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Dietary phytoestrogens and their effect on bone: evidence from in
vitro and in vivo, human observational, and dietary intervention
studies1–3

Kenneth DR Setchell and Eva Lydeking-Olsen

ABSTRACT Impressive data from the many studies on cul-
tured bone cells and rat models of postmenopausal osteoporosis
support a significant bone-sparing effect of the soy isoflavones
genistein and daidzein. Translating this research to the clinic has
been more challenging, and thus far only a few clinical studies have
attempted to tease out the influence of phytoestrogens on bone
from the many other components of the diet. Human studies have
shown promising although variable results. Studies have been
mostly of short duration and with relatively small sample sizes,
making it difficult to observe significant and accurate changes in
bone. Levels of intake of the soy protein and isoflavones are var-
ied, and the optimal isoflavone intake for bone-sparing effects
remains to be determined. Clinical studies thus far performed can
be broadly divided into those that have assessed biochemical evi-
dence of reduced bone turnover from measurement of surrogate
markers of osteoblast and osteoclast activity, and those that have
examined changes in bone mineral density. There are no studies
examining effects on fracture rate. This review focuses specifically
on the potential influence of phytoestrogens on bone by examining
the evidence from 17 in vitro studies of cultured bone cells, 24 in
vivo studies of animal models for postmenopausal osteoporosis, 15
human observational/epidemiologic studies, and 17 dietary inter-
vention studies. On balance, the collective data suggest that diets
rich in phytoestrogens have bone-sparing effects in the long term,
although the magnitude of the effect and the exact mechanism(s) of
action are presently elusive or speculative. Am J Clin Nutr
2003;78(suppl):593S–609S.
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INTRODUCTION

Osteoporosis is now a major public health threat, and its preva-
lence is expected to rise dramatically in the coming decades. Fig-
ures from the National Osteoporosis Foundation indicate that
about 44 million Americans are at risk for the disease by virtue of
having low bone mineral densities. Presently 10 million adults
have osteoporosis, and while the majority of these patients are
women, it is not a sex-exclusive disease. Nationally, the direct
expenditure on treating the 1.5 million fractures that occur each
year associated with osteoporosis runs at approximately $47 mil-
lion every day and, alarmingly, almost a quarter of the patients
over the age of 50 y die within 1 y of their hip fracture.
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Nutrition, Copenhagen (EL).
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Joan Sabaté and Sujatha Rajaram, Loma Linda University, Loma Linda, CA.

3 Address reprint requests to KDR Setchell, Clinical Mass Spectrometry,
Children’s Hospital Medical Center, 3333 Burnet Avenue, Cincinnati, OH
45229. E-mail: kenneth.setchell@chmcc.org.

Estrogen deficiency is generally not listed as one of the main
risk factors for osteoporosis, but it is indirectly and strongly asso-
ciated with the many recognized risk factors: being female, being
thin, being of advanced age, being postmenopausal, having amen-
orrhea, and using alcohol excessively. In the 1940s, Fuller
Albright first highlighted the importance of estrogen with clinical
descriptions of osteoporosis in ovariectomized women and how
estrogen improved calcium status (1–3). However, it was not until
the 1970s and only after it became possible to directly measure
bone density that the full impact of estrogen was realized (4, 5).
Although adequate dietary calcium is important in the prevention
of osteoporosis (6, 7), acute ovarian deficiency accounts for the
loss of � 20% of bone mass in the first 5–7 y of the post-
menopausal period (8). Innumerable studies attest to the impor-
tance of estrogen in bone remodeling, evident from the fact that
hormone replacement therapy (HRT) administered in a dose-
dependent manner effectively prevents bone loss in post-
menopausal women (5, 9) and reduces the incidence of fractures
(10–13). Unfortunately, few women are likely to reap the bone-
sparing benefits of HRT long term because of poor compliance
due partly to the fear of increased risk for breast and endometrial
cancers (14, 15) and because of unwanted side effects associated
with these powerful steroids. Recent results from the Women’s
Health Initiative Study showing an unexpected lack of cardiopro-
tective effects of HRT (14) will undoubtedly serve to increase the
search for alternative and natural strategies for menopausal estro-
gen deficiency, including ways of managing the prevention of
osteoporosis with aging. Of all the natural alternatives currently
under investigation, phytoestrogens appear to offer the most
potential for the prevention of bone loss. Investigations of the
bone-conserving properties of isoflavones have been justified by
the following lines of tantalizing circumstantial evidence:
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1) In vitro studies of cultured bone cells showing isoflavones
modulate their activity (16, 17);

2) In vivo beneficial effects of phytoestrogens in animal mod-
els of postmenopausal estrogen deficiency, detailed below;

3) Bone-conserving effects in animal models of the synthetic
isoflavone ipriflavone, which was later approved for clinical
use for the prevention of osteoporosis (18–20) [a recent large
multicenter study (21) has since found it to be ineffective,
however];

4) Epidemiologic evidence of reduced rates of hip fractures in
Asians consuming soy protein despite the lower calcium
intakes in this population (22–26);

5) The finding of the estrogen receptors ER� and ER� in bone
(27, 28);

6) The positive effects of selective estrogen receptor modulators
such as raloxifene (Evista) in animals (29) and humans (30)
and the fact that phytoestrogens such as genistein, by virtue of
their similarity to raloxifene in conformational binding to
estrogen receptors (31), might be expected to have selective
actions in bone (32); and

7) Human dietary intervention studies showing effects of
isoflavone-rich soy protein diets on surrogate markers of bone
turnover and on reducing bone loss as measured from bone
mineral density (BMD) and content (33, 34).

IN VITRO STUDIES OF PHYTOESTROGENS ON
BONE CELLS

Bone remodeling is the function of the activity of 2 different
cell lines. Osteoblasts, responsible for bone formation, respond to
changes in the activity of osteoclasts, the bone resorbing cells.
Many hormones, growth factors, and cytokines play a regulatory
role in maintaining bone homeostasis (35–38) by their effects on
these 2 cell lines, and estrogen in particular is responsible for sup-
pressing osteoclast activity and thereby preventing bone resorp-
tion. However, in acute ovarian estrogen deficiency, as occurs in
surgical or natural menopause, the rate of bone resorption due to
increased osteoclast activity exceeds the rate at which osteoblasts
are capable of forming new bone. The net result is depletion of
calcium, collagen, and protein from bone, and increased porosity
and accompanying risk for fracture. Estrogen receptors ER� and
ER� are both found in human osteoblasts, although the expres-
sion of these subtypes varies considerably during differentiation
(28, 39). The greatly increased expression of ER� during bone
mineralization (27) is particularly pertinent to the potential hor-
monal effects of phytoestrogens because compounds such as
genistein show a much higher affinity for ER� than for ER� (40,
41). For example, genistein at physiologic concentrations is a rel-
atively good “estrogen” where ER� is concerned, and its
transcriptional activity is actually almost twice that of estradiol
on ER� and ER� (40).

