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Abstract: Bone is endocrine metabolic organ which maintains its integrity through the process of bone remodeling 

controlled by several local and systemic factors. Any perturbation in the bone remodeling leads to development of osteoporosis 

which is mostly age related but can be premature as well. Several therapies have come up to treat osteoporosis including 

bisphosphonates but due to side effects natural compounds are looked like resveratrol which has estrogenic property depending 

upon the type of tissue it is acting upon. Resveratrol has stimulatory effect on bone cells by modulating the process of 

differentiation through change in the expression levels of osteoblastic genes through estrogen receptors. 
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1. Introduction 

Osteoporosis is a well-defined disorder where estrogen 

plays an important role in bone remodelling and estrogen 

deficiency is the cause of postmenopausal osteoporosis. 

Hormonal replacement therapy could alleviate the post-

menopausal osteoporosis but it has other undesirable side 

effects. Alternative therapy with naturally occurring 

phytoestrogen like resveratrol has been shown to have 

osteoprotective effects in animal model. This concise review 

focuses on the molecules which regulate bone remodelling 

directly or indirectly to maintain bone homeostasis. 

2. Bone Remodeling 

Bone remodelling is a lifelong process where old bone is 

replaced from the skeleton (bone resorption) by new bone 

(bone formation). This process controls the reshaping or 

replacement of bone during growth and injuries like fractures 

and also micro-damage, which occurs during normal activity. 

Bone building is stimulated by the secretion of growth 

hormone by the pituitary, thyroid hormone and sex hormones 

(estrogens and androgens) [1]. There are two types of cells 

which play role in bone remodelling, the osteoblastic cells 

(bone forming) and the osteoclastic cells (bone depleting). 

Osteoblasts are promoted to release various factors that 

indorse resorption of bone by stimulating osteoclast activity 

and its differentiation from progenitor cells [2]. 

According to National Osteoporosis Guideline Group 

(NOGG), osteoporosis is defined as loos of bone structure 

with weak strength due to deterioration of mineral content 

which increases the risk for fractures 

(https://www.sheffield.ac.uk/NOGG/NOGG%20Guideline%

202017.pdf). Osteoporosis is a major health problem 

affecting 2 in 3 women in postmenopausal years. A rapid 

decline in estrogen production is the leading cause of 

decrease in bone density immediately after menopause. Bone 

density is measured by means of many techniques, but the 

most common used one is Dual Energy X-ray absorptiometry 

(DEXA). The total bone mineral density (BMD) decreases by 

30-40% at the age of 75 and this decrease is due to increase 

in osteoclastic activity which affect the bone quality. In 

clinics, this pathogenesis is detected only when it is 

symptomatic and it is difficult to replace this condition. 
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3. Pharmacological and  

Non-Pharmacological Interventions 

Pharmacological and non-pharmacological interventions are 

used to prevent or treat osteoporosis. Non-pharmacological 

interventions include a) change in life style b) increase in uptake 

of calcium, vitamin D and protein rich diet. Traditional therapy 

i.e. hormone replacement therapy (HRT) has been the first 

choice to prevent the bone loss but it is currently discouraged 

due to its side effects. As bone loss is highest soon after 

menopause, the traditional practice was to start the HRT before 

development of severe form of osteoporosis. For that the total 

concentration of estrogen is increased by giving combination of 

balanced estrogen with progestin. HRT treatment has been able 

to avert several deaths from 2002 to 2011 [3]. Other modalities 

used to treat post-menopausal osteoporosis have emphasized the 

use of anti-resorption agents such as estrogen, calcitonin and 

bisphosphonates. 

4. Estrogen and Bone Remodeling 

Bone is an estrogen sensitive tissue and change in the 

levels of estrogen affects the bone quality. Estrogen receptors 

have been described in all three different types of cells of 

bone (osteoblasts, osteocytes, and osteoclasts). It decreases 

rate of remodelling by decreasing osteoclast resorption and 

thus decreases bone formation rate [3]. Estrogen deficiency 

during post-menopausal years induces bone loss resulting in 

osteoporosis. Estrogen exerts its effects by either ER-α or 

ER-β. ER can function through either genomic DNA or non-

genomic pathway where the need of binding to DNA is not 

required [4]. Alternatively, estrogen modulates bone 

formation and resorption markers through local or systemic 

factors. Disturbance in the rate of formation and resorption 

lead to loss of bone associated with osteoporosis and further 

restraining effect on osteoclastogenesis and 

osteoblastogenesis. ER (presumably ER-α) was reported to 

be present on rat and human osteoblastic cells for the first 

time in 1988 [5]. 

