
9.  Effects of phytoestrogens on fertility and development

Introduction
Historical evidence for adverse effects of exposure to oestrogenic chemicals

9.1 Phytoestrogens were first associated with adverse effects on mammalian development and fertility from observations of animals consuming phytoestrogen-rich plants.  Ewes feeding on Australian clover developed abnormal plasma concentrations of endogenous hormones with subsequent loss of fertility ( QUOTE "{Bennett HW, Underwood EJ, et al. 1946 #50840}" 
Bennett et al, 1946
;  QUOTE "(Moersch GW et al., 1967)" 
Moersch et al, 1967
;  QUOTE "(Obst JM and Seamark RF, 1975)" 
Obst & Seamark, 1975)
.  The syndrome was termed “Clover Disease”.

9.2 Subsequent investigations showed that when pregnant ewes were fed on yarloop clover, plasma progesterone and oestrogen concentrations were lowered. This resulted in a substantial reduction (27%) of the mated ewes achieving successful conception, compared with ewes (95%) fed on grass.  Similar, but more extreme, effects on fertility were observed in ewes administered large quantities of oestradiol (300 mg) for periods of up to 26 months  QUOTE "(Adams NR and Sanders MR, 1988)" 
(Adams & Sanders, 1988)
. 

9.3 These effects on fertility by a known oestrogen led to the hypothesis that oestrogenic compounds in the clover were responsible for the adverse effects on fertility. Compounds of similar structure to oestradiol were identified in several types of clover: formononetin, biochanin A, and genistein in White clover (Trifolium repens), Subterranean clover (Trifolium subterraneum) and Yarloop (Trifolium yanninicum) and coumestrol in Medicago sativa ( QUOTE "(Shutt DA , 1976)" 
Shutt, 1976)
.  It is thought that sheep may be particularly susceptible to the oestrogenic effects of these phytoestrogens due to the efficient conversion of formononetin to the more oestrogenic compound, equol and the limited deactivation of the potent oestrogen, coumestrol by metabolism ( QUOTE "(Shutt DA , 1976)" 
Shutt, 1976)
.  Improved farming practices have since prevented further incidences of “Clover Disease”  QUOTE "(Little DL , 1996)" 
(Little, 1996)
.

9.4 Additional evidence that dietary exposure to oestrogenic compounds could adversely affect reproduction in mammals was shown in research on captive female cheetahs.  High concentrations of genistein and daidzein in commercial feed, together with the limited ability of this species to deactivate these compounds metabolically, resulted in veno-occlusive disease and reproductive failure  QUOTE "(Setchell KD et al., 1987)" 
(Setchell et al, 1987)
.  Fertility problems in the females of mammalian species such as the cow, sheep, rabbit, guinea pig and mouse have also been reported  QUOTE "(Adams NR, 1995;Batterham TJ et al., 1965;Cheng E et al., 1954;de Man E and Peeke HV, 1982;Gardner RW et al., 1990;Humfrey CDN , 1998;Kallela K et al., 1984)" 
(Adams, 1995; Batterham et al, 1965; Cheng et al, 1954; Humfrey, 1998; Kallela et al, 1984)
.  These effects have raised concerns that dietary phytoestrogens may have similar effects on development and fertility in other species including the human.

9.5 It is established that exposure to potent oestrogens in utero can have long-term adverse effects on human development and fertility in males and, more severely, in female offspring.  The synthetic oestrogen, diethylstilboestrol (DES) of comparable potency to oestradiol, initially developed as a drug to prevent miscarriage, was used widely from the 1940s.  The subsequent discovery that in utero exposure to DES induced abnormal development of the reproductive system during puberty in male and female offspring and vaginal adenocarcinoma resulted in a ban by the US Food and Drug Administration (FDA) in 1971  QUOTE "(Giusti RM et al., 1995;Swan SH , 2000)" 
(Giusti et al, 1995; Swan, 2000)

 QUOTE ""  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00\00\01\00\00 \0D\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt\14Swan SH  2000 #49040\00\14\00 
.  These findings have raised concerns that exposure to phytoestrogens in utero may also give rise to similar adverse effects later in life. 

9.6 This chapter outlines the role of hormones in human sexual development and reproductive function and reviews the experimental evidence for effects of phytoestrogens on sexual development and reproductive function.  Human data are extremely limited and the majority of information is derived from experimental studies in laboratory animals, some of which may not be relevant to the human. The published research is reviewed and the health implications are discussed in the context of both the experimental and human data. 

Role of hormones in human sexual differentiation 
9.7 A fetus is either genetically male or female  QUOTE "{Graves 2001 #51250}" 
(Graves, 2001
).  However all mammalian fetuses will automatically develop into phenotypic females unless male hormones (androgens) are produced.  These hormones, primarily testosterone, change the phenotype of the fetus from female to male and play critical roles in masculinisation.  This requirement for androgens illustrates the vulnerability of the male fetus to factors that can affect the production/action of androgens during this short, critical time period of fetal development. 

Male development

9.8 The precise role that oestrogens play in male reproductive development is unclear, but, in general, oestrogens tend to have ‘demasculinising’ or anti-androgenic effects. In fetal and neonatal life, this probably results from suppression of testosterone production (Haavisto et al, 2001; Williams et al, 2001a), or loss of androgen receptors (McKinnell et al, 2001).  Oestrogens are synthesised from androgens via the action of a single enzyme (aromatase), and there is a close relationship between the actions of these two hormones (see Figure 9.1).

9.9 In terms of steroid hormone production, the ovary is quiescent and remains so until puberty over a decade later.  Hormones produced by the fetal testes, particularly androgens, are essential for masculinisation of the male fetus during the first trimester of human pregnancy. Furthermore, in the first 12 months postnatally, the male infant produces androgens, in amounts equivalent to those of an adult man. This has been termed the ‘neonatal testosterone surge’ but, as yet, the functional purpose of this hormonal surge is unclear ( QUOTE "{Mann & Fraser 1996 #50870}" 
Mann & Fraser, 1996
).  Suppression of the neonatal surge in primates results in long-term effects such as altered thymus weight and an increase in the number of Leydig cells in the testes (Mann et al, 1998). It can also retard the pubertal rise in testosterone levels and elongation of the penis, though these both eventually normalise ( QUOTE "{Brown, Nevison, et al. 1999 #50890}" 
Brown et al, 1999
). However, it is reported that suppression of the neonatal testosterone surge has little or no effect on sexual behaviour and fertility ( QUOTE "{Lunn, Cowen, et al. 1997 #50900}" 
Lunn et al, 1997
). 

Figure 9.1  The conversion of androgens to oestrogens mediated by aromatase.

[image: image1.bmp]
9.10 Because oestrogens can exert demasculinising effects, the concern that dietary phytoestrogens might affect the sexual differentiation and development process is understandable. Also as infants are breast- or bottle-fed throughout the neonatal period, exposure to chemical compounds in milk is of particular significance at this stage of life. In this regard, the high phytoestrogen content of soy-based milk formula is a cause of concern.

Effects of alterations of hormone levels during fetal/neonatal life

9.11 Interference with or inadequate production of androgens and disruption of the balance between androgen and oestrogen levels will impact on the degree of masculinisation of the male fetus (Williams et al, 2001a).  The more severe the interference, the more severe the manifestation, with complete lack of masculinisation (i.e. genotypic male with female genitalia) representing the most extreme consequence, whereas hypospadias and cryptorchidism represent progressively milder consequences.  Such conditions are usually recognised at birth.  However, when less extreme interference of androgen action occurs, or there is exposure to relatively low levels of oestrogens, no obvious consequences may be evident at birth and they may only manifest in adulthood. 

9.12 These manifestations may be separated from the ‘exposure event’ by several decades, which makes it extremely difficult to establish causal relationships. Nevertheless, there are examples of such a causal link. For instance, the occurrence of testicular germ cell cancer in young adult men probably results from the development of aberrant germ cells in the testes in fetal life ( QUOTE "{Rajpert-De Meyts, Jorgensen, et al. 1998 #50960}" 
Rajpert-De Meyts et al, 1998
).  Another example relates to sperm production and fertility in adulthood. Considering that sperm are not produced until late puberty, it may seem surprising that the number and/or quality can be influenced by events occurring in the fetal or neonatal testis. However, the germ cells (from which sperm are produced) and the Sertoli cells (which control and organise the process of sperm production) are both present in the testis from early in pregnancy. The Sertoli cells proliferate during fetal life and especially in neonatal life, the latter coinciding with the neonatal testosterone surge and further Sertoli cell proliferation occurs at some time close to puberty ( QUOTE "{Sharpe, Turner, et al. 1999 #50970}" 
Sharpe et al, 1999
).  

9.13 The increase in Sertoli cell numbers during testicular development is very important in terms of male fertility.  Each Sertoli cell supports a fixed number of germ cells, therefore in normal individuals there is a linear relationship between the number of Sertoli cells and sperm production (Johnson et al, 1984), and the latter is the main determinant of sperm counts in men.  However, other factors such as ejaculatory frequency, infections/disease may also affect sperm counts in the ejaculate.  The increase in Sertoli cell number that occurs during fetal and neonatal life may therefore be an important determinant of sperm counts in adult men.  As proliferation of Sertoli cells at these times is partly dependent on stimulation by hormones secreted from the pituitary gland, any interference with this hormonal stimulation may result in lower Sertoli cell numbers.  This has been shown to be the case in experimental studies in marmoset monkeys, in which Sertoli cell proliferation occurs at similar time periods as in the human (Sharpe et al, 2000).  However, this same study also showed that even when Sertoli cell number was reduced by ~30% by the end of the neonatal period, compensation for reduced Sertoli cell number was able to occur after the neonatal period, such that normal numbers were present by adulthood.  Similar compensation may therefore occur in the human if subnormal numbers of Sertoli cells are present neonatally.  It is also known that other hormones, such as thyroid hormone and growth hormone, can affect Sertoli cell proliferation.  Therefore exposure to any factor that alters production of these hormones may affect the reproductive system via their effects on Sertoli cells. 

9.14 In rats, Sertoli cell proliferation continues until postnatal day (PND) 15 and after this time no further proliferation occurs.  Thus, by measuring Sertoli cell proliferation, it is possible to determine the effect of placental or lactational chemical exposure during the post-natal period or the entire length of Sertoli cell development ( QUOTE "(Sharpe RM et al., 1995)" 
Sharpe et al, 1999)
. However, in humans and other primates, Sertoli cell proliferation can still occur after the post-natal period, probably up to just prior to puberty ( QUOTE "{Sharpe RM, Fisher JS, et al. 1995 #50310}" 
Sharpe et al, 2000
). 

9.15 Normal male development involves major, dynamic changes to the testes and reproductive system in fetal and neonatal life.  Together, these changes ensure that in adulthood, two decades later, a fully functional reproductive system is capable of producing very large numbers of sperm each day to ensure fertility. All of the changes are hormone-mediated to a greater or lesser degree. Furthermore, the hormones produced to ‘shape’ the reproductive system also have ‘masculinising’ effects throughout the body, including the shaping of male sexual behaviour and drive, and again these effects probably occur mainly in early fetal life in the human. 

