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SOY ISOFLAVONES IN BONE HEALTH
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ABSTRACT

Osteopenia and osteoporosis are metabolic conditions characterized by an imbalance
between osteoclast relative to osteoblast activity. This metabolic balance in bone
remodeling can be caused by either a deficiency in osteoblast activity (bone formation) or
excessive osteoclast activity (bone resorption), leading to compromised bone architecture
and increased risk of fracture. Epidemiological data suggest that intake of soy isoflavones
confers a significant protective effect against the development of osteoporotic fracture in
Asian populations.

There are considerable regional differences in soy protein and isoflavone
consumption, with Asian populations consuming an estimated 25-50 mg of isoflavone
aglycone equivalents daily, with 10% of the population consuming more than 100 mg
isoflavones daily.

The relationship between isoflavone intake and bone loss is more robust in
postmenopausal women, suggesting that isoflavone intake restores the metabolic balance
of bone formation and resorption disrupted by menopausal ovarian hormone loss. In the
United States and Europe soy consumption is only 5-10% of that in Asian countries, this
justifies the search for isoflavone-based supplements, medical foods and drugs which can
improve bone health, especially in postmenopausal women.
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BONE STRUCTURE AND REMODELING

Bone is composed of a calcium mineral analogue, hydroxyapatite (HA), a crystalline
organic matrix made up primarily of Type | collagen, cells and water [1]. Bone is generally
one of two types: trabecular or cortical.

Trabecular bone (also known as cancellous or spongy bone) is found primarily on the
inside of the bone and contains most of the blood vessels and bone marrow present in bone
[2]. Relative to cortical bone, trabecular bone has high surface area but is very light. Most of a
bone’s tensile strength, however, is due to cortical bone (also known as compact bone).
Trabecular bone makes up approximately 25% of bone mass in the body primarily in wrist,
vertebrae, pelvis and head of long bones such as the femur [3]. Because bone turnover occurs
on the bone surface and since it has a high surface area and extensive vascularization,
trabecular bone has a high metabolic turnover rate and responds unfavorably to conditions
which diminish bone such as poor nutritional status [4].

Cortical bone makes up about 75% of the body’s total skeletal mass and is found on the
outside of bones giving bone the majority of its strength [2]. Cortical bone contains layers of
mineralized collagen which form canals containing the blood vessels that nourish the bone [5,
6]. Cortical bone provides the majority of weight bearing capability especially in the long
bones of the femur, tibia and fibula of the legs. Mechanical strength of bone has been
generally correlated with the mineral content, as defined by quality of HA crystal, HA crystal
size, and number of HA crystals [7]. If the amount of HA is reduced or the crystal size is too
large, bones become weak and brittle leading to osteoporosis (OPo) and fracture [8]. The
exact size and content of these HA crystals, composed primarily of calcium, have not been
determined, but the number of crystals correlates roughly with bone strength.

Osteoporosis or low bone mass affect upwards of 43 million people in the United States
alone costing the economy over 18 billion dollars annually [9]. Osteopenia (OPe) and OPo
are only distinguishable based on the magnitude of bone loss as determined by bone mineral
density (BMD) measurements. Both conditions share common genetic, biochemical,
metabolic, nutritional and cellular bases that are responsible for loss of BMD. By the year
2020, primarily due to the aging of America and the Baby-Boom generation, it is estimated
that half of all Americans over 50 years of age will have OPo [9]. The development of OPo is
characterized by “thinning” of the bones, low bone mass and structural loss of bone integrity
which eventually leads to bone fragility and fracture [10]. Osteopenia is defined as a lesser
thinning of the bone not as severe as that found in OPo. Osteopenia is the precursor condition
to OPo and they share common mechanisms characterized by a metabolic imbalance between
bone resorption and formation or bone remodeling.

This metabolic balance in bone remodeling can be caused by either a deficiency in
osteoblast activity (bone formation) or excessive osteoclast activity (bone resorption), leading
to compromised bone architecture and increased risk of fracture [11-13]. Not all patients with
OPe, however, progress to become OPo.