Estrogen deficient condition in postmenopausal women is 

related to development of increased fracture risk and 

osteoporosis. To prevent osteoporosis estrogen is given in 

combination with Parathyroid hormone (PTH) as it is 

considered as reasonable approach. PTH increases the bone 

formation if used once. However, prolonged use of PTH 

inhibits the bone formation whereas alone estrogen inhibit 

the bone resorption by inhibiting osteoclastic activity [6]. 

Such drugs are also not useful to treat osteoporosis as they 

have many side effects not only in bone but other tissue also. 

Combination therapy (estrogen+ bisphosphonate) has more 

promising effects on BMD than alone. Treatment of 

postmenopausal osteoporosis by HRT has many side effects 

like increased risk of developing breast cancer, 

cardiovascular disease and dementia. Thus, replacement of 

HRT with Selective Estrogen Receptor Modulators (SERM) 

or SERM like bazodoxifene needs to be considered. These 

compounds act as estrogen receptor agonist or antagonist 

depending upon type of tissue. Bazedoxifene (BZA) is a third 

generation SERM, developed from raloxifene but it is 

structurally different from raloxifene. BZA interacts with 

estrogen receptors in various tissues. However, this 

compound has also been shown to have many side effects 

[7]. 

5. Phytoestrogens and Bone Metabolism 

Phytoestrogens are described as naturally occurring plant 

derived non-steroidal compounds that shows structural and 

functional similarity to steroidal estrogens. These 

phytoestrogens can act as agonist or antagonist depending on 

the type of tissue [8]. Many studies have demonstrated health 

benefits of phytoestrogens in their anticarcinogenic, 

neuroprotective, cardioprotective activities and bone 

formation promoting properties. Investigations on soy 

isoflavones (daidzein and genistein) were shown to have a 

beneficial effect on proliferation and differentiation of 

osteoblastic MC3T3-E1 cells [9]. Studies on avian 

osteoclasts showed that genistein inhibits bone resorption via 

tyrosine kinase inhibition, which regulate osteoclastic 

activity [10]. In earlier studies ovariectomized (OVX) 

animals were fed soy protein to study the effects of soy 

isoflavones on the bone loss and it was found that treatment 

with it could prevent bone loss [11] and this positive effect 

was later found to be due to the isoflavones in the soy [12]. 

Long term consumption of soy isoflavones also resulted in 

reversal of established bone loss [13]. Genistein and daidzein 

received attention as osteoprotective compounds and can be 

used for treatment of osteoporosis. They stimulate 

osteoblastic proliferation and differentiation and induce 

osteoclastic apoptosis by acting as inhibitor of tyrosin kinase. 

Genistein was shown to be effective in reducing bone loss in 

OVX rats. Genistein was also shown to have estrogenic 

effects on bone and bone marrow without exhibiting 

estrogenic action on the uterus [13]. Phytoestrogens also 

have many other beneficial effects like cardio-protective, 

neuro-protective and anticancer property apart from their 

positive effects on bone [14]. 

6. Resveratrol and Bone Remodeling 

Recently in last few years resveratrol has attracted 

considerable attention due to its low toxicity and unique 

chemical structure. Resveratrol (3, 4, 5 -trihydroxystilbene), 

is a phytoalexin present in grapes, mulberries and peanuts. It 

is isolated from roots of Polygonum capsidatum(ko-jo-kon) 

in Japan. Resveratrol in ROB cells (Rat calvarias Osteoblast-

like) could stimulate osteocalcin gene expression similar to 

estradiol without disrupting endocrine function [15]. Apart 

from its anti-resorptive property, resveratrol can enhance 

osteogenesis and inhibits adipogenesis. Resveratrol promotes 

osteogenesis through an increased expression of RUNX2 

protein (a main regulator of osteoblastic differentiation) via 

promoting formation of active complex of Sirt1 and 

FOXO3A [16, 17]. Resveratrol stimulates osteoblastic cell 
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proliferation at 1µM concentration with increased ALP 