Female development

9.16 In contrast, the development of the female reproductive system is relatively passive. It does not depend on hormonal stimulation and does not require hormonal activity in the neonatal period as in the male. These fundamental differences mean that males are inherently more susceptible than females to disruption of hormone-dependent sexual differentiation.  However, there is still a risk that inappropriate exposure of the developing female fetus to exogenous oestrogens might induce permanent changes to the brain or reproductive system, as illustrated in some offspring of women treated with DES during pregnancy. 

Hormones and ‘endocrine disruption’: critical windows of vulnerability

9.17 In fetal and neonatal life, when the reproductive system is developing, androgenic and oestrogenic hormones can exert ‘organisational’ effects that permanently shape the reproductive system and its function.  In contrast, during puberty and adulthood the same hormones exert ‘activational’ and ‘functional’ effects, respectively, on a ‘pre-formed’ reproductive system. Inappropriate hormonal exposures during either of these periods, especially in adulthood, are less likely to cause permanent changes as most of the organisational changes have already taken place. The primary reason for this age related difference is that hormonal systems are homeostatic in adult males and females (see Figures 9.2 and 9.3). In other words, they are designed to compensate if hormone levels rise or fall above a particular level (threshold) in order that a constant or appropriate level of hormone is maintained.  However, in early life the set point for this threshold is being established and therefore, the hormonal systems are not yet under homeostatic control.

9.18 Consequently, all endocrine systems are balanced in adulthood, but not in early life, by a negative feedback loop in which the hormone being stimulated reaches a set concentration and then automatically inhibits its own production.  In the case of androgens in the male, the ‘stimulator’ is lutenising hormone (LH; see Figure. 9.2) while for oestrogen in the female the ‘stimulator’ is both follicle stimulating hormone (FSH) and LH, depending on the stage of follicle development (see Figure 9.3).

9.19 Therefore, if an adult woman is exposed to an exogenous oestrogen such as a phytoestrogen, the level of endogenous oestrogen production will normally be lowered to ensure relatively constant ‘oestrogen’ levels. In contrast, exposure of a fetus or neonate to phytoestrogens has the potential to induce permanent effects because of disruption of the organisational changes occurring in the fetus or neonate at this time.

The importance of exposure levels

9.20 The purpose of the negative feedback system illustrated in Figures 9.2 and 9.3 is to ensure that hormone levels are maintained within a range that guarantees normal function. Therefore, even if humans are exposed during adulthood to oestrogenic compounds (phytoestrogens), it does not necessarily follow that the exposure will have a biological consequence. The exposure must be of sufficient duration and/or magnitude that it activates the homeostatic systems (see Figures 9.2 and 9.3). In theory, the hormonal systems should re-adjust. However, potential health consequences are conceivable if exposure to the phytoestrogen is of such magnitude and/or duration that it ‘swamps’ the system or results in ‘side-effects’ because of the homeostatic adjustments.  For example, suppression of LH by additional negative feedback results in failure of ovulation. 

9.21 This applies also to exposures during fetal and/or neonatal life, but with two important differences. First, adjustments to the levels of fetal and/or neonatal hormones to compensate for the exposure to exogenous hormones cannot be made and therefore, the exposure may lead to target-organ effects. Secondly, it is during this period that the threshold level for the regulatory feedback systems is established. Inappropriate exposure during this critical period may permanently alter sensitivity to hormonal signals such that the endocrine system may never function properly.  For example, inappropriate exposure of newborn female rodents to oestrogens alters the ‘setting up’ of their hypothalamic-pituitary-ovarian hormonal axis (see Figure 9.3), such that in adulthood they are unable to exhibit normal ovarian cycles
. 

Effects of phytoestrogens on non-reproductive tissues

9.22 The previous sections have specifically outlined the development of the reproductive system. However, it is clear from the distribution of oestrogen receptors (see Chapter 6), that oestrogens (and androgens) act on many different tissues and cells in the body. These range from the brain, to bone, fat, immune system and cardiovascular system ( QUOTE "{Sharpe RM 1998 #50990}" 
Sharpe, 1998
). Recent studies of transgenic mice in which the oestrogen receptors or the aromatase enzyme have been inactivated, show changes in fat cells/fat accumulation, lipid metabolism, insulin resistance, vascular repair, bone mineralisation among other processes ( QUOTE "{Couse JF & Korach KS 1999 #14420}" 
Couse & Korach, 1999
, see chapter 6). It is not yet clear which of these changes may be reversible, but at least in aromatase deficient mice and humans, many of the effects are reversible following restoration of normal oestrogen activity (Grumbach & Auchus, 1999).

Figure 9.2  Hormonal regulation of the male reproductive system.

In the male, gonadotrophin releasing hormone (GnRH) secreted from the hypothalamus stimulates secretion of lutenising hormone (LH) and follicle stimulating hormone (FSH) from the pituitary. LH and FSH regulate testicular activity. LH stimulates Leydig cells to produce testosterone.  In the neonate, testosterone is aromatised to oestradiol, which is thought to masculinise the CNS. FSH acts on Sertoli cells to stimulate germ cell spermatogenesis.  FSH also stimulates secretion of inhibin, which together with testosterone (and oestradiol) are involved in regulating GnRH secretion from the hypothalamus. 
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Figure 9.3  Hormonal regulation of the female reproductive system.

In the female, gonadotrophin releasing hormone (GnRH) secreted from the hypothalamus stimulates secretion of lutenising hormone (LH) and follicle stimulating hormone (FSH) from the pituitary.  FSH and LH are secreted at different rates throughout the menstrual cycle. At the beginning of the cycle (follicular phase), FSH promotes the development of follicles, one of which develops more rapidly into a graffian follicle (GF) (the other follicles degenerate). The GF secretes oestradiol, progesterone and inhibin. At mid-cycle LH causes the GF to rupture resulting in ovulation and formation of the corpus luteum (CL). The CL secretes progesterone (the luteal phase of the cycle).  Oestradiol, inhibin and progesterone regulate GnRH secretion from the hypothalamus. At the end of the cycle progesterone secretion stops, leading to menstruation. The menstrual cycle continues, unless interrupted by pregnancy, until menopause.


Species differences in sexual development

Sensitive stages of development in males and females

9.23 Development of the reproductive system occurs at discrete stages in life.  However, the timing of developmental stages varies between species.  It is important to appreciate these differences when assessing the effects of phytoestrogens on development and fertility in animals.  

9.24 A number of mammalian developmental stages are sensitive to disruption by exogenous oestrogens and androgens.  Therefore, the timing of exposure is a major determinant on the subsequent effects on development.  There are differences in the timing and sequence of specific developmental events between humans and rodents (see Figures 9.4 and 9.5).  For example, sexual differentiation occurs from weeks 5-19 of pregnancy in humans, but in rodents occurs during a relatively short period from gestational days 12-20, with some aspects being completed during the neonatal period.  Furthermore, sexual differentiation in the brain (which is dependent on the action of androgens and oestrogens) occurs in utero in humans, but during the neonatal period in rodents ( QUOTE "{Becu-Villalobos D, Gonzalez IA, et al. 1997 #51080}" 
Becu-Villalobos et al, 1997
).  Thus, administration of a phytoestrogen at a particular stage of rodent development may not be equivalent to the same period in humans.  In addition, there are differences in the time span of sexual maturation between species.  In comparison with humans and other primate neonates, newborn rodents are relatively underdeveloped and their development may be more sensitive than primates and humans to the action of phytoestrogens during the neonatal period.  

Organogenesis

9.25 Organogenesis (organ development) is a critical period during development when the fetus is susceptible to toxic agents ( QUOTE "{Pryor, Hughes, et al. 2000 #51000}" 
Pryor et al, 2000
).  In humans, this process occurs between weeks 3-8 of gestation, but between days 7-17 of gestation in the rat  QUOTE "(Dencker L and Eriksson P, 1998)" 
(Dencker & Eriksson, 1998)
.  A further sensitive period in the development of many mammals occurs during the rapid acceleration of brain growth.  In humans, this corresponds to the third trimester of pregnancy and continues throughout the first years of life, whereas in rodents this corresponds to the first 3-4 weeks of postnatal life  QUOTE "(Dencker L and Eriksson P, 1998)" 
(Dencker & Eriksson, 1998)
. 

Spermatogenesis

9.26 Spermatogenesis (the production of spermatozoa from germ cells) is similar in rodents, primates and humans and can be disrupted by chemicals that interact directly with the testis or by chemicals that modulate plasma gonadotrophin or sex hormone concentrations.  Effects on spermatogenesis can be evaluated by measuring sperm number, motility, morphology, and fertilisation ability and by histopathological examination of the testis and epididymis ( QUOTE "{Working 1988 #50910}" 
Working et al, 1988
).

9.27 Daily production of sperm is different between species and is more efficient in rodents than in humans (Sharpe, 1994). Substantial reductions in sperm count can be induced in rodents before fertility is impaired.  In contrast, in humans, relatively low numbers of sperm are produced and small effects may affect fertility or time taken to achieve a pregnancy in some individuals.  Therefore, rodents may not be a suitable model for effects on human sperm production and fertility (Spielmann, 1998).

Mammary Gland Development

9.28 Rodent and human mammary gland development is very similar (Russo et al, 1990).  In humans, mammary gland development takes place in two stages, formation (during organogenesis) and gland stimulation during puberty.

Reproductive cycles

9.29 In female mammals, ovulatory cycles occur with regular frequency.  These involve growth of a follicle containing the oocyte (egg), ovulation of the mature oocyte and conversion of the ovulated follicles to a corpus luteum.  A rise in oestrogen production characterises the period of follicular growth and a rise in progesterone production signals that a corpus luteum has formed (and that ovulation of an egg has occurred).  The corpus luteum will continue to produce progesterone for a set period (approximately 14 days in the human) and will then degenerate unless pregnancy intervenes and ‘rescues’ the corpus luteum from degenerating.  If pregnancy does not occur, new follicular growth commences and a new ovulatory cycle ensues.

9.30 Most mammals have similar ovulatory cycles but there are some differences.  For example, rats and mice have very short (4-5 days) ovulatory cycles whereas primates have much longer ovulatory cycles (e.g. approximately 28 days in humans).  A further difference is that many mammals, including rodents, ovulate numerous eggs per cycle whereas primates usually ovulate only 1 or 2 eggs per cycle.  Finally, in some primates, but not in most rodents, the ovulatory cycle is ‘menstrual’, which refers to shedding of the lining of the womb as a result of loss of progesterone support for the womb lining with degeneration of the corpus luteum.

Reproductive life-span

9.31 Healthy adult males continue to make sperm throughout the life cycle whereas women lose the capacity to reproduce at the menopause (approximately 45-50 years of age).  The latter is a consequence of the depletion of oocytes from the ovary.  The number of oocytes in the ovary is determined during fetal development such that by around birth there are approximately 1-2 million oocytes in the human ovary.  Fewer than 500 of these are destined to ovulate and the remainder will partially develop and then undergo atresia (degeneration).