The first in vitro studies of the action of a number of phytoes-
trogen classes predated any clinical studies of the actions of phy-
toestrogens on bone. One of the earliest studies of phytoestrogens
found that the coumestan, coumestrol, not only inhibited bone
resorption of 9-d-old chick embryo femur explants (42) but also
negated the bone resorption effects of parathyroid hormone, vita-
min D, and prostaglandin at doses that were 10�5 mol/L (43). Some
years later, it was reported that the potent antiestrogen tamoxifen
blocked the inhibitory actions of genistein on parathyroid-induced

bone resorption in tissue culture (44). Numerous in vitro studies
with human and animal osteoblasts or osteoblast-like cell lines, and
with osteoclasts, have been carried out, with consistent observa-
tions of direct effects of phytoestrogens and related compounds on
both cell types (42, 45–59). These are summarized in Table 1.
Daidzein and genistein have been found to have a stimulatory
effect on protein synthesis and on alkaline phosphatase release by
various types of osteoblast cells in vitro (60–62). This effect is
blocked by the addition of actinomycin or cycloheximide, sug-
gesting that these isoflavones influence transcriptional or transla-
tional events. Osteoprotegerin (OPG), a member of the tumor
necrosis factor receptor superfamily, prevents bone resorption by
a paracrine mechanism (63). It is now apparent that osteoclast
activity is modulated through osteoblasts via OPG. The cytokine
receptor/activator of nuclear factor-K (RANKL) (64) stimulates
osteoclast differentiation and function with higher levels of
RANKL expression leading to increased bone resorption. OPG is
a ligand for this cytokine and blocks its expression. Ovariectomy,
or the pure antiestrogen ICI 182 780 decreases, and estrogen
increases expression of OPG mRNA and protein by human fetal
osteoblastic cell line (hFOB/ER-9) transfected with ER� (56).
More recently, genistein has been found to stimulate the production
of osteoprotegerin by human paracrine osteoblasts, providing a fur-
ther mechanism for the bone-sparing effects of soy isoflavones. It
is apparent that in addition to osteoblast and osteoclast activities
being coupled, the actions of isoflavones on osteoclasts could also
be independent of their effects on osteoblasts because estrogen
receptors appear not to be present in the nucleus of these cells.
Genistein and daidzein both suppress osteoclast activity by a num-
ber of possible mechanisms, including induction of apoptosis, acti-
vation of protein tyrosine phosphatase, inhibition of cytokines,
changes in intracellular Ca++, and membrane depolarization (45,
46, 51, 65, 66), further highlighting the level of complexity in
mechanism of estrogens and phytoestrogens in bone turnover.

While the mechanism of action for isoflavones remains elusive,
it is evident from the many lines of evidence that there are prob-
ably multiple pathways, genomic and nongenomic, that conserve
the integrity and activity of these 2 cell lines to maintain stable
bone mass in adults. Certainly the presence of estrogen receptors
in bone (27, 28) and the wide-ranging biological properties of
these nonsteroidal dietary estrogens (67–70) provide good ration-
ale for thinking that dietary phytoestrogens should play a role in
bone remodeling.

IN VIVO EFFECTS OF PHYTOESTROGENS IN ANIMAL
MODELS OF POSTMENOPAUSAL BONE LOSS

While in vitro studies provide useful insight into possible
actions of isoflavones on individual bone cells, in vivo studies
offer the advantage of an intact system that takes account of any
coupling effects between osteoblasts and osteoclasts and their
progenitor or precursor cells, while also allowing for metabolic
events that might influence the efficacy of a candidate com-
pound. For phytoestrogens and most phytochemicals, intestinal
metabolism plays a crucial role in their bioavailability and bio-
logical activity (71).

Most of the bone studies of phytoestrogens have been per-
formed in rodents that have been ovariectomized, although lim-
ited data exist for nonhuman primate species (72) and for pigs
(53). The models are accepted models for postmenopausal osteo-
porosis in that acute ovarian estrogen deficiency leads to rapid
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and measurable loss of bone mass; however, they are often
highly stressed with regard to calcium requirement. With few
exceptions (73–76), soy isoflavones have mainly been investi-
gated. Armandji et al first reported that soy protein isolate was
as effective as estradiol in retarding bone loss following ovariec-
tomy (77). The earliest studies examined the effects of soy milk
(78) and of soy protein isolate (77, 79) compared with casein,
and all found BMD in rats to be highest in the soy-fed animals
relative to controls. In total, we can document 22 rodent studies
on phytoestrogens and bone (45, 72, 80–99), mostly isoflavones;
the study designs, specific models used, and the main findings of
each are summarized in Table 2. Not all of these studies have
been published in detail or subjected to peer review publication,
and in some cases data have been taken from published abstracts
from recent presentations at national and international con-
gresses. Collectively the study designs are in principle similar,
but among individual studies there is high variability. For exam-
ple, subcutaneous injection, gavage, or oral feeding has been the
chosen route of administration of phytoestrogens; the source has
been usually isoflavones, either pure compounds (mainly genis-
tein) or soy proteins, with or without their isoflavones; and the
control comparisons have been with casein or semipurified diets.
In a number of the studies, the effect of phytoestrogens has been
compared with conjugated estrogen (Premarin) or estradiol. Pri-
mary endpoints generally measured have been bone mass of tra-
becular and/or cortical bone after ashing, BMD, and mechanical
strength, and secondary measures often included surrogate mark-
ers of bone turnover and effects on uterine weight. The latter is
aimed at addressing the estrogenic effectiveness of the treatment
and drawing some conclusions on possible negative effects on
the uterus.

As with the findings on ipriflavone, almost without exception
phytoestrogens universally influence both trabecular and/or corti-
cal bone in ovariectomized rodents (Table 2). Interestingly, the
one exception, a study by Draper et al, found no effect of a red
clover isoflavone supplement on BMD of ovariectomized rats
(74), yet a recent clinical study reported that a commercial red
clover isoflavone supplement increased BMD in postmenopausal
women by a surprising (given the physiologically slow rate of
bone turnover) 4.1% in 6 mo with no observed dose-response
effect (100). Single studies of ovariectomized monkeys (72) and
growing pigs (53) have also found no effects of soy isoflavones
on bone, so there may be species differences in responsiveness to
soy isoflavones. Teasing out the specific component(s) of soy that
may be responsible for the bone-sparing effects observed in these
animal models is not simple or straightforward, as it is evident that
where whole foods or soy protein extracts are concerned there
must be multiple effects that collectively contribute. For example,
the controversial role of the protein on bone (101–103) should not
be discounted because vegetable protein, such as soy, is less
hypercalciuric than animal protein (104, 105) and some soy foods,
such as soy milk, can reduce calcium bioavailability in adults
(106). It should be pointed out that many soymilks are, however,
fortified with calcium, and overall the effect of soy protein foods
is to reduce urinary calcium excretion and enhance net calcium
retention, independent of isoflavones (107). Nevertheless, there is
ample evidence from the animal model studies for the effective-
ness of isoflavones in conserving bone. To our knowledge, Blair
et al (45) were the first to test pure genistein added to the diet, as
opposed to an isoflavone-rich soy protein, in ovariectomized
Sprague-Dawley rats and found that it increased BMD by 12%
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over a 30-d period following surgery. This observation was sub-
sequently confirmed by others working with the pure isoflavones,
and dose-response effects were noted for daidzin and genistin
(87), including a biphasic response reported by Anderson et al (81)
in which a low dose of genistein (0.5 mg/d) was considerably
more effective than higher doses (> 1.6 mg/d) and comparable to
Premarin’s effects on bone in a lactating, ovariectomized, and cal-
cium-stressed rat model. Also of interest was the finding that
delaying administration of genistein until long after ovariectomy
was less effective in conserving bone than if it was given imme-
diately on loss of ovarian estrogen (84). This isolated observation
may have implications for humans because what is not yet known
is whether the timing of administration of isoflavones affects the
ultimate outcome for bone. For example, can having early intakes
better prevent postmenopausal osteoporosis rather than waiting
for menopausal bone loss to be initiated? Overall, the animal stud-
ies on phytoestrogens convincingly support in vitro studies show-
ing that isoflavones modulate bone turnover and retard bone loss
in acute estrogen deficiency.

