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Prevention of osteopaenia by phyto-oestrogens: animal studies
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Osteoporosis has become a major public health problem. Because the biggest culprit in the pro-
cess of bone loss is oestrogen deficiency, hormone replacement therapy remains the mainstay for
prevention, but prophylaxis by this means is limited. Phyto-oestrogens deserve special mention
because emerging data support the suggestion that these weakly oestrogenic compounds, present
in plants, may prevent bone loss associated with the menopause and thus represent a potential
alternative therapy for a range of hormone-dependent conditions, including postmenopausal
symptoms. A substantial body of work in animal models in the past few years has provided con-
vincing data for significant improvements in bone mass and other endpoints following feeding
with soya. Thus, phyto-oestrogens appear to have potential promise for maintaining or modestly
improving bone mass of human subjects when consumed at optimal dosages. However, we must
appreciate the limits of the information reached before extrapolating to man and we need to
gather more data before health professionals can actively advocate the increased consumption
of soya. Indeed, it will be important further to characterise the physiological effects of phyto-
oestrogens and their margins of safety.

Phyto-oestrogens: Bone: Animals

Introduction

A substantial body of work in animal models in the past
few years has provided convincing evidence for significant
improvements in bone mass and other endpoints following
feeding with soya (Anderson & Garner, 1997). These
studies point strongly towards this bone-sparing effect of
soya, attributed to its isoflavones component (Arjmandi
et al. 1996). However, because we are constrained by the
systems with which we study the ageing skeleton, we
must appreciate the limits of the information gained
(Rubin et al. 1999).

Indeed, since the best model for the study of man is man,
there was no real pressure to seek an animal model for the
disease. However, it is clear that, as a result of ethical and
other constraints, sole reliance on human subjects for study-
ing osteoporosis limits the ability to test new hypotheses and
to evaluate new potential therapies (Kalu, 1999). The devel-
opment and application of appropriate animal models of
human bone loss are thus legitimate components of the
quest to understand, manage and possibly prevent the occur-
rence of osteoporosis in the future (Kalu, 1999). Given the
high degree of genetic homology among mammals

suggesting strong, intricate ties, it seems reasonable that
animal models of human bone disease would provide valu-
able insights into the pathogenesis and aetiology of the
ageing skeleton. However, it is essential to approach these
models with a strong sense of their limitations (Rubin
et al. 1999). First, in considering a preventive strategy
for osteopaenia, the complexities inherent in the ageing
processes of the skeleton (a natural condition of deterio-
ration rather than a disease per se) may be difficult to
study through an experimental perturbation in the animal.
Second, animals do not exhibit any spontaneous fractures
that are the hallmark of osteoporosis in man (even if they
live out a normal life span), although ovariectomy is routi-
nely performed on dogs, cats, pigs, cows, etc. Additional
differences include the absolute size and architecture of
the bone (Hartke, 1998). Furthermore, most animals used
as models are quadrupeds and therefore have different load-
ing patterns on the bone; thus, as the prevailing mechanical
stimuli applied to the bone exert a potent control on model-
ling and remodelling, bone metabolism may not be similar
to that of man.

Keeping in mind these difficulties, an animal model of
the ageing human skeleton can be defined as a living

Abbreviations: BMD, bone mineral density; FDA, Food and Drug Administration; OVX, ovariectomised; SH, sham-operated; VENUS, Vegetal Estrogens
in Nutrition and the Skeleton.

* Corresponding author: Dr V. Coxam, fax +33 473 62 46 38, email coxam@clermont.inra.fr

https://doi.org/10.1079/BJN
2002798  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2002798


S76 V. Coxam

animal in which the characteristics of bone loss and its
sequelae resemble those found in man in one or more
respects (Kalu, 1991). Consequently, good animal models
share at least four characteristics: convenience (refers to
ease), relevance (comparability of phenomenon, reproduci-
bility), predictability (capability of the model to foretell the
anticipated outcome) and appropriateness (availability,
facilities required, response time, environmental consider-
ations, etc.; Frenkel, 1969; Kalu, 1991, 1999; Rodgers
et al. 1993).

Taking into account these conditions, the United States
Food and Drug Administration (FDA) has laid down guide-
lines that advise the testing of anti-osteoporotic drugs using
a rodent model and a large animal model, the most suitable
species being the ewe, the pig or the non-human primate
(FDA, 1994).

Rat

The ovariectomised (OVX) rat model is, by far, the most
widely used animal model of ageing bone loss because it
fulfils the four desired criteria referred to previously.
This is why the 1994 FDA guidelines for pre-clinical and
clinical evaluation of agents used in the treatment or
prevention of postmenopausal osteoporosis suggest that
the OVX rat must be used as the primary model system
for pre-clinical investigation (FDA, 1994).

The advantages of the rat are numerous. Studies with
rats can be carried out easily under the standardised con-
ditions of the laboratory. They are rather inexpensive and
a response can be induced in a short time. Their shorter
life span enables studies on old animals. Finally, although
rodents do not experience a natural menopause, ovari-
ectomy has been used to produce an artificial menopause
and OVX rats consistently and predictably lose bone at
specific sites of the skeleton (Saville, 1969). Indeed,
numerous reports have proved that there are many simi-
larities with the human skeleton, such as:

1. the development of osteopaenia, primarily in cancel-
lous bone, with a rapid phase of bone loss during the
early stages of oestrogen deficiency;

2. increased bone turnover associated with the initial,
rapid step of bone loss after castration; and

3. oestrogen treatments preventing bone loss by
depressing bone turnover in oestrogen-deficient rats
and human subjects (Wronski & Yen, 1991).

In addition, similar responses to therapy with parathyroid
hormone, calcitonin, tamoxifen, bisphosphonates and exer-
cise are strong evidence that the OVX rat bone loss model
is suitable for studying problems that are relevant to post-
menopausal bone loss (Kalu, 1991).

While the rat may be an effective initial screening tool to
monitor the efficacy of potential therapeutic interventions in
the ageing human skeleton, we must accept the limitations
in extrapolating perturbations of bone growth to the slow,
progressive degeneration of bone morphology (Rubin et al.
1999). It must be emphasised that the rat skeleton is unusual
in that growth may slow following a few months, but never
actually ceases (Riesenfeld, 1981). It is thus difficult to
extrapolate from a model of slowed growth to the human

condition of rapid decline. However, in every instance
where rats have been studied carefully over a prolonged
period, linear bone growth has been reported to slow
down considerably and even stop at advanced age (Kalu
et al. 1984, 1989). The generally held view that rats do
not normally experience a progressive age-related decline
in bone mass is contradicted by studies (Kalu et al. 1984;
Gaumet et al. 1994) showing that a loss of cancellous
bone in the appendicular skeleton occurs with ageing in
rats, while cortical bone is more resistant (Wronski et al.
1989). Perhaps the most serious indictment of the rat as
an inappropriate model of human bone loss is the miscon-
ception that the mature rat skeleton does not remodel. The
paucity of haversian systems contributed to this notion
(Kalu, 1999), but even early literature reported resorption
and formation phases of a typical bone modelling unit
(Baron et al. 1984). Actually, cortical bone in the rat has
latent remodelling capacity, intracortical remodelling
being found in older animals (Kalu, 1991). This process
increases with age and accounts for over 90 % of turnover
activity in vertebral cancellous bone and 66 % in proximal
tibial metaphysis (Erben, 1996). In fact, haversian remodel-
ling does not appear to be affected by oestrogen deficiency
in man (Villanueva et al. 1966), as cortical bone loss occurs
mainly at the endocortical surface (Keshawarz & Recker,
1984).

