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ABSTRACT 

 
The studies presented in this dissertation offer evidence to support the hypothesis that 

polyphenolic curcuminoids isolated from the plant turmeric (Curcuma longa L.) are 

bone-protective in metabolic bone disorders characterized by excessive osteoclastic bone 

resorption.  Activation of the critical transcription factor NF-κB in osteoclast precursor 

RAW 264.7 cells and osteoclastogenesis in rat primary bone marrow cell culture were 

directly inhibited by curcuminoids.  Loss of bone mineral density and impaired structural 

connectivity of the trabecular bone microarchitecture associated with ovariectomy and 

estrogen deficiency were attenuated by curcuminoids in a rat model of postmenopausal 

osteoporosis.  Additionally, the studies presented in this dissertation offer evidence for 

bone-protection conferred by curcuminoids by demonstrating for the first time their 

potent inhibitory effect on breast cancer cell secretion of the osteolytic peptide 

parathyroid hormone-related protein (PTHrP) via inhibition of Smad-dependent TGF-β 

signaling in MDA-MB-231 cells.  Finally, curcuminoids inhibited osteolytic lesion 

formation in a PTHrP-mediated murine model of breast cancer bone metastasis.  Taken 

together, these novel and encouraging findings justify the need for further studies to 

determine whether curcuminoids may hold promise for the prevention of bone loss and 

associated complications in resorptive bone diseases in women. 
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1.1 Skeletal Physiology 
 

Bone is a dynamic tissue that is modeled during development and remodeled or 

repaired throughout adulthood in response to microdamage caused by daily load stresses.  

Bone turnover is regulated through numerous cellular pathways under the influence of 

mechanical, hormonal and nutritional stimuli that work in concert to maintain a balance 

between the resorption or degradation of old bone and the formation of new bone. 

 

1.1.1 Bone Morphology and Skeletal Development 

Bone tissue consists largely of an extracellular matrix composed of proteins and 

hydroxyapatite crystals, as well as a small population of cells responsible for maintaining 

and remodeling the tissue.  The cellular elements are constantly remodeling bone in the 

mature skeleton to maintain structural integrity and mineral homeostasis in response to 

mechanical stress, hormonal and nutritional stimuli.  Structurally, bone can be 

categorized into two distinct types: 1) cortical bone, and 2) trabecular bone (Figure 1.1).  

Cortical bone, which represents roughly 80% of the total bone mass, makes up the 

smooth, compact cortex of long bones (Boron, Boulpaep 2005).  This type of bone 

confers its strength through the dense organization of a system of osteons, or concentric 

lamellae, surrounding central canals that provide access to blood vessels and nerves 

(Junqueira, Carneiro 2005).  Embedded within the lamellae, a network of osteocytes 

maintain cell to cell contact and communicate to each other and to osteoblasts and 

osteoclasts through a fluid-filled system of canalliculi  (Robling, Castillo & Turner 2006, 

Civitelli 2008).  Trabecular bone, which represents roughly 20% of the total bone mass, 
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is found primarily in the epiphyses and metaphyses of long bones, which flank the 

epiphyseal growth plate (Figure 1.1), and is especially prominent within the vertebrae.  

Trabecular bone resembles a lattice of interconnected plates and rods called trabeculae, 

which dramatically increase the surface area of this bone compartment relative to the 

cortical compartment (Marcus 1987).  The cellular elements in trabecular bone include 

osteocytes, osteoclasts and osteoblasts, which together are responsible for remodeling 

bone through resorption of old bone and formation of new bone.  Because of the high 

FIGURE 1.1  Long bone morphology 
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surface area in trabecular bone, surface-lining osteoblasts and osteoclasts are numerous in 

trabecular bone and render it a highly metabolically active compartment (Rosen 2008). 

 The skeleton must provide resistance against the force of gravity, and forces of 

muscle contraction during body movement and locomotion.  The major structural 

component of bone that lends to its mechanical strength and resistance against these 

forces is its geometry or its shape (Karlsson et al. 2001).  Bone rigidity, or resistance to 

deformation, is conferred by the cylindrical shape of the bone diaphysis, or shaft, (Figure 

1.1), wherein a distribution of bone mass further away from its neutral axis conveys 

greater strength than an equal amount of bone mass placed closer to the axis (Hayes 

1991).  In trabecular bone, mechanical strength is conferred by the geometric 

arrangement of the trabeculae.  A large number of trabeculae with minimal spacing, an 

optimal shape (thick plate-like vs. thin rod-like) and high amount of connectivity provide 

strength in this bone compartment (Bouxsein, Radloff 1997a).  The material properties of 

bone also contribute to mechanical resistance and are determined by the relative amount 

of the major bone components present, including mineral, water and organics, and are 

also influenced by geometric arrangement of the mineral (e.g., porosity) (Borer 2005).  

Bone quality can also relate to the non-mineral components of bone such as collagen and 

other proteins that contribute to toughness and strength.  In osteogenesis imperfecta, for 

example, bone fragility is associated with derangement of the collagen molecule (John D. 

Currey 2003). 

 During childhood, a specialized region of bone called the epiphyseal growth plate, 

which contains proliferative cartilage cells that differentiate, hypertrophy and lay down 
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cartilaginous matrix, allows for longitudinal (endochondral) bone growth (Figure 1.1) 

(Tortora, G.J., Derrickson, B. 2006).  Proteases released from these cells break down the 

cartilaginous matrix, initiating mineralization.  Osteoblast progenitor cells arrive via the 

vasculature to replace the cartilaginous matrix with hydroxyapatite mineral, consisting 

mainly of calcium carbonate and calcium phosphate.  In cortical bone, changes in mineral 

mass and bone width can be initiated 1) through apposition of new bone on the outer 

layer or periosteum (Figure 1.1), 2) through an increase in bone mineral content in the 

intracortical layer, and 3) through apposition or resorption of bone in the endosteum, 

which expands or contracts the diameter of the medullary cavity (Borer 2005).  The 

capacity of bone to add width through periosteal apposition appears to be retained 

throughout life, whereas the capacity of bone to increase cortical thickness through 

endosteal apposition is restricted to the time of longitudinal growth (Hui et al. 1982, 

Parfitt 1984).  Bone mineral density (BMD) in the trabecular bone compartment increases 

gradually to a similar degree in males and females during puberty (Gilsanz et al. 1998). 

The different time courses of longitudinal growth, cortical thickening patterns and 

accumulation of bone mineral density (BMD) result in a cumulative peak bone mass.  

The exact age at which peak bone mass is reached likely differs for each bone site and 

gender, though many agree that it is reached somewhere between the ages of 20-25 

(Bachrach 2008).  The development of optimal peak bone mass is of clinical relevance as 

it mitigates adverse effects of inevitable age-related bone loss.  Once growth has 

terminated, bone mass is altered through the coupled action of osteoclasts and 
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osteoblasts, which are responsible for maintaining bone in response to microdamage, 

local growth factors and changes in endocrine status. 

 

1.1.2 The Osteoblast and Osteoclast: The Basic Multicellular Unit 

Bone remodeling occurs at discrete sites within the skeleton and proceeds in an 

orderly fashion, with the resorption of old bone being followed by the formation of new 

bone, a phenomenon known as “coupling” (Eastell 2006).  Bone remodeling is mediated 

by bone’s basic multicellular unit (BMU) comprised of 1) bone-resorbing osteoclasts and 

2) bone-forming osteoblasts.  BMU activation typically occurs after microdamage or 

strain to bone is sensed by osteocytes, bone’s primary mechanosensing bone cell, but can 

also occur in response to cytokines exposure (Strand, Kavanaugh 2004).   

When a microcrack is sustained in the bone matrix, osteocytes near the site of 

damage detect strain and secrete factors including prostaglandins, growth factors and 

nitric oxide, which aid in the recruitment of bone marrow stromal cells and blood 

vasculature  (Neve, Corrado & Cantatore 2012) .  Bone lining cells detach from the bone 

surface and form a circulatory canopy around the site of damage, a mechanism that is 

poorly understood (Seeman 2009).  Bone marrow stromal cells that have been activated 

by signals from osteocytes secrete macrophage colony stimulating factor (M-CSF), 

aiding in the differentiation of hematopoietic stem cells into osteoclast precursors (Ross 

2008).  Pre-osteoblastic stromal cells differentiate, proliferate and begin to express 

receptor activator of NF-κB ligand (RANK-L) on their surfaces (Figure 1.2).  RANK-L 

binds to its cognate receptor RANK expressed on osteoclast precursor cells causing 
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osteoclast differentiation, enlargement and fusion.  Multinucleated mature osteoclast cells 

bind to the site of cracked bone matrix with the help of integrins, and secrete H+ and 

cathepsin K, which resorb the bone matrix.  Osteoclast resorption at this site takes 

approximately 2 weeks (Ross 2008) with osteoclasts eventually undergoing apoptosis.  

Osteoprotegerin (OPG), a soluble decoy receptor expressed from osteoblast cells, can 

bind to RANK-L, thus blocking the activation of osteoclast precursors (Figure 1.2).  The 

relative expression of RANK-L/OPG from osteoblasts is a key determinant of 

osteoclastic bone resorption, and as a result, the osteoblast and osteoclast are tightly 

coupled. 

Immediately following osteoclastic resorption, osteoblast cells line the resorption 

pit, secrete osteoid, and subsequently mineralize the osteoid.  When the resorption pit is 

filled, some osteoblasts become embedded in the osteoid and become osteocytes, others 

become bone lining cells, while many undergo apoptosis.  Newly embedded osteocytes 

re-establish a network of connection between each other and bone lining cells.  This 

newly established mineral continues to increase in density for several years, and returns 

to a quiescent state. 

Osteocytes make up >90% of all of the bone cells (Bonewald 2008) and yet our 

understanding of the their role in skeletal biology and bone turnover is very limited.  In 

quiescent bone, osteocytes secrete the protein sclerostin, which is a negative regulator of 

bone formation (Robling et al. 2008).  Sclerostin inhibits Wnt signaling in osteoblast 

precursor cells, which is a critical osteoblast differentiation pathway that permits 

osteoblastic bone formation  (Ott 2005, Krishnan, Bryant & Macdougald 2006).  The role 
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of sclerostin in bone remodeling has been best elucidated in response to mechanical strain 

(Robling et al. 2008).  When mechanical loading or strain is sensed, sclerostin secretion 

from the osteocyte is reduced, and thus, bone formation is enhanced (Robling et al. 

2008).  In this way, osteocytes are regulators of bone turnover in response to mechanical 

stimuli.  Surprisingly, recent studies have implicated osteocytes as a major source of 

RANK-L in bone and as such, a key regulator of osteoclast cell differentiation and 

osteoclastogenesis as well (Xiong, O'Brien 2012).  These new advances in the field of 

bone biology may ultimately lead to a paradigm shift in which the osteocyte joins the 

osteoblast and osteoclast as a key member of the BMU in bone. 

