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Abstract 

Background: To investigate the effect of S-equol, a selective estrogen receptor ß 

agonist produced in certain individuals by biotransformation of the soy isoflavone 

daidzein, on bone structure, bone strength, and metabolism in overiectomized rats. 

Design: Controlled animal study. Participants: Total of 75 female rats. Intervention: 

Animals were divided into 5 groups: ovariectomized (OVX), OVX+17-beta estradiol 

benzoate (EB), OVX+S-equol (30 mg/kg), OVX+S-equol (100 mg/kg), and SHAM. 

Animals received drug or vehicle for 60 days. At sacrifice, right femora and 

vertebrae (L3 and L4) were excised. Measurements: Bone density and structural 

parameters were measured by pQCT. Mechanical testing and quantitative 

histomorphometry were done. Blood markers of bone metabolism and uterine 

weights were measured. Results: Higher dose S-equol preserved mechanical strength 

of bone. Vertebral compressive strength, femoral bending strength, and femoral 

cortical thickness were not different between the S- equol (100 mg/kg) , SHAM, and 

EB groups and all were significantly higher than OVX and S-equol (30 mg/kg) groups. 

No differences were found in osteoclast numbers or vertebral bone mineral 

composition, and serum markers of bone metabolism did not follow the pattern of 

strength measures differences. Uterine weight in the higher dose S-equol group was 

significantly lower than in SHAM and EB groups. Conclusions: Treatment of OVX rats 

with S-equol (100 mg/kg) resulted in preservation of vertebral and femoral bone 

strength and volume not different from that in SHAM or EB rats. Higher dose S-equol 

caused less uterine stimulation than did endogenous or synthetic estrogen. These 
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results suggest that S-equol warrants further study as a possible alternative to 

estrogen replacement for treatment of osteoporosis. 

  

Key words: Mechanical loading, bone, bone turnover markers, bone 

histomorphometry. 

 

Introduction 

The consequences of osteoporosis and related osteoporotic fractures are devastating, 

both medically and economically. Today in the U.S. alone there are more than 2 

million osteoporotic fractures per year that cost over $17 billion dollars annually to 

treat. It is estimated that by the year 2025, the number of fractures will rise by 50% 

and the cost of treating these fractures will exceed $25 billion per year (8). Between 

16% and 32% of those who suffer a hip fracture in the U.S. die within the first year 

after fracture (4, 11). Many of those who do survive require assistive devices for 

walking and can perform fewer independent activities of daily living compared to 

before fracture (27). 

The decrease in estrogen production during menopause is associated with long-term 

loss of bone mineral density and increased fracture rate. Though effective in 

preventing loss of bone mineral density after menopause, some of the existing 

anti-resorptive agents are associated with undesirable side effects including 

increased risk of ovarian and uterine cancer (24). Parathyroid hormone, an anabolic 

agent, causes increases in bone modeling and remodeling. However, it seems to 

exert its most beneficial effects in the early months of treatment and such effects 

appear to reverse upon cessation of treatment unless an additional antiresorptive 

agent such as bisphosponate is given upon cessation (13). It would be desirable to 

identify other agents for treatment of osteoporosis resulting from a decrease in 

estrogen production. 

A number of reports suggest that soy, isoflavones contained in soy, and racemic 

equol improve bone quality and prevent loss of bone mineral density in animals and 

humans (12, 15, 19, 30, 35, 40), but studies are inconclusive about its mechanism of 

action. S-equol is an isoflavone produced by the bacterial biotransformation of 

daidzein, an isoflavone in soy, in some individuals (32). The S-enantiomer of equol, 

S-equol is a biologically active compound that is an estrogen receptor ligand with 

30-fold lower affinity for ER α than for ER ß (Figure 1) (23). In controlled clinical 

studies in postmenopausal women, daidzein consumption has been associated with 

improved bone mineral density (BMD) in those subjects who are equol producers (3, 

17, 32, 40). Oral bioavailability of S-equol is high (82%) (33). 