CLINICAL AND DIETARY EFFECTS OF
PHYTOESTROGENS ON BONE

Short-term human studies of surrogate markers of bone
turnover

A number of observational and dietary intervention studies
(Table 3) confirm the general findings from the in vitro effects of
phytoestrogens on bone cells in culture. Thus far, 9 observational
or epidemiologic studies (108–116) and 9 dietary intervention
studies (117–125) have shown significant relationships between
phytoestrogens and surrogate markers for bone turnover that are
indirectly consistent with reduced bone turnover (Table 4). Mark-
ers indicative of osteoblast and osteoclast activity that have been
measured include urinary calcium, magnesium and phosphorous,
hydroxyproline, and collagen cross-links, while serum measures
have included bone-specific alkaline phosphatase, tartarate-resist-
ant acid phosphatase, osteocalcin, insulin-like growth factor I
(IGF-I), and interleukin 6. One advantage of using these sensitive
markers is that biochemical events occurring in bone can be
detected long before significant changes in BMD or bone mineral
content (BMC) can be measured, or fractures occur.

Most of the observational studies on bone markers have been
performed in women living in countries where the indigenous pop-
ulation have a relatively high phytoestrogen intake, largely
because of the consumption of isoflavones in soy protein foods.
Typical intakes, estimated at 15–50 mg/d (125–129), however,
never approach the high levels currently being adopted in most
clinical intervention studies being performed in the Western coun-
tries, or for that matter advocated for the prevention of osteo-
porosis. Notwithstanding the limitations of using bone markers,
observational studies have consistently found a significant inverse
correlation between isoflavone intake or urinary excretion and the
excretion of the bone resorption markers pyridinoline and
deoxypyridinoline cross-links for postmenopausal women living
in Japan, Korea, and China (109–111, 114), while one study of
whites in the United States found urinary NTx to be 18% lower in
women with the highest intake of dietary genistein (114).

The acute effects of phytoestrogen-rich diets on bone markers
is also revealed in a number of intervention studies summarized in
Table 4. There is little consistency in the design among these
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human studies, and a variety of soy foods have been tested with
differing levels of isoflavones. Nevertheless, most studies have
found that when soy foods containing substantial levels of
isoflavones are substituted in the diet of postmenopausal women,
urinary pyridinoline cross-links are reduced (117–120, 122–124)
consistent with reduced bone resorption. One study of 12 post-
menopausal women fed about 1 L of soymilk each day for 4 mo
actually observed an increase in deoxypyridinoline cross-links
(124). To our knowledge, only one study in men has been
described; this found that 40 g/d of soy protein as compared with
casein fed over a 3-mo period increased serum IGF-I (121), a
marker associated with bone formation, but found no changes in
urinary hydroxyproline, deoxypyridinoline magnesium, calcium,
or phosphorus were detected. Overall, the encouraging findings
from the short-term bone marker studies and the vast amount of
positive data from in vitro and in vivo studies have given suffi-
cient justification for longer-term clinical studies investigating
more fully the role of phytoestrogens on bone.

Epidemiologic and dietary intervention studies of
phytoestrogens and bone

Much of the early justification for investigating phytoestrogens,
and particularly soy isoflavones, as candidates for preventing bone
loss came from the wealth of positive data on the bone-sparing
effects of the synthetic isoflavone ipriflavone (19). This pharma-
cologic OTC agent was found to suppress bone resorption, increase
Ca++ retention in bone, and augment the action of estrogen on bone
and was deemed a rational alternative to HRT in preventing bone
loss in acute and ovarian-deficient states and in postmenopausal
women. One of its metabolites, coincidentally, is the soy isoflavone
daidzein (18, 130). The drug became approved in a number of
countries, but a recent large 3-y multicenter clinical study found it
to be no better than placebo in preventing bone loss, and reports
of lymphocytopenia have raised concerns about its use (21).

Human studies to elucidate the role of phytoestrogens in pre-
venting bone loss can be broadly separated into epidemiologic
studies and dietary intervention trials. It is outside the scope of
this article to review all the factors that pertain to differences in
BMD and fracture rates among Asian and Western populations,
but it is evident that these are multifactorial. Even within Asian
populations, several observational studies now show that post-
menopausal women consuming the highest amounts of soy foods,
and hence isoflavones, have the highest femoral and/or lumbar
spine BMD (109, 113, 114), an observation also confirmed in 2
studies of Japanese-Americans (109, 112) (Table 3). With regard
to premenopausal women, only 4 studies have been reported, and
it is not possible to draw conclusions regarding the impact of phy-
toestrogens on bone earlier in life (114, 131–133). Interestingly, a
recent study of Chinese women found that those who consumed
the most soy foods as adolescents had the lowest risk for breast
cancer as adults; soy food intake as adolescents was assessed from
dietary recall questionnaires administered to the study subjects,
and the accuracy of recall was confirmed by their surviving moth-
ers (134). Whether this type of early exposure effect could also
occur in relation to osteoporosis risk is uncertain, as no prospec-
tive studies of soy and BMD, or fracture rates, have been per-
formed to date. Data are limited, so it is difficult to draw conclu-
sions on the relationship between phytoestrogen intake and bone
density or fracture rate in adults living in Western countries (108,
115, 135), especially given that phytoestrogen intake is generally
negligible in such countries.

Overall, it is difficult to discern whether it is the intake of
phytoestrogens or other components of the diet, including
lifestyle, that account for what appear to be positive associations
between soy food or isoflavones and bone density, but the data
are tantalizing enough to warrant clinical investigations. In this
regard, only a few dietary intervention studies have been com-
pleted thus far (Table 4), and the results have been variable and
conflicting (136). Perhaps the biggest problem with these stud-
ies is that they are all of different design and of relatively too
short a duration to accurately detect significant changes in BMD
given the slow rate of bone turnover. The landmark publication
of Potter et al (137), which found a significant bone-sparing
effect (BMD increased 2.2%) at the lumbar spine of a soy pro-
tein diet with an intake of 90 mg/d isoflavones over a 6-mo
period but not with 45 mg/d, set the benchmark for the choice of
“dosing” in subsequent studies. It should be noted that an intake
of 45 mg/d of isoflavones from soy foods had previously been
shown to have endocrine-modulating effects on the menstrual
cycle of healthy premenopausal women (138). On the issue of
dosing, it is not always clear how the isoflavone intake is calcu-
lated because the absolute level of isoflavone is considerably
higher if expressed as total isoflavones (inclusion of the glyco-
side portion) as compared with aglycons only. Note that 90 mg
of total isoflavone is really equivalent to only 50–55 mg of
isoflavones after removal of the glycoside moiety by intestinal
bacteria (71), and this is the true maximal bioavailable fraction
of the molecule. Nevertheless, there does appear from the few
dietary intervention studies thus far performed to be a threshold
level of intake below which changes in BMD have been unde-
tectable in the short term. Whether this implies that there are no
effects of low doses of isoflavones in the diet, or whether it is a
case of low doses taking a very long time to be effective in pre-
venting bone loss, remains to be determined. Certainly, the typ-
ical isoflavone intake of Japanese and Chinese women consum-
ing traditional diets [estimated at 15–50 mg/d (126–129)] does
not approach the levels being tested in clinical intervention stud-
ies. This again poses the question of how important early expo-
sure to phytoestrogens might be in the longer term for bone
health. This question could be answered only by long-term inter-
vention studies of premenopausal women.

