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Abstract

Chronic alcohol consumption results in bone loss through increased bone resorption and decreased 

bone formation. These effects can be reversed by estradiol (E2) supplementation. Soy diets are 

suggested to have protective effects on bone loss in men and women, as a result of the presence of 

soy protein-associated phytoestrogens such as genistein (GEN). In this study, male mice were 

pair-fed (PF) a control diet, an ethanol (EtOH) diet or EtOH diet supplemented with 250 mg/kg of 

GEN for 8 weeks to test if GEN protects against bone loss associated with chronic drinking. 

Interestingly, alcohol consumption reduced cortical area and thickness, and trabecular bone 

volume in both EtOH and EtOH/GEN groups when compared to the corresponding PF and 

PF/GEN controls, p<0.05. However, in the trabecular bone compartment, we observed a 

significant increase in overall trabecular bone density in the PF/GEN group compared to the PF 

controls. Bone loss in the EtOH-treated mice was associated with inhibition of osteoblastogenesis 

as indicated by decreased alkaline phosphatase staining in ex vivo bone marrow cultures, p<0.05. 

GEN supplementation improved osteoblastogenesis in the EtOH/GEN cultures compared to the 

EtOH group, p<0.05. Vertebral expression of bone formation markers, osteocalcin, and runt-

related transcription factor 2 (Runx2), were also significantly up-regulated in the PF/GEN and 
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EtOH/GEN groups compared to the PF and EtOH-treated groups. GEN supplementation also 

increased expression of receptor activator of nuclear factor κ-B ligand (RANKL) in the PF/GEN, 

an increase that persisted in the EtOH/GEN-treated animals (p<0.05) and increased basal 

hydrogen peroxide production and RANKL mRNA expression in primary bone marrow cultures 

in vitro, p<0.05. These findings suggest GEN supplementation increases overall bone remodeling, 

and in the context of chronic alcohol consumption, does not protect against the oxidative stress 

associated EtOH-mediated bone resorption.
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Introduction

Osteoporosis increases fracture risk and is a major cause of morbidity and mortality in the 

United States, costing the health care system billions of dollars every year1. There are many 

hormones that regulate skeletal growth; however, the most important systemic hormones 

that maintain normal bone remodeling are estrogens2. Estrogen deficiency leads to an 

increase in the rate of bone resorption that surmounts bone formation, resulting in a decrease 

of bone mass3. Although osteoporosis is more common in females, the rate of age-related 

cortical and trabecular bone loss in men is almost identical to that of women2. Initially, male 

bone loss studies have focused on androgens and their role in bone metabolism. However, 

interest in the role of estrogens in male bone metabolism was sparked by the report of a 

mutated estrogen receptor gene in men with severe osteopenia4. Additionally, other studies 

have shown that bone loss in men is also due to estrogen deficiency2,5.

Increasing dietary soy intake is a promising, natural approach to treating and/or preventing 

bone loss related to estrogen deficiency. It has been reported that osteoporosis related 

fracture injury is significantly lower in Southern and Eastern Asian countries, and a possible 

explanation for this may be their high consumption of soy products6. Genistein (GEN) is a 

soy isoflavones that is structurally similar to 17-β-estradiol (E2) and have been shown to be 

estrogenic under certain physiological conditions7. For example, in a 24-month study, 

Marini et al demonstrated that osteopenic post-menopausal women who were give daily 

genistein experienced increased bone mineral density at the anteroposterior lumbar and the 

femoral neck8. Moreover, in older men, Newton et al. has demonstrated a net gain in both 

spinal and hip bone mineral density following daily supplementation of daily isoflavones, 

45.6 mg GEN, 31.7 mg daidzein, for 12-months9. Despite the evident beneficial effects, the 

mechanisms underlying GEN’s action on the skeleton remain unclear.