A recent double-blinded, randomized, controlled trial found that S-equol treatment 

of postmenopausal women who were not S-equol producers resulted in markedly 

inhibited bone resorption and no decrease in bone mineral density (36). No study has 

yet evaluated the clinical effects of pure S-equol on bone mechanical strength or on 

bone structure and formation. Our purpose was to compare various indicators of 

bone quality and bone strength in ovariectomized (OVX) rats receiving S- equol or 

estrogen treatment and in sham operated rats. We hypothesized that S-equol would 

maintain mechanical strength of the bones in a manner comparable to endogenous 

or synthetic estrogen and that measures of bone structure, formation, and 

resorption as measured by bone markers and quantitative histomorphometry in S- 

equol-treated rats would be similar to those found in sham operated or 

estrogen-treated OVX rats. 

 

Figure 1: Diagram of S-equol molecule 

  

Materials and methods 

Materials 

S-equol (purity, 98.8%) was obtained from Girindus Solvay America, Inc. (Cincinnati, 

OH, USA). 

Animal Model 

We obtained institutional animal care and use committee approval for the study 

from the University of Maryland Animal Care and Use Committee. Seventy-five 

female rats 60 days old were divided into 5 groups of 15 animals each: OVX, OVX 

with estrogen replacement (17- beta estradiol benzoate) 0.4 mg/kg (EB) (7), OVX 

with S- equol (30 mg/kg) or (100 mg/kg), and sham OVX (SHAM). S-equol was 
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dissolved in DMSO to the particular dose with sesame oil such that the final 

concentration of DMSO was 5%. The OVX and SHAM groups were given DMSO/sesame 

oil. The amount of vehicle given to each rat was 0.5 ml. Treatment began on the day 

of surgery. Animals were treated for 60 days receiving daily oral doses of the drug or 

vehicle. All dosages were adjusted at 3-week intervals based on group mean body 

weight. All rats were fed a phytoestrogen-free diet (Teklad TD 2016, Harlan 

Laboratories, Indianapolis, IN) ad libitum. When the rats were 120 days old, they 

were euthanized by CO2 overdose based on National Institutes of Health guidelines. 

The right femur, lumbar vertebra (L3 and L4), and uterus of each specimen were 

collected. 

Structural Parameters 

Right femora and lumbar vertebrae were cleaned of soft tissue and frozen at -20° C. 

Structural parameters of these bones including geometry, mass, and density were 

measured by pQCT scans (Stratec Research, SA, Stratec Medizintechnik, Pforzheim, 

Germany) using a cross- sectional resolution of 0.1 mm and a slice thickness of 1 mm. 

pQCT scans of L3 were taken across two contiguous slices through the center of the 

body, and properties were averaged across the two slices. A threshold of 280 

mg/cm³ was used to distinguish cortical and trabecular bone from air and marrow. 

Bone mineral content (BMC) and bone mineral density (BMD) of the two sections 

were determined and averaged. Femora were scanned at 45% of total bone length 

from the distal end. Anteroposterior (AP) section modulus (an index of bending 

strength) in the femur was determined using Stratec software. 

Mechanical Testing 

After pQCT scanning, L3 vertebrae were milled into approximately 4-mm axial 

sections with parallel cranial and caudal ends and with posterior elements and 

processes removed, using a Buehler isomet and fine bone saw (MicroAire), 

respectively. Biomechanical testing was carried out using an MTS servohydraulic load 

frame (Mini-bionix, MTS Systems, Inc.) following previously described protocols (14, 

22). Vertebral specimens were tested in compression between parallel platens until 

failure at a loading rate of 2 mm/min. Femora were tested in 3-point bending, with 

the central loading point located at the same 45% section location as that used for 

pQCT measures, and specimens were loaded to failure at 2 mm/min. The orientation 

of the femur was anterior surface up to be contacted first by the loading point from 

above. 



Because mechanical parameters are most relevant when expressed relative to body 

size (31), all mechanical and structural parameter data with the exception of 

densities were divided by body weight (grams) before statistical analysis. 

Measurements of vertebral BMC and peak compressive load were divided by body 

weight (grams), and femoral AP section modulus and peak bending load were divided 

by body weight multiplied by bone length. 

Bone Markers 

At sacrifice, serum samples were collected, processed, and stored at -80C. 