The process of bone resorption and formation is complex. Osteoblasts produce RANKL,
a ligand for the receptor activator of nuclear factor-xB (NFxB) on hematopoietic cells, which
activates the differentiation of osteoclasts and stimulates bone resorption [14]. Osteoclasts are
generally formed from hematopoietic precursors though they can also be derived from
inflammatory cells such as T cells expressing RANKL on their cell surface [14, 15].
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Osteoblasts also produce and secrete osteoprotegerin (OPG), a soluble false receptor that
competes with RANK for binding to RANKL. Bone resorption is stimulated by factors that
tend to increase RANKL expression from osteoblasts and, alternatively, decrease OPG
expression [11, 14]. Bone cells express on their surface a membrane-bound RANKL.
Therefore, for osteoblasts to activate osteoclast precursors, osteoblasts must interact directly
with the precursor in order to activate RANK. Osteoclast differentiation can also be
stimulated by soluble RANKL, which is produced and released by activated T lymphocytes
[16]. This pathway does not require direct cell-cell interactions to stimulate osteoclast
differentiation. Following osteoclast differentiation from precursor cells, a short duration
bone resorption phase begins followed by a reversal phase in which osteoclasts stop
destroying bone [11]. The exact signals which cause this down-regulation of bone resorption
are poorly-defined. Bone formation then begins activated by factors either from osteoclasts or
those released from the bone itself. Bone formation is of much longer duration than bone
resorption or reversal and involves several phases of osteoblast activity to lay down bone after
which osteoblasts become embedded into the bone as osteocytes or undergo apoptosis [11].

The metabolic balance of bone remodeling, defined by relative osteoclast versus
osteoblast activity, is maintained and regulated by a number of systemic signals [11-13].
There is also an extensive network of local cellular factors such as cytokines which determine
the activity of osteoclasts versus osteoblasts in the maintenance of bone structure and
function.

BONE STRUCTURE AND NUTRITIONAL COMPONENTS

Although BMD measurement by DXA is currently the sole criterion for diagnosing OPe
and OPo, there is increasing recognition for the significant role of other patient characteristics
and modifiable lifestyle factors as independent predictors of fracture risk [2]. This recognition
is likely to lead to modifications in the WHO guidelines for diagnosing OPe and OPo.
Understanding the role of diet in bone loss highlights the potential utility of a therapeutic
product to manage the metabolic aspects of bone loss.

Since bone is composed primarily of calcium, there is a direct association between
calcium intake and bone composition [9]. Optimal calcium intake has been determined by
titrating calcium intake and determining the threshold at which urinary calcium output
increases. One study determined that the threshold level for adolescents was approximately
1500 mg/day and for adults 1100 mg/day based on a rise in urinary calcium output [17]. The
crucial period for developing peak bone mass is adolescence. In American females, for
example, 90% of total bone mineral content is attained at age 17 with only a 9% increase over
the subsequent 10 years [18, 19]. A meta-analysis of several studies performed on children
and adolescents measuring the effects of calcium supplementation or inclusion of calcium-
rich foods in the diet found that higher calcium intake increased BMD in the cortical bone,
but the increases were not sustained after calcium supplementation was removed [20].
Calcium intake must be maintained for positive effects to persist into adulthood [21-23]. It
was also found that the benefits of calcium intake must go hand-in-hand with sustained
physical activity in order to establish and maintain sufficient BMD [24-26]. The amount of
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calcium consumed by US adults, particularly women, however, is less than the recommended
intake summarized above.

Though awareness regarding the role of calcium in building and maintaining bone has
risen in the past decade, recent national surveys of calcium intake demonstrate that females in
all age groups continue to consume less than the recommended daily requirement. As
reported in the USDA Continuing Survey of Food Intakes by Individuals over 60% of all
females, including children, consume less calcium than is needed to sustain bone density [27].
This survey showed mean calcium intake for males over the age of nine years is 925 mg/day
whereas in females over the age of nine years calcium intake is 657 mg/day. By contrast,
required calcium intake for these groups is greater than 1000 mg/day suggesting that there is
widespread calcium deficiency in the United States, especially among women. Other large-
scale studies support this conclusion, as data from the HANES Il survey are consistent with
the CSFII [28]. This calcium deficiency in the nation’s diet, particularly for women, results in
over $5.6 billion in annual direct costs to the health care system [29]. According to this
analysis, nearly half of this amount could be eliminated by supplementing women with 1200
mg of calcium daily to decrease the incidence of hip fractures.