Estrogen affects bone through both osteoblast and osteoclast activities; the actions are 

mediated through the estrogen receptor isoforms, α and β, that are present in men and 

women, and the effects of estrogen on bone differ in the stages of osteoblast 

differentiation10,11. Estrogen also suppresses osteoclast differentiation by inhibiting receptor 

activator of nuclear factor k-B ligand (RANKL)-RANK signaling through up regulation of 

osteoprotegerin (OPG) expression in osteoblasts and osteocytes11. Clinically, GEN has been 
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shown to prevent bone loss and induce a net gain of bone mass in estrogen deficient post-

menopausal women by decreasing bone resorption and increased bone formation, which 

have been attributed to GEN’s estrogenic properties8. However, GEN also has additional 

biological effects that are independent of estrogen. For example, GEN is a potent tyrosine 

kinase inhibitor, and has been show to stimulates bone cell proliferation independent of 

estrogen receptor signaling12,13.

Chronic and binge alcohol consumption in early adulthood is known to produce bone loss as 

a result of suppression of osteoblastogenesis and induction of osteoclast differentiation and 

activation14-17. As a result, chronic drinkers have an increased risk for age-related 

osteoporotic fractures18,19. Previously, we have demonstrated that estradiol supplementation 

during chronic ethanol (EtOH) feeding, completely reverses EtOH-mediated bone loss 

through suppression of RANKL-stimulated osteoclastogenesis and activation20,21. Since 

GEN has been suggested to have estrogenic effects, we hypothesized that GEN 

supplementation during EtOH feeding will also prevent alcohol-mediated bone loss by 

promoting osteoblastogenesis and decreasing osteoclastogenesis and activity.

Methods

Animals and experimental design

All experimental procedures involving animals were approved by the Institutional Animal 

Care and Use Committee at the University of Arkansas for Medical Sciences. Mice were 

housed in an Association Assessment and Accreditation of Laboratory Animals Care 

approved animal facility. Six-week-old C57BL/6 male mice (Jackson Laboratories, Bar 

Harbor, ME) were randomly assigned to 4 weight-matched groups (n=10/group), a 28% 

EtOH Lieber-DeCarli liquid diet (EtOH) and a corresponding pair-fed group (PF), a 28% 

EtOH Lieber-DeCarli diet supplemented with GEN (EtOH/GEN), and corresponding 

PF/GEN control group. The supplemented diets contained 250 mg/kg of the soy-isoflavone, 

GEN(Indofine Chemical Company, Inc, Hillsborough, NJ), which is comparable to GEN 

concentrations found in diets containing soy protein isolate as the sole source of protein used 

previously to stimulate bone growth in rats compared to animals fed casein-based diets22,44. 

In rodents, equol, a daidzein metabolite, is the major serum isoflavone circulating after soy 

protein isolate diets23. However, equol production in humans is variable because of inter-

individual differences in gut microflora metabolism24. Therefore, in this experimental 

design we chose to focus solely on GEN effects and not the combination of GEN and 

daidzein supplementation. For the EtOH groups, EtOH was added to the Lieber-DeCarli diet 

by substituting carbohydrate calories with EtOH calories (Dyets#710260). The EtOH 

concentration in the diet was increased slowly in a stepwise manner until 28% total calories 

were reached, which constitutes a final EtOH concentration of 5.0 % (v/v) as previously 

described16. The PF group received the Lieber-DeCarli control liquid diet (Dyets#710027) 

and the PF/GEN group received the same control diet supplemented with GEN. Both PF 

groups were isocalorically fed to their corresponding EtOH group based on the diet 

consumptions of the previous day. EtOH and PF diets were administered for 60 d. At 

sacrifice, trunk blood was collected, vertebra were frozen and stored at −80°C, and right 

tibial bones were formalin fixed for μCT analysis. Femurs were harvested, and bone marrow 
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was used in ex vivo osteoblast cultures. Blood EtOH concentrations were analyzed using an 

Analox analyzer as previously described16.

