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Beneficial effects of soy protein consumption on bone quality

have been reported. The effects of other dietary protein sources

such as whey protein hydrolysate (WPH) and rice protein isolate

(RPI) on bone growth have been less well examined. The current

study compared effects of feeding soy protein isolate (SPI), WPH

and RPI for 14 d on tibial bone mineral density (BMD) and bone

mineral content (BMC) in intact and ovariectomized (OVX) rapidly

growing female rats relative to animals fed casein (CAS). The

effects of estrogenic status on responses to SPI were also

explored. Tibial peripheral quantitative computerized tomography

(pQCT) showed all three protein sources had positive effects on

either BMD or BMC relative to CAS (P < 0.05), but SPI had greater

effects in both intact and OVX female rats. SPI and E2 had

positive effects on BMD and BMC in OVX rats (P < 0.05). However,

trabecular BMD was lower in a SPI1E2 group compared to a

CAS1E2 group. In OVX rats, SPI increased serum bone formation

markers, and serum from SPI-fed rats stimulated osteoblasto-

genesis in ex vivo. SPI also suppressed the bone resorption

marker RatLaps (P < 0.05). Both SPI and E2 increased alkaline

phosphatase gene expression in bone, but only SPI decreased

receptor activator of nuclear factor-jB ligand (RANKL) and

estrogen receptor gene expression (P < 0.05). These data suggest

beneficial bone effects of a soy diet in rapidly growing animals

and the potential for early soy consumption to increase peak

bone mass. Exp Biol Med 233:1348–1358, 2008
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Introduction

Osteoporosis, the most common chronic bone disease,

is a major public health problem worldwide and is

characterized by deterioration of skeletal architecture,

resulting in increased bone fragility and risk of fractures.

Although osteoporotic bone loss can be caused by variety of

factors, such as nutrient deficiencies or chronic alcohol

intake, sex steroid deficiency-induced bone loss, especially

in women post-menopause, is considered primary osteopo-

rosis and its consequences include seriously increased risk

of morbidity and mortality as the result of hip fractures (1).

The current standard treatments for prevention of osteopo-

rosis include adequate calcium and vitamin D intake,

hormone replacement therapy (HRT), and selective estrogen

receptor modulators (SERMs) such as raloxifene. Recently,

the Women’s Health Initiative has advised that HRT not be

regularly prescribed (2) due to undesired serious cardiovas-

cular side effects which outweigh the evidence of benefit for

osteoporotic fractures. Since osteoporosis is difficult to treat,

early prevention of this disease is becoming of greater

interest. In particular, building adequate bone during periods

of rapid growth in early development is critical to increase

peak bone mass and reduce the effects of bone loss later in

life.

The potential of nutritional approaches for the pre-

vention of multifactorial chronic diseases has been recog-

nized (3). For example, soy foods and soy protein isolates

are reported to prevent cardiovascular disease and also

rescue bone loss in both adult humans and in animal models

of osteoporosis (4–6). There are epidemiological studies of

the elderly in Asian nations demonstrating that the incidence

of hip fracture is much lower in China compared with that in

Western populations (7). The reason for lower incidence of

hip fracture in Asian countries may be explained by high

consumption of soy products throughout life in comparison
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to Western populations (8). Although the mechanisms of

soy effects on bone are unclear, researchers have begun to

examine the ability of soy foods consumed from a young

age to reduce the risk of osteoporosis via attainment of

increased peak bone mass (9).

The skeletal effects of soy have been attributed to

potential estrogenic actions related to its high content of

isoflavone phytoestrogens such as genistein and daidzein

(10–12). These isoflavones may have both estrogenic and

antiestrogenic activities in mammalian tissue and the

preferential binding of isoflavones to estrogen receptor b
suggests that they may act as SERMs (13). Soy has been

selected by many postmenopausal women as a natural

alternative to estrogen therapy (14). Experimental studies

have demonstrated effects of genistein and daidzein on bone

cells (15). However, the evidence for a positive effect of

dietary isoflavone consumption on bone health is mixed

(16). Although the majority of studies concerning soy

effects on bone have focused on phytoestrogens, soy also

contains many other phytochemicals, proteins and peptides

(17) and the relative concentrations and forms of these

dietary factors are significantly affected by processing of

soy beans into different products. Further studies are

required on skeletal effects of different soy food products

consumed during different developmental windows.