Since the work of Potter et al (137), there have been 3 dietary
intervention studies in postmenopausal women that were of 9-mo
duration or less with soy (139–141), and one study that used a red
clover supplement rather than soy foods as the source of
isoflavones (100). Of these, 2 studies showed no changes in BMD
with soy foods containing isoflavones when compared with a
placebo or control diets (140, 141), one showed a bone-sparing
effect where BMD remained unchanged whereas the control group
consuming whey protein significantly lost bone (139), and one
showed a surprising 4.1% increase in BMD measured at the prox-
imal radius and ulna (100) with a dose of 57 mg/d of red clover
isoflavones. The magnitude of this increase over 6 mo in the lat-
ter study seems improbable given the slow physiologic rate of
bone gain, while the lack of a dose-response effect is also diffi-
cult to reconcile if isoflavones have bone-sparing effects (100).
Problems seem apparent with the study by Dalais et al (140),
which indicated a 5.2% increase in BMC over a 3-mo period with
various phytoestrogen-rich diets yet no change in BMD. This
change in whole-body BMC would by our calculations imply the
equivalent of a gain of 115–125 g in BMC—seemingly improba-
ble over a 3-mo period.
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Only 2 long-term studies in postmenopausal women have been
reported to date, both of 2-y duration; these also revealed some-
what conflicting data with regard to isoflavones (144, 145). In one
study, the Food and Drug Administration–approved level of 25 g
of soy protein for heart health was used, and it was varied with
regard to its isoflavone content; 3 different levels of isoflavones—
5, 42, and 58 mg/d—were tested. Total-body BMD did not differ
among the 3 groups, and only minimal bone loss was observed,
suggesting that soy protein had some bone-sparing effects inde-
pendent of isoflavones (144). By contrast, a 2-y study from our
group of 108 postmenopausal women consuming 500 mL of soy
milk (18 g soy protein) containing 85 mg isoflavones (aglycon
equivalents) as compared with the same amount of soy milk with
< 1 mg/d isoflavones prevented bone loss in the lumbar spine, with
only minimal change in the femur regardless of isoflavone level
(145). BMD and BMC showed 1.1% and 2.2% increases, respec-
tively, and this change was not significantly different from base-
line values in those women consuming soy milk with isoflavones,
while women who consumed the same amount of soy protein lack-
ing isoflavones lost 4.2% and 4.3%, respectively, in lumbar spine
BMD and BMC (P < 0.01 for both measures). This magnitude of
change is typical of the usual physiologic loss of bone anticipated
in the first 2 y of menopause in the absence of any therapeutic
intervention, and it should be mentioned that the bone-sparing
effect was unrelated to dietary calcium or protein composition,
which was identical in all women. Interestingly, interim analysis
of the study data failed to find any significant effects of soy
isoflavones on BMD after 1 y as measured by dual-energy X-ray
absorptiometry, emphasizing our contention that more long-term
studies are needed before definitive conclusions can be reached
regarding the effectiveness of phytoestrogens on bone.

More interestingly, we have found that the extent of intestinal
metabolism of isoflavones may be the single most important clue
to the clinical efficacy of soy foods in preventing bone loss (146).
Equol, a specific bacterial metabolite of daidzein (147), and an
isoflavone not found in soy, was formed in only 45% of the post-
menopausal women studied (145), but in those capable of making
equol, referred to as “equol producers,” lumbar spine BMD
increased by 2.4% (P < 0.001 compared with control group),
while there was no significant change in BMD in the “non-equol
producers.” Equol has a much higher affinity for the estrogen
receptor than daidzein, its precursor phytoestrogen, and of all the
isoflavones it has the highest antioxidant capacity (146), factors
that could account for the greater effects observed in equol pro-
ducers in this bone study (145). The ability to “bacteriotype” indi-
viduals for their ability to produce equol now seems crucial in the
design of future clinical studies of soy foods, and the failure to do
this in all of the previously reported studies may explain the vari-
ances in reported findings on phytoestrogens and bone. It is evi-
dent there are 2 distinct subpopulations for which soy isoflavones
may show different efficacy (146). In some ways, this could be
considered analogous to the differences in responses to calcium
seen by genotyping for the vitamin D receptor (VDR). Although
the finding is controversial, calcium supplementation may have
greater benefit on BMD in women with the BB genotype rather
than the bb or Bb alleles for the VDR (148, 149). The role of the
many other components of the diet, including but not restricted to
vitamin K and vitamin D, and the possibility of nutrient interac-
tions need also to be considered along with lifestyle issues that
orchestrate the quality of bone earlier in life. For example, mod-
erate consumption of tea, which contains flavonoids closely

related to soy isoflavones, has been found to be associated with
higher BMD in men and women (150, 151) and lower rates of
fracture (152, 153), while caffeine intake has opposing effects in
certain VDR genotypes (154). It is not always clear whether such
factors are considered in the dietary intervention studies of soy
isoflavones or in the observational studies of soy intake and bone
in the Asian studies.

SUMMARY

As Erdman et al (136) stated recently, the results from the few
studies of phytoestrogens, in particular soy isoflavones and bone
health, are provocative and too few to draw definitive conclusions.
A wealth of supporting data from many in vitro mechanistic stud-
ies of bone cell lines and in vivo studies of models of osteoporo-
sis convincingly shows bone-sparing effects from dietary phytoes-
trogens. The data are, however, sufficiently tantalizing to justify
large-scale clinical dietary intervention studies of phytoestrogens.
The timing of intervention, however, is an important considera-
tion because it is possible that soy isoflavones may offer the max-
imum benefit for prevention rather than treatment of osteoporosis.
Ultimately, a prospective study of the impact of phytoestrogen-
rich diets on fracture rate would provide definitive answers to the
efficacy of phytoestrogen-rich diets and their value as a possible
alternative to pharmacologic treatments of what will likely
become a disease of epidemic proportions in the future.

The authors had no conflict of interest.

REFERENCES
1. Albright F, Smith PH, Richardson AM. Postmenopausal osteoporo-

sis. JAMA 1941;116:2465–74.
2. Albright F, Smith PH, Fraser R. Syndrome characterized by primary

ovarian insufficiency and decreased stature: report of 11 cases with
digression on hormonal control of axillary and pubic hair. Am J M
Sci 1942;204:625–48.

3. Albright F. Osteoporosis. Ann Intern Med 1947;27:861–82.
4. Aitken JM, Hart DM. Oestrogen replacement therapy for prevention

of osteoporosis after oophorectomy. Br Med J 1973;3:515–8.
5. Lindsay R, Hart DM, Aitken JM, MacDonald ED, Anderson JB,

Clarke AC. Long-term prevention of postmenopausal osteoporosis by
oestrogen. Lancet 1976;1:1038–41.

6. Dawson-Hughes B. Osteoporosis treatment and the calcium require-
ment. Am J Clin Nutr 1998;67:5–6 (letter).

7. The North American Menopause Society. The role of calcium in peri-
and postmenopausal women: consensus opinion of the North Amer-
ican Menopause Society. Menopause 2001;8:84–95.

8. Avioli LV, Lindsay R. The female osteoporotic syndrome(s). In: Avi-
oli LV, Krane SM, eds. Metabolic bone disease and clinically related
disorders. Philadelphia: WB Saunders Company, 1990:397–451.

9. Lindsay R, Hart DM, Clark DM. The minimum effective dose of
estrogen for prevention of postmenopausal bone loss. Obstet Gynecol
1984;63:759–63.

10. Gordon GS, Picchi J, Roof BS. Antifracture efficacy of long-term
oestrogens for osteoporosis. Trans Assoc Am Physicians 1973;86:
326–31.

11. Hutchinson TA, Polansky SM, Feinstein AP. Postmenopausal oestro-
gens protect against fractures of hip and distal radius. Lancet 1979;
2:706–9.

12. Michaelsson K, Baron JA, Farahmand BY, et al. Hormone replace-
ment therapy and risk of hip fracture: population based case-control

 by guest on January 3, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


606S SETCHELL AND LYDEKING-OLSEN

study. The Swedish Hip Fracture Study Group. BMJ 1998;316:
1858–63.