Figure 9.4  Critical stages in human development

Some of the major events that occur in male and female human development from conception to puberty are shown.  It is unclear when mascualisation of the brain and other body organs/tissues occurs in the male but it is likely to be within the period when testosterone production by the fetal testis is highest in utero (12-19 weeks).
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Figure 9.5  Critical stages in rat development

Some of the major events that occur in rat development from conception to weaning and puberty are shown.















Introduction

9.32 An accurate assessment of the human health implications, needs to examine physiological levels of phytoestrogens and routes of administration that are relevant to human health.  

9.33 Experiments to examine the effects of phytoestrogens on human reproduction or sexual development are extremely difficult to conduct for both practical and ethical reasons.  Most of the published work has been performed using laboratory animals, mainly rodent species.  The extrapolation and interpretation of this research to humans is complicated by a number of species differences mostly notably in sexual development and reproductive function.  A small number of studies has been conducted in non-human primates, which are of more relevance in terms of human risk assessment. However, there are ethical considerations that limit the use of these experimental models.

9.34 Factors such as species, age, gender, diet, dose, route of administration, and metabolism, strongly influence the ultimate biological response to phytoestrogen exposure (see Chapter 8). A major limitation to the interpretation of experimental research on phytoestrogens is that many studies do not report doses on a body weight basis (mg of compound/kg bw/day). Therefore, comparisons between studies cannot always be made. Also, many studies have used the subcutaneous route of administration.  This route by-passes gut microflora and hepatic first pass metabolism, which has a major impact on the biological potency of phytoestrogens.  Additionally, many studies have not administered purified phytoestrogens but used rodent diets supplemented with soy or flaxseed as a source of isoflavones or lignans, respectively.  This complicates interpretation as the phytoestrogen content is often undetermined and other active constituents in soy or flaxseed may modify the biological response.

Rodent Studies

Isoflavones

9.35 The biological effects of isoflavones or soy have been examined during the following periods in the rodent life-cycle:

( In utero exposure

( Perinatal exposure

( Exposure during the neonatal, prepubertal and/or pubertal periods

( Continued exposure through the perinatal, prepubertal and/or pubertal periods

( Multigeneration studies 

In utero exposure

9.36 As yet, only two studies have restricted exposure to isoflavones to the in utero period.  In the first study, pregnant rats received a subcutaneous injection of various concentrations of genistein (0, 5 or 25 mg/day), on gestational days 16-20 ( QUOTE "{Levy JR, Faber KA, et al. 1995 #28770}" 
Levy et al, 1995
).  No differences in litter size were observed between treatment groups, although birth weights were lower in the offspring exposed to 25 mg genistein/day.  Delayed sexual maturation of the female offspring was reported although the effect was not dose-dependent. Female offspring were ovariectomised to allow assessment of pituitary function. There was no difference in pituitary responsiveness to GnRH stimulation between treatment groups. 

9.37 The second study examined the effect of in utero exposure on mammary gland development in female mice (Hilakivi-Clarke et al, 1998).  Pregnant mice were administered genistein (20 (g/day) by subcutaneous injection from days 15-20 of gestation.  In the female offspring, advanced mammary gland proliferation and differentiation as well as the time of vaginal opening. 

Perinatal exposure 

9.38 A number of studies have been published on the effects of isoflavone exposure during the perinatal period (gestation and lactation).

9.39 Pregnant rats received dietary genistein (5 mg/kg diet estimated to approximate 0.2 mg/kg bw/day) from gestational day 17  QUOTE "(Awoniyi CA et al., 1998)" 
(Awoniyi et al, 1998)
.  After weaning, female offspring continued on the genistein diet or were switched to an isoflavone-free diet until PND 70. A significant reduction in absolute ovary and uterus weights as well as plasma oestradiol and progesterone concentrations was observed in both treatment groups at PND 21. However, these differences were not apparent at PND 70.  The time of vaginal opening was unaffected, however irregular oestrus cyclicity was noted in 25% of animals (treated up to PND 21) compared with controls (12%).  Irregular oestrus was also found in similar numbers of animals (27%) treated until PND 70 suggesting that exposure to genistein in the pre-weaning period was responsible (see paragraph 9.21).  Histological examination of the ovary and uterus revealed morphological abnormalities and fewer functional corpora lutea in animals from both treatment groups  QUOTE "(Awoniyi CA et al., 1998)" 
(Awoniyi et al, 1998)
.  Effects in male offspring were not reported in this study.

9.40 In contrast, a study by  QUOTE "{Kang, Che, et al. 2002 #50920}" 
Kang et al (2002
) showed that when genistein was administered at doses higher than in the previous study no long-term effects on sexual development were apparent.  Pregnant rats received genistein by oral gavage during gestation and lactation (0, 0.4 or 4 mg/kg bw/day).  No significant differences in offspring weights, gender, litter size or male and female anogenital distance were observed between treatment groups.  No effects on time of vaginal opening were evident in female offspring.  No effects on sperm count or sperm motility were noted in male offspring. There were no differences in reproductive organ weights or histology in either sex at PND 100. 

9.41 In a study by  QUOTE "(Casanova M et al., 1999)" 
Casanova et al (1999)
, pregnant rats were fed genistein supplemented diets (0, 160, 200 or 1000 mg genistein/kg of feed) during gestation and the offspring were maintained on these diets until puberty.  No significant differences in the litter size or birth weights were observed between the different treatment groups. In female offspring in the highest treatment group, the time of vaginal opening was accelerated (>2 days) and relative uterine weights (at PND 21) were significantly increased compared with controls. In male offspring, no effect on the age of preputial separation or testes and prostate weights were apparent between treatment groups.  

9.42 A study by  QUOTE "{Fritz WA, Coward L, et al. 1998 #18920}" 
Fritz et al (1998
) suggests that exposure to dietary genistein can advance mammary gland development.  In this study, dietary genistein (0, 25, or 250 mg/kg diet) administered to pregnant rats during the gestational and lactational periods did not alter time of vaginal opening, uterine weight, mammary gland size or vaginal, uterine and ovarian histopathology in the female offspring.  However, a dose-dependent advance in the differentiation of the primary mammary ductile structures was reported.  In male offspring, the time of testes descent was not altered in the treated groups (the histopathology of the male reproductive organs was not examined).  Serum concentrations of total and free genistein were approximately 1.8 and 0.1 (M measured at PND 21 after administration of the highest dose ( QUOTE "{Fritz WA, Coward L, et al. 1998 #18920}" 
Fritz et al, 1998
).

9.43 Exposure to isoflavones given as soy in the diet affected the sexual maturation of female rats but did not impact on subsequent mating and fertility.  Female mice received a diet supplemented with soy extract (0, 0.7, 1.2 or 2.4% (w/w), equivalent to 0, 840, 1440 and 2880 mg isoflavones/kg, respectively) from weaning, through adulthood until 7 days after delivery of their first litter ( QUOTE "(Gallo D et al., 1999)" 
Gallo et al, 1999)
.  Vaginal opening occurred significantly earlier in all treatment groups.  In animals in the highest dose group, oestrus cycle lengths were significantly longer.  In addition, relative uterine weight was increased. Vaginal inflammation, hyperkeratosis and dyskeratosis and ovarian oedema, endothelial hyperplasia and leucocytic infiltration were noted on histological examination.  No significant differences in the number of pregnancies, gestational time, number of offspring produced or the characteristics of the litters between treatment groups were reported.  Although dietary soy resulted in advanced puberty, lengthened oestrus and induced abnormalities in the reproductive tissues this did not affect significantly the fertility of female rodents. The effects of soy on sexual maturation and fertility in the male were not evaluated in this study.

9.44 In a study by Cotroneo et al (2001), no effects on plasma concentrations of sex hormones or expression of uterine sex hormone receptors were apparent in the offspring of female rats treated with genistein (250 mg/kg diet) throughout pregnancy and lactation. 

Exposure during the neonatal, prepubertal and/or pubertal periods

9.45 The effects of isoflavones on pre-weaning development and subsequent sexual development and function have been examined in rodents. The neonatal (PND 1-10) and prepubertal (PND 11-21) stages are a particularly sensitive stage of rodent development as maturation of the reproductive organs takes place during this time. 

9.46 Subcutaneous treatment of female rats (males were not examined) with genistein (500 mg/kg bw/day) either during the neonatal or prepubertal stage had differing effects (Lamertiniere et al, 1998).  Treatment during the neonatal stage (PND 2, 4 and 6) resulted in significantly decreased uterine weights at PND 21 and 50 as well as a reduction in plasma progesterone and the number of corpora lutea and an increase in the numbers of atretic antral and growing follicles at PND 50. In contrast, treatment during the prepubertal stage (PND 16, 18 and 20) caused a significant but transient increase in uterine weight at PND 22, however the uterine weight had normalised by PND 50 and no effects on plasma progesterone level or on ovarian follicular development were reported.  However, prepubertal treatment resulted in early differentiation of mammary tissue.

9.47 Genistein when administered subcutaneously at relatively high concentrations (500 mg/kg bw/day) can induce oestrogenic effects in both intact and ovariectomised animals. The comparative sensitivity of intact and ovariectomised prepubertal female rats (males were not examined in this study) to genistein was examined by  QUOTE "{Cotroneo MS, Wang J, et al. 2001 #34830}" 
Cotroneo et al (2001). 
 In this study, animals received a subcutaneous injection of genistein (500 mg/kg bw/day) on PND 16, 18 and 20. After treatment, the plasma concentration of genistein was approximately 5.6 (M (2 (M unconjugated genistein).  Relative uterine weights were significantly increased at PND 21 in both ovariectomised and intact animals with hypertrophy of the luminal and glandular epithelia of the uterus.  An increase in progesterone receptor concentration but decreased ER( and androgen receptor concentrations was evident in the uterus of both intact and ovariectomised animals. ER( expression was still lower in treated animals at PND 50, but not PND 100 (ER( was not analysed).  Sex hormone concentrations were measured in intact animals.  Genistein treatment increased oestradiol, reduced progesterone and had no effect on testosterone plasma concentrations. 

9.48 Equivalent increases in uterine weight were observed after subcutaneous administration of genistein (50 mg/kg bw/day) or DES (0.001 mg/kg bw/day) to female mice on PND 1-5 ( QUOTE "(Newbold RR et al., 2001)" 
Newbold et al, 2001)
.  After 18 months, animals in both treatment groups developed abnormalities of the reproductive tract including cystic ovaries, absence of corpora lutea, abnormal oviducts, squamous metaplasia and atypical hyperplasia of the uterus and an increased incidence of uterine adenocarcinoma (35% and 31% for genistein and DES, respectively).  A parallel study in male animals was not conducted.