 

1.1.3 Receptor Activator of NF-κB (RANK) Signaling in the Osteoclast 

In metabolic bone disorders, the cellular mechanisms that regulate the coupling of 

osteoblasts and osteoclasts become out of balance such that osteoclastic bone resorption 

overtakes new bone formation resulting in net bone loss.  Because of the osteoclast’s 

central role in resorptive bone diseases, the signaling pathways that regulate osteoclast 

cell differentiation have been subjects of inquiry in the search for anti-resorptive 

therapeutics. 
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When RANK-L, the TNF-related cytokine expressed on osteoblast cell surfaces 

activates RANK on osteoclast precursor cells (Figure 1.2), osteoclast-specific genes, 

including tartrate-resistant acid phosphatase (TRAP), cathepsin K, calcitonin receptor and 

β3-integrin, are expressed.  At least 5 distinct cytoplasmic signaling cascades mediated by 

protein kinases are activated by RANK and are induced during osteoclastogenesis 

(Teitelbaum 2000).  The critical preliminary step initiating RANK signaling requires 

TNFR-associated cytoplasmic factors (TRAFs), of which TRAF6 has been found to be 

FIGURE 1.2  Schematic 
representation of the basic 
multicellular unit (BMU) of bone 
consisting of bone-forming 
osteoblast cells and bone-resorbing 
osteoclast cells is presented.  
Osteoblast cell expression of 
receptor activator of NF-κB ligand 
(RANK-L) in response to 
nutritional, hormonal and 
mechanical stimuli is necessary and 
sufficient for activation of the 
RANK receptor expressed on the 
osteoclast cell.  RANK activates 
TNF-receptor associated factor 6 
(TRAF6) which propagates RANK 
signaling by activating inhibitor of 
NF-κB kinase (IKK)β, which 
phosphorylates inhibitory κB (IκB)-
α, after which it releases the 
transcription factor NF-κB for 
nuclear translocation and expression 
of genes that initiate osteoclast cell 
differentiation. 
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the key adaptor molecule necessary for propagation of RANK signaling (Gravallese et al. 

2001).  Activation of RANK signaling mediates the transcription of genes that regulate 

osteoclast precursor cell differentiation and NF-κB is the critical transcription factor 

necessary for the early stages of osteoclast differentiation (Figure 1.2) (Goldring, 

Gravallese 2000, Gravallese et al. 2001, Teitelbaum 2000, Boyle, Simonet & Lacey 2003, 

Yamashita et al. 2007) .  In the absence of RANK stimulation, NF-κB is sequestered in 

the cytoplasm as its nuclear localization sequence (NLS) is masked due to its being 

bound to inhibitory κB (IκB)-α.  When RANK-L binding to RANK initiates this key 

signaling cascade, TRAF6 activates inhibitor of NF-κB kinase (IKK), which 

phosphorylates IκB-α.  Phosphorylation of IκB-α causes its ubiquitination and releases 

the tethered transcription factor NF-κB, allowing for its nuclear translocation and 

subsequent binding to enhancer elements of target genes that initiate osteoclast cell 

differentiation.   

In the osteoclast cell, signaling through RANK is a necessary and sufficient 

stimulus for bone resorption, as signaling via RANK regulates osteoclast cell 

differentiation, survival, cytoskeletal organization and proliferation (Goldring, Gravallese 

2000, Teitelbaum 2000, Gravallese et al. 2001, Boyle, Simonet & Lacey 2003).  From a 

pharmacological standpoint, blockade of the RANK pathway in a resorptive bone disease 

state is a primary therapeutic goal (Seeman 2003). 

 

1.1 Postmenopausal Osteoporosis 
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The hormonal milieu in the bone microenvironment is in constant flux, 

orchestrating bone metabolism depending on the relative concentrations of hormones and 

growth factors.  The complex integration of endocrine signaling will determine net 

anabolic or catabolic skeletal effects.  In women, decline of ovarian function during the 

menopausal transition can initiate significant bone loss that, if left unchecked, results in 

skeletal fragility and increased risk of bone fracture.  Osteoporosis is defined clinically by 

determination of bone mineral density (BMD) using dual energy X-ray absorptiometry 

(DXA), an imaging technique that provides an integrative measure of mineral present 

within a given area of bone (Kanis, Gluer 2000).  A diagnosis of osteoporosis is assigned 

by estimation of bone loss relative to 

population-based measures of peak 

bone mass when BMD is 2.5 standard 

deviations below the mean BMD of 

gender-matched 30 year-olds (Ott 2011, 

Office of the Surgeon General (US) 

2004).  While other factors also 

contribute to fracture risk (i.e., bone 

geometry, fall risk) (Cummings et al. 

1995), low BMD is a major risk factor 

for fragility fractures that is also used in 

clinical osteoporosis studies as a 

surrogate for bone strength  (Marshall, 

FIGURE 1.3  Bone µCT reconstructed images 
reveal significant thinning of trabecular bone 
over time in paired iliac crest bone biopsies from 
the same woman at (A) 53 years of age and (B) 
58 years of age (Ott 2011). 
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Johnell & Wedel 1996).  Understanding the mechanism of BMD loss leading to 

osteoporosis is the key to developing effective pharmacological targets to prevent 

fracture. 

 

1.2.1 Role of Menopause and Estrogen Deficiency in Osteoporosis 

 Bone fracture incidence increases markedly in women during the first 

postmenopausal decade; this has been attributed to the rapid loss of bone mass and 

trabecular architecture that occurs with a decline in ovarian hormone production 

associated with menopause (Raisz 2001).  The most profound loss of bone mass, and thus 

highest fracture risk (i.e., hip and vertebrae), occurs in the trabecular compartment due to 

its high surface area, and thus, its increased metabolic activity (Figure 1.3).  Because 

trabeculae confer strength to the metaphyses of long bones, thinning and loss of 

trabecular connectivity in this compartment significantly weakens the bone, and increases 

its risk of fracture.  While both formation and resorption are increased in this period due 

to increased activation frequency of the basic multicellular unit (BMU), bone loss during 

menopause is driven by a net increase in bone resorption due to a prolonged state of 

osteoclastic resorption during the remodeling phase (Garnero et al. 1996). 

The sex steroid whose loss in menopause is thought to have the greatest impact on 

skeletal mass and calcium metabolism is estrogen.  Estrogen receptors are expressed on 

both osteoblasts and osteoclasts (Kholsa 2010).  In favor of bone formation, estrogen 1) 

promotes the differentiation of osteoblasts from mesenchymal stem cells (over 

adipocytes) (Okazaki et al. 2002, Dang et al. 2002), 2) prolongs the lifespan of the 
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osteoblast (Kousteni et al. 2001), 3) increases osteoblast expression of proteins that aid in 

bone formation (e.g., type I collagen, IGF-1, bone morphogenic protein-6) (Kholsa 2010)  

and 4) inhibits apoptosis in osteoblasts and osteocytes (Kousteni et al. 2001).  Estrogen 

suppresses osteoclast activity by 1) stimulating osteoclast cell apoptosis (Hughes et al. 

1996) and 2) by reducing osteoblast, T cell and B cell expression of RANK-L (Eghbali-

Fatourechi et al. 2003).  In addition to having direct effects on the osteoblasts and the 

osteoclasts, estrogen inhibits inflammatory cytokine production from bone marrow 

stromal and mononuclear cells (Kitazawa et al. 1994, Girasole et al. 1992, Jilka et al. 

1992).  This is an important bone protective-mechanism because inflammatory cytokines 

such as interleukin (IL)-1, IL-6, and TNF-α are known to be potent stimulators of 

osteoclastogenesis (Strand, Kavanaugh 2004).  Taken together, estrogen plays an 

anabolic role in the skeleton, and decline in estrogen levels during menopause is 

correlated with loss of bone mass and increased risk of fracture (Marcus et al. 1994). 

Interestingly, during perimenopause, an estrogen-replete period preceding 

cessation of menstrual bleeding characterized by non-estrogenic reproductive hormone 

changes, rapid trabecular bone loss has been reported (Sowers et al. 2010).  These data 

suggest that, in addition to sex steroids, other endocrine hormones, namely follicle-

stimulating hormone (FSH) and inhibins, may play a role in this rapid loss in bone mass 

associated with perimenopause.  Diminished inhibin production by the ovary and 

concomitant increased FSH levels correlate with perimenopausal bone loss in women 

(Sowers et al. 2006, Perrien et al. 2006, Burger 2008, Burger et al. 2008), and in vitro and 

pre-clinical studies have elucidated anabolic and catabolic effects of inhibin and FSH, 
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respectively (Gaddy-Kurten et al. 2002, Lukefahr et al. 2012, Sun et al. 2006).  The 

etiology of osteoporosis during the menopausal transition likely involves the complex 

integration of direct and indirect signals from multiple hormones (Khosla, Melton & 

Riggs 2011).  The indisputable effect of ovarian failure on the skeleton is increased BMU 

activation, with resorption overtaking formation such that net bone loss occurs. 

 

1.2.2 Current Therapeutic Approaches to Postmenopausal Osteoporosis 

Calcium is required for the bone formation phase of remodeling and must be 

delivered to the osteoid and is required for osteoblast cell function and communication 

with osteoclasts (Jorgensen et al. 2002).  Because approximately 200 mg of calcium is 

removed from the skeleton and excreted in the urine each day, approximately 600 mg of 

calcium needs to be consumed by individuals daily, accounting for low absorbance 

(Dawson-Hughes 2008).  Vitamin D aids in the absorbance of calcium (Boron, Boulpaep 

2005), and since calcium absorption efficiency and serum 25-hydroxyvitamin D levels 

decline with age (Dawson-Hughes 2008, MacLaughlin, Holick 1985), supplementation 

with calcium and vitamin D is recommended for aging women.  Adequate intake of 

calcium lowers the bone remodeling rate by ~10-20% (Elders et al. 1991) and higher 

serum 25-hydroxyvitamin D levels have been associated with higher BMD (Bischoff-

Ferrari et al. 2004); however, large randomized control trials have not conclusively 

demonstrated that calcium and vitamin D supplementation reduces fracture risk 

(Porthouse et al. 2005, Jackson et al. 2006, Bischoff-Ferrari et al. 2005).  During 

menopause, women are encouraged to supplement with calcium and vitamin D but these 
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are not sufficient to treat osteoporosis.  Pharmacological agents are therefore prescribed 

to prevent further bone loss or, ideally, rebuild new bone in osteoporotic women. 

 Because estrogen deficiency is considered to be the primary cause of bone loss 

during menopause, estrogen replacement therapy is a viable preventative treatment option 

for women entering menopause.  Estrogen is approved for the prevention of osteoporosis 

but not for treatment (Vokes, Favus 2010).  The Women’s Health Initiative (WHI) 

demonstrated that estrogen treatment in combination with progesterone is associated with 

increased risk for breast cancer and cardiovascular disease, despite the fact that estrogen 

treatment was found to reduce risk of osteoporotic fractures (Nelson et al. 2002).  Since 

the publication of the WHI, estrogen use has substantially declined, but for those willing 

to accept cancer and cardiovascular risks, estrogen is typically prescribed for up to 5 

years, a time period over which increased cancer risks are thought to be small, and is 

primarily initiated in menopausal women who require symptomatic relief from hot 

flashes (Vokes, Favus 2010).  Due to the risks involved with estrogen treatment, the use 

of selective estrogen receptor modulators (SERMs; e.g., raloxifene, tamoxifene) is an 

alternative FDA-approved option for women who are at an increased risk of breast cancer 

because of the estrogenic effect of SERMs on bone and anti-estrogenic action in the 

breast and uterus (Vokes, Favus 2010).  Raloxifene is approved for the prevention of 

osteoporosis and has been found to reduce vertebral (but not non-vertebral) fractures, 

though it appears less potent than estrogen with a higher variability in response (Ettinger 

et al. 1999).  Despite improved safety, SERMs still carry an increased risk of 

cardiovascular events (Barrett-Connor et al. 2006).  Because the benefit of estrogen and 
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SERM treatment often does not outweigh the associated risks, many women turn to non-

estrogenic therapeutics, almost all of which act as anti-resorptives that target the 

osteoclast via different cellular mechanisms. 