In addition to published studies of effects of soy on

bone, there are also literature reports suggesting beneficial

skeletal effects associated with consumption of whey

proteins isolated from cow’s milk. A functional role for

milk whey proteins has been described not only in

regulation of bone remodeling, but also in protection against

osteoporosis (18). Moreover, a recent study demonstrated

significant increases in bone mineral density and improve-

ment of bone metabolism in healthy young women

consuming whey basic protein fractions (19). In contrast

to a study of soy protein on bone recently conducted by

Spence et al., where soy protein and soy isoflavones did not

alter calcium metabolism (20), whey protein has been

suggested to exert beneficial effects on bone through

enhancement of calcium absorption thereby increasing bone

mineral content (21). It is known that children who avoid

drinking cow’s milk have low dietary calcium intakes and

poor bone health (22, 23), but the role of whey proteins in

this phenomenon is unclear.

Unlike soy products or whey protein, rice products or

rice protein isolates have not been examined for effects on

bone health. Rice products are a major part of the diet in

some Asian countries, and are consumed in greater

quantities than soy. Rice products have been reported to

provide health benefits in the prevention of cancer (24),

inflammation (25), and reductions in serum cholesterol (26).

Since early consumption of different protein sources

might have the potential to affect attainment of peak bone

mass, the purpose of present study was to compare the

short-term effects of consumption of three protein sources—

soy protein isolate (SPI), whey protein hydrolysate (WPH)

and rice protein isolate (RPI)—relative to a standard protein

source casein (CAS) in AIN-93G based diets on bone

density and mineralization in rapidly growing intact female

rats. In addition, studies were conducted to investigate

whether the effects of SPI feeding on bone mimic those of

the classical estrogen 17b-estradiol and if the effects of SPI

are affected by endogenous estrogen status in age-matched

young ovariectomized rats.

Materials and Methods

Animal Care, Experiment Protocol, and Di-
ets. Experiment One. Time-impregnated female

Sprague-Dawley rats (Harlan Industries, Indianapolis, IN)

arrived on gestational day 4 and were individually housed in

an Association for Assessment and Accreditation of

Laboratory Animal Care-approved animal facility at the

Arkansas Children’s Hospital Research Institute with

constant humidity and lights on from 06:00–18:00 hrs at

228C. All animal procedures were approved by the Institu-

tional Animal Care and Use Committee at UAMS. Pregnant

rats were fed AIN-93G diets made with casein as the sole

protein source (27) and their offspring weaned at post natal

day 21 (PND21) and fed the same diet until PND55. In

order to see whether endogenous sex hormones will

modulate the effects of soy and other diets on bone in

young rapidly growing animals, half the female offspring

were ovariectomized (OVX). All animals (both intact and

OVX) were immediately sub-divided into 8 groups (n¼ 6–

8) and fed one of 4 pelleted AIN-93G diets made with

casein (CAS), SPI, WPH or RPI proteins. The diets were

made to be isonitrogenous and isocaloric and the calcium

and phosphorus levels were adjusted to match the casein-

based diet. The composition of each diet has been published

previously (24, 28, 29). All diets were made according to

the AIN-93G diet formula (27), except that corn oil replaced

soy oil and the protein source was either CAS (Fonterra,

Santa Rosa, CA), WPH 917 (Fonterra, Santa Rosa, CA),

RPI made according to a proprietary method similar to that

described by Morita et al. (30) (a gift from Riceland Foods,

Inc., Stuttgart, AR) or SPI (Clinical blend 670, a gift from

Solae, Du Pont, St. Louis, MO). The percentage of protein

content of each diet was 20%. Amino acids were added to

each diet to equalize the essential amino acids among diets.

After 14 d of ad libitum feeding, the rats were sacrificed and

blood, femur and tibia were collected. Formalin fixed tibia

bones were scanned to determine and compare bone mineral

density and bone mineral content from each group using

peripheral quantitative computerized tomography (pQCT)

as described below.

Experiment Two. Twenty-four female Sprague-Daw-

ley rats on PND30 were fed pelleted AIN-93G diets made

with either CAS or SPI from PND30 till PND69. On

PND55, rats were OVX and both CAS and SPI groups were

further divided into groups receiving polyethylene glycol

vehicle or 17b-estradiol (E2). E2 was administered by Alzet
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mini osmotic pump (model # 2004, AlzaCorp., CA)

implanted subcutaneously. The final dose of E2 was 5 lg/

kg/day. All animals were killed at PND69; blood and tibia

bone tissues were collected.

In both experiments, rats were killed by injection with

100 mg Nebutol/kg body weight (Avent Laboratories),

followed by decapitation, and the serum, femur and tibia

bone, and bone marrow were collected. Formalin fixed tibia

bones were scanned to determine and compare bone quality

from each group using pQCT as described below.

Rat Tibia pQCT Scanning. pQCT scans were

performed on individual bones (left tibia) from each rat.

Scanning was done with a STRATEC XCT 960M unit

(XCT Research SA, Norland Medical Systems, Fort Atkins,

WI) specifically configured for small bone specimens.

