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Abstract 

Background: Obesity is a growing epidemic and it is associated with a variety of chronic 

diseases. Recently, it has been recognized that excess adiposity and associated metabolic 

dysregulation during skeletal growth may also negatively affect bone health. The 

spontaneously hyperphagic, Otsuka Long Evans Tokushima Fatty (OLETF rat) has 

emerged as model for studying the effects of obesity and insulin resistance on skeletal 

development and maintenance. Traditionally, the consumption of dairy and milk-based 

proteins has been recommended for the development of strong and healthy bones. In recent 

years, soy-based proteins have emerged as popular plant-based alternatives. Soy protein, 

which contains the isoflavone phytoestrogens, reportedly improves metabolic and bone 

health in postmenopausal women. However, the effect of soy protein on metabolic health 

outcomes and skeletal development relative to milk protein during skeletal growth has not 

been investigated. Objective: To examine the effects of isocaloric, isonitrogenous diets 

containing milk protein isolate (MPI), soy protein isolate (SPI), or a 50/50 combination of 

the two (MIX) on metabolic health indicators, maximum muscle tension, bone turnover 

markers, and trabecular, cortical and biomechanical properties of the tibia in spontaneously 

hyperphagic, insulin resistant, adolescent male OLETF rats. Methods: This was a 16-week 

study of spontaneously hyperphagic, adolescent male OLETF rats, in which animals had 

ad libitum access to experimental diets containing MPI, MIX, or SPI. Final body mass, 

metabolic health indicators, maximum muscle tension and bone turnover markers were 

measured at ~20-weeks of age (n=9-10 animals per group). Tibia trabecular 

microarchitecture and cortical geometry were measured by micro-computed tomography 

(µCT), biomechanical properties were measured by torsional loading, and collagen and 
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AGE content were measured using fluorimetric assays. One-way ANOVA was used to test 

for significant differences among groups for metabolic outcomes and serum bone turnover 

markers. One-way ANCOVA with final body weight included as a covariate was used to 

determine differences among groups for all bone outcomes. A repeated measures two-way 

ANOVA (time, group) was used to test for significant differences among groups over time 

for body mass, food intake, calcium, phosphorus and isoflavone intake.  Results: At 20 

weeks of age, animals in each group were insulin resistant based on fasting glucose and 

insulin.  SPI significantly reduced total serum cholesterol compared to MPI and MIX 

(p<0.05), but did not affect other metabolic health markers, or maximum muscle tension. 

Fasting insulin was significantly reduced by MPI compared to MIX or SPI (p=0.006 and 

p=0.001, respectively). The serum bone formation marker N-terminal propeptide of type I 

collagen (P1NP) was significantly greater in MIX than in MPI (p=0.012), but the resorption 

marker C-terminal telopeptides of type I collagen (CTx) was not different among groups.  

P1NP/CTx was significantly greater in MIX than in MPI and SPI (p=0.006 and p=0.017, 

respectively). Trabecular spacing (Tb.Sp) of the tibia was significantly reduced in SPI 

compared to MIX (p=0.022), but cortical geometry and tibial biomechanical properties 

were not different among groups. Conclusions: SPI significantly reduced serum 

cholesterol concentration and decreased Tb.Sp compared to MIX, while MPI significantly 

reduced fasting insulin compared to MIX and SPI.  These results suggest that a diet 

containing SPI is not detrimental to metabolic health or skeletal development in 

spontaneously hyperphagic, adolescent male OLETFs rats, but it might in fact be beneficial 

for trabecular bone development and maintenance. In addition, these results suggest that a 

diet containing a combination of animal and plant-based proteins sources, such as MPI and 
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SPI, might promote the most favorable ratio of bone formation to resorption during skeletal 

growth.  
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Extended Literature Review 

Skeletal Growth and Development 

Human skeletal development 

 Development of the human skeleton begins in early embryonic life with the 

differentiation of cells into chondrocytes [1], and the proliferation and differentiation of 

mesenchymal stem cells (MSCs) into pre-osteoblasts and osteoblasts [2]. Chondrocytes 

secrete a template made of cartilage, which is eventually replaced by bone [3]. During 

skeletal growth, osteoblasts deposit an organic matrix composed primarily of type I 

collagen, and an inorganic matrix composed of hydroxyapatite. Osteoclasts resorb 

mineralize cartilage as part of the modeling/remodeling process.  In humans, expansion of 

bone mass occurs through intramembranous ossification on the periosteal and endosteal 

bone surfaces, and by endochondral ossification within epiphyseal growth plates [1]. Long 

bone longitudinal growth occurs in the growth plate through the chondrocytic production 

of cartilage, which matures, calcifies, and is subsequently resorbed and replaced by bones 

[1]. With the secretion of sex hormones at puberty, radial bone growth accelerates, while 

long both growth decelerates [4]. Eventually, cartilage at the epiphyseal growth plate is 

replaced by bone, the growth plate fuses, and longitudinal bone growth ceases [1, 3, 5]. 

However, intramembranous bone growth continues throughout the lifespan, as the outer 

skeletal envelope continues to expand by periosteal apposition, while the endosteal 

surfaces expand and contract depending on life stage [1]. Peak bone mass is usually 

achieved by the 2nd or 3rd decade of life [6, 7], at which point it begins to gradually decrease 

at rate of approximately 1% per year [8, 9]. In addition to providing structural support and 
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protection for vital organs, the skeleton also serves as a reservoir for calcium and 

phosphorus [3]. 

 

Rats as a model of skeletal development 

Young rats have been widely used to model the growth and development of the 

human skeleton [10]. The same mechanisms responsible for increasing bone mass in 

children also occur in growing rats [11]. While there are many similarities in skeletal 

development between humans and rats, the skeleton of rats differs from that of humans 

because the growth plates never truly close [10, 12]. Rats also lack Harversian remodeling 

systems [13], which play an important role in cortical remodeling in humans [11, 14]. The 

skeletal development of young and mature rats is mainly dependent on modeling, a highly 

synchronized process that involves bone formation at one site, and resorption at another 

[15]. Longitudinal growth of long bones occurs thorough endochondral bone formation at 

the growth plate, while radial bone growth occurs through periosteal expansion [16]. 

Endosteal expansion and endocortical bone resorption results in expansion of the medullary 

cavity [17]. After puberty, bone remodeling maintains the structural and mechanical 

integrity of the skeleton [4]. In addition to serving as a model of skeletal growth and 

development, rats have been widely used as a model of osteopenia and osteoporosis [18, 

19]. 

 

Hormonal regulation of bone formation and resorption 

 Bone modeling/remodeling is a tightly controlled process involving bone 

resorption and formation that continues throughout life and is necessary not only for 
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skeletal growth, but for the maintenance of normal bone structures [20]. During skeletal 

growth, the rate of bone formation exceeds that of bone resorption, and bone mass 

increases. The process begins with resorption of bone by osteoclasts, followed by new bone 

formation by osteoblasts, with a positive balance during growth and a negative balance 

with ageing [20].  Bone formation and resorption are tightly regulated and controlled by 

endocrine, paracrine and autocrine hormonal signals [3]. Hormones that affect bone 

formation and resorption will be discussed below. 

 

Hormones that regulate serum calcium concentrations 

 Calcitonin is a peptide hormone produced by the thyroid when serum calcium 

levels are too high. Calcitonin lowers serum calcium by inhibiting osteoclast activity in 

bones [21], stimulating osteoblast activity in bones [22] and inhibiting renal tubular cell 

reabsorption of calcium [23]. Parathyroid hormone (PTH), is synthesized by the 

parathyroid gland in response to low calcium levels, and it increases production of 

calcitriol, the active form of vitamin D. Calcitriol increase serum calcium by increasing 

intestinal calcium absorption [24], and it directly stimulates osteoblast proliferation and 

differentiation through RANKL [25]. PTH also inhibits osteoblast osteopretegerin (OPG) 

secretion, which inhibits the differentiation of osteoclasts [26]. RANKL stimulates 

osteoclastogenesis and osteoclast activity [27], which ultimately enhances bone resorption. 

Cortisol, a glucocorticoid stress hormone produced by the adrenal glands, also affects bone 

[28, 29]. At physiological levels, cortisol regulates the activities of osteoblasts and 

osteoclasts [29]. However, chronically elevated cortisol inhibits osteoblast activity, induces 

osteoblast apoptosis, and stimulates osteoclastogenesis and osteoclast activity [30].  
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Growth hormone and IGF-1 influence bone modeling and remodeling 

Growth hormone (GH) stimulates the synthesis and secretion of insulin-like growth 

factor-1 (IGF-1) in peripheral tissues, including the liver and bone. GH and IGF-1 are 

required for normal bone development and maintenance [31]. The effects of GH on bone 

appear to be mediated through the actions of systemic and localized IGF-1 [31, 32]. 

Osteoblasts express the IGF-1 receptor [33] and osteocytes can produce localized IGF-1 in 

bone [34]. IGF-1 directly stimulates osteoblastic differentiation and activity, as well as 

osteocalcin secretion and type I collagen synthesis in osteoblasts [33]. In addition, IFG-1 

stimulates longitudinal bone growth by stimulating growth plate chondrocyte proliferation 

and hypertrophy [35]. During periods of rapid growth, skeletal growth is modulated by 

IGF-1 through endocrine/paracrine and autocrine mechanism [36]. Kanbur et al. found that 

the timing of increased bone formation during the pubertal growth spurt is determined by 

the rate of increase of the IGF-1/insulin-like growth factor binding protein 3 (IGFBP-3) 

ratio [37]. In addition to expressing the IGF-1 receptor, chondrocytes also secrete IGF-1 

[36]. Global deletion of IGF-1 and its receptor leads to skeletal defects and cartilage 

changes that include reduced bone length. Insulin resistance is associated with impaired 

hepatic IGF-1 synthesis [38], and serum IGF-1 concentrations were significantly reduced 

in obese, insulin resistant women [39]. This evidence suggests that obesity and insulin 

resistance might impair IGF-1 secretion and receptor signaling during periods of skeletal 

growth. 
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Sex hormones and skeletal development 

Androgens, estrogens and progestogens are the three primary classes of sex steroid 

hormones. Androgens are C-19 steroids secreted primarily from the testes and adrenals, 

and their synthesis and metabolism has been extensively reviewed [15, 40, 41]. Androgen 

receptors (ARs) are found in all three bone cells: osteoblasts, osteoclasts, and osteocytes 

[10]. The AR is similar to other steroid receptors, and it is found primarily in the nucleus 

[42]. During puberty, increased production of sex hormones has a profound effect on 

skeletal growth and development [4].  Testosterone is the primary male androgen produced 

during growth and development, and it directly affects bone [43]. Testosterone binds the 

androgen receptor, which stimulates osteoblast differentiation and proliferation [10, 44, 

45], while simultaneously inducing osteoclast apoptosis [4, 10]. In gonadectomized rats, 

trabecular bone changes are characterized by increased bone turnover, and net bone loss 

[13, 46-49]. Changes in the trabecular bone compartment following gonadectomy are 

reminiscent of high-turnover osteoporosis with menopause [50-53]. For this reason, the 

orchidectomy (orch) male rat model has gained wide acceptance as a model of androgen 

deficiency and osteoporosis [19]. Several studies have shown an increase in osteoclast 

number and activity following orch [48, 54, 55]. In male rats, gonadectomy also decreases 

cortical bone volume [43, 56, 57], primarily by decreasing periosteal bone expansion [58]. 

In gonadectomized rat models, aromatizable and nonaromatizable androgens are bone 

sparing for trabecular bone [59, 60]. Androgens and low-dose estrogens also tend to 

stimulate cortical bone formation in male rodents [57]. Exogenous testosterone and 

estrogen administration also increases cortical area in orch mice and rats [61]. Androgens 
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might therefore protect males against osteoporosis by maintaining trabecular bone mass 

and stimulating cortical bone expansion [52, 57].    

In addition to its direct effects on bone, testosterone also affects bone via the 

aromatization of testosterone to estrogen [55]. Androgen action on the growth plate appears 

to be mediated by aromatization of androgens to estrogens [62] and their subsequent 

interaction with estrogen receptor-alpha (ERα) [63]. The bone-sparing effects of estrogen 

on bone have been widely reviewed [64-66]. Estrogen protects against bone loss by 

preventing osteoclastic bone resorption [66], while simultaneously reducing osteoblast 

apoptosis [67]. The loss of estrogen increases bone resorption in both males and females 

[68]. Estrogen attenuates bone resorption by reducing osteoclastogenesis and osteoclast 

activity [66], and by reducing the resorptive bone area [64, 69] . Binding of estrogen to its 

nuclear receptor might also activate downstream signal pathways such as RANKL/OPG, 

which is an important regulator of bone resorption [67, 70]. In menopause, cessation of 

ovarian hormone production and loss of estrogen predisposes women to osteoporosis and 

metabolic dysregulation [71].  