Despite these limitations, the OVX rat is considered as
an appropriate model for investigating issues relevant to
human postmenopausal bone loss, and the recognition of
this by the FDA has given a tremendous boost to studies
using this model (Kalu, 1999).

Because bone balance is the amount of resorption rela-
tive to formation, to make progress in developing thera-
peutics it is also important to consider 'the resorption or
osteoclastic model' from the 'formation-deficit model'
(Hartke, 1998). The first model, which works well for
measuring anti-resorptive efficacy, is synonymous with a
high turnover. It can be induced through Ca deficiency,
immobilisation or, of course, oestrogen deficiency. Thus,
because of increased osteoclastic activity, there is perfor-
ation of trabeculae, and endosteal resorption from the
interior surface of the cortical bone. On the contrary, to
look at agents that accelerate synthesis, the formation-
deficit model induced by glucocorticoid administration is
more appropriate (Hartke, 1998). In addition, since the
FDA guidelines stipulated that pre-clinical studies of
bone quality should be performed in two species (one
being the OVX rat), other animal models of ageing bone
loss have been required.

Mouse

The mouse has a long history of being exploited in studies
of age-related osteopaenia. Indeed, the senescence acceler-
ated mouse strain is currently being used to study the aetio-
logical mechanisms in senile osteoporosis because
fractures occur spontaneously due to an accentuated bone
loss with ageing (Takeda et al. 1991). However, with
regard to postmenopausal osteoporosis, oestrogen therapy
prevents bone loss in mice mainly by increasing bone
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formation, while this therapy is known to inhibit bone
resorption in man (Bain et al. 1993).

Guinea pig

The guinea pig is a popular research mammal owing to its
short reproductive cycle, but, because there are no conse-
quences on bone volume in OVX adult guinea pigs
(Vanderschueren et al. 1992), this species seems unlikely
to be a useful model for human osteoporosis.

Ferret

The OVX ferret exhibits oestrogen-deficiency osteopaenia
and haversian-based skeletal remodelling, as well as age-
related bone loss. However, difficulties include a seasonal
poly-oestrous reproductive cycle and induced ovulation
(Hartke, 1998). Moreover, bone mass is negatively influ-
enced by short light cycles and unbred females are prone
to anaemia due to prolonged oestrus (Kalu, 1999).

Dog

In many respects, the adult dog skeleton has often proved
an excellent analogue of human bone. The ratio of cortical
to cancellous bone is similar in both species. Haversian and
cancellous osteons remodel in a manner morphologically
similar to that in man, although at a faster rate (Kimmel
& Jee, 1982).

However, dogs are seasonally mono-oestrus and this
obvious departure should be considered (Miller et al.
1995). Moreover, the role of the beagle in studying oestro-
gen-depletion bone loss seems limited, because of the
small skeletal effect of oophorectomy. Thus, the adult
beagle remains a good experimental model for studies
requiring haversian remodelling, when oestrogen is not a
factor (Kimmel, 1991).

Pig

Pigs have skeletal characteristics that make them poten-
tially a good large animal model for skeletal research.
These advantages include their gastrointestinal physiology
and the nature of the oestrus cycle. They have lamellar
bone and remodelling based on both trabecular and intra-
cortical bone modelling units. However, they exhibit a
much higher bone mass and denser trabecular network
than man, inducing a different loading pattern of the skel-
eton. Moreover, to optimise loss of bone after osteopae-
nia, mild Ca restriction is required (Mosekilde et al.
1993).

Sheep

The sheep has been used as a model for postmenopausal
osteoporosis as the microstructure of the bone, assessed
by histomorphometry, is similar to that of man together
with many biological parameters. In addition, ovariectomy
induces bone loss (Hornby et al. 1995). Finally, a decline
in bone volume in the iliac crest due to ageing indicates
that the ewe may be a model for senile as well

as postmenopausal osteoporosis (Turner et al. 1993). How-
ever, the sheep skeleton undergoes seasonal variations,
with depressed bone formation in the winter months, a
phenomenon seen in only human subjects living in the
Northern Hemisphere. Furthermore, the sheep is a herbi-
vorous ruminant animal, engendering some potential
differences in the metabolism of vitamins, dietary minerals
and other micronutrients (especially phyto-oestrogens).

Non-human primates

Non-human primates have been described as a suitable
model (Jerome et al. 1994), as their organ systems most
closely resemble the human ones (i.e. gastrointestinal
tract, endocrine system and bone metabolism; Newman
et al. 1995). Because many primates maintain upright
body posture, their bone biomechanics may be more simi-
lar to that of man. Female macaques cycle monthly and
have hormonal patterns similar to those of the human
female (Hodgen et al. 1977), and, although spontaneous
menopause does not occur in most non-human primates,
they exhibit similar skeletal response to cessation of ovar-
ian function (castration; Mann et al. 1990). However, peak
bone mass is not reached until 9 years of age (in cynomol-
gus monkeys); therefore, unless using old animals, ovari-
ectomy in the skeletally immature primate seems an
inappropriate model (Newman et al. 1995). Moreover,
due to the very stringent controls applied to the use of
these species (risk of zoonotic diseases) and the costs of
such a study, without the considerations of emotive
pressures, the primate becomes less favourable as a
model (Ford & Hornby, 1996).

In conclusion, although the rat is used more often than
other species, its major limitations demand that other
species be considered as potential models. A logical
approach may be to use the rat for preliminary screening
of new pharmacological agents or therapeutic modalities,
followed by verification in other species before undergoing
clinical trials in human patients (Rodgers et al. 1993).

Effects of phyto-oestrogens on animal bone

Experimental models

Table 1 lists the published effects of phyto-oestrogens on
bone metabolism in animal models. The animal model used
most commonly for studying the potential anti-osteoporotic
properties of natural phyto-oestrogens has been the OVX
rat (Omi et al. 1992, 1994; Anderson et al. 1995; Arjmandi
et al. 1996, 1998fc, 2000; Blair et al. 1996; Draper et al.
1997; Fanti et al. 1998; Ishida et al. 1998; Horcajada-
Molteni et al. 2000a; Picherit et al. 2000). Genistein has
been reported to elicit a bone-sparing effect in OVX
lactating rats (Anderson et al. 1998), in elderly female
rats (Gao & Yamaguchi, 1998) and in OVX mice (Ishimi
et al. 1999), while a diet based on soya proteins (14%)
does not seem to improve bone quality (assessed by
histomorphometry) in intact female rats (Hegsted et al.
1999).

Nevertheless, bone-sparing effects of ipriflavone, a syn-
thetic isoflavone (Brandi, 1996), have been demonstrated
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in other animal models of bone loss: the prednisolone-
treated rat (Yamazaki et al. 1986), the streptozotocin
diabetic rat (Shino et al. 1986), the vitamin D-deficient
rat (Takenaka et al. 1986), the immobilised rat (Foldes
et al. 1988) and also in OVX animals (Cecchini et al.
1997). Intact male rats have been used to study the effect
of vegetables (Miihlbauer & Li, 1999) and ipriflavone
(Civitelli et al. 1995), a protective effect of soya
protein also being shown in orchidectomised animals
(Juma et al. 1996).