13. Blank RD, Bockman RS. A review of clinical trials of therapies for
osteoporosis using fracture as an end point. J Clin Densitom 1999;2:
435–52.

14. Writing Group for the Women’s Health Initiative Investigators. Risks
and benefits of estrogen plus progestin in healthy postmenopasual
women: principal results from the Women’s Health Initiative ran-
domized controlled trial. JAMA 2002;288:321–33.

15. Lacey JV Jr, Mink PJ, Lubin JH, et al. Menopausal hormone replace-
ment therapy and the risk of ovarian cancer. JAMA 2002;288:334–41.

16. Anderson JJ, Garner SC. Phytoestrogens and bone. Baillieres Clin
Endocrinol Metab 1998;12:543–57.

17. Anderson JJB, Anthony M, Messina M, Garner SC. Effects of phyto-
oestrogens on tissues. Nutr Res Rev 1999;12:75–116.

18. Reginster J-YL. Ipriflavone: pharmacological properties and useful-
ness in postmenopausal osteoporosis. Bone Miner 1993;23:223–32.

19. Brandi ML. New treatment strategies: ipriflavone, strontium, vita-
min D metabolites and analogs. Am J Med 1993;95:69S–74S.

20. Agnusdei D, Gennari C, Bufalino L. Prevention of early post-
menopausal bone loss using low doses of conjugated estrogens and
the non-hormonal, bone-active drug ipriflavone. Osteoporos Int 1995;
5:462–6.

21. Alexanderson P, Toussaint A, Christiansen C, et al. Ipriflavone in the
treatment of postmenopausal osteoporosis: a randomized controlled
trial. JAMA 2001;285:1482–8.

22. Cooper C, Campion G, Melton LJD. Hip fractures in the elderly: a
world-wide projection. Osteoporos Int 1992;2:285–9.

23. Cummings SR, Cauley JA, Palermo L, et al. Racial differences in hip
axis lengths might explain racial differences in rates of hip fracture.
Study of Osteoporotic Fractures Research Group. Osteoporos Int
1994;4:226–9.

24. Lau EMC, Cooper C. The epidemiology of osteoporosis. Clin Orthop
1996;323:65–74.

25. Ling X, Aimin L, Xine Z, Xiaoshu C, Cummings S. Very low rates
of hip fracture in Beijing, People’s Republic of China. Am J Epi-
demiol 1996;144:901–7.

26. Lauderdale DS, Jacobsen SJ, Furner SE, Levy PS, Brody JA, Goldberg J.
Hip fracture incidence among elderly Asian-American populations. Am
J Epidemiol 1997;146:502–9.

27. Arts J, Kuiper GGJM, Janssen JMMF, et al. Differential expression of
estrogen receptors � and � mRNA during differentiation of human
osteoblast SV-HFO cells. Endocrinology 1997;138:5067–70.

28. Onoe Y, Miyaura C, Ohta H, Nozawa S, Suda T. Expression of estro-
gen receptor � in rat bone. Endocrinology 1997;138:4509–12.

29. Black LJ, Sato M, Rowley ER, et al. Raloxifene (LY139481 HCI) pre-
vents bone loss and reduces serum cholesterol without causing uter-
ine hypertrophy in ovariectomized rats. J Clin Invest 1994;93:63–9.

30. Ettinger B, Black DM, Mitlak BH, et al. Reduction of vertebral frac-
ture risk in postmenopausal women with osteoporosis treated with
raloxifene: results from a 3-year randomized clinical trial. JAMA
1999;282:637–45.

31. Pike AC, Brzozowski AM, Hubbard RE, et al. Structure of the ligand-
binding domain of oestrogen receptor beta in the presence of a par-
tial agonist and a full antagonist. EMBO J 1999;18:4608–18.

32. Bryant HU, Glasebrook AL, Yang NN, Sato M. An estrogen receptor
basis for raloxifene action in bone. J Steroid Biochem Mol Biol 1999;
69:37–44.

33. Anderson JJB, Garner SC. The effects of phytoestrogens on bone.
Nutr Res 1997;20:220–4.

34. Messina M. Soyfoods, soybean isoflavones, and bone health. Korean
Soybean Digest 1998;15:122–36.

35. Ernst M, Heath JK, Schmid C, Froesch RE, Rodan GA. Evidence for
direct effect of estrogen on bone cells in vitro. J Steroid Biochem
1989;34:279–84.

36. Schot LPC, Schuurs AHWM. Sex steroids and osteoporosis: effects

of deficiencies and substitutive treatments. J Steroid Biochem Mol
Biol 1990;37:167–82.

37. Blair HC, Schlesinger PH, Ross FP, Teitelbaum SL. Recent
advances toward understanding osteoclast physiology. Clin Orthop
1993;294:7–22.

38. Manolagas SC, Jilka RL. Bone marrow, cytokines, and bone remod-
eling: emerging insights into the pathophysiology of osteoporosis.
N Engl J Med 1995;332:305–11.

39. Bodine PVN, Henderson RA, Green J, et al. Estrogen receptor-� is
developmentally regulated during osteoblast differentiation and con-
tributes to selective responsiveness of gene expression. Endocrinol-
ogy 1998;139:2048–57.

40. Kuiper GG, Lemmen JG, Carlsson B, et al. Interaction of estrogenic
chemicals and phytoestrogens with estrogen receptor beta. Endocrinol-
ogy 1998;139:4252–63.

41. Morito K, Hirose T, Kinjo J, et al. Interaction of phytoestrogens with
estrogen receptors � and �. Biol Pharm Bull 2001;24:351–6.

42. Tsutsumi N. Effect of coumestrol on bone metabolism in organ cul-
ture. Biol Pharm Bull 1995;18:1012–5.

43. Miksicek RJ. Interaction of naturally occurring non-steroidal estro-
gens with expressed recombinant human estrogen receptor. J Steroid
Biochem Mol Biol 1994;49:153–60.

44. Yamaguchi M, Gao YH. Inhibitory effect of genistein on bone resorp-
tion in tissue culture. Biochem Pharmacol 1998;55:71–6.

45. Blair HC, Jordan SE, Peterson TG, Barnes S. Variable effects of tyro-
sine kinase inhibitors on avian osteoclastic activity and reduction of
bone loss in ovariectomized rats. J Cell Biochem 1996;61:629–37.

46. Williams JP, Jordan SE, Barnes S, Blair HC. Tyrosine kinase inhibitor
effects on avian osteoclastic acid transport. Am J Clin Nutr 1998;
68(suppl):1369S–74S.

47. Mizutani K, Ikeda K, Kawai Y, Yamori Y. Resveratrol stimulates the
proliferation and differentiation of osteoblastic MC3T3-E1 cells.
Biochem Biophys Res Commun 1998;253:859–63.

48. Tamir S, Eizenberg M, Somjen D, et al. Estrogenic and antiprolifer-
ative properties from licorice in human breast cancer cells. Cancer
Res 2000;60:5704–9.

49. Anderson JB, Chen XW, Garner SC. Effects of genistein on MT3T3-
E1, an osteoblast-like cell in relation to expression of estrogen recep-
tors and during cell differentiation. J Nutr 2000;130:666S–7S.

50. Rassi CM, Lieberherr M, Chaumaz G, Pointillart A, Cournot G.
Daidzein inhibits osteoclast differentiation and activity in vitro. Ann
Nutr Metab 2001;45:230 (abstr).

51. Okamoto F, Okabe K, Kajiya H. Genistein, a soybean isoflavone,
inhibits inward rectifier K+ channels in rat osteoclasts. Jpn J Physiol
2001;51:501–9.

52. Cusack S, Jewell C, Cashman KD. The effect of estrogen and selected
phytoestrogens on cell viability and molecular markers of SaOS2
osteoblast-like activity. Ann Nutr Metab 2001;45:228 (abstr).