Calcium, though critical, is only one nutritional component that is required to build and
maintain bone. Vitamin D3 has also been found to be crucial for calcium regulation as an
environmental and nutritional component. Vitamin D3 classifies as an environmental
component because it normally can be attained from the interaction of UV radiation from the
sun with 7-dehydrocholesterol converting it to Vitamin D3. Conversion of the vitamin D3
precursor molecules in the liver to calcitriol involves two sequential hydroxylation steps in
the liver and kidney mediated by cytochrome P450 enzymes that generate the bioactive form,
1,25-dihydroxyvitamin D3 (calcitriol; 30-32). The amount of this molecule in the blood is a
good indication of vitamin D3 status in humans. High serum levels of calcitriol can produce
toxicity due to hypercalcemia resulting from excessive absorption of calcium from the
intestine and resorption of calcium from bone [33]. Deposition of calcium and phosphorus
then occurs in all soft tissues of the body resulting in possible damage to the heart, blood
vessels and kidneys. CYP24 catalyzes another hydroxylation of 1,25-dihydroxy vitamin D3 to
1,24,25-dihydroxy vitamin D3. This is the first step in deactivation of the active metabolite to
avoid toxicity of vitamin D3 [33]. The production of vitamin D3 is impaired by lack of
sunlight or use of sunscreen, but can be replaced by food intake and supplementation.

A number of population studies have shown that a significant percentage of elderly
women are deficient in vitamin D3 from lack of sunshine or food intake with associated with
an increase in the incidence of fractures [34-40]. A number of intervention studies support the
beneficial effects of supplemental vitamin D3, either with or without added calcium, on
BMD, bone markers and fracture rate. One study observed no effect on fracture rate when
vitamin D3 was increased in the treatment group versus placebo for fracture to approximately
300 IU per day [41]. A follow-up study, however, found that there were significant increases
in BMD of the femoral neck but not the trochanter for groups supplemented with 400 1U per
day [42]. In another study, however, low vitamin D3 doses (300 IU per day) in combination
with HRT therapy showed little effect on fracture rate or BMD [43]. If the vitamin D3 dose
was increased to more than 700 IU per day, however, there were small but significant
increases in BMD and reduction in fracture rates. Grados et al. showed that 400 IU of vitamin
D3 BID given with 500 mg bid elemental calcium resulted in improvement in bone markers
such as parathyroid hormone, bone alkaline phosphatase and type | carboxy-terminal
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telopeptide, as well as increases in BMD of lumbar spine, femur and trochanter versus the
placebo group with the same calcium intake [44]. A meta-analysis of controlled trials found
that vitamin D3 supplementation of 700-800 IU per day reduced the risk of hip and non-
vertebral fractures in elderly persons, but an oral dose of 400 IU per day or less was not
sufficient for fracture prevention [45]. Collectively, the existing data implicate poor vitamin
D3 status as a risk factor for fracture and support the need for ensuring intake of at least 800
IU of vitamin D3 daily as an essential nutrient for bone health.

SoY ISOFLAVONES AND BONE HEALTH

At first glance, it is paradoxical that Asian countries with some of the lowest calcium
intakes worldwide have a relatively low rate of osteoporotic hip fractures [46-48]. Although
genetic, morphological, and other factors may account, in part, for this association [49], high
soy consumption has been posited as a key factor underlying the low rate of fractures among
Asians [50]. There are considerable regional differences in soy protein and isoflavone
consumption, with Asian populations consuming an estimated 25-50 mg of isoflavone
aglycone equivalents daily, with 10 % of the population consuming more than 100 mg
isoflavones daily [51]. Isoflavone intake in the United States is several-fold lower than in
Asia, with intake estimates ranging from 0.15-3 mg per day [52, 53]. Asians consume mostly
fermented soy isoflavones as opposed to Americans who consume primarily glucoside forms
of these molecules. Genistein is an isoflavone found in very small quantities soybeans.
Soybeans are a particularly rich source of genistin, the glucoside precursor of genistein,
although the concentration varies with the strain, location and environmental conditions of
cultivation of the plant. There are large differences, however, in pharmacokinetic and
pharmacodynamics behavior of genistein (the aglycone) vs genistin. Specific estimates of
genistein intake show a similar cross-cultural disparity, with older Japanese adult (mean age
55) daily consumption estimated to be approximately 23-31 mg/day [54]. Mean consumption
of genistein among American women is estimated to be between 0.07 to 1.5 mg/day [52, 53],
and is therefore at least 20-fold lower than genistein consumption among Japanese adults.
This dramatic soy isoflavone “dietary gap” has been proposed to contribute to ethnic
differences in the rates of many chronic diseases including heart disease, cancer, and
osteoporotic fractures [55].