Concentrations of osteocalcin and C- terminal telopeptide were determined in all 

groups. Both markers were measured in serum by enzyme-linked immunosorbent 

(ELISA) assay using kits manufactured by Nordic Bioscience Diagnostics. All samples 

were analyzed in duplicate, and controls were run throughout all assays. 

Bone Histomorphometry 

Undecalcified sections of vertebrae L4 (trabecular bone) and midshaft femur 

(cortical bone, 45% of total bone length from the distal end of the femur) were 

dehydrated by placing them sequentially in 5 containers of increasing concentrations 

of ethanol up to 100% ethanol for 24 h. They were then embedded in 

methylmethacrylate, sectioned, slide mounted, and stained using Mason-Goldner 

and VonKossa stains (18). Quantitative histomorphometric measurements of bone 

structure and resorption were determined using the Bioquant Image Analysis System 

(Bioquant Image Analysis System Corp., Nashville, TN) according to the 

manufacturer’s recommendations. All bone present in one section was analyzed. 

Osteoclast numbers were derived from vertebral bone. 

Statistical Analysis 

Statistical analysis of data was done using a one-way ANOVA with pairwise post hoc 

Scheffe comparisons if ANOVA test yielded significant results. A p value of p ≤ 0.05 

was accepted as significant. Bone parameter data were normalized based on body 

weight to avoid possible bias associated with the effect of increased weight on bone 

(1, 6, 34, 38). 

  

Results 



Body Weight 

After 60 days of treatment, the OVX group had a significantly higher mean body 

weight (mean ± SD) of 300 ± 8 g versus 245 ± 11 g in the SHAM group (p=0.001). The 

EB, S-equol (30 mg/kg), and S-equol (100 mg/kg) groups had significantly lower 

mean body weights of 244 ± 14, 249 ± 28 and 255 ± 14 g, respectively, compared to 

the OVX group (p=0.01). The increase in weight associated with ovariectomy 

supported normalizing of the data based on weight as described above. 

Bone Mineral Composition 

Adjusted BMC was significantly lower in the vertebrae of the OVX and both S-equol 

groups compared with the SHAM group (Table 1). Adjusted BMC in the EB group was 

not significantly different from that in the OVX or SHAM groups. Vertebral BMD was 

significantly lower in OVX compared to SHAM and EB groups; no other group 

differences reached significance. 

 

Table 1: Adjusted mechanical properties of vertebrae and femora 

Data are shown as mean ± SD. AP, anteroposterior; BMC, bone mineral composition; BMD, 

bone mineral density. P values: 1-way ANOVA at p value shown, followed by post-hoc Scheffe 

comparisons significant at p <.05. 

  

Bone Mechanical Properties 

Vertebral peak load adjusted for body weight was significantly lower in the OVX and 

lower S-equol dose (30 mg/kg) groups than in SHAM or EB groups (the latter with 
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S-equol 30 mg/kg only) (Table 1). The higher dose S-equol (100 mg/kg), EB, and 

SHAM groups were not different in vertebral peak load. In the femur, AP section 

modulus and peak bending load adjusted for body weight and femoral length were 

significantly lower in OVX and the lower S-equol dose (30 mg/kg) groups than in 

SHAM or EB groups. The higher S-equol dose (100 mg/kg) group had significantly 

greater femoral strength properties than OVX or lower S-equol dose groups and was 

not significantly different from the SHAM or EB groups (Table 1). 

Bone Metabolism 

The concentrations of osteocalcin and C-telopeptide in the SHAM group fell within 

the range described as normal by the manufacturer. Interassay variability for both 

assays was less than 2%. The SHAM group had significantly lower levels of 

C-telopeptide than all other groups, indicating less bone turnover than in the other 

groups (Table 2). Osteocalcin levels were significantly lower in the EB group than in 

all other groups. The S- equol higher dose (100 mg/kg) group had a 4.5-fold higher 

level of osteocalcin than the EB group. 

 

Table 2: Serum markers of bone metabolism 

Data are shown as mean ± SD. P values: 1-way ANOVA at p value shown, followed by post-hoc 

Scheffe comparisons significant at p <.05. 

