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Abstract Most primates depend heavily on plant foods; thus their chemical compo-
sition is key to understanding primate ecology and evolution. One class of plant
compounds of strong current interest are phytoestrogens, which have the potential to
alter fertility, fecundity, and survival. These plant compounds mimic the activity of
vertebrate estrogens, resulting in altered physiology and behavior. Here, we review
what is known about phytoestrogens from an ecological and evolutionary perspec-
tive. Much of what is known about the effects of phytoestrogens on the endocrine
system comes from research on human foods, especially soybeans (Glycine max).
Two opposing perspectives have resulted from this research: 1) phytoestrogens
provide health benefits, such as cancer prevention, or 2) phytoestrogens act as
endocrine disruptors and threaten reproductive health. Studies of wild primates have
only recently begun examining the presence of estrogenic plants in the primate diet
and the effects of their consumption. Evidence that a number of primate species eat
plants containing phytoestrogens and research documenting behavioral and hormonal
effects of estrogenic plant consumption for red colobus monkeys (Procolobus
rufomitratus) augment captive and laboratory studies to suggest that these com-
pounds promote differential survival and reproduction. Although much debate is
currently taking place over the role of phytoestrogens and other endocrine disruptors
in human health issues and in threatening biodiversity, we argue that an ecological
and evolutionary approach is needed to reach appropriate conclusions.
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Incorporating Phytoestrogens into Primate Nutritional Ecology

Most primates depend heavily on the leaves, fruits, and flowers of tropical plants to meet
their nutritional demands (Fashing et al. 2007; Milton 1979, 2000; Rothman et al.
2012). As a result, the chemical composition of these plant parts is critical to under-
standing primate ecology and evolution. For example, research on leaf-eating primates
has shown that the availability of high-protein, low-fiber leaves is related to food choice
and biomass (Chapman et al. 2002; Fashing et al. 2007; Ganzhorn 1992; Milton 1979;
Oates et al. 1990; Wasserman and Chapman 2003). However, the significance of plant
secondary metabolites to primates is less clear. Plants produce certain compounds, ¢.g.,
alkaloids and tannins, as a defense mechanism against herbivory (Coley and Barone
1996), but evidence that such compounds function to deter mammalian herbivores is not
strong (Burgess and Chapman 2005; Milton 1979, 1998) and their efficacy depends on
the specific plant compound and physiology of the mammal (Robbins et al. 1991).
Mammalian herbivores have the ability to deal with many disruptive compounds either
by avoiding them through selective feeding or by evolving detoxification mechanisms
(Foley and Moore 2005; Freeland and Janzen 1974). This is especially true for primates
as some taxa have specialized symbiotic microbes that can likely detoxify many
defensive compounds, e.g., the forestomach fermenting colobines) (Bauchop and
Martucci 1968; Milton 1980, 1998). However, a recent study demonstrated that tannins
did reduce mammalian reproductive success in the common brushtail possum
(Trichosurus vulpecula) through negative effects on nitrogen availability (DeGabriel
et al. 2009). Alternatively, some animals may select certain plants to benefit from their
secondary metabolites through self-medication (Huffman, 1997). For example, chim-
panzees (Pan troglodytes) chew the pith of Vernonia amygdalina to treat gastrointestinal
parasites (Huffman, 2001).

It is thought that primates, along with other herbivores, must minimize consumption
of plant secondary metabolites, such as tannins, when selecting their foods (Feeny 1970;
Glander 1978; Mckey et al. 1981). This is particularly relevant for more folivorous
primates as compared to more frugivorous species. Because leaves are photosynthetic
organs essential to a plant’s energy production, they are commonly defended from
herbivory through the production of chemicals (Coley and Barone 1996). In contrast,
fruits exist mainly as a means for seed dispersal, and thus, ripe fruits are not expected to
contain chemical defenses. Milton (1998) discussed two types of plant compounds that
primates (especially folivores) are faced with: 1) those that are toxic to the feeder or the
feeder’s gut microbes and 2) those that inhibit digestion or absorption of nutrients. An
overlooked third type of plant secondary metabolite also exists, and it can be defined by
its ability to alter long-term internal processes of the feeder, such as endocrine function-
ing and fertility (Wang et al. 2006; Wynne-Edwards 2001). Phytosteroids are an
example of this third type of secondary metabolite. Because such compounds affect
the production or activity of endogenous vertebrate steroid hormones, their consumption
may have important repercussions for primates that are both beneficial and costly. For
example, phytoestrogens, or plant-produced estrogenic compounds, are known to disrupt
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mammalian fertility (Hughes 1988; Wynne-Edwards 2001). More than 160 plant
compounds found in >300 plant species from 32 plant families have thus far been
identified as estrogenic (Dixon 2004; Reynaud et al. 2005). These phytoestrogens are
divided into two main groups of phenolic compounds based on chemical structure:
isoflavonoids, e.g., isoflavones, coumestans, and stilbenes, e.g., resveratrol (Cornwell
et al. 2004; Reynaud et al. 2005). Lignans are also considered phytoestrogens, but
must first be converted by gut microbes to mammalian lignans to show estrogenic
activity (Cornwell et al. 2004). The isoflavonoids appear to be the most abundant
phytoestrogens and are found predominately in the subfamily Papilionoideae of the
legume family (Fabaceae) (Dixon 2004; Reynaud et al. 2005), which is an important
plant family providing many foods of primates (Chapman et al. 2002; Wasserman
and Després-Einspenner unpubl. data).