Many epidemiological studies support a negative relationship between isoflavone intake
and fracture rate. The largest extant study included 24,403 Chinese postmenopausal women
and prospectively related soy protein and isoflavone consumption to subsequent fracture
incidence over a 4.5 year period [56]. Subjects had no prior history of fractures or cancer and
were not taking any sort of hormone therapy. Once age, body mass index, and lifestyle risk
were controlled, a significant linear negative association remained between both soy protein
and/or isoflavone consumption and fracture risk. Individuals in the four highest quintiles for
isoflavone consumption had 25, 33, 28, and 35% lower risk of fracture over the follow-up
period than those in the lowest quintile for fracture risk. From this epidemiological study
there was a threshold of isoflavone intake that favorably affected fracture rate, with
individuals that consumed more than ~21 mg of isoflavones daily showing significant
reductions in fracture incidence over a 4.5 year follow-up period. Although this study
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employed a rigorous prospective design and incorporated important statistical controls, it only
determined symptomatic (not radiographic) fracture incidence [56].

Despite the inherent limitations of epidemiological studies, a number of investigations
have supported the effect reported above by assessing the relationship between isoflavone
intake and BMD. For instance, one of the largest such studies found that soy protein intake
was positively associated with BMD of the second metacarpal among 995 Japanese women
aged 40-49 [57]. This finding was replicated with respect to spinal BMD in a cohort of 478
postmenopausal Japanese women with a mean isoflavone intake of 54 mg/day [58]. Similar
results have been obtained in other cohorts of Chinese women from Hong Kong, with higher
levels of isoflavone intake related to increased BMD at the spine, hip, and Ward’s triangle
[59, 60]. Interestingly, in one study that studied women of a broad age range, the beneficial
association between isoflavone intake and BMD was observed in postmenopausal, but not
premenopausal women [59], suggesting that genistein exerts its effect by managing the
metabolic imbalance in bone tissue induced by ovarian hormone depletion. Therefore, the
consistent finding that has emerged from the literature is that high isoflavone intake has bone-
sparing effect. This conclusion was also reached by authors of recent review articles [49, 50].

The majority of epidemiological studies concerning the effects of isoflavones on bone
have been conducted in Asian populations due to the relatively high intake of isoflavones
compared to Western countries. Based on these data, it is possible that the favorable effects of
isoflavones on bone density may be mediated, in part by interactions with genetic background
or other lifestyle factors characteristic of Asian populations. One epidemiological study in
American women furnishes data that contradict this hypothesis. A retrospective comparison
of isoflavone intake among 208 postmenopausal women over one year revealed that increased
genistein, but not daidzein, intake predicted higher BMD at the spine and lower urinary NTX
levels even when all covariates were statistically controlled [61]. Although this relationship
did not reach statistical significance (p = 0.09 and p = 0.12, respectively), the highest tertile
intake of genistein was approximately 4.4 mg, which is considerably less than intake
observed among typical Asian populations [51]. Levels of other bone markers and BMD at
other sites were not related to isoflavone intake. These data provided preliminary evidence
that beneficial effects of isoflavones on bone are not due to ancillary cohort effects and may
be effective in Western populations. Moreover, given the lack of relationship between
daidzein intake and the bone parameters measured in this study, the presence of genistein may
account for the beneficial effects of mixed isoflavone supplements on bone.