9.49 In a comparative study of male and female neonatal rats, animals were dosed subcutaneously with genistein (0, 0.2 or 4 mg/kg bw/day) from PND 1-6 and orally (0, 4 or 40 mg genistein/kg bw/day) from PND 7-21 (Lewis et al, 2002).  Dose equivalence studies showed that the subcutaneous doses would provide total plasma concentrations of genistein equivalent to oral doses of 4 or 40 mg genistein/kg bw/day, respectively.  In females, increased uterine weights at PND 22, advancement of the time of vaginal opening, permanent oestrus and reduced plasma progesterone concentrations were evident in animals dosed with 40 mg genistein/kg bw/day.  No effects were evident in females dosed with 4 mg genistein/kg bw/day.  In males, no consistent effects with treatment were reported.
9.50 In a series of studies, Hughes (1988) and Hughes et al (1991a and b) studied GnRH-induced LH release in female ovariectomised rats administered with genistein by intravenous injection (single dose of 0.01, 0.1, 1 or 10 (g/kg bw), oral gavage (single dose of 0.1, 1 or 10 mg/kg bw) or subcutaneous injection (3 doses of 0.8 or 8 mg/kg bw/day).  Intravenous treatment with genistein inhibited LH release at doses of 0.01 and 10 (g/kg bw but LH release was enhanced at the 0.1 (g/kg bw dose and did not differ from controls at the 1 (g/kg bw dose (Hughes et al, 1988).  In contrast, oral administration of genistein had no effect on LH release (Hughes et al, 1991a) and subcutaneous administration of genistein inhibited LH release (Hughes et al, 1991b).
9.51 When female rats (effects in the male were not examined) were fed soy- or cows’ milk-based infant formula from PND 21/22 to 24/25 both formulae induced uterotrophic responses (Ashby et al, 2000).  The most marked response was seen in animals fed soy infant formula, however, the effects could not be causally associated to the isoflavone content as the isoflavone-free cows’ milk formula had similar activity.  Vaginal opening and first oestrus were advanced when soy formula feeding was continued from PND 21-55 (the effect of cows’ milk formula feeding on these parameters was not tested).  In contrast, oestrogenic effects were not observed when ovariectomised animals were fed soy formula suggesting modulation of endogenous oestrogens rather than direct action on reproductive tissues as the mechanism of action.  Co-administration of inhibitors of sex hormone production with the soy formula lent support to this mechanism (see paragraphs 7.22-7.23).  Assessment of the daily intake of the soy formula indicated that rodents consumed three times as much as human infants.  When the formula was diluted to provide the animals with the equivalent intake on a body weight basis to human infants, no effects on sexual development were reported.

9.52 Genistein in the diet can induce oestrogenic effects on the uterus and mammary glands as well as hypothalamic-pituitary axis in ovariectomised female rats ( QUOTE "{Santell RC, Chang YC, et al. 1997 #37010}" 
Santell et al, 1997)
. In this study, dietary genistein (750 mg/kg diet) administered from PND 70 for 5-14 days inhibited ovariectomy-induced mammary gland regression and increased uterine weights.  Prolactin secretion was also stimulated indicating that genistein can act on the hypothalamic-pituitary axis. 

9.53 In contrast, no oestrogenic effects were reported in a study of ovariectomised PND 40 rats fed either a soy diet or a soy diet with reduced isoflavone content for a period of two months ( QUOTE "{Tansey, Hughes, et al. 1998 #3440}" 
Tansey et al, 1998). 
 No effects on vaginal cornification or uterus weight were reported for either diet suggesting that soy-containing diets may not be able to compensate for the loss of endogenous oestrogens. The isoflavone content of the soy was not reported in this study, but it is possible the intake of genistein from the soy in the diets was not comparable with that used in the study by  QUOTE "{Santell RC, Chang YC, et al. 1997 #37010}" 
Santell et al (1997
).

9.54 Subcutaneous administration of genistein (4 mg/kg bw/day) to male rats on alternate days between PND 2-18 significantly increased germ cell apoptosis, retarded seminiferous tubule lumen formation and reduced testis weight, plasma FSH and spermatocyte/Sertoli cell volume ratio by PND 18 ( QUOTE "(Atanassova N et al., 2000)" 
Atanassova et al, 1999)
.  No effects on inhibin B concentrations and Sertoli cell nuclear volume were observed.  Other than the reduction of spermatocyte/Sertoli cell volume ratio, the differences between genistein treated and control animals were undetectable at PND 25 and differences in testis weight were no longer evident in adulthood.  When the reproductive function of these animals assessed at adulthood, a trend towards a reduction in the number of mating events and litter size was reported but it was not statistically significant.  

9.55 However, lifetime exposure to soy did delay male reproductive development with manifestations detected in adulthood in rats.  A lifetime exposure to a soy-containing diet (15.5% soy flour) resulted in increased FSH concentrations and reduced body and testis weight compared with animals fed a soy-free diet.  All of the observed changes were significant but of small magnitude ( QUOTE "(Atanassova N et al., 2000)" 
Atanassova et al, 2000)
. 

9.56 In a study by Weber et al (2001), reduced body and prostate weight and plasma testosterone and androstenedione levels were evident in male rats fed a soy-containing diet (600 mg isoflavones/kg) from PND 50 for 5 weeks compared with animals fed an isoflavone-free diet.  However, no significant differences in plasma LH and oestradiol levels or 5(-reductase activity were reported.  A parallel study was not conducted in female animals.

9.57 A comparative study on the effects of subcutaneous administration of genistein (4 mg/kg bw/day) to male rats on PND 2-12 showed that in contrast to DES, genistein treatment had no effect on gross morphology or sex hormone receptor expression in the seminal vesicles ( QUOTE "{Williams, McKinnell, et al. 2001 #41540}" 
Williams et al, 2001
b). 

9.58 When genistein was administered by subcutaneous injection to neonatal male mice (effects in female mice were not examined) on PND 1-3 at a dose level of 1 mg/animal/day (which equates to ~500 mg/kg bw/day) a persistent reduction in ventral lobe and relative prostate weights was observed in adulthood (
Strauss et al, 1998)
. In a further experiment in adult male mice, genistein (2.5 mg/kg bw/day) administered by subcutaneous injection for 9 days reduced testicular and serum testosterone and pituitary LH concentrations and prostate weight ( QUOTE "(Strauss  L et al., 1998)" 
Strauss et al, 1998)
. 

9.59 In a study of spontaneous vulvar carcinoma incidence, female weanling mice were fed various isoflavone diets (0-228 mg isoflavones/kg diet) (Thigpen et al, 2001).  After 3 months the incidence of vulvar carcinoma in the highest treatment group was significantly greater compared with the control group (6/16 versus 12/16 animals for the control and high treatment groups, respectively).

9.60 The effect of exogenous oestrogens on sexual development and fertility was examined in the male offspring of mice (female offspring were not examined) administered with either DES (0-50 (g/day) or genistein (0-1000 (g/day) by subcutaneous injection from PND 1-5  QUOTE "{Shibayama, Fukata, et al. 2001 #51150}" 
(Shibayama et al, 2001)
. A dose-dependent reduction in relative testis weight, sperm count and sperm motility was observed in DES treated mice but not in the genistein treated animals.  However, ER( and androgen receptor expression in the testes decreased dose-dependently with genistein and DES treatment.

9.61 Equol, a metabolite of daidzein has been shown to have oestrogenic activity. Subcutaneous administration of equol (10, 100 and 1000 (g/day) to female rats on PND 1-5 resulted in reduced relative uterine weights only in the highest treatment group at PND 25 ( QUOTE "{Medlock KL, Branham WS, et al. 1995 #36890}" 
Medlock et al, 1995)
.  However, this effect was transient, as no significant differences in uterine weight were evident at PND 60.  

9.62 A study by  QUOTE "(Wang W et al., 1995)" 
Wang et al (1995)
 demonstrated that subcutaneous administration of formononetin (40 mg/kg bw/day) for five days to ovariectomised female mice increased mammary gland proliferation 3 fold.  An increase in mammary gland oestrogen receptor expression and prolactin was also observed.  The authors conclude that formononetin can act as an oestrogen receptor agonist in mammary tissue and may stimulate proliferation directly via the oestrogen receptor or indirectly, by inducing prolactin secretion via the pituitary gland.
 QUOTE "" 
9.63 It is clear that isoflavones can produce effects on the sexual development of male and female rodents when administered at relatively high doses by subcutaneous injection.  One study has examined the effects of oral administration of genistein over a range of doses.  Male and female neonatal rats were administered genistein (0, 12.5, 25, 50 or 100 mg/kg bw/day) by oral gavage on PND 1-5 ( QUOTE "(Nagao T et al., 2001)" 
Nagao et al, 2001)
.  In females, no effects on the time of vaginal opening or oestrus cycle length were noted in any of the treatment groups.  No significant effects on female mating were observed but fertility was significantly reduced in all of the treatment groups.  Polyovular follicles were detected in treated but not in control females.  Atrophic ovaries with no corpora lutea were observed in 1/5 rats in the 50 mg/kg bw/day group and 5/10 in the 100 mg/kg bw/day group in 18 week old females that had failed to become pregnant. 

9.64 In males, the time of preputial separation, serum testosterone concentrations, sperm counts as well as testes, seminal vesicle and ventral prostate weights were comparable to controls. No effects on male mating or fertility were observed. The testes, seminal vesicle and ventral prostate were histopathologically normal.  These results indicate that neonatal dosing of genistein can cause dysfunction of postpubertal reproductive performance at doses ( 12.5 mg/kg bw/day as well as abnormal development of reproductive organs in female rats at doses ( 50 mg/kg bw/day.  However, dietary genistein has little detectable effect on male reproductive development and fertility in doses up to 100 mg/kg bw/day ( QUOTE "(Nagao T et al., 2001)" 
Nagao et al, 2001)
.

Continued exposure through the perinatal, neonatal, prepubertal and/or pubertal periods

9.65 A number of studies have been published on the effects of continued exposure to isoflavones through the perinatal and subsequent periods.  In this study, pregnant rats received dietary genistein (5 mg/kg diet estimated to approximate 0.2 mg/kg bw/day for an adult rat) from gestational day 17.  After weaning, male offspring (female offspring were not examined) either continued on this diet or were switched to an isoflavone-free diet until PND 70 ( QUOTE "(Roberts D et al., 2000)" 
Roberts et al, 2000)
. Epididymal weights were significantly reduced in both treatment groups at PND 130 but no effects on sperm counts were evident.  LH concentrations were significantly reduced at PND 21 and 130 in both treatment groups, but this reduction was not consistently maintained, as LH concentrations were comparable to controls at PND 70. No effects on plasma testosterone or FSH concentrations were observed. These findings suggest that in rats, the critical period of exposure to genistein is the perinatal period. 

9.66 In a study by  QUOTE "{Lamartiniere, Wang, et al. 2002 #50930}" 
Lamartiniere et al, (2002
), female rats  received dietary daidzein (0, 250 or 1000 mg/kg diet) prior to mating and throughout pregnancy and lactation. The offspring received the same diets up until PND 50. There were no significant effects on the number of, or the ano-genital distances of, the offspring. The plasma concentrations of daidzein and equol were similar in both the pregnant females and the fetuses. In the female offspring, plasma progesterone concentrations were significantly reduced in the highest dose group and oestradiol concentrations showed a dose dependent (non-significant) decrease.  Mammary gland, uterine and ovarian weights were not significantly different between groups at PND 50 and no histopathological changes were reported. Thus, in this study the only detectable effects on female sexual development was a reduction in plasma progesterone concentrations (a parallel study in male offspring was not conducted).