For decades, bisphosphonates have been the most prescribed anti-resorptive agent 

used in clinical practice (Russell 2011).  The half dozen different preparations, (both 

nitrogen- and non-nitrogen-containing) have all been shown to reduce fracture rates by 

35-65% (Brumsen et al. 2002, Black et al. 1996, Cummings et al. 1998, Harris et al. 

1999, Reginster et al. 2000, Delmas et al. 2004, McCloskey et al. 2004).  

Bisphosphonates are synthetic analogs of inorganic pyrophosphate that bind with high 

affinity to the hydroxyapatite of bone, are released in the acidic environment during 

resorption, and taken up by osteoclast cells.  Non-nitrogen containing bisphosphonates 

(etidronate, clodronate, tiludronate), by virtue of the similarity of their P-C-P backbone to 

naturally occurring pyrophosphate, incorporate into non-hydrolysable analogues of ATP, 

the accumulation of which is thought to result in osteoclast cell death (Russell 2011).  

Nitrogen-containing bisphosphonates (zolendronate, alendronate, risedronate, 

ibandronate, pamidronate) inhibit farnesyl pyrophosphate synthase (FPPS), an important 

enzyme of the mevalonate biosynthetic pathway necessary for prenylation of small 

GTPases that are critical for osteoclast cytoskeletal organization and function (Russell 

2011, van beek et al. 1999).  The metabolite IPP immediately upstream to FPPS 

accumulates, reacts with AMP and ultimately leads to osteoclast apoptosis (van beek et 

al. 1999, Russell 2011).  Bisphosphonate bioavailability is very low (1-5% absorption), 

but their affinity for bone is high and effects of bisphosphonates may persist in the 
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skeleton for years (Russell 2011).  While effective, bisphosphonates have relatively 

common adverse side effects that limit compliance (e.g., upset stomach, esophageal 

inflammation, flu-like symptoms), as well as a risk of renal toxicity, and in some cases 

have also been associated with osteonecrosis of the jaw and mid-shaft and sub-

trochanteric femur fractures (Russell 2011, Rizzoli et al. 2008).   

Calcitonin is a peptide secreted by C cells of the thyroid gland in response to 

elevated levels of serum calcium (Boron, Boulpaep 2005).  Calcitonin interacts with G-

protein-coupled receptors on osteoclast surfaces during the final stages of differentiation 

and causes osteoclasts to withdraw from active sites of bone resorption by flattening their 

ruffled border in the resorption pit (Adami 2008).  Used therapeutically, calcitonin is an 

anti-resorptive of modest potency.  In clinical trials, calcitonin reduced vertebral but not 

hip fractures (MacLean et al. 2008), and is generally not a first choice anti-resorptive. 

A relatively new therapeutic, a fully human monoclonal antibody directed against 

RANK-L (denosumab), prevents RANK-L binding to RANK, analogous to the effects of 

naturally occurring osteoprotegerin (OPG), thus acting as a potent anti-resorptive that 

suppresses osteoclast differentiation, function and survival (Lewiecki, Bilezikian 2012).  

Two subcutaneous injections of denosumab per year for 3 years reduced vertebral and 

non-vertebral fractures in osteoporotic women (Bridgeman, Pathak 2011).  Denosumab 

has been found to be equally or indeed more efficacious in preventing bone loss in 

osteoporotic women relative to bisphosphonates (Lin et al. 2012).  The most common 

side effects associated with denosumab are infections of the urinary and respiratory tracts 

(Watts et al. 2012), which may be linked to RANK-L’s role in immune system 
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recruitment of helper T-cells (Leibbrandt, Penninger 2010).  Unfortunately, like 

bisphosphonates, denosumab is also associated with osteonecrosis of the jaw (Reid, 

Cornish 2011). 

 The only FDA-approved anabolic treatment for osteoporosis is recombinant 

human parathyroid hormone (PTH) 1-34 (teriparatide).  Teriparatide binds to the PTH 

receptor type I on osteoblasts and their precursors promoting osteoblast recruitment, 

differentiation and function thus increasing bone formation rate and bone mass such that 

formation outpaces bone resorption (Boron, Boulpaep 2005).  A once daily injection of 

teriparatide was found to reduce vertebral and non-vertebral fractures in women with 

osteoporosis (Neer et al. 2001).  Interestingly, the timing of PTH exposure determines its 

net effect on bone.  Intermittent exposure of the BMU to PTH over a limited time period 

favors bone formation; in contrast, prolonged or chronic exposure to PTH favors bone 

resorption by stimulating proteosomal degradation of the critical transcription factor 

Runx2 in the osteoblast, shortening its anti-apoptotic effect, and by stimulating induction 

of RANK-L which in turn stimulates osteoclastogenesis (Ishizuya et al. 1997, Bellido et 

al. 2003, Walker et al. 2011).  Teriparatide is not recommended for patients at risk for 

sarcoma due to a theoretical risk of osteosarcoma, which was observed in rats at high 

doses after prolonged use (Subbiah et al. 2010).  Teriparatide is an exciting approach to 

the treatment of osteoporosis because it permits the restoration of trabecular connectivity 

and cortical thickness, which translate into improved mechanical strength (Bouxsein, 

Radloff 1997a).  The downside to this approach, besides a once daily injection and a risk 

of hypercalcemia, is that the bone gains can be lost in the months after completion of 
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treatment, and thus an anti-resorptive must be administered following PTH treatment to 

maintain the new bone mass (Vokes, Favus 2010).  Teriparatide is recommended 

typically only for women who are at high risk of fracture or have already experienced a 

fracture (Vokes, Favus 2010). 

 The number of FDA approved therapeutics for osteoporosis is growing to the 

benefit of many patients since response to individual treatments can vary and wane over 

time.  New therapeutics such as anti-sclerostin (anabolic) and cathepsin K inhibitors 

(anti-resorptive) are under development (Costa et al. 2011, Costa, Bilezikian 2012), and 

may add to the arsenal of bone-protective therapeutics.  While current treatments are 

effective at reducing fracture risk in most patients, they each carry risks and adverse side 

effects.  The financial burden of osteoporosis treatment is not trivial.  The cost of many 

bisphosphonates or denosumab can approach $2,000 per year, while the bone builder, 

teriparatide, can cost up to $1000 per month (Khosla 2009a).  Therefore, the addition of 

alternative therapeutics that are safe(r) and more affordable could benefit many patients. 

 

1.2.3 Modeling Postmenopausal Osteoporosis by Ovariectomy in Rats 

 The FDA-mandated model for the evaluation of therapeutics for postmenopausal 

osteoporosis is ovariectomization (OVX) of a sexually mature rat (Thompson et al. 

1995).  In this model, bilateral resection of the ovaries of a 3-month Sprague Dawley rat 

leads to immediate cessation in ovarian hormone circulation and subsequent loss in BMD 

and bone microarchitecture as early as one month post-surgery (Griffin et al. 1993, 

Jackson et al. 2011, Wronski et al. 1989).  The ovariectomized mature rat displays a 



32 

similar pattern of bone loss as postmenopausal women.  In both cases, bone turnover is 

dramatically elevated with bone resorption outpacing formation, as evidenced by elevated 

serum markers for bone turnover, and bone histomorphometric indices (Kalu et al. 1991, 

Wronski et al. 1989).  OVX-induced loss of BMD in the lumbar vertebrae, the femur and 

the tibia, assessed by dual energy x-ray absorptiometry (DXA), is typically first detected 

one month post-surgery and continues to decline up to 10-15%, depending on the bone 

site (Bagi et al. 1997, Griffin et al. 1993), with bone loss usually being most profound at 

the distal femur (Griffin et al. 1993).  Assessment of BMD (bone mineral content/bone 

area) by DXA is limited by the fact that DXA is a 2-dimensional integration of bone at a 

given region of interest, and thus includes the cortical bone compartment, which is not 

drastically altered after OVX (Jackson et al. 2011).  For this reason, it can be difficult to 

detect significant changes in BMD, even when a trabecular-enriched region of long bone 

is selected for measurement (i.e., distal 25% of the femur or proximal 25% of the tibia) as 

trabecular bone only accounts for 20% of total bone even at these sites (Iwaniec et al. 

2001).  A more sensitive measure in changes in trabecular bone in OVX rats can be 

obtained by the use of micro-computed tomography (µCT), a high resolution three-

dimensional imaging technique that allows for specific identification and assessment of 

trabecular bone.  Use of bone µCT as an imaging modality allows the investigator to 

delineate a purely trabecular region of interest such that changes in trabecular bone 

volume (bone volume/total volume) and microarchitectural structure in the highly 

metabolically active trabecular compartment may be detected with high precision (Kuhn 

et al. 1990).  Scanning by µCT can be achieved at resolutions as low as 5 µm and can 
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therefore not only reveal drastic changes in bone volume, but also specific structural 

deficiencies in the trabecular lattice after OVX after reconstruction and analysis of the 

bone compartment.  Changes in bone microarchitecture and volume assessed by µCT are 

highly correlated with decreased mechanical strength (Bouxsein, Radloff 1997a, 

Dufresne et al. 2003).  Trabecular number (Tb.N.) with OVX is reduced by ~20-30% and 

the spacing between trabeculae (Tb.Sp.) is increased by ~30%, resulting in total bone 

volume (BV/TV) decreases of ~50-75% in trabecular bone (Jackson et al. 2011, Rouach 

et al. 2011).  Thus, the OVX rat model shares many of the same features of bone loss as 

experienced by postmenopausal woman. 

Despite being widely accepted as the most relevant and convenient model for 

hypogonadal bone loss, it is important to be aware of the limitations of ovariectomy as a 

model for menopausal bone loss.  Firstly, rats retain longitudinal bone growth in a 

handful of sites throughout most of their lives (Kalu et al. 1991).  Therefore, effects of 

sex steroid deficiency on bone modeling (vs. remodeling) are also contributing factors to 

the rat bone phenotype with OVX.  Secondly, estrogen levels steadily recover in the rat 

following OVX due to peripheral aromatization of androstenedione produced by the 

kidneys (Zhao et al. 2004, Simpson 2003).  This rarely discussed, yet well-documented 

phenomenon is pronounced in the rat and should be considered when interpreting 

experimental results obtained more than 3 months post-OVX.  Moreover, as an abrupt 

surgical model of menopause, OVX fails to model the dynamic changes in reproductive 

hormones that accompany various phases of bone loss across the menopausal transition 

(i.e., early decreases in ovarian inhibin production result in increased pituitary follicle-
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stimulating hormone (FSH) secretion which supports continued ovarian secretion of 

estradiol, followed ultimately by a loss of ovarian estrogen production but persistent 

ovarian androgen production) that occur in women during the early perimenopausal years 

(Burger et al. 2008).  For this reason, an ovary-intact model that more accurately mimics 

the hormonal milieu of perimenopause may be beneficial to the bone field.  The 

characterization of a chemically-induced, ovary-intact model of menopause in mice and 

rats has been extensively described (Kappeler, Hoyer 2012, Craig et al. 2010, Lohff et al. 

2005, Mayer et al. 2002), and an analysis of its effects on bone and mammary tissue have 

been described in a previous body of my work during graduate study that is not included 

here (Wright et al. 2011, Wright et al. 2010, Lukefahr et al. 2012).  