 Progesterone, the predominant progestogen, promotes bone formation [72] and 

osteoblast proliferation [73]. Osteoblastic matrix mineralization is also enhanced by 

progesterone treatment [74]. Taken together, these findings highlight the important role 

sex hormones play during skeletal growth and development. 

 

Effects of obesity and insulin resistance on skeletal growth and development 

Despite an epidemic of childhood obesity, the effects of obesity, insulin resistance 

and T2D on skeletal growth and development are poorly understood. Goulding et al. found 
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that overweight and obese children have low bone mass and bone area relative to their body 

weight [75]. In contrast, Leonard et al. found that obesity during childhood and adolescence 

was associated with increased vertebral BMD and increased whole-body bone size and 

mass relative to body weight [76]. Despite increased BMD, obesity is associated with an 

increased risk of foot, ankle, leg, and knee fractures in children [77, 78] De Simone et al. 

reported that the rate of bone growth increases in obese children prior to puberty, but it 

eventually declines and final adult height of obese and normal subjects is equal [79]. 

Whether childhood obesity differentially affects skeletal growth in males or females has 

not been determined.  Excess adiposity is associated with increased adipose-derived 

estrogen in young males [80], which might interfere with androgen activity [4], and 

negatively affect skeletal growth and development in males. In addition, obesity is 

associated with insulin resistance and chronic inflammation, both of which decrease bone 

formation and increase bone resorption [81]. For these reasons, understanding the effects 

of obesity and insulin resistance on skeletal growth is a topic that warrants further 

examination. 

 

Protein source may affect bone growth and health 

Protein makes up approximately 50% of the volume of bone and about one-third of 

its mass, and this protein matrix is continuously undergoing turnover and remodeling [82]. 

Recently, there has been growing interest in the effects of dietary protein amount and 

source on markers of bone health [83]. Dietary protein source may affect bone health, 

although whether animal- or plant-based proteins confer the most benefit is not clear [84]. 

In studies involving laboratory rodents, AIN-93 purified diets are formulated with casein 
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as the source of dietary protein [85].  Traditionally, the intake of cow-based milk proteins 

has been associated with improved bone health [86], due in large part to high levels of 

calcium and vitamin D. While milk-based proteins have remained popular among 

consumers, soy-based proteins have emerged as a popular vegetarian, plant-based 

alternative. In addition to their protein content, animal and plant-derived protein sources  

both provide other nutrients that can exert a positive influence on bone [87]. Nutrients such 

as calcium, phosphorus, zinc, iron, magnesium, vitamin C, vitamin D and vitamin K are 

required for skeletal growth. In addition to vital nutrients, both soy and milk protein contain 

other compounds that might positively affect bone health.  The unique characteristics of 

soy and milk protein will be discussed below.   

 

Soy protein  

Overview of soy protein 

A dramatic increase in soy consumption occurred during the last decade of the 20th 

century because of the consumer belief that soy might offer health benefits independent of 

its nutrient content [88]. In the United States, increased production and consumption of 

soy-foods during the last decade has been spurred on largely by the 1998 decision of the 

United States Food and Drug administration (FDA) to approve food-labeling claims for 

soy protein in the prevention of coronary heart disease [89]. Soy protein contains all of the 

essential amino acids, and is therefore a complete protein.   Soy protein has a high 

biological value similar to that of animal proteins [90]. From a nutritional viewpoint, whole 

soybeans are a rich source of protein, carbohydrates and fats [88]. Soybeans also contains 

high levels of potassium, phosphorus, calcium, folate, and vitamin K [91].  
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The processing of soybeans affects the nutritional content of soy food products 

significantly [92, 93], as heat processing, enzymatic hydrolysis and fermentation 

significantly alter the isoflavone distribution within soy foods [92]. Soybeans can be 

processed to produce isolated soybean proteins, which contain nearly 90% protein on a 

moisture-free basis [94]. For centuries, soybeans have been a major component of the 

Asian diet. Concurrently, Asians reportedly have a significantly lower incidence of 

osteoporotic-related fracture than westerners [95]. Vegetarians, a group of individuals with 

the highest soy consumption, have significantly lower levels of obesity, cardiovascular 

disease, and T2D than the average American [90]. Soy isoflavones, which act as 

phytoestrogens in vivo [96], have gained considerable attention for their reported role in 

disease prevention, and for their ability to improve bone health [88]. Specifically, soy 

consumption has been reported to improve markers of bone health and decrease fracture 

risk in postmenopausal women [97].  This has led many to believe that the consumption of 

soy protein may also improve metabolic health. In addition to improved metabolic health, 

soy isoflavones, bioactive soy peptides and the amino acid composition of soy protein 

might also affect bone [98] (Figure 1). 
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Figure 1 Potential mechanisms by which soy protein might directly and indirectly affect bone and increase 

bone strength. 

 

Soy isoflavones 

In addition to protein, soybeans contain isoflavones [96], which reportedly improve 

bone health in postmenopausal women [95, 99, 100]. Plant-derived compounds that have 

bind the estrogen receptors (ER) are termed “phytoestrogens.” One class of phytoestrogens 

are the isoflavones, which are structurally similar to 17β-estradiol [101]. Soybeans are a 

rich source of dietary isoflavones, predominately genistein and daidzein. Soy isoflavones 

can also be isolated from soybeans by acid washing [102].  Because soy isoflavones bind 

ERs in vivo [96], they have been characterized as naturally occurring selective estrogen 

receptor modulators (SERMs) [103]. Although isoflavones can bind to both the α and β 

isoforms of the receptor [104], they have a binding affinity ~20 greater for ERβ than to 

ERα [96].  Soy isoflavones also activate other signaling pathways that are essential to 

normal bone function.  In vivo, isoflavones may play a role in osteoblast differentiation 
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and proliferation by activating Smad(s) [105], decreasing RANKL levels [106], and 

increasing OPG expression by osteoblasts [106]. Because soy isoflavones can mimic the 

actions of estrogens [107], they have been widely studied in postmenopausal women as an 

alternative to hormone replacement therapy (HRT) [108]. Therefore, dietary soy 

isoflavones might reduce the negative effects of estrogen loss on bone, via their estrogen 

like-actions. 

 

Soy protein and bone in postmenopausal women/ovariectomized rodents 

While ovarian hormone loss has many negative consequences, the loss of estrogen 

production is especially detrimental to bone [68, 109] Postmenopausal osteoporosis affects 

a large percentage of women, and nearly half of women in developed countries will 

experience an osteoporosis-related fracture during the course of their lifetime [110]. While 

total body bone mineral density (BMD) declines during menopause, the loss of endogenous 

estrogen appears to have a much more negative impact on trabecular bone than on cortical 

bone [111, 112]. Women on average lose 50% of their trabecular bone and 30% of their 

cortical bone during the course of their lifetime, about half of which occurs in the first 10 

years following the cessation of menses [113].  Hip, vertebrae and ends of long bones 

consist largely of trabecular bone, and postmenopausal osteoporotic-related fracture risk is 

increased at these sites [114, 115]. 

Soy protein has received considerable interest for its potential ability to improve 

bone health in postmenopausal women. Epidemiological evidence suggests that dietary soy 

intake is positively associated with bone mineral content (BMC) and bone mineral density 

(BMD) [90, 95, 99]. In particular, soy intake is positively associated with increased BMC 
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and BMD of the hip and whole body [116]. A meta-analysis of randomized controlled trials 

also found improvements in BMC and BMD of the lumbar spine with soy consumption 

[117]. While some studies have shown improvements with soy, the existing literature is 

inconsistent, as several recent meta-analysis reported no effects of soy protein intake on 

BMD/BMC in postmenopausal women [100, 117, 118]. Thus, the effects of dietary soy 

protein on postmenopausal bone health remain largely inconclusive.  Inconsistencies in the 

current literature can be largely attributed to use of BMC and BMD as the primary bone 

outcome of interest. In addition, differences in study design (e.g., duration, form/dose of 

soy/isoflavone content) have made interpretation of the results challenging. 

Ovariectomized (OVX) rodents are often used to simulate human menopause 

because OVX induced bone loss in rats and postmenopausal bone loss share many similar 

characteristics [16]. In a 3-month feeding study, a soy protein diet effectively maintained 

bone formation rates after OVX compared to a casein-based diet [119]. While OVX is often 

used as a model of menopause, the abrupt decline in ovarian hormone production is not 

representative of the more gradual decline that occurs in the human condition. This makes 

clinical translation of the results challenging, as extended animal studies have found 

increased BMC and total bone volume, which is not consistent with the human condition 

[120, 121]. 

 

Effects of soy isoflavones on bone 

 In addition to soy protein, soy isoflavone have received a lot of attention due to the 

belief that they may directly benefit bone in in postmenopausal women, via their estrogen-

like activities. Ma et al. found that soy isoflavone intake of 90mg/kg/day for six months 
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significantly increased BMD of the spine in postmenopausal women [122]. Cotter et al. 

reported that in a yearlong trial, 54mg/day of genistein was as effective as HRT in 

attenuating menopause-related bone loss without causing any side effects [123].   Picherit 

et al. found that genistein and daidzein treatment (40µg/g body mass per day) reduced bone 

turnover in adult OVX rats, but it failed to improve BMD, or exhibit any estrogen like 

effects on the uterus [124]. Brandi et al. reported that genistein and daidzein were as 

effective at maintaining bone mass as estrogen in OVX rats [125]. Liu et al. found that the 

serum bone resorption marker tartrate resistant acid phosphatase isoform 5b (TRAP5b) was 

significantly reduced by daily isoflavone treatment (50mg/kg), and that soybean 

isoflavones might limit OVX-induced bone loss [126]. Unfortunately, the results of studies 

that examine isoflavone supplementation independent of soy protein intake are conflicting, 

as a meta-analysis concluded that most have shown no improvements in BMD or BMC in 

postmenopausal women [100]. In one intervention study, 341 postmenopausal Taiwanese 

women received 300 mg/day of soy isoflavones for two years, but saw no improvements 

in lumbar or femur BMD [127].  Thus, like soy protein, the effects of soy isoflavones on 

bone remain largely inconclusive.  

 

Soy protein and bone modeling/remodeling 

Bone remodeling is a lifelong adaptive mechanism that controls bone mass and 

microarchitecture through the coordinated and coupled activity of bone formation and 

resorption [17]. Estrogen plays a critical role in bone maintenance, so there is considerable 

interest in soy isoflavones and their potential ability to regulate bone remodeling by 

mimicking estrogen. Previously, it has been reported that soy protein favorably suppresses 
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bone turnover in postmenopausal women [122, 128, 129] and in ovariectomized rats [98, 

124]. In particular, soy isoflavones might be responsible for suppressing bone resorption 

in postmenopausal women [129-131]. Yan et al. found that soy protein significantly 

improved BMD, decreased bone resorption, improved trabecular bone microarchitecture 

and cortical bone properties in three-week old male C57BL/6 mice [132]. In another study, 

13-month-old male F344 rats fed soy protein had significantly improved trabecular 

microarchitecture; including trabecular thickness, separation, and number, than rats fed a 

standard casein-diet [133]. In these studies, soy appeared to have a protective effect by 

specifically suppressing resorption of trabecular bone regions. Soung et al. found a 

significantly higher ratio of osteocalcin to tartrate resistant acid phosphatase isoform 5b 

(TRAP5b) in mice fed a soy protein isolate, suggesting that soy protein may favorably 

facilitate bone formation [133]. Gaffney-Stomberg et al. have previously reported that rats 

fed soy protein isolate had significantly reduced circulating PTH and reduced turnover 

compared to rats fed a casein diet [134, 135]. At the cellular level, a SPI diet prevented 

high-fat casein-induced osteoblast senescence pathways in rats [136]. In primary osteoblast 

cultures, genistein and daidzein increased osteoblast proliferation and differentiation by 

specifically activating the Wnt/β-catenin pathway [106].  Thus, soy and its isoflavones may 

positively affect bone by activating osteoblasts and favorably altering the ratio of bone 

formation to resorption.  