In contrast to the rodent model, surgically postmenopau-
sal monkeys given about 112nmol isoflavones/d (28mg/d)
for 2 years failed to demonstrate any positive effect on
bone parameters (Jayo et al. 1996). Similarly, Lees &
Ginn (1998) found that soya protein consumption by
OVX cynomolgus monkeys (providing an isoflavone dose
equivalent to 592nmol/d (148mg/d) for a woman) for
7 months did not prevent ovariectomy-induced higher
bone resorption, the only significant effect (/J<0-01)
being a very slight increase in bone formation at the
endocortical surface (% bone-forming rate:bone volume
(standard error of the mean, SEM); 243 (SEM 0-77) v.
0-37 (SEM 026) in casein-fed animals). Consequently,
non-human primates seem to behave differently and thus
may not be a good model for such a study.

The seeds of osteoporosis can be sown during youth
because it can result from inadequate achievement of
peak bone mass or more rapid bone loss following skeletal
maturity. Indeed, assuming that two people lose bone
density at the same annual rate, the individual with the
lower initial bone density will cross the threshold of
abnormality at an earlier age. Although heredity is the
strongest determinant, peak bone mass can be optimised
by providing adequate nutrition. In any animal, growth is
a polygenic phenomenon, creating many problems for
analysis. However, working on growing animals can be
useful and was actually chosen by Pointillarta et al.
(unpublished results) to study the effect of soy isoflavones
(8nmol (2mg)/kg body weight for 42 d, per os) on 15-d-
old female piglets. Under these conditions, phyto-oestro-
gens consumption was devoid of any skeletal effect.

Effects of phyto-oestrogens: from food to molecules

Isoflavones are one of the most common plant metabolites.
They occur almost ubiquitously in the fruits, vegetables
and beverages of the human diet as well as in several
important medicinal plants. Use of such molecules in
folk medicine is based to a large extent on empiricism,
since this praxis is much older than the science of chem-
istry (Kuhnau, 1976).

Hidaka et al. (1997) have demonstrated a preventive effect
of traditional Chinese (Kampo) medicines on experimental
osteoporosis induced by ovariectomy in rats. The adminis-
tration of Unkei-to, Hachimi-jio-gan and Juzen-taiho
to OVX rats clearly restored bone mineral density (BMD)
to the level of sham-operated (SH) rats. This was strength-
ened by results from scanning electron microscopy, as the
porous or erosive appearance in OVX rats was corrected
by the administration of such treatments. These gynaecologi-
cal medicines are supposed to be based on phyto-oestrogens

and have been used to treat ovary function failure and lower
back pain during the climacteric period and also after
oophorectomy (Tsumura & Company, 1990; Koyama,
1991). Cui et al. (1999) showed that a mixture of herbs
(containing Epinedium sagitanum maxim, Astragalus
mimbranaecus and Rhizoma atractylodis macrocephalac)
completely prevented glucocorticoid-induced cancellous
bone loss in young male rats by stimulation of bone for-
mation and depression of bone resorption. Again, in OVX
rats, the daily dose of 1 g/kg body weight for 30 d almost
completely prevented induced-bone loss (BMD; +22 % v.
OVX and - 3% v. SH animals).

Flavonols. Miihlbauer & Li (1999) have demonstrated
that consumption of a variety of salads, herbs and cooked
vegetables common in the human diet can alter bone
metabolism in the rat. Bone mineral content, mean corti-
cal thickness and mineral density of trabecular bone
increased by 17-4 (SEM 6-4)%, 14-8 (SEM 7-6)% and
13-5 (SEM 3-1)% relative to controls, respectively, in
male rats fed 1 g of dry onion/d for 4 weeks. A mixture
of lettuce, tomato, cucumber, arrugula, onion, garlic,
wild garlic, common parsley, Italian parsley and dill
(lOOmg each) elicited a higher prevention of bone resorp-
tion, indicating an additive effect. In OVX females, onion
consumption inhibited bone loss in a dose-dependent
manner (3O-15OOmg/d). Onion extracts also prevented
cancellous and cortical bone loss induced by a combi-
nation of low protein intake and diet-mediated mild
hyperparathyroidism in rats (Ingold et al. 1998). Onions
are rich in flavonoids, with quercetin being the main com-
ponent (Justesen et al. 1998).

These results could be explained at least partly by the
work of Horcajada-Molteni & Coxam (2001), which
demonstrated that 3 months' ingestion of a diet containing
0-25 % ratine (a quercetin glycoside: quercetin-3-O-
glucose rhamnose) improved bone quality in OVX rats.
Indeed, femoral trabecular and total BMD were increased
by such a diet (+6-1% and +4-2%, respectively, v.
OVX). Femoral failure load was even higher in these
animals than in SH rats, this protective effect resulting
from slowing down resorption (decreased urinary excretion
of deoxypyridinoline) and increasing osteoblastic activity
(high plasma levels of osteocalcin).

Flavanones. Miyamoto et al. (1998) showed that 8-iso-
pentenylnaringenin qualified as 'a new class of non-ster-
oidal phyto-oestrogens'. When given subcutaneously at a
daily dose of 30mg/kg body weight for 2 weeks to 11-
week-old OVX rats, it completely suppressed osteopaenia
as assessed by BMD (mg/cm2; 141-9 (SEM 1-7) v. 132-1
(SEM 0-9) in OVX and 139-1 (SEM 1-3) in SH animals),
urinary excretion of deoxypyridinoline/creatinine (pmol/
(xmol; 27-1 (SEM 1-1) v. 55-9 (SEM 1-6) in OVX and
41-0 (SEM 2-4) in SH animals) or hydroxyproline ((Jig/g
body weight per d; 1-01 (SEM 0-04) v. 1-62 (SEM 006)
in OVX and 118 (SEM 013) in SH animals). This mol-
ecule binds to oestrogen receptors with an affinity of
0-7 % that of oestradiol.

Isoflavones. Kalu et al. (1988) suggested that the
enhanced Ca intestinal absorption, along with modulation
of parathyroid hormone, might provide a partial expla-
nation for the beneficial effect of consumption of soya
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foods on bone health. Later, Omi et al. (1992) reported that
soyabean milk is an excellent source for increasing BMD
and mechanical bone strength in OVX rats. However, as
the mechanism was unclear and the component in soya
milk that elicited the effect unknown, they performed a
new experiment in the same animal model with two soya
milk fractions prepared according to their molecular
weight (a high- and a low-molecular-weight powder
including soyabean milk peptides). BMD of lumbar
spine, tibial proximal metaphysis and tibial diaphysis
were increased by both diets, as was the mechanical
strength of the femur. Again, this effect could actually be
explained by a higher intestinal Ca absorption rate but it
was still unclear what kind of molecule affected bone
metabolism (Omi et al. 1994).

Arjmandi et al. (1996) reported the prevention of bone
loss in 90-d-old OVX rats consuming soyabean protein iso-
late (22-7 %) instead of casein for 30 d. The animals had
significantly higher mean BMD of the right femur and
the fourth lumbar vertebra, the effect being more important
on trabecular bone than on cortical bone. However, this
protective effect of the soya diet could not be explained
by an inhibition of bone turnover because serum concen-
trations of both alkaline phosphatase and tartrate-resistant
acid phosphatase were significantly greater in the OVX
and OVX plus soya groups than in SH animals. These
results suggested that formation exceeded resorption
because BMD was higher in soya-fed rats, despite the
high remodelling level. In a similar experiment carried
out for 1 month in OVX rats fed a 22 % soyabean protein
diet, Harrison et al. (1998) failed to demonstrate any
decrease in the markers of bone turnover, while femur
and tibia ash and Ca contents were increased.