Finally, in contrast to osteoporosis in women, fractures are not a characteristic 

feature of the OVX model and yet fracture incidence is the final endpoint in clinical 

assessment of osteoporosis therapies.  However, direct assessment of a therapeutic 

intervention on mechanical strength of bone in the OVX model can be conducted ex vivo 

using a three-point bend test (i.e., experimentally induced fracture).  Using this technique, 

areal BMD assessed by dual energy X-ray absorptiometry (DXA) and 3-dimensional 

assessment of bone microarchitecture and bone volume by micro-computed tomography 

(µCT) have been proven to correlate with mechanical strength of bone as determined by 

these mechanical tests (Small 2005, Divittorio et al. 2006, Griffin et al. 1993, Bouxsein, 

Radloff 1997b, Dufresne et al. 2003), and are thus standard surrogates used in animal 

studies.  
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Despite its limitations, the OVX model has proven extremely useful in the 

development of targeted therapeutics to prevent bone loss in menopausal women.  Every 

FDA-approved osteoporosis treatment has been tested on the OVX rat, which offers a 

benchmark for comparison of new therapeutics in pre-clinical studies.  For example, in 

head to head pre clinical studies in OVX rats, estrogen replacement and bisphosphonates 

alone improve, but do not completely restore, bone to control levels, whereas the anabolic 

effects of PTH are sufficient to restore trabecular bone to control levels (Black et al. 

1994, Kalu et al. 1991, Martel et al. 2000, Wronski et al. 1993).  The OVX model has 

also punctuated the critical role that inflammation plays in the pathology of osteoporosis.  

Bone loss after OVX is significantly reduced by blockade of the inflammatory cytokines 

TNF-α, interleukin (IL)-1, and IL-7  (Ryan et al. 2005, Caverzasio, Higgins & Ammann 

2008).  In sum, the OVX rat will likely remain a staple pre-clinical model for menopausal 

bone loss in the bone research community due to its convenience, relevance and 

reproducibility. 

 

1.3 Skeletal Complications with Advanced Breast Cancer 
 

Cancer mortality is typically not caused by growth of the primary tumor, but 

rather is the result of tumor cell metastasis to secondary organ sites and associated 

complications of metastasis.  The most common human cancers, which include prostate, 

lung and breast, have a propensity to metastasize to bone where they wreak havoc on 

bone tissue by disrupting the cellular pathways that regulate bone turnover.  Breast 

cancer, the most common cancer occurring in women, is particularly notable for the bone 
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destructive lytic lesions that are formed when tumor cells metastasize to bone.  This can 

be compared, for example to prostate bone metastases, which tend to be blastic rather 

than lytic (Mundy 2002).  Understanding mechanisms of cancer-induced lytic bone 

destruction will be key to developing targeted therapeutics to prevent painful and 

potentially morbid consequences of breast cancer bone metastasis. 

 

1.3.1 Breast Cancer Cell Homing and Adhesion to Bone 

 Of women diagnosed with breast cancer, nearly one third will develop advanced 

disease characterized by primary tumor metastasis to distant organ sites (Roodman 2004, 

Mundy 2002).  Of women with metastatic breast cancer, it has been estimated that 80% 

have skeletal metastases, of which the majority are osteolytic, or bone destructive 

(Mundy 2002, Tubiana-Hulin 1991).  Lytic bone lesions result in severe bone pain, 

fragility fractures, nerve compression syndromes and hypercalcemia of malignancy 

(Lipton et al. 2006).  Elucidation of the molecular mechanisms that mediate cancer-

induced osteolysis has revealed potential therapeutic targets for prevention of bone loss in 

cancer patients. 

Cancer cell metastasis to a new host tissue is a sequential, multi-step process  

(Coghlin, Murray 2010, Zhang, Ma & Fan 2010).  1) Intravasation: Pro-angiogenic 

factors secreted by immune cells, which are recruited during primary tumor invasion, and 

also by the tumor itself, promote the development of new blood vasculature (Yu, Rak 

2003, Relf et al. 1997).  2) Circulation: New blood vessels develop at the site of primary 

tumor growth and permit cancer cell entry into the systemic circulation.  3) 
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Extravasation: Circulating cancer cells exit the vasculature from capillaries and begin 

entry into a secondary host tissue.  Motility of the cancer cells during this step is 

enhanced by a cytoskeletal change known as the epithelial to mesenchymal (EMT) 

transition, which enhances cell motility by loss of cell-to-cell contact  (Hollier, Evans & 

Mani 2009).  4) Invasion:  The basement membrane of the host tissue is broached by 

cancer cell-secreted proteases, of which matrix metalloproteinases (MMPs) are central 

players (Guo, Huang & Gong 2012).  4) Proliferation: Micrometastases adhere to the 

extracellular matrix with the aid of integrin proteins and the tumor cells proliferate. 

The bone microenvironment is particularly favorable for breast cancer cell 

survival and growth.  This insight was first recorded in 1889 by Stephen Paget after 

careful examination of hundreds of breast cancer patient autopsies (Paget 1989).  Paget 

described cancer cell dependence on host bone tissue as a “seed and soil” phenomenon 

and proposed that bone in particular is “congenial” soil for cancer cell seeding and 

growth.  The predilection of cancer to metastasize to bone and its destructive nature after 

it seeds in bone can now be explained by a new understanding of the complex 

interactions between the bone matrix, stromal cells and tumor cells.  Bone is a rich site of 

storage of immobilized growth factors, including transforming growth factor (TGF-β and 

insulin-like growth factor (IGF)-1 and IGF-2, which can stimulate tumor cell 

invasiveness, growth and a bone-resorptive phenotype in breast cancer cells (Javelaud et 

al. 2011, Yu, Rohan 2000).  Release of these factors, particularly TGF- β, during 

osteoclastic resorption of bone fuels further growth and establishment of breast cancer 

micrometastases.  Moreover, cancer cells express inflammatory cytokines and osteolytic 
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factors that further stimulate osteoclastic bone resorption, adding in the release from bone 

matrix of additional supplies of stored growth factors (Kang et al. 2003).  The mechanism 

of cancer-induced osteolysis in the bone microenvironment has thus been described as a 

“vicious cycle” of bone destruction. 

 

1.3.2 Role of PTHrP and TGF-β Signaling in Lytic Breast Cancer Bone Metastasis 

 In the 1980’s, parathyroid hormone-related protein (PTHrP) was discovered to be 

the main tumor-secreted factor responsible for humoral hypercalcemia of malignancy 

characterized by abnormally high levels of calcium in the blood associated with 

FIGURE 1.4  The PTHrP-driven lytic cycle of breast cancer bone destruction.  When breast 
cancer tumor cells metastasizes to the bone microenvironment, they secrete the osteolytic factor 
parathyroid hormone-related protein (PTHrP), which binds to the PTH receptor type I on 
osteoblast cells, stimulating RANK-L expression.  RANK-L activates RANK signaling in the 
osteoclast and initiates osteoclastogenesis and bone resorption.  Resorption of bone releases the 
stored growth factor TGF-β from the bone matrix, which activates the TGF-β receptor (TβR)-II 
on breast cancer cells.  Activated TβR-II recruits TβR-I, resulting in phosphorylation of receptor 
associated Smad2/3.  P-Smad2/3 associate with Smad4 and translocates to the nucleus where the 
Smad transcriptional complex cooperates with the PKC-α-regulated transcription factor Ets-1 at 
the P3 promoter on the PTHrP gene, and transcription is initiated.  MAPK-dependent signaling 
is initiated in parallel when the TGF-β receptor is activated.  TGF-β-activated kinase 1 (TAK1) 
phosphorylates p-38 MAPK, which can synergize with the Smad transcriptional complex or can 
independently initiate PTHrP transcription.  PTHrP is secreted from breast cancer cells and the 
cycle is perpetuated. 
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carcinoma (Suva et al. 1987, Mundy, Edwards 2008).  PTHrP is related to PTH in that it 

shares the same amino-terminus and can therefore bind to the PTH receptor type I 

expressed in bone and in the kidney.  PTHrP thus mimics many of the actions of PTH, 

namely, stimulation of 1) bone turnover and 2) calcium reabsorption in the distal renal 

tubule.  Like PTH, the duration of PTHrP exposure determines its net anabolic or 

catabolic effects on bone, with prolonged exposure of PTHrP to bone favoring bone 

resorption primarily via up-regulation of osteoblast expression of RANK-L, which 

activates osteoclastogenesis (Nakashima et al. 2003).  Release of calcium from excessive 

resorption of bone matrix, paired with stimulation of calcium reabsorption in the kidney 

can lead to hypercalcemia of malignancy when PTHrP is produced in prodigious 

quantities by tumors.  PTHrP reaches bone cells as a humoral factor through the systemic 

circulation from non-skeletal sites, and can also act in paracrine fashion when PTHrP-

expressing cancer cells metastasize to bone.  The majority of breast cancer bone 

metastases (92-100%) express PTHrP and causes lytic bone destruction (Liao, McCauley 

2006), despite the fact that primary tumor tumor biopsies are typically PTHrP-negative  

(Buijs, Stayrook & Guise 2011).  Importantly, PTHrP expression from breast carcinoma 

cells has not been demonstrated to enhance honing or seeding to bone (Wysolmerski et 

al. 2002), but rather acts as an important mediator of local bone lysis after cancer cells 

have become established in the bone environment and express PTHrP under the influence 

of bone-specific factors. 

A cycle of bone destruction is initiated in the bone microenvironment when 

metastatic breast cancer tumor cells chronically secrete PTHrP, which binds to PTH 
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receptors on the osteoblast, up-regulating the expression of RANK-L (Figure 1.4A) 

(Lumachi et al. 2009).  RANK-L binds to its cognate receptor RANK on osteoclast 

precursors stimulating osteoclastogenesis and ultimately leading to the osteoclastic 

resorption of bone matrix.  Transforming growth factor (TGF)-β is released from stores 

in the bone matrix and then feeds back in a positive fashion to breast cancer cells in the 

bone microenvironment by initiating signaling through binding to the TGF-β receptor 

type II (TβRII) on their cell surface (Figure 1.4B) (Korpal et al. 2009).  TβRII is a 

serine/threonine kinase membrane-spanning receptor that when activated by TGF-β, 

recruits the TGF-β receptor type I (TβRI), which then phosphorylates receptor-associated 

Smads, Smad2 and Smad3  (Buijs, Stayrook & Guise 2011) .  Activated Smad2/3 

associate with Smad4 to form a stable heterodimeric complex that translocates to the 

nucleus and binds to Smad-binding elements in the PTHrP P3 promoter (“Smad-

mediated” pathway; Figure 1.4B).  Specifically, Smads interact with the protein kinase C 

(PKC)-regulated transcription factor Ets-1, which cooperatively activates PTHrP 

expression (Lindemann et al. 2001).  Gene transcription is initiated, leading to further 

expression and secretion of PTHrP, completing the bone-destructive cycle. 

While Smad-dependent TGF-β signaling has been found to be a critical pathway 

in breast cancer cell expression of osteolytic factors, Smad-independent signaling via 

mitogen-activated protein kinases (MAPK) is also sufficient for expression of TGF-β-

regulated PTHrP gene expression (“MAPK pathway” Figure 1.4B) (Kakonen et al. 2002).  

TGF-β-activated kinase 1 (TAK1) and its upstream activator TAK1-binding protein 

activate p38 MAPK, which has been demonstrated to be a co-factor in stabilizing the 
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Smad transcriptional complex and is also an independent activator of TGF-β-mediated 

gene expression of PTHrP and other osteolytic factors  (Kakonen et al. 2002, Buijs, 

Stayrook & Guise 2011).  Disruption of TGF-β signaling via blockade of either or both of 

these pathways and/or inhibition of PTHrP secretion from cancer cells could have 

significant therapeutic benefits for breast cancer patients with bone metastases (Mundy 

2002). 