  

Histomorphometry 

The higher dose S-equol (100 mg/kg) group showed weight-adjusted (divided by 

weight in grams) femoral and vertebral bone volume and femoral cortical thickness 

not different from that of the SHAM operated rats or those receiving estrogen, while 

the OVX and lower dose S-equol groups were lower in these parameters (Table 3). 

Vertebral sections showed no differences in trabecular thickness or number of 

osteoclasts per square millimeter of trabecular bone surface between SHAM, OVX, 

EB, and S-equol groups. 
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Table 3: Histomorphometry results 

P values: 1-way ANOVA at P value shown, followed by post hoc Scheffe comparisons 

significant at p <.05. 

  

Uterotrophic Activity 

Uterine weight in all groups was significantly greater than in the OVX group at the 

p=0.001 level (Table 4). Uterine weight in both S-equol groups was significantly 

lower than in the SHAM and EB groups (p=0.001). 

 

Table 4: Histomorphometry results 

Data are shown as mean ± SD. P values: 1-way ANOVA at p value shown, followed by post-hoc 

Scheffe comparisons. 

  

Unadjusted Data 

Unadjusted data are shown in Table 5. 
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Table 5: Histomorphometry results 

Data are shown as mean ± SD. BMC, bone mineral composition; AP, anteroposterior. 

  

Discussion 

Higher dose S-equol treatment prevented ovariectomy- induced losses of both 

femoral and vertebral strength. The OVX group had a femoral bending strength 

about 20% lower than in the SHAM group, but femoral bending strength in OVX rats 

treated with 100 mg of S-equol per kg was not different from that in the endogenous 

(SHAM) or synthetic (EB) estrogen groups. This effect on bone strength was seen 

even more dramatically in the vertebrae, where vertebral compressive peak load in 

OVX rats at sacrifice was only a little over half that of the intact (SHAM) control 

whereas the higher-dose S-equol group and the SHAM group were nonsignificantly 

different. Uterine weight in the current study was higher in rats treated with 100 mg 

of S-equol per kg than in the OVX group, but uterine weight in both S-equol groups 

was significantly lower than in the SHAM and EB groups. S- equol did not affect bone 

mineral density or osteoclastic or osteoblastic activity as measured by levels of 

serum osteocalcin and C-telopeptide or by the histomorphometric determination of 

osteoclast number. Strength measures done in this study cannot be replicated in 

women, but some investigators suggest that newly available noninvasive measures of 

bone geometry may be good predictors of bone strength (5). 

Uterine stimulation with both doses of S-equol was significantly greater 
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than in the OVX group, but was significantly lower than in the endogenous or 

synthetic estrogen groups. Although uterine stimulation did occur, significantly less 

uterine stimulation with S-equol compared with estrogen may be an advantage of 

S-equol treatment. S-equol has a 30-fold lower affinity for ER α than for ER ß (23). 

S-equol may have a more favorable safety profile than estrogens that bind equally to 

ER α and ER ß, such as estradiol (23). The binding affinity of S- equol for ERß is 1000 

times lower than that of estradiol (23). Estrogen replacement therapy for 

postmenopausal osteoporosis is limited because of the unwanted stimulation of 

estrogen receptors at extraskeletal sites such as the breast and possible increased 

risk of breast cancer (29). 

Selective estrogen receptor modulators (SERMs) have been developed to selectively 

stimulate only estrogen receptors in a tissue-specific manner with beneficial effects, 

and several are commercially available. They are thought to act by causing 

tissue-specific conformational changes in the estrogen receptor that change the 

affinity of the estrogen receptor to its ligand (20). S-equol, a soy- based 

phytoestrogen, may work in a similar fashion to SERMs by binding to ERs. However, it 

is a conundrum that in this study, S-equol, primarily an ER ß agonist, had an effect 

on bone, which is considered primarily an ER α target (26). This finding suggests that 

S-equol utilizes other yet unknown, perhaps ER-independent mechanisms to protect 

the bone in hypoestrogenic conditions. The significantly lower effect of S-equol 

versus estradiol on the uterus, another primarily ER α target (26), further suggests 

that ER mechanisms do not fully explain the action of S-equol. Although both ER α 

and ER ß receptors are present in uterine and mammary tissue, ER ß agonists alone 

appear to have little effect on these tissues (26). In contrast, racemic equol, a 

commercially available form of equol that contains 50% S- equol and 50% R-equol, 

has shown beneficial effects on bone (12, 16, 30, 35) but has a 25% higher affinity for 

ER α compared with ERß and has been associated with estrogen stimulation at 

extraskeletal sites (23). 