The active components in soya protein with respect to
this bone-sparing effect are the isoflavones. In an experi-
mental study, 95-d-old OVX rats were given soya protein
(22-7 %) with either normal (mg isoflavones/kg soy pro-
tein isolate: genistin 1462, genistein 25-1, daidzin 590,
daidzein 11-3) or reduced isoflavone content (only 10%
of the standard one) for 1 month. The OVX group fed
soya isoflavones had significantly greater femoral bone
density (1-497 (SEM 0-03)g/cm3) than the control OVX
group (1-449 (SEM 0-044)g/cm3), whereas those OVX
animals fed soya depleted in isoflavones (1-452 (SEM
0-030) g/cm3) were not different from controls. Histomor-
phometry revealed that the greater bone formation
induced by OVX was not corrected by soya (Goyal et al.
1995; Arjmandi et al. 1998a), because bone formation
rate related to bone surface was not significantly different
in OVX and soya-fed animals. These data are supported
by the recent work of Jeffery et al. (2000), in which ani-
mals were treated for 3 months with casein plus isofla-
vones, soya or isoflavones-depleted soya. In contrast,
Juma et al. (1996) found protection against the decrease
in bone elasticity induced by orchidectomy in 90-d-old
rats by soya consumption for 65 d, regardless of its isofla-
vone content.

Soya isoflavone concentrate (348 mg isoflavones/g; gen-
istin 159mg, daidzin 156 mg, glycitin 33 mg) has been
given at doses of 80, 160 and 320nmol (20, 40 and
80mg)/kg body weight per d for 3 months to 195-d-old

OVX rats (Picherit et al. 2001a). Such a diet prevented
osteopaenia induced by OVX because the BMD of the
total femur and of its diaphyseal and metaphyseal sub-
regions was similar to that of SH controls, but higher
than values in OVX animals. This was associated with
the preservation of mechanical properties, as, again, the
femoral failure load in OVX rats receiving isoflavones
was not different from that of SH animals. In contrast to
the findings of Arjmandi et al. (\99%a,b), this bone-sparing
effect could be attributed to a stimulated osteoblastic
activity, as indicated by plasma osteocalcin levels (Picherit
et al. 2000).

The protective effects observed may depend not only on
the amount of isoflavones but also on their composition. Of
two isoflavone concentrates containing roughly the same
amount of daidzin but different genistin:glycitin, the one
exhibiting more genistin was the most efficient in prevent-
ing OVX-induced bone loss in terms of mineral density
and bone strength (C Picherit and V Coxam, unpublished
results). Draper et al. (1997) demonstrated no bone-sparing
effects with isoflavones isolated from clover (lOOmmol
(25 g) isoflavones incorporated into 10 kg of rodent diet)
given for 6 weeks to 6-month-old OVX rats. However,
this observation may be explained by the fact that biocha-
nin A and formononetin (the main isoflavones in clover)
are very weak, exerting respectively <0-006 and 00006
times the potency of oestradiol on alkaline phosphatase
activity in a human endometrial cell lines, compared with
potencies of 0-084 for genistein, 0-061 for daidzein and
0-202 for coumestrol (Markiewicz et al. 1993). In a similar
study to demonstrate an effect on bone, a 14 % soya protein
diet with 1-2 mg genistein/g protein was given for 3 months
to 11-month-old OVX or SH rats (Hegsted et al. 1999).
It increased bone formation in tibial periostal cortical
bone, but only in castrated animals. Percentage of
double-labelled periostal surface was 14-2 % for soya-fed
OVX rats v. 2-27% in casein-fed OVX rats and 1-57%
in SH animals fed the soya diet. Similarly, the percentage
of mineralising surface was 19-35 % for soya-fed OVX rats
compared with 5-05 % for casein-fed OVX rats and 201 %
for casein-fed OVX rats implanted with oestrogen pellets
(Hegsted et al. 1999).

OVX lactating rats, raised on a low-Ca diet treated with
a genistein-rich soyabean isoflavone preparation (2, 6-4 or
20nmol (0-5, 1-6 or 5mg)/d) over a period of 14 d,
retained significantly more bone mass than vehicle-treated
controls and even more than with a physiological dose
(5 |xg/d) of conjugated oestrogens (Premarin; Anderson
et al. 1995, 1998).

The effects of purified compounds have been studied. In
OVX rats weighing 200 g, purified genistein (44 |xmol/d for
30 d) promoted a similar improvement in the femur,
femoral weight being 12% greater than that of controls
(Blair et al. 1996). These authors also demonstrated an
inhibition of osteoclastic activity via a mechanism inde-
pendent of cellular attachment, at doses approximating
those inhibiting tyrosine kinase autophosphorylation
in vitro. In an additional experiment, 2-month-old OVX
rats were injected daily with genistein (4, 18 or 92pmol
(1, 5 or 25 (j,g)/g body weight, subcutaneously) for 21 d.
There was a dose-dependent improvement in skeletal
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retention of both trabecular and cortical bone associated
with a higher bone formation rate per tissue volume and
a trend towards more osteoblasts per bone perimeter; the
parameters of resorption were not affected (Fanti et al.
1996, 1998). OVX mice given 0-37 or 2-59 |xmol genistein
(0-1 or 0-7 mg) per d subcutaneously, using a mini-osmotic
pump, for 2-4 weeks restored the trabecular bone volume
of the femoral distal metaphysis as shown by histological
analysis (Ishimi et al. 1999).

The ability of daidzein to prevent bone loss was investi-
gated in comparison to genistein (Desir et al. 1998;
Picherit et al. 2000). Twelve-month-old OVX rats received
diets containing purified genistein or daidzein at the dose
of 38 nmol/g body weight per d for 3 months. In the daid-
zein group, BMD (measured in lumbar vertebrae, the femur
and its metaphyseal and diaphyseal zones) was not differ-
ent from that of SH animals, whereas in genistein-treated
rats, only the diaphyseal bone mass was similar to that of
SH controls. Image analysis performed in the distal
femur metaphysis revealed that the cancellous bone area
was similar in SH and daidzein-treated animals. Therefore,
daidzein was more efficient than genistein in preventing
osteopaenia. These results corroborated the data from
Ishida et al. (1998) with the glycosylated forms of these
two isoflavones. Furthermore, in a recent study, Ishida
et al. (2000) showed that the lower femoral density and
breaking strength induced by OVX in 11-week-old rats
was largely prevented by daidzein or glycitein (190nmol/
kg body weight per d) but not by the same dose of
genistein.

Coumestarts. Dodge et al. (1996) showed that oral
dosing for 5 weeks (starting 1 month after ovariectomy)
with coumestrol (0-37, 3-7, 37 and 112|xmol (0-1, 1, 10
and 30mg)/kg body weight) effectively spared the bone
loss associated with ovariectomy in 6-month-old rats,
resulting in BMD (measured by quantitative computer tom-
ography) similar to that of intact animals but higher than
that of OVX animals. In similar studies (Draper et al.
1997), 1 -5 mmol of coumestrol was injected intramuscularly
as cottonseed oil twice weekly for 6 weeks to 6-month-old
OVX rats. This treatment reduced oophorectomy-induced
bone loss in those skeletally mature rats. The fall in BMD
from baseline to 6 weeks post-ovariectomy was signifi-
cantly greater in the control OVX than in the coumestrol
OVX group. This was associated with lower urinary
Caxreatinine and deceased urinary excretion of deoxypyri-
dinoline (28-2 (SEM 6-8 v. 48-2 (SEM 27-1) nmol/mmol
creatinine). Consequently, this prevention of bone loss
was due, at least in part, to a decrease in bone resorption
(Draper et al. 1997).