 

Soy protein and metabolic health 

There is growing interest in soy protein due to the belief that it may improve 

metabolic health, especially in postmenopausal women. In addition to bone loss, 
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menopause is associated with weight gain [137], in particular, the preferential 

accumulation of intra-abdominal adipose tissue [71, 138]. Abdominal adiposity is 

associated with insulin resistance and an increased risk of developing type 2 diabetes (T2D) 

[139]. Compared to premenopausal women and age-matched males, postmenopausal 

women are more likely to develop insulin resistance [109]. Decreased estrogen likely 

accounts for the metabolic consequences of menopause. Therefore, in addition to its effects 

on bones, soy protein has been widely studied for its reported health metabolic health 

benefits [88, 140, 141]. In rats, soy protein consumption consistently reduces serum 

cholesterol levels and improves lipid metabolism [142-146]. Soy protein also lowers serum 

total and LDL cholesterol in humans [147, 148]. In comparison, casein-based diets tend to 

promote hypercholesterolemia and dyslipidemia in rats [142, 143, 149]. Soy protein might 

also improve metabolic health by reducing circulating lipids and the accumulation of 

visceral adipose [132, 150]. In one study, rats fed a long-term, high fat (HF)-Soy diet had 

significantly lower serum glucose, insulin, leptin, total cholesterol, and free fatty acids than 

animals fed a HF-casein diet [141]. Because leptin has been shown to directly induce bone 

resorption, decreased serum leptin following the consumption of soy might have a positive 

effect on the ratio of bone formation to resorption [151]. In male monkeys, soy protein 

increased insulin sensitivity and decrease plasma adiponectin by modulating PPAR-alpha 

expression [152]. This evidence suggests that dietary protein source may directly influence 

metabolic health.  
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Soy and reproductive development 

 

 In the United States, infants fed soy formula are the segment of the population that 

consumes the largest percentage of soy on a per weight basis [153]. Soy-based infant 

formula (SBIF) is now made with soy protein isolate (SPI) that contains isoflavones [153]. 

Total serum isoflavone levels of 1-5μM have been observed in human infants consuming 

SBIF [154].  SPI processed to contain lower levels of isoflavones reportedly provides 

infants significant health benefits compared to isolated isoflavones alone [153]. Because 

SBIFs account for more than 25% of the formula market, there is considerable interest in 

the safety and long-term health consequences of soy-based infant formulas [155]. In 

particular, there are concerns that soy might be feminizing in males [156], and that it might 

increase the risk of estrogen-dependent cancers in both males and females [157]. There is 

also concern that SBIF may negatively affect reproductive health and development in 

males and females [158].  One study found that breast tissue was more prevalent in infants 

fed SBIF at two years of age compared to those fed breast milk or cow’s milk-based 

formula [159]. However, Bernbaum et al. did not find changes in breast or genital 

development in infants fed SBIF [160]. Currently, the literature is equivocal, as there is not 

a clear consensus regarding the effects of SBIF on human reproductive health and 

development [158]. 

 

Soy isoflavone and androgen/estrogen interactions 

 Androgens play a vital role in skeletal and muscular development in both males and 

females [40]. Because of the estrogen-like activities of soy isoflavones, there is concern 

that soy might interfere with androgen activity, specifically in males. In addition to 
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influencing the biological activity of estrogens in females, isoflavones might also influence 

the biological activity of androgens in males [161]. Soy isoflavones reportedly modulate 

the activity of steroidogenic enzymes, which results in changes in circulating testosterone 

levels [162]. A cross-sectional study of Japanese men found that there was an inverse 

relationship between dietary soy intake and serum levels of testosterone and estrogen [163]. 

However, a recent meta-analysis found no effect of soy protein or isoflavone intake on 

testosterone levels in healthy men [164]. In another study, male Sprague-Dawley rats fed 

a phytoestrogen-rich diet had significantly lower plasma testosterone and androstenedione 

levels than rats fed a phytoestrogen-free diet [165]. However, serum testosterone levels in 

gonadectomized male rats fed SPI were not different from rats fed casein or whey [166]. 

Serum testosterone and testicular androgen levels in F1 rats increased in a dose-dependent 

manner following the addition of isoflavones to a soy protein-based diet [167]. Similarly, 

Leydig cell differentiation and proliferation increased in perinatal male rats given genistein 

and daidzein [168, 169] Thus, the results in human and rodent studies are conflicting, as 

some have shown increased androgen levels following soy protein and isoflavone 

consumption, while others have shown decreased levels. While the data regarding the 

effects of soy isoflavones on androgen levels is conflicting, there is evidence that 

isoflavones might suppresses androgen receptor expression [170-172]. Early lifetime 

exposure to isoflavones reportedly increases androgen sensitivity in a dose-dependent 

manner in male Wistar rats [161]. Unfortunately, most of the studies examining the effects 

of isoflavones on androgen receptor expression and sensitivity have only measured them 

in prostate tissue. In the future, more work is needed to determine if soy isoflavones affect 
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androgen receptor expression or sensitivity in bone, and whether or not these alterations 

are detrimental to skeletal growth and development. 

 

Soy protein may improve muscular quality and strength  

One of the main consequences of obesity and excess adiposity is the development 

of insulin resistance, and ultimately T2D [139]. T2D is a chronic disease characterized by 

hyperglycemia and disturbed carbohydrate, fat and protein metabolism [173]. Insulin plays 

a vital role in delivering nutrients to muscle tissue, and therefore, insulin resistance might 

directly impair muscle function. In addition to unfavorable changes in body composition, 

diabetics are reported to have significantly lower muscle quality than those without the 

disease [174]. Factors that contribute to muscle quality include fiber type, composition and 

size; contractile properties; innervation; capillarity and metabolic capacity [175]. Children 

in the highest and middle tertiles of absolute upper body muscular strength are significantly 

less likely to be insulin resistant than those in the lowest quartile [176]. In a well-

functioning cohort of older adults, muscle strength was negatively affected by increased 

adiposity and reduced muscle quality [177]. Because muscle quality and strength decline 

with age and T2D [178], more effective nutritional strategies are needed for the 

preservation of muscle mass and quality in these populations. Soy protein consumption 

reportedly improves insulin sensitivity in humans [179] and rats [180, 181], and therefore, 

it might also improve muscle function by increasing insulin sensitivity. In a study of elderly 

individuals, 50 g/day of a soy-protein-based nutritional supplement significantly improved 

handgrip strength at weeks 12 and 24, respectively [182].  Another study, found that daily 

treatment with genistein increased forelimb strength, reduced muscular necrosis, and 
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enhanced muscular regeneration in mdx mice, a murine model of muscular dystrophy 

[183]. If the consumption of soy protein improves insulin sensitivity and subsequently 

muscular function [152], it is reasonable to hypothesize that stronger muscles might also 

apply increased forces on bones. Since bone is an adaptive tissue that responds to 

mechanical stress [5], increased bone strength might result from greater muscular forces 

applied to bone [184]. Thus, by improving metabolic health, increasing insulin sensitivity 

and increasing androgen sensitivity [161], the consumption of soy protein might lead to 

increased muscular strength and stronger bones. 

 

Other components of soy may improve bone and metabolic health 

In addition to soy isoflavones, there is evidence that other constituents of soybeans 

may be responsible for their beneficial effects on metabolic health and bone. Soy beta-

conglycinin (βCG), a constituent of seed storage protein, has many reported physiologic 

effects, including a triglyceride lowering effect and the prevention of excess adipose 

accumulation [185-188]. Aoyama et al. reported the βCG significantly lowered plasma 

cholesterol and triglyceride levels in high-cholesterol diet-fed rats [185]. A triglyceride 

lowering effect of βCG in high-fat diet-fed normal and obese mice has also been reported 

[187]. Recently, Wanezaki et al. showed a significant decrease in fatty acid synthase gene 

expression and activity in OLETF rats when βCG was added to their casein-based diet 

[188].  In addition to metabolic health benefits, βCG has also been reported to be beneficial 

to bone. Akao et al. showed that PTH-related bone resorption and collagen breakdown 

were decreased, and BMD and bone strength increased in OVX-rats that were 
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supplemented with βCG [189].  To date, the mechanisms by which βCG might improve 

metabolic and bone health are not well understood.  

In addition to βCG, the amino acid composition of soy protein might also directly 

benefit bone. Despite containing phytates, there is growing evidence that soy-based diets 

may increase intestinal calcium absorption in rats [190]. Following soy protein 

consumption, expression of intestinal calcium transporters, specifically TRPV6, was 

increased in rats compared to casein controls [84]. Soy might increase calcium absorption 

through the direct effects of circulating aromatic amino acids on the calcium sensing 

receptor located on parathyroid cells [191]. Compared to milk-based proteins, soy proteins 

contain relatively high levels of arginine and lysine, which reportedly increase calcium 

absorption [192]. Increased BMC with long-term soy protein has been reported in 

postmenopausal women [193], and enhanced calcium absorption might potentially explain 

the beneficial effects seen with soy-based diets.   

Soy-based diets might also improve bone health by increasing circulating levels of 

GH and IGF-1. The consumption of soy protein increased GH and IGF-1 levels in rats [84]. 

The importance of GH and IGF-1 for normal bone growth and development is firmly 

established [31]. IGF-1 is a growth promoting-polypeptide that is essential for normal 

growth and development, and circulating levels of IGF-1 directly regulate bone growth and 

density [31, 32, 194]. Soy-based proteins contain high levels of the amino acid, arginine, a 

reported GH secretagogue [195]. A soy-protein-based diet significantly increased 

circulating IGF-1 in rats compared to a casing control diet [84]. In another study, rats 

supplemented with a fermented soybean product for 6-weeks had increased thickness of 

the epiphyseal growth plate and compact bone of the femur, elevated GH secretion, and 
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downstream GH receptor signaling compared to vehicle treated rats [196]. Circulating 

serum IGF-1 was significant greater when men consumed 40g of soy protein compared to 

40g of milk protein [197]  In particular, trabecular bone formation and osteoblastic cell 

proliferation appear to be strongly controlled by IGF-1 expression [198]. These findings 

support the hypothesis that improvements in bone health following soy consumption might 

be the result of increased levels of circulating system and localized GH and IGF-1. These 

findings lend credence to the belief that the skeletal benefits of soy are not solely dependent 

on the estrogen-like activities of soy isoflavones. 

 

Effects of dairy consumption on bone and muscle  

Overview of milk-based protein  

Traditionally, the consumption of dairy and milk-based proteins has been 

recommended for optimal skeletal development because they are excellent sources of 

dietary calcium and vitamin D [86]. High animal-based protein diets might also augment 

intestinal calcium absorption and provide greater skeletal benefits than plant-based 

proteins, such as soy protein [199]. Milk contains several beneficial components for 

intestinal calcium absorption, such as lactase [200] and phosphopeptides [201], which are 

formed by the proteolytic digestion of milk casein. Milk is also recommended for bone 

growth and development because it has a functional role in the growth of newborn animals 

and is an excellent source of nutrients for humans [202]. Milk protein isolate (MPI) is 

manufactured by filtration, dehydration, and the removal of excess sugars and fats during 

the processing of milk. The net result is a product that contains both the casein and whey 

fractions of milk protein, but is 80-90% protein by weight. .Milk protein consists of several 
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protein fractions, predominately casein and whey, which are separated during the cheese 

making process. Caseins makes up roughly 80% of milk protein, while the remaining 20% 

consists of whey proteins [203]. Caseins consists of  α-, β- and κ-caseins [204], while whey 

contains β-lactoglobulin, α-lactalbumin, and several other minor protein fractions [205]. 

Casein and whey are both effective at stimulating mixed muscle protein synthesis (MPS) 

[206], as both are excellent sources of essential amino acids [207]. In addition to 

stimulating MPS, whey protein reportedly stimulates the proliferation and differentiation 

of osteoblasts [208], while also suppressing osteoclast formation and osteoblast-mediated 

bone resorption. [209]. Toba et al. reported that whey milk basic protein (MBP) promoted 

bone formation and suppressed bone turnover in adult men [210]. In another study, MBP 

significantly reduced bone resorption in OVX rats [202]. There is also a strong link 

between regular milk consumption during childhood and adolescence, and BMD at 

trabecular and cortical sites in elderly women [211]. This evidence suggests that a diet 

containing milk protein isolate might positively affect skeletal development. 

 

Milk proteins and hormones 

 In addition to directly benefiting bone, milk is a functional food because it 

reportedly provides health benefits beyond the value of its essential nutrients, when 

consumed on a regular basis [212]. In recent years, the awareness of the insulinotropic 

effects of milk has grown [213, 214]. Following whey consumption, insulin and glucose-

dependent insulinotropic polypeptide (GIP) increased significantly  in blood plasma [213]. 