Here we provide a review of what is known about phytosteroids from an ecolog-
ical and evolutionary perspective, including a summary of how phytoestrogens
interfere with the roles of sex steroid hormones in primate physiology and behavior.
We suggest that for primates that consume significant amounts of phytoestrogens,
their physiological and behavioral effects likely promote differential survival and
reproduction. We conclude by discussing how to improve our understanding of how
steroidal plant compounds affect the ecological and evolutionary relationships be-
tween primates and plants.

Ecological and Evolutionary Interest in Phytoestrogens

Plant compounds that affect endogenous vertebrate androgens, e.g., testosterone; pro-
gestins, e.g., progesterone; and glucocorticoids, e.g., cortisol have been the focus of a
number of studies (Beck et al. 2003; Heftmann 1977; Iino et al. 2007; Janeczko and
Skoczowski 2005). For example, studies have investigated the in vitro effects of licorice
(Glycyrrhiza glabra) on cortisol metabolism (Whorwood et al. 1993), rooibos
(4spalathus linearis) on androgen and glucocorticoid synthesis in the adrenal gland
(Schloms et al. 2012), and gossypol from cotton seeds (Gossypium spp.) on testosterone
production in the testes (Ye ef al. 2011). Most research on phytosteroids has focused on
phytoestrogens. A quick search on the Web of Knowledge supports this conclusion:
“phytosteroid*” = 76 articles, “phytoandrogen®*” = 7, “phytoprogestin*” = 4,
“phytoglucocorticoid*” = 0, and “phytoestrogen*” = 10,824 (search conducted on
June 4, 2013).

Interest in phytoestrogens stems mainly from their presence in human foods, includ-
ing soybeans, chickpeas, flaxseed, peanuts, barley, and broccoli (Mazur 1998). As a
result, many in vitro and in vivo laboratory studies using human cell assays and captive
rodents and monkeys have been conducted, along with human clinical and epidemio-
logical studies, on the physiological and behavioral effects of phytoestrogen consump-
tion to determine their health effects (Whitten and Patisaul 2001). Two opposing
perspectives have resulted from this research: a) phytoestrogens provide health benefits,
such as cancer prevention (Leitman ef al. 2010), or b) phytoestrogens act as endocrine
disruptors and threaten reproductive health (Cederroth ef al. 2010a). An ecological and
evolutionary perspective that considers both why a plant produces such compounds and
why primates consume estrogenic plants would advance our understanding of the
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consequences of phytoestrogen consumption more than simply framing the issue in
dichotomous terms. Yet, little is known about the ecological, e.g., 32 articles for
“phytoestrogen* ecolog*” search, or evolutionary, e.g., 33 articles for “phytoestrogen*®
evolution*®,” context of phytoestrogen consumption for humans, primates, or any
vertebrate (Wynne-Edwards 2001).

Despite this lack of data, numerous hypotheses about the ecological and evolu-
tionary significance of phytoestrogens have been postulated. Here we summarize
these hypotheses in three main categories and set them up as mutually exclusive
scenarios based on the cost-benefit ratio for herbivores: 1) The plant defense
hypothesis suggests that plants benefit from producing phytoestrogens by reducing
vertebrate herbivory through suppression of fertility, i.e., consuming phytoestrogens
is costly for herbivores (Harborne 1993; Hughes 1988; Wynne-Edwards 2001). 2)
The self-medication hypothesis suggests that vertebrate herbivores benefit from
consuming phytoestrogens through increased survival, i.e., health benefits, or repro-
ductive success, while the plant produces such compounds for reasons other than
herbivore deterrence (Fidler ef al. 2008; Forbey et al. 2009; Glander 1980; Huffman
1997; Leopold et al. 1976; Strier 1993). 3) The biochemical coincidence hypothesis
suggests that there are no significant benefits or costs of consuming phytoestrogens
for vertebrates. A lack of relevant, concurrent data on feeding behavior, estrogenic
activity of the plant, and physiological or behavioral effects on the feeder has
prevented a critical evaluation of these hypotheses.