Micro computed Tomography (μCT)

Formalin-fixed tibiae were imaged using a μCT 40 (Scanco Medical AG, Bassersdorf, 

Switzerland) using a 12 μm isotropic voxel size in all dimensions. Fractional bone volume 

(bone volume/tissue volume; BV/TV) and architectural properties of trabecular bone, 

Thickness, Number, and Spacing were calculated using previously published methods16. For 

cortical bone assessment, μCT slices were segmented into bone and marrow regions by 

applying a visually chosen, fixed threshold for all samples after smoothing the image with a 

three-dimensional Gaussian low-pass filter (σ = 0.8, support = 1.0) to remove noise, and a 

fixed threshold (30% of maximal gray scale value). Cross-sectional area, total diameter, 

cortical thickness, medullary area, periosteal perimeter, and endocortical perimeter were also 

calculated as described previously16. All μCT analyses were consistent with current 

guidelines for the assessment of bone microstructure in rodents using micro-computed 

tomography25.

Ex vivo osteoblast cell cultures

Bone marrow cells were harvested from the left femur of PF, PF/GEN, EtOH and 

EtOH/GEN treated mice and plated for osteoblast differentiation as previously described26. 

Briefly, primary bone marrow cells, at a concentration of 2X106 cells, were plated in 

quadruplicate in 6-well plates, and cultured in osteoblastic media (αMEM supplemented 

with 10% FBS and 1mM L-ascorbic acid 2-phosphate for 10d, then stained using a 

leukocyte alkaline phosphatase kit according to manufacturer’s protoco1 (Sigma-Aldrich). 

In a separate experiment, bone marrow cells were harvested from femurs of WT, 6-week-old 

male mice to generate in vitro primary bone marrow cultures for osteoblast differentiation. 

Bone marrow cultures were plated at a concentration of 1X106 cells in 24-well plates, 

cultured in osteoblastic medium supplemented with a physiologically relevant concentration 

of GEN (200 nM) for 10d, and stained for alkaline phosphatase. In both experiments, 

alkaline phosphatase-stained pre-osteoblasts were counted under a microscope at 20X 

magnification.

Real-time RT PCR analysis

Vertebral bone (L3) taken from PF, EtOH, PF/GEN and EtOH/GEN animals were 

homogenized in 1 ml of TRI reagent (MRC, Cincinnati OH) using a Precellys homogenizer 

(Bertin Technologies, Rockville, MD). Total RNA was extracted from vertebral bone using 

the TRI reagent as previously described27. Gene expression of bone turnover markers was 

assessed by real time RT-PCR. Bone formation markers included osteocalcin, a well 

described marker for osteoblast activity16, and Runx2 which is essential transcription factor 

necessary for osteoblast differentiation and bone formation28. Osteoblasts modulate 

osteoclast activity through expression of RANKL and its decoy receptor OPG. Thus the 

ratio of RANKL:OPG is an index of osteoclastic stimuli and activity29. In separate 

experiments, in vitro primary bone marrow cultures were cultured in osteoblastic medium 

supplemented with GEN (200 nM) or estradiol (1 nM) at 37°C and 5% CO2 for 10d, at 

Yang et al. Page 4

Exp Biol Med (Maywood). Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



which total RNA was isolated using the RNeasy RNA isolation kit (Qiagen) as per 

manufacturer’s instructions. All RNA was reverse transcribed using IScript cDNA synthesis 

(Bio-Rad Laboratories, Hercules, CA) according to manufacturer’s instructions, and 

subsequent real-time PCR analysis was carried out using SYBR green and an ABI 7500 

sequence detection system (Applied Biosystems, Foster City, CA). Gene expression of bone 

turnover markers in vertebral bone was quantified using deltaCT method relative to GAPDH 

and then to PF controls. In cultured cell experiments, gene expression of bone turnover 

markers was quantified using the deltaCT method relative GAPDH, and then to the 

appropriate control. Comparisons of the raw CT values did not differ between groups, 

indicating GAPDH was an appropriate normalizer. Gene specific primers were: osteocalcin 