 

1.3.3 Current Therapeutic Approaches for Breast Cancer Osteolysis 

 While the driver of cancer-induced bone loss differs from postmenopausal 

osteoporosis, the cellular target for therapeutic intervention, namely inhibition of 

excessive osteoclast-mediated bone resorption, remains the same.  Currently, 

bisphosphonates, which induce osteoclast apoptosis, are a standard treatment for 

osteolytic bone metastases and are prescribed to women with advanced breast cancer 

when clinically evident bone metastases are identified.  Bisphosphonates 1) reduce the 

risk of developing a skeletal event (i.e., pathologic fracture, surgery or radiation to bone, 

and spinal compression), 2) reduce the rate at which skeletal events occur and 3) lengthen 

the time to skeletal events (Wong, Stockler & Pavlakis 2012, Lipton et al. 2000, 

Hortobagyi et al. 1996, Bloomfield 1998).  In addition, some studies have reported 

reduced bone pain in women with bisphosphonate treatment (Tubiana-Hulin et al. 2001).  

The optimal timing of initiation of treatment with bisphosphonates in women with breast 

cancer has not been definitively answered, and the efficacy of treating women in early 

stages of breast cancer is of great interest (Wong, Stockler & Pavlakis 2012).  
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Unfortunately, clinical trials in early breast cancer patients evaluating the efficacy of 

early adjuvant treatment with bisphosphonates (vs. no treatment or delayed treatment) as 

preventative of later skeletal metastases have not been conclusive.  In many trials, 

bisphosphonate treatment in early breast cancer patients shows modest benefit (Coleman 

et al. 2011, Diel et al. 1998, Eidtmann et al. 2010), while others have shown no trend for 

prevention of later skeletal metastases (Kristensen et al. 2008, Saarto et al. 2001).  While 

the preventative benefit of bisphosphonate treatment continues to be evaluated, targeting 

of the osteoclast with bisphosphonates will continue to be part of the standard of care for 

women with clinically evident bone metastases. 

The human monoclonal antibody to RANK-L (denosumab) recently became a 

second treatment option for women with existing skeletal metastases after efficacy in 

phase III clinical trials was demonstrated in recent years (Stopeck et al. 2010).  While 

targeting the same cell (osteoclasts), denosumab works differently than bisphosphonates 

by binding to RANK-L and thus preventing activation of RANK-mediated 

osteoclastogenesis.  As with bisphosphonates, denosumab reduced the overall risk of 

skeletal related events in women with clinically evident bone metastases and, moreover, 

in a head to head comparison with zoledronic acid, denosumab showed superior efficacy 

in delaying skeletal related events (Stopeck et al. 2010).  Thus, denosumab has been 

approved for the treatment of skeletal metastases and may be particularly useful for 

women who have failed bisphosphonate treatment.  As with bisphosphonates, the benefit 

of adjuvant treatment with denosumab for the prevention of skeletal metastases has not 

been determined (Wong, Stockler & Pavlakis 2012).    
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Given the inability of current bone specific treatments to eradicate or completely 

stop the progression of bone metastases, the addition or combined use of these agents 

with new therapeutics is of great interest for the clinical management of bone metastases.  

Additionally and unfortunately, the cost of these drugs, which can exceed $2000/year, 

can also be a barrier to treatment (Vokes, Favus 2010).   Lastly, the lack of a preventative 

treatment for skeletal complications associated with breast cancer is disconcerting.  Prior 

to the development of clinically evident metastatic lesions, breast cancer micrometastases 

seed in the bone marrow and, when detected at the time of primary diagnosis, have been 

reported to be an independent predictor of poor prognosis (Diel et al. 1992, Braun et al. 

2005).  In light of this and the aggressive nature of the breast cancer bone-destructive 

cycle, a safe, preventative therapeutic that could be initiated at the onset of diagnosis in 

high-risk women to target micrometastases and their expression of osteolytic factors 

could have tremendous value. 

 

1.3.4 Modeling Osteolytic Breast Cancer Bone Metastasis in Athymic Nude Mice 

Unlike the study of postmenopausal osteoporosis where an FDA-mandated animal 

model is the obvious choice, there are several choices of breast cancer bone metastases 

models (Mundy 2001, Rosol et al. 2004, Singh, Figg 2005, Blouin, Basle & Chappard 

2005).  Because spontaneous metastasis to bone from primary tumors in animals is 

extremely rare, and no single model reproduces all of the genetic and phenotypic changes 

of human cancer metastasis, researchers must therefore select the model that best suits the 

aspects of metastatic disease that they wish to study.  When considering skeletal 
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metastasis models with the intention of studying breast cancer osteolysis, a common 

choice is the intra-cardiac injection of human breast cancer cells in immuno-

compromised mice (Guise et al. 1996, Yoneda et al. 2000).  Alternatively, these human 

cells can be directly implanted into bone.  A benefit of the former model is that the bone 

cells present in bone have themselves “seeded the soil,” thus ensuring a more natural 

progression of micrometastases in multiple bone sites to clinically evident lesions, as 

occurs in women with breast cancer.  The necessity of using T cell deficient mice when 

initiating human tumors can either be seen as a limitation or an advantage, as it eliminates 

possible confounding effects related to the animal’s immune response.  Two commonly 

studied human breast cancer cell lines have been used with varying degrees of success 

using the intra-cardiac injection technique; ER+ MCF-7 cells and a bone seeking 

subclone of MDA-MB-231 cells (Yoneda et al. 2000).  While ER+ primary tumors have 

a high propensity to metastasize to bone (Coleman, Rubens 1987), ER+ MCF-7 cells 

have rarely been used, as they are less likely to metastasize to bone and require a much 
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longer (>60d) time to develop clinically evident osteolytic lesions (Rucci et al. 2004, Lu 

et al. 2009).  In contrast, ER- MDA-MB-231 cells readily metastasize to bone and 

develop osteolytic lesions within 2 weeks that are readily quantifiable by X-ray (Guise et 

al. 1996).  In defense of the use of an ER- cell line, it should also be noted that there is a 

large discordance between the ER status of primary tumors vs. bone metastases 

(Coleman, Rubens 1987).  Even more critical to my studies, intra-cardiac injection of 

MDA-MD-231 cells has been the seminal model system used to establish the previously 

described viscous cycle of TGF-β-stimulated tumor cell secretion of PTHrP in the bone 

microenvironment.  In this pre-clinical model, PTHrP-producing, estrogen receptor-

negative MDA-MB-231 human breast cancer cells are injected into the left cardiac 

ventricle of four-week old immune-

deficient BALB/c- nu/nu nude mice 

(Guise et al. 1996).  The 

pathogenesis of breast cancer bone 

destruction in this model is 

strikingly similar to the human 

condition.  Upon injection, breast 

cancer cells circulate in the 

vasculature, hone to the bone 

compartment, and micrometastases 

can be detected in distant skeletal 

sites as early as one week after 

FIGURE 1.5  Bone µCT reconstructed images of the 
distal femur and proximal tibia of 4-week old nude 
mice on d 21 after intra-cardiac injection of A. 
vehicle or B. MDA-MB-231 human breast cancer 
cells. White arrows indicate the presence of 
osteolytic breast cancer bone metastases. 
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injection (Johnson et al. 2011).  As the tumor cells proliferate in the bone 

microenvironment, tumor-derived osteolytic factors stimulate osteoclastic bone 

resorption and the development of bone lesions (Figure 1.5).  At week two, osteolytic 

lesions become visible and quantifiable by X-ray.  The most substantial bone destruction 

tends to occur in the metaphyses of the distal femur and proximal tibia, likely due to the 

high vascularization and metabolic activity characteristic of these trabecular bone 

compartments (Rosol et al. 2004).  Because 1) MDA-MB-231 cells readily metastasize to 

bone when injected into the heart, and 2) TGF-β induction of PTHrP and other osteolytic 

genes via Smad-dependent and independent pathways is thought to be the main driver of 

bone lysis in women with breast cancer (Buijs, Stayrook & Guise 2011, Mundy 2002), 

the PTHrP-producing and TGF-β-responsive MDA-MB-231 cells are a logical choice for 

many researchers. 

In addition to specific limitations related to model choice, as discussed above, 

standard methodologies used by bone metastases researchers to assess bone destruction 

vs. tumor burden have their own limitations.  Lytic lesion area and tumor burden area in 

bone are assessed by measurement of X-ray scan or by serial histological sectioning, 

respectively, and are thus merely two-dimensional approximations of three-dimensional 

structures.  Improvement in imaging using green fluorescent protein (GFP)-labeled cells 

will likely enhance sensitivity of detection and yield more accurate quantification of 

metastases (Peyruchaud et al. 2001).  While small animal imaging of bone has forged 

ahead with the development of in vivo high-resolution CT scanners, the bone metastasis 

research community would seem to have lagged behind.  However, one reason for this is 
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that cumulative radiation exposure from X-ray and CT scans has been found to enhance 

metastases (Cowey et al. 2007), and thus, could potentially confound the model if 

radiation exposure is not monitored judiciously.  Despite its limitations and caveats, the 

intra-cardiac murine model of breast cancer osteolysis has proven to be an excellent 

model system for studying 1) the interaction of bone and breast cancer and 2) potential 

therapeutics that disrupt the cycle of bone destruction with cancer metastasis. 

In addition to having been used to elucidate the critical roles of TGF-β and PTHrP 

in lytic bone destruction in breast cancer, the intra-cardiac MDA-MB-231 model has also 

been frequently used to test therapeutics.  Early studies utilizing the intra-cardiac MDA-

MB-231 cell model to establish the paramount role of PTHrP and TGF-β in the 

development of osteolytic bone metastases demonstrated that complete blockade of the 

effects of constitutive and inducible PTHrP via treatment with a monoclonal antibody 

directed against PTHrP almost completely inhibited osteolytic lesion formation and 

tumor burden in bone (Guise et al. 1996, Kukreja et al. 1988).  Treatment with anti-TGF-

β antibody in the same model, or use of MDA-MB-231 cells with a dominant-negative 

mutation in the TGF-β type II receptor also prevented cancer-induced osteolysis (Biswas 

et al. 2011, Yin et al. 1999).  These results emphasize the critical role that TGF-β-

mediated PTHrP expression plays in the pathogenesis of breast cancer osteolysis. 

Bisphosphonates have been tested in the MDA-MB-231 intra-cardiac model of 

metastasis and found to be potent inhibitors of bone metastases, preventing lytic lesion 

formation when administration begins at the time of cancer cell inoculation (prevention 

model), and slowing their progression when administration is delayed (treatment model) 
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(Hughes et al. 1995).  Interestingly, bisphosphonates have recently been shown to have 

anti-tumor activity through inhibition of cell migration and invasion, and can induce 

breast cancer cell apoptosis (Hiraga et al. 2004, Yoneda et al. 2000, van Holten-

Verzantvoort et al. 1987), suggesting that some of the treatment effects of 

bisphosphonates may be cancer-cell specific, though it is unclear if these effects translate 

into the clinical realm.  Consistent with cancer-cell specific in vitro findings, 

bisphosphonates not only reduced bone lysis in the intra-cardiac model, but also 

significantly inhibited tumor burden in bone in the intra-cardiac model (Yoneda et al. 

