertheless, differences in methylation 

patterns in adult tissues can also be due to active demethylation. In this sense, Bruniquel & 

Schwartz (2003) reported that in a small region of the interleukine gene, demethylation 

takes place in T lymphocytes following activation and that such demethylated state is 

maintained thereafter. 

In addition to the effects of maternal consumption of phytoestrogens on methylation of 

specific genes, we also analysed eventual changes in methylation or occurrence of 

mutations in the repeated sequence UNE in blastocysts from mothers subjected to the 

isoflavone treatment. The results on UNE elements show that although specific changes in 

methylation are seen for the other sequences analysed, global methylation pattems are not 

changed in blastocysts due to the maternal treatment with isoflavones. This recall the 

importance of analysing methylation data with a CpG site sensitive method such as 

bisulphite sequencing, which permits to detect changes in methylation that otherwise can 

not be detected. 

Also interesting is the finding of reduced base change in two CpG sites (# 6 and 12) in 

UNE elements. This fact could al so be related with methylation. It is known that the 
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methylated fonn of epG has 12-fold higher mutation rate to TpG and Cp.A (Sved & Bird, 

1990). In the present study, the reduction of base change in two epG sites in UNE 

elements from blastocysts from mothers consuming ISF diet could be related with the 

above mentioned pattern, given that in both sites the reduced mutation is to Cp.A in the ISF 

group. This eould means that what is in faet oeeurring is a reduetion in methylation in 

those Cpfi sites prior to mutation, leading latter to a decreased rate of mutation to epA. 

Although this is only a speculation, it could be a feasible event. 

The goal of the present study was to determine if environmental signals as phytoestrogens 

could elieit changes in methylation pattems during the development and not to evaluate 

how these differences in methylation found could alter the pattem of expression of the 

involved genes. Nevertheless, the present study also opens questions regard the effect of the 

epG site-specific changes seen here on the expression of ERa. and «-Actin. It is interesting 

to extrapolate the effect on methylation seen in these genes to the whole genome. Several 

other punctual epG sites in gene s or regions must be affected due to an early influence with 

isoflavones or other environmental signal capable of crossing the uterus barrier and of 

affecting the developing embryo. This could have consequences on gene expression and 

finally, on the phenotype itself. This emphasises the importance of natural compounds on 

influencing an epigenetically regulated mechanism involved in gene regulation and 

transgenerational perpetuation of eharaeters, sueh as DNA methylation. Thus, prenatal 

development in mammals is a sensitive process that strongly depends on maternal diet and 

furthennore, maternal eonsumption of eompounds as phytoestrogens (and maybe many 
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others) may influence and bias the process of establishment of methylation pattems in 

mammalian embryos. 
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FINAL CONCLUSIONS AND FUTURE DIRECTIONS _ 

Developmental epigenetics is a broad phenomenon, which has initially been described by 

Waddington to refer to "the branch of biology which studies the causal interactions between 

genes and their products which bring phenotypes into being". Nowadays, however, the study of 

epigenetic regulation of development has been sharpened as a result of recent work on molecular 

mechanisms of gene expression and developmental biology (Jablonka et al., 2002). Therefore, at 

the present, epigenetics is a well accepted phenomenon by the scientific community, mainly due 

to the recent discoveries in the field of the molecular biology, namely chromatin condensation, 

histone acetylation and deacetylation or DNA methylation, which are all well identified 

processes. 

Nevertheless, the searching for functionality in every studied structure in organisms is also a fact 

in prcsent biology. Often, researchers are attributing nature with needs and purposes that derive 

from our human practices (Bunnel, 2000). In this sense, epigenetic studies reporting the 

possibility of new phenotypes being induced by environmental agents is a strong argument to 

contradict the widespread use of the purpose, which is inserted in the adaptationistic paradigm in 

current evolutionary biology. When some agent induces a new phenotypic conformation, the 

form in which it will arise is unknown. The only certain fact is that there is some constrains either 

at mechanic, physiological and/or molecular levels that limits the possibility of certain changes. 

But once the organism has overcome such barriers and some changes could be achieved, the 

following step is the survivor of the organism as a whole. And is in the relation between the 

organism and the environment that the emergent interactions will or not enable the organism to 

live with the achieved modifications. The epigenetic changes produced by environmental stimuli 

can be achieved does not matter how the organism will be using such changes regardíng to its 
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surrounding environment or to the initial stimuli (Guerrero-Bosagna et al., 2005). In spite of this, 

the organismal responses to such stimuli certainly produce patterned phenotypes. Each stimulus 

can trigger one or more particular responses, but that should be always similar if the conditions of 

the stimuli upon the organism are maintained. In Waddington's (1957) words, "we must realise 

that there should be a specific homeorhetic cross-section corresponding to each different kind of 

influence which affects the system" (an organismal system). In other words, this would 

correspond to phenotypical bias or pattems, induced by the environment. 