In another study, whey protein feeding stimulated insulin secretion and improved glucose 

control in diabetics [215]. Since bone  expresses the insulin receptor and is a regulator of 
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whole-body glucose metabolism [3], increased insulin secretion following whey 

consumption might have a direct effect on bone metabolism. In addition to stimulating 

insulin secretion, milk protein intake reportedly increases IGF-1 levels in children [216].  

In a study of postmenopausal women given 30 g of whey protein daily for two years, serum 

IGF-1 increased significantly compared to a placebo [217]. Ma et al. found that milk intake 

increased circulating levels of IGF-1 in adult men [218]. In addition to affecting IGF-1 

levels, milk-based proteins also appear to affect glucocorticoid production. In one study, 

whey protein significantly reduced cortisol release during the post-exercise period 

compared to a placebo [219]. Taken together, these findings suggest that the consumption 

of milk protein might promote a hormonal environment that is favorable for bone health. 

 

Milk consumption and metabolic health 

In addition to directly benefiting bone, the consumption of milk protein might also 

improve metabolic health. A meta-analysis reported that a dietary pattern incorporating 

more low-fat dairy products might lower the risk of T2D in middle-aged and elderly 

women [220]. In addition to its protein, milk contains other compounds that reportedly 

improve metabolic health. Milk contains biologically active peptides that are formed when 

milk proteins are broken down during digestion  [221]. Epidemiological evidence suggests 

that the consumption of milk is inversely related to the risk for hypertension [222], and a 

recent review investigated the antihypertensive effects of bioactive milk peptides [204]. In 

a controlled intervention study, Bierenbaum et al. found that the consumption of milk-

based products reduced blood pressure [223].  In addition to bioactive peptides, milk is a 

source of dietary fatty acids that might also have metabolic health benefits. Conjugated 
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linoleic acid (CLA) is a naturally occurring fatty acid that is found in many foods, but it 

occurs in large quantities in dairy products. In rodents, CLA decreases body fat and 

increases muscle mass [224]. CLA also increases bone density in animals [225], while it 

reduces bone turnover in ovariectomized rodents [226]. Taken together, these findings 

suggest that the consumption of milk protein might not only benefit bone directly, but it 

might also lead to improvements in metabolic health.  

 

Milk protein might improve muscle mass  

Skeletal muscle is an integral body tissue that plays key roles in strength, 

performance, physical function, and metabolic regulation [227]. Protein consumption, 

and the accompanying hyper-aminoacidemia, stimulates an increase in muscle protein 

synthesis (MPS) and a small suppression of muscle protein breakdown (MPB) [228].  

Ultimately, the balance between MPS and MPB determines the net rate of muscle growth 

[229]. Protein quality is a function of protein digestibility, and it is an important 

determinant of muscle acquisition and maintenance [227]. Milk proteins, specifically 

casein and whey, are the highest quality proteins and are quite different in their rates of 

digestion and absorption [229].   While milk proteins are beneficial for muscle growth, 

there is considerable interest in whey protein for its potential ability to improve muscle 

mass and health. Whey protein is one of the highest quality proteins, given its high levels 

of essential amino acids and its rapidly digestibility [227].  Wilkinson et al. found that 

milk-based proteins promoted greater muscle accretion than soy-based proteins [230]. A 

recent review found that whey protein was more effective at stimulating MPS than soy 

protein [229]. This evidence suggests that different protein sources might differentially 
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affect the amplitude and duration of MPS increases after feeding [230]. To date, the 

effects of MPI on muscle mass and function in spontaneously hyperphagic, adolescent 

male rats has not been examined. 

 

Introduction 
 

Effects of obesity on bone growth and development 

Despite an epidemic of childhood obesity, the effects of obesity on skeletal growth 

and development are poorly understood. However, childhood obesity is associated with an 

increased risk of foot, ankle, leg and knee fractures in children [77]. The literature is 

conflicting, as some studies found increased BMD relative to body weight with obesity, 

while others found decreased BMD relative to body weight. Obesity has traditionally been 

viewed as being beneficial to bone because of the positive effect of mechanical loading 

conferred by body weight on bone formation [81]. However, there is growing concern that 

obesity during childhood and adolescence might negatively affect bone growth and 

development. Goulding et al. found that overweight and obese children have low bone 

mass and bone area relative to their body weight [75]. Leonard et al. found that obesity 

during childhood and adolescence was associated with increased vertebral BMD and 

increased whole-body bone size and mass relative to body weight [76]. De Simone et al. 

reported that bone growth rate increases in obese children prior to puberty, but growth 

eventually declines and final adult height of obese and normal subjects is equal [79]. At 

present, the long-term effects of childhood obesity on subsequent bone health in adulthood 

are not well understood.  
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Obesity and T2D increase fracture risk 

Obesity continues to be a major health concern due to its associated comorbidities 

such as type 2 diabetes mellitus (T2D), hypertension, hypertriglyceridemia, 

hypercholesterolemia, cardiovascular disease, and cancer [231]. Obesity is associated with 

an increased risk of many chronic diseases, and recently it has been recognized that excess 

adiposity and associated metabolic dysregulation can negatively affect bone health [232-

234]. In cases of obesity and T2D, a multitude of factors may contribute to reduced bone 

strength and increased susceptibility to fracture. Despite having normal or elevated bone 

mineral density (BMD), obese patients with T2D also have an increased fracture risk [77, 

235-237]. The increased risk of fracture associated with obesity and T2D can be attributed, 

in part, to reduced bone quality, which is determined by both the structural and material 

properties of bone [238] (Figure 2). Structural properties that affect bone quality include 

geometry (size and shape) and microarchitecture of trabecular and cortical bone [239, 240], 

while bone mineral content, degree of collagen cross-linking [241], and the accumulation 

of advanced glycated-end-products (AGEs)[242] are material properties that impact bone 

strength.  

Lifestyle modifications for the treatment of obesity and T2D include physical 

exercise and caloric restriction. Exercise improves overall metabolic health by increasing 

insulin sensitivity [243], reducing chronic inflammation [244-246], and reducing 

circulating lipids and might, therefore, indirectly benefit bone in obese, diabetic individuals 

[247]. In recent years, interest in nutraceuticals, foods with reported health benefits 

independent of their nutrient composition, has also grown. Of the nutraceuticals, soy may 

be the most widely consumed [88].  Over the past few decades, interest in soy has grown 
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because it has been suggested that soy consumption may improve bone health in peri- and 

post-menopausal women [90]. In addition, high levels of soy consumption has been linked 

to weight loss and improvements in metabolic health [248, 249]. Since obesity and insulin 

resistance are now linked to poor bone heath and increased fracture risk [77, 235-237], 

there is considerable interest in soy and its potential ability to improve bone health in those 

with obesity of T2D. 

 

 

Figure 2  Conceptual framework illustrating global hypothesis that obesity and T2D reduce bone strength 

view reduced bone formation and altered material and structural properties. 

 

Structural and material properties are key determinants of bone strength 

Bone strength is determined by a number of factors including: bone mass (density), 

bone material properties, bone structural properties, and bone turnover. A hierarchical view 

of the extrinsic and intrinsic properties that contribute to bone strength are shown in Figure 

3.  Reduced BMD, such as occurs in osteoporosis, can weaken bones and leave them 



28 
 

susceptible to fracture [250]. Material properties that contribute to bone strength include, 

collagen (degree of cross-linking), bone mineral content (BMC), and the accumulation of 

AGEs [251]. Poor bone quality in T2D may result from the accumulation of AGEs, which 

are post-translational modifications of collagen resulting from a spontaneous reaction 

between extracellular sugars and amino acid residues on collagen fibers [239, 242, 252-

254]. Structural properties of bone include geometry (size and shape) and 

microarchitecture of trabecular and cortical bone, respectively. Trabecular number (Tb.N), 

thickness (Tb.Th), spacing (Tb.Sp), orientation, morphology, and connectivity (Conn.D) 

are the primary structural properties that affect trabecular bone [255], while cortical 

thickness and porosity affect cortical bone strength [238, 256, 257]. While material and 

structural properties are important contributors to overall bone strength, it is not feasible to 

study these determinants in humans due to the invasive nature of direct measures of bone 

strength. Thus, although increased fracture risk in T2D likely occurs due to reduced bone 

quality, it is not clear as to whether material or structural alterations are primarily 

responsible for the detrimental effects on bone strength 
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Figure 3 Structural and material properties at all levels of the bone’s hierarchical structure contribute to 

overall bone quality and strength. 

Despite having normal BMD, obese individuals have reduced BMD relative to 

body mass [234, 258]. Fracture risk at certain skeletal sites increases with BMI in 

overweight and obese women and men [259, 260].  In addition to obesity, T2D and insulin 

resistance are now associated with an increased risk of bone fracture [233], despite normal 

BMD. Obesity and T2D appear to affect both cortical and trabecular bone in rodent models 

of diet-induced obesity [247, 261, 262]. Long-term diet-induced obesity reduces the 

thickness and cross-sectional area of the cortical bone of the femoral neck [263] and tibia 

[261], and increases cortical porosity [262], significantly reducing biomechanical bone 

strength (loads, energies, stiffness normalized to body weight) [263]. Trabecular 

microarchitecture is negatively altered in obese animals, with a decrease in Tb.N, increase 

in Tb.Sp, and reduced Conn.D [264-266]. In addition, there appears to be a shift in the 

structural model index (SMI) from plate to rod-like in trabecular bone organization during 

the development of obesity [264, 267], which negatively effects bone strength [268]. All 
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of these factors may contribute to reduced bone strength and increased fracture risk. 

Alterations in bone quality appear to be strongly related to the duration and severity of 

diabetes [263, 269]. Therefore, studies that examine bone biomechanical properties during 

the onset of diabetes will provide valuable insight into the negative consequences of obesity 

and insulin resistance on bone strength. 

 

Bone modeling/remodeling during growth might be altered by obesity and T2D 

Bone turnover is a tightly controlled process involving bone resorption and 

formation (Figure 4). During skeletal growth, the rate of bone formation exceeds that of 

bone resorption, and bone mass increases. In bone marrow, mesenchymal stem cells (MSC) 

differentiate into osteoblasts, chondrocytes, myocytes, or adipocytes, whereas 

hematopoietic stem cells (HSC) can differentiate into osteoclasts or macrophages [2]. In 

obesity, MSCs are more likely to differentiate into pre-adipocytes than osteoblasts [270]. 

Osteoblasts are crucial builders of bone and a decrease in their number or activity results 

in a decrease in the ratio of bone formation to turnover. Measuring serum bone formation 

and turnover markers is a commonly used technique for accessing bone remodeling in vivo. 

Osteocalcin (OC) is a serum marker of bone formation [271, 272], while tartrate resistant 

acid phosphatase isoform 5b (TRAP5b) [273, 274] is a marker of bone resorption. In a 

study of high-fat-diet-induced obesity in C57bl/6 mice, the bone formation markers OC 

and collagen type 1 propeptide (P1NP) were significantly reduced, while the resorption 

markers C-terminal telopeptides of type 1 collagen (CTX) and TRAP5b were significantly 

increased after 14-weeks [132].  Clinically, serum bone turnover markers are often used to 

predict fracture risk [275]. Alterations in bone modeling/remodeling caused by obesity and 
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T2D are likely to lead to a decreased bone formation and increased bone resorption, 

resulting in reduced bone strength and an increased susceptibility to fracture.  

Diet-induced obesity significantly altered bone resorption of the femoral neck in 

C57BL/6 mice by increasing TRAP5b and decreasing osteocalcin production [263]. Since 

osteoblasts and adipocytes are derived from the same MSC lineage, obesity might increase 

adipocyte differentiation and fat accumulation, while decreasing osteoblast differentiation 

and bone formation [81]. Obesity is also associated with low-grade chronic inflammation 

[276], and pro-inflammatory cytokines are associated with increased bone resorption [81]. 

Pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor alpha 

(TNF-α) stimulate osteoclast activity through stimulation of the RANKL/OPG pathway 

[277, 278]. Increased osteoclast activity and decreased expression of the anti-inflammatory 

marker interleukin-10 (IL-10) has also been reported in obese mice [279]. Insulin signaling 

in osteoblasts is required for postnatal bone acquisition and insulin stimulated osteoblast 

production of osteocalcin [280]. Therefore, by altering osteoblast/osteoclast activity [281], 

insulin resistance might negatively affect bone modeling and bone acquisition during 

periods of skeletal growth.  
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Figure 4 Bone modeling/remodeling is a tightly regulated process involving bone formation and resorption. 