Lignans. In an experiment carried out on 3-month-old
OVX rats (Horcajada-Molteni et al. 20006), a 10 % flax-
seed diet, given for 3 months, improved femoral failure
load (N; 118-1 (SEM 4-8) v. 104-1 (SEM 5-0) in OVX ani-
mals and 1001 (SEM 1-6) in SH animals), without any
effect on bone density. This process resulted from a
decreased bone resorption (reduced deoxypyridinoline
excretion and lower calciuria). As mineral density stayed
unchanged, the higher biomechanical parameters may
have resulted from an effect on micro-architecture rather
than on mineralisation.

Myco-oestrogens. Zearalanol, a resocyclic acid lac-
tone, given intramuscularly twice weekly for 6 weeks to
6-month-old OVX rats at the dose of 1 mg prevented
bone loss as assessed by BMD, compared with control
OVX animals, at all skeletal sites measured (whole body,
femur or spine; Draper et al. 1997). Dodge et al. (1996)
also demonstrated that zearanol spares the bone loss associ-
ated with ovariectomy.

Effects of phyto-oestrogens: influence of
the molecular form

All soyabean proteins and food currently available for
human consumption contain significant amounts of isofla-
vones either as the aglycone or as different types of glyco-
side conjugate (Setchell, 1998). However, little is known
about the biological activity of the individual glycosidic
conjugates. Even if they are readily hydrolysed by intesti-
nal bacteria (Setchell et al. 1984), the role of conjugation
may be important in influencing the bioavailability of the
aglycone structures because of their preferential absorption
(Setchell, 1998). Direct consequences on bone health have
been assessed and, although not addressed in the same
study, a similar response was elicited by genistin and daid-
zin (Ishida et al. 1998) compared with genistein and daid-
zein (Picherit et al. 2000).

Oral administration for 4 weeks at a dose of 50mg/kg
body weight per d of conjugated forms of daidzein
(7-<9-(3-(6"-O-succinyl)-D-glucoside) or genistein (7-O-p-
(6"-O-succinyl)-D-glucoside), isolated from soybeans
fermented with Bacillus subtilis (natto), prevented bone
loss in OVX rats fed a Ca-deficient diet. Indeed, both
were as effective as daidzin and genistin molecules (Toda
etal. 1999).

Curative effect v. preventive effect

In the area of pre-clinical testing of potential drugs for
osteoporosis therapy, the bone loss of the OVX rat has
received the most attention. Using this experimental
model, two main types of study can be carried out:
preventive therapy to stop the progression of bone loss
and restorative therapy to rebuild bone in established
osteoporosis. Arjmandi et al. (1998a,fc) investigated the
bone-sparing effect of soya proteins in a curative way.
They demonstrated a slight reversal of cortical bone loss,
partially through higher femoral insulin-like growth
factor-1 mRNA transcripts resulting from both soya and
soya with reduced isoflavone content: 35 d after surgery,
the OVX rats that started a soya diet for 65 d tended to
have higher (albeit not significant) mean femoral densities
than did the OVX group. In adult OVX rats, daily con-
sumption of isoflavones for 3 months did not reverse estab-
lished osteopaenia, although it decreased bone resorption
(as shown by urinary deoxypyridinoline excretion; Picherit
et al. 2001a). This diet was able to prevent bone loss
(assessed by BMD) if given right after castration (Picherit
et al. 200\b).
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Safety issues

Evidence from studies of various animal species has
demonstrated that ingestion of high levels of phyto-oestro-
gens can produce adverse effects on reproductive endpoints
including fertility. Studies in laboratory animals have also
shown that exposure to high doses during development can
adversely affect brain differentiation and reproductive
development in rodents (Humfrey, 1998). Consequently,
before advising soya supplementation in postmenopausal
women, we have to investigate further the safety issues
of current consumption of such nutrients.

Conclusion

The overriding conclusion is that, when provided at
optimal dosages, phyto-oestrogens have modest, positive
effects on bone tissue.

As human studies looking at the effect on BMD are very
sparse (Dalais et al. 1998; Potter et al. 1998; Alekel et al.
2000), as are those investigating bone turnover (Bonacorsi
et al. 1997; Wangen et al. 2000), such animal experiments
provide very useful data. Thus, phyto-oestrogens appear to
have potential promise for maintaining or modestly
improving bone mass of human subjects when consumed
at optimal dosages, as previously suggested by Anderson
& Garner (1997). However, because we are constrained
by the system with which we study the ageing skeleton,
we must appreciate the limits of the information reached
before extrapolating to man and we need to gather more
data before health professionals can actively advocate the
increased consumption of soya. It will be important further
to characterise their physiological effects and margins of
safety. It is not always clear whether those molecules,
often given as single compounds and at high levels, that
appear to influence disease risk in animals are functional
to the same degree or in the same manner in human sub-
jects consuming realistic doses as part of a habitual diet
(Lampe, 1999).

Questions and issues that remain to be resolved include
optimal dosages, possible gender differences in response
to phyto-oestrogens, demonstration that observed health
benefits can be attributed directly to phyto-oestrogens
rather than to other components of soya and phyto-oestro-
gen-rich foods, and the relative impact of different
compounds within the phyto-oestrogen family that fall
into the broad categories of isoflavones and lignans (Tham
et al. 1998). Despite the inherent ability of phyto-oestrogens
to protect bone tissue, we need to investigate the range of
their potential actions fully, in order to rule out unknown
metabolic effects with undesirable consequences (Whitten
et al. 1995).

Acknowledgements

This review has been carried out with financial support
from the commission of the European Communities,
Food and Agroindustrial Research programme CT-98-
4456 'Dietary exposure to phyto-oestrogens and related
compounds and effects on skeletal tissues (VENUS)'.

It does not reflect its views and in no way anticipates the
Commission's future policy in this area.

References

Alekel DL, St Germain A, Peterson CT, Hanson KB, Stewart JW
& Toda T (2000) Isoflavone-rich soy protein isolate attenuates
bone loss in the lumbar spine of perimenopausal women.
American Journal of Clinical Nutrition 72, 844-852.

Anderson JJ, Ambrose WW & Garner SC (1995) Orally dosed
genistein from soy and prevention of cancellous bone loss in
two ovariectomized rat models. Journal of Nutrition 125, 799S.

Anderson JJ, Ambrose WW & Garner SC (1998) Biphasic effects
of genistein on bone tissue in the ovariectomized, lactating rat
model. Proceedings of the Society for Experimental Biology
and Medicine 217, 345-350.

Anderson JJB & Garner SC (1997) The effects of phytoestrogens
on bone. Nutrition Research 17, 1617-1632.

Arjmandi BH, Alekel L, Hollis BW, Amin D, Stacewicz-
Sapuyntzakis M, Guo P & Kukreja SC (1996) Dietary soybean
protein prevents bone loss in an ovariectomized rat model of
osteoporosis. Journal of Nutrition 126, 161-167.