In this sense, a general conclusion of the experimental work performed in this thesis is that 

certain kind of environmental compounds when acting at well defined windows of time in 

mammals are able to induce pattem responses at several levels in the organisms, among them, 

physiological, morphological or molecular. Such pattem responses produce new phenotypes that 

are not responding to any adaptationistic goal imposed by the environment. The organism only 

responds with their possibilities as living structures they are. 

Surnmarizing the results obtained in the present work, subjecting an experimental population of 

mice to a high consumption of phytoestrogens leads to alterations in morphometric and life 

history characters in the offspring, which are: changes in adult gene specífic methylation pattems, 

reduced adult weight (males) and advancement of sexual maturation (females). All those changes 

are not necessarily responding as adaptations to environmental challenges, rather, they are 

structurally responding to specific stimuli at a particular time window during ontogeny that 

permits such a response. 
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As future questions to investigate that emerged from the experimental work pcrformed in this 

thesis, 1 would like to point out thc following issues: 

• Intrauterine catecholestrogens: after developing the technique to measure 

catecholestrogens in biological fluids, the main question arising is whcther nutritional 

phytoestrogens have an association with the intrauterine secretion of 2-0H-Estradiol or 

4-0H-Estradiol during pre-implantation development. 

• An interesting approach to evaluate the possible role of catecholestrogens in the process 

of DNA methylation in the early embryo would be to culture blastocysts in vitro with 

variable levels of cathecholestrogens and observe the consequences in methylation 

pattems either in pre-implantation blastocysts or adults. 

• Male offspring reduction in weight due to the ISF treatment: are such differences due to 

increased levels of circulating testostcrone in these animals? 

• In addition the two gene specific methylation changes due to the maternal treatment with 

phytoestrogens observed in the present study, would be interesting to scanning for 

eventual changes in the whole genome with techniques as Amplification of 

Intermethylated Sites (AIMS) (Frigola et al., 2002) or PCR-based methylation-sensitivc 

HpaII analysis (Anway et al., 2005). 

• Rcgarding the sex ratio differenccs obscrved, the question arising is if the increased 

female proportion is in fact due to a methylation-produced silencing in the sex 

determining region Y (SRY) at a very precise time during early development (between 

days 10.5 and 12.5 post fertilization) in males, which would generate increased number 

offemales. 
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• An interesting populational approach would be to know how the changes observed in the 

present study in female sexual maturation and litter sex proportion will reflect changes 

in the structure of a population in parameters as age and sex composition, or in the 

percent of reproductive individuals. Furthermore, how could such changes influence 

population dynamics. 

In addition to those specific future aims, in a broad sense my future lines of research will focus 

on the following issues that in my opinion are not well explored in current evolutionary bíology: 

i) to identify environrnental compounds capable to produce epigenetic modification of the DNA, 

ii) to detect the wíndow of time along the ontogeny of different organisms, when epigenetic 

modification of DNA is more susceptible to be produced and iii) to study the consequences of 

epigenetic modification of DNA in populational parameters. The precise establishment of the 

limits of the window of time when such DNA changes are more susceptible to occur ís an 

excítíng challenge for epigenetic studics, cspecially in organisms with sexual reproduction. 
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Abstract 

Catccholcstrogcns (CEs) are compounds derived from the estrogen metabolismo CEs have been 

identified in several biological material s and implicated with oncogenic activity. Determination and 

separation of CEs from biological fluids is commonly carried out by derivatization in liquid 

chromatography followed by mass spectrophotometry or gas chromatography. However, these 

mcthods allow lcss rcsolutive idenrification of such metabolites respect to HPLC. Furthcrmorc, the 

CEs 2-hydroxyestradiol and 4-hydroxyestradiol have never been separated in a resolutive manner. 

Wc describe a simplified method to separate and quantify them through HPLC with electrochemical 

detection, using a monolithic instead of a particulate column, which reduces column backpressure. 
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1. Introduction 

Catecholestrogens (CEs) are compounds derived from estrogen metabolism and produced through 

hydroxylation at the position C2 or C4 of the estrogen molecule, leading to the formation of 2-0H 

estradiol (2-0H-E2) and 4-0H-estradiol (4-0H-E2), respectively.v' CEs have been identified in several 

biological material s as urine,' kidney," brain' liver and uterus? of rodents. Recently, CEs have been 

associated with oncogenic processes, after demonstration that its production by hamster kidney, in 

particular of 4-0H-E2, is related to carcinogenic activity," CEs are usually inactivated by conjugation 

reactions, such as methylation, glucoronidation or sulfation.r" If production of fuese conjugates is 

insufficient, CEs may be oxidized to CE quinones or semi-quinones.v'' Such derivates can be reduced 

or conjugated by other compounds, however, if such processes are not sufficient, the non-conjugated 

quinone and/or semi-quinones will form stable adducts capable ofbinding to DNA2• This can lead to 

fue formation ofpotentially carcinogenic stable or depurinating DNA adducts' CEs a1so participate in 

other physiologicaI processes, such as embryo implantation. In mice, CEs mediate the activation of 

blastocysts prior to implantation." 