Bone remodeling occurs through the interaction of osteoblasts and osteoclasts. Osteocalcin and P1NP, 

markers of bone formation, and CTx-1 and Trab5b, markers of bone resorption can be measured in serum. 

 

The OLETF Rat: A model for studying the effects of Obesity and T2D 

The Otsuka Long-Evans Tokushima Fatty (OLETF) rat has emerged as an 

alternative rodent model in which to study the skeletal effects of obesity and T2D. 

Selectively bred for null expression of the choleocystokin-1 receptor, OLETF rats exhibit 

a within-meal feedback defect for satiety, resulting in hyperphagia, obesity, and the 

spontaneous development of insulin resistance (IR) and then T2D [282, 283]. Body mass 

and fat pad mass are significantly greater than non-hyperphagic lean Long-Evans 

Tokushima Otsuka (LETO) controls by 5 weeks of age, and IR is evident by 13 weeks of 

age [247]. Obesity and IR progressively worsen, resulting in T2D and frank T2D by 40 

weeks of age [283]. The OLETF rat model is well suited for translating the effects of 

obesity and insulin resistance on bone in humans because the onset of insulin resistance is 

progressive and coincides with the completion of skeletal growth, which occurs at 
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approximately 16 weeks of age, consistent with the disease progression in humans [284]. 

In one study, 20-week-old OLETFs had lower total body BMC and BMD and serum P1NP 

than lean controls [247]. In addition, sedentary OLETFs had lesser femur diameter, cross-

sectional area, polar moment of area, and torque at fracture than lean controls. By 40-weeks 

of age, sedentary OLETFs had elevated bone resorption and reduced intrinsic bone strength 

compared to lean controls [247]. Thus, the OLETF serves as an effective model for 

studying the skeletal effects of excessive adiposity and insulin resistance on bone strength.  

 

Protein source may affect bone development 

Protein makes up approximately 50% of the volume of bone and about one-third of 

its mass, and this protein matrix continuously undergoes turnover and remodeling [82]. 

Recently, there has been growing interest in the effects of dietary protein amount and 

source on markers of bone status [83]. Dietary protein source may affect bone health, 

although whether animal- or plant-based proteins confer the most benefit is not clear [84]. 

In studies involving laboratory rodents, AIN-93 purified diets are formulated with casein 

as the source of dietary protein [85].  Traditionally, the intake of cow-based milk proteins 

has been associated with improved bone health [86], due largely to its high levels of 

calcium and vitamin D. Indeed, milk protein has been the traditional recommendation for 

the development of strong and healthy bones. While milk-based proteins remain popular 

among consumers, soy-based proteins have emerged as a popular plant-based alternative. 

In addition to their protein content, both animal and plant-derived protein sources provide 

other nutrients that can exert a positive influence on bone status [87].  Soy isoflavones, 

which act as phytoestrogens in vivo [96], have gained considerable attention for their 
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reported role in disease prevention, and for their ability to improve bone health [88]. 

Specifically, soy consumption has been reported to improve markers of bone health and 

decrease fracture risk in postmenopausal women [97]. However, there is concern that soy 

isoflavones might interfere with androgen activity in adolescent males. Androgens and 

their subsequent aromatization to estrogen plays a vital role in skeletal growth [15], and 

therefore, soy isoflavones might affect bone growth in adolescent males. Soy protein also 

contains less calcium and phosphorus than milk-based proteins, which might interfere with 

bone mineralization during phases of skeletal growth [285]. A dietary pattern high in 

protein, calcium and phosphorus is associated with increased BMC and BMD at fracture-

prone sites in adulthood [286]. Therefore, there is concern that soy protein might be 

detrimental to skeletal growth compared to milk-based proteins. While the effects of soy 

protein isolate and milk protein isolate on bone health have been evaluated, their effects on 

skeletal development in spontaneously hyperphagic, adolescent male OLETF rats has not 

previously been investigated. 

 

Specific Aims 
 

Aim #1- To compare the effects of soy and milk protein on bone quality and 

strength in an adolescent rodent model of obesity and T2D. 

 Hypotheses: 

 Soy protein isolate (SPI) consumption will result in improved metabolic 

health compared to milk protein isolate (MPI) consumption.  

▪ Reduced body mass, body fat, glucose, insulin, cholesterol, 

triglycerides, and NEFA’s with SPI. 
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 Metabolic health improvements with SPI consumption will indirectly 

benefit bone, ultimately resulting in improved bone quality and bone 

strength in spontaneously hyperphagic, adolescent male OLETF rats. 

▪ Improved trabecular microarchitecture. 

 IGF-1 stimulates trabecular formation and suppresses 

resorption. 

▪ Improved cortical geometry. 

 IGF-1 stimulates longitudinal and radial growth 

▪ Improved biomechanical properties 

 Improved cortical geometry, increased BMC and reduced 

accumulation of AGEs with SPI 

▪ Increased femur and phosphorus content of the femur. 

 PTH suppression and increased intestinal calcium transport 

with SPI. 

▪ Increased bone formation relative to resorption with SPI. 

 SPI will stimulate osteoblast proliferation and activity, 

while reducing osteoclast number and activity. 

 

▪ Increased collagen content and reduced accumulation of AGEs 

with SPI. 

 Enhanced osteoblast insulin sensitivity will increase result 

in increased collagen production, while lower blood 

glucose will reduced the accumulation of AGEs. 
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Aim #2- To better understand the relationship between muscle contractile force and 

bone quality in an adolescent rodent model of obesity and T2D. 

 Hypothesis: 

 Bone strength will be strongly related to the maximal muscle tension of an 

animal. 

 Rats that consume SPI will be metabolically healthier, will generate 

greater peak muscular tension, and will have stronger tibias than rats that 

consume MPI, or a combination of SPI and MPI. 

▪ Reduced serum glucose, insulin, and NEFAs 

▪ Increased muscle tension and bone strength 

 

Methods 

Experimental design and animal protocol 

This was a 16-week longitudinal, double-blinded study, in which 60 sedentary, 

hyperphagic adolescent male OLETF rats received one of three experimental diets from 

age 4-20 weeks of age:  milk protein isolate (MPI), soy protein isolate (SPI), or a 50/50 

combination MPI and SPI (MIX) (Research Diets, Inc) as the sole protein source (n=20 per 

group) (Figure 5). Four-week-old male OLETF rats were obtained from the Tokushima 

Research Institute, Otsuka Pharmaceutical (Tokushima, Japan). All animals were 

individually caged throughout the entire experiment and housed in a temperature-

controlled environment (21°C) with a 0600-1800 h light-1800-0600 dark cycle maintained 

throughout the experimental period. The animal protocol was approved by the Institutional 
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Animal Care and Use Committee at the University of Missouri and the National Institutes 

of Health animal care guidelines were strictly followed. 

 

 

Figure 5 Experimental design. Following a one-week lead in diet, four-week old, male OLETF (n=60) rats 

were given ad libitum access to Monsanto US 5 and US 17 diet containing protein from MPI, MIX, or SPI, 

until 20-weeks of age. At 18-weeks of age, a subset of animals (n=30) was transferred to the MU-Vet Med 

Vivarium and to MU IACUC #7544 for approved in were muscle electrical stimulation for additional muscle 

strength and fatigue assessment (n=10 animals per group) prior to sacrifice at 20 weeks of age. 

 

Experimental Diets 

Animals were randomized and had ad libitum access to high-sucrose and high –fat 

Monsanto US 5 and US 17 rodent diet [287]. Diets contained MPI, MIX, or SPI as the sole 

protein source (D12486 Research Diets, Inc). Animals had ad libitum access to water 

throughout the experiment. Milk protein isolate (MPI85) was obtained from Idaho Milk 

Products, while Supro670 (SPI) was obtained from DuPont (St. Louis, MO). Each diet 

mimicked a western-style-diet [287], providing 21% of energy from protein, 44% from 

carbohydrate, and 35% from fat, respectively. All diets were formulated to meet the 

nutrient requirements of the growing rat. Because calcium and phosphorus are required for 
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bone mineralization, all diets were formulated to exceed the AIN-93G requirements for 

calcium and phosphorus [85] (0.5 g% calcium and 0.3 g% phosphorus, respectively). All 

diets were pelleted and stored before being provided to the rats.  The composition of the 

experimental diets is shown in Table 1. Weekly body weight and food intake were 

recorded. 

 

Table 1 Composition of the MPI, MIX and SPI experimental diets and AIN-93G for 

reference 

 
     

AIN-93G MPI MIX SPI 
Macronutrients     

 gm% gm% gm% gm% 

Protein 20 23.2 23.2 23.2 

Carbohydrate 64 48.6 48.6 48.6 

Fat 7 17.1 17.1 17.1 

Total 0 0 0 0 

kcal/gm 3.9 4.1 4.1 4.1 

     

Ingredient  gm gm gm 

MPI (80% protein)  217.5 108.8 0 

SPI (87% protein)  0 100 200 

     

Calcium content from 

protein source (g%) 

 1.06 0.83 0.62 

Phosphorus content from 

protein source (g%) 

 0.54 0.5 0.46 

     

  gm% gm% gm% 

Total Isoflavone Content    0 0.125 0.25 

Total Genistein                    0 0.075 0.15 

Total Daidzein                     0 0.045 0.09 
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In situ electrical muscle stimulation 

At 18-weeks of age, half of the animals (n=30 animals, 10 animals per group) were 

transferred to the MU-Vet Med Vivarium and to MU IACUC #7544 for in situ muscle 

electrical stimulation studies. Briefly, rats were anesthetized with Ketamine (100mg/kg) 

and Acepromazine (0.5mg/kg). The right sciatic nerve was exposed via an incision on the 

lateral thigh, it was cleaned of connective tissue, and then cut and tied. The right Achilles 

tendon was isolated and cut with a piece of bone at the tendon attached. The right knee 

joint was fixed by umbilical tape under the knee cap. The Achilles tendon was connected 

to a Cambridge level system (Aurora, Inc. Canada), and peak muscle tension (MaxT) of 

the soleus-plantaris-soleus (GPS) muscle complex was measured following electrical 

stimulation of the sciatic nerve, as previously described [288]. 

 

Animal sacrifice and tissue collection 

At ~ 20 weeks of age, final body mass was measured, rats were euthanized, and 

tissues were collected. Following in situ muscle electrical stimulation, rats were euthanized 

with an intraperitoneal injection of pentobarbital (40-50 mg/kg).  Blood was collected via 

cardiac puncture, allowed to clot for 20-min at room temperature, then spun at 7000g for 

10m at 4°C for serum collection. Serum was aliquoted and stored at -80°C for subsequent 

analysis of metabolic markers (glucose, insulin, NEFA, HDL, LDL), total cholesterol, and 

serum markers of bone formation (collagen type 1 propeptide, P1NP) and resorption (C-

terminal telopeptides of type I collagen, CTx). Right tibias were collected, cleaned of soft 

tissue, wrapped in 1X phosphate-buffer saline (PBS)-soaked gauze, and frozen at -80°C 

for subsequent micro-computed tomography (μCT) analysis of trabecular 
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microarchitecture, cortical geometry, and tibial biomechanical strength (n=18-20 animals 

per group). Right femurs were cleaned of soft tissue, wrapped in 1X phosphate-buffer 

saline (PBS)-soaked gauze, and frozen at -80°C for subsequent analysis of calcium and 

phosphorus content (n=5 animals per group). 

 

Metabolic outcomes 

Fasting serum glucose (Thermo Scientific, Waltham, MA, USA), insulin (EMD 

Millipore, Billerica, MA), free fatty acids Wako Chemicals, Richmond, VA), triglycerides 

(Sigma Aldrich, St. Louis, MO), and total cholesterol (Comparative Clinical Pathology 

Services, Columbia, MO) were measured using commercially available kits.  

 

Serum markers of bone formation and resorption 

The bone formation marker P1NP and resorption marker CTx were measured in 

serum using commercially available, rodent-specific ELISA kits (ImmunoDiagnostic 

Systems, Fountain Hills, AZ). All assays were run on the same day to avoid inter-assay 

variation; all samples were run in duplicate.  

 

Femur calcium and phosphorous content 

Right femurs were cleaned of all soft tissue, weighed, and then defatted in hexane 

for ~24 hours. The following day, femurs were immersed in diethyl ether for an additional 

24 hours. Following lipid extraction, femurs were allowed to dry before being re-weighed. 