activity and calcium deposition on day 12. In the same study 

authors have shown that the proliferation and differentiation 

is through MAPK pathway [18]. Resveratrol treatment 

increases the ALP activity, osteocalcin, at doses up to 12.5 

µM but not with higher dose. Thus, the study showed that 

there was increase in osteoblastic activity with resveratrol 

treatment without increasing cellular number thus promoting 

osteogenesis at very low concentrations [19]. Resveratrol was 

first demonstrated to directly stimulate cell proliferation and 

differentiation of osteoblasts in in vitro studies using 

osteoblastic MC3T3-E1 cells [20]. Liu et al and other authors 

have demonstrated that resveratrol alleviate the decrease in 

the bone mineral density (BMD) and bone calcium content 

(BCC) in OVX rat model which shows the beneficial effect 

on bone preservation [21, 22]. In a review Bagchi et al., 2001 

suggested that resveratrol supplementation might be an 

alternative to HRT for its cardioprotective and 

osteoprotective effects and other potential health benefits in 

post-menopausal women [23]. Administration of resveratrol 

in trauma from occlusion C57BL/6 mice significantly shown 

decrease in osteoclastic genes [24]. 

7. Estrogen Modulatory Effects of 

Resveratrol 

Resveratrol is categorized in a group of phytoestrogen due 

to its structural similarity to diethylstilbestrol. Resveratrol 

has been shown to bind to the estrogen receptor (ER) and  

activate the transcription of genes in ER-α overexpressed 

MCF-7 cell [25]. In addition to this resveratrol modulate the 

levels of TGF-1β, IGF1 and TGF-2β mRNA [26]. 

Resveratrol can bind to both ER-α and β with different 

affinity, but with 7000–fold lower affinity than E2 [27]. The 

estrogen modulatory activity of resveratrol depends on the 

estrogen response element (ERE) sequence and ER subtype. 

It brings about higher transcriptional activity when bound to 

ER-α than β. Resveratrol has shown to mediate anti-

estrogenic effects in endometrial cancer cells by selective 

down regulation of ER-α but not ER-β [28, 29]. Estrogenic 

and anti-estrogenic effect of resveratrol depends on various 

factors such as structural conformation of the protein to 

which it binds, what kind of protein it interacts with and cell 

and tissue specificity [30]. 

8. Factors Involved in the Process of 

Osteoblast Differentiation 

8.1. ALP (Alkaline Phosphatase) 

Bone specific alkaline phosphatase ALP (EC 3.1.3.1) is 

synthesized by osteoblasts to remove phosphate group form 

proteins, DNA, RNA, or alkaloids [31]. ALP is associated with 

membrane and studies have shown that it is associated with 

transport processes and mineralization in bone. As ALP is a as 

marker for osteoblastic activity it is assessed to study the 

differentiation of mesenchymal stem cell or precursor 

osteoblasts in in vitro culture studies and in in vivo conditions 

[32, 33]. ALP gene is the first one to be expressed during 

differentiation of osteoblasts. The expression of ALP is 

regulated by RUNX2, osterix and wnt signaling pathway [34]. 

E2 stimulates osteoblast differentiation when added 

intermittent to the culture as there is significant increase in 

ALP activity as compared to when the cells were given 

continuous E2 treatment [35]. Estradiol alone can induce 

osteoblastic differentiation albeit at slower rate but when given 

along with PTH, BMP4 and BMP7 the effect was more 

pronounced as in by significant increased expression of ALP 

[6, 36, 37]. But E2 can stimulate osteoblastic differentiation of 

bone marrow cells derived from ER-α Knockout mice at the 

same rate as for cell from wild type. These cells showed 

increased ALP activity with other differentiating markers. So, 

in such cases E2 functional effect is independent of estrogen 

receptors [38]. Phytoestrogens have positive effect on ALP 

activity of osteoblast and promote differentiation. Human bone 

marrow stem cells showed comparable ALP activity when 

treated with resveratrol and E2 at10 nM concentration [18]. 

8.2. Osteopontin 

Osteopontin is a non-collagenous protein secreted by 

mature osteoblasts. It helps in bone remodelling by 

mineralization and is known as late stage osteoblastic marker 

of differentiation (Vanackeret al., 1998). Osteoblasts like 

cells expressing ER such as U2OS-ERα or U2OS-ERβ show 

increase in expression of ALP, osteocalcin, osteopontin and 

many other osteoblastic genes when treated with E2 for 24 

and 48 hours. The increase in osteopontin expression is 

significant after 48 hours and it is more in cells expressing 

ER-β [39]. 