Herbivores and Phytosteroids: The Current Evidence

One early example of an ecological study on phytoestrogens examined the possibility
that increased phytoestrogen consumption by California quail (Callipepla californica)
during drier years inhibited their reproduction. It was postulated that the phytoestrogen
content of the quail’s foods limited production of offspring to wetter years when food
was more available (Leopold ef al. 1976); however, variation in other nutrients that
could have also affected reproduction was not considered. This chemical cue hypothesis
was reiterated for mountain voles (Microtus montanus: Berger et al. 1981, 1977). Soon
after, it was suggested that howlers (Alouatta palliata) were consuming certain plant
species because of their effects on reproductive timing (Glander 1980). Later, season-
ality in chimpanzee (Pan troglodytes) reproduction was hypothesized to result from
annual variations in rainfall and diet, with possible mediation by phytoestrogens (Wallis
1997). These suggestions concerning the potential role of phytoestrogens in reproduc-
tive seasonality were pioneering in that they began incorporating environmental endo-
crinology into ecological and primatological studies, but they were also based on little
supporting data owing to the lack of methodology for examining endocrinological
questions in a field setting. Although the ecological relationship between estrogenic
plants and wild vertebrates is unclear, it is well established that certain phytoestrogens
can have dramatic physiological effects. This was first documented in Western
Australia, where it was discovered that phytoestrogens found in clover (7rifolium
subterranean) consumed by domesticated sheep caused widespread infertility that led
to greatly reduced numbers of lambs and considerable economic loss (Bennetts and
Underwood 1951; Cornwell et al. 2004).
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Recently, researchers have again become interested in this phenomenon, likely
owing to methodological advances that allow questions about the steroidal properties
of plants and their effects on wild animals to be addressed using a mix of field and
laboratory approaches. For birds, Fidler et al. (2008) proposed a hypothetical mecha-
nism for how phytoestrogens could mediate reproductive timing of the kakapo (Strigops
habroptilus), a New Zealand parrot that produces offspring in a supra-annual pattern that
correlates with mast fruiting cycles, i.e., every 3—5 yr. Three recent primate field studies
have examined phytosteroids in the diets of Phayre’s leaf monkeys (7Trachypithecus
phayrei: Lu et al. 2011), common chimpanzees (Pan troglodytes: Emery Thompson
et al. 2008), and olive baboons (Papio anubis: Higham et al. 2007) (Table I). These
studies suggested that consumption of Vitex affected female reproduction through
altered hormone levels, cycle length, probability of conception, and/or receptivity. All
three studies documented an increase in fecal or urinary progestin levels when the
primates were feeding on Vitex; however, whether this plant genus contains
phytoestrogens, phytoprogestins, or other types of phytochemicals that affect reproduc-
tive physiology is unclear. Research on a human-used species (Vitex agnus castus)
suggests a complex mechanism of action where estrogenic and dopaminergic com-
pounds contribute to physiological changes, including reduction in prolactin levels

Table I Summary of field studies that either examined or suggested the possibility of phytosteroid-
containing plants to influence primate ecology

Primate species Plant species Evidence

Modern human (Homo sapiens)  Many, e.g., soy (Glycine  Ethnobotanical, hormonal (serum),

(Whitten and Patisaul 2001; max) (Fabaceae) in vitro and in vivo assays, phytochem-
Wynne-Edwards 2001) ical, epidemiological, clinical

Common chimpanzee (Pan Vitex fisheri fruit Hormonal (urinary), behavioral, ethnobo-
troglodytes) (Emery Thompson (Lamiaceae) tanical for phytoprogesterones
et al. 2008; Wallis 1997)

Mountain gorilla (Gorilla Ipomoea involucrata Behavioral, transfection assay for plant
beringei) (Wasserman et al. leaves (Convolvulaceae)  estrogenic activity
2012b)

Olive baboon (Papio anubis) Vitex doniana ripe fruit Hormonal (fecal), behavioral, morpho-
(Higham et al. 2007) and young leaves logical, immunoassay for

(Lamiaceae) phytoprogesterones, ethnobotanical

Vervet (Chlorocebus aethiops) Acacia elatior flowers Behavioral, in vitro bioassay for plant
(Garey 1993; Whitten 1983) (Fabaceae) estrogenic activity

Red colobus (Procolobus Many, but Millettia dura ~ Hormonal (fecal), behavioral, transfection
rufomitratus) (Wasserman et al. ~ young leaves most assay for plant estrogenic activity, eth-
2012a,b) important (Fabaceae) nobotanical

Phayre’s leaf monkey Vitex spp. fruit and leaves Hormonal (fecal), behavioral, ethnobo-
(Trachypithecus phayrei) (Lu (Lamiaceae) tanical for phytoprogesterones
et al 2011)

Muriquis (Brachyteles Enterolobium Behavioral, phytochemical for presence
arachnoides) (Strier 1993) contortisiliquum fruit of stigmasterol

(Fabaceae)

Kenyan galago (Galago Acacia drepanolobium Behavioral, phytochemical for presence
senegalensis) (Nash and gum (Fabaceace) of flavonoids with weak estrogenic
Whitten 1989) activity and antiestrogenic activity
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(Wuttke et al. 2003). We recently documented the prevalence of estrogenic plants in the
diets of red colobus monkeys (Procolobus rufomitratus) and mountain gorillas (Gorilla
beringei), with 10.6% and 8.8% of the diet containing phytoestrogens, respectively
(Wasserman et al. 2012b). We found that the more adult male red colobus monkeys
living in Kibale National Park, Uganda, ate estrogenic Millettia dura young leaves the
higher their fecal estradiol and cortisol levels, while their rates of aggression and mating
increased and grooming decreased (Wasserman et al. 2012a). Combined, these primate
studies suggest that phytosteroids are influencing primate physiology and behavior in
ways that have not yet been fully appreciated.