F 5’ TTGTGCTGGAGTGGTCTCTATGAC 3’, R 5’CACCCTCTTCCCACA CTGTACA 

3’; RANKL F 5’ GGGTTCGACACCTGAATG CT 3’, R 5’ AACTGGTCGGGC 

AATTCTGG3’Runx2 F 5’ CGGTCTCCTTCCAGGAT GGT 3’, R 5’ 

GCTTCCGTCAGCGTC AAC A 3’; Osterix F 5’TGCAGCAAATTTGGC GGCTCTA 3’, 

R 5’ TCCATTGGTGCTTG AGAAGGGA 3’; RANKL F 5’ AACT GGTCGGGCAAT 

TCTGA 3’, R 5’ GGGTTCGA CACCTGAATGCT 3’; OPG F 5’ 

AGTCCGTGAAGCAGGAG TG 3’, R 5’ CCATCTGGA CATTTTTTGCAAA 3’ and 

GAPDH 5’ GTATGACTCGACTCACGGCAAA 3’, R 5’ GGTCTCGCTCCTGGAAGATG 

3’

Protein isolation and Western blotting

Total cell lysates were made from L4 vertebra taken from PF-, EtOH-, PF/GEN- and EtOH/

GEN-treated mice using ice-cold RIPA buffer plus 1X protease inhibitors (Halt Protease and 

Phosphatase Inhibitor Cocktail, Thermo Fisher Scientific, Pittsburg, PA) and a Precellys 

tissue homogenizer (Bertin Corp, Rockville, MD) following standard procedures. Proteins 

(30 μg) were separated by SDS-polyacrylamide gel electrophoresis using standard methods. 

Blotted cytosolic proteins were incubated with the anti-RANKL antibody (ab124797, 

Abcam, Cambridge, MA) or with a polyclonal anti-rabbit antibody recognizing Runx2 

(sc-10758, Santa Cruz Biotechnology, Dallas, TX). Primary antibodies were diluted 1:1000 

and incubated overnight at 4°C. Secondary antibodies were diluted (1:10,000 to 1:50,000) 

and incubated at room temperature before chemiluminescense detection using SuperSignal 

West Pico Chemiluminescense Substrate (Thermo Fisher Scientific, Pittsburg, PA). Protein 

bands were quantified using a densitometer and band densities were corrected for total 

protein loaded by staining with 0.1% amido black.

Measuring reactive oxygen species (ROS).

Bone marrow cells were harvested from both femurs of 6-week-old male C57Bl6 mice (n=3) 

as previously described26. Basal hydrogen peroxide production was measured using the 

Amplex Red hydrogen peroxide /peroxidase assay (Invitrogen Molecular Probes, Eugene, 

OR) as per manufacturer’s instructions. Briefly, freshly isolated bone marrow cells were 

washed twice in Ringer’s solution, and plated (20,000 cells/well) in quadruplicate into wells 

of a 96-well plate containing 50 μl of Amplex Red reaction buffer (50 μM Amplex red, 0.1 

U.ml−1 HRP) with or without 200 nM GEN or 1 nM E2, and incubated at 37°C continuously 

for 1 hour, at which an absorbance reading (560 nm) was taken. Data is expressed as amount 

produced (μM), which was corrected for non-specific hydrogen peroxide production by 
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subtracting experimental values from values obtained from control wells not containing 

cells. Similar results were obtained in a repeat experiment performed in quadruplicate.

Data and Statistical Analysis

Data are presented as means ± SEM. The effect of GEN supplementation, and EtOH and the 

interaction thereof were determined using two-way ANOVA, followed by Student Newman-

Keuls post hoc analysis. Comparisons between two or multiple groups were accomplished 

by a two-tailed Student’s T-Test. Statistical significance was set at P<0.05. SigmaPlot 

software package 11.0 (Systat Software, Inc., San Jose, CA) was used to perform all 

statistical tests.