In humans, there have been attempts to use fue steroid excretion profiles ofboth classical and catechol 

estrogens in fue detection of hormonal and non-hormonal tumours." Goodman et al.7 suggested that 

CE formation is associated with ovarian carcinogenesis. Furthermore, Liehr and Ricci 11 have found an 

elevated ratio of 4-0H-E2 formation with respect to 2-0H-E2 in neoplastic mammary tissue, which 

would serve as a useful marker of benign or malignant breast tumors. 

Despite the increasing knowledge on fue effects of CEs and their role in cancer formation, research has 

been hampered because CEs are unstable and methods for detecting them are labour intensive.V To 

better understand fue relationship between CEs and cancer, or among CEs and embryo implantation in 

mammals, a sensitive and practical method is needed in order to determine and quantify CEs presence 

in those biological fluids known to contain them, or in microsomal mediated production of CEso 
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The first techniques to separate and quantify CEs relied on HPLC assays.3,6,13,14 Some recent work, 

however, has employed derivatization in liquid chromatography followed by mass spectrophotometry, 

which permits identification of CEs but not their quantification.' Gas chromatography has also been 

d f ffecti . 1'16 H . d 1 id . use ror an e ecnve separanon. -, owevcr, ID OI er to ana yse steroi metabolic pattems in vitro, 

HPLC is preferable becausc of its selectivity, specificity and sensitivity'". In spite of this, resolution 

among 2-0H-E2 and 4-0H-E2 separation through liquid chromatography is still critical and the 

development of better conditions in order to improve its separation is needed. 

In the present work we describe a method to quantify and separate 2-0H-E2 and 4-0H-E2 by HPLC 

with electrochemical detection, allowing unambiguous separation of such CEso For it, we used a 

monolithic column, which significantly reduced column backpressure as compared to particulate 

columns. Such pressure reduction allows working with increased flow rates, which made the separation 

ofthese CEs possible. In the analysis we doeument ehromatografic parameters such as retention times, 

selectivity, resolution, limit of detection and limit of quantification. 

2. Experimental 

2.1 Chemicals 

Standards of 4-0H-E2 and 2-0H-E2 were supplied by Sigma. Citric acid was from Winkler Ltda. 

ammonium acetate from Merck and glacial acetic acid from 1. K. Baker Chemical CO. All solvents 

used (ethanol, methanol and acetonitrile) were HPLC grade and supplied by Omnisolv, EM Science. 

2.2 Liquid chromatography 

The HPLC system consisted of a Bioanalytical Systems Inc. (BAS) CC-5 cabinet used as a Faraday 

cage. lt also accommodated other components of a liquid chromatography system such as the column, 
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column heater, injection valve, BAS cross-flow thin layer cell with stainless steel auxiliary electrode, 

glassy carbon working electrode and a RE-6 downstream reference electrodc. 

The controller used was an amperometric detector ClinRep L-3500A (Merck-Recipe) connecting a 

system Merck-Hitachi HPLC- Manager D-6000, intclligent pump L-6200A and computcr. Wc used 

Chromatography Data Station Software for Model D-6000 HPLC Manager (Hitachi). The injection 

device was a Rheodyne, model 7125i (Cotati, CA, USA) with a 20 ¡ . rl sample loop. The column was the 

Merck Chromolit Performance RP-18e 100-4.6 (100 rnm x 4.6 rnm). 

The mobile phase was a mixture of21% acetronitrile and 79% buffer citric acid (75 mM)-ammonium 

acetate (25 mM). The mobile phase was run into the column at a flow rate of 1.5 ml min" and a 

constant temperature of 40° C. The potential of the electrochemical detector was set at 0.6 V versus 

reference electrode. 