Software version 5.4 was used along with thresholds of

570 mg/cm3 to distinguish cortical bone and 214 mg/cm3 to

distinguish trabecular from cortical and sub-cortical bone.

Ex vivo pQCT analyses on each bone was conducted. Tibial

bone mineral density (BMD) and bone mineral content

(BMC) were automatically calculated by installed software

with version 5.4 as mentioned above and color images

generated. The CVs for these measurements were ,2%.

The position for pQCT scanning was defined at a distance

from the proximal tibia growth palate corresponding to

about 7% of the total length of the tibia. Distance between

each scanning was 1 mm; a total of 5 scans (5 slices) was

carried out. Data were collected from the average of 3

continuous slices. pQCT data in Experiment 1 were an

average of slice 1, 2, 3, and pQCT data in Experiment 2

were from an average of slice 2, 3, 4 where the largest

changes in trabecular bone density were observed.

Serum Bone Turnover Markers. The serum bone

formation marker alkaline phosphatase (ALP) was measured

by a colorimetric assay using the time-dependent formation

of p-nitrophenolate from para-nitrophenyl phosphate

(PNPP) (31). The protocol used 5 ll of serum in a total

volume of 1.5 ml containing 0.05 mmol/L PNPP, 2 mmol/L

MgCl2, and 10 mmol/L L-phenylalanine (to inhibit any

circulating intestinal ALP activity). The serum bone

formation marker osteocalcin and the serum bone resorption

marker RatLaps were measured by Rat-MIDTM Osteocalcin

ELISA and RatLapsTM ELISA, respectively, from Nordic

Bioscience Diagnostics A/S (Herlev Hovedgade 207, 2730

Herlev, Denmark).

Real-Time Reverse Transcription-Polymerase
Chain Reaction. Tibial bone total RNA was extracted

using TRI Reagent (MRC Inc., Cincinnati, OH) according

to the manufacturer’s recommendations followed by DNase

digestion and column cleanup using QIAGEN mini

columns. Reverse transcription was carried out using an

iScript cDNA synthesis kit from Bio-Rad (Hercules, CA).

Real-time RT-PCR was carried out using SYBR Green and

an ABI 7000 sequence detection system (Applied Bio-

systems, Foster City, CA). Primers for rat receptor activator

of nuclear factor-jB ligand (RANKL), alkaline phospha-

tase, osteocalcin, estrogen receptor alpha and beta were

designed using Primer Express software 2.0.0 (Applied

Biosystems). Their sequences are all listed in Table 1.

In Ex Vivo Osteoblast Differentiation Cell
Culture. Bone marrow cells were harvested from intact

casein diet control rats according to a method described

previously (32). Cells were seeded at a density of 3 3 106

cells per well in six-well cell culture plates and 1 3 106 cells

per well in 24-well cell culture plates in the presence of

minimal essential medium (Invitrogen, Carlsbad, CA) with

10% fetal bovine serum (FBS) (Hyclone Laboratories,

Logan, UT) and 1 mM ascorbyl-2-phosphate (Sigma-

Aldrich, St. Louis, MO), 4 mM L-glutamine, and 100 U/

ml each of penicillin and streptomycin (Sigma-Aldrich).

This condition is known as osteogenic medium and is able

to drive osteoblast differentiation and used as positive

control in this study. Cells were cultured with 7.5% FBS

without osteogenic medium as negative control. Cells were

also cultured in 5% FBS plus either 2.5% 0.45 lm filtered

serum from SPI-fed intact female rats or 2.5% 0.45 lm

filtered serum from CAS-fed intact female rats. All cell

cultures were continued for 10 days and every 3 days half of

culture medium was replaced by freshly made medium. At

the end of the experiment, alkaline phosphatase staining was

performed in 24-well plates according to a method

described by the manufacturer (Sigma-Aldrich). Cell RNA

was isolated and real-time RT-PCR was performed as

described above.

Data and Statistical Analyses. Data were ex-

pressed as mean 6 SD. One-way analysis of variance

(ANOVA) was utilized to analyze diet effects and two-way

ANOVA for analysis of SPI/CASþE2 interactions followed

by Student-Newman-Keuls post hoc analysis for multiple

Table 1. Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) Primer Sequences

Gene Forward primer Reverse primer

RANKL TGGGCCAAGATCTCTAACATGA TCATGATGCCTGAAGCAAATG
ALP TGAATCGGAACAACCTAGCTGA TTCCACTAGCAAGAAGAAGCCTTT
Osteocalcin AAGCCCAGCGACTCTGAGTCT GCTCCAAGTCCATTGTTGAGGTA
ERa TCTGACAATCGACGCCAGAAT ACAGCACAGTAGCGAGTCTCCTT
ERb TGTGCCAGCCCTGTTACTAGTC CATGACCAAACGCCGTAATG
18S CCTGTAATTGGAATGAGTCCACTTT ATACGCTATTGGAGCTGGAATTACC
GAPDH TGAGGTGACCGCATCTTCTTG TGGTAACCAGGCGTCCGATA
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pair-wise comparisons between treatment groups. Values

were considered statistically significant at P , 0.05.