9.67 The effects of genistein on the reproductive function and sexual development were examined following exposure of pregnant rats and their offspring. Animals were exposed to genistein (0, 300 or 800 mg/kg diet) throughout gestation and lactation. The offspring continued on the same diet until PND 100 ( QUOTE "{You, Casanova, et al. 2002 #51170}" 
You et al, 2002)
. The exposure to the offspring was estimated at 44 and 125 mg/kg bw/day (at PND 28-31) and 16 and 43 mg/kg/day (at PND 97-100), for the intermediate and high doses, respectively. 

9.68 Genistein had no effect on preputial separation in male offspring in this study.  However, a dose-dependent advancement in the time of vaginal opening was observed in females. Genistein treatment increased the oestrus portion of the cycle and decreased metoestrus and dioestrus but the length of the oestrus cycle in rats was not affected. Treatment had no effect on sex-dependent locomotor activity. The histology of the male and female reproductive organs was normal ( QUOTE "{You, Casanova, et al. 2002 #51170}" 
You et al, 2002)
. 
9.69 The effect of genistein on androgen and ER receptor expression in the prostate was examined in male rats exposed to genistein throughout gestation to PND 70 (0, 25 or 250 mg/kg diet).  Treatment with genistein reduced androgen receptor, ER( and ER( expression in the prostate in a dose-dependent manner.  No differences in the histopathology or weight of the reproductive tract were evident between treatment groups (Fritz et al, 2002).

9.70 The oestrogenic effects of soy on the uterus and prostate of mice was examined following exposure to pregnant mice and their offspring (Makela et al, 1995).  Pregnant mice were fed a 0 or 7% (w/w) soy diet (the isoflavone content was not determined) during gestation and lactation and the offspring were continued on these diets after weaning.  DES was also administered to some animals on PND 1-3.  In the female offspring, dietary soy and DES increased uterine weights in the immature animals.  However, in animals co-administered with soy and DES, exposure to soy reduced the uterotrophic effect of DES.  Similar effects were observed in the prostate of male offspring.  Prostate weights were increased at 9 months in animals exposed to either soy or DES.  However, soy exposure inhibited the prostatic growth induced by DES treatment.  
Multigeneration studies

9.71 The most rigorous assessment of fertility and development effects is through multigeneration studies.  Typically these studies examine a number of aspects of male and female reproductive and developmental toxicity (libido, fertility, pregnancy, lactation) as well as the effects on survival, growth, development and reproductive capacity of the offspring.  These effects can be assessed over a number of generations (Barlow et al, 2002).  

9.72 Two studies have been conducted in rodents  QUOTE "{Flynn, Ferguson, et al. 2000 #51100}" 
(Flynn et al, 2000; 

 QUOTE "{Badger TM, Ronis MJJ, et al. 2001 #46990}"  ADDIN PROCITE ÿ\11\05‘\19\02\00\00\00*{Badger TM, Ronis MJJ, et al. 2001 #46990}\00*\00”\02\00\00(J:\5CCST 2\5CProcite files\5CPhytoestrogen.pdt(Badger TM, Ronis MJJ, et al. 2001 #46990\00(\00 
Badger et al, 2001
). The scope of these studies was somewhat limited, as the full range of end-points were not assessed.  

9.73 No effects on the rate or success of breeding, litter size, body and organ weight or birth length were observed following a multigenerational soy feeding study. Animals received a diet supplemented with soy protein isolate over three generations  QUOTE "{Badger TM, Ronis MJJ, et al. 2001 #46990}" 
(Badger et al, 2001)
.  The age of onset of puberty did not differ in F1 males (as assessed by preputial gland separation) but vaginal opening was advanced (2 days) in F1 females.  In this study exposure to soy advanced puberty in females, but exposure to soy had no detectable effect on the reproductive capacity of male or female rats. However, the intake and isoflavone content of the soy diet was not reported which makes the findings difficult to extrapolate to likely human exposures.  

9.74 A study by Flynn et al (2000) showed that genistein had no effect on maternal nursing behaviour observed across and between generations when rats were fed genistein (500 mg/kg diet) over four generations.

9.75 The data from the experimental studies of the effects of isoflavones and soy on rodents are summarised in Table 9.1.

Table 9.1: Effects of isoflavones on rodent development and fertility.

Timing of exposure/Species
Route of administration (duration)
Dose
Results
Reference

In utero





Rat
s.c. (GD 16-20)
25 mg genistein/day
( Birth weights, delayed vaginal opening
 QUOTE "{Levy JR, Faber KA, et al. 1995 #28770}" 
Levy et al (1995) 








Mouse
s.c. (GD 15-20)
20 (g genistein/day
Advanced time of vaginal opening and mammary gland growth
Hilakivi-Clarke et al (1998)







Perinatal





Rat
Dietary (GD 10- PND 70)
5 mg genistein/kg diet
( Uterus & ovary weight, ( oestradiol and progesterone, irregular oestrus, abnormal uterine and ovarian histology
 QUOTE "(Awoniyi CA et al., 1998)" 
Awoniyi et al (1998)








Rat
Dietary (GD 10- PND 21)
4 mg genistein/kg bw/day
No long term effects on sexual development
 QUOTE "{Kang, Che, et al. 2002 #50920}" 
Kang et al (2002
)







Rat
Dietary (GD 0- PND 21)
250 mg genistein/kg diet
No effect on sex hormone concentrations or receptor levels
Cotroneo et al (2001)







Rat
Dietary (GD 0-PND 21)
250 mg genistein/kg diet
Advancement of mammary gland differentiation
Fritz et al (1998)













Rat
Dietary (GD 0- PND 21)
1000 mg genistein/kg diet
( Relative uterine weight, accelerated female puberty
 QUOTE "(Casanova M et al., 1999)" 
Casanova et al (1999)








Rat
Dietary (GD 0- PND 7)
2.4% soy extract in diet
( Oestrus cycle length, ( uterus weight, abnormal vaginal, uterine and ovarian histology
 QUOTE "(Gallo D et al., 1999)" 
Gallo et al (1999)








Neonatal, prepubertal 

and/or pubertal





Mouse
s.c. (PND 1-3)

s.c. (9 days in adults)


1mg genistein/kg bw/day

2.5 mg genistein/kg bw/day 


( Ventral lobe and prostate weight

( Testicular & serum testosterone and pituitary LH concentrations, prostate weight 
 QUOTE "(Strauss  L et al., 1998)" 
Strauss et al (1998)








Mouse
s.c. (PND 1-5)
1 mg genistein/day
No effect on testis weight or spermatogenesis
Shibayama et al (2001)







Rat
s.c. (PND 2-18)

Dietary (continuous)
4 mg genistein/kg bw/day 

Soy diet
( testes weight (reversible), ( germ cell apoptosis, 

( spermatocyte/Sertoli cell volume, (FSH

( testes weight (irreversible)
 QUOTE "(Atanassova N et al., 2000)" 
Atanassova et al (2000)








Rat
s.c. (PND 2-12)
4mg genistein/kg bw/day 
No effect on seminal vesicles
 QUOTE "{Williams, McKinnell, et al. 2001 #41540}" 
Williams et al (2001
)







Mouse
s.c. (PND 1-5)
50 mg genistein/kg bw/day
( Uterine weight, absence of corpora lutea, abnormalities to oviduct and uterine adenocarcinoma.
 QUOTE "(Newbold RR et al., 2001)" 
Newbold et al (2001)








Mouse
Dietary (3 months)
228 mg isoflavones/kg diet
( Vulvar carcinoma
Thigpen et al (2001)







Rat
Oral gavage (PND 1-5)
50 mg genistein/kg bw/day
Disrupted fertility in females, histological changes in uterus and ovaries
 QUOTE "(Nagao T et al., 2001)" 
Nagao et al (2001)








Rat
s.c. (PND 2-6)

s.c. (PND 16-20)
500 mg genistein/kg bw/day
( Uterine weight & corpora luteum. ( plasma progesterone.

( Uterine weight. Advancement of mammary gland differentiation. No effect on sex hormone concentrations, ovarian development or menstrual cycle
 QUOTE "(Lamartiniere CA et al., 1998)" 
Lamartiniere et al (1998)








Rat (ovariectomised)
i.v. (single dose)
0.01-10 (g genistein/kg bw
0.01 and 10 (g genistein/kg bw (GnRH-induced LH release

0.1 (g genistein/kg bw ( GnRH-induced LH release
Hughes et al (1988)







Rat (ovariectomised)
Oral gavage (single dose)
0.1-10 mg genistein/kg bw
No effect on GnRH-induced LH release
Hughes et al (1991a)







Rat (ovariectomised)
s.c. (3 daily doses)
0.8 or 8 mg genistein/kg bw
( GnRH-induced LH release
Hughes et al (1991b)







Rat (ovariectomised & intact)
s.c. (PND 16-20)
500 mg genistein/kg bw/day
( Uterine weights,( PR, ( ER(, ( AR expression
 QUOTE "{Cotroneo MS, Wang J, et al. 2001 #34830}" 
Cotroneo et al (2001
)







Rat (ovariectomised & intact)
Dietary (PND 70-75)
750 mg genistein/kg diet 
( Uterine weights, inhibition of mammary gland regression (no effect on intact immature animals)
 QUOTE "{Santell RC, Chang YC, et al. 1997 #37010}" 
Santell et al (1997)








Rat
Dietary (PND 50-99)
600 mg isoflavones/kg diet
( prostate and body weight 

( plasma testosterone and androstenedione
Weber et al (2001)







Rat (ovariectomised)
Dietary (PND 40-100)
Soy
No effect on uterine weight or vaginal histology
 QUOTE "{Tansey, Hughes, et al. 1998 #3440}" 
Tansey et al (1998
)







Mouse
s.c. (PND 1-5)
1 mg equol/day
( uterine weight
Medlock et al (1995a and b)







Mouse (ovariectomised)
s.c. (5 days)
40 mg formononetin/kg bw/day
( mammary gland proliferation
Wang et al (1995)







Rat
Dietary (PND 21/22-24/25)

Dietary (PND 21-55)
Soy infant formula
( uterine weight

( female anogenital distance and advanced first oestrus
 QUOTE "(Ashby J and Lefevre PA, 2000)" 
Ashby et al (2000)








Rat
s.c. (PND 1-6) then 

oral gavage (PND 7-21) 
4 mg then 

40 mg genistein/kg bw/day
( uterine weight, advanced time of vaginal opening, permanent oestrus,  ( plasma progesterone in females.