Results

Study observations

C56Bl/6 male mice received their respective EtOH, PF, EtOH/GEN or PF/GEN liquid diets 

for 60 days. During this time the daily amount of diet consumed by the each group did not 

differ (14.8 ml ± 0.21 for EtOH, 14.9 ml ± 0.24 for EtOH/GEN, 15.0± 0.19 for PF, and 

14.5± 0.21 for PF/GEN, p=0.326, One-way ANOVA). At sacrifice, weight gain was lower 

in the GEN-supplemented PF group compared to the PF group, 28.5g ± 0.98 vs. 31.7g ± 

0.72, respectively, p<0.05. These findings are not unexpected; the PF diet is high fat diet 

(35%), and diets supplemented with soy protein isolate or GEN have been shown to be 

protective against high fat-induced weight gain30, 31. EtOH consumption significantly 

decreased weigh gain in the EtOH group (26.6g ± 0.97) compared to its PF group, which is a 

result additional disruptive effects of EtOH on endocrine signaling and white adipose tissue 

differentiation16. EtOH did not significantly decrease weight gain in the EtOH/GEN group 

(26.9g ± 1.7) compared to its PF/GEN control, p= 0.308, One-Way ANOVA. The mean 

blood EtOH concentrations were 85.68±33.8 mg/dL (range 3.6-162.8) and 45.00±36.1 

mg/dL (range 2.9-189.2) for the EtOH group and the EtOH/GEN group, respectively and did 

not statistically differ from each other (p=0.434, Student’s T-test). These values are 

comparable concentrations corresponding to the legal limit for operating a motor vehicle, 80 

mg/dL, in the United States.

EtOH-mediated bone loss is not prevented with GEN supplementation

Following 60 d of chronic EtOH feeding, cortical and trabecular bone was assessed by μCT, 

in tibia harvested from EtOH and PF and EtOH/GEN and PF/GEN groups. EtOH treatment 

significantly decreased bone volume (Figure 1). In EtOH-treated mice a significant 

reduction in %BV/TV and Trabecular Number was observed. These observations were 

supported by an increase in Trabecular Spacing in comparison to the PF controls, p<0.05 

(Table 1). Cortical geometry was also affected by EtOH treatment, and cross-sectional area, 

total diameter, and thickness were significantly reduced in the EtOH group compared to the 

PF controls, p<0.05. Interestingly, with GEN supplementation we observed significant 

increases in %BV/TV, Trabecular Number, and Thickness, and a corresponding decrease in 

spacing were observed in the PF/GEN mice when compared to just the PF controls (Table 

1). However, GEN supplementation had no effect on EtOH-mediated trabecular bone loss. 

In the cortical bone compartment, GEN supplementation had no beneficial effect on the 
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cortical cross-sectional area, total diameter, or cortical thickness compared to PF controls, 

p<0.05 and did not mitigate the EtOH-mediated cortical bone loss in comparison to the 

EtOH-treated mice (Table 1).

GEN supplementation enhances EtOH-mediated induction of RANKL

We and others have shown that chronic EtOH consumption promotes bone loss through the 

up-regulation of RANKL-stimulated osteoclastogenesis20, 26,32-33. As expected, EtOH 

treatment alone increased bone resorption, as indicated by an 8-fold increase in RANKL 

mRNA expression compared to the PF control (relative fold, 8 ± 3.3 vs. 1 ± 0.34, 

respectively). GEN supplementation significantly increased RANKL expression in the 

PF/GEN group, relative fold 23.3 ± 1.2, when compared to the EtOH and PF controls, and 

increased RANKL expression further in the EtOH/GEN group, relative fold 33.2 ± 3.6, 

compared to all other groups, Two-way ANOVA, p<0.05. Corresponding to the gene 

expression, in Figure 2a, we also observed increases in RANKL protein expression in the 

PF/GEN and EtOH/GEN groups compared to the PF and EtOH-treated mice, p<0.05. In 

contrast, OPG mRNA expression was reduced in the GEN supplemented groups compared 

to PF and EtOH controls, relative fold, 1.0 ± 0.14 for PF, 1.81 ± 0.19 for EtOH, 0.51 ± 0.14 

for PF/GEN and 0.28 ± 0.11, Two-way ANOVA,p<0.05. As a result, we see a significant 

increase in the RANKL:OPG ratio, (Figure 2b).