Arjmandi BH, Birnbaum R, Goyal NV, Getlinger MJ, Juma S,
Alekel L, Hasler CM, Melinda LD, Hollis B & Kukreja SC
(1998a) Bone-sparing effect of soy protein in ovarian
hormone-deficient rats is related to its isoflavone content.
American Journal of Clinical Nutrition 68, Suppl.,
1364S-1368S.

Arjmandi BH, Birnbaum R, Juma S, Barengolts E & Kukreja SC
(2000) The synthetic phytoestrogen ipriflavone and estrogen
prevent bone loss by different mechanisms. Calcified Tissue
International 66, 61-65.

Arjmandi BH, Getlinger MJ, Goyal NV, Alekel L, Hasler CM,
Juma S, Drum S, Hollis B & Kukreja SC (19986) Role of
soy protein with normal or reduced isoflavone content in rever-
sing bone loss induced by ovarian hormone deficiency in rats.
American Journal of Clinical Nutrition 68, Suppl.,
1358S-1363S.

Bain SD, Bailey MC, Celino DL, Lantry MM & Edwards MW
(1993) High dose estrogen inhibits bone resorption and stimu-
late bone formation in the ovariectomized mouse. Journal of
Bone and Mineral Research 8, 435-442.

Baron R, Tross R & Vignery A (1984) Evidence of sequential
remodeling in rat trabecular bone: morphology, dynamic histo-
morphometry, and changes during skeletal maturation. Anatom-
ical Records 208, 137-145.

Blair HC, Jordan SE, Peterson TG & Barnes S (1996) Variable
effects of tyrosine kinase inhibitors on avian osteoclastic
activity and reduction of bone loss in ovariectomized rat.
Journal of Cellular Biochemistry 61, 629-637.

Bonacorsi G, Albertazzi P & Constantino D (1997) Soy phyto-
estrogens and bone. North American Menopause Society
Meeting 44, 44.

Brandi ML (1996) Ipriflavone. In vitro and in vivo effects on bone
metabolism. In Osteoporosis, pp. 1335-1344 [R Marcus,
D Feldman and J Kelsey, editors]. London: Academic Press.

Cecchini MG, Fleish H & Muhlbauer RC (1997) Ipriflavone inhi-
bits bone resorption in intact and ovariectomized rats. Calcified
Tissue International 61, S9-S11.

Civitelli R, Abbasi-Jarhomi SH, Halstead LR & Dimarogonas A
(1995) Ipriflavone improves bone density and biochemical
properties of adult male rat bones. Calcified Tissue Inter-
national 56, 215-219.

Cui L, Ma YF, Jee WSS, Lu J, Setterberg R, Zhou H, Yao W &
Wu T (1999) A mixture of herbs prevented ovariectomized

https://doi.org/10.1079/BJN
2002798  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2002798


Phyto-oestrogens and bone in animals S83

induced cancellous bone loss in rats. Journal of Bone and
Mineral Research 14, Suppl., S283.

Dalais FS, Rice GE, Bell RJ, Murkies AL, Medley G, Staruss
BJG & Wahlqvist ML (1998) Dietary soy supplementation
increases vaginal cytology maturation index and bone mineral
content in postmenopausal women. American Journal of Clini-
cal Nutrition 68, Suppl., 1518S.

Deyhim F, Lucas E, Brucsewitz G, Stoecker BJ & Arjmandi BH
(1999) Prune dose-dependently reverses bone loss in ovarian
hormone deficient rats. Journal of Bone and Mineral Research
14, Suppl., S344.

Desir C, Picherit C, Coxam V, Katicoulibali S, Davicco MJ,
Lebecque P & Barlet JP (1998) Daidzein is more efficient
than genistein to prevent osteopenia in ovariectomized rats.
Journal of Bone and Mineral Research 23, Suppl., S573.

Dodge JA, Glasabrook AL, Magee DE, Phillips DL, Sato M,
Short LL & Bryant HU (1996) Environmental estrogens:
effects on cholesterol lowering and bone in the ovariectomized
rat. Journal of Steroid Biochemistry and Molecular Biology 59,
155-161.

Draper CR, Edel MJ, Dick IM, Randall AG, Martin GB & Prince
RL (1997) Phytoestrogens reduce bone loss and bone resorp-
tion in oophorectomized rats. Journal of Nutrition 127,
1795-1799.

Erben RG (1996) Trabecular and endocortical bone surfaces in
the rat: modeling or remodeling? Anatomical Records 246,
39-46.

Fanti O, Faugere MC, Gang Z, Schmidt J, Cohen D & Malluche
HH (1996) Systemic administration of genistein partially pre-
vents bone loss in ovariectomized rats in a non-estrogen-like
mechanism. In Proceedings of the Second International
Symposium on the Role of Soy in Preventing and Treating
Chronic Disease, pp. 20-21.

Fanti O, Faugere MC, Geng Z, Schmidt J, Morris PE, Cohen D &
Malluche HH (1998) The phytoestrogen genistein reduces bone
loss in short-term ovariectomized rats. Osteoporosis Inter-
national 8, 274-281.

Foldes I, Rapcjak M, Szoor A, Gyarmati J & Szilagyit S
(1988) The effect of ipriflavone treatment on osteoporosis
induced by immobilization. Ada Morphologica Hungary 36,
79-93.

Food and Drug Administration (1994) Guidelines for preclinical
and clinical evaluation of agents used in the prevention or treat-
ment of postmenopausal osteoporosis.

Ford SL & Hornby SB (1996) The ewe as a model for post-
menopausal osteoporosis — a comparison of normal calcium
metabolism with man. Animal Technics 47, 9-18.

Frenkel JK (1969) Introduction: choice of animal models for the
study of disease process in man. Federal Proceedings 28,
160-161.

Gao YH & Yamaguchi M (1998) Zinc enhancement of genistein's
anabolic effect on bone component in elderly female rats.
General Pharmacology 31, 119-202.

Gaumet N, Seibel MJ, Braillon P, Giraud S, Giry J, Rouffet J,
Coxam V, Davicco MJ, Delmas PD & Barlet JP (1994)
Endocrine regulation of bone metabolism in very old ovari-
ectomized rats. Journal of Bone and Mineral Research 9,
Suppl. 1, S377.

Goyal NV, Gettlinger MJ, Sun J, Alekel L, Hasler C & Kukreja S
(1995) Effect of soy protein with and without isoflavonoids on
bone in ovariectomized rats. Journal of Bone and Mineral
Research 10, Suppl., S453.

Harrison E, Adjei A, Ameho C, Yamamoto S & Kono S (1998)
The effect of soybean protein on bone loss in a rat model of
postmenopausal osteoporosis. Journal of Nutrition Sciences
and Vitaminology 14, 257-268.

Hartke J (1998) Non-primate models of osteoporosis. Laboratory
Animal Science 48, 623-629.

Hegsted M, Warner S, Heaton S, Bowman B & Miller SC (1999)
Soy diet increases tibial cortical bone formation in ovari-
ectomized retired breeder rats. Journal of Bone and Mineral
Research 14, Suppl., S531.

Hidaka S, Okamoto Y, Nakajima K, Suekawa M & Liu SY (1997)
Preventive effects of traditional Chinese (Kampo) medicines
on experimental osteoporosis induced by ovariectomy in rats.
Calcified Tissue International 61, 239-246.