8.3. Osteocalcin 

Osteocalcin is a gamma-carboxylated protein synthesized 

by mature osteoblasts and released into circulation where it 

has functional effects on many tissues [40]. Estradiol 

treatment of rat primary osteoblast causes increase in 

expression of Col1A1, osteonectin, osteocalcin, osterix, 

RUNX2 and also promotes mineralization [41]. Flavonoids 

like resveratrol increase the expression col1A1, osteocalcin, 

ALP and RUNX2. This effect of resveratrol may or may not 

be through ERs. Resveratrol activates RUNX2 gene 

expression which intern increase expression of osteoblastic 

differentiation markers [17]. 

9. Transcription Factors 

9.1. RUNX2 (Run-Related Transcription Factor) 

RUNX 2 binds to DNA through its Runt domain and 

regulates gene expression. This transcription factor has 

binding sites in various genes like osteocalcin, Col1A1, bone 

sialoprotein and osteopontin. As soon as there is a signal for 

osteoblastic differentiation, the expression of RUNX2 

increases which further stimulates the expression of various 
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genes like Col1A1 and osteopontin, BSP and osteocalcin. 

The process of differentiation of osteoblast starts with 

increase in expression of RUNX2, osteocalcin and PTHR. 

The primary immortalized precursor osteoblastic cell line 

hFOB1.19 differentiates at higher temperature 39°C and this 

differentiation is marked with increase in expression of such 

markers [42]. Authors have found that resveratrol can 

increase the expression of RUNX2. This increase in 

expression is through stabilized active complex of SIRT1 

/FOXO3A [17]. Estrogen increases the expression of 

RUNX2 and osteocalcin in early stages of differentiation but 

inhibits its expression in later stages. Hence, estrogen has 

stage specific modification of RUNX2 activity [43]. 

9.2. Osterix (SP7) 

Ostrix is the Zinc finger transcription factor expressed 

during differentiation of osteoblast. Studies have shown that 

in osteosarcoma cells the expression level is significantly 

reduced and this reduction is responsible for development of 

tumor. Once the gene expression is restored in such cells, it 

can reduce the tumour growth. This suggests that osterix has 

role in decreasing proliferation and promotes the cells 

towards differentiation [44]. RUNX2 transcription factor 

regulates the expression of osterix. Osterix regulates the gene 

expression of Col1A1 gene which play role in differentiation 

of osteoblastic cells. It maintains the bone mineral density by 

regulating bone formation. Same study has shown that 

treatment of mesenchymal stem cells with BMP6 increase 

osterix expression level while there is little effect on RUNX2 

[45]. 

9.3. Aryl Hydrocarbon Receptor (AhR) 

AhR is a nuclear receptor which belongs to basic-helix-

loop-helix transcription factors. AhR is a inactive cytosolic 

transcription factor bound to several chaperones and becomes 

active when chemicals such as 2, 3, 7, 8-tetrachlorodibenzo-

p-dioxin (TCDD) interact with these receptors. Upon 

binding, the chaperones dissociate from the AhR and allow it 

to move inside the nucleus where it leads to the change in the 

transcription of osteopontin, BMP, Wnt, RUNX2, 

osteocalcin, and alkaline phosphatase [46, 47]. Cigarette 

smoke, which contain TCDD, reduces the bone mineral 

density and increases risk of bone fracture due to bone loss 

[48]. Initial evidence for a role of resveratrol on bone 

metabolism came indirectly from studies on the effect of 

AhR ligand (TCDD) present in cigarette smoke and other 

sources of air pollution on osteoporosis [49]. Transcripts for 

important bone associated proteins such as collagen type I, 

osteopontin, bone sialoprotein and alkaline phosphatase were 

reduced by AhR ligand. This effect was found to be 

antagonized by resveratrol, an already known antagonist of 

AhR [50], thereby identifying resveratrol as a promising 

therapeutic agent for smoking related bone loss. 3-

Methylcholanthrene, a polycyclic aromatic hydrocarbon 

(PAH) and AhR agonist, activates AhR to interact with 

unliganded ER-α and this entire AhR/ER-α complex is 

recruited to estrogen responsive genes, suggesting cross talk 

between ER-α and AhR [51]. AhR also has role in mammary 

gland tumorigenesis [52]. 