No effects in males.
Lewis et al (2002)







Continued perinatal

and/or neonatal to pubertal 





Rat
Dietary (GD 17- PND 70)
50 (g genistein/day
( Serum testosterone and LH, ( Epididymal weights
 QUOTE "(Roberts D et al., 2000)" 
Roberts et al (2000)








Rat
Dietary (GD 0- PND 100)
800 mg genistein/kg diet
Advanced vaginal opening, altered oestrus cycling
You et al (2002)







Rat
Dietary (GD 0- PND 100)
1000 mg daidzein/kg diet
No reproductive parameters altered in males or females
 QUOTE "{Lamartiniere, Wang, et al. 2002 #50930}" 
Lamartiniere et al (2002) 








Rat
Dietary (GD 0- PND 70)
25 mg genistein/kg diet
( AR, ER( and ER( expression in the prostate
Fritz et al (2002)







Mouse
Dietary (GD 0- PND 270)
7% (w/w) soy
( Uterine weight, ( prostate weight
Makele et al (1995)







Multigenerational





Rat
Dietary
500 mg genistein/kg diet
No effect on maternal nursing behaviour
 QUOTE "{Flynn, Ferguson, et al. 2000 #51100}" 
Flynn et al (2000) 








Rat
Dietary
Soy protein isolate (dose not determined)
No effect on birth weight, length or relative organ weight, advanced vaginal opening in F1 females
 QUOTE "{Badger TM, Ronis MJJ, et al. 2001 #46990}" 
Badger et al (2001) 


  GD- gestational day, PND- postnatal day, s.c.- subcutaneous injection, i.v.- intravenous injection; FSH- follicle stimulating hormone, LH- lutenising hormone, ER- oestrogen receptor, PR- progesterone receptor, AR- androgen receptor. 

Coumestrol

9.76 In vitro and in vivo assays of oestrogenicity suggest that coumestrol may be the most potent phytoestrogen identified to date (see Chapter 8).  Exposure to coumestrol has been shown to induce a range of oestrogenic effects. 

9.77 Increases in absolute uterine weight were reported after coumestrol was administered by subcutaneous injection (single injection of 50-200 (g) or orally (50-100 (g for 3 days) to immature female ovariectomised rats (Markaverich et al, 1995).

9.78 Similar findings were reported in studies by Ashby et al (1999) and Tinwell et al (2000).  Coumestrol (60 mg/kg bw/day) was administered by oral gavage to intact immature (Ashby et al, 1999), ovariectomised immature or ovariectomised mature female rats (Tinwell et al, 2000) on 3 consecutive days.  Increases in uterine weight were evident from all treatments and were accompanied by uterine hyperplasia.

9.79 Subcutaneous administration of coumestrol (range 0.001-100 µg/day) during PND 1-5 advanced vaginal opening in mice at all doses ( QUOTE "{Burroughs CD, Mills KT, et al. 1990 #28940}" 
Burroughs et al, 1990
a). At 20-22 months of age, abnormalities of the reproductive tract were observed such as cervicovaginal pegs and downgrowths at all doses except 25 and 50 µg, cervical adenosis (( 0.08 µg), uterine squamous metaplasia (( 50 µg) haemorrhagic follicles (0.1, 5 and 100 µg/day), ovarian ceroid deposition (( 5 µg/day) and absent corpora lutea (100 (g/day).  These effects were also observed in a similar study of ovariectomised mice (Burroughs et al, 1990b).  The effects of equivalent exposures in the male were not studied.
9.80 Two studies by  QUOTE "{Medlock KL, Branham WS, et al. 1995 #36890}" 
Medlock et al (1995a and b)
 showed that coumestrol can produce effects similar to that of potent oestrogens such as diethylstilboestrol (DES) and oestradiol in female rat neonates. Subcutaneous administration of oestradiol, DES and coumestrol (100 (g/day) on PND 1-5 or 1-10 increased uterine weight by PND 5, but subsequently reduced uterine growth and suppressed uterine ER( levels by PND 25 compared to controls.  When coumestrol was administered on PND 10-14 coumestrol inhibited uterine gland genesis.


9.81 No adverse effects on spermatogenesis or neuroendocrine function were reported in male mice (females mice were not examined) following neonatal exposure to coumestrol (100 (g/day) administered by subcutaneous injection on PND 1-5 (Awoniyi et al, 1997).  Coumestrol had no effect on the weights of testes and sex accessory organs, or sperm count measured at PND 60.  Similarly, there were no significant changes in serum testosterone, LH and FSH concentrations.
9.82 In a study of GnRH-induced LH release, Hughes (1988) administered coumestrol (single dose in the range 0.01-10 (g/kg bw) by intravenous injection to female ovariectomised rats.  Treatment with coumestrol inhibited LH release at all doses.
9.83 Suppressed pituitary responsiveness to GnRH stimulation was reported when coumestrol (20 mg) was intravenously infused over 8.5 hours to adult female ovariectomised rats  QUOTE "{McGarvey, Cates, et al. 2001 #54630}" 
(McGarvey et al, 2001
).  

9.84 Dietary studies suggest that neonatal or prepubertal exposure to dietary coumestrol in relatively large doses (100 mg/kg diet) can produce long-term effects on reproductive parameters in both females and males.

9.85 The effect of neonatal dietary exposure was examined in rats in two studies by  QUOTE "{Whitten PL, Lewis C, et al. 1993 #50460}" 
Whitten et al (1993
; 1995).  Rats were exposed either during PND 1-10 or 1-21 via breast milk from mothers fed coumestrol (100 mg/kg diet).  After weaning, the offspring were switched to a coumestrol-free diet.  In females, no effect on the oestrus cycle was seen in animals treated for 10 days, however, in the animals treated throughout lactation showed irregular oestrus cycling at PND 99-108 and by PND 132-143, 83% of animals exhibited persistent oestrus.  A reduction in latency of mounting behaviour and ejaculation frequency was observed in male offspring after 10 or 21 days of treatment.  However, testis weights and plasma testosterone levels were unaffected.

9.86 When immature female rats received dietary coumestrol (0, 50 or 100 mg/kg of diet) for 90 hours, a significant increase in progesterone receptor concentrations and uterine weight was observed at a dose of 100 mg/kg diet.  When the treatment was extended to 180 hours, similar effects were seen in both treatment groups (

Whitten et al, 1992) QUOTE "{Whitten PL, Russell E, et al. 1992 #31920}" .

9.87 In a further study, increased uterine and pituitary expression of progesterone receptors was observed in prepubertal female rats treated from PND 21-24 with 100 mg/kg coumestrol in the diet ( QUOTE "{Whitten PL & Naftolin F 1992 #50470}" 
Whitten & Naftolin, 1992
). A longer term treatment was included in this experiment (PND 22-60) which resulted in significant reductions in the time of vaginal opening and first oestrus.  No differences in oestrus cyclicity were found at first oestrus.  However, by PND 116-131, irregular cycling was observed in approximately half the treated animals. 
9.88 The data from the experimental studies of the effects of coumestrol on rodents are summarised in Table 9.2.
Table 9.2: Effects of coumestrol on rodent development and fertility.

Species
Route of administration (duration)
Dose
Results
Reference







Rat (ovariectomised)
s.c. (single dose to immature animals)

oral (3 days to immature animals)
50-200 (g

50-100 (g/day
( Uterine weight
Markaverich et al (1995)







Rat
Oral gavage (3 days to immature animals)
60 mg/kg bw/day
( Uterine weight and uterine hyperplasia
Ashby et al (1999)







Rat (ovariectomised)
Oral gavage (3 days to immature animals)

Oral gavage (3 days to mature animals)
60 mg/kg bw/day
( Uterine weight and uterine hyperplasia
Tinwell et al (2000)







Mouse
s.c. (PND 1-5)
0.001-100 (g/day
Advanced vaginal opening, abnormalities of the reproductive tract (all doses). No corpus luteum (100 (g/day)
 QUOTE "{Burroughs CD, Mills KT, et al. 1990 #28940}" 
Burroughs et al (1990
a)







Mouse (ovariectomised)
s.c. (PND 1-5)
0.001-100 (g/day
Advanced vaginal opening, abnormalities of the reproductive tract (all doses). No corpus luteum (100 (g/day)
 QUOTE "{Burroughs CD, Mills KT, et al. 1990 #28940}" 
Burroughs et al (1990
b)







Rat
s.c. (PND 10-14)
100 (g/day
Altered uterine growth
 QUOTE "{Medlock KL, Branham WS, et al. 1995 #36890}" 
Medlock et al (1995
a and b)







Rat (ovariectomised)
i.v. (single dose)
0.01-10 (g/kg bw
( GnRH-induced LH release
Hughes (1988)







Rat
i.v. infusion (8.5 hours)
20 mg
( pituitary responsiveness
McGarvey et al (2001)







Rat
Dietary (PND 25-28)
50 mg/kg diet
( Uterine weight and progesterone receptors
 QUOTE "{Whitten PL, Russell E, et al. 1992 #31920}" 
Whitten et al (1992
)







Rat
Dietary (PND 21-24)

Dietary (PND 21-60)
100 mg/kg diet
( Uterine weight and progesterone receptors

Early vaginal opening and menstrual cycle irregularity
 QUOTE "(Whitten PL and Naftolin F, 1992)" 
Whitten & Naftolin (1992)








Rat
Dietary (PND 1-21)
100 mg/kg in maternal diet
Irregular menstrual cyclicity, persistent oestrus state
 QUOTE "(Whitten PL et al., 1993)" 
Whitten et al (1993)








Rat
Dietary (PND 1-10)

Dietary (PND 1-21)
100 mg/kg in maternal diet
Females: no effect. Males: ( sexual behaviour/function 

Females: permanent oestrus. Males: ( sexual behaviour/function
 QUOTE "(Whitten PL et al., 1995)" 
Whitten et al (1995)








Rat
s.c. (PND 1-5)
100 (g/day
No effect on spermatogenesis or sex hormone concentrations.
 QUOTE "(Awoniyi CA et al., 1997)" 
Awoniyi et al (1997)


PND- post natal day, s.c.- subcutaneous injection, i.v.- intravenous.

Lignans

9.89 Published studies have predominantly used flaxseed (linseed) as a source of lignans.  Flaxseed is rich in the lignan secoisolariciresinol, but may also contain other active compounds, which makes a causative association with biological effects difficult.  However, comparative studies on the effects of flaxseed and purified secoisolariciresinol do support the association. 

9.90 Pregnant rats received secoisolariciresinol diglucoside (1.5 mg/day) either by oral gavage or via diets supplemented with 0%, 5% or 10% (w/w) flaxseed throughout gestation, birth and weaning ( QUOTE "{Tou JCL, Chen JM, et al. 1998 #340}" 
Tou et al, 1998
).  The offspring received the flaxseed-free diet up until PND 132.  No significant differences in gestation length, parturition, litter size, offspring survival or the ratio of males to females were observed in any treatment group. 

9.91 Female animals in the 10% (w/w) flaxseed treatment group demonstrated early onset of puberty and lengthened oestrus cycles.  In contrast, puberty was delayed in the secoisolariciresinol and 5% (w/w) flaxseed-exposed groups. In males, no effects were reported on testes, seminal vesicle or prostate weights in any treatment group. However, accessory sex gland and prostate weights were significantly greater in the 10% (w/w) flaxseed group.  These results suggest that perinatal exposure to compounds in flaxseed can produce hormonal effects in male and female rodents.  Oestrogenic effects were observed in female rodents at relatively high doses although the delay of puberty in females suggests that flaxseed may have anti-oestrogenic effects at lower doses ( QUOTE "{Tou JCL, Chen JM, et al. 1998 #340}" 
Tou et al, 1998
).