2000).  Treatment effects of denosumab in this model have not been evaluated because 

the human monoclonal antibody against RANK-L does not cross react with murine 

RANK-L.  However, osteoprotegerin (OPG), the endogenous RANK-L decoy receptor 

that similarly prevents RANK-L binding to RANK on the osteoclast, reduced osteolytic 

lesion area and tumor burden in bone, similar to bisphosphonate treatment in the intra-

cardiac MDA-MB-231 model (Canon et al. 2008).  Collectively, these data emphasize the 

model’s utility in evaluating the success of potentially useful therapeutics for the 

prevention and treatment of bone metastases in the clinic. 

  

1.4 Bioactivity of Secondary Metabolites Isolated from Turmeric 
 

Plants have been used in the prevention and treatment of disease for centuries.  

Indeed, 25% of all drugs prescribed today are plant-derived, while many synthetic 

molecules are natural product-inspired, or could be considered a natural product analog 

(Farnsworth, Morris 1976, Schmidt et al. 2007).  Furthermore, herbs and dietary 
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supplements are among the most commonly used complementary or alternative medical 

therapies in the United States, finding uses for numerous disorders including Alzheimer’s 

disease, cardiovascular disease, and some forms of cancer  (Barnes, Bloom & Nahin 

2008, Le Bars et al. 1997, Maurer et al. 1997, Sparber, Wootton 2001, Miller, Liebowitz 

& Newby 2004) .  As bone disorders become more prevalent in the aging population, 

practitioners have recognized the value of dietary supplementation with calcium and 

vitamin D for adequate mineralization of bone (Tang et al. 2007).  A question that 

remains to be answered is whether dietary supplements derived from botanicals could 

also be useful in the treatment or prevention of bone disorders like osteoporosis and 

breast cancer osteolysis.  Currently, no botanical extract has been identified for this 

purpose. 

 

1.4.1 Chemistry of Secondary Metabolites Isolated from Turmeric 

 Turmeric (Curcuma longa L., Zingiberaceae) is a perennial plant native to Asia, 

India, China and other tropical countries.  Like ginger, a related Zingiberaceae, turmeric 

is cultivated for its rhizome, a root-like structure that is cleaned, boiled, dried and ground 

into a powder (Funk 2010).  Traditionally, turmeric powders have been utilized as a 

spice, pigment or preservative and botanical extracts isolated from turmeric have a long 

history of usage in traditional forms of medicine from tropical regions of the world, 

namely Ayurveda and Traditional Chinese Medicine (TCM) (DerMarderosian, Beutler 

2005).  Medicinally, turmeric has been used topically for wound healing, analgesic 

purposes and for ringworm, and is also commonly consumed as in an aqueous infusion or 
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tincture for disorders as diverse as upper respiratory tract infections, arthritis, jaundice 

and hepatitis (DerMarderosian, Beutler 2005). 

In plants, secondary metabolites are compounds that do not play a role in central 

processes like growth and development, and therefore are not common to all plants, but 

rather, are involved in secondary processes (i.e., are insecticidal, anti-microbial, or 

provide aesthetics) that typically aid in the survivability of a selected plant group 

(Hanson 2005, Pichersky, Gang 2000).  In order to improve survivability, a plant’s 

secondary metabolites sometimes even target receptors found in creatures that threaten it.  

Hence, plants produce phytoestrogens and yet do not themselves express estrogen 

receptors (Baker 1992).  Each plant has a unique chemical signature of secondary 

metabolites that can be extracted and purified by humans for their culinary or medicinal 

effects.  The turmeric rhizome contains two main classes of secondary metabolites.  

 Essential oil: The turmeric rhizome contains up to 7% of a yellow volatile oil that 

is composed primarily of sesquiturpenoids including tumerones (e.g., α-turmerone) and 

curcumenes (e.g., zingiberine) and a range of other compounds, the exact identity 

depends on how the oil is isolated (Singh et al. 2010, DerMarderosian, Beutler 2005).  

Few studies prior to research initiated by our laboratory examined the medicinal 

bioactivity of the essential oil of turmeric; however, there was a body of in vitro evidence 

for its anti-microbial and anti-bacterial properties (Negi et al. 1999, Banerjee, Nigam 

1978).  The essential oil of turmeric is highly understudied and is almost always 

discarded during the industrial isolation of curcuminoids, which are thought to be the 

most bioactive compounds in the turmeric rhizome. 
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Curcuminoids: Curcumin, demethoxycurcumin and bis-demethoxycurcumin 

(Figure 1.6) are the three major polyphenols isolated from the rhizome of turmeric.  The 

ratio of the three curcuminoids, which comprise approximately 3% by weight of the dried 

rhizome and impart the orange color to the spice, changes from plant to plant based on its 

geographic origin and growing conditions; however, curcumin typically predominates (50 

– 70%) (Funk et al. 2006a, Funk et al. 2006b, Lantz et al. 2005).  Three important 

functionalities have been proposed to confer bioactivity to curcuminoids and account for 

their highly pleiotropic effects; 1) the aromatic groups provide hydrophobicity, allowing 

for penetration of lipid bilayers (Balasubramanian 2006); 2) the α-β unsaturated diketo 

linker gives the molecule flexibility, allowing it to adopt many conformations to optimize 

hydrophobic interactions with proteins (Gupta et al. 2011, Selvam et al. 2005); and, 

lastly, 3) keto-enol tautomerization can provide hydrophobicity and polarity (Anand et al. 

2007).  The enol form predominates in aqueous solutions and thus, curcuminoids are 

capable of forming hydrogen bonds and are also ideal chelators of positively charged ions 

(Gupta et al. 2011).  Due to these structural moieties, curcuminoids are thought to be 

capable of modulating a wide range of biological activities and likely affect a number of 

signaling molecules directly and indirectly. 

Based on turmeric’s ethnobotanical use, over-the-counter turmeric dietary 

supplements enriched for curcuminoids (and devoid of essential oil [Funk et al. 2006a]) 

are marketed and sold with claims that they promote health.  However, the dietary 

supplement industry in the United States is loosely regulated, unfortunately, and 

botanical products can be marketed and sold without providing evidence of safety or 
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efficacy (Cohen 2012, Walker 2012).  It has been demonstrated that curcuminoid-

enriched products are well tolerated in short-term studies even when consumed at high 

doses (up to 6-14 g/day) (Funk 2010, DerMarderosian, Beutler 2005).  However, the 

content of commercial sources of turmeric supplements has come into question.  When 

random supplements were collected and assayed for curcuminoid content, the labeled 

claim of curcuminoid content rarely matched the assayed content (Funk et al. 2006a).  

Moreover, while most of the supplements were advertised as pure curcumin, because it is 

technically challenging and costly to separate the three individual curcuminoids, 

“curcumin” purchased from commercial sources, including chemical companies, is 

almost always a mixture of the three major curcuminoids in varying ratios despite being 

labeled as pure “curcumin” (Funk et al. 2006a).  The fact that commercial sources of 

curcumin(oids) are not single compounds, but instead are mixtures of 3 major compounds 

in varying ratios, complicates their study since each of the three curcuminoids are known 

to have different effects on the same targets (Bharti, Takada & Aggarwal 2004).  In 

addition, interpretation of the medical literature can often be complicated by the fact that 

published studies with “curcumin(oids)” rarely confirm the composition of the product 

tested and some fail to report their source (Funk et al. 2006a).   

Botanical research is complicated by the fact that plant extracts, whether 

commercial or experimentally prepared, are not single compounds.  Harvested plants of 

identical species can vary widely in chemical composition depending on growing 

conditions, altitude and time of harvest.  Because commercial sources of botanicals do 

not reliably report accurate chemical content and because experimentally prepared 
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botanical extracts can yield highly variable products depending on the extraction methods 

or plant source, our laboratory places special emphasis on the chemical characterization 

of experimental and commercial botanical extracts prior to in vitro or in vivo testing.  The 

turmeric extracts described in this dissertation were prepared in collaboration with a 

medicinal chemistry laboratory lead by Dr. Barbara Timmermann at The University of 

Kansas, and the chemical content of experimental and commercial products tested was 

evaluated by high performance liquid chromatography (HPLC) (Figure 1.7).  In this way, 

by careful chemical characterization of extract composition, reproducibility of botanical 

research can be assured and comparisons between studies can be made.  

 

1.4.2 Previous Research on Bioactivity of Secondary Metabolites of Turmeric 

 Despite prevalent traditional usage of the essential oils isolated from turmeric, 

these compounds remain highly understudied.  Besides having anti-microbial and anti-

bacterial properties as mentioned (Negi et al. 1999, Banerjee, Nigam 1978), several 

reports in the literature have documented that turmeric oils, or isolated components of the 

oils (AR-turmerone), induce apoptosis of various cancer cell lines (Aratanechemuge et al. 

2002).  Prior to my laboratory’s initiation of studies examining bone effects of turmeric, 

our collaborator, Dr. Timmermann and her laboratory screened the essential oils for anti-

inflammatory properties and found that they inhibited lipopolysaccharide (LPS)-induced 

prostaglandin E2 production from a human myeloid cell line to a greater extent than 

curcuminoids, and that the complex mixture was more effective than its isolated 

fractions, suggesting possible additive or synergistic activities of the components (Lantz 
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et al. 2005).  Clinical safety of turmeric essential oil, interestingly, has been evaluated in 

a very small group of volunteers.  Oral dosing of 1 mL turmeric oil per day for 3 months 

was deemed tolerable and volunteers showed no signs of toxicity (Joshi et al. 2003).  A 

small clinical trial demonstrated that 3 g/day of turmeric oil reduced oral submucous 

fibrosis after 3 months of treatment (Hastak et al. 1997).  Taken together, this extremely 

limited body of work demonstrates that the turmeric oils are bioactive and may have a 

clinical application, warranting further research on their efficacy and safety. 

Curcuminoids have been reported to have over 100 molecular targets in cell-based 

assays (Gupta et al. 2011), in part due to the fact that curcuminoids can alter the activity 

of transcription factors and nuclear receptors (NF-κB, AP-1, PPAR-γ) that regulate the 

expression of large numbers of gene products that are involved in many disease pathways 

(Shehzad, Wahid & Lee 2010).  Curcuminoids have also been reported to alter the 

activity of enzymes (MMP-1, COX-2), cell cycle proteins (cyclin D1), proliferation 

pathways (EGFR, Akt), and survival pathways (Bcl-2) in many cell types, rendering 

therapeutic potential that spans dozens of fields (Shehzad, Wahid & Lee 2010, Zhang et 

al. 1999, Huang et al. 1991, Huang, Lee & Lin 1991, John, Tuszynski 2001, Sugimoto et 

al. 2002, Camacho-Barquero et al. 2007, Woo et al. 2003, Mukhopadhyay et al. 2002, 

Hussain et al. 2006).  Curcuminoids are most known for their potent anti-inflammatory 

and antioxidant properties due to their ability to inhibit COX-mediated prostaglandin 

formation by the COX-2 enzyme, and their potent inhibitory effect on the production of 

inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1 and 

IL-6 (Huang et al. 1991, Aggarwal, Sung 2009, Plummer et al. 1999, Camacho-Barquero 
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et al. 2007).  Inflammation is an important component of most chronic diseases 

(cardiovascular disease, cancer, stroke, diabetes, arthritis), and is in all cases an 

aggravating factor that contributes to disease progression (Tracy 2003).  Perhaps for this 

reason, curcuminoids and their anti-inflammatory properties have generated a fervent 

interest in research community, as evidenced by >4,000 PubMed articles related to 

curcumin or curcuminoids. 