Once femur weight had stabilized, femurs were placed in a muffle furnace (~800° C) 

overnight for ashing. Final weight of the ash was recorded and femurs were dissolved in 
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12N HCL for subsequent analysis of the calcium and phosphorus content (Agricultural 

Chem Station, University of Missouri). Results are expressed as gram of calcium or 

phosphorus per gram of bone (gram percent, g%). 

 

 

Tibia trabecular microarchitecture and cortical geometry 

We evaluated trabecular and cortical bone structural properties of the right tibia by 

using high-resolution (32-µm slice increment) microcomputed tomography analysis (BIC-

Hoffman-VA hospital). A fixed threshold of 275 mg/cm3 was used to delineate mineralized 

bone from soft tissue and marrow phase. For trabecular bone, bone volume (BV, mm3), 

total volume (TV, mm3), bone volume fraction (BV/TV) (ratio of segmented BV to the TV 

of the region evaluated (%), trabecular number (Tb.N, the average number of trabeculae 

per unit length, 1/mm), trabecular thickness (Tb.Th, mean thickness of trabeculae, mm) 

trabecular separation (Tb.Sp, mean distance between trabeculae, mm) connectivity density 

(Conn.D, the degree of connectivity of trabecular normalized by TV, 1/mm3), and structure 

model index (SMI, an indicator of the plate-like and rod-like geometry of trabecular 

structure), were measured for tibiae. The position of µCT scanning was defined as a 

distance of 1-mm from the proximal tibial growth plate. Five consecutive 0.26-mm-thick-

cross sections (1 through 5, 1 being the most distal) were scanned for each tibia beginning 

immediately below the tibial growth plate.  

For cortical bone geometry, cortical bone area (Ct.Ar, mm2), total cross-sectional 

area inside the periosteal envelope (Tt.Ar, mm2), cortical area fraction (Ct.Ar/Tt.Ar, %), 

and average cortical thickness (Ct.Th, mm) were determined. Tibia length, periosteal major 
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diameter (Dp) and minor diameter (dp), endosteal major diameter (De), marrow cavity 

diameter, and cortical bone width, were measured from the µCT scan. Polar moment of 

area (K) were calculated based on the periosteal and endosteal major and minor diameters, 

respectively. Cortical bone was distinguished from trabecular bone with a lower threshold 

of 570 mg/cm3, while an upper threshold of 214 mg/cm3 was used to distinguish trabecular 

bone throughout the experiment. ImageJ software with the BoneJ plugin app was used for 

all analyses [289] 

 

Tibial biomechanical properties 

Torsional loading to failure was used to assess biomechanical properties of the tibia. 

This analysis allows for analysis of whole-bone and tissue-level strength and stiffness. The 

torsional loading apparatus applies an equal load to the circumference of the bone and 

therefore the bone should fail at its weakest point.  The distal and proximal ends of the 

right tibia was embedded in a steel cylindrical holder that is then placed in a test fixture.  

A machined cross-bar was used to prevent the proximal end of the holder/tibia from 

rotating about its long axis while the distal end was rotated about its long axis at a speed 

of 10 mm/sec with a load cell of 5 kg.  The machine’s control software (Stable Micro 

Systems, Surrey, UK) measured cable force (F) in grams and applied torque (T).  The load 

displacement curve from this analysis is analogous to the torque-twist curve, which is used 

along with geometrical properties determined from μCT (i.e. length of specimen and polar 

moment of inertia) to calculate: torque at fracture (Tfracture), torsional stiffness (Ks), the 

shear modulus of elasticity (G), and the ultimate tensile strength or maximal shear stress 

(Su). 
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Ultimate tensile strength (Su, N/mm2) and shear modulus of elasticity (G, N/mm2) of the 

tibia’s cortical bone were calculated as follows.  Applied torque T was calculated from F 

according to Roarck and Young: 

T = (F-Ffriction in fixture)*0.13006 

Torque T was plotted as a function of relative angular displacement ϴ (rad) between the 

ends of the L = 7mm long exposed section of the tibia shaft.  Torsional stiffness (Ks, 

Nmm/rad) will be determined as the slope of a line fit by linear regression to the initial 

linear region of this plot (between 5 < T < 10 Nmm).  SU of the tibia’s cortical bone was 

determined by substituting Tmax and the mid-shaft cross-section diameters into  

Su = shear stress ϴmax = Tmax/R 

Where R = [𝜋Dpdp
2(1 – q4)]/16 

The mid-cross section diameters was used to determine its polar moment of area parameter 

K (mm4) for a hollow ellipse: 

K = [(𝜋Dp
3dp

3)(1-q4)]/[16(Dp
2 + dp

2)] 

Where q = De/Dp 

The tibia’s cortical bone G was determined by substituting Ks, exposed length of femur L 

and mid-shaft cross section polar moment of are term K into the torsional stiffness equation 

for a uniform cross section shaft of length L 

G = KsL/K 

The strain energy absorbed in the tibia to fracture (U, Nmm) was calculated as the area 

under the T versus ϴ curve until failure. 
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Collagen and AGE content 

Following biomechanical testing of the right tibia, cortical bone hydroxyproline 

content was measured using a previously described method [290]. Briefly, tibial cortical 

bone was digested in 6N HCL, prior to being dried in a vacuum desiccator for ~24 hours. 

Once dried, samples were reconstituted with 0.001N HCL, chloramine-T and Erlich 

solution, before absorbance was measured at 558 nm. AGE content was determined using 

a fluorimetric assay in which AGEs are quantified based on quinine bulk fluorescence at 

360 nm excitation and 460 nm emission, respectively [291]. Once determined, AGE 

content was normalized to collagen content.  

 

Statistics  

  Specific aim #1: One-way ANOVA was used to test for significant differences 

between groups (MPI, MIX, or SPI) for metabolic outcomes and serum bone turnover 

markers. Because bone size, BMD, and strength tend to increase with body weight, 

analyses for trabecular, cortical, and biomechanical outcomes were assessed by one-way 

ANCOVA, with final body weight included as a covariate. A two-way repeated measures 

ANOVA was used to determine if weekly body mass, food intake, calcium, phosphorus or 

isoflavone intake differed among groups. Specific aim #2: One-way ANOVA was used to 

test for significant difference between groups (MPI, MIX, and SPI) and MaxT of the lower 

leg. In order to determine the relationship between MaxT and Tmax, we performed simple 

linear regression. When there was a significant difference between groups, post-hoc 

comparisons were made using the LSD method to determine which groups differed 

significantly. Data are means ± SEM and a P value less than 0.05 denotes a statistically 
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significant difference. All analyses were performed using SPSS software (SPSS/15.0, 

SPSS, Chicago, IL, USA). 

 

Results 

Animal Characteristics 

Final body mass, serum glucose, triglycerides, and free fatty acids were not 

significantly different between groups (Table 2). At sacrifice, animals were insulin 

resistant, as they had elevated fasting insulin, but normal glucose concentrations [283]. 

Fasting insulin was significantly different among groups (p=0.002), as it was significantly 

lower in MPI than MIX (12.07 ± 1.12 vs. 15.55 ± 1.07, p=0.006) and SPI (12.07 ± 1.12 vs. 

15.35 ± 1.07, p=0.001). SPI significantly reduced serum cholesterol compared to MPI and 

MIX (p=0.002 and p=0.026, respectively). Final body fat percentage was also significantly 

reduced in SPI compared to MIX (33.45 ± 0.77 vs. 36.01 ± 0.771, p=0.026). Overall weekly 

body mass and food intake were not different among groups (p=0.686 and p=0.830, but 

there were several weeks where body mass and food intake differed significantly among 

groups (Figure 6). There was a significant main effect of time on body mass and food 

intake (P<0.0001). Overall weekly calcium (Figure 7), phosphorus (Figure 8), and total 

isoflavone intake (Figure 9) was also significantly different among groups and there was 

a significant main effect of time (p<0.0001). 
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Table 2 Final body mass and metabolic outcomes in 20-week old OLETF rats at sacrifice. 

    P-values by One-way ANOVA 

 MPI MIX SPI Diet 

Body mass, (g) 633.2 ± 11.8 659.58 ± 11.5 640.59 ± 11.5 0.259 

Glucose, (mg/dL)  265.9 ± 26.3 280.0 ± 24.6 299.6 ± 16.5 0.519 

Insulin, (ng/mL) 12.1 ± 0.8a 15.6 ± 0.7b 16.6 ± 1.0b 0.002 

Triglycerides (mg/dL) 150.6 ± 12.4 197.4 ± 23.8 161.7 ± 11.7 0.117 

Free fatty acids (uM/L) 263.0 ± 21.2 276.2 ± 30.9 218.0 ± 15.4 0.119 

Total cholesterol, (mg/dL) 182.0 ± 7.0b 171.0 ± 5.0b 142.0 ± 5.0a 0.006 

Body Fat, (%)  34.22 ± 0.81a  36.01  ± 0.77b 33.45  ± 0.77a 0.073 

 

Final body mass (n=19-20 animals per group), glucose, insulin, triglycerides, free fatty acids, and total cholesterol (n=9-10 animals 

per group).  Data are means ± SEM.  Different letter superscripts denote a significant difference between groups, p<0.05.  
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Figure  6 Weekly body mass and food intake. A, weekly body mass; and, B, weekly food intake in MPI, 

MIX, and SPI-fed OLETF rats. Data are means ± SEM (5-20 animals per group per time point). (*) denotes 

that MPI was significantly different from SPI, (+) denotes that MPI was significantly different from MIX, 

and  (-) denotes that MIX  was significantly different from SPI with p<0.05.   
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Figure 7 Weekly calcium intake. Data are means ± SEM (5-20 animals per group per time point). (*) denotes 

that MPI was significantly different from SPI, (+) denotes that MPI was significantly different from MIX, 

and  (-) denotes that MIX  was significantly different from SPI with p<0.05.   

 

Figure 8 Weekly calcium intake. Data are means ± SEM (5-20 animals per group per time point). (*) denotes 

that MPI was significantly different from SPI, (+) denotes that MPI was significantly different from MIX, 

and  (-) denotes that MIX  was significantly different from SPI with p<0.05.   
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Figure 9 Weekly isoflavone intake in MPI, MIX, and SPI-fed OLETF rats. Data are means ± SEM (5-20 

animals per group per time point). (*) denotes that MPI was significantly different from SPI, (+) denotes that 

MPI was significantly different from MIX, and (-) denotes that MIX  was significantly different from SPI 

with p<0.05.   
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In situ electrical muscle stimulation 

  Muscle Peak Tension (MaxT) of the GPS muscle groups was not different among 

groups (p=0.689) (Figure 10). 

 

 

Figure 10 Maximum muscle peak tension (MaxT) of the gastrocnemius-plantaris-soleus (GPS) muscle group 

in MPI, MIX, and SPI-fed OLETF rats. Data are expressed as means ± SEM (n=10 animals per group). 
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Serum markers of bone formation and resorption  

Serum P1NP was significantly greater in MIX vs. MPI (34.50 ± 2.94 vs. 23.03 ± 

3.29 ng/mL, p=0.040). Serum CTx was not different among groups, but P1NP/CTx was 

significantly increased in MIX vs. MPI (4.70 ± 0.39 vs. 2.39 ± 0.43, p=0.006) and MIX vs. 

SPI (4.70 ± 0.39 vs. 2.74 ± 0.39, p=0.017), respectively. (Figure 11). 

 

Figure 11 Serum markers of bone formation (A, P1NP), resorption (B, CTx), and the ratio of formation 

relative to resorption (C, P1NP/CTx) in MPI, MIX, and SPI-fed OLETF rats at 20-weeks of age. Data are 

means ± SEM (n=9-10 animals per group). Different letters denote groups that are significantly different 

from each other, p<0.05. 

 
Femur calcium and phosphorous content 

Femur calcium content was not different, but femur phosphorus content was 

significantly greater in MPI than MIX and SPI (p=0.021 and p=0.032, respectively) 

(Figure 12). The ratio of calcium to phosphorus was not different between groups.  
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Figure 12 Mineral content of the femur: A, calcium; B, phosphorus; and C, calcium/phosphorus in MPI, 

MIX, and SPI-fed OLETF rats. Data are means ± SEM (n=5 animals per group). Different letters denote 

groups that are significantly different from each other, p<0.05. 

 

Tibia trabecular microarchitecture 

Representative µCT images of trabecular bone in the proximal tibia are shown in 

Figure 13. BV/TV, Tb.N, Tb.Th, and SMI were not different among groups (Figure 14). 