One recent study provides further evidence supporting the importance of aglycone
isoflavones such as genistein as key mediators of the beneficial effects of soy intake on bone
[62]. This study prospectively followed a cohort of 944 pre- and postmenopausal Japanese
women and related intake of various different soy foods with changes in BMD. Interestingly,
intake of the fermented soy product natto was associated with reduced bone loss at the
femoral neck among postmenopausal women once all covariates were statistically controlled.
When the results were stratified by age, high natto intake predicted significantly higher BMD
at the femoral neck for women in their 50s and 60s and at the distal third of the radius for
women in their 60 and 70s. No such relationship was observed for premenopausal women or
for intake of tofu or other soy foods for any age group. As a fermented soy food, natto differs
from unfermented soy products such as soybeans and tofu in two key respects; namely the
presence of relatively high levels of menaquinone (Vitamin K2) and unconjugated aglycone
genistein. Either or both of these factors may have contributed to the positive association
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between natto intake and BMD. This study provides the first preliminary evidence that
aglycone isoflavones such as the genistein in the only marketed therapeutic in the U.S. for
management of osteopenia and osteoporosis under physician supervision, Fosteum, may be
the most potent bone-building components of fermented soy. Interactions with other dietary
ingredients such as menaquinone may also enhance the BMD-increasing properties of soy
isoflavones [63]. Collectively, the epidemiological data support a positive relationship
between isoflavone intake, fracture incidence, and BMD. These data may account, at least in
part, for lower fracture rate among Asian women compared to Western women. Importantly,
the relationship between isoflavone intake and bone loss is more robust in postmenopausal
women, suggesting that isoflavone intake restores the metabolic balance of bone formation
and resorption disrupted by menopausal ovarian hormone loss. Although it is difficult to
precisely identify the specific isoflavone(s) most responsible for preventing or restoring bone
loss from epidemiological studies, preliminary evidence suggests that aglycone genistein may
be the most active isoflavone for the prevention of bone loss. Finally, the effects of genistein
and other isoflavones may be potentiated by other dietary and genetic factors.

SoY EFFECTS ON BONE L0OSS: INTERVENTION STUDIES

Epidemiological studies are useful to determine associations between dietary intake and
development or progression of disease. They are, however, limited since it is impossible to
determine cause and affect relationships due to possible third variable or directional
confounds. Therefore, although there is a clear association between soy intake, BMD, and
fracture rate from epidemiological studies, a causal relationship remains unclear. A more
robust test that permits the interpretation of causality involves the use of randomized, blinded
intervention trials in which the hypothesized bone-building effects of soy are compared to a
placebo or control diet. Based on the epidemiological data detailed above, many such trials
have been conducted. These trials have yielded generally mixed results likely due to
differences in sample size, trial duration, endpoints selected, and composition of the soy or
isoflavone intervention.

Soy isoflavones ingested either alone in extracted form or as constituent parts of isolated
soy protein beneficially increase lumbar spine BMD in menopausal women.

In addition, the beneficial effect of soy protein on lumbar spine BMD may not require
synergistic reactions between isoflavones and other components. Supplements of soy
isoflavone extracts are often preferred by people who want to benefit from soy isoflavones,
but who do not habitually consume soy foods containing isoflavones or products containing
soy protein.

Ingestion of soy isoflavones for six months appears to be adequate to exert the beneficial
effect. The several randomized clinical trials (RCTs) evaluating the effects of isoflavones on
bone mineral density tested various forms and compositions of soy isoflavones which are
likely possessing different bioavailability and effects on BMD. In light of these observations,
it is not surprising that some of these trials did not show any positive result on BMD. Soy
isoflavones seem to exert more beneficial effects on lumbar spine BMD of participants from
the West, participants with osteopenia or osteoporosis, and post-menopausal women
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compared to those participants from Asia, participants with normal BMD, and peri-
menopausal women, respectively [64].

Regarding bone turnover markers different RCTs reported data in different units and the
values of each marker differed substantially across trials, in addition it has to be considered
that different populations may display different basal values for turnover markers. Generally,
a significant effect of isoflavones on urine deoxypyridinoline (a bone resorption marker) has
been reported by several trials indicating that soy isoflavones may be able to increase BMD
and decrease risk of fracture in menopausal women.