GEN supplementation promotes osteoblastogenesis and differentiation

EtOH-mediated bone loss is also associated with decreased bone formation15,32. In Figure 

3a, chronic EtOH consumption inhibited osteoblastogenesis as measured by the reduction of 

alkaline phosphatase stained-pre osteoblasts in primary bone marrow cells taken from 

EtOH-treated femurs and cultured ex vivo, as compared to cultures from PF femurs, p<0.05. 

In contrast, GEN supplementation prevented the EtOH-mediated loss of pre-osteoblasts in 

primary bone marrow cultures taken from EtOH/GEN-treated femurs, p<0.05. Consistent 

with these findings, GEN supplementation significantly increased mRNA expression of 

osteocalcin, a well-established marker for osteoblast activity, in vertebral bone compared to 

PF and EtOH-treated groups (Figure 3b). In Figure 3c,d, mRNA and protein expression of 

Runx2, is also up regulated in the PF/GEN and EtOH/GEN groups compared to PF and 

EtOH-treatment alone, p<0.05.

GEN-treatment increases overall bone turnover in cultured primary bone marrow cells

Primary bone marrow cultures were differentiated in vitro using osteogenic media 

supplemented with GEN (200 nM) or E2 (1nM) for 10d. GEN supplementation significantly 

increased the number of alkaline phosphatase-stained osteoblasts compared to the control 

cells (Figure 4a) which corresponded to an increase in Osterix mRNA expression, a down-

stream target of Runx2, p<0.05 (Figure 4d). GEN treatment also increased RANKL 

expression in these cultures, p<0.05, but had no effect on OPG expression compared to 

control cells (Figure 4b, c). In contrast, treating BMC with a physiologically relevant dose of 

E2 had no significant effect on Osterix mRNA expression and no measurable impact on 

RANKL expression when compared to the GEN-treated cells and the control cells. 

Interestingly, in freshly isolated bone marrow cells, GEN-treatment increased basal 
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production of ROS, as indicated by a 23% increase in hydrogen peroxide production 

compared to control cells, p<0.05 (Figure 5). Incubation of cells with E2 resulted in a 14% 

decrease in basal hydrogen peroxide production when compared to the cells without 

treatment, p<0.05.

Discussion

Bone loss is seen in elderly males and females as a result of the loss of estrogen, which 

protects bone from increases in ROS and oxidative stress34. Chronic alcohol exposure is 

known to increase ROS signaling in bone, resulting in increased osteoclastogenesis and 

decreased osteoblastogenesis, thus promoting bone loss. In particular, we have shown in 

rodents that E2 supplementation prevents EtOH-induced up-regulation of RANKL and 

subsequent enhancement of osteoclast differentiation and activity through RANKL-RANK 

signaling between osteoblasts and osteoclast precursors20,27,35. GEN is structurally similar 

to E2, binds to nuclear estrogen receptors and is estrogenic under certain conditions in vitro 

and in vivo7. Previously, we have shown that soy diets are protective against high fat diet-

and ovariectomy-induced bone loss31,36. In the present study, we tested the hypothesis that 

GEN supplementation at levels found in soy products would also protect against EtOH-

mediated bone resorption in male mice through reduced expression of RANKL. Relatively 

few studies regarding the effects of estrogens on bone loss in men have been conducted9. 

Chronic alcohol abusers have a higher risk for osteoporotic fractures compared to non-

drinkers37,38. Findings from this study may be used to better understand the biological 

effects of GEN and to provide additional information regarding use of isoflavone 

supplements to reduce the risks of osteoporosis in men.