53. De Wilde A, Colin C, Lacroix H, et al. In vivo and ex vivo effects of
an isoflavone-rich diet on bone formation in growing pigs. Ann Nutr
Metab 2001;45:227 (abstr).

54. Prouillet C, Wattel A, Mentaverri R, et al. Biochemical effects of
flavonols on osteoblastic activity. Ann Nutr Metab 2001;45:230
(abstr).

55. Wattel A, Mentaverri R, Prouillet C, et al. Effects of two flavonoids,
quercetin and kaempferol, on in vitro bone resorption and osteoclast
apoptosis. Ann Nutr Metab 2001;45:229 (abstr).

56. Viereck V, Grundker C, Blaschke S, Siggelkow S, Emons G, Hofbauer L.
Phytoestrogen genistein stimulates the production of osteoprotegerin by
human trabecular osteoblasts. J Cell Biochem 2002;84:725–35.

57. Chen X, Anderson JJB. Effects of isoflavones on osteoblast prolifer-
ation and differentiation. J Nutr 2002;132:616S (abstr).

58. Dang ZC, Papapoulos S, Löwik C. Phytoestrogens enhance osteoge-
nesis and concurrently inhibit adipogenesis. J Nutr 2002;132:617S
(abstr).

59. Cho Y, Chung S, Cho K, et al. Black bean (Rhynchosia molubilis,

 by guest on January 3, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


PHYTOESTROGENS AND BONE 607S

Yak-Kong) exerts a prominent estrogenic effect on the proliferation
of human MG-63 osteoblastic cells. J Nutr 2002;132:614S (abstr).

60. Sugimoto E, Yamaguchi M. Anabolic effect of genistein in osteoblas-
tic MC3T3-E1 cells. Int J Mol Med 2000;5:515–20.

61. Sugimoto E, Yamaguchi M. Stimulatory effect of daidzein in
osteoblastic MC3T3-E1 cells. Biochem Pharmacol 2000;59:471–5.

62. Yamaguchi M, Sugimoto E. Stimulatory effect of genistein and
daidzein on protein synthesis in osteoblastic MC3T3-E1 cells: acti-
vation of aminoacyl-t-RNA synthetase. Mol Cell Biochem 2000;214:
97–102.

63. Simonet WS, Lacey DL, Dunstan CR, et al. Osteoprotegerin: a novel
secreted protein involved in the regulation of bone density. Cell 1997;
89:309–19.

64. Lacey DL, Timms E, Tan HL, et al. Osteoprotegerin ligand is a
cytokine that regulates osteoclast differentiation and activation. Cell
1998;93:165–76.

65. Gao YH, Yamaguchi M. Suppressive effects of genistein on rat bone
osteoclasts: apoptosis is induced through Ca2+ signaling. Biol Pharm
Bull 1999;22:805–9.

66. Gao YH, Yamaguchi M. Suppressive effect of genistein on rat bone
osteoclasts: involvement of protein kinase inhibition and protein tyro-
sine phosphatase activation. Int J Mol Med 2000;5:261–7.

67. Akiyama T, Ishida J, Nakagawa S, et al. Genistein, a specific inhibitor
of tyrosine-specific protein kinases. J Biol Chem 1987;262:5592–5.

68. Setchell KDR, Adlercreutz H. Mammalian lignans and phytoestro-
gens: recent studies on their formation, metabolism and biological
role in health and disease. In: Rowland IR, ed. Role of the gut flora
in toxicity and cancer. London: Academic Press, 1988:315–34.

69. Setchell KDR. Phytoestrogens: the biochemistry, physiology, and
implications for human health of soy isoflavones. Am J Clin Nutr
1998;68(suppl):1333S–46S.

70. Kim H, Peterson TG, Barnes S. Mechanisms of action of the soy
isoflavone genistein: emerging role for its effects via transforming
growth factor beta signaling pathways. Am J Clin Nutr 1998;
68(suppl):1418S–25S.

71. Setchell KDR, Brown NB, Zimmer-Nechemias L, et al. Evidence for
lack of absorption of soy isoflavone glycosides in humans, support-
ing the crucial role of intestinal metabolism for bioavailability. Am J
Clin Nutr 2002;76:447–53.

72. Jayo MJ, Anthony MS, Register TC, Rankin SE, Vest T, Clarkson TB.
Dietary soy isoflavones and bone loss: a study in ovariectomized
monkeys. J Bone Miner Res 1996;11:S228 (abstr).

73. Dodge JA, Glasebrook AL, Magee DE, et al. Environmental estro-
gens: effects on cholesterol lowering and bone in the ovariectomized
rat. J Steroid Biochem Mol Biol 1996;59:155–61.

74. Draper CR, Edel MJ, Dick IM, Randall AG, Martin GB, Prince RL.
Phytoestrogens reduce bone loss and bone resorption in oophorec-
tomized rats. J Nutr 1997;127:1795–9.

75. Miyamoto M, Matsushita Y, Kiykowa A, et al. Prenylflavonoids: a
new class of non-steroidal phytoestrogen, II: estrogenic effects of
8-isopentylnaringenin on bone metabolism. Planta Med 1998;64:
516–9.

76. Horcajada MN, Chanteranne B, Davicco MJ, et al. Lignans and bone
metabolism in ovariectomized rats. Ann Nutr Metab 2001;45:227
(abstr).

77. Arjmandi BH, Alekel L, Hollis BW, et al. Dietary soybean protein
prevents bone loss in an ovariectomized rat model of osteoporosis. J
Nutr 1996;126:161–7.

78. Omi N, Aoi S, Murata K, Ezawa I. Evaluation of the effect of soy-
bean milk and soybean milk peptides on bone metabolism in the rat
model with ovariectomized osteoporosis. J Nutr Sci Vitaminol
(Tokyo) 1994;40:201–11.

79. Harrison E, Adjei A, Ameho C, Yamamoto S, Kono S. The effect of
soybean protein on bone loss in a rat model of postmenopausal osteo-
porosis. J Nutr Sci Vitaminol (Tokyo) 1998;44:257–68.

80. Anderson JJ, Ambrose WW, Garner SC. Orally dosed genistein from

soy and prevention of cancellous bone loss in two ovariectomized rat
models. J Nutr 1995;125:799S (abstr).

81. Anderson JJ, Ambrose WW, Garner SC. Biphasic effects of genistein
on bone tissue in the ovariectomized, lactating rat model. Proc Soc
Exp Biol Med 1998;217:345–50.

82. Juma S, Soba E, Bapna MS, Haley-Zitlin V, Arjmandi BH. Effects of
soy protein on mechanical properties of bone in gonadal hormone
deficiency. J Bone Miner Res 1996:228S (abstr).

83. Arjmandi BH, Getlinger MJ, Goyal NV, et al. Role of soy protein with
normal or reduced isoflavone content in reversing bone loss induced
by ovarian hormone deficiency in rats. Am J Clin Nutr 1998;
68(suppl):1358S–63S.

84. Arjmandi BH, Birnbaum R, Goyal NV, et al. Bone-sparing effect of
soy protein in ovarian hormone-deficient rats is related to its
isoflavone content. Am J Clin Nutr 1998;68(suppl):1364S–8S.

85. Fanti P, Monier-Faugere MC, Geng Z, et al. The phytoestrogen genis-
tein reduces bone loss in short-term ovariectomized rats. Osteoporos
Int 1998;8:274–81.

86. Ishida H, Uesugi T, Hirai K, et al. Preventive effects of the plant
isoflavones, daidzin and genistin, on bone loss in ovariectomized rats
fed a calcium-deficient diet. Biol Pharm Bull 1998;21:62–6.

