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Concentrations of Isofl avones in Macaques 
Consuming Standard Laboratory Monkey Diet

Phytoestrogens are compounds found in plants that are 
important for plant growth (nodulation) and for protection of 
plants from environmental stress and ultraviolet radiation.31 
Soy isofl avones are probably the best known of the phytoestro-
gens because of the prominence of soybeans and soy-derived 
supplements in some human diets and because of the biologic 
activity and health benefi ts often attributed to these compounds. 
Specifi cally, the soy isofl avones genistein and daidzein (as well 
as the daidzein metabolite equol, produced by the gut fl ora of 
some humans and most species of animals) have structural 
similarities to mammalian estrogens and bind to both the α and, 
preferentially, β estrogen receptors.12,19,25,32-34,40 Thus, soy isofl a-
vones show biologic activity in vitro and in vivo, even in human 
studies.3,4,26,37 The resulting effects are both estrogenic and 
anti-estrogenic, depending on tissue, dose, and concentrations 
of circulating endogenous estrogens.7 Furthermore, although 
soy isofl avones bind and activate estrogen receptors, genistein 
is also a tyrosine kinase inhibitor,38 a potent antioxidant in 
vitro,15,16,29 and an ion channel modulator.11,21 With regard to 
health, the habitual consumption of isofl avone-rich diets has 
been associated epidemiologically with reduced incidence of 
many chronic diseases.2,3,20 

These characteristics of isofl avones have made them the 
subject of considerable research interest. Less well appreciated, 
however, is the fact that many experimental subjects are often 
exposed inadvertently to high doses of isofl avones because the 
manufacturers of commercial animal diet typically derive a large 
proportion of the protein comprising these diets from soybeans. 
For example, mice and rats consuming commercially produced 
rodent diets have steady-state serum isofl avone concentrations 
in excess of 2000 ng/ml, several orders of magnitude greater 
than endogenous estrogen concentrations.6 This degree of isofl a-
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The soy isofl avones genistein and daidzein, as well as the daidzein metabolite equol, have structural similarities to mam-
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and glycitein that were signifi cantly higher than those of animals fed a soy-free diet but similar to those of monkeys fed a soy-
based diet formulated to be high in isofl avones. Notably, animals fed the commercial diet also had serum equol concentrations 
that were similar to or, in some cases, in excess of serum concentrations in the animals fed the soy diet. These data argue for the 
use of soy-free diets in studies investigating estrogenic effects on physiologic or behavioral endpoints. 

vone exposure could well confound a wide range of experiments 
addressing not only estrogen receptor action but also a broader 
array of biological effects (for example, antioxidant and tyrosine 
kinase activity) associated with phytoestrogens.6 Any such ef-
fects undoubtedly extend to anthropoid primates, such as the 
macaque monkey species often used as human surrogates in 
biomedical research. Here we compare circulating concentra-
tions of isofl avones, isofl avone metabolites, and equol among 
cohorts of macaques consuming 1 of 3 diets: 1) specifi cally 
formulated, high in soy isofl avones; 2) specifi cally formulated, 
devoid of soy and soy isofl avones; or 3) commercially available, 
soy-derived. The objective was to determine the extent to which 
consumption of a commonly used commercially available diet 
might expose laboratory monkeys to isofl avones.

Methods
Animals. Subjects were 6-y-old female rhesus monkeys (Ma-

caca mulatta; n = 10), housed at the Yerkes National Primate 
Research Center of Emory University and approximately 9-
y-old female (n = 89) and male (n = 61) cynomolgus monkeys 
(M. fascicularis) initially imported from the Indonesian Primate 
Center (Bogor, Indonesia) and housed at Wake Forest University 
School of Medicine. The rhesus females were ovariectomized 
and lived in small social units as described previously.39 The 
cynomolgus monkeys were reproductively intact but were 
similarly housed in small social groups.18 The protocol and all 
procedures used in the investigations involving these animals 
were approved by the appropriate institutional animal care and 
use committee in accordance with the Animal Welfare Act and 
the US Department of Health and Human Services Guide for Care 
and Use of Laboratory Animals.28 Both research facilities are fully 
accredited by the Association for Assessment and Accreditation 
of Laboratory Animal Care, International. 