 

1.4.3 Potential Bone-Protective Effects of Curcuminoids and Turmeric Essential Oil 

Based on the traditional application of turmeric for arthritis, and the known in 

vitro anti-inflammatory properties of its secondary metabolites, in the last decade our 

laboratory began to study the bone effects of experimentally prepared turmeric extracts 

(Figure 1.6, 1.7) in a translational model of rheumatoid arthritis (RA).  RA is an 

autoimmune disease characterized by the tumor-like proliferation of synovial tissue that 

erodes peri-articular bone, essentially destroying the joint (Schett, Redlich & Smolen 

2006, Goldring 2008).  In RA, bone destruction occurs due to stimulation of RANK-L 

expression in osteoblast, synoviocytes and adjacent T cells by local inflammatory 

mediators, thus ramping up osteoclastogenesis leading to exuberant bone resorption 

(Schett, Redlich & Smolen 2006).  Bone loss is a characteristic feature of RA, occurring 

in various forms, including 1) localized, severe peri-articular bone erosion, as well as 2) 

generalized bone loss associated with systemic inflammation (Schett, Redlich & Smolen 

2006).  Skeletal damage in RA is the result of a chronic inflammatory response, which, if 

untreated, can lead to a loss of mobility due to pain and joint destruction.  Inflammatory 
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mediators such as parathyroid hormone-related protein (PTHrP), tumor necrosis factor-α 

(TNF-α) and interleukin-1 (IL-1) are all produced by a tumor-like rheumatoid synovium  

(Funk et al. 1998, Schett, Redlich & Smolen 2006) .  These mediators of joint 

inflammation initiate the RANK pathway, the final common pathway for bone loss 

(Boyle, Simonet & Lacey 2003).  
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FIGURE 1.6  Method of isolation of experimental turmeric extracts and description of 
chemical contents are presented. 
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 The four turmeric extracts were tested for anti-arthritic effects in a rat model of RA 

included: 1) a crude turmeric extract containing both secondary metabolites (34% 

curcuminoids and ~33% essential oils) and polar compounds common to all plants; 2) an 

essential oil-free turmeric extract containing curcuminoids (40%) and polar compounds; 

3) purified curcuminoids (>90%); and 4) purified essential oils (Figure 1.6, 1.7).  Our 

laboratory published the first translational RA studies to demonstrate an anti-arthritic 

effect of well-characterized turmeric extracts (Funk et al. 2006a, Funk et al. 2006b, Funk 

et al. 2010).  These and additional in vitro studies have elucidated several important 

features of turmeric’s effect on bone in the setting of RA. 

 As hypothesized and consistent with its ethnobotanical use, crude turmeric 

extracts profoundly inhibited inflammation associated with arthritis; but unexpectedly, 

curcuminoids and essential oils each had potent anti-inflammatory and bone-protective 

effects in arthritic joints (Table 1.1).  Due to toxicities associated with essential oil 

treatment (Funk et al. 2010), bone protective effects of the essential–oil free extract were 
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further evaluated in vivo.  Loss of peri-articular bone, as assessed by bone mineral density 

(BMD) at the distal femur was prevented by 60% (Table 1.1) in association with a 

decrease in osteoclast number.  Moreover, in the arthritic joints reduced expression of 

RANK-L, increased expression of RANK-L’s decoy receptor OPG, and the nuclear 

translocation of NF-κB, a critical transcription factor responsible for the differentiation of 

mature osteoclasts, was inhibited with essential-oil free turmeric treatment (Funk et al. 

2006b, Funk et al. 2006a, Funk et al. 2010).  These observed in vivo effects of 

curcuminoid-containing turmeric extracts on RANK pathway inhibition in bone were 

consistent with a previous report documenting curcumin’s ability to inhibit NF-κB in 

osteoclast precursor cells (Bharti, Takada & Aggarwal 2004).  In addition, in a separate 

study, our laboratory found that human rheumatoid synoviocyte expression of PTHrP was 

inhibited by curcuminoid treatment in a concentration-dependent fashion (Frye, 

Timmermann & Funk 2012).  In RA, rheumatoid synovial tissue has been found to 

produce copious amounts of PTHrP, which in addition to stimulating osteoclastic bone 

resorption, stimulates the production of additional inflammatory mediators such as IL-6 

capable of further stimulating bone resorption (Funk et al. 1998, Funk et al. 2003, Nagai 

et al. 1998).  This cycle of inflammation and bone resorption, similar to the vicious cycle 

described previously in lytic breast tumor metastases, ultimately leads to painful 

destructive peri-articular bone lesions.  These data suggested that, in addition to having 

specific inhibitory effects on the RANK pathway in osteoclast cells, curcuminoid 

treatment may also inhibit PTHrP expression from tumor cells, thus disrupting the 

vicious cycle of bone loss associated with breast cancer bone metastases. 
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While ethnobotanical usage had driven our initial studies evaluating turmeric’s 

effects in arthritis, the mechanistic findings described above suggested that turmeric 

extracts may also have clinical utility in the treatment of other resorptive bone diseases 

for which no ethnobotanical usage existed, postmenopausal osteoporosis and breast 

cancer bone metastases.  Furthermore, no preclinical studies had previously examined the 

use of well-characterized turmeric extracts in models of osteoporosis or lytic breast 

cancer skeletal metastases, despite the fact that bone loss in these diseases is initiated by 

similar mediators (TNF-α, IL-1, IL-6, PTHrP) that synergize with RANK-L to stimulate 

the RANK pathway, the final common pathway for bone resorption.  The studies 

described in this dissertation are thus the first to evaluate the effects of curcuminoids on 

osteoclast-mediated bone resorption in models of postmenopausal osteoporosis and lytic 

breast cancer bone metastases. 

 

1.5 Summary 
 

Stimulation of osteoblast expression of RANK-L and activation of its cognate 

receptor RANK on osteoclast precursor cells is a necessary and sufficient stimulus for 

resorption of bone (Figure 1.2).  Metabolic bone diseases are characterized by over-

activation of the RANK pathway and excessive osteoclastic bone destruction.  Previous 

studies from our laboratory demonstrated that secondary metabolites isolated from 

turmeric (curcuminoids and essential oils) inhibited peri-articular, osteoclast-driven bone 

loss in arthritic joints.  Furthermore, bone protective effects of curcuminoid-containing 
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turmeric extracts occurred in association with a decrease in osteoclast cell activation and 

the local activation of the key transcription factor NF-κB (Table 1.1) as well as synovial 

expression of parathyroid hormone-related protein (PTHrP), a major osteolytic factor in 

both arthritis and breast cancer bone metastases (Figure 1.3).  Collectively, these studies 

suggest that turmeric extracts, particularly curcuminoid-containing extracts, may prevent 

osteoclast-mediated bone loss in diseases characterized by over-activity of osteoclasts via 

the RANK pathway, including postemenopausal osteoporosis and lytic breast cancer 

bone metastasis. 

 

1.6 Hypothesis 
 

Extracts isolated from the rhizome of turmeric (Curcuma longa L.) can be used to 

prevent metabolic bone disorders characterized by an excess of osteoclastic bone 

resorption. 

 

1.7 Specific Aims 
 

1.7.1 Aim 1:  Determine whether secondary metabolites isolated from turmeric can 

prevent osteoporotic bone loss. 

 In vitro:  Chemically distinct fractions of turmeric will be tested to determine 

their relative efficacy and mechanism of action in directly inhibiting osteoclast 

differentiation in a primary bone marrow cell culture (CHAPTER 2). 
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 In vivo:  The most promising turmeric extracts will be tested for protective effects 

using an animal model of postmenopausal osteoporosis (CHAPTER 3). 

 

1.7.2 Aim 2:  Determine whether secondary metabolites isolated from turmeric inhibit 

osteolytic breast cancer bone metastases development and progression. 

 In vitro:  Evaluate the effects of chemically distinct fractions of turmeric 

(curcuminoids and/or essential oils) and structurally-related compounds on human 

breast cancer cell secretion of PTHrP (CHAPTER 4). 

 In vivo:  Determine if tumor burden and lytic lesion size are inhibited by turmeric 

treatment using a pre-clinical murine model of estrogen receptor-negative PTHrP-

mediated breast cancer bone metastasis (CHAPTER 5). 

 

1.8 Significance 
 

Bone disorders are becoming increasingly prevalent in the United States, 

particularly as life expectancy increases and our aging population continues to grow in 

number.  The Surgeon General estimates that 1 in 2 women over the age of 50 will 

sustain a fragility fracture in her lifetime (Office of the Surgeon General (US) 2004).  In 

2005, there were >2 million osteoporotic fractures in the United States, costing an 

estimated $17 billion and by 2025 annual fractures and related costs are projected to 

increase by 50% (Burge et al. 2007).  Given the economic and human cost of 

osteoporosis, effective, safe and readily available preventive measures are needed for 
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early intervention to stop the progressive bone loss that begins during the perimenopausal 

transition.  Given the extremely high prevalence of this disorder, the use of dietary 

supplements for this purpose, in addition to the currently recommended use of calcium 

and vitamin D supplementation, would seem to be an ideal approach to this problem if 

safe, effective and inexpensive agents can be identified.  Given concerns about the safety 

of hormone replacement therapy, botanical sources of phytoestrogens are already being 

studied for their efficacy in preventing bone loss in menopause (Dang, Lowik 2005).  

However, any agent that acts via estrogen receptors (ERs) may also have ER-mediated 

side effects.  Curcuminoids do not bind to the ER (Pfeiffer et al. 2003), and therefore the 

use of curcuminoid-containing dietary supplements that preserve bone by non-ER 

pathways, as proposed here, may provide a safer alternative. 

Metastasis represents the most devastating attribute of cancer.  Skeletal 

metastases in particular cause tremendous pain due to the high innervation of bone tissue 

(Jimenez-Andrade et al. 2010).  In addition to lowering the quality of life for breast 

cancer patients, skeletal fractures and hypercalcemia of malignancy in the late stages of 

cancer are often life-threatening (Mundy 2002).  Indeed, once breast cancer has 

metastasized to bone, it is incurable.  Bisphosphonates and denosumab are currently not 

prescribed to cancer patients until skeletal metastases are clinically evident, at which 

point, the destructive cycle of bone resorption has already been initiated.  Addition of a 

dietary supplement targeting the tumor cell to standard therapies targeting the osteoclast 

may enhance the therapeutic response to bone metastases treatment regimens. Prevention 

of osteolysis via inhibition of cancer cell secretion of the osteolytic peptide PTHrP, and 
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inhibition of osteoclast activation early stages of diagnosis with a safe, available and 

inexpensive botanical supplement ($25 for curcuminoid supplement vs. $1,000- 

$2,000/month for bisphosphonates) could also have tremendous benefit since 

micrometastases are known to be present in the marrow at time of primary tumor 

diagnosis (Diel et al. 1992, Braun et al. 2005).  It has been estimated that up to 75% of 

breast cancer survivors already use herbal treatments of some kind (Boon, Olatunde & 

Zick 2007, Matthews et al. 2007).  It therefore behooves the cancer research community 

to investigate potential toxicities and efficacies of popular botanical dietary supplements. 