Weight-adjusted data were used for calculations involving effects of treatment on 

structural changes of the bone. Numerous clinical studies have used normalization 

based on body mass index or body weight to avoid bias where larger body size would 

have an independent effect on bones (1, 6, 34, 38). Preclinical studies have also 

normalized data based on body weight where changes to bone are being studied (16, 

35). The confounding effect of larger size can be seen in our unadjusted raw data for 

peak load, where peak femur load in the estrogen group was significantly higher 

than in the SHAM operated group. When data were adjusted for weight, peak load in 

the estrogen group was not significantly different from that in the SHAM operated 

group. We provided the raw data for reference, but we analyzed the adjusted data. 
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Our findings of higher vertebral compressive and femoral bending strengths with 

S-equol treatment are consistent with previous reports using animal models. 

Sehmisch et al. (30) reported higher vertebral compressive strength, Tezval et al. 

(35) found higher trochanteric breaking strength, and Mathey et al. (19) reported 

higher femoral load in rats fed diets containing racemic equol for 5 weeks compared 

to OVX rats receiving a soy-free diet over the same time period. Effects of treatment 

on other parameters, including BMC and BMD, are less consistent. In the current 

study, neither dose of S-equol had a beneficial effect on vertebral BMC (adjusted for 

body size) or on BMD measured by pQCT. Rachon (28) treated rats for 6 weeks with 

racemic equol and also found no improvements in BMD of either the tibia or lumbar 

spine by CT. In contrast, Kim et al. (15) and Fujioka et al. (12) in the mouse model, 

and Mathey et al.[19] and Tsuang et al. (37) in the rat model found significant 

increases in BMD of either the femur, lumbar spine, or whole body compared to OVX 

controls after treatment with racemic equol or soy isoflavones. 

Weight-adjusted femoral and vertebral bone volume and femoral cortical thickness 

in those rats receiving higher dose S-equol in the current study were no different 

than in the SHAM and estrogen-treated groups, and these parameters in all three 

groups were significantly higher than in the OVX controls. Tezval et al. (35) also 

found that racemic equol-treated rats had significantly higher trabecular area and 

connectivity compared to an OVX group but there was no difference in number of 

osteoclasts among groups. In contrast, Fujoika et al. (12) found significantly fewer 

osteoclasts in the rats treated with racemic equol compared to OVX rats. 

Bone mineral density and all of the factors comprising bone quality such as bone 

geometry, bone microarchitecture, the quality of the collagen, and the rate of bone 

turnover are important determinants of how well a skeleton can resist fracturing (2, 

9, 10). The most important factor or combination of factors for bone preservation 

has not yet been determined, and studies have shown that existing treatments for 

osteoporosis target some but not all of these factors (25). The current data show 

that S-equol may be promising in its ability to impact at least some of these 

functionally critical parameters. 

Our methodology allowed identification of key data, but µCT and TRAP staining 

would have provided additional detail about bone strength and osteoclast surface 

and numbers. Also, we were restricted to using 60-day old rats in this study. Other 

studies have used older rats for osteoporotic rat models, but some investigators have 

used rats of approximately the same age as ours for similar models (21, 39). 

  

Conclusions 



In conclusion, treatment of OVX rats with S-equol (100 mg/kg) resulted in vertebral 

and femoral bone strength and bone volume not different from that in sham- 

operated or estrogen-treated rats without change in bone density. S-equol in both 

doses caused less uterine stimulation than either endogenous or synthetic estrogen. 

These results suggest that S-equol warrants further study as a possible alternative to 

estrogen replacement for treatment of osteoporosis. 
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