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Soy protein isolates prevent loss of bone quantity
associated with obesity in rats through regulation of
insulin signaling in osteoblasts
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ABSTRACT In both rodents and humans, excessive
consumption of a typical Western diet high in saturated
fats and cholesterol is known to result in disruption of
energy metabolism and development of obesity and
insulin resistance. However, how these high-fat, energy-
dense diets affect bone development, morphology, and
modeling is poorly understood. Here we show that male
weanling rats fed a high-fat (HF) diet containing 45%
fat and 0.5% cholesterol made with casein (HF-Cas) for
6 wk displayed a significant increase in bone marrow
adiposity and insulin resistance. Substitution of casein
with soy protein isolate (SPI) in the HF diet (HF-SPI)
prevented these effects. Maintenance of bone quantity
in the SPI-fed rats was associated with increased under-
carboxylated osteocalcin secretion and altered JNK/
IRS1/Akt insulin signaling in osteoblasts. The HF-Cas
group had significantly greater serum nonesterified
free fatty acid (NEFA) concentrations than controls,
whereas the HF-SPI prevented this increase. In vitro
treatment of osteoblasts or mesenchymal stromal ST2
cells with NEFAs significantly decreased insulin signal-
ing. An isoflavone mixture similar to that found in
serum of HF-SPI rats significantly increased in vitro
osteoblast proliferation and blocked significantly re-
duced NEFA-induced insulin resistance. Finally, insu-
lin/IGF1 was able to increase both osteoblast activity
and differentiation in a set of in vitro studies. These
results suggest that high-fat feeding may disrupt bone
development and modeling; high concentrations of
NEFAs and insulin resistance occurring with high fat
intake are mediators of reduced osteoblast activity and
differentiation; diets high in soy protein may help
prevent high dietary fatinduced bone impairments;
and the molecular mechanisms underlying the SPI-
protective effects involve isoflavone-induced normal-
ization of insulin signaling in bone.—Chen, J.-R.,
Zhang, J., Lazarenko, O. P., Cao, J. J., Blackburn, M. L.,

Abbreviations: ALP, alkaline phosphatase; Cas, casein;
H&E, hematoxylin and eosin; HF, high fat; IGF1, insulin-like
growth factor 1; IRS1, insulin receptor substratel; LF, low fat;
NEFA, nonesterified free fatty acid; OGTT, oral glucose
tolerance test; PND, postnatal day; RT-PCR, reverse transcrip-
tion-polymerase chain reaction; SPI, soy protein isolate
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POSTNATAL DEVELOPMENT OF obesity is associated with
excessive consumption of a Western diet (defined as
having high levels of saturated fat and cholesterol).
Feeding a high-fat (HF) diet to rodents has been
reported to result in systemic insulin resistance and
metabolic syndrome (1). Development, maturation,
and modeling of the skeletal system in the pediatric
population are affected by nutritional status, dietary
factors, body composition, and the effects of weight
bearing (2). Increased bone marrow adiposity and
systemic insulin resistance are common features of
impaired bone quality/quantity in patients with a vari-
ety of conditions, such as obesity, chronic alcohol
abuse, diabetes mellitus, and aging (3-6). Therefore, it
is possible that insulin signaling in bone is critical for
maintaining bone marrow adiposity and bone mass at a
well-balanced level.

A variety of hormones and metabolites are elevated
in plasma of obese animals and humans, including
insulin, glucose, leptin, insulin-like growth factor 1
(IGF1), and nonesterified free fatty acid (NEFA) con-
centrations (7-11). Recent evidence in mice has shown
that the secretion of osteocalcin, particularly undercar-
boxylated osteocalcin, an osteoblast-derived active form
of the hormone, regulates insulin secretion, insulin
sensitivity, and energy expenditure in bone (12). Insu-
lin receptor signaling in osteoblasts has been suggested as
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a positive regulator of postnatal bone acquisition (13).
Particularly, recent clinical data have shown that being
overweight with insulin resistance and visceral adiposity
adversely influence adolescence bone mass (14).