9.92 In a study by  QUOTE "{Tou JCL, Chen JM, et al. 1999 #860}" 
Tou et al (1999)
, the offspring from mothers fed control, 5% or 10% (w/w) flaxseed diets throughout gestation and lactation were maintained on these diets until PND 132.  Some animals fed the control diet were switched to a diet containing 5% or 10% (w/w) flaxseed after weaning.  In the females fed 10% (w/w) flaxseed, vaginal opening was advanced, oestrus prolonged and serum oestradiol concentrations elevated at PND 50 and 132 compared with the other groups.  In contrast, vaginal opening was delayed with no effect on oestrus cyclicity in the 5% (w/w) flaxseed treatment group.  Exposure to flaxseed limited to during the post-weaning period had no effect on age of vaginal opening or oestrus cyclicity ( QUOTE "{Tou JCL, Chen JM, et al. 1999 #860}" 
Tou et al, 1999)
.  

9.93 In males, elevated testosterone concentrations (at PND 132) and increased sex accessory gland, seminal vesicle, prostate and testes weights were reported only in the 10% (w/w) flaxseed group.  When exposure to flaxseed was restricted to the post-weaning period there were no effects on male sex organs. The results suggest that exposure during the perinatal period is the critical time for induction of the observed effects ( QUOTE "{Tou JCL, Chen JM, et al. 1999 #860}" 
Tou et al, 1999)
.

9.94 None of the effects noted in the previous studies (

Tou et al, 1998; 1999) QUOTE "{Tou JCL, Chen JM, et al. 1998 #340}"  were observed in a study by 

Ward et al (2001) QUOTE "{Ward WE, Yuan YV, et al. 2001 #40350}" .  In this study, male and female rat offspring were exposed from birth via the milk of mothers fed 10% (w/w) flaxseed or secoisolariciresinol (177 mg/kg diet equivalent to the concentration of lignan present in the 10% (w/w) flaxseed diet) and continued on these diets after weaning.  This suggests in utero exposure is the critical time for induction of the observed effects. 

9.95 A study by 

Tou & Thompson (1999) QUOTE "{Tou JC & Thmopson LU 1999 #50430}"  suggests that perinatal exposure to lignans may promote differentiation of specific cells in mammary glands. When pregnant rats were fed a 10% (w/w) flaxseed diet during gestation and lactation, early differentiation of mammary gland tissue was stimulated in the female offspring.  Similar effects were reported from continuous exposure from the perinatal to the post-weaning period.  When exposure was limited to the post-weaning period, no effects were evident.  Similar but weaker effects were observed when rats were fed a diet incorporating 5% (w/w) flaxseed or secoisolariciresinol diglucoside (88 mg/kg diet, estimated as equivalent to the concentration of lignan in the 5% (w/w) flaxseed diet).  These results suggest that exposure to dietary lignans during the in utero and neonatal periods can accelerate breast maturation. 

9.96 Male reproductive development and function were unaffected but alterations in sex hormone concentrations were observed following continuous exposure to flaxseed from gestation to adulthood.  No significant differences in testis, seminal vesicle and epididymal weights, spermatid numbers, testosterone concentrations or sperm morphology were noted in the male offspring of rats on a diet supplemented with 0, 20 or 40% (w/w) flaxseed from gestation to weaning  QUOTE "(Sprando RL et al., 2000a)" 
(Sprando et al, 2000a)
. There was a dose dependent increase in the concentrations of plasma LH (but not FSH) and seminiferous tubule fluid testosterone in animals fed 20% and 40% (w/w) flaxseed  QUOTE "(Sprando RL et al., 2000a)" 
(Sprando et al, 2000a)
.  No effects on testis structure and spermatogenesis were evident in animals in the treatment groups.  An increase in plasma testosterone was noted only in the 40% flaxseed treatment group in a similar study by Sprando et al, (2000b).  Parallel experiments were not conducted in females.

9.97 The data from the experimental studies of the effects of lignans or flaxseed on rodents are summarised in Table 9.3.

Table 9.3 Effects of lignans on rodent development and fertility.

Species
Route of administration (duration)
Dose
Results
Reference

Rat
Seco: oral gavage 

(GD 0- PND 21)

Flaxseed: dietary 

(GD 0- PND 21)
1.5 mg/day seco diglucoside

5% and 10%  (w/w) flaxseed in diet
Females: advanced puberty (10% (w/w) flaxseed), delayed puberty (5% (w/w) flaxseed or seco)

Males: ( accessory sex gland, prostate weights (10%  (w/w) flaxseed)
 QUOTE "{Tou JCL, Chen JM, et al. 1998 #340}" 
Tou et al. 1998 








Rat
Dietary (GD 0- PND 132)
5 and 10% (w/w) flaxseed diet


Females: delayed age of puberty (5% (w/w) flaxseed), advanced puberty and prolonged oestrus ( oestradiol concentrations (10% (w/w) flaxseed)

Males: ( accessory sex gland, seminal vesicle, testes, prostate weights (10% (w/w) flaxseed)
 QUOTE "{Tou JCL, Chen JM, et al. 1999 #860}" 
Tou et al. 1999 








Rat
Dietary (GD 0- PND 21)
10% (w/w) flaxseed diet
Promotion of mammary gland differentiation in neonates
 QUOTE "{Tou JC & Thompson LU 1999 #50430}" 
Tou & Thompson (1999
)







Rat
Dietary (PND1- PND 132)
10% (w/w) flaxseed (177 mg seco/kg) diet
No effects
 QUOTE "{Ward WE, Yuan YV, et al. 2001 #40350}" 
Ward et al (2001) 








Rat
Dietary (GD 0- PND 70)
20% or 40% (w/w) flaxseed diet
( Serum testosterone concentrations (40% (w/w) flaxseed)

( Prostate weight (20% (w/w) flaxseed)
 QUOTE "{Sprando RL, Collins TFX, et al. 2000 #9710}" 
Sprando et al. (2000a and b
)

GD- gestational day, PND- post natal day, seco- secoisolariciresinol.
Studies of the effects of phytoestrogens on primates 

9.98 It is generally accepted that primates are more relevant than rodents in terms of evaluating adverse health effects in humans.  Few studies evaluating the effects of phytoestrogens on primates have been published and often the number of animals used is small making it difficult to evaluate the statistical significance of the results. 

9.99 The effects of equine oestrogens (used in hormone replacement therapy) and soy extract (~26.6 mg of genistein/day for 6 months) on the vaginal cytology of ovariectomised cynomolgus macaques were compared in a study by  QUOTE "{Cline, Paschold, et al. 1996 #1760}" 
Cline et al (1996
).  Treatment with equine oestrogens induced marked vaginal maturation, whereas the soybean extract had no effect.  

9.100 In a similar primate model, ovariectomised adult female macaques were treated with oestradiol, an isoflavone-rich soy protein isolate or were co-administered with both treatments daily for 6 months ( QUOTE "{Foth & Cline 1998 #51090}" 
Foth & Cline, 1998)
.  Although the precise doses administered were not reported, they were described as being equivalent on an energy basis to doses of 1 mg oestradiol/day and 148 mg soy protein isolate/day in the female adult human. No effects of soy protein on endometrial or mammary tissue were evident after 6 months of treatment.  In contrast, uterine weights were significantly increased in the oestradiol treated group, which was accompanied by increased endometrial hyperplasia and proliferation of mammary gland tissue. In this study, co-administration with soy protein isolate appeared to partially antagonise the effects of oestradiol on the mammary gland. 
9.101 The effect of dietary soy on the plasma hormone concentrations was assessed in prepubertal female and male rhesus monkeys in a randomised cross-over study  QUOTE "{Anthony MS, Clarkson TB, et al. 1996 #1860}" 
(Anthony et al, 1996
).  Animals were fed a diet supplemented with soy (containing either 1 or 9 mg isoflavones/kg diet) for 24 weeks of each arm.  No significant effects on plasma oestradiol, testosterone, dehydroepiandrosterone sulfate, free thyroxine and sex hormone binding globulin concentrations or in uterine, prostatic and testicular weights between the dietary groups. No significant differences in testicular weights or testicular histology were reported in a longer term study in which prepubertal male cynomolgus monkeys were fed either a casein-, soy- or an isoflavone free soy-based diet for 14 months ( QUOTE "{Anthony MS, Clarkson TB, et al. 1997 #3660}" 
Anthony et al, 1997)
. The isoflavone intake was not reported in this study.  

9.102 Pregnant rhesus monkeys were fed genistein (8 mg/kg bw/day) for 7 weeks in addition to a soy-containing diet (the isoflavone concentrations of the feed were not determined)  QUOTE "(Harrison RM et al., 1999)" 
(Harrison et al, 1999
). No significant differences in maternal, fetal or placental weights were evident at delivery.  A non-significant trend towards an increase in maternal plasma concentrations of oestrone and dehydroepiandrosterone sulfate and maternal and fetal progesterone concentrations was noted in the genistein treated group.  Serum oestradiol concentrations were 58% greater in maternal and 78% greater in fetal genistein treated groups.  No gross changes in placental villous morphology were evident as a result of genistein treatment. 

9.103 The effects of soy-based infant formulae on sexual development and fertility were investigated in male marmosets.  Co-twin male marmosets were fed either cows’ milk or soy-based infant formula from PND 4/5 to 35/45 ( QUOTE "{Sharpe RM, Martin B, et al. 2002 #51070}" 
Sharpe et al. 2002
).  Isoflavone intakes from soy formula were estimated at 1.6-3.5 mg/kg bw/day. No differences in the intake of formula were evident between the twins. Blood samples collected at PND 18 or 19 and PND 35-45 indicated that the testosterone surge was suppressed in the soy formula-fed animals.  Mean testosterone concentrations ranged from 2.8-31 ng/mL in cows’ milk formula fed animals compared with 1.2-3.1 ng/mL in soy formula fed animals.  A paired comparison between twin-sets showed a 53-70% reduction in plasma testosterone levels in 11/13 of soy formula fed animals. 

9.104 No differences in testis weights were evident between the feeding groups (at PND 35/45).  Leydig cell numbers increased by an average of 74% in soy-formula fed animals, but no consistent differences in Sertoli or germ cell numbers were evident.  It might be expected that the decrease in testosterone produced could be due to decreased Leydig cell numbers however, large increases in Leydig cell numbers were found. 

9.105 These results suggest that isoflavones (or other components in soy formula) can modulate testosterone concentrations in neonates and suppress the neonatal testosterone surge.  In addition, soy formula can stimulate Leydig cell proliferation but has no effect on Sertoli or germ cell numbers. The impact or long-term consequences of these effects on the male reproductive system remain to be investigated.  An equivalent study in female primates has not been conducted.