As expected, EtOH alone resulted in bone loss in male mice as a result of decreased 

osteoblastogenesis and bone formation and increased RANKL-dependent bone 

resorption20,27,32. Surprisingly, GEN supplementation was not protective against cortical or 

trabecular bone loss associated with chronic EtOH consumption. Further analysis 

demonstrated that GEN itself significantly up-regulated RANKL expression, and subsequent 

osteoclast activity in the PF/GEN and EtOH/GEN groups. In previous reports, we have 

demonstrated that E2 treatment blocks EtOH-produced ROS, which in turn prevents up-

regulation of RANKL which is mediated via NADPH oxidase signaling pathways35. As 

expected, E2-treatment of freshly isolated primary bone marrow cells decreased basal 

production of hydrogen peroxide. In contrast to E2, GEN-treatment significantly increased 

basal ROS production in bone cells. These findings suggest that GEN supplementation may 

increase bone resorption through ROS signaling. Future studies will include in vitro 

experiments using co-treatments of GEN with radical scavengers, mitochondrial respiratory 

chain inhibitors, and NADPH oxidase inhibitors, to determine the mechanism by which 

GEN increases ROS signaling.

Because bone remodeling rates change throughout development, any overall “beneficial” 

effect of GEN supplementation on the skeleton may vary with the developmental window of 

exposure. In addition, multiple studies using pure GEN have reported contradictory effects 

on bone depending on species, sex, dose, route of administration 39-43. In this study, GEN 

supplementation did not prevent EtOH-associated bone loss, although there were 
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compartment specific increases in trabecular bone density and architecture in the PF/GEN 

group. This improvement in bone quality corresponded to increased osteoblast-specific 

alkaline phosphatase staining, osteocalcin expression, and increased mRNA and protein 

expression of Runx2 in the PF/GEN group. Our findings suggest that GEN supplementation 

increases overall bone remodeling, which is consistent with our earlier report showing an 

overall increase in serum bone formation and bone resorption makers in pre-pubertal female 

rats receiving a soy protein isolate diet compared to rats receiving a casein-based diet 

supplemented with E223. These findings also support the idea that bone resorption 

mechanisms are primarily responsible for EtOH-mediated bone loss.

In conclusion, our findings demonstrate that dietary GEN supplementation does not protect 

against EtOH-mediated bone loss in male mice. We believe GEN supplementation increases 

ROS signaling, which subsequently enhances RANKL-mediated osteoclast activity, which 

overwhelms any beneficial effect of GEN on osteoblastogenesis in the face of EtOH 

exposure. It is possible that diets containing soy foods or soy isoflavones have beneficial 

effects on skeletal quality under conditions resulting in other types of bone loss. For 

example, we have shown that the consumption of soy protein isolate prevented the 

impairment of bone accrual and improved bone quality in weanling male rats fed high fat 

diets as a result of improved insulin-signaling in bone cells31. In vitro, both serum from soy 

protein isolate fed rats and pure GEN stimulate osteoblastogenesis through up-regulation of 

Runx2 expression in cultured osteoblastic cells31. These results warrant further investigation 

into the mechanisms underlying soy and GEN’s effects on bone remodeling. Such studies 

will provide new insights into the potential use of soy products or dietary GEN 

supplementation to reduce the risks of bone loss in men.
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Figure 1. 
Lateral 3D reconstructions from mCT analyses for a representative bone from each group, 

bone chosen by best match to mean trabecular thickness of each group (a) PF, (b) EtOH, (c) 

Pair-Fed/GEN, and (d) EtOH/GEN.

Yang et al. Page 13

Exp Biol Med (Maywood). Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
Effects of GEN-supplementation on markers of resorption (a) RANKL:OPG ratio and (b) 

RANKL protein expression in vertebral bone of PF-, EtOH-, PF/GEN- and EtOH/GEN- 

treated mice (n=5/group). Gene expression of RANKL and OPG were determined by real-

time PCR as described in the Materials and Methods. RANKL protein expression was 

assessed by Western blot as described in the Materials and Methods. Data is expressed as 

mean ± SEM. Statistical significance was determined by a two-tailed Student’s T-test. 