Phytoestrogens as Plant Adaptation

Although phytoestrogens may play a role in defending plants against vertebrate
herbivory through interference with the vertebrate endocrine system, there have yet
to be any studies that have addressed and demonstrated such benefits in a field setting
for wild animals. Steroids, i.e., estrogens, androgens, progestins, glucocorticoids, and
steroid-like compounds, e.g., isoflavonoids, are found in many plants as secondary
metabolites in biosynthetic pathways (Janeczko and Skoczowski 2005), but their
similarities to endogenous vertebrate steroids and biological effects in these animals
may simply be a coincidence of chemical pathways used for other functions. Cholesterol
is widely distributed in plants and plants produce steroids from it using metabolic
pathways similar to those of vertebrates (Heftmann 1977). These plant steroids may
have primary roles in plant physiology, affecting plant germination, growth, flowering,
and sex expression (Heftmann 1977; Janeczko and Skoczowski 2005). For example,
experiments that applied vertebrate steroid hormones to plants showed that these plants
exhibited biological responses (Janeczko and Skoczowski 2005).

The strongest support for a plant defense explanation of steroid production is
found with insect herbivory (Harborne 1993; Kubo et al. 1983). Some plants convert
cholesterol to phytoecdysteroids, i.e., insect-molting hormone mimics, which disrupt
the development of herbivorous insects and can even lead to death (Kubo et al. 1983).
Phytoestrogens do not appear to play a similar role in plant interactions with some
insects, as a recent experimental study demonstrated that a diet containing natural levels
of phytoestrogens had no effect on survivorship or growth of gypsy moths (Lymantria
dispar: Karowe and Radi, 2011). But, without more evidence, it is not possible to rule
out the possibility that phytoestrogens play a role in plant—insect interactions.

‘We have found that plant steroids or steroid-like compounds may be fairly common,
as all 13 plant items we tested from Kibale National Park, Uganda, contained com-
pounds that bound to various steroid hormone antibodies, with most showing
progesterone-like structures (Table II; Wasserman, unpubl. data). These plant samples
were collected fresh from the forest, homogenized in a blender, and stored frozen for 5 d.
Then, potential steroidal compounds were extracted from 0.5 g of each sample using
10 ml of a 1:1 95% ethanol/pH 5.0 citrate buffer solution. The extracts were stored in
solid phase extraction cartridges until immunoassay, i.e., enzyme immunoassay (EIA)
and radioimmunoassay (RIA) analyses were conducted to quantify binding to steroid
antibodies. However, binding to an antibody only infers structure and does not indicate
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Table I Amount of plant compounds that bound to four steroid hormone antibodies in immunoassays for
various plant species collected in Kibale National Park, Uganda

Plant species Plant part  Estradiol = Progesterone  Androgen Cortisol Total Binding
Celtis durandii YL 10.9 1054 207.3 81.1 1353.3
Celtis durandii ML 10.2 675 145.1 62.2 892.5
Spathodea campanulata ML 15.1 526 193.5 54.4 789.0
Balanites wilsoniana BA 6.1 503 39.5 359 584.5
Celtis Africana YL 9.7 295 106.6 479 459.1
Newtonia buchananii ML 7.8 270 52.5 29.2 359.6
Albizia grandibracteata YL 7.4 208 70.6 36.2 3222
Millettia dura YL 18.8 110 68.3 40.7 237.8
Erythrina abyssinica FL 21.8 160 9.2 0.0 191.0
Prunus Africana ML 7.6 112 22.1 18.1 159.8
Prunus Africana YL 11.4 50 48.1 29.5 139.0
Eucalyptus grandis BA 2.9 89 14.4 2.8 109.1
Spathodea campanulata  BA 54 67 15.5 5.7 93.6

Samples were collected fresh from the forest, homogenized in a blender, and stored frozen for 5 d. Then,
potential steroidal compounds were extracted from 0.5 g of each sample using 10 ml of a 1:1 95% ethanol/
5.0 pH citrate buffer solution. The extracts were stored in solid phase extraction cartridges until analyses
were conducted. Phytosteroid levels are listed as ng/g of dry plant material. YL = young leaves; ML =
mature leaves; BA = bark; FL = flowers.

activity. Thus, many of these steroidal plant compounds may show little to no biological
effects in the plants themselves or in animals consuming them. /n vitro and in vivo
studies are needed to show steroidal activity of such plant compounds.