9.106 The data from the experimental studies of the effects of genistein or soy on primates are summarised in Table 9.4.

Table 9.4 Effects of isoflavones or soya on primate development and fertility.
Species
Route of administration (duration)
Dose
Results
Reference

Rhesus monkeys (pregnant)
Dietary (7 weeks)
8 mg genistein/kg bw/day 
( maternal & fetal oestradiol
 QUOTE "(Harrison RM et al., 1999)" 
Harrison et al (1999)
 







Cynomolgus monkeys (ovariectomised)
Dietary (6 months)
26.6 mg genistein/day
No effects
 QUOTE "{Cline, Paschold, et al. 1996 #1760}" 
Cline et al (1996
)







Macaques (ovariectomised)
Dietary (6 months)
Soy protein isolate/day 
Oestradiol induced mammary gland proliferation due to oestradiol antagonised by soy
 QUOTE "{Foth & Cline 1998 #51090}" 
Foth & Cline (1998
)







Rhesus monkeys (prepubertal)
Dietary (24 weeks)
9 mg isoflavones/kg bw/day 
No change in serum oestradiol and testosterone concentrations or prostate, testicle or  uterine weight
 QUOTE "{Anthony MS, Clarkson TB, et al. 1996 #1860}" 
Anthony et al (1996
)







Marmosets
Dietary (PND 4/5-35/45)
soy infant formula (1.6-3.5 mg/kg bw/day)
( testosterone, ( Leydig cells
Sharpe et al (2002)

PND- post natal day.
Studies on the effects of phytoestrogens in humans

9.107 Information on the effects of phytoestrogens on fertility and development in humans is limited.  Anecdotal reports have suggested that plant-based compounds can produce oestrogenic effects in humans. Abnormalities in the menstrual cycle of women working with hops and in Dutch women consuming tulip bulbs were associated with exposure to phytoestrogens  QUOTE "(Milligan SR et al., 1999)" 
(Milligan et al, 1999
;  QUOTE "(Labov JB, 1977)" 
Labov, 1977)
. 

9.108 The effect of a maternal diet on the incidence of hypospadias (a disorder of male sexual differentiation) was investigated in boys (n= 7928) born to mothers taking part in the Avon longitudinal study of pregnancy and childhood  QUOTE "{North K & Golding J 2000 #19720}" 
(North & Golding, 2000
).  Hypospadias were identified in 51 individuals.  There were significant differences in the proportion of hypospadia cases with vegetarian diet or iron supplemented diets in the first half of pregnancy.  Vegetarian mothers had an adjusted odds ratio of 4.99 (95% CI 2.10-11.88) of giving birth to a boy with hypospadias compared with omnivores who did not supplement their diet with iron (the odds ratio associated with dietary iron supplementation was 2.07 [95% CI 1.00-4.32]).  Hypospadias were also associated with influenza in the first 3 months of pregnancy (adjusted odds ratio 3.19, 95% CI 1.50-6.78).  The authors suggest the greater exposure to phytoestrogens from a vegetarian compared with the omnivorous diet may be a factor in the development of hypospadias.  However, the definition of vegetarian used in this study did not differentiate between vegetarian diets as defined by this report and other diets that included meat and no direct measurement of phytoestrogen exposure was conducted.

9.109 A matched pairs case control study of girls in Puerto Rico (n= 120 pairs) with premature thelarche (breast development before 8 years of age) investigated the possible role of different factors including exposure to exogenous oestrogens in the aetiology of this condition  QUOTE "(Freni-Titulaer LW et al., 1986)" 
(Freni-Titulaer et al, 1986)
.  Details of dietary and environmental oestrogen exposure as well as maternal history of premature sexual development were examined in a retrospective interview of the mothers.  No conclusive associations were found in subjects aged ( 2 years at the onset of thelarche.  However, significant associations were found between subjects experiencing thelarche before 2 years of age (n= 85 pairs) and consumption of soy infant formula (univariant analysis: OR 2.2, 95% CI 1.0-5.2; multivariant analysis: OR 2.7, 95% CI 1.1-6.8).  Associations in this group of individuals were also found with maternal ovarian cysts (multivariant analysis: OR 6.8, 95% CI 1.4-33.0) and consumption of fresh chicken (multivariant analysis: OR 4.9, 95% CI 1.1-21.9).  Advancement of puberty has been reported in populations in the United States, however the underlying causes of this are unclear (Herman-Giddens et al, 1997; Kaplowitz et al, 2001).  There have been no published reports of populations in which boys have experienced pubertal advancement.

9.110 The effects of isoflavones on sex hormone concentrations and semen quality have been investigated in a short-term intervention trial.  A group of non-vegetarian men aged 18-35 years (n= 15) were given a standardised soy extract (40 mg total isoflavone/day) over a 2 month period ( QUOTE "{Mitchell JH, Cawood E, et al. 2001 #47080}" 
Mitchell et al, 2001
).  Mean plasma concentrations of total genistein and daidzein were 1 and 0.5 (M, respectively.  Dietary supplementation with isoflavones did not affect oestradiol, testosterone, FSH, and LH concentrations or sperm volume, count, motility, morphology or testicular volume.  Although it was a small study, the results indicate that short-term exposure to isoflavones (40 mg/day) during adulthood does not appear to affect male sex hormone concentrations or semen quality. 

9.111 A retrospective cohort study of male and female adults (20-34 years old) fed either soy (n= 248) or cows’ milk (n= 563) formula as infants was reported by  QUOTE "(Strom BL et al., 2001)" 
Strom et al (2001)
.  The participants were identified from infant feeding studies and a survey of reproductive parameters (e.g. menstrual history, pubertal maturation and pregnancy outcome) together with demographic and health characteristics, were assessed by telephone questionnaire.  However, the dietary intake of phytoestrogens was not estimated.  

9.112 Over 30 different clinically relevant and potentially oestrogenic outcomes were assessed in the two groups but no statistically significant differences were observed in most outcomes.  The soy-based formula group did report longer duration of menstrual bleeding (+0.37 days 95% CI 0.06-0.68) and greater menstrual discomfort (RR 1.77, 95% CI 1.04-3.00).  However, the clinical significance of these findings to females is unclear and the authors suggest that given the large number of comparisons evaluated these associations may be due to chance.  Although many of the outcomes examined in this study are dependent upon participant recall, the results do not suggest obvious associations between consumption of soy-based infant formula and gross effects on male and female development and fertility ( QUOTE "(Strom BL et al., 2001)" 
Strom et al, 2001)
. 

Interpretation of data in relation to human exposure

9.113 The data on rodents indicate that exposure to isoflavones, coumestrol and lignans can produce oestrogenic effects in males but may be more pronounced in females. Perinatal, neonatal or prepubertal exposures appears to produce the most marked effects. In studies of isoflavones, advancement of puberty and mammary gland tissue differentiation, irregular oestrus cycling and abnormal histology of the reproductive tract are the most common effects reported in females.  However, alterations in sex hormone concentrations have also been reported in male and female animals.  Data on coumestrol suggest that this phytoestrogen is more potent, producing similar effects at lower doses, however few studies have been published.  Published data suggest dietary secoisolariciresinol also produces oestrogenic effects in rodents.

9.114 Extrapolation of these data to humans are difficult for two reasons.  Firstly, although the experimental data clearly demonstrate that phytoestrogens can produce oestrogenic effects in rodents, the human health implications of these effects are unclear due to species differences in sexual development (see paragraphs 9.23-9.31) and experimental considerations such as route of administration (see paragraphs 8.24-8.27 and 9.34).  

9.115 Secondly, data from human studies of the ADME of isoflavones (see Chapter 5) allow correlations between isoflavone intake and plasma concentrations to be made.  However, there are few data to allow similar correlations between intake and plasma concentrations of isoflavones in rodents.  Thus, it is difficult to assess the oestrogenic effects observed in rodents in the context of likely human exposures.  There is a paucity of data on human intake and ADME of coumestrol and the lignans.

9.116 Data from primate studies are more useful in terms of risk assessment but are limited in number and scope.  The studies suggest that in utero and neonatal exposures to isoflavones can alter concentrations of endogenous sex hormones.  The data from a comparative study of twinned male marmosets fed soy- or cows’ milk-based infant formula at equivalent human intakes show suppression of the neonatal testosterone surge and an increase in Leydig cells in the testes.  However, Sertoli or germ cell numbers were unaffected ( QUOTE "{Sharpe RM, Martin B, et al. 2002 #51070}" 
Sharpe et al, 2002
).  Although, the human health implications of these results are unclear they show that soy infant formula can alter parameters of sexual development in the male marmoset.

9.117 Human data on the effects of soy-based infant formula on sexual development are limited to two studies.  One study specifically looked at the effects of soy infant formula but did not show associations between soy-based infant formula and obvious adverse health effects, with the exception of small increases in the duration and discomfort of menstruation  QUOTE "(Freni-Titulaer LW et al., 1986)" 
(Freni-Titulaer et al, 1986)
.  The other study examining the possible associations between a number of dietary and environmental factors with premature breast development in girls, reported a weak association with soy formula feeding ( QUOTE "(Strom BL et al., 2001)" 
Strom et al 2001)
.  However, both studies were based on recall and did not involve any direct measurements of hormone levels or other parameters in the subjects.  Human studies specifically examining the potential effects of in utero exposure to phytoestrogens have not been conducted.

Key Points

(
Testosterone produced by the fetal testes is essential for determining the sex of a developing male.  Development of the female is not hormone dependent.  However, exposure of the male and female fetus to oestrogens or androgens can disturb normal sexual differentiation, the potential effects being different in the male and female.  For example, menstrual disturbances in females, or low sperm counts in males.  The timing of exposure is a critical determinant of effect.
(
Studies on the effects of phytoestrogens on human development and fertility are limited in number and scope.  There are no published human studies examining the potential effects of in utero exposure to phytoestrogens.

(
It is extremely difficult to examine the effects of phytoestrogens on human development and reproduction for both practical and ethical reasons.  Hence most of the published research has been conducted in laboratory animals such as rodents and to a lesser extent (for ethical reasons) in primates.

(
Significant species differences in sexual development between rodents, non-human primates and humans make the extrapolation of the data from in vivo experimental studies to humans extremely difficult.

(
The rodent data are of limited use in human risk assessment as the human equivalents of oestrogenic responses in rodents are unclear.  In addition, rodent experiments often administer much higher doses than those observed for dietary exposures in humans and use the subcutaneous route of administration, which excludes gastrointestinal and hepatic metabolism. 

(
Experiments in rodents suggest that coumestrol, and to a lesser extent genistein and secoisolariciresinol, produce oestrogenic effects in both male and female rodents but effects may be more pronounced in the female rodent.  Exposure during the perinatal, neonatal or prepubertal stages of development produce the most marked effects.  However, the significance of these effects such as alterations in sex hormone concentrations, advancement of vaginal opening, mammary gland development, irregular oestrus cyclicity and abnormal histology of the reproductive tract to humans is unclear.

(
Dietary consumption of soy-based infant formula reduces the neonatal surge in testosterone and increases Leydig cell number in the testes of male marmosets. However, Sertoli or germ cell numbers were unaffected.  The human health implications of these results are unclear.

(
One human study published to date has specifically examined the effect of soy-based formula feeding on sexual development and fertility.  The data do not provide evidence for obvious adverse clinical effects on sexual development or reproductive health (with the exception of small increases in the duration and discomfort of menstruation).  However, the study was based on recall and did not involve any direct measurements of hormone levels or other parameters in the subjects.
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� It has been suggested that exposures during the fetal or neonatal period, which alter the programming of hormonal homeostasis may not necessarily result in adverse health effects later in life (for example see Desai & Hales (1997)).
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