Trabecular spacing (Tb.Sp) was significantly different among groups (p=0.024), as it was 

lower in SPI than in MIX (0.59 ± 0.02 mm vs. 0.64 ± 0.02 mm, P=0.022). There was a 
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trend for Conn.D to be different among groups (p=0.077), as Conn.D tended to be greater 

in SPI than MPI (85.56 ± 1.80 vs. 79.72 ± 1.81 1/mm3, p=0.062) (Figure 14). 

 

 

  

Figure 13. Representative µCT images of trabecular microarchitecture of the proximal tibia in MPI, MIX, 

and SPI-fed OLETF rats. 
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Figure 14. Trabecular microarchitecture of the tibia: A, bone volume fraction (BV/TV); B, trabecular number 

(Tb.N); C, trabecular thickness (Tb.Th); D, trabecular spacing (Tb.Sp); E, Connectivity density (Conn.D); 

and F, structural model index (SMI) in MPI, MIX, and SPI-fed OLETF rats at 20~weeks of age. Data are 

means ± SEM adjusted with final body weight as a covariate (n = 18-20 animals per group). Tb.Sp was 

significantly different (p=0.024), as it was reduced in SPI compared to MIX (0.59 ± 0.02 vs. 0.64 ± 0.02, 

p=0.02). Different letters denote groups that were significantly different from each other, p<0.05. 
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Tibial cortical geometry  

After adjusting for final body mass, tibia length was not different among groups, 

suggesting no differences in longitudinal growth. Periosteal and marrow expansion were 

not different among groups, as total area (Tt.Ar) and marrorw area (Ma.Ar) were not 

different among groups. Likewise, cortical bone area (Ct.Ar) and cortical bone fraction 

(Ct.Ar/Tt.Ar) were not among between groups, indicating similar mass accumulation 

[255]. There were no differences in maximum or minimum moment of inertia (Imax, Imin) 

among groups, and the (Imax/Imin) ratio was not different, indicating similar elliptically 

shaped tibias among groups. (Table 3).  
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Table 3 Tibial cortical geometry in 20-week old MPI, MIX, and SPI-fed OLETF rats at 20-weeks of 

age. 

 P-values by One-way 

ANCOVA 

 MPI MIX SPI Diet 

Tibia length, (mm) 44.46 ± 0.32 45.04 ± 0.36 44.60 ± 0.30 0.425 

Tibia diameter, (mm) 4.01 ± 0.09 3.99 ± 0.10 4.03 ± 0.08 0.776 

Tt.Ar, (mm2) 9.90 ± 0.10 9.89 ± 0.11 9.75 ± 0.11 0.427 

Ma.Ar, (mm2) 2.60 ± 0.06 2.68 ± 0.07 2.53 ± 0.06 0.161 

Ct.Ar, (mm2) 7.30 ± 0.12 7.24 ± 0.13 7.21 ± 0.12 0.884 

Ct.Ar/Tt.Ar, (mm2)  0.74 ± 0.01 0.73 ± 0.01 0.74 ± 0.01 0.392 

Ct.Th, (mm2) `1.02 ± 0.01 1.03 ± 0.02 1.02 ± 0.01 0.678 

Peri major diameter, (mm) 3.82  ± 0.05 3.84 ± 0.07 3.82  ± 0.07 0.745 

Peri minor diameter, (mm) 3.41  ± 0.02 3.39  ± 0.03 3.38  ± 0.06 0.181 

Endo major diameter, (mm) 1.64  ± 0.04 1.65  ± 0.04 1.63 ± 0.05 0.891 

Endo minor diameter, (mm) 1.50  ± 0.02 1.52  ± 0.02 1.48  ± 0.05 0.102 

Imax, (mm4) 7.50 ± 0.10 7.55 ± 0.10 7.61 ± 0.09 0.720 

Imin, (mm4) 4.74 ± 0.11 4.78 ± 0.11 4.70 ± 0.10 0.837 

Imax/Imin, (mm) 1.60 ± 0.03 1.58 ± 0.03 1.63 ± 0.03 0.396 

K, (mm4) 13.3 ± 0.60 13.0 ± 0.59 13.7 ± 0.59 0.602 

1 Tibia length, tibia diameter, total area (Tt.Ar), marrow area (Ma.Ar), cortical area (Ct.Ar), cortical volume fraction (Ct.Ar), 

cortical thickness (Ct.Th), periosteal major diameter, periosteal minor diameter, endosteal major diameter, endosteal minor 

diameter, maximum moment of inertia (Imax), minimum moment of inertia (Imin), ratio of maximum to minimum moment of 

inertia (imax/Imin), and polar moment of area (K) in MPI, MIX, and SPI.  Data are means ± SEM adjusted with final body weight 

as a covariate (n = 18-20 animals per group). 

 

Tibial Biomechanical properties 

Whole-bone (Tmax, Ks, U) and tissue-level (G, Su) biomechanical properties of 

the tibia were not different among groups. (Figure 15). The overall correlation between 

Tmax of the tibia and MaxT of the lower leg was not significant (R2=0. 075), and the within 

groups correlations were not significant (Figure 16). 
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Figure 15. Biomechanical properties of the tibia; A, maximum torque (Tmax); torsional stiffness (Ks); C, 

energy to failure (U); D, ultimate tensile strength (Su); and E, shear modulus of elasticity (G). Data are means 

± SEM adjusted with final body weight as a covariate (n=13-17) animals per group. 
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Figure 16. The relationship between MaxT of the lower leg and Tmax of the tibia. A) Overall relationship 

and B) within group relationship. (n-5-8 animals per group). 

 

 

Hydroxyproline and AGE content  

Hydroxyproline and AGE content of the tibia were not different between groups. 

(Figure 17). 

 

 

Figure 17. Hydroxyproline and AGE content of tibial cortical bone. A, OH-proline content (µg/mg bone) 

and B, AGE content (ng/µg OH-proline). Data are means ± SEM (n=8 animals per group) 
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Discussion 

Summary of Findings 

 We examined the effects of MPI, MIX, or SPI on metabolic health indicators and 

bone outcomes in 20-week old sedentary, hyperphagic adolescent male OLETF rats, as a 

model of skeletal growth, development, obesity and insulin resistance [283]. We 

hypothesized that rats fed SPI would be metabolically healthier, have increased bone 

formation relative to resorption, increased muscular strength, and improved trabecular 

microarchitecture, cortical geometry, and tibial biomechanical properties than rats fed MPI 

or MIX. We also hypothesized that there would be a strong correlation between muscular 

strength (MaxT) of the lower leg and bone strength (Tmax) of the tibia. SPI significantly 

decreased serum cholesterol levels and reduced Tb.Sp of the proximal tibia, but failed to 

improve other metabolic health markers, maximal muscle tension, cortical geometry or 

tibial biomechanical properties. MPI significantly reduced insulin compared to MIX and 

SPI (p=0.006 and p=0.001, respectively), but did not improve other metabolic outcomes. 

The overall relationship between MaxT of the lower leg and Tmax of the tibia was not 

significant (R2=0.075, p=0.271). MIX significantly increased P1NP compared to MPI, and 

P1NP/CTx compared to both MPI and SPI, suggesting that a diet contain both animal and 

plant-based protein sources might promote the most favorable ratio of bone formation 

relative to resorption. These findings suggest that a diet containing SPI is not detrimental 

to skeletal growth in hyperphagic, male OLETF rats, but might in fact might be beneficial 

for trabecular microarchitecture and bone modeling. 
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Effects of protein source on metabolic health 

Final body mass, glucose, triglycerides, and free fatty acids were not different 

among groups, but SPI did significantly reduce total cholesterol levels compared to MPI 

and MIX. SPI also reduced body fat compared to MIX. Our finding that SPI significantly 

decreased serum cholesterol levels in rats is consistent with the findings of others [142-

146]. Soy protein consumption reportedly lowers serum total and LDL cholesterol in 

humans as well [147, 148]. In comparison, casein-based diets tend to promote 

hypercholesterolemia in rats [142, 143, 149]. Serum insulin was significantly different 

among groups, and LSD post-hoc analysis revealed that insulin in MPI was significantly 

lower than SPI or MIX. This result is somewhat surprising, given that whey protein 

fractions reportedly stimulate insulin secretion [215]. Consumption of MPI at a young age 

might have stimulated insulin secretion, leading to lower serum glucose levels, and 

possibly preventing the onset of hyperinsulinemia by 20-weeks of age. Inconsistencies in 

fasting time before sacrifice might also in part explain the differences in fasting insulin we 

observed among groups. Unfortunately, we only collected serum from a subset of animals 

(n=9-10 animals per group), as we were unable to collect serum from animals that 

underwent in situ muscle stimulation. This is of key significance, as there was a trend for 

final body mass to be different among groups (p=0.09) in the animals that we collected 

serum from, but body mass was not different among groups with all animals included 

(p=0.259). In the animals, we collected serum from, final body mass tended to be lower, 

while insulin was significantly lower in MPI compared to MIX or SPI. Since body mass 

was not different among groups when all of the animals were included, the significant 

reduction in insulin in our MIX subset of animals might not accurately represent the entire 
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animal cohort.  In addition to small sample size, the time point at which we sacrificed the 

animals might also explain the lack of metabolic differences we observed. At 20-weeks of 

age, OLETF rats are insulin resistant, but not diabetic [283]. Therefore, the differential 

effects of our diets might have become more apparent as the OLETFs gained more weight, 

and eventually developed T2D. 

We also measured peak muscle tension (MaxT) of the GPS muscle group as an 

indicator of muscle function, strength and overall metabolic health. There is strong 

correlation between insulin sensitivity and muscular strength in children and adolescence 

[176], and the soy isoflavone genistein increases mitochondrial biogenesis in C2C12 

muscle cells [292]. Muscle quality and strength are compromised by insulin resistance 

[293, 294], and we hypothesized that SPI would improve insulin sensitivity, ultimately 

improving muscle quality and increasing MaxT. Muscle strength has been associated with 

BMD [295], and there is a strong correlation between BMD and long bone strength [296]. 

Skeletal muscle contractions also impose some of the greatest forces on bone, suggesting 

that muscle size and strength might be primary determinants of bone strength [238, 297]. 

Therefore, we hypothesized that MaxT would be highly correlated with Tmax. To our 

surprise, MaxT was not different among groups, and it was not highly correlated with Tmax 

of the tibia. The within group correlations between MaxT and Tmax were also insignificant 

(Figure 15).  Unfortunately, small sample sizes made determining the relationship between 

MaxT and Tmax challenging, as the within group differences in Tmax were rather large. 

Another limitation was our inability to collect serum from rats that underwent in situ 

muscle electrical stimulation. Therefore, we are unable to analyze the relationship between 

serum insulin levels and MaxT. Other than a significant reduction in serum cholesterol 
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with SPI and a reduction in insulin with MPI, there were no effects of MPI, MIX or SPI on 

metabolic health outcomes in 20-week old hyperphagic, male OLETF rats. This suggests 

that a diet containing SPI is not detrimental to metabolic health in growing, spontaneously 

hyperphagic, adolescent male OLETF rats. 

 

Serum markers of bone formation and resorption 

 We measured serum bone formation and resorption markers to investigate the 

effects of dietary protein source on bone modeling. Previously, it has been reported that 

soy protein effectively suppresses bone turnover, which is increased in postmenopausal 

women [122, 128, 129] and ovariectomized rats [98, 124]. In particular, soy isoflavones 

suppress osteoclastic bone resorption [129-131]. Soy isoflavones effectively suppress bone 

resorption by binding the ER in women [107], and they might also inhibit bone resorption 

in male rodents by binding and activating the ER as well [298]. SPI might also decrease 

bone resorption by suppressing circulating PTH [84]. We hypothesized that SPI would 

increase P1NP, decrease CTx, and increase P1NP/CTX compared to MPI or MIX. 

However, MIX had significantly greater serum P1NP that MPI, and greater P1NP/CTx 

than both MPI and SPI. These findings indicate that MIX, a diet containing both MPI and 

SPI, induced the greatest ratio of bone formation relative to resorption. Whey milk basic 

proteins improves bone by increasing bone formation and suppressing bone resorption in 

women [202] and healthy adult men [210]. At the cellular level, whey protein stimulates 

the proliferation and differentiation of osteoblasts [208, 299], while also suppressing 

osteoclast-mediated bone resorption [209].  Our findings suggest that a diet containing MPI 

and SPI promotes the most favorable ratio of bone formation to resorption in hyperphagic, 
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adolescent male OLETF rats. While SPI and MPI might both independently improve bone 

modeling by regulating osteoblast/osteoclast activities, the additive effect of combining 

them resulted in a significant increase in formation relative to resorption. This finding is of 

key significance as the vast majority of people consume protein from a variety of animal 

and plant-based sources. SPI does not appear to negatively affect bone turnover in a rodent 

model of skeletal growth. 