Hogden GD, Goodman AL, O'Connor A & Johnson DK (1977)
Menopause in rhesus monkeys: model for study of disorders
in the human climacteric. American Journal of Obstetrics
and Gynecology 127, 581-584.

Horcajada-Molteni MN & Coxam V (2001) Flavonols and
isoflavones prevent bone loss in the ovariectomized rat, a
model for postmenopausal osteoporosis. In Nutritional
Aspects of Osteoporosis, pp. 325-340 [P Burckhardt,
B Davison-Hughes and RP Heaney, editors], San Diego, CA:
Academic Press.

Horcajada-Molteni MN, Crespy V, Coxam V, Davicco MJ,
Remesy C & Barlet JP (2000a) Rutine inhibits ovariectomy-
induced osteopenia in rats. Journal of Bone and Mineral
Research IS, 2251-2258.

Horcajada-Molteni MN, Davicco MJ, Lebecque P, Coxam V,
Miller SC, Remesy C & Barlet JP (2000&) Effect of lignans
on ovariectomy-induced bone loss in rats. Journal of Bone
and Mineral Research 15, Suppl., S553.

Hornby SB, Ford SL, Mase CA & Evans GP (1995) Skeletal
changes in the ovariectomized ewe and subsequent response
to treatment with 17 beta-estradiol. Bone 17, Suppl.,
387S-394S.

Humfrey CDN (1998) Phytoestrogens and human health
effects: weighing up the current evidence. Natural Toxins 6,
51-59.

Ingold P, Kneissel M, Muhlbauer RC & Gasser JA (1998)
Extracts from onion prevent tibial cortical and cancellous
bone loss induced by a high phosphate/low protein diet in
aged retired breeder rats. Bone 23, Suppl., S387.

Ishida H, Uesugi T, Hirai K, Toda T, Nukaya H, Yokotsuka K &
Tsuji K (1998) Preventive effects of the plant isoflavones, daid-
zin and genistin, on bone loss in ovariectomized rats fed a cal-
cium-deficient diet. Biological and Pharmacological Bulletin
21, 62-66.

Ishida H, Uesugi T, Toda T & Tsuji K (2000) Effects of soy iso-
flavones, daidzein, genistein and glycitein, on bone loss and
lipid metabolic pathway in ovariectomized rats. Journal of
Nutrition 130, Suppl., 685S.

Ishimi Y, Miyaura C, Ohmura M, Onoe Y, Sato T, Uchiyama Y,
Ito M, Wang X, Suda T & Ikegami S (1999) Selective effects
of genistein, a soybean isoflavone, on B-lymphopoiesis and
bone loss caused by estrogen deficiency. Endocrinology 140,
1893-1900.

Jayo MJ, Anthony MS, Register TC, Rankin SE, Vest T &
Clarkson TB (1996) Dietary soy isoflavones and bone loss:
a study in ovariectomized monkeys. Journal of Bone and
Mineral Research 11, Suppl., S228.

Jeffery EH, Walsh J, Rivera A, Jarrell V, Black M, Evans G,
Turner R & Bahr J (2000) Soy isoflavones may enhance
bone density in ovariectomized rats. Journal of Nutrition 130,
Suppl., 667S.

Jerome CP, Carlson CS, Register TC, Bain FT, Jayo MJ, Weaver
DS & Adams MR (1994) Bone functional changes in intact,
ovariectomized, and ovariectomized hormone-supplemented
adult cynomolgus monkeys (Macaca fascicularis) evaluated by
serum markers and dynamic histomorphometry. Journal of
Bone and Mineral Research 9, 527.

https://doi.org/10.1079/BJN
2002798  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2002798


S84 V. Coxam

Juma S, Sohn E, Bapna MS, Haley-Zitlin V & Arjmandi BH
(1996) Effects of soy protein on mechanical properties of
bone in gonadal hormone deficiency. Journal of Bone and Min-
eral Research 11, Suppl., S228.

Justesen U, Knuthsen P & Leth T (1998) Quantitative analysis of
flavonols, flavonones and flavanones in fruits, vegetables and
beverages by high performance liquid chromatography with
photo-diode array and mass spectrometric detection. Journal
of Chromatography 799, 101-110.

Kalu DN (1991) The ovariectomized rat model of postmeno-
pausal bone loss. Bone and Mineral 15, 175-192.

Kalu DN (1999) Animal models of the aging skeleton. In The
Aging Skeleton, pp. 37-50 [CJ Rosen, J Glowacki and JP
Bilezikian, editors] San Diego, CA: Academic Press.

Kalu DN, Hardin RR, Cockerham R & Yu BP (1984) Aging and
dietary modulation of rat skeleton and parathyroid hormone.
Endocrinology 115, 1239-1247.

Kalu DN, Liu CC, Hardin RR & Hollis BW (1989) The aged rat
model of ovarian hormone deficiency bone loss. Endocrinology
124, 7-16.

Kalu DN, Masoro EJ, Byung PB, Hardin RR & Hollis BW (1988)
Modulation of age-related hyperparathyroidism and senile
bone loss in Fisher rats by soy protein and food restriction.
Endocrinology 122, 1847-1854.

Keshawarz NM & Recker RR (1984) Expansion of the medullary
cavity at the expense of cortex in postmenopausal osteoporosis.
Metabolic Bone Diseases 5, 223-228.

Kimmel DB (1991) The oophorectomized beagle as an experi-
mental model for estrogen-depletion bone loss in the adult
human. Cells Materials Suppl. 1, 75-84.

Kimmel DB & Jee WSS (1982) A quantitative histologic study of
bone turnover in young adult beagles. Anatomical Records 203,
35-51.

Koyama T (1991) Osteoporosis with Kampo treatment (in
Japanese). Sanfujinka Chiryo 63, 203-207.

Kuhnau J (1976) The flavonoids. A class of semi-essential food
components: their role in human nutrition. World Review of
Nutrition and Diet 24, 112-119.

Lampe JW (1999) Health effects of vegetables and fruit: assessing
mechanisms of action in human experimental studies. American
Journal of Clinical Nutrition 70, Suppl., 475S-490S.

Lees CJ & Ginn A (1998) Soy protein isolate die does not prevent
increased cortical bone turnover in ovariectomized macaques.
Calcified Tissue International 62, 557-558.

Malochet S, Picherit C, Horcajada-Molteni MN, Davicco MJ,
Lebecque P, Coxam V & Barlet JP (1999) Do endurance train-
ing and soy isoflavones exhibit additive effects on ovari-
ectomy-induced osteopenia in the rat? Journal of Bone and
Mineral Research 14, Suppl., S536.

Mann DR, Gould KG & Collins DC (1990) Potential primate
model for bone loss resulting from medical oophorectomy or
menopause. Journal of Clinical Endocrinology and Metabolism
71, 105-110.

Markiewicz L, Garey J, Adlercreutz H & Gurpide E
(1993) In vitro bioassays of non-steroidal phytoestrogens.
Journal of Steroid Biochemistry and Molecular Biology 45,
399-405.

Miller SC, Bowman MB & Jee WS (1995) Available animal
models of osteopenia — small and large. Bone Yl, Suppl.,
117S-123S.

Miyamoto M, Matsushita Y, Kiyokawa A, Fukuda C, Lijima Y,
Sugano M & Akiyama T (1998) Prenylflavonoids: a new
class of non steroidal phytoestrogen (part 2). Estrogenic effects
of 8-isopentenylnaringenin on bone metabolism. Planta Medica
64, 516-519.