The identification of bone-protective compounds in turmeric capable of acting on 

the bone resorption pathway could lead to considerable pain relief and increase the 

quality of life for those experiencing skeletal complications associated with menopause 

or breast cancer.  The use of curcuminoid-containing turmeric, analogous to currently 

available turmeric dietary supplements, for these purposes is an exciting prospect.  At 

present however, their efficacy can neither be predicted nor promoted.  The translational 

studies presented in this dissertation will therefore address these important, unanswered 

clinical questions by providing the first scientific evidence of the bone-protecting effects 

of well-characterized turmeric extracts in postmenopausal osteoporosis and lytic breast 

cancer bone metastases. 
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CHAPTER 2 

EFFECT OF CURCUMINOIDS AND ESSENTIAL OILS ISOLATED FROM 
TURMERIC ON OSTEOCLASTOGENESIS AND NUCLEAR 

TRANSLOCATION OF NF-κB IN OSTEOCLAST PRECURSORS 
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2.1 Abstract 

Our laboratory previously demonstrated the efficacy of turmeric-derived extracts 

in the prevention of bone loss in animal models of rheumatoid arthritis and osteoporosis, 

diseases characterized by osteoclast-mediated bone resorption.  In order to determine 

potential direct effects and relative in vitro potencies of turmeric extracts on receptor 

activator of NF-κB ligand (RANK-L)-mediated osteoclast cell differentiation, primary rat 

bone marrow macrophage cells were isolated, stimulated with RANK-L and M-CSF to 

induce osteoclast differentiation and treated with 1) a crude turmeric extract containing 

polyphenolic curcuminoids and essential oils, 2) purified curcuminoids or 3) essential oils 

alone (0 – 10 µg/mL).  Crude turmeric was the most potent inhibitor of 

osteoclastogenesis relative to the isolated curcuminoids and essential oils (IC50 = 0.11 vs. 

0.33 and 0.67 µg/mL, respectively).  To test the postulate that curcuminoids and essential 

oils have an additive inhibitory effect on osteoclast cell differentiation, murine 

macrophage osteoclast precursor cells (RAW 264.7) were treated with curcuminoids and 

essential oils (0.3 µg/mL) and stimulated with RANK-L to induce osteoclastogenesis.  

The combination of curcuminoids with essential oils inhibited osteoclastogenesis 

significantly more than either treatment alone.  Isolated effects of the three major 

curcuminoids derived from turmeric were evaluated; each was inhibitory with the 

potency of bis-demethoxycurcumin being greater than that of curcumin or 

demethoxycurcumin.  In order to determine the mechanism by which curcuminoids and 

essential oils inhibited osteoclastogenesis, osteoclast precursor cells were treated with 

curcuminoids or essential oils, stimulated with RANK-L, and nuclear protein levels of 
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NF-κB p65 were measured by western blot analysis.  Each inhibited canonical NF-κB 

signaling, indicating that curcuminoids and essential oils isolated from turmeric inhibit 

osteoclastogenesis via similar effects on the RANK pathway. 

 

2.2 Introduction 

Bone is a dynamic tissue, being constantly remodeled to accommodate for growth 

and microdamage caused by load stress.  Maintaining a balance between osteoclast 

resorption of bone and osteoblast formation of new bone is critical to maintaining healthy 

bone mass and architecture throughout life (Office of the Surgeon General (US) 2004, 

Borer 2005).  Diseases characterized by the over-activation of osteoclastic bone 

resorption, including rheumatoid arthritis and osteoporosis, can lead to a weakening of 

the skeleton and often to skeletal fracture (Goldring, Gravallese 2000, Eastell 2006).  

Bone resorption is regulated though activation of the receptor activator of NF-κB 

(RANK) expressed on osteoclasts and their precursors  (Boyle, Simonet & Lacey 2003).  

Binding of RANK ligand (RANK-L) to its cognate receptor is necessary and sufficient 

for functional differentiation of osteoclast precursor cells as well as activation of 

resorption by mature osteoclasts (Boyle, Simonet & Lacey 2003, Teitelbaum 2000).  

RANK pathway activation rapidly induces the activity of key transcription factors, 

including NF-κB, which regulates osteoclast-specific genes involved in cellular 

differentiation (Teitelbaum 2000).  From a pharmacological standpoint, blockade of 

RANK pathway signaling in diseases characterized by bone resorption is a primary 

therapeutic goal (Boyle, Simonet & Lacey 2003).  
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Botanical extracts isolated from the rhizome of turmeric (Curcuma longa L.) have 

been utilized as anti-inflammatory agents for centuries in traditional forms of medicine.  

Based on their ethnobotanical usage, secondary metabolites unique to turmeric have been 

selectively isolated and evaluated in pre-clinical studies for the potential treatment of 

numerous disorders (Funk 2010).  Curcuminoids, a class of polyphenols that constitute 3-

5% of the powdered dried rhizome, are thought to be among the most bioactive 

compounds in turmeric (Funk 2010).  Most turmeric dietary supplements are a mixture of 

the three major naturally occurring curcuminoids (curcumin, demethoxycurcumin and 

bis-demethoxycurcumin) in various ratios (Funk et al. 2006a).  Turmeric essential oils, 

typically discarded as a byproduct of curcuminoid isolation, are made up primarily of 

sesquiterpenoid compounds and, despite showing bioactivity in pre-clinical studies (Funk 

et al. 2010), are a highly understudied secondary metabolite of turmeric.  

 

Previous studies in our laboratory demonstrated the efficacy of well-characterized 

turmeric extracts (containing one or both of the aforementioned classes of secondary 

metabolites) in the prevention of bone loss in animal models of rheumatoid arthritis or 

postmenopausal osteoporosis (Funk et al. 2006a, Funk et al. 2010, Funk et al. 2006b, 

Wright et al. 2010).  In these models of metabolic bone disease, inflammatory mediators 

(i.e., IL-1, PTHrP, TNF-α) enhance RANK-mediated osteoclastogenesis either directly or 

indirectly via up-regulation of osteoblast RANK-L production (Stolina et al. 2009, 

Caverzasio, Higgins & Ammann 2008, Ryan et al. 2005).  The studies presented here 
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were designed to evaluate the relative in vitro inhibitory efficacies of turmeric extracts 

containing curcuminoids and/or essential oils on osteoclast cell differentiation 

downstream of RANK-L. 

 

2.3 Materials and Methods 

Extract isolation and chemical analyses 

Turmeric rhizome powder was purchased from San Francisco Herb and Natural 

Food (San Francisco, CA) and experimental extracts were prepared as previously 

described (Funk et al. 2006b, Funk et al. 2006a, Funk et al. 2010).  Briefly, dried 

powdered turmeric rhizome was extracted with 1) methanol, to prepare a crude turmeric 

extract containing curcuminoids and essential oils (“crude turmeric,” 9.6% yield; Table 

2.1) or 2) hexane, to prepare an essential oil-only fraction (“turmeric essential oils”, 3.7% 

yield; Table 2.1).  The hexane mark was then extracted with methanol to prepare an 

“essential oil-free” turmeric fraction (3% yield; 41% curcuminoids).  A commercial 

curcuminoid-enriched (90%) essential oil-free product analogous in composition to 

currently available turmeric dietary supplements (Funk et al 2006b) was purchased from 

Fisher Scientific (#218580100, Lot A019754401; “curcuminoids” [76.9% curcumin, 

17.6% demethoxycurcumin, 5.5% bisdemethoxycurcumin], Table 2.1).  Content by 

weight of each of turmeric’s major phenolic compounds in turmeric (curcumin, 

demethoxycurcumin, and bis-demethoxycurcumin) was determined in each extract by 

HPLC analysis as previously described (Funk et al. 2006a, Funk et al. 2006b).  Samples 

of curcumin (#03926), demethoxycurcumin (#04230), bis-demethoxycurcumin (#04231) 
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were purchased from ChromaDex (> 92% pure).  Stock solutions of experimental and 

commercial products were prepared using DMSO (100 – 300 mg/mL) and stored at 4 °C. 

 

Cell cultures 

All procedures concerning animal experiments were approved by the Institutional 

Animal Care and Use Committee at The University of Arizona in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals.  Primary 

rat bone marrow cells (BMC) were obtained from the femora of 3-month female Sprague 

Dawley rats under aseptic conditions.  Femora were dissected from euthanized rats, 

stripped of soft tissue, cut at the metaphyses, and BMCs were flushed from the marrow 

cavity with fresh DMEM medium, filtered through a sterile screen and plated at 4 x 104 

cells/well in 24 well plates in DMEM medium containing 10% fetal bovine serum (FBS) 

and antibiotics.  Wells were treated with RANK-L (50 ng/mL; R&D Systems) and M-

CSF (50 ng/mL; R&D Systems) to induce differentiation of osteoclast precursors 

(osteoclastogenesis) (Tushinski et al. 1982, Shioi et al. 1991) and combined with 

indicated turmeric extract concentrations or vehicle.  Media was refreshed on d 2 and 

cells were fixed on d 5 and stained for TRAP (tartrate-resistant acid phosphatase; Sigma-

Aldridge) activity.  Osteoclasts, defined as TRAP+ multinucleated (>3) cells (Teitelbaum 

2000), were counted in each well, with data expressed as % of control wells (mean 

+SEM). 

For additional osteoclastogenesis studies, murine macrophage osteoclast precursor 

RAW 264.7 cells were pre-incubated with botanical treatments for 4 h and stimulated 
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with RANK-L (50 ng/mL) to stimulate osteoclastogenesis (Collin-Osdoby, Osdoby 

2012).  On d 5, cells were fixed and stained for TRAP activity to identify osteoclast cells.  

TRAP+ multinucleated cells were counted in each well, with data expressed either as 

number of osteoclast cells per well, or % of control wells (mean +SEM).  Effects of 5 

days of botanical treatments on cell proliferation and cytotoxicity were assessed by assay 

of cell number by mitochondrial reduction of MTT (ATCC) as per manufacturer’s 

protocol.  Treatment concentrations of experimental-phenol containing botanical extracts 

of turmeric were normalized to, and expressed as, phenol content (µg/mL curcuminoids), 

while pure essential oils are expressed as weight (µg/mL oil). 

 In a separate experiment, BMCs were isolated from a 3-month Sprague Dawley 

rat under the same conditions and plated at 20 x 106 cells/well in 6 well plates in α-MEM 

with 10% FBS and antibiotics.  After several days, in order to induce differentiation of 

mesenchymal stem cells into osteoblasts, media was refreshed with a standard 

differentiation media containing β-gylcerphosphate (8 mM), L-ascorbic acid (100 µg/mL) 

and dexamethasone (Jaiswal et al. 1997), with or without curcuminoids (0.5 and 5 

µg/mL).  Media was refreshed every other day and on days 5 and 15 cells were stained 

for the osteoblast marker alkaline phosphatase (Sigma Aldrich) in order to assess 

curcuminoid effects on osteoblast differentiation. 

 

Western blots 

RAW 264.7 cells were grown in T-75 flasks, pre-incubated with botanical 

extracts for 4 h and stimulated with RANK-L (100 ng/mL) for 30 min.  Nuclear protein 
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was extracted using a commercial nuclear protein extraction kit (Panomics) and protein 

concentrations were assayed by one-step colorimetric method (Bio-Rad) and 60 µg of 

protein was resolved by SDS-PAGE.  After electrophoresis, proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane (BioRad).  Membranes were placed in 

blocking solution (1x Tris-buffered saline with 0.1% Tween 20 and 5% nonfat milk) for 1 

h and immunoblotted with rabbit anti-p65 (Cell Signaling) at a 1:1000 dilution in 1x Tris-

buffered saline with 0.1% Tween 20 and 5% bovine serum albumin overnight on a 

rocking platform at 4oC.  A rabbit anti-β-actin (Cell Signaling) antibody at a 1:2