 

Femur calcium and phosphorus content 

We measured calcium and phosphorus content of the femur, as mineral content is 

an important determinant of bone strength in growing rats [285]. Glucose concentrations 

affect bone mineralization in osteoblastic cells [300], and therefore, we hypothesized that 

femur mineralization in spontaneously hyperphagic, OLETF rats might differ among 

groups. One study found that rats fed soy protein had significantly greater femur calcium 

content and increased expression of intestinal calcium transporter TRPV6, than rats fed a 

casein-based diet [84]. Soy protein consumption might also increase intestinal calcium 

absorption through the direct effects of circulating aromatic amino acids on the calcium 

sensing receptor of parathyroid cells [191]. However, we hypothesized that MPI would 

increase calcium and phosphorus content of the femur compared to MIX or SPI. Femur 

calcium content was not different among groups, but femur phosphorus content of MPI 

was significantly greater than MIX and SPI. The elevated phosphorus content in MPI 

compared to MIX and SPI can likely be explained by the varying phosphorus contents of 

the protein sources in the experimental diets (MPI: 0.54 g%, MIX: 0.50 g%, and SPI: 0.46 

g%, respectively). Overall, dietary phosphorus intake was significantly greater in MPI than 
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SPI or MIX (p<0.0001) (Figure 8). Despite a significant difference in femur phosphorus 

content, the ratio of calcium to phosphorus was not different among groups, indicating that 

protein source did not significantly affect relative composition of the two primary minerals 

in bone during skeletal growth. 

 

Trabecular microarchitecture 

Obesity and T2D detrimentally alter trabecular microarchitecture [261, 263, 301], 

while soy protein reportedly improves trabecular microarchitecture in 13-month old male 

rats used as a model of osteoporosis [133]. Yan et al. found that soy protein significantly 

improved trabecular bone microarchitecture and cortical bone properties in three-week old 

male C57BL/6 mice [132]. In another study, 13-month-old male F344 rats fed soy protein 

had significantly improved trabecular microarchitecture; including trabecular thickness, 

separation, and number, than rats fed a standard casein-based diet [133]. In these studies, 

soy appears to have suppressed resorption of trabecular bone regions, while simultaneously 

promoting trabecular formation. Therefore, we hypothesized that SPI would improve 

trabecular microarchitecture in male OLETF rats. The trabecular outcomes BV/TV, Tb.N, 

Tb.Th, Conn.D, SMI, and DA were not different among groups. There was however a 

significant difference in Tb.Sp among groups (p=0.024), as it was significantly reduced in 

SPI compared to MIX (p=0.022). Another study found that a soy-based diet significantly 

reduced Tb.Sp in 13-month old male rats [133]. Conn.D. was not different among groups, 

but there was a trend for it to increase with SPI compared to MPI (p=0.062). Fourteen 

weeks of soy protein feeding instead of casein, regardless of fat content, significantly 

increased Conn.D in mice [132]. Trabecular bone formation and osteoblastic cell 
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proliferation appear to be tightly controlled by levels of localized bone IGF-1 [198] and 

the importance of GH and IGF-1 for normal bone growth and development has been firmly 

established [31].  Soy protein consumption increased production of growth hormone (GH) 

and insulin-like growth factor-1 (IGF-1) in rats [84]. Therefore, improvements in trabecular 

microarchitecture following soy consumption might also be the result of increased 

circulating and/or localized IGF-1 [106], and increased osteoblast activity in trabecular 

bone regions [116]. In addition to reducing trabecular bone resorption, these findings 

suggest that SPI might positively affect trabecular bone by increasing formation. Taken 

together, these findings suggest that SPI might be beneficial for trabecular 

microarchitecture in growing male rats. In the future, measuring IGF-1 both systemically 

and in trabecular bone will enable us to determine if the beneficial effects of SPI are 

mediated by an increase in systemic or localized IGF-1.  

 

Cortical geometry 

Cortical geometry and biomechanical properties of bone are impaired in OLETF 

rats at 20 and 40-weeks of age compared to lean controls [247]. Soy improved cortical 

bone loss in rats following OVX [302], while genistein-treated rats had greater cortical 

bone volume fraction than controls [303]. Therefore, we hypothesized that SPI would 

favorably alter cortical geometry, and ultimately improve whole-bone and tissue-level 

biomechanical properties of the tibia compared to MPI or MIX. To our surprise, cortical 

geometry and tibial biomechanical properties were not different among groups. Other 

studies have shown that the short-term obesity preferentially affects trabecular bone [261, 

263]. The lack of response or effect on cortical geometry and biomechanical properties 
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compared to trabecular microarchitecture may also be due to the slow remodeling process 

of cortical bone [3]. In rats, the rate of trabecular bone turnover is considerably higher than 

that of cortical bone [5]. A lack of Haversian remodeling systems in rats may also explain 

the lack of cortical response [304], as rats tend to gain cortical bone at the periosteum, and 

lose cortical bone from the endosteum [305].  Harversian remodeling is the main cause of 

cortical porosity in humans [19], which results in more active remodeling of cortical bone 

[5]. Cortical bone mass is increased in growing obese rodents, but material properties such 

as mineralization and collagen content are often reduced by obesity [265]. Our rats were in 

a state of skeletal growth throughout the experiment, so we were surprised by the lack of 

effects we observed, as we expected to see the greatest effects during this time [1].  

Duration and severity of obesity and T2D significantly affect cortical biomechanical 

properties, as the response changes from adolescence to adulthood in mice [306].  

Therefore, differences in cortical geometry and biomechanical properties among groups 

might have emerged with longer study duration, as the animals continued to gain body fat 

and became more insulin resistant.  

Another possible explanation for the lack of cortical effects we observed is the 

hormonal state of our animals at sacrifice. At 20-weeks of age, male rats have elevated 

androgen and testosterone levels, as Leydig cell steroidogenesis has not yet started to 

decline [307]. Androgens play a significant role in bone growth and development  in both 

males and females [44], and the aromatization of testosterone to estrogen significantly 

influences longitudinal bone growth at the growth plate [62]. Specifically, the binding of 

estrogen to ERα affects longitudinal bone growth at the epiphyseal plate [67]. Soy 

isoflavones also bind ERα [96], and might therefore stimulate longitudinal bone growth.  
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We found that tibial length and diameter were not different among groups. Although we 

did not measure it, it is reasonable to assume that testosterone levels were still elevated in 

our animals at sacrifice. Therefore, we would expect a substantial amount of aromatization 

of testosterone to estrogen in our animals as well. Since our animals likely had an 

abundance of testosterone and estrogen, the beneficial effects of soy isoflavones on 

longitudinal bone growth were likely minimized. Had our animals been in a state of 

androgen or estrogen deficiency, the beneficial effects of soy-isoflavones on longitudinal 

growth and cortical bone geometry might have become more apparent. In the future, 

measuring serum androgen and estrogen levels, as well as AR and ER expression in bone 

will allow us to determine if dietary protein source affects androgen or estrogen activity in 

spontaneously hyperphagic, adolescent male OLETF rats. 

 

Collagen and AGE content 

Lastly, we investigated the effect of protein source on tibial material properties of 

by measuring hydroxyproline and AGE content. Collagen crosslinking is a major post-

translational modification of collagen, which has important roles in determining the 

biomechanical strength of bones [239], while AGE accumulation in the bones of diabetics 

has been associated with increased fragility [240] and susceptibility to fracture [242]. We 

expected that SPI would increase tibial hydroxyproline content and reduce the 

accumulation of AGEs in cortical bone.  Hydroxyproline and AGE content of the tibia were 

not different among groups. Our findings are consistent with others that found no 

differences in hydroxyproline content following soy consumption [308]. Our animals were 

only 5-months old at sacrifice, and they were not yet diabetic. This endpoint likely explains 
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the lack of differences among groups, as Saito et al. reported that collagen content in rats 

remains relatively steady until ~9 months of age [309]. While we had expected to see a 

decrease in AGE accumulation with SPI, our finding is not surprising, given that serum 

glucose levels were not significantly different among groups. Had there been significant 

differences in serum glucose, we would have expected to see corresponding differences in 

AGE content, as AGE accumulation increases in diabetics with elevated blood glucose 

levels [252]. Thus, the differential effects of SPI and MPI on bone material properties 

might become more evident as the animals become more insulin resistance and 

hyperglycemic. 

 

Strengths and limitations 

To date, a majority of studies investigating the effects of obesity and diabetes on 

bone have used models of insulin-dependent diabetes or diet-induced obesity. Therefore, 

our use of spontaneously hyperphagic, adolescent male OLETF rats was a strength of the 

current study. Adolescent and pediatric obesity is a growing epidemic [310], and the 

OLETF mimics the hyperphagic eating behavior that leads to obesity, insulin resistance 

and T2D in humans [283, 310]. In addition, the effects of soy protein relative to milk 

protein on metabolic and skeletal outcomes in spontaneously hyperphagic, adolescent male 

OLETF rats has not been previously examined. The addition of the MIX diet group was 

also a strength of the present study because it allowed us to examine the effects of a diet 

that contained a combination of animal and plant-based proteins. This is significant because 

the vast majority of the population consumes protein from a variety of animal and plant-

based sources.  The use of torsional loading to measure whole-bone and tissue-level 
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biomechanical properties of the tibia was another strength of the present study, as it allowed 

us to measure bone strength in a manner that is consistent with in vivo loading of the bone 

[311]. Lastly, to our knowledge, this is the first time that tibial hydroxyproline and AGE 

content have been measured in adolescent male OLETF rats. In the future, it will be 

worthwhile to investigate how the material properties of bones change as the OLETF 

progresses from insulin resistance to frank T2D. Unfortunately, the current study is not 

without limitations. A key limitation of the current study is our inability to determine 

whether the effects of soy protein are mediated by the protein, the isoflavones, or other 

bioactive peptides contained within the SPI.  In the future, the addition of a SPI group 

devoid of isoflavones, or a MPI group with isoflavone content matched to SPI might allow 

us to determine if the beneficial effects of SPI are mediated specifically by isoflavones, or 

by the whole protein itself. We were only able to measure glucose, insulin, triglycerides, 

free fatty acids, and cholesterol in a subset of the animals (n=9-10 animals per group). In 

addition, these animals did not undergo in situ electrical muscle stimulation, so we were 

unable to measure the relationship between serum insulin levels and maximum muscle 

tension. Even if we had collected serum from these animals, measuring serum glucose and 

insulin at one time point is not a good indicator of insulin sensitivity. In the future, 

performing an intraperitoneal glucose tolerance test (IPGTT) will allow us to examine the 

relationship between insulin sensitivity and muscle function. Another limitation of the 

present study was the short duration (~16 weeks); as we were only able to measure 

metabolic and bone outcomes at one time point. In the future, it will be worthwhile to 

extend the duration of the study, so that we can gain a better understanding of how dietary 

protein source affects metabolic and bone outcomes in OLETF rats, as they progresses 
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from insulin resistance to T2D. Future studies should also measure systemic and localized 

androgens, estrogens and IGF-1, so we can determine the effects of protein source on 

hormones that directly influence skeletal growth in spontaneously hyperphagic, adolescent 

male OLETF rats. 

 

Conclusion  

In conclusion, SPI significantly reduced serum cholesterol levels, but did not 

improve other metabolic health indicators in spontaneously hyperphagic, adolescent male 

OLETF rats. MPI significantly reduced serum insulin levels compared to MPI and MIX, 

but did not affect other metabolic outcomes. Cortical geometry and biomechanical 

properties of the tibia were not different among groups, but SPI did significantly affect 

trabecular bone. Specifically, it reduced Tb.Sp of the proximal tibia compared to MIX, and 

tended to increase Conn.D compared to MPI. MIX significantly increased P1NP/CTx 

compared to MPI and SPI, suggesting that a diet containing MPI and SPI might promote 

the most favorable ratio of bone formation to resorption. Taken together, these results 

suggest that a diet containing SPI is not detrimental to skeletal growth and development, 

but in fact, might be beneficial for trabecular microarchitecture and bone formation in 

spontaneously hyperphagic, adolescent male OLETF rats. 
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