Diets. Rhesus monkeys were fed standard monkey chow 
(Jumbo Monkey Diet 5037, Purina Mills, St Louis, MO). This diet 
provides 18%, 13%, and 69% of calories from protein, fat, and 
carbohydrates, respectively. The diet contains an unspecifi ed 
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amount of dehulled soybean meal and ground soybean hulls. 
The cynomolgus monkeys consumed either a soy-free diet in 
which protein was derived from casein and lactalbumin (n = 
46 females, 30 males) or a diet in which protein was derived 
from soy (n = 43 females, 31 males). The soy-based and soy-free 
diets were isocaloric, and both derived 19%, 44%, and 37% from 
protein, fat, and carbohydrates, respectively.1 In the soy-based 
diet, all protein was derived from SUPRO 670-HG (Solae, St 
Louis, MO), which contains on average 1.105 mg genistein, 
0.365 mg daidzein, and 0.08 mg glycitein/g soy protein isolate 
(expressed in aglycone units). The soy-based diet provided an 
isofl avone dose approximately equivalent to 130 mg/day for 
human beings, based on an average intake of 1800 cal for women 
and 2000 cal for men. Monkeys were fed 120 kcal of diet per kg 
body weight and therefore consumed approximately 8.6 mg 
isofl avone per kg body weight. In addition to being isocaloric, 
the soy-based and soy-free diets were formulated to be compa-
rable for cholesterol (0.20 mg/kcal), calcium (830 mg/1800 kcal), 
and phosphorus (820 mg/1800 kcal). This high-fat, atherogenic 
diet was fed as a part of a study assessing soy effects on the 
development of cardiovascular disease.18 

The rhesus monkeys had been consuming the standard 
monkey diet since they were weaned some 5.5 y earlier, a diet 
that also was consumed by their mothers. The cynomolgus 
monkeys had been consuming the soy-based and soy-free diets 
for at least 2 y, with unknown prior soy exposure. All animals 
were fed ad libitum twice daily, and the rhesus monkeys were 
supplemented with fresh fruit, vegetables, and/or cereal daily. 
Some of these supplemental foods items given to the rhesus 
monkeys occasionally were apples, pears, onions, and sunfl ower 
seeds, and these contain phytoestrogens of the lignans class.27 
However, the monkeys typically only ate a single piece of the 
supplemental fruit or vegetable. For purposes of this study, we 
will focus on the isofl avone class of phytoestrogens. There were 
thus 5 comparison conditions, which are described in Table 1.

Analyses of isofl avones. Serum samples were collected on a 
single occasion from each monkey for analyses of circulating 
isofl avone concentrations. Animals were fed in the morning, 
and blood samples were collected in the afternoon, 4 h after 
feeding, via conscious bleeds in rhesus monkeys and with 
ketamine HCl (15 mg/kg) in cynomolgus monkeys. Blood 
was processed immediately, and the serum was kept frozen 
and protected from light until analysis. Serum isofl avones 
were analyzed by liquid chromatography photo-diode array 
electrospray mass spectrometry through slight modifi cation 
of a previously established method14 to include equol in the 
panel of isofl avonoids (genistein, dihydrogenistein, daidzein, 
dihydrodaidzein, glycitein, and O-desmethylangolensin) and 
isotopically labeled internal standards.9,13 Detection limits previ-
ously were found to be 1 to 15 nM, depending on the analyte, 
and interassay coeffi cients of variations were 8% to 22% at levels 
less than 20 nM, 7% to 14% at 20 nM to 100 nM, and 3% to 12% 
at levels exceeding 100 nM.

Statistical analysis. With use of a statistical software program 
(SPSS version 11.0, SPSS, Chicago, IL), data were expressed as 
mean ± standard error of the mean and were analyzed by 1-way 

analysis of variance. Differences between the 5 condition groups 
were evaluated by Newman–Kuels post hoc tests. Values for 
which P < 0.05 were considered signifi cantly different.

Results
As expected, serum levels of isofl avones were low in both 

male and female cynomolgus monkeys fed soy-free diet 
compared with those fed an experimental diet containing soy 
(Table 2). However, serum isofl avone concentrations were also 
signifi cantly elevated in rhesus monkey females fed the com-
mercially available monkey chow in comparison to those seen 
in the animals fed the soy-free diets. 