Mosekilde L, Weisbrode SE, Safron JA, Stills HF, Jankowsky
ML, Ebert DC, Danielsen CC, Sogaard CH, Franks AF,

Stevens ML, Paddock CL & Boyce RW (1993) Calcium-
restricted ovariectomized Sinclair S-l minipigs: an animal
model of osteopenia and trabecular plate perforation. Bone
14, 379-382.

Muhlbauer RC & Li F (1999) Effects of vegetables on bone
metabolism. Nature 401, 343-344.

Newman E, Turner AS & Wark JD (1995) The potential of sheep
for the study of osteopenia: current status and comparison with
other animal models. Bone 16, 277S-284S.

Omi N, Aoi S, Murata K & Ezawa I (1992) The effect of soybean
milk on bone mineral density and bone strength in ovari-
ectomized osteoporotic rats. Journal of Home Economics
Japonica 44, 549-554.

Omi N, Aoi S, Murata K & Ezawa I (1994) Evaluation of the
effect of soybean milk and soybean milk peptide on bone
metabolism in the rat model with ovariectomized osteo-
porosis. Journal of Nutritional Sciences and Vitaminology 40,
201-211.

Picherit C, Bennetau-Pelissero C, Chanteranne B, Lebecque P,
Davicco MJ, Barlet JP & Coxam V (2001a) Soybean isofla-
vones dose-dependently reduce bone turnover but do not
reverse established osteopenia in adult ovariectomized rats.
Journal of Nutrition 131, 723-728.

Picherit C, Chanteranne B, Bennetau-Pelissero C, Davicco MJ,
Lebecque P, Barlet JP & Coxam V (2001/?) Dose-
dependent bone sparing effects of dietary isoflavones in
the ovariectomised rat. British Journal of Nutrition 85,
307-316.

Picherit C, Coxam V, Bennetau-Pelissero C, Kati-Coulibaly S,
Davicco MJ, Lebecque P & Barlet JP (2000) Daidzein is
more efficient than genistein in preventing ovariectomy-
induced bone loss in rats. Journal of Nutrition 130, 1675-
1681.

Potter SM, Baun JA, Teng H, Stillman RJ, Shay NF & Erdman
JW (1998) Soy protein and isoflavones: their effects on blood
lipids and bone density in postmenopausal women. American
Journal of Clinical Nutrition 68, 1375-1379.

Riesenfeld A (1981) Age changes of bone size and mass in two
strains of senescent rats. Ada Anatomica 109, 63-69.

Rodgers JB, Monier-Faugere MC & Malluche H (1993) Animal
models for the study of bone loss after cessation of ovarian
function. Bone 14, 369-377.

Rubin J, Rubin H & Rubin C (1999) Constraints of experimental
paradigms used to model the aging skeleton. In The Aging
Skeleton, pp. 27-36 [CJ Rosen, J Glowacki and JP Bilezikian,
editors]. San Diego, CA: Academic Press.

Saville PD (1969) Changes in skeletal mass and fragility with
castration in the rat: a model of osteoporosis. Journal of the
American Geriatric Society 17, 155-164.

Setchell KD (1998) Phytoestrogens: the biochemistry, physi-
ology, and implications for human health of soy isoflavones.
American Journal of Clinical Nutrition 68, Suppl.,
1333S-1346S.

Setchell KD, Bordello SP, Hulme P, Kirk DN & Axelson M
(1984) Nonsteroidal estrogens of dietary origin: possible roles
in hormone-dependent disease. American Journal of Clinical
Nutrition 40, 569-578.

Shino A, Matsuo T, Tsuda M, Yamazaki R, Tsukuda T, Kitazaki
K, Shiota K & Yoshida K (1986) Effect of ipriflavone on bone
and mineral metabolism in the streptozotocin diabetic rats.
Journal of Bone and Mineral Metabolism 3, 27-37.

Takeda T, Hosokawa M & Higuchi K (1991) Senescence-acceler-
ated mouse (SAM). A novel murine model of accelerated
senescence. Journal of the American Geriatric Society 37,
911-919.

Takenaka M, Nakata M, Tomita M, Nakagana T, Tsuboi S,
Fukase M & Fujita T (1986) Effect of ipriflavone on bone

https://doi.org/10.1079/BJN
2002798  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2002798


Phyto-oestrogens and bone in animals S85

changes induced by calcium restricted, vitamin D deficient diet
in rats. Endocrinology Japonica 33, 23-27.

Tham BM, Gardner CD & Haskell WL (1998) Potential
health benefits of dietary phytoestrogens: a review of the
clinical, epidemiological, and mechanistic evidence. Journal of
Clinical Endocrinology and Metabolism 83, 2223—2235.

Toda T, Uesugi T, Hirai K, Nukaya H, Tsuji K & Ishida H (1999)
New 6-O acyl isoflavone glycosides from soybeans fermented
with Bacillus subtilis (natto). I. 6-O-succinylated isoflavone
glycosides and their preventive effects on bone loss in
ovariectomized rats fed a calcium-deficient diet. Biological
and Pharmacological Bulletin 22, 1193-1201.

Tsumura & Company (1990) Tsumura Kampo Medicine Extract
Granules for Clinical Use Product Catalogue. Tokyo: Tsumura
& Company.

Turner AS, Park RD, Aberman HM, Villanueva AR, Nett TM,
Trotter GW & Eckhoff DG (1993) The effects of age and ovari-
ectomy on trabecular bone of the proximal femur and iliac crest
in sheep. In Proceedings of the 39th Annual Meeting of the
Orthopedic Research Society, p. 584.

Vanderschueren D, Van Herck E, Suiker AMH, Allewaert K,
Visser W, Geusens P & Bouillon R (1992) Bone and mineral
metabolism in the adult guinea pig: long term effects of

estrogen and androgen deficiency. Journal of Bone and Mineral
Research!, 1407-1415.

Villanueva A, Frost H, Ilnicki L, Frame B, Smith R & Arnskein R
(1966) Cortical bone dynamics measured by means of
tetracycline labeling in 21 cases of osteoporosis. Journal of
Laboratory and Clinical Medicine 68, 599-616.

Wangen KE, Duncan AM, Merz-Demlow BE, Xu X, Marcus R,
Phipps WR & Kurzer MS (2000) Effects of soy isoflavones
on markers of bone turnover in premenopausal and postmeno-
pausal women. Journal of Clinical Endocrinology and
Metabolism 85, 3043-3048.

Whitten PL, Lewis C, Russel E & Naftolin F (1995) Potential
adverse effects of phytoestrogens. Journal of Nutrition 125,
771S-776S.

Wronski TJ, Dann LM, Scott KS & Cintron M (1989) Long term
effects of ovariectomy and ageing on the rat skeleton. Calcified
Tissue International 45, 360-366.

Wronski TJ & Yen CF (1991) The ovariectomized rat as an
animal model for postmenopausal bone loss. Cells Materials
Suppl. 1, 69-74.

Yamazaki I, Shino A, Shimizu Y, Tsukuda R, Shirakawa Y &
Kinoshita M (1986) Effect of ipriflavone on glucocorticoid-in-
duced osteoporosis in rats. Life Sciences 38, 951-958.

https://doi.org/10.1079/BJN
2002798  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2002798