Although the endogenous role of phytoestrogens for plants remains unclear, they
do appear to aid in recruiting soil microbes, thus promoting symbiosis between
plants and nitrogen-fixing bacteria (Fox et al. 2004). This interspecific communication
role likely explains the abundance of isoflavonoids in legumes, which are known for
their mutualistic relationships with nitrogen-fixing bacteria. Phytoestrogens are also
known to protect plants against fungal and bacterial pathogens (Fox ef al. 2004). In
addition, flavonoids (a broader group of secondary metabolites that includes the
estrogenic isoflavonoids) play a role in protecting plants against harmful ultraviolet
light and in altering the wavelength of light to appropriate physiological levels
(Mazur and Adlercreutz 1998). We are only beginning to understand the role of
phytoestrogens from the plant’s perspective, but it is becoming clear that their occur-
rence is due to a complex set of factors and they appear to provide important benefits to
plants.

Despite evidence for other functions of steroids and steroid mimics in plants and
the possibility of their activity in vertebrates being simply a biochemical coincidence,
the costs and benefits of such compounds arising from plant-animal interactions
cannot be discounted. If a secondary benefit to the plant from negative effects on
vertebrate herbivores were to occur, increased production of such compounds could
be selected for, even though such compounds were originally or are mainly produced
for other functions. Therefore, the various roles of phytoestrogens for the plant are not
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mutually exclusive and potential mediation of plant—animal interactions could be one
very important consequence of plant steroids and steroid mimics.

Molecular Mechanism of Action: How Phytoestrogens Interfere with Sex
Steroids

Before addressing how phytoestrogens could influence the ecology and evolution of
primates, an understanding of how endogenous vertebrate steroid hormones regulate
physiology and behavior is needed. It is through the disruption of the physiological
and behavioral endpoints of steroid hormones that phytoestrogens can alter survival
and reproduction.

Endogenous estrogens operate mainly through binding to estrogen receptors (ERs)
found inside certain cell types, e.g., brain, urogenital, bone, gonadal, which results in
an estrogen receptor—estrogen complex (Heldring et al. 2007; Leitman ef al. 2010).
This complex binds to the estrogen response element on the intranuclear chromatin
and regulates the transcription and translation of estrogen-dependent genes (Heldring
et al. 2007; Leitman et al. 2010). By directly regulating the transcription of certain
genes and consequently the synthesis of specific proteins, estrogens alter the physi-
ology and behavior of an organism starting in ufero and continuing throughout life
(Hadley 1999).

There are two main forms of estrogen receptors in vertebrates, ERx and ER3. The
original steroid receptor evolved long ago (ca. 400-500 mya), and this ancestral
receptor evolved into the five current types of steroid receptors found in vertebrates
today, i.e., estrogen receptors, progesterone receptors, androgen receptors, glucocor-
ticoid receptors, and mineralocorticoid receptors (Thornton ez al. 2003). The estrogen
receptor arose first and is conserved across all vertebrates (Thornton 2001; Thornton
et al. 2003). However, the ancestral ER evolved into two different forms, ERx and
ERf3, at two points; unique sets are found in the teleosts and the tetrapods (Thornton
2001). Owing to the conservative nature of the endocrine system across tetrapods,
studies within this group can inform us about how estrogens function in primates.

From studies of knockout mice that lack either ERx or ERf3, we know that each
ER has different roles in the nervous, immune, cardiovascular, and skeletal systems,
as well as opposing actions on cell proliferation across numerous tissues, including
the uterus, ovary, and brain (Heldring et al. 2007; Leitman et al. 2010). Generally, it
is ERf3 that arrests cell growth, whereas ERx promotes cell proliferation (Heldring
et al. 2007). The distribution of ERx and ER[3 varies across tissues and organs, as
well as within them. For example, various parts of the brain differ in ER distribution,
with each regulating different aspects of behavior (Patisaul ef al. 2009). Specifically,
ER« appears to mediate sexual behavior in males and females (Patisaul e al. 2004),
whereas ER 3 mediates levels of aggression and anxiety (Patisaul and Bateman 2008).

Although phytoestrogens can disrupt the activity of endogenous estrogens by
interacting with either ER (Krishnan e al. 1993), interfering with enzymes respon-
sible for hormone metabolism, e.g., aromatase (Hayes et al. 2002), or binding to the
sex-hormone binding globulin (SHBG) responsible for transporting sex hormones
throughout the body (Whitten and Patisaul 2001), most phytoestrogens operate
through their selective activity at ER3 (Kuiper ez al. 1998). Through their interaction
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with ER3 and competition with endogenous estrogens for binding to these receptors,
phytoestrogens can act as either estrogen agonists, i.e., promoting estrogenic activity, or
antagonists, i.e., blocking estrogenic activity, depending on the dose ingested, strength
of'the specific compounds, and endogenous hormonal state of the feeder (Almstrup ef al.
2002; Leitman et al. 2010). At low doses, phytoestrogens tend to decrease estrogenic
activity, whereas at high doses they increase it (Almstrup et al. 2002).