The absolute concentration of the isofl avones and their me-
tabolites varied between the females fed chow and both the male 
and female soy-diet groups. For example, levels of genistein and 
its metabolite dihydrogenistein were signifi cantly (P ≤ 0.001) 
higher in animals fed soy-based diet than in female monkeys 
fed chow. Importantly, however, serum concentrations of these 
compounds were also signifi cantly (P ≤ 0.003) higher in chow-
consuming females compared with monkeys on the soy-free diet 
(Table 2). Glycitein concentrations were signifi cantly higher (P 
≤ 0.001) in chow-fed compared with soy-fed animals. However, 
daidzein levels were signifi cantly higher in soy-fed males com-
pared with either soy- (P ≤ 0.001) or chow-fed (P ≤ 0.001) females; 
this difference was refl ected in the similar serum pattern of the 
daidzein metabolite, dihydrodaidzein (Table 2). In contrast, the 
daidzein metabolite O-desmethylangolensin was signifi cantly 
higher in chow-fed females compared with soy-consuming ani-
mals. Notably, levels of equol, the main daidzein metabolite with 
estrogenic activity, was also elevated signifi cantly (P = 0.019) in 
chow-fed females, to levels similar to those of soy-consuming 
males and higher than that of soy-fed females (Table 2). 

In terms of total unmetabolized soy isofl avones (daidzein, 
genistein, and glycitein combined), serum concentrations were 
signifi cantly lower in animals that received the soy-free diet 
compared with soy- (P ≤ 0.001) or chow-fed (P ≤ 0.001) females 
(Table 2). Among these groups, unmetabolized isofl avones 
were signifi cantly higher in soy males than in soy- (P = 0.026) 
and chow-fed (P = 0.029) females, which did not differ. Total 
isofl avone metabolite concentrations also were signifi cantly 
decreased (P ≤ 0.001) in animals fed the soy-free diet. However, 
total metabolite concentrations were signifi cantly (P =0.035) 
higher in chow-fed females compared with females that received 
the soy-based diet, with males statistically similar to soy-fed 
females (P = 0.128) and chow-fed females (P = 0.201) (Table 2). 
Equol was the predominant metabolite in animals fed either the 
soy-based diet or the commercial diet, ranging from 85% ± 3% 
in males given the soy-based diet, 89% ± 2% in females on the 
soy-based diet, and 90% ± 2% in chow-consuming females. In 
terms of total isofl avonoid levels, equol accounted for 51% ± 4% 
in males given the soy-based diet, 62% ± 2% in females on the 
soy-based diet, and 70% ± 3% in chow-consuming females. 

Discussion
As expected, the animals that received a soy-free diet had 

Table 1. Experimental groups 

Species Sex N Diet 
Rhesus monkey Female, ovariectomized 10 Purina 5037
Cynomolgus monkey Female 43 High-isofl avone, soy-based 
Cynomolgus monkey Female 46 Soy-free
Cynomolgus monkey Male 31 High-isofl avone, soy-based
Cynomolgus monkey Male 30 Soy-free
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virtually no isofl avones in their plasma whereas the soy-fed 
monkeys, both males and gonadally intact females, had sub-
stantial amounts. Notably, males that ate a soy-based diet had 
higher plasma concentrations of almost every isofl avone and 
metabolite than did females, despite consuming an identical 
diet. Chow-fed females had plasma isofl avone concentrations 
that generally were comparable to those of soy-fed males and 
females and substantially higher than those of the monkeys 
on the soy-free diet. Finally, both the absolute and relative 
concentrations of equol were greater in chow-fed females than 
in soy-fed monkeys of either sex.

Most studies investigating the health effects of phytoestrogens 
in either human or nonhuman subjects use an isofl avone agly-
con-equivalent dose between 25 and 90 mg/day. The estimated 
per capita intake for Japanese eating a traditional diet is prob-
ably no more than 50 mg isofl avones daily.23 The animals that 
consumed the soy diet here were provided approximately 2.5 
times the Japanese median daily isofl avone intake, considering 
differences in metabolic rates between humans and monkeys. 
This animal dose approximated the range sometimes used in 
human clinical studies. Several studies report human equol 
producers have plasma equol concentrations ranging from 0 
to 130 nmol/l, depending on the type of diet consumed.5 In 
other reports, the highest serum levels of isofl avones in humans 
fed soy were 4.7 ng/ml (genistein) and 3.9 mg/ml (daidzein), 
whereas concentrations of equol were too low to be detected.36 
These levels are similar to those found in male and female 
monkeys receiving a soy-free diet and much lower than those in 
the soy- or chow-fed monkeys. On the basis of the observations 
presented here, monkeys consuming a typical, commercial chow 
diet enriched with fruits and vegetables actually have an isofl a-
vone exposure equivalent to that used in experiments designed 
to demonstrate the benefi ts as well as potential adverse effects 
of soy. The fact that soy has been shown experimentally to have 
effects on behavior, endogenous hormones, fertility, and carci-
nogenesis at this level of exposure indicates that experiments 
involving commercial chow-fed monkeys could inadvertently 
be confounded by high levels of isofl avones.24 