Values with different letters are significantly different from each other (P < 0.05).
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Figure 3. 
Effects of GEN-supplementation on osteoblastogenesis (a) alkaline phosphatase staining of 

primary bone marrow cells from PF-, EtOH-, PF/GEN-, and EtOH/GEN-treated femurs 

(n=4/group), plated in quadruplicate, and cultured in osteogenic media for 10 days. Gene 

expression analysis of bone formation markers (b) osteocalcin and (c) Runx2 mRNA protein 

and (d) Runx2 mRNA expression in vertebral bone (n=5/group). Gene expression was 

determined by real-time RT-PCR as described in the Materials and Methods. Runx2 protein 

expression was assessed and quantified as described in the Materials and Methods. Data are 

expressed as mean ± SEM. Statistical significance was determined by two-tailed Student’s 

T-test. Values with different letters are significantly different from each other (p < 0.05).
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Figure 4. 
The effects of GEN on markers of osteoblastogenesis, bone marrow cells were isolated from 

6wk female C57Bl6 mice (n=3), plated in quadruplicate, and grown in osteogenic media 

supplemented with GEN for 10d followed by (a) alkaline phosphatase staining. Gene 

expression of (b) RANKL, (c) Osteoprogetrin (OPG), and (d) osterix in bone marrow 

cultures grown in osteogenic media supplemented with GEN or E2 for 10 days. For each 

treatment group, cells were plated in quadruplicate. Data are expressed as mean ± S.E.M. 

Statistical significance for alkaline phosphastase staining was determined by a two-tailed 

Student’s T-Test, *p<0.05 control vs. GEN, **p< 0.05 GEN vs. E2.
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Figure 5. 
Basal hydrogen peroxide generation was measured in freshly isolated bone marrow cells 

from 6 wk female C57Bl6 mice (n=3), plated in quadruplicate, and treated with either 200 

nM GEN or 1 nM E2 at 37°C for an hour, using the Amplex Red hydrogen peroxide/

peroxidase assay kit as described in Materials and Methods. Data expressed as the amount 

produced (μM). Statistical significance was determined by a two-tailed Student’s T-test for 

every time point, *p<0.05 control vs. E2, **p<0.05 control vs. GEN.
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Table 1

μCT analysis of tibial bone in PF, EtOH, PF/GEN and EtOH/GEN treated male mice.

PF EtOH PF/GEN EtOH/GEN

Tb. Bone parameters

BV/TV, % 6.52 (0.01)a 4.93 (0.01)b 9.09 (0.004)c 9.09 (0.004)c

Tb.Number, 1/mm 2.60 (0.21)a 1.82 (0.18)b 2.86 (0.11)c 2.07 (0.20)b

Tb.Spacing, mm 0.37 (0.03)a 0.55 (0.06)b 0.32 (0.01)c 0.48 (0.05)b

Tb.Thickness, mm 0.029(0.001)a 0.029(0.001)a 0.030(0.001)c 0.030 (0.001)b

Ct bone parameters

Cross-sectional Area mm2 0.150 (0.001)a 0.140 (0.003)b 0.145 (0.003)a 0.135 (0.004)b

Total Diameter, mm 0.101 (0.001)a 0.093 (0.002)b 0.098 (0.001)a 0.091(0.002)b

Cortical Thickness, mm 0.188 (0.002)a 0.173 (0.003)b 0.185 (0.001)a 0.176 (0.002)b

Medullary Area, mm2 0.110 (0.003)a 0.123 (0.008)b 0.101 (0.001)a 0.110 (0.005)b

Periosteal Perimeter, mm 0.976 (0.01)a 0.925 (0.02)a 0.976 (0.02)a 0.936 (0.02)a

Endocortical Perimeter, mm 0.617 (0.009)a 0.644 (0.02)a 0.575 (0.004)a 0.601 (0.022)a

N= 10 mice/group; Values are mean ± St.Err. Trabecular bone (Tb). Statistical differences between treatment groups were determined by two-way 
ANOVA followed by Student-Newman Keuls post-hoc analysis. Values with different letter subscripts are significant from each other (p<0.05).
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