For a phytoestrogen to bind to ER{3 and alter gene activity, an estrogenic plant
must first be ingested by a primate. This plant is digested, and nutrients and other
plant chemicals are absorbed at various points along the gastrointestinal (GI) tract.
Once phytoestrogens pass from the GI tract into the bloodstream, with the amount
and type of compound absorbed dependent on both the primate species and individual
owing to differences in gut morphology and microbial community, which can alter
metabolism of phytoestrogens (Gultekin and Yildiz 2006; Setchell and Clerici 2010),
they travel throughout the body. This interspecific and interindividual variation in
phytoestrogen metabolism alters the downstream physiological and behavioral effects
due to changes in bioactivity (Setchell and Clerici 2010). Nonetheless, from studies
of rats we know that phytoestrogens are highly bioavailable and pass from the GI
tract into the bloodstream (Sfakianos et al. 1997). As they pass into cell types
containing ER3 (Whitten and Patisaul, 2001), they form a ligand—-ERf3 complex
(Leitman et al. 2010). This complex travels to the nucleus of the cell and binds to the
estrogen response element (ERE) on intranuclear chromatin or causes cellular changes
through nongenomic mechanisms (Leitman et al. 2010), which alters biological func-
tioning at the molecular level. More importantly for the ecology and evolution of
primates is whether these molecular effects are significant enough to manifest them-
selves in physiological and behavioral changes.

Physiological and Behavioral Endpoints: How Phytoestrogens Interfere
with Reproduction

Not all phytoestrogens binding to and activating ER 3 produce the same endpoints, so
generalizations about likely physiological and behavioral effects are difficult
(Whitten and Patisaul, 2001). To complicate matters further, such compounds have
tissue-specific effects and their concentration in the blood, the concentration of
endogenous estrogens that will compete for binding to the ERs, and the concentration
of ERs and SHBG will all affect the outcome; thus the biological effects of phyto-
estrogen consumption are complex and context dependent (Coldham and Sauer,
2000; Whitten and Patisaul 2001). Further, examining the physiological and behav-
ioral endpoints of phytoestrogen consumption is an active area of research, so new
discoveries are being made continually. Thus, here we highlight a few studies that
have documented effects, as well as several that have not.

Hormonal Changes
In utero exposure to phytoestrogens has been found to influence directly both

maternal and fetal estradiol levels in pregnant rhesus macaques (Macaca mulatta),
with individuals fed fruit dosed with an estrogenic isoflavone found in soy having
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substantially higher estradiol levels than those fed a control (Harrison et al. 1999).
Further, newborn male captive-bred common marmoset monkeys (Callithrix jacchus)
fed soy milk had lower testosterone levels than their twins that were fed standard cow
milk (Sharpe et al. 2002). For adult humans eating their usual diet, consumption of
phytoestrogens was related to an increase in SHBG levels and a decrease in plasma
estradiol levels (Adlercreutz ef al. 1987). In captive adult female cynomolgus mon-
keys (Macaca fascicularis) fed estrogenic Pueraria mirifica, urinary follicle-
stimulating hormone (FSH) and estradiol levels were suppressed when they con-
sumed this plant daily at the highest dose given, whereas no effect was detected when
fed only a single dose (Trisomboon et al. 2007). This reduction in FSH and estradiol
was thought to occur through the action of phytoestrogen on ERs in the hypothalamus
and pituitary, thus triggering the negative feedback mechanism of hypothalamic—
pituitary—gonadal (HPG).

Effects of phytoestrogens on endogenous hormone levels are likely to occur
through disruption of the negative feedback loop of the HPG axis. It is not only
estradiol production that can be suppressed, but also testosterone production, which
can be reduced with increasing levels of estrogens (Hadley 1999). Exemplifying this,
soy phytoestrogens have been shown to suppress the HPG axis, with testosterone and
luteinizing hormone (LH) levels reduced in adult male mice exposed to this com-
pound (Whitten and Patisaul 2001). In contrast, no effects of isoflavone consumption
on testosterone, estradiol, or cortisol levels were found in captive cynomolgus
monkeys (Simon et al. 2004; Wood et al. 2004), but soy isoflavone consumption
was related to a decrease in adrenal weight in these monkeys (Wood et al. 2004).
Nonetheless, it is generally accepted that consumption of isoflavones relates to
changes in estrogen levels (Cline and Wood 2009). There are a number of factors
that influence steroid hormone levels in wild primates, including social factors, e.g.,
dominance hierarchies (Abbott et al. 2003) and ecological factors, e.g., parasitism
(Chapman et al. 2006; Fig. 1), and evidence from captive studies suggests that
phytoestrogens are one important but overlooked factor.