9.4. TGF-1β (Transforming Growth Factor Beta Family) 

TGF-1β has long list of members includes TGF-1β, Nodal, 

Activin, BMPs. The signalling pathway starts when ligand 

binds to heteromeric serine/threonine kinase receptors on 

membranes. The signal passes to a member of Smad family 

and finally to nucleus. Non-classical pathway of TGF-1β also 

induces osteogenic differentiation by stimulating RUNX2 

expression which is the main regulator of differentiation. 

TGF-1β has power of inducing differentiation of induced 

pluripotent stem cells (iPSC) into osteoblastic cells and bone 

formation in vivo. Combination of TGF-1β and retinoic acid 

(RA) induce differentiation to osteoblast by increasing 

RUNX2, osterix, osteopontin, and osteocalcin expression 

levels. These iPSC cells after treatment with TGF-1β and RA 

introduced bone formation in SCID mice [53]. There are 

some contradictory studies in which authors have shown that 

increase in TGF-1β levels in serum due to systemic 

inflammatory disease cause bone loss as there is decrease in 

ALP, osteocalcin, BMP2, BMP7, BSP2, OPG and increase in 

RANKL, osteopontin expression levels. This effect is 

reversed by blocking TGF-1β pathway. Thus, TGF-1β shows 

dual effect on bone [54]. 

9.5. BMP2 (Bone Morphogenetic Protein 2) 

BMP2, a member of TGF-β family is expressed in various 

tissue including osteoblasts, where it stimulates osteoblasts 

differentiation similar to RUNX2 transcription factor. 

Increase in BMP-2 expression in mesenchymal stem cells 

and precursor osteoblasts cause increase in differentiation 

and play important role in bone formation. BMPs exert their 

effect by inducing mesenchymal stem cell differentiation into 

osteoblast precursors. Every BMP has its own function like 

BMP2 is osteogenic where as BMP7 has a role in bone 

formation and regeneration after injury. BMP2/7 heterodimer 

has significant effect on regeneration and differentiation than 

alone. ALP, Col1A1 and osteocalcin were highly induced in 

presence of BMP2/7 heterodimer than homodimer of each 

used at lower dose [55]. E2 treatment cause increase in BMP-

2 gene expression. The increase in expression of BMP2 has 

direct effect of estrogen as ER along with estrogen can bind 

to its binding site in the promoter site of BMP2 [56]. 

Wnt/lrp5 and BMP2 are most potent stimuli for bone 

formation. Signalling pathway of BMP2 is similar to TGF-1β 

as both belong to the same family. BMP2 increases RUNX2 

expression level by activating Smad1/5/8 and finally 

regulates expression of many osteoblastic genes like 

osteocalcin, osteopontin, collagen type 1 [57]. In precursor 

osteoblasts it induces differentiation but in mature cells it 

induces apoptosis [58]. BMP2 is required for postnatal bone 

growth as well. Authors have shown that BMP2 is required 

for good quality of bone formation. Knockout of BMP2 

causes small length of bone with poor quality of bone 
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material which increase the risk of fracture in these mice 

[59]. 

9.6. BMP7 (Bone Morphogenetic Protein-7) 

BMP7 is member of TGF-1β superfamily involved in 

proliferation and differentiation of bone cells. It has 

promising effect in improving the bone loss in 

ovariectomized ovine model [60]. Administration of BMP-7 

alone or in combination with E2 increases the cell 

proliferation, ALP activity with enhanced RUNX2 protein 

expression, followed by mineralization. All these osteoblastic 

features are significantly increased when BMP-7 alone is 

given as compared to E2 alone and this effect was more 

pronounced when given in combination with E2 [37]. 

10. Conclusion 

Estrogen is known to be an important systemic factor 

regulating bone remodelling process and the estrogen 

deficient condition is responsible for postmenopausal 

osteoporosis. However, it is not clear whether resveratrol 

directly acts on bone to change the local factors of bone 

remoulding or whether some indirect mechanism involving 

systemic factors are involved. Elucidation of molecular 

mechanisms of osteoprotective effects of resveratrol can help 

us to understand the pathogenesis of osteoporosis in detail 

with clinical application of identification of molecular targets 

or the design of drugs that can be used to treat osteoporosis. 
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