87. Ishimi Y, Miyaura C, Ohmura M, et al. Selective effects of genistein,
a soybean isoflavone, on B-lymphopoiesis and bone loss caused by
estrogen deficiency. Endocrinology 1999;140:1893–900.

88. Ishimi Y, Arai Y, Wang X, et al. Difference in effective dosage of
genistein on bone and uterus in ovariectomized mice. Biochem Bio-
phys Res Commun 2000;274:697–701.

89. Picherit C, Coxam V, Bennetau-Pelissero C, et al. Daidzein is more
effective than genistein in preventing ovariectomy-induced bone loss
in rats. J Nutr 2000;130:1675–81.

90. Ishida H, Uesugi T, Toda T, Tsuji K. Effects of soy isoflavones,
daidzein, genistein and glycitein, on bone loss and lipid metabolic
pathway in ovariectomized rats. J Nutr 2000;130:685S–6S (abstr).

91. Jeffery EH, Walsh J, Rivera A, et al. Soy isoflavones may enhance
bone density in ovariectomized rats. J Nutr 2000;130:667S (abstr).

92. Nakajima D. Suppressive effects of genistein dosage and resistance
exercise on bone loss in ovariectomized rats. J Physiol Anthropol
Appl Human Sci 2001;20:285–91.

93. Cai DJ, Cullen DM, Turner CH, Weaver CM. Comparative effects of
soy isoflavones, soy protein and 17�-estradiol on calcium and bone
metabolism in adult ovariectomized rats. J Nutr 2002;132:581S
(abstr).

94. Uehara M, Ohta A, Ishimi Y, et al. Combination of dietary isoflavone
conjugates and fructooligosaccharides increases femoral bone min-
eral density and enhances equol production from daidzein in ovariec-
tomized mice and gastrectomized rats. J Nutr 2002;132:616S–7S.

95. Chanteranne B, Picherit C, Davicco M-J, et al. Soy isoflavones pre-
vent osteopenia in ovariectomized rat: a model for postmenopausal
osteoporosis. J Nutr 2002;132:614S (abstr).

96. Arjmandi BH, Khalil DA, Hollis BW. Soy protein: its effects on
intestinal calcium transport, serum vitamin D and insulin-like growth
factor-I in ovariectomized rats. Calcif Tissue Int 2002;70:483–7.

97. Fernandes D, Sun D, Krishnan A, et al. n�3 Fatty acids prevent acti-
vator of NF-KB ligand (RANKL) activation and bone loss in casein
and soy protein-fed ovariectomized mice. J Nutr 2002;132:618S
(abstr).

98. Toda T, Uesugi T, Hirai K, Nukaya H, Tsuji K, Ishida H. New 6-O-
Acyl isoflavone glycosides from soybeans fermented with Bacillus
subtilis (natto). 6-O-succinylated isoflavone glycoside and their pre-
ventive effects on bone loss in ovariectomized rats fed a calcium-
deficient diet. Biol Pharm Bull 1999;22:1193–201.

99. Wu J, Wang ZZ, Takasaki M, Ohta A, Higuchi M, Ishimi Y. Cooper-
ative effects of exercise training and genistein administration on bone
mass in ovariectomized mice. J Bone Miner Res 2001;16:1829–36.

100. Clifton-Bligh PB, Baber RJ, Fulcher GR, Nery M-L, Moreton T. The

 by guest on January 3, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


608S SETCHELL AND LYDEKING-OLSEN

effect of isoflavones extracted from red clover (Rimostil) on lipid and
bone metabolism. Menopause 2001;8:259–65.

101. Munger RG, Cerhan JR, Chiu BC-H. Prospective study of dietary
protein intake and risk of hip fracture in postmenopausal women. Am
J Clin Nutr 1999;69:147–52.

102. Sellmeyer DE, Stone KL, Sebastian A, Cummings SR. A high ratio of
dietary animal to vegetable protein increases the rate of bone loss and
the risk of fracture in postmenopausal women. Study of Osteoporotic
Fractures Research Group. Am J Clin Nutr 2001;73:118–22.

103. Heaney RP. Protein intake and bone health: the influence of belief
systems on the conduct of nutritional science. Am J Clin Nutr 2001;
73:5–6.

104. Breslau NA, Brinkley L, Hill KD, Pak CY. Relationship of animal
protein-rich diet to kidney stone formation and calcium metabolism.
J Clin Endocrinol Metab 1988;66:140–6.

105. Kaneko K, Masaki U, Aikyo M, et al. Urinary calcium and calcium
balance in young women affected by high protein diet of soy protein
isolate and adding sulfur-containing amino acids and/or potassium. J
Nutr Sci Vitaminol (Tokyo) 1990;36:105–16.

106. Heaney RP, Dowell MS, Rafferty K, Bierman J. Bioavailability of the
calcium in fortified soy imitation milk, with some observations on
method. Am J Clin Nutr 2000;71:1166–9.

107. Spence LA, Lipscomb ER, Cadogan J, Martin BR, Peacock M,
Weaver CM. Effects of soy isoflavones on calcium metabolism in
postmenopausal women. J Nutr 2002;132:581S (abstr).

108. Kaardinal AF, Morton MS, Bruggemann-Rotgans IE, van Berjesteijn EC.
Phyto-oestrogen excretion and rate of bone loss in postmenopausal
women. Eur J Clin Nutr 1998;52:850–5.

109. Fukui Y, Miura A, Nara Y, Uesugi T, Yamori H, Yamori Y. Relation-
ship between urinary isoflavones and bone metabolism in post-
menopausal Japanese women. J Nutr 2000;130:686S (abstr).

110. Horiuchi T, Onouchi T, Takahashi M, Ito H, Orimo H. Effect of soy
protein on bone metabolism in postmenopausal women. Osteoporo-
sis 2000;11:721–4.

111. Sung CJ, Choi SH, Ko B-S. Urinary isoflavone levels and several fac-
tors that influence bone metabolism in postmenopausal women. J
Nutr 2000;130:685S (abstr).

112. Rice MM, LaCroix AZ, Lampe JW, et al. Soy consumption and bone
mineral density in older Japanese American women in King County,
Washington. J Nutr 2000;130:685S (abstr).

113. Somekawa Y, Chiguchi M, Ishibashi T, Aso T. Soy intake related to
menopausal symptoms, serum lipids, and bone mineral density in
postmenopausal Japanese women. Obstet Gynecol 2001;97:109–15.

114. Mei J, Yeung SSC, Kung AWC. High dietary phytoestrogen intake is
associated with higher bone mineral density in postmenopausal but
not premenopausal women. J Clin Endocrinol Metab 2001;86:
5217–21.

115. Kritz-Silverstein D, Goodman-Gruen D. Association of usual dietary
isoflavone intake with bone mineral density and bone metabolism in
postmenopausal women. J Womens Health (in press).

116. Kim MK, Chung BC, Yu VY, et al. Relationships of urinary phyto-
oestrogen excretion to BMD in postmenopausal women. Clin
Endocrinol (Oxf) 2002;56:321–8.

117. Pansini F, Bonaccorsi G, Albertazzi P, et al. Soy phytoestrogens and
bone. In: Proceedings of the North American Menopause Society,
1997:44 (abstr).

118. Wangen KE, Duncan AM, Merz-Demlow BE, et al. Effects of soy
isoflavones on markers of bone turnover in premenopausal and post-
menopausal women. J Clin Endocrinol Metab 2000;85:3043–9.

119. Wong WW. Effects of soy isoflavones on blood lipids, blood pressure
and biochemical markers of bone metabolism in postmenopausal
women. J Nutr 2000;130:686S (abstr).