Fertility
If phytoestrogens act as agonists and increase estrogenic activity, adult male fertility

(through sperm production) can decrease and feminization can occur (Cederroth et al.
2010a; Guillette 2000; Hayes 2005). For example, Cederroth et al. (2010b) found a 25%
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Fig. 1 Factors that can influence the steroid hormone levels of wild primates.
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reduction in sperm counts in male mice (Mus musculus) fed a high soy diet starting in
utero and a 21% reduction in litter size compared to mice fed a soy-free diet. In addition,
growth and reproductive development, i.e., decreased anogenital distance, of male rats
(Rattus norvegicus) were affected by exposure to soy phytoestrogens through the
maternal diet during gestation and lactation as compared to a phytoestrogen-free maternal
diet, suggesting an irreversible organizational effect from phytoestrogens on morphology
important to reproduction (Ball e al. 2010). However, the estrogenic Pueraria mirifica
did not alter male mice fertility, although moderate impairment of sperm motility and
viability was documented at the highest phytoestrogen dose (Jaroenporn et al. 2006).
For females exposed to phytoestrogens, changes in the timing of ovulation, and
even failure to ovulate, have been documented, likely mediated by disruption of
negative feedback of HPG axis. This is a mechanism similar to birth control, where
exogenous estrogens and progestins block the LH/FSH surge necessary for ovulation
through the negative feedback mechanism (Hadley 1999). More specifically, soy
phytoestrogens were found to affect reproductive development, i.e., earlier vaginal
opening and smaller ovaries, and cause longer estrous cycles in female rats (Kouki
et al. 2003). In addition, resveratrol, a phytoestrogen found in grapes that binds to both
ER subtypes, reduced body weight, disrupted the estrous cycle, and increased ovarian
weight in adult female rats (Henry and Witt 2002). In female cynomolgus monkeys fed
the estrogenic Pueraria mirifica, the estrous cycle length increased at the lowest and
moderate dose and ceased at the highest dose given (Trisomboon ef al. 2005).

Behavioral Changes

One of the most exciting and promising areas of research related to phytoestrogens
for primatologists is identifying their effects on the brain and behavior. Although
behavioral effects have been studied less than other phytoestrogen effects, evidence is
building that the brain may be an important target for these compounds (Patisaul
2005). Effects in the brain include changes in reproductive, stress-related, and social
behaviors, as well as cognitive functioning (Patisaul 2005), all of which are likely
linked to the phytoestrogen-caused changes in hormone levels and/or fertility men-
tioned previously. Phytoestrogens, including those found in soy, have been found to
decrease mating behavior in adult female rats (Hartley et al. 2003; Kouki et al. 2003;
Patisaul et al. 2004). In captive adult male cynomolgus monkeys, a 15-mo soy-based
high-isoflavone diet resulted in an increase in aggressive behaviors, i.e., 67% more
frequent compared to individuals fed an isoflavone-free diet; an increase in submis-
sive behaviors, i.e., 203% more frequent; and a decrease in affiliative behaviors, i.e.,
68% less time in body contact and 30% more time alone (Simon et al. 2004). It was
postulated that these effects were likely due to the weaker action of isoflavones on
ERf} than estradiol, thus reducing the inhibition of the aggression-promoting action
of ERx (Simon et al. 2004). Male rats fed a high-isoflavone diet spent less time in
social interactions and had higher corticosterone response to stress than rats fed an
isoflavone-free diet (Hartley ez al. 2003). Overall, the isoflavone-fed rats had greater
anxiety-related physiological and behavioral measures than isoflavone-free rats.
Similarly, the ER{3 agonist equol increased aggression and anxiety in male rats that
were exposed neonatally (Patisaul and Bateman 2008). However, other studies found
no effect of equol on anxiety-related behaviors in adult male rats (Patisaul et al.
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2009). Behavioral effects may be most prominent when exposure occurs early in life
or greatly influenced by dose or timing of exposure (Patisaul 2005).

Phytoestrogens as a Selective Pressure on Primates?

The physiological and behavioral effects discussed in the previous section have the
ability to influence survival and reproduction, and thus phytoestrogens may exert a
negative selective pressure on primates, as suggested by the plant defense hypothesis.
Alternatively, the consumption of phytoestrogens could increase fertility, fecundity,
or survival as suggested by the chemical cue/self-medication hypotheses. Either way,
effects of phytoestrogen ingestion on differential survival and reproduction may play
an important, thus far neglected, role in primate ecology and evolution. However,
ecological and evolutionary interest in phytoestrogens may be misguided if the
biochemical coincidence hypothesis best explains the presence of these estrogenic
plant compounds in the diets of herbivores.

To test among these three hypotheses, field research that examines variation in the
presence and amount of phytoestrogens in the diets of various primate groups,
populations, and species is needed, along with behavioral and physiological effects
of their presence and consumption, e.g., do primates prefer or avoid such plants; does
physiology, behavior, or fitness change in a positive or negative way with consump-
tion? Further, results gathered from such research should be incorporated into what is
currently known about primate nutritional ecology. For example, are there tradeoffs
between the high protein content and phytoestrogen presence when deciding to
consume estrogenic legumes? Such tradeoffs, along with differential effects based
on dose, will make field studies of diet selection difficult for testing among our three
hypotheses. Other confounding factors, such as the effects of variation in energy
consumption (and other nutrients) versus phytoestrogen consumption on hormone
levels, fertility, and fitness (Lu et al. 2011), will need to be considered and likely be
difficult to tease apart using a field approach.