Soy isoflavones did not significantly affect the bone formation markers, such as serum
bone alkaline phosphatise (BAP) and osteocalcin [65]. The decrease in bone formation
markers by estrogen is delayed, reflecting the physiologic coupling of formation to resorption
and a plateau is usually achieved within 6-12 months [66]. Because changes in the levels of
bone formation markers will appear later than the changes in bone resorption markers, it is
recommended that levels be measured at the initiation of treatment and every 6 months.

Despite the variability, two broad themes have emerged from this literature: 1) more
robust improvement in BMD or bone markers is associated with higher intake of aglycone
genistein, and 2) isoflavones may produce antagonistic effects on bone. In fact, it is difficult
to make cross-study comparisons in many cases because the full isoflavone composition is
not disclosed. This lack of information may be crucial since isoflavones have different
biological effects. For instance, daidzein is approximately ¥ as estrogenic as genistein, and
unlike genistein does not inhibit tyrosine kinase activity [67].
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During aging bone formation is reduced in favour of bone resorption in a process called osteoporosis.
Soy isoflavones improve bone formation through the increase of osteoprotegerin and consequently
reducing the activity of osteoclast.
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There are also important differences in the metabolic fate of daidzin and its aglycone
daidzein, such that as many as 50% of individuals convert this isoflavone to the molecule
equol [68]. It is unknown how these dispositional differences affect the action of ingested
isoflavones on bone. Weaver and Cheong [67] present an insightful analysis of the available
clinical trials data that proposes reasonable hypotheses to account for these differences. They
suggest that purified genistein may possess unique properties in bone compared to other
isoflavones since the only trial published at that time on pure genistein [69-74] demonstrated
increases in BMD whereas trials of mixed isoflavones in general yield only reductions in
bone loss compared to placebo [75].

Based on animal studies demonstrating that mixed isoflavone supplements, primarily
glucoside forms of isoflavones, do not reverse established bone loss whereas isolated
aglycone isoflavones do have this effect [76-80], it has been suggested that aglycones
genistein and daidzein may have antagonistic effects on bone. Therefore the specific
composition and amount of isoflavone intake may be a crucial determinant of its effects on
bone. The interventions that included >40 mg/day of aglycone genistein equivalents (i.e.
genistein plus genistin) yielded the most favorable effects on BMD and bone markers
compared to other trials that included lower amounts of genistein. The one exception is the
study by Albertazzi et al. [81] that found no effect of 90 mg pure genistein on bone markers.
This lack of effect may be due to the short duration of the study (6 wk) or the comparatively
high dose of genistein administered.

By contrast, our group extensively showed that 54 mg genistein produced approximately
3% increase in BMD at the femoral neck, Ward’s triangle, and the lumbar spine with
associated changes in bone formation and resorption markers in one year. This dose of
genistein was chosen based on isoflavone intake in Asian populations shown to have
biological effects. Similarly, several other studies have shown similar beneficial effects on
bone with comparable genistein intake [82-84]. Therefore, greater than 40 mg daily genistein
intake especially when unopposed by putative antagonistic isoflavones yields positive
produces significant positive effects on BMD and bone markers.

CONCLUSION

Although the determinants of postmenopausal bone loss are multifactorial, dietary factors
are significant contributors to the metabolic imbalance of osteoclast to osteoblast activity
responsible for OPe and OPo. This suggests a specific requirement for intake of specific
specially-formulated nutrition, especially in post-menopausal women. Clearly the relationship
between isoflavone intake and bone is complex. The emerging picture based on dietary
intervention, epidemiological, as well as other preclinical and clinical data reviewed later is
that pure genistein is the most potent isoflavone for managing bone loss. Since genistein
exists in high concentrations in food mainly in fermented soybean products such as natto and
tempeh not commonly consumed in the American diet, consumption of sufficient genistein to
increase bone mass must be achieved through nutritional supplements or specially formulated
medical foods. The advantage of medical foods is that a physician must be involved in these
post-menopausal women who have a changing disease profile due to depletion of estrogen.
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