120. Arjmandi BH, Khalil DA, Lucas EA, et al. Soy protein with its
isoflavones improves bone markers in middle-aged and elderly
women. FASEB J 2001;15:A728 (abstr).

121. Khalil DA, Lucas EA, Juma S, et al. Soy protein supplementation

may exert beneficial effects on bone in men. FASEB J 2001;15:A727
(abstr).

122. Scheiber M, Liu J, Subbiah M, Rebar R, Setchell KDR. Dietary soy
supplementation reduces LDL oxidation and bone turnover in healthy
post-menopausal women. Menopause 2001;8:384–92.

123. Teramoto T, Sakamoto A, Toda T, Okuhira T, Koketsu I. Effects of
ingesting a beverage containing soy isoflavones on urinary bone
resorption markers. J Nutr 2002;132:614S (abstr).

124. Lu L-JW, Anderson KE, Grady JJ, Nagamani M. Chronic soy con-
sumption influences serum levels of steroid and peptide hormones
without uterine effects in postmenopausal women. J Nutr 2002;132:
615S (abstr).

125. Cook A, Pennington G. Phytoestrogen and multiple vitamin/mineral
effects on bone mineral density in early postmenopausal women: a
pilot study. J Womens Health 2002;11:53–60.

126. Nagata C, Takatsuka N, Kurisu Y, Shimizu H. Decreased serum total
cholesterol concentration is associated with high intake of soy prod-
ucts in Japanese men and women. J Nutr 1998;128:209–13.

127. Chen Z, Zheng W, Custer LJ, et al. Usual dietary consumption of soy
foods and its correlation with the excretion rate of isoflavonoids in
overnight urine samples among Chinese women in Shanghai. Nutr
Cancer 1999;33:82–7.

128. Wakai K, Egami I, Kato K, et al. Dietary intake and sources of
isoflavones among Japanese. Nutr Cancer 1999;33:139–45.

129. Purba MB, Lukito W, Wahlqvist ML, et al. Food intake and eating
patterns of Indonesian elderly before the 1998 economic crisis. Asia
Pac J Clin Nutr 1999;8:200–6.

130. Yoshida K, Tsukamoto T, Torii H, et al. Metabolism of ipriflavone
(TC-80) in rats. Radioisotopes 1985;34:612–7.

131. Di Leo C, Tarolo GL, Bestetti A, et al. Osteoporosi e fitoestrogeni:
valutazione della densità minerale ossea mediante. Tomografia com-
puterizzata quantitative periferica nelle donne lattoovovegetariane
nella premenopausa. (Osteoporosis and phytoestrogens: an assess-
ment of bone mineral density via quantitative peripheral computed
tomography in milk-egg-vegetarian women in the premenopause.)
Radiol Med (Torino) 2000;99:250–7 (in Italian).

132. Ho SC. Soy intake and the maintenance of peak bone mass in Hong
Kong Chinese women. J Bone Miner Res 2001;16:1363–9.

133. Song YS, Paik HY. Soybean intake and bone mineral density change
in Korean college women. Epidemiological observations. J Nutr
2002;132:616S (abstr).

134. Shu ZO, Jin F, Dai Q, et al. Soyfood intake during adolescence and
subsequent risk of breast cancer among Chinese women. Cancer Epi-
demiol Biomarkers Prev 2001;10:483–8.

135. Guthrie JR, Ball M, Murkies A, Dennerstein L. Dietary phytoestro-
gen intake in mid-life Australian-born women. Climacteric 2000;3:
254–61.

136. Erdman JW Jr, Stillman RJ, Boileau RA. Provocative relation
between soy and bone maintenance. Am J Clin Nutr 2000;72:
679–80.

137. Potter SM, Baum JA, Teng H, Stillman RJ, Shay NF, Erdman JW Jr.
Soy protein and isoflavones: their effects on blood lipids and bone
density in postmenopausal women. Am J Clin Nutr 1998;68(suppl):
1375S–9S.

138. Cassidy A, Bingham S, Setchell KDR. Biological effects of a diet of
soy protein rich in isoflavones on the menstrual cycle of pre-
menopausal women. Am J Clin Nutr 1994;60:333–40.

139. Alekel DL, Germain AS, Peterson CT, Hanson KB, Stewart JW,
Toda T. Isoflavone-rich soy protein isolate attenuates bone loss in
the lumbar spine of perimenopausal women. Am J Clin Nutr 2000;
72:844–52.

140. Dalais FS, Rice GE, Wahlqvist ML, et al. Effects of dietary phytoes-
trogens in postmenopausal women. Climacteric 1998;1:124–9.

141. Gallagher JC, Rafferty K, Haynatzka V, Wilson M. The effect of soy
protein on bone metabolism. J Nutr 2000;130:667S (abstr).

142. Morabito N, Crisafulli A, Vergara C, et al. Effects of genistein and

 by guest on January 3, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


hormone-replacement therapy on bone loss in early postmenopausal
women: a randomized double-blind placebo-controlled study. J Bone
Miner Res 2002;17:1904–12.

143. Anderson JJ, Chen X, Boass A, et al. Soy isoflavones: no effects on bone
mineral content and bone mineral density in healthy, menstruating
young adult women after one year. J Am Coll Nutr 2002;21:388–93.

144. Vitolins M, Anthony M, Lenschik L, Bland DR, Burke GL. Does soy
protein and its isoflavones prevent bone loss in peri- and post-
menopausal women? Results of a two year randomized clinical trial.
J Nutr 2002;132:582S (abstr).

145. Lydeking-Olsen E, Jensen J-BE, Setchell KDR, Damhus M, Jensen TH.
Isoflavone-rich soymilk prevents bone-loss in the lumbar spine of post-
menopausal women: a 2 year study. J Nutr 2002;132:582S (abstr).

146. Setchell KDR, Brown NB, Lydeking-Olsen E. The clinical significance
of the metabolite equol: a clue to the effectiveness of soy and its
isoflavones. J Nutr 2002;132:3577–84.

147. Axelson M, Kirk DN, Farrant RD, Cooley G, Lawson AM, Setchell
KDR. The identification of the weak oestrogen equol [7-hydroxy-3-(4�-
hydroxyphenyl)chroman] in human urine. Biochem J 1982;201:353–7.

148. Krall EA, Parry P, Lickter JB, Dawson-Hughes B. Vitamin D recep-
tor alleles and rates of bone loss: influences of years since menopause
and calcium intake. J Bone Miner Res 1995;10:978–84.

149. Wood RJ, Fleet JC. The genetics of osteoporosis: vitamin D receptor
polymorphisms. Annu Rev Nutr 1998;18:233–8.

150. Hegarty VM, May HM, Khaw KT. Tea drinking and bone mineral
density in older women. Am J Clin Nutr 2000;71:1003–7.

151. Wu C-H, Yang Y-C, Yao W-J, Lu F-H, Wu J-S, Chang C-J. Epidemi-
ological evidence of increased bone mineral density in habitual tea
drinkers. Arch Intern Med 2000;162:1001–6.

152. Kanis J, Johnell O, Gullberg B, et al. Risk of hip fractures in men
from Southern Europe: the MEDOS study. Osteoporos Int 1999;9:
45–54.

153. Johnell O, Gullberg B, Kanis J, et al. Risk for hip fracture in Euro-
pean women: the MEDOS study. Mediterranean Osteoporosis Study.
J Bone Miner Res 1995;10:1802–15.

154. Rapuri PB, Gallagher C, Kinyamu HK, Ryschon KL. Caffeine intake
increases the rate of bone loss in elderly women and interacts with
vitamin D receptor genotypes. Am J Clin Nutr 2001;74:694–700.

PHYTOESTROGENS AND BONE 609S

 by guest on January 3, 2017
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/