One solution to the complexity of interactions between phytoestrogens and nutri-
ents is to use an experimental approach in a captive setting by conducting feeding
trials where all other nutritional factors are held constant while the phytoestrogen
content of a particular food is manipulated. Support for the plant defense hypothesis
is found if primates avoid foods with phytoestrogens, while support for the self-
medication hypothesis is found if they select or prefer such foods. If no effect of the
presence of phytoestrogens in their foods is found, then this supports the biochemical
coincidence hypothesis.

To test among these hypotheses further at an evolutionary scale that incorporates
field studies, data on how much various primate species consume estrogenic plants
can be collected and analyzed using phylogenetic methods (Nunn 2011). Owing to
differences in dietary niche, primate species differ in their exposure to plant second-
ary metabolites, with leaves containing more and ripe fruit less. This may also be true
of phytoestrogens, especially if they are a plant adaptation for deterring herbivory.
Basically, if phytoestrogens are produced as a plant defense, then it is expected that
they are more prevalent in leaves than fruits, and thus more prevalent in the diets of
folivores than frugivores. In this case, finding dietary niche to relate to the presence of
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estrogenic plants in the diets of various primate species would provide support for the
plant defense hypothesis. On the other hand, if dietary niche and estrogenic plant
consumption are not related and instead phytoestrogen consumption relates only to
phylogeny, then the self-medication hypothesis would be supported, e.g., groups with
larger brains may be more likely to regulate their physiology or behavior via plant use.
Finally, if there is no relationship between either phylogeny or dietary niche and
phytoestrogen consumption, then the biochemical coincidence hypothesis is supported.

The best test of these three hypotheses would be an examination of the relationship
between fitness and phytoestrogen consumption. A negative relationship would support
the plant defense hypothesis, a positive relationship would support the self-medication
hypothesis, and no relationship would support the biochemical coincidence hypothesis.
Such data would depend on long-term field studies of multiple groups or populations
occurring in similar environments where only the amount of estrogenic plants consumed
differs. Such data are likely inaccessible unless long-term field studies are supported.

Although we cannot yet test among these three hypotheses, it is probable that most
primate species encounter estrogenic plants to varying degrees in their diets because
primates are generally a very strongly herbivorous taxon. Supporting this assumption,
phytoestrogens are most prevalent in legumes, i.e., Fabaceae (Reynaud et al. 2005)
and leguminous plant foods often compose an impressive percentage of the diet for
many primates, particularly folivores, because of their high protein content (Chapman
et al. 2002). Phytoestrogens have also been found in another important primate plant
food family, Moraceae (Wasserman et al. 2012b). Regardless of whether it is the plant
or the primate that is obtaining an evolutionary advantage from phytoestrogens, the
heavily plant-dependent diet of primates suggests that consumption of estrogenic
plants does occur to some degree for most primate species.

Conclusion

We have summarized what is known about phytoestrogens from a range of perspec-
tives, including physiological and behavioral effects and ecological and evolutionary
roles. In addition, we have provided a summary of how steroid hormones function at the
molecular, physiological, and behavioral levels to demonstrate how plant chemicals can
interact with these processes. Our ultimate objective has been to demonstrate that
estrogenic plants have the potential to play important roles in primate ecology and
evolution, especially because most primates depend heavily on plant-based diets that
likely contain such hormone-mimicking compounds. This is an exciting area of inquiry
with many ecological and evolutionary questions in need of study. Questions at the
ecological level include the following: Which primate species consume estrogenic
plants in their diets? Do primates actively select for estrogenic plants, avoid them, or
are they simply indifferent to their presence? How are various phytoestrogens metabo-
lized by gut microorganisms and to what extent do inter- and intraspecific differences in
gut microbial communities alter the bioactivity of these compounds? What are the
physiological and behavioral effects of consuming estrogenic plants for wild primates?
Do phytoestrogens result in less cell growth, suboptimal fertility, increased aggression,
or decreased sexual behavior as seen in captive studies? Questions at the evolutionary
level include the following: If altered physiology and behavior are seen in wild primates,
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are the magnitudes of these changes great enough to affect survival and reproduction?
Which of the three hypotheses, the plant defense, self-medication, or biochemical
coincidence hypothesis, best explains the relationship between primates and estrogenic
plants? Do phytoestrogens in wild plant foods act as important selective forces and
therefore play a role in the evolution of primates? Comparative studies of primates and
their plant foods are needed to address these questions and will add new context to the
current phytoestrogen and endocrine disruption debate in public and environmental
health issues.
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