2.3 Calibration Curve 

Stock standard solutions of 4-0H-E2 and 2-0H-E2 were prepared at a concentration ofO.1 mg ml" in 1 

M acetic acid diluted in ethanol. From these, stock solutions of 0.2 ug ml', diluted in 1 M acetic acid 

in ethanol, were prepared for both CEso All stock solutions were frozen at -20°C protected from light 

exposure and under nitrogen, in order to avoid degradation and oxidation. Further, working standard 

solutions of seven different concentrations were prepared to construct the calibration curve. These 

dilutions were in methanoVH20 (1:1). For 4-0H-E2 we used the following concentrations: 5,20,40, 

60, 100, 150 and 200 ng ml'; for the 2-0H-E2 we used the following concentrations 2, 10,20,30,50, 

70 and 100 ng m-l. 
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3. Results and Discussion 

3.1 Linearity 

Linearity was verified within the range of standard concentrations used for each 2-0H-E2 and 4-0H- 

E2. Calibration curves were constructed by plotting peak arca (expressed in mV x min) versus 

concentration of the injected standard. The parameters obtained from the calibration curves for both 

analyzed compounds are shown in Table l. 

Table 1 

ay ~ Ax + B;y ~ concentration ofthe injected sample (ng m¡-I); X ~ peak atea (mV min''); bdegrees offreedom ~ 1,40; 'degrees offreedom ~ 1,35. 
Compound Slope (A") lntercept (8') RegreslOD F p Syx 

(X 104) (X 104) coefñeíent (r2) (X 103) (X lOS) 
2-OH-)<~2 15.4 -17.9 0.9875 3.2b «0.01 5.8 . 
4-0H-E2 5.4 -6.7 0.9904 3.6' «0.01 3.6 

Parameters oflinear regression for 2- and 4-0H-E2 calibration curves and ANOVA test 

3.2 Peak identification, separation and resolution 

Peaks were identified based on retention times (tR), which were calculated for each CE by estimating 

the mean of IR measurents for the corresponding calibration curve. The IR values for both CEs are 

shown in Table 2. According to our data, we obtained a separation of2.15 min between 2- and 4-0H- 

E2. Such separation can unambiguously identify these CEs in biological fluids. Additionally, we 

calculated resolution (Rs) in a mixture of standards of both CEs with concentrations producing band 

pairs with an area ratio of 1:1 (Fig. 1). Resolution was estimated as Rs=2 (12 - 11) (W1 + W2rl,17 where I} 
and 12 are the retention times of both adjacent bands and W¡ and W2 are the corresponding baseline 

bandwidths. U sing this equation our estímate of Rs is 1.75. 
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Wc also calculated selectivity (a), which is expressed as the ratio bctwccn thc values of k for each 

adjacent peak (k2/k¡). The k factor is equal to (tR - to)/to (tR retention time; lo column dead time). For a 

we obtained a value of l. t 15. 

Table 2 
Retention times and standard deviations for the 2- and 4-OH-E2 
catecholestrogens. 

CompouDd Retention time (min) S. D. 

2-OH-E2 
4-OH-E2 

14.39 
12.24 

1.05 
0.98 

an~40;¡'n=35. 

(b) (a) 

-------~~ 
-~~'~~~~~7T~~7T~~~~~~--~~--.-~--.-~--~~ •• e& 2.40 .•... G$ f.." a' •. ü ~.'.(Xt .&2." J. •• " 16." .• '_1;_ 
Fie. 1. Separation between (a) 2-OH-E2 and (b) 4-0H-E2 through HPLC. Injection (20 ul) of a solution of 
mixed standard s of both catecholestrogens at the concentration of 10 ng ml" for 2-0H-E2 and of20 ng mI·1 for 
4-0H-E2. 

The limit of detection (LOD) is defined as the smallest concentration of the analyte that can be detected 

reliably, and the limit of quantitation (LOQ) is the concentration that can be quantitated reliably with a 

specified level of accuracy and precision.Í" We estimated both the LOD and LOQ for OUT method. For 

the 2-0H-E2, the estimated LOQ and LOD were 2 and 0.6 ng ml", respectively. For the 4-0H-E2, 

LOQ and LOD values were 5 and 1.5 ng rnl", respectively. 

76 



4. Conclusion 

Wc rcport a simple method for the quantification and resolutivc scparation ofthe CEs 2- and 4-0H-E2. 

The limit of quantification of our system was 2 ng ml' for the 2-0H-E2 and 5 ng ml' for the 4-0H-E2, 

with a separation of 2.15 min between them. With these parameters, botb CEs can be identified and 

separately quantified in biological materials. 

The main significance ofthe estimation of these compounds is the relationship between their 

production and the association with oncogenic process. Previous work has reported that differences 

between 2-0H-E2 and 4-0H-E2 production could be useful as a marker ofbreast tumorsll. This 

technique may enable these differences between such CEs to be detected and to serve as a marker in 

cancer rcsearch. 
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