Results

Effects of SPI, WPH and RPI on Intact Rat Tibial
Bone Mineral Density (BMD) and Content
(BMC). Intact growing female rats were fed AIN-93G

diets which were made with CAS SPI, WPH and RPI as the

sole protein source described in the Materials and Methods

section for 14 d. No diet effects were observed on either

food intake or body weight gain (data not shown). Upon

euthanasia, tissues were collected and formalin fixed. Left

tibia was scanned using pQCT. Representative position

matched pQCT slices from tibia of rats fed different dietary

proteins are shown in Figure 1A. Total, trabecular and

cortical BMD and total BMC of the tibia were all increased

(P , 0.05) in rats fed with SPI compared with rats fed CAS

(Fig. 1B–E). When the WPH-fed animal group was

Figure 1. Effects of CAS, SPI, WPH and RPI diets on bone parameters in intact growing female rats (PND55). Rats were fed AIN-93G diets ad
libitum made with CAS, SPI, WPH or RPI as the sole protein source for 14 d. A, Formalin fixed tibia from each group were scanned by pQCT.
Representative pictures of slice 4 from five consecutive slices of a pQCT scan of rat tibia ex vivo from the different diet treatment groups are
shown. Color changes from white to blue, yellow, red, to gray and black represent decreases in bone density, except white color in the center of
each picture showing no tissue content (see detail in Materials and Methods). B, Comparison of total BMD among diet groups. C, Tibial
trabecular BMD from each diet group. D, Tibial cortical BMD from each diet group. E, Tibial total BMC from each diet group. Open bars, CAS;
diagonal bars, SPI; hatch bars, WPH; and dot bars, RPI. Data are expressed as mean 6 standard deviation (n¼ 6/group). Means with different
letters differ significantly from each other at P , 0.05, a . b . c as determined by one-way ANOVA followed by Student-Newman-Keuls post
hoc analysis for multiple pairwise comparisons. A color version of the figure is available in the online journal.
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compared with CAS-fed animals, we found total tibial BMD

was increased in WPH-fed animal group (P , 0.05). We did

not find any differences in pQCT parameters presented in

Figure 1 when RPI-fed animal group was compared with

CAS control group. Moreover, in Figure 1B, when all four

groups were compared together, SPI had significantly

greater effect on total BMD (P , 0.05).

Effects of SPI, WPH and RPI on OVX Rat Tibial

Bone Mineral Density (BMD) and Content (BMC). In

order to ascertain whether there were effects of the three

diets on bone in the absence of endogenous estrogens, we

ovariectomized female rats belonging to the same litters as

the intact rats. OVX rats were given the same four different

diets as given to the intact animals for 14 days. Tibial pQCT

scans were also performed on formalin fixed samples from

the OVX female rats. Figure 2A illustrates representative

scans from position marched slices of one tibia of each diet

group. It should be noted that the pQCT data from Figure 1

(intact rats) and Figure 2 (OVX rats) were from same scan

slice (slice 2) and therefore they are comparable. Indeed,

Figure 2. Effects of CAS, SPI, WPH and RPI diets on ovariectomized female tibial BMD and BMC. Female rats (PND55) were ovariectomized
and fed AIN-93G diets ad libitum containing CAS, SPI, WPH and RPI immediately after surgery for 14 d. A, Tibia bones were taken under
euthanasia from each group and were scanned by pQCT. Representative pictures of slice 4 from five consecutive slices of a pQCT scan of rat
tibia ex vivo from the different diet treatment groups are shown. Color changes from white to blue, yellow, red, to gray and black represent
decreases in bone density (see detail in Materials and Methods section). B, Comparison of total BMD among diet groups. C, Tibial trabecular
BMD from each diet group. D, Tibial cortical BMD from each diet group. E, Tibial total BMC from each diet group. Open bars, CAS; diagonal
bars, SPI; hatch bars, WPH; and dot bars, RPI. Data are expressed as mean 6 standard deviation (n¼ 6/group). Means with different letters
differ significantly from each other at P , 0.05, a . b . c as determined by one-way ANOVA followed by Student-Newman-Keuls post hoc
analysis for multiple pairwise comparisons. A color version of the figure is available in the online journal.
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when CAS intact data from Figure 1C is compared to

OVXþCAS data from Figure 2C, there was a significant

decrease in trabecular BMD and total BMC in OVX control

group relative to the intact control group (P , 0.05). These

data indicated dramatic bone loss after OVX even after as

short an interval as 14 d in young female growing rats. Total

tibial BMD, trabecular BMD and total tibial BMC from the

OVX SPI group were all higher than those rats from the

OVX CAS group (P , 0.05) (Fig. 2B, C, E). Similarly, total

tibial BMD, trabecular BMD and total tibial BMC were

significantly higher in the OVX WPH group compared to

OVX CAS group. There were no significant differences in

tibial BMD when OVX RPI was compared to OVX CAS.

However, in the OVX RPI group, significant difference was

found in total BMC when compared to the OVX CAS group

(P , 0.05) (Fig. 2E). Interestingly, the OVX SPI group had

significant higher trabecular BMD and total BMC compared

to either OVX WPH or OVX RPI groups (P , 0.05) (Fig.

2C, E), and these values were not statistically different from

those of intact female rats fed SPI (Fig. 1C, E). These data

suggest that SPI is superior to WPH and RPI in restoring

OVX-associated bone loss. There were no significant

differences in tibial cortical BMD among all four OVX rat

groups fed different diets. This may be due to a short period

of both OVX and diet consumption.

Interactions Between SPI-Feeding and Estra-
diol on Bone in the OVX Female. To further inves-

tigate the interactions of SPI and endogenous estrogens on

bone, the effects of SPI-feeding were compared to those of

the classical estrogen 17b-estradiol (E2) and to the effects of

a combination of SPI-feeding and E2 replacement in OVX

female rats. Plasma E2 values in the OVXþE2 group were

21.8 6 4 pg/ml (within the normal physiological range)

compared to 3.8 6 1 pg/ml in the OVX group. No

significant effects of SPI feeding were observed on plasma

E2 in either the OVX or E2 replaced groups (data not

shown). pQCT data are shown in Figure 3. Consistent with

our data in Experiment 1, in the OVX SPI-fed group, total

tibial BMD, trabecular BMD and total tibial BMC were all

significantly higher than in the OVX CAS group (P , 0.05).

Equally consistent to many previous findings that E2 can

restore bone loss after OVX, all pQCT measures were

increased in the OVX CASþE2 group when compared to the

OVX CAS group (Fig. 3A–D) (P , 0.05). However, E2

replacement to physiological levels had greater effects on

tibial BMD and BMC compared to SPI feeding in OVX rats

(P , 0.05). Interestingly, with the combination of SPI and

E2 replacement, SPI-feeding reduced E2 effects on tibia

trabecular BMD and tibia total BMC (Fig. 3B, D) (P ,

0.05). We found a similar pattern of effects of CAS, SPI,

CASþE2 and SPIþE2 on total tibial BMD, but there was no

statistical difference between OVX CASþE2 and OVX

SPIþE2 (Fig. 3A). Replacement of E2 was also able to

increase tibial cortical BMD, consistent with data in

Experiment 1. However, there was no effect of SPI on

cortical BMD when compared to the OVX CAS control

group (Fig. 3C).

Effects of SPI and E2 on Serum Bone Turnover
Markers and Gene Expression in OVX Female
Rats. Serum was collected at sacrifice from all 4 groups

of OVX rats in Experiment 2. Serum osteocalcin and ALP

activity were used as bone formation markers and serum

RatLaps level as a bone resorption marker and were

measured using ELISA. The data are shown in Table 2.

Osteocalcin and ALP were increased (P , 0.05) and

RatLaps was decreased (P , 0.05) in OVX animals fed with

SPI diets as compared to OVX CAS-fed rats. In sharp

contrast, serum bone formation markers and serum bone

resorption markers were both decreased in the OVX

CASþE2 (P , 0.05) compared with the OVX CAS control

group. Surprisingly, serum osteocalcin in the OVX SPIþE2

group was significantly higher than OVX CASþE2 group,

but were significantly lower than the OVX group fed SPI

alone. Likewise, serum ALP values in the OVX SPIþE2

group were intermediate between those of the OVX SPI-fed

group and the OVX CASþE2 group. Clearly, SPI diet and

E2 supplementation to OVX rats showed opposite effects on

serum bone formation markers. On the other hand, the bone

resorption marker RatLaps in the OVX SPIþE2 group was

significantly higher than the OVX CASþE2 group (Table 2).

In total RNA extracted from tibial bone, (Fig. 4), ALP

mRNA was significantly increased in the OVX SPI group

compared to the OVX CAS group (P , 0.05), and

osteocalcin mRNA tended to increase in the SPI group

compared to CAS group but was not statistically significant

(Fig. 4). Interestingly, in the OVX CASþE2 group, both

ALP mRNA and osteocalcin mRNA were increased in bone

compared to the OVX CAS group (Fig. 4). The antagonistic

effects of the combination of SPI diet þE2 on bone

formation genes in OVX rats were consistent with what

we observed on serum bone formation markers (Table 2,

Fig. 4). RANKL mRNA expression in tibial bone was

decreased in both the OVX SPI diet group and the OVX

SPIþE2 group as compared to the OVX CAS group. There

was no effect of E2 itself on RANKL, and RANKL mRNA

expression in the OVX SPIþE2 group was higher than that

observed in OVX SPI diet group (P , 0.05) (Fig. 4).

Effects of SPI and E2 on Estrogen Receptor
Gene Expression in Bone Tissue. To elucidate if

altered estrogen receptor expression might be involved in

the antagonistic effects of SPI and E2 on bone in OVX

female rats, we measured the two estrogen receptor forms

ER alpha and ER beta (ERa, ERb) mRNA expression by

real time RT-PCR. Whereas CASþE2 marginally sup-

pressed ERa and had no statistical effects on ERb gene

expression, expression of both receptors was dramatically

down-regulated by feeding SPI diet (P , 0.05). When SPI

diet and E2 treatment was combined in OVX rats, ERa and

ERb gene expression levels were in between the OVX SPI

and the OVX CASþE2 group but remained lower than the

OVX CAS group (P , 0.05) (Fig. 5). This pattern of effects
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of SPIþE2 was similar to the effect of SPIþE2 on RANKL

mRNA expression in OVX rats (Fig. 4).

Serum from Soy-Fed Intact Rat Was Able to

Stimulate Osteoblast Differentiation in Ex Vivo Cell

Culture. Our in vivo data indicated that SPI appears to

stimulate osteoblastic bone formation in addition to

suppressing osteoclastic bone resorption. This supports our

hypothesis that the effect of soy diet on bone in the rapidly

growing young female is anabolic. To further test our

hypothesis, we aspirated bone marrow cells from femur of

intact CAS diet control rats and treated cells with serum

from either SPI-fed intact rats or CAS-fed intact rats.

Osteoblast differentiation was evaluated by alkaline phos-

phatase cell staining as well as alkaline phosphatase and

osteoclacin gene expression. Compared to serum from CAS-

fed control intact rats, 2.5% serum from SPI-fed intact rats

dramatically promoted osteoblast differentiation as indicated

in Figure 6A by alkaline phosphatase staining after 10 days

of culture. Increased gene expression of alkaline phospha-

tase and osteocalcin from cells treated with 2.5% serum

from SPI-fed intact rats was observed (P , 0.05) (Fig. 6B).

Surprisingly, 2.5% serum from SPI-fed intact rats had

greater effects on osteoblast differentiation than the positive

control, an osteogenic medium standardized for osteoblast

differentiation in vitro cell culture (32).

Discussion

Three dietary protein sources (soy, milk and rice) have

been recently receiving attention for their potential roles in

prevention of chronic diseases, such as cardiovascular

Figure 3. Effects of SPI, E2 and E2þSPI diet on ovariectomized female tibia BMD and BMC. Female rats PND55 were ovariectomized and
given CAS or SPI diets, E2 by subcutaneous mini pump or E2 combined with SPI diets for 14 d. Tibial bones were taken under euthanasia from
each group and were scanned by pQCT. A, Comparison of total BMD among different groups. B, Tibia trabecular BMD from each treatment
group. C, Tibia cortical BMD from each treatment group. D, Tibia total BMC from each treatment group. White bars, CAS; black bars, SPI; dark
gray bars, E2; and light gray bars, E2þSPI. Data are expressed as mean 6 standard deviation (n¼ 6/group). Means with different letters differ
significantly from each other at P , 0.05, a . b . c as determined by two-way ANOVA followed by Student-Newman-Keuls post hoc analysis
for multiple pairwise comparisons.
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disease, osteoporosis and cancer (4, 5, 24). With regard to

bone effects, a number of studies have been conducted in

female experimental animals and post-menopausal women

using soy products or soy-associated isoflavones as an

alternative to classic estrogens to restore bone loss

stemming from sex steroid deficiency (33). However, there

is more limited data on the effects of soy or milk and rice

proteins on bone in young rapidly growing animals. The

majority of adult bone is believed to be built in this rapid

growth phase in both humans and animals. In our present

study, we provide data which clearly indicate that

consumption of dietary SPI promotes bone growth in both

intact animals and in the absence of estrogens. It has been

suggested that the effects of SPI on bone are due mainly to

the isoflavone phytoestrogens genistein, and daidzein

associated with the protein and the daidzein metabolite

equol (34). We have previously reported that rats fed SPI

have total plasma isoflavone concentrations in the 1–3 lM

range and make large amounts of equol (35). However, we

hypothesize that there are also other factors in SPI that may

be equally important in bone health effects. There are over

100 phytochemicals associated with SPI and additional

bioactive peptide and protein components (29, 36). WPH

had similar effects on bone as SPI, but of lesser magnitude.

Since WPH does not have phytochemicals such as

isoflavones associated with it, the mechanisms are likely

to differ substantially from SPI and probably involve

bioactive peptides derived by hydrolysis of the parent whey

proteins, which promote cell proliferation and collagen

synthesis by osteoblasts (37), and cystatin, which has been

shown to suppresses osteoclast-mediated bone resorption

(38). On the other hand, except for modest effects on

mineral content in ovariectomized rats, RPI had no positive

effects on bone mineral density. We previously reported that

RPI has a completely different phytochemical profile to SPI

despite having similar anti-cancer, insulin-sensitizing, anti-

atherosclerotic and hypocholesterolemic effects similar to

SPI (24, 29).

It has been well documented that estrogen replacement

therapy initiated soon after menopause and continued

indefinitely will protect against bone fracture (39). How-

ever, this long-term hormone therapy is associated with

serious adverse effects, including increased risk of cardio-

vascular disease and breast cancer (2). This has lead women

to search for alternatives to traditional therapy (40). Early

Table 2. Serum Bone Formation and Bone Resorption Markersa

CAS SPI CASþE2 SPIþE2

Osteocalcin (pg/ml) 490.2 6 92.0c 662.1 6 81.0a 370.6 6 47.1d 532.2 6 123.6b

ALP(lU/min) 0.227 6 0.03b 0.277 6 0.04a 0.099 6 0.04c 0.177 6 0.08b

RatLaps (ng/ml) 40.6 6 2.5a 33.0 6 3.5b 24.5 6 3.0c 28.0 6 4.7b

a All serum bone formation and bone resorption markers were measured by ELISA. Data are expressed as mean 6 standard deviation (n¼ 6/
group). Mean 6 SEM with different letters differ significantly from each other at P , 0.05, a . b . c . d as determined by two-way ANOVA
followed by Student-Newman-Keuls post hoc analysis for multiple pairwise comparisons.

Figure 4. Effects of SPI, E2 and E2þSPI diet on bone forming and
resorption responsive gene expression in ovariectomized female
tibial bone. Tibial bone RNA was isolated and real-time RT-PCR was
used to analyze each individual mRNA expression from each group.
A, Alkaline phosphatase (ALP) mRNA. B, Osteocalcin mRNA. C,
RANKL mRNA. Open bars, CAS; diagonal bars, SPI; hatch bars,
WPH; and dot bars, RPI. Data are expressed as mean 6 standard
deviation (n¼ 6/group). All mRNA expression was normalized to the
expression level of GAPDH mRNA. Means with different letters differ
significantly from each other at P , 0.05, a . b . c as determined by
two-way ANOVA followed by Student-Newman-Keuls post hoc
analysis for multiple pairwise comparisons.
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Figure 5. Effects of SPI, E2 and E2þSPI diet on estrogen receptor gene expression in ovariectomized female tibial bone. Tibia bone RNA was
isolated and real-time RT-PCR was used to analyze each individual gene expression from each group. A, Estrogen receptor alpha mRNA. B,
Estrogen receptor beta mRNA. Open bars, CAS; diagonal bars, SPI; hatch bars, WPH; and dot bars, RPI. Data are expressed as mean 6
standard deviation (n¼ 6/group). All mRNA expressions were normalized to the expression level of GAPDH. Means with different letters differ
significantly from each other at P , 0.05, a . b . c as determined by two-way ANOVA followed by Student-Newman-Keuls post hoc analysis
for multiple pairwise comparisons.

Figure 6. Serum from SPI-fed intact rats promotes bone marrow stromal osteoblast differentiation. Bone marrow cells were aspirated from CAS-
fed intact control rat femur. Cells were seeded in to 6- and 24-well plates with cell density 3 3 106 and 1 3 106 cells per well respectively. Cells
were cultured with 5% FBS plus 2.5% SPI-fed rat serum or 2.5% CAS-fed rat serum from 10 days. Every 3 days, half culture medium was
replaced by new medium. Cells were cultured in a-MEM with10% FBS and 1 mM ascorbyl-2-phosphate (A2P) as positive control, and a-MEM
with7.5% FBS without A2P as negative control. A, Pictures show stromal osteoblast differentiation in 24-well plates with quadruplicates. Cells
were stained with alkaline phosphatase staining kids and pink color indicates positive. B, Cell RNA was extracted from cells cultured in 6-well
plates, and ALP and osteoclacin gene expression were accessed by real-time PCR. Data represent mean 6 standard deviation from triplicates
and * P , 0.05 positive control versus negative control. ** P , 0.05 SPI versus CAS. A color version of the figure is available in the online journal.

1356 CHEN ET AL

 at SAGE Publications on November 19, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


consumption of soy products may have the potential to

increase peak bone mass and may also prevent bone loss

during the menopausal transition. Soy-associated isofla-

vones are estrogen-like substances structurally and func-

tionally similar to 17b-estradiol (41). Depending on the

tissue in which they act and the level of endogenous

estrogens, isoflavones may exert either estrogenic or

antiestrogenic effects (42). In addition soy products contain

many other phytochemicals and the complex mixture in SPI

may have very different properties than isolated isoflavones.

In this report, we have for the first time compared the bone

effects of endogenous 17b estradiol with SPI and the

combination of E2 and SPI in ovariectomized female rats.

Interestingly, treatment with a combination of SPI and E2

for a short period of time showed no additive, but actually

antagonistic, effects on both bone mineral density and

content. Serum bone formation and resorption markers were

consistent with pQCT bone density data. In agreement with

Tivesten et al., we demonstrated that 17b-estrodiol treat-

ment reduced serum markers of both bone resorption and

bone formation indicating reduced bone turnover (43). In

sharp contrast, soy protein isolate increased serum bone

formation markers, but decreased bone resorption markers

supporting the hypothesis that soy protein isolates influence

the rodent bone in a significantly different manner than does

estradiol. This was also supported by our in ex vivo
osteoblast differentiation data. The ability of SPI to affect

bone formation and osteoblast activity indicates that it

possesses specific bone anabolic properties. The bioactive

SPI components responsible for these effects remain to be

identified. Moreover, to clarify the relationship between soy

protein products, isoflavones and bone health (16), the effect

of SPI and isoflavone feeding at each life stage should be

further evaluated (33).

Another new finding in the current report is that gene

expression is affected differently in bone by E2 and SPI

treatment. Consistent with serum bone turnover marker data,

SPI significantly up-regulated ALP gene expression, but

dramatically down-regulated RANKL gene expression,

indicating dual effects of SPI diet on both osteoblasts and

osteoclasts or their precursors. The data from Figure 6 fully

support increases in serum bone formation markers. The

significance and molecular basis of down-regulated

RANKL gene expression by SPI are under further

investigation in our laboratory.

In our current report, we found that E2 markedly up-

regulated both osteocalcin and ALP mRNA expression in

the bone tissue, despite lowering levels of protein and

activity in serum. These data are consistent with previous

publications (44, 45). The origin of these discrepancies

between serum protein level and bone specific gene

expression remains unclear. This discrepancy between

serum bone formation markers and mRNA levels in bone

at sacrifice may be due to the fact that serum markers

represent the sum of effects on bone formation during the

entire period of this short-term experiment, whereas gene

expression in bone represents a snapshot of the dynamic

effects of E2 and diet on bone formation at the time of

sacrifice and may represent the rebound in bone formation

rates which are known to occur after longer periods of E2

exposure (46). Alternatively, the difference in gene

expression and serum proteins may reflect post-transcrip-

tional effects or inhibition of osteoclacin and ALP secretion

during the acute phase of E2 treatment (32).

The gene expression changes in the OVX E2þSPI

group suggest that E2 and SPI have antagonistic effects in

bone tissue. Feeding SPI down-regulated expression of both

estrogen receptors alpha and beta. In contrast, E2 had small

or negligible effects on estrogen receptor expression. The

effects of E2þSPI on expression of the two estrogen

receptor mRNAs also showed antagonism similar to other

findings in this report. These findings are also consistent

with previously observed antagonistic effects of E2 and SPI

in reproductive tissues (47, 48). Clearly potential estrogen

receptor mediated effects of SPI in bone and modulation of

SPI-effects by endogenous estrogens require further inves-

tigation.

In summary, we have compared the effect of SPI, WPH

and RPI on bone in both intact and ovariectomized rapidly

growing female rats and further examined the bone effects

of SPI in relation to the effects of E2 alone or in

combination. We found that SPI had superior anabolic

effects to enhance bone mineral density and bone mineral

content in intact young female rats and in treatment of

OVX-induced osteopenia in female rat models more so than

other protein sources. Moreover, we provided strong

evidence that SPI exerts different effects on bone than E2

in the absence of endogenous estrogens and has anti-

estrogenic effects on bone in the presence of endogenous

estrogens. Estrogen and SPI effects on bone clearly differ

and further studies are needed to assess bone effects of SPI

feeding in males and females during different developmen-

tal windows where endogenous estrogen concentrations and

ER expression profiles differ.
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