The absolute concentration of the isoflavones and their 
metabolites varied between the chow animals and those fed 
the soy diets. This variation could refl ect differences in the 
concentration of isofl avones in the diet. Furthermore, the cur-
rent study admittedly is limited by the use of different species, 
reproductive conditions, and housing locations and the fact that 
samples for the rhesus monkeys were taken on only 1 occasion. 
It also is not known whether animals differed in the amount of 
food that was ingested. It would be particularly important to 

determine whether rhesus monkeys reliably produce relatively 
more equol than do cynomolgus monkeys when both are con-
suming similar amounts of the same isofl avone-containing diets 
and whether equivalent male–female differences in response to 
dietary isofl avones occur in both species. 

Reports indicate that variability in equol excretion in human 
subjects is likely due to differences in the intestinal metabolism 
of the fl avonoid daidzein by Bacteroides ovatus spp., Ruminococ-
cus productus spp., and Streptoccocus intermedius spp.35 Previous 
work in cynomolgus monkeys supports this suggestion, as 
pretreatment with antibiotics substantially reduces equol pro-
duction.5 Furthermore, we have shown elsewhere that male 
monkeys reliably exhibited higher plasma isofl avone concentra-
tions than did females when both were chronically fed the same 
diets.17 Current data have indicated that some of the possible 
factors that may infl uence the bioavailability of soy isofl avones 
are food matrix, gut microfl ora, and gender.8 In the present study, 
serum concentrations of all isofl avones and metabolites except 
O-desmethylangolensin were higher in males than females 
consuming the same diet. Although we cannot rule out a gender-
associated difference in the quantity of the soy diet consumed, a 
sex effect in genistein concentrations occurs in rats fed the same 
dose, with males having higher circulating levels compared to 
females possibly because of a faster rate of biotransformation 
and clearance in the liver of male rats and retention of parent 
compounds in the sex organs of female rats.10 

Finally, and most importantly, the substantially higher iso-
fl avone values for chow-fed monkeys compared with those 
consuming a diet deriving all protein from casein and lactalbu-
min argues that these data are not due to artifact or measurement 
error. We conclude that the serum levels of biologically active 
isofl avones, particularly equol, genistein and daidzein are high 
in animals fed a nonhuman primate commercially available 
diet. These data should compel experimenters to reconsider the 
use of these diets in studies investigating estrogenic effects on 
peripheral tissues2 as well as neuroendocrine and behavioral 
endpoints.22,30 Indeed, given the pleiotropic effects of estrogen, 
studies should use soy-free diets for animals so as not to con-
found or mask results. Soy-free diets are commercially available, 
and the need to use these diets becomes increasingly apparent 
when studies such as this are performed. 
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Table 2. Concentration (mean ± standard error of the mean) of isofl avonoids in the serum of female and male cynomolgus monkeys fed soy-
free and soy-based diets and in the serum of female rhesus monkeys fed a standard commercial (Purina 5037) monkey diet 

Soy-free diet Soy-based diet

Standard commercial dietIsofl avone (ng/ml) Female Male Female Male F(4, 155)

Diadzein 10 ± 3c 4 ± 1c 129 ± 16b 221 ± 23a 143 ± 22b 43.91
Genistein 5 ± 2d 4 ± 2d 123 ± 15b 256 ± 35a 56 ± 12 c 36.53
Glycitein 0d 1 ± 1d 18 ± 2c 35 ± 4b 52 ± 16a 33.76
Equol  8 ± 3c 8 ± 5c 546 ± 45b 614 ± 57a 729 ± 77a 72.24
Dihydrodaidzein 8 ± 4c 3 ± 1c 36 ± 7b 52 ± 9a 25 ± 5b 10.54
Dihydrogenistein 2 ± 1c 1 ± 1c 23 ± 7a 28 ± 7a 4 ± 1b 6.51
O-desmethylangolensin 1 ± 1c 1 ± 1c 15 ± 6b 11 ± 5b 47 ± 15a 6.69
Total unmetabolized isofl avonoid 15 ± 4c 9 ± 3c 277 ± 30b 512 ± 51a 250 ± 46 b 54.69
Total metabolized isofl avonoid 18 ± 7c 13 ± 6c 622 ± 56b 705 ± 64a,b 806 ± 80a 63.50
The results of 1-way analysis of variance (F statistic) are shown for each isofl avonoid. For each isofl avonoid, groups with different superscripts 
are signifi cantly different from each other (P < 0.05; note that an F value with 4, 155 degrees of freedom that is at least 2.77 has a P of less than 
or equal to 0.05). 
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