Effective approaches to manage obesity are extremely
limited. Medication, weight loss programs, and dietary
interventions have been the most widely used. However,
presently there are only 2 medications approved in the
United States for long-term use, and they are associated
with a variety of side effects (15). Weightloss programs
have been successful; however, they are often accompa-
nied by significant bone loss, especially without appropri-
ate nutritional supplementation (16, 17). Furthermore,
obese children present a special problem, because appro-
priate interventions would need to improve body compo-
sition while simultaneously maintaining normal growth.
Dietary intervention may be a more appropriate choice.
In this regard, a soy protein isolate (SPI) diet has been
investigated as a candidate for the prevention of meta-
bolic syndrome in early development (18). Soy foods have
been reported to have a variety of health benefits includ-
ing improved insulin sensitivity, weight management, and
improved body composition (19). Prevention of bone loss
in both adult humans and animal models of osteoporosis
has also been reported for soy foods (20-22). Activation
of AMP-kinase in adipose tissue and skeletal muscle has
been implicated in the improvement in lipid and glucose
signaling after soy feeding in mice (23). The effects of a
soy diet on bone have been attributed to potential estro-
genic actions related to its high content of phytoestrogens
such as genistein and daidzein, which are isoflavones
structurally similar to 17B-estradiol (24-26). Dietary fac-
tors other than isoflavone components, including unchar-
acterized peptides appearing in serum after feeding soy
diets, may have effects on bone and other organ systems.
We have recently demonstrated positive actions of soy diet
on systemic insulin resistance (18).

The current study was designed to explore the po-
tential link between NEFA, insulin sensitivity, and os-
teoblastic cell differentiation and activity in the young
HF fed rat as a model of childhood obesity. Our data
suggest that NEFA, bone insulin resistance, and re-
duced osteoblastic cell differentiation and activity ap-
pear to be central mediators of HF-induced impair-
ment of bone development and modeling. We further
found that SPI-containing diets blocked the impair-
ment of bone formation and modeling during early
development, and this occurs with reduced bone adi-
posity and improved bone insulin sensitivity.

MATERIALS AND METHODS

Animals and diets

Male Sprague-Dawley rats were purchased from Harlan Indus-
tries (Indianapolis, IN, USA), arrived on postnatal day (PND)
20, and on PDN24 were randomly assigned to one of 4 groups
(n=10). Rats were fed one of 4 diets: a standard low-fat (LF;
5%) AIN-93G diet formulated with casein (Cas) as the sole
protein (LF-Cas); an LF diet made with the AIN-93G diet
formula, except that Cas was replaced with SPI (LF-SPI); an
HF /high-cholesterol diet containing 18.8 M]/g energy, 195
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g/kg Cas protein, 483 g/kg carbohydrate, 210 g/kg anhy-
drous milk fat, 5 g/kg cholesterol, and 50 g/kg cellulose fiber
(HF-Cas); and the same HF diet as the preceding, except
thatCas was replaced by SPI (HF-SPI) plus supplemental
amino acids. Thus, there were 2 LF diets, one with Cas
(LF-Cas) and one with SPI (LF-SPI), and 2 HF diets, one with
Cas (HF-Cas) and one with SPI (HF-SPI). Rats were fed their
respective diets from PND24 to PND68. The HF-SPI group
had ad libitum access to food and water, but the other 3 groups
were pair fed to the HF-SPI based on total calories. Since
pair-fed rats consumed all their food, consumption was tightly
controlled among the 4 groups. Rats were housed in an
Association for Assessment and Accreditation of Laboratory
Animal Care-approved animal facility at the Arkansas Chil-
dren’s Hospital Research Institute with constant humidity
and lights on from 06:00 to 18:00 at 22°C. Physical activity
among groups of animals was expected to be similar. All
animal procedures were approved by the Institutional Animal
Care and Use Committee at University of Arkansas for
Medical Sciences. Rat body weights were monitored 2X/wk.
At 7 d prior to killing, rats were given a standard oral glucose
tolerance test (OGTT), and tail blood was taken as described
previously (18). At the completion of the experiment, rats
were anesthetized by injection with 100 mg nembutal/kg
body weight (Avant Laboratories, Avant, OK, USA), followed
by decapitation, and legs and serum were collected. Gonadal
and abdominal fat tissues were also taken, and their weights
were recorded. Serum insulin concentrations were measured
using an ELISA (EZRMI-13K) for rat serum (Linco Research,
St. Charles, MO, USA). Serum glucose was measured using
the glucose oxidase method (IR070; Synermed, Westfield, IN,
USA).

Bone analyses

Micro-computed tomography (CT) measurements of trabecular
of the tibial bone were evaluated using a Scanco microCT
scanner (LCT-40; Scanco Medical AG, Bassersdorf, Switzerland)
at 6 um isotropic voxel size with an X-ray source power of 55 kV
and 145 pA and integration time of 300 ms. The grayscale
images were processed by using a low-pass gaussian filter (0=0.8,
support=1) to remove noise, and a fixed threshold of 220 was
used to extract the mineralized bone from the soft tissue and
marrow phase. Cancellous bone was separated from the cortical
regions by semiautomatically drawn contours. A total of 120
slices starting from ~1 mm distal to growth plate, constituting
0.70 mm length, was evaluated for trabecular bone structure by
using software provided by Scanco, as described in detail previ-
ously (27).

Bone hematoxylin and eosin (H&E) staining on decalci-
fied tibia sections was carried out using the standard protocol
from a VectaStain ABC kit (Vector Laboratory, Burlingame,
CA, USA).

Serum bone turnover markers and NEFAs

The serum bone formation marker alkaline phophatase (ALP)
and the serum bone resorption marker procollagen cross-links
RatLaps were measured by Rat-MID ALP ELISA and RatLaps
ELISA, respectively, from Nordic Biosciences Diagnostic (Her-
lev, Denmark). Serum undercarboxylated osteocalcin and total
osteocalcin (including in culture medium) levels were measured
by an ELISA-based kit from Takara Bio (Otsu, Japan). An ELISA
test for a carboxy-terminal peptide fragment of type 1 collagen
levels was performed using enzyme immunoassay kits from TSZ
ELISA (TSZ Scientific, Framingham, MA, USA). Total NEFAs
(Wako Diagnostics; Wako Chemicals, Richmond, VA, USA) were
measured using standard ELISA method according to proce-
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dures provided by the manufacturer. NEFA composition in
serum was characterized and quantified using a Shimadzu
QP-2010 GC-MS (Shimadzu Corp., Kyoto, Japan) after TLC
separation.

Cell culture

Bone marrow stromal cell line ST2 or osteoblastic cell line
OB6 was cultured in o-MEM supplemented with 10% FBS
(Hyclone, Logan, UT, USA), penicillin (100 U/ml), strepto-
mycin (100 pg/ml), and glutamine (4 mM). For different
assay purposes (mRNA, proteins), different sizes of cell
culture plates were used, and cells were treated in the
presence or absence of NEFAs, isoflavone, insulin, and IGF1
for different durations (see Results). Free acids were dissolved
in 95% ethanol at 60°C and then mixed with prewarmed BSA
(10%) to yield a stock concentration of 8 mM. Working
concentrations of NEFAs and isoflavone were adjusted to
ratios similar to their appearance in serum from HF-Cas and
SPI diet rats respectively. Individual isoflavones were pur-
chased from Plantec, Reading, UK, and NEFAs were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Western blotting and coimmunoprecipitation

Right tibial bone tissue and in vitro cellular proteins were
extracted for Western immunoblot analysis using cell lysis
buffer as described previously (10). Briefly, after cleaning of
surrounding connective tissues and aspiration of bone mar-
row cells, tibia was smashed to small pieces using surgical
pliers. After adding ~400 ml of cell lysis buffer, bone tissues
were homogenized using a tissue homogenizer. Western blot
and coimmunoprecipitation analyses were performed using
standard protocols. The following primary antibodies were
used: p-IRS1(Ser307); rabbit, polyclonal (catalog no. 07-247;
Millipore, Billerica, MA, USA); p-IRS1(Tyr612), rabbit, poly-
clonal (ab66153; Abcam, Cambridge, MA, USA); T-IRSI,
rabbit, polyclonal (2382; Cell Signaling; Danvers, MA, USA);
p-Akt, rabbit, polyclonal (sc-135650; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA); T-Akt, rabbit, polyclonal (9272;
Cell Signaling); B-actin, mouse, monoclonal (al978; Sigma-
Aldrich); p-JNK, mouse, monoclonal (J4750; Sigma-Aldrich);
and TJNK, mouse monoclonal (SAB4200176; Sigma-Aldrich). Sec-
ondary antibodies were purchased from Santa Cruz Biotechnology
(goat antirabbit IgG, sc-2004; goat anti-mouse IgG, sc-2005).
Blots were developed using chemiluminescence (Pierce Bio-
technology, Rockford, IL, USA) according to the manufac-
turer’s recommendations.

RNA isolation, real-time reverse transcription-polymerase
chain reaction (RT-PCR)

RNA from bone tissues or cultured cells was isolated and
extracted using TRI Reagent (MRC Inc., Cincinnati, OH,
USA) according to the manufacturer’s recommendation,
followed by DNase digestion and column cleanup using
Qiagen minicolumns (Qiagen, Valencia, CA, USA; ref. 28).
Reverse transcription was carried out using an iScript
cDNA synthesis kit from Bio-Rad (Hercules, CA, USA). All
primers for real-time PCR analysis used in this report were
designed using Primer Express 2.0.0 software (Applied
Biosystems, Foster City, CA, USA) and are listed in Supple-
mental Table S1.

Statistical analyses

Numerical variables are expressed as means = sem. Compar-
isons between groups were performed with the nonparamet-
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ric Kruskall-Wallis test, followed with 2-by-2 comparisons
performed with a Mann-Whitney U test adjusted for multiple
comparisons. For paired measures, the nonparametric Wil-
coxon matched-pairs signed-ranks test was used. The critical P
value for statistical significance was P = 0.05.

RESULTS

SPI prevents HF-induced obesity, bone marrow
adiposity, and insulin resistance in bone

Rats were fed LF or HF diets made with either Cas or
SPI. Rats were pair-fed the HF-SPI diet. HF-Cas-fed rats
were heavier than LF-Casfed rats: 465.0 = 12.1 vs.
395.5 = 19.7 g, respectively (P=0.026). LF-SPI-fed rats
had the lowest body weight (P<0.05), and HF-SPI-fed
rats had body weights similar to the LF-Cas group
(Fig. 1A), suggesting that SPI-containing diets protected
against HF-induced weight gains. When regional fat pads
were expressed as percentage of body weight, the HF-Cas-
fed rats had larger abdominal fat pads (1.61+0.21%) and
gonadal fat pads (1.39+0.11%) than LF controls
(0.85+0.08 and 0.81£0.0%, respectively; P<0.05). The
LF-SPI diet group had smaller gonadal fat pads (P<0.05),
but similar abdominal fat pads compared with LF-Cas-fed
rats (Fig. 1B). Thus, SPI was able to prevent HF-induced
increases in rat body fat.

We performed an OGTT, and tail blood insulin
concentration measurement at PND61. In HF-Cas-fed
animals, greater serum glucose and insulin concentra-
tions were found at 60, 90, and 150 min after glucose
challenge compared with the other groups (P<0.05;
Fig. 1C). Insulin sensitivity was the greatest in the
LF-SPI group and similar between the LF-Cas and
HF-SPI groups (Fig. 1D). This was accompanied by
prevention of hyperglycemia in the HF-SPI group com-
pared with the HF-Cas group (Fig. 1C).

To determine whether SPI could block or prevent
bone marrow adiposity, analyses of tibia bone/bone
marrow histology were conducted. H&E staining re-
vealed the HF-Cas-fed rats had excessive fat deposition
in the bone marrow, while bone marrow adiposity did
not differ significantly between LF-Cas, LF-SPI, and
HF-SPI groups (Fig. 24). We examined insulin signal-
ing in bone tissue and found that phosphorylation at
the inhibitory site Ser307 on insulin receptor substrate
1 (IRS1) was substantially increased while phosphory-
lation of Tyr612 was decreased on IRSI in the bone of
HF-Cas-fed rats (Fig. 2B) despite total IRSI1 appearing
to be lower in the HF-Cas group. No effects were found
in the other groups, suggesting that SPI blocked HF-
induced phosphorylation of IRS1 in bone. In accor-
dance with these data, Akt phosphorylation was mark-
edly down-regulated in bone from the HF-Cas group
compared to the LF-Cas group (Fig. 2B). The LF-SPI
diet group increased Akt (Thr308) phosphorylation in
bone compared with LF-Cas (Fig. 2B). Consistent with
previous data in mouse liver (29), rats fed HF-Cas also
exhibited a substantial elevation of JNK phosphoryla-
tion in bone (Fig. 2B). There were no significant
differences in JNK phosphorylation status among the
other groups (Fig. 2B). Phosphorylated IRS1 (Ser307
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and phosphorylated JNK were coimmunoprecipi-
tated with JNK when bone proteins from HF-Cas-fed
rats were subjected to a coimmunoprecipitation ex-
periment (Fig. 2C). SPI diet prevented this HF-
induced increase of p-JNK and p-IRS1 association in
bone (Fig. 2C).

SPI prevents HF-induced impairment of bone quality

MicroCT analysis of tibial bones revealed their pheno-
types represented in images presented in Fig. 3A.
Specifically, bone volume, trabecular number, and tra-
becular thickness were all decreased in HF-Cas-fed rats
compared to LF-Cas-fed animals (Fig. 3B). These pa-
rameters were highest in the LF-SPI group (Fig. 3B).
However, trabecular spacing was greater in HF-Cas-fed
rats compared with the other groups. Impaired bone
acquisition in HF-Cas-fed rats was consistent with our
previous observations in which we utilized a rat total
enteral nutrition model of HF feeding, while keeping
the body weights equal between groups, to demonstrate
that low bone quality was associated with development
of obesity (10). Serum bone turnover marker measure-
ments revealed that osteocalcin levels were lower in
HF-Cas-fed rats compared to the LF-Cas diet group
(Table 1). Undercarboxylated osteocalcin, an endo-
crine active form of osteocalcin secreted only by osteo-
blasts, was found to be the highest in the LF-SPI group,
and decreased in the HF-Casfed rats compared to
LF-Cas group (Table 1). There were no differences
between HF-SPI and LF-Cas groups, and this is re-
flected in the bone mass data presented in Fig. 3.
Serum NEFA concentrations in HF-Cas-fed rats were
almost 3 times higher than those in LF-Casfed rats
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(Table 1), while these levels did not differ among the
other groups compared to LF-Cas. Serum NEFA com-
position of HF-Cas-fed rats was also characterized and
quantified using a Shimadzu QP-2010 GC-MS after TLC
separation. We found that there were 5 major fatty
acids with ratios similar to results previously reported in
our laboratory (10), with palmitate (~200 wM) having
the highest concentration of fatty acids in serum of
HF-Cas-diet rats (data not shown). Quantitative real-
time PCR analysis of osteocalcin mRNA expression in
bone was very similar to its pattern in serum (Fig. 3C
and Table 1). Gene expression of another osteoblastic
cell activity marker, collagen type 1 (Coll), was also
lower in HF-Cas-fed rats compared to LF-Cas-fed rats
(Fig. 3C). There were no differences in Coll mRNA
expression between the LF-SPI groups and HF-SPI
controls (Fig. 3C).

Role of NEFAs

NEFAs from increased fat stores may be one of the most
important factors affecting bone in obesity. SPI con-
sumption results in appearance of many bioactive com-
pounds in blood. To date, isoflavones are the most
studied components associated with dietary soy and
have been found to have beneficial effects on bone
(30). Therefore, we assessed the serum isoflavone levels
in rats fed SPI diets using a method previously pub-
lished in our laboratory (31, 32). Total isoflavone
concentrations were in the range of 1 pM, and the
major isoflavone was the estrogenic daidzein metabo-
lite equol (32, 33). Next, osteoblastic OB6 cells were
treated with NEFAs in the presence or absence of
isoflavones. Concentration and ratios of individual
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NEFAs and isoflavones were similar to their appearance
in the serum of rats from HF and SPI, respectively. As to
NEFAs, 5 major fatty acids, palmitic, stearic, oleic,
linoleic, and arachidonic acid, were mixed in the ratio
of 5:1:2:3:1 at concentrations appearing in the serum of
HF-Casfed rats. Similarly, isoflavones is the mixture of glyce-
tein, genistein, daidzein, and equol with concentration of
each individual compound similar to their level in animal
serum after SPI diet. Treatment of cells with this NEFA
mixture for 3 d significantly decreased, whereas isoflavones
increased, osteoblast proliferation, reflected by the changes
in osteoblast numbers (Fig. 44). However, isoflavones did
not block NEFA-induced down-regulation of osteoblast
proliferation (Fig. 4A); suggesting that NEFAs and
isoflavones have independent effects on osteoblastic
cell proliferation. To further obtain mechanistic expla-
nations for our in vivo observations, we next studied
insulin signaling in osteoblasts after 24 h treatment with
NEFAs in the presence or absence of isoflavones. We
found that NEFAs not only phosphorylated IRS1 at its
inhibitory site Ser307, it also inhibited total IRS1 ex-
pression (Fig. 4B). More strikingly, NEFAs down-
regulated both phosphorylated and total Akt expres-
sion (Fig. 4B) and substantially phosphorylated JNK
(Fig. 4B). Isoflavone treatment had opposite effects on
osteoblasts, inhibiting IRS1 phosphorylation and up-
regulating total IRSI expression (Fig. 4B). Moreover,
isoflavones increased Akt phosphorylation and total
Akt expression and decreased JNK phosphorylation
(Fig. 4B). All the above observed effects of NEFAs were
completely abrogated by cotreatment of osteoblasts
with isoflavones (Fig. 4B). In the presence of insulin in
the cell culture, the status of p-Akt and p-IRS1 were
similar between control and isoflavone treatment (Sup-
plemental Fig. S1). ST2 cells were similarly treated with
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Figure 2. Cofeeding SPI diet prevents HF-induced bone
marrow adiposity and insulin resistance in bone. A) Repre-
sentative H&E staining images of increased bone marrow
adiposity in tibial bone section from HF-induced obese ani-
mals (X10). White arrows are pointing to trabecular bone
spicule; black arrows are pointing to adiposity. B) Western
blots of phosphorylated IRS1 (p-IRS1; Ser307 and Tyr612),
total IRS1 (T-IRS1), phosphorylated Akt (p-Akt, Thr308),
total Akt (T-Akt), B-actin, phosphorylated JNK 1 and 2
(pJNKI, 2), and total JNK 1 and 2 (T-JNKI, 2) are depicted
for 3 samples from the 4 diet groups. C) Western blots
showing coimmunoprecipitation of endogenous p-IRSI, p-
JNK, and JNK in triplicate from pooled proteins isolated from
bones from the 4 diet groups. Proteins were isolated from
long bone after aspiration of bone marrow cells; 10 samples
from each group were pooled to 3 samples/group.

NEFAs in the presence or absence of isoflavone. NEFAs
significantly down-regulated mRNA expression of well-
known osteoblastic cell differentiation markers Runx2,
osterix, and ALP in ST2 cells (Fig. 4C), indicating that
NEFAs also suppress osteoblast differentiation, which is
consistent with our previously published data (10, 34).
Isoflavones did not significantly change Runx2 and
osterix mRNA expression, but significantly up-
regulated ALP mRNA expression (Fig. 4C). However,
in the presence of osteoblastic cell differentiation me-
dium (ob medium), isoflavones significantly increased
Runx2 and osterix gene expression (Supplemental Fig.
S2). Interestingly, isoflavones blocked NEFA-induced
down-regulation of osteoblast differentiation markers,
with the exception of osterix (Fig. 4C). Similar to
results shown in osteoblasts, isoflavones completely
inhibited the effect of NEFAs on insulin signaling
indicated in Western blot results on phosphorylation of
IRS1 and Akt in ST2 cells (Fig. 4D).

The 4 free fatty acids that mainly compose NEFAs
were also individually tested at the concentration that
appeared in rat serum to determine their effects on
JNK phosphorylation in osteoblasts. Sustained JNK
phosphorylation was found in cells treated with
palmitic, oleic, and linoleic acid (Fig. 5A). Palmitic
acid not only activated JNK, but also increased the phosphor-
ylation of IRSI (Fig. 5B). JNK inhibitor SP600125 abolished
the effects of palmitic acid on phosphorylation of both IRS1
and JNK in osteoblasts (Fig. 5B). Most important, when
osteoblasts were treated with NEFAs, phosphorylated IRS1
and phosphorylated JNK were coimmunoprecipitated with
JNK (Fig. 5C). Isoflavones prevented this NEFA-induced
increased association of pJNK and p-IRSI in osteoblasts (Fig.
5C). The interaction between phosphorylated IRS1 and JNK
associated with NEFA treatment in osteoblasts was similarly
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Figure 3. SPI diet prevents HF-induced impairment of
rat bone acquisition. A, B) Quantitative micro-CT anal-
ysis of the proximal tibial in rats fed 4 different diets
(n=4rats). A) Representative images. B) Bone volume/
tissue volume (BV/TV; %); trabecular number (Th. N;
no./mm); trabecular thickness (Tb. Th; mm); trabecu-
lar spacing (Th. Sp; mm). C) Total RNA isolated from
bone and quantitative real-time PCR analyses confirmed
the significant down-regulation of osteocalcin gene, as

well as Coll mRNA, from HF-Cas-fed rats compared to those from LF-Casfed rats. Cathepsin K is up-regulated in
HF-Cas-fed rats. Data are expressed as means * sEM (n=10/group). Means with different letters differ significantly

(P<0.05).

revealed in bone samples (Fig. 1C). These data suggest that
the effect of HF on insulin signaling in bone i vivo and in
osteoblasts in vitro is, at least in part, due to elevated serum
NEFAs. Isoflavones appear to mediate the effects of SPI by
attenuating insulin resistance in bone after HF feeding.

Effects of insulin in osteoblastic cells

We have demonstrated that HF or NEFA exposure results
in insulin resistance. To address whether insulin has an
effect in osteoblastic cells, we treated OB6 and ST2 cells
with insulin and IGF1. In OB6 cells, insulin and IGF1 were
able to significantly stimulate secretion of osteocalcin and
CICP, a de novo collagen synthesis marker measured in
cell culture medium (Fig. 64, B). With insulin or IGF1
treatment, OB6 cells clearly showed increased Akt and

IRS1 phophorylation (Fig. 6D). In ST2 cells, following
treatment with insulin or IGF1, mRNA expression of all 3
osteoblast differentiation markers, ALP, osterix, and
Runx2, was significantly increased compared with un-
treated cells (Fig. 6C). Similar to the results we found in
OBG6 cells, phosphorylation of Akt and IRS1 was higher in
ST2 cells following insulin or IGF1 treatment compared
to those without treatment (Fig. 6L). These data suggest
that insulin significantly stimulated osteoblast activity and
differentiation in vitro.

DISCUSSION

The current study suggests that insulin resistance ob-
served in the bone of rats fed a HF diet may be due to

TABLE 1. Effects of HF and SPI diet on serum bone turnover markers

PNDG68 male, 6 wk diet

Marker LF-Cas HF-Cas HF-SPI LF-SPI
Osteocalcin (ng/ml) 541.3 + 35.1 479.2 *+ 59.7% 519.2 + 28.8 555.3 + 62.0
Undercarboxylated osteocalcin (ng/ml) 5.08 = 0.17 3.97 + 0.31* 5.03 = 0.39 5.67 = 0.27
ALP (nU/min) 0.315 = 0.05 0.367 = 0.07* 0.366 = 0.11 0.368 *+ 0.12
RatLaps (ng/m) 30.3 = 3.8 30.2 = 4.2 30.6 = 5.0 315 +9.7
NEFAs (mM) 0.13 = 0.01 0.35 * 0.06%* 0.17 = 0.01 0.11 = 0.02

Serum bone formation markers total osteocalcin, undercarboxylated osteocalcin, and ALP; resorption marker RatLaps; and NEFA levels
were measured using standard ELISA methods. *P < 0.05 vs. LF-Cas; ¢ test.
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B) Western blots for phosphorylated and total IRS1, Akt, and JNK in OB6 cells in triplicate after 24 h treatment.
C) ST2 cells were treated with NEFAs, isoflavone, and their combination for 3 d; cell RNA was isolated, and
real-time PCR analyses showed changes in mRNA expression of 3 different osteoblast (OB) differentiation
markers, ALP, Runx2, and OSX (osterix). Data are expressed as means * SEM (triplicate). Means with different
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triplicate after 24 h treatment. Isof, isoflavone.

elevated NEFAs. In addition, the impaired bone quan-
tity in rats fed an HF diet may be due to decreased
secretion of undercarboxylated osteocalcin, and this is
consistent with recently published studies using an
osteoblastic cell-specific insulin receptor-knockout ani-
mal model in mice (12, 13). SPI incorporated into the
HF diet prevents increased bone marrow adiposity,
skeletal insulin resistance, and impaired glucose toler-
ance. This protective effect on bone by SPI appears to
be, at least in part, due to the appearance in serum of
isoflavones derived from SPI. Although the changes in
bone structure may differ between obesity (35) and sex
steroid deficiency (26), our results are consistent with
the protective effects of isoflavone on bone observed in
those previous studies.

It is well known that homeostatic control of blood
glucose is determined by 2 major factors: the concen-
tration of insulin in the circulation and insulin sensitiv-
ity at target organs. Progression of insulin resistance
toward glucose intolerance occurs in obesity due to
increased demand for insulin and failure of pancreatic
cells to meet this demand (36). While this has been
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documented for various organs, surprisingly, it has not
been established in bone. Bone-forming cells highly
express insulin receptor, and a recent rodent study
suggested that insulin receptor signaling in osteoblasts
is a significant determinant of whole-body glucose
homeostasis (37). This is consistent with the results
described in the present report. For example, IRS1/
Akt/JNK insulin signaling was significantly down-regu-
lated in bone of HF rats. Also, secretion of osteocalcin,
especially the undercarboxylated active form, and os-
teocalcin mRNA expression were significantly lower in
bone from HF animals.

Similar to JNK activation in hepatocytes, pancreatic
B-cells and other peripheral sites by free fatty acids
(38), the mechanisms leading to JNK activation in bone
by NEFAs are unknown. However, the consequences
may be the same, i.e., inhibition of insulin signaling.
Recently, JNK activation was not only shown to be
involved in inhibition of insulin signaling by elimina-
tion of Akt activation, but also involved in p53-mediated
cell senescence pathways (39). It has been reported
that p53 is a JNK substrate (40) and pretreatment with
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Figure 5. NEFAs activate JNK and IRS1, while isoflavone dissociates them in osteoblasts. A) Western blots showing time course
of JNK activation (phosphorylation) after OB6 cells were treated with oleic, palmitic, linoleic, arachidonic acid, and BSA as
control. B) Western blots showing phosphorylation of IRS1 and JNK in OB6 cells after cells were treated with palmitic acid (PA)
and JNK inhibitor SP600125 in duplicate for 2 h. C) Western blots showing coimmunoprecipitation of endogenous p-IRS1,
pJNK, and T-JNK after OB6 cells were treated with NEFAs, isoflavone, and their combination in duplicate for 2 h.

the specific JNK inhibitor not only decreases senes-
cence, but also induces apoptosis (41). In sharp con-
trast, JNK deficiency has also been reported to cause
pb3-dependent senescence in primary murine fibro-
blasts isolated from embryos (39). Nonetheless, we have

shown that increased phosphorylation of JNK along
with IRSI in NEFA-treated osteoblasts resulted in insu-
lin resistance in this particular cell type. Oleic and
palmitic acid may be more potent than other NEFAs,
and they may be critical in vivo in HF-induced obesity
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Figure 6. Insulin activates osteoblast and stimulates cell differentiation. A, B) Secreted osteocalcin (OC; A) and cross-linked
C-telopeptide of typel collagen (CI1CP; B) in culture medium were measured using ELISA after OB6 cells were treated with
either insulin or IGF1 (10 nM) for 3 d. C) ST2 cells were treated with either insulin or IGF1 (10 nM) for 3 d, and osteoblastic
cell differentiation markers ALP, Runx2, and OSX (osterix) mRNA expression were determined using real-time PCR. D) OB6
cells were treated with either 10 nM insulin or 10 nM IGF1 for 2 h (duplicated). Western blots for phosphorylated Akt and IRS1,
total Akt, IRS1, and B-actin are shown. E) ST2 cells were treated with either 10 nM insulin or 10 nM IGF1 for 2 h (duplicated).
Western blots for phosphorylated Akt and IRS1, total Akt, and B-actin are shown. *P < 0.05 vs. control.
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leading to JNK activation, IRS Ser/Thr phosphoryla-
tion, and down-regulation of insulin receptor signaling
in osteoblastic cells. In addition, a previous study has
shown that palmitate can exert lipotoxic effects in
osteoblasts due to mechanisms relating to fatty acid
synthesis and Runx2 binding (42); this may explain the
suppressive effects of NEFA on osteoblast differentia-
tion reported in the current study. Insulin induces
production of the insulin secretagogue osteocalcin
(Fig. 6A), which may influence glucose utilization (37).
Although we did not provide direct evidence of associ-
ation between insulin resistance and osteocalcin in
osteoblasts in HF rats, insulin resistance was accompa-
nied by decreased undercarboxylated osteocalcin secre-
tion in vivo. Osteoblastic cells were further shown to
have increased osteocalcin secretion after insulin and
IGF1 stimulation. We believe that our present report
demonstrates for the first time that insulin resistance is
associated with HF feeding in bone and osteoblasts.
Interestingly, increased bone marrow adiposity was
reported in anorexia nervosa, and this was also associ-
ated with insulin resistance (43). Such insulin resis-
tance occurring in osteoblasts may directly alter the
function of cells leading to bone deterioration. Using
genetically modified animal models, it may be possible
to untangle this relationship.

Significant decreases in both gonadal and abdominal
fat pad weights in the HF group with coadministration
of SPI are consistent with recent studies demonstrating
that soy-containing diets or soy diet-derived phytoestro-
gens, such as genistein, have antilipogenic effects in
ovariectomized rodents (44) and effects on osteoblastic
cell differentiation (45). Moreover, previous studies
have also shown that dietary soy protein reduces cardiac
lipid accumulation and ceramide concentration in HF
diet-fed rats and ob/ob mice (46). These findings
agreed with our recently published data, which re-
vealed that feeding SPI-containing diets blocked HF-
induced systemic insulin resistance and maintained
lipid homeostasis (18). Our current results were con-
sistent with our previous observation in which both soy
infant formula-fed infants and piglets showed lower
total body fat but increased bone acquisition rate
compared to controls (47). Compared with HF alone,
serum NEFA levels in the HF-SPI group were signifi-
cantly decreased in the present study, reflecting adi-
pose tissue mass as the primary source for NEFA rather
than HF diet itself. Although the positive effect of SPI
on trabecular bone is consistent with our previous
observations, the current data also indicated that bone
mass was significantly protected from the effects of HF
by SPI. We believe that this may be clinically applicable.
In both humans and experimental animals, the most
recent studies on dietary intervention for obesity use a
caloric restrictive diet, but this diet is linked to a
concomitant accelerated bone loss and increased risk
of fracture (48, 49). The protective effect of SPI diet on
decreased bone acquisition associated with HF feeding
has been suggested to be due at least in part to
isoflavones. Since these SPl-associated isoflavones are
structurally similar to 17-B-estradiol, a majority of the
research has focused on their estrogenic effects on
bone (45); they may also exert nonestrogenic effects on
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bone (30, 33). We have recently addressed such differ-
ential effects between SPI and estrogen on bone (33).
However, to definitively elucidate isoflavones anti-
NEFA effect on bone, an in vivo isoflavone and NEFA
coadministration experiment may be necessary in fu-
ture studies.

In summary, feeding young prepubertal rats a diet
composed of Cas protein and high in saturated fat and
cholesterol produced adiposity characterized by in-
creased bone marrow fat stores, bone insulin resistance,
and compromised bone quality. High levels of NEFAs
acting through undercarboxylated osteocalcin secre-
tion and IRS1/Akt insulin signaling in osteoblasts were
shown to impair bone quality in vitro. Replacing Cas
protein in the HF diet with SPI prevented bone adipos-
ity and bone insulin resistance, and this was associated
with lower serum NEFA concentrations and improved
bone quality. Isoflavones were shown in vitro to prevent
NEFA-induced impairment of osteoblast differentiation
and insulin signaling pathway and therefore are candi-
dates for the bioactive components within SPI respon-
sible for preventing HF-induced bone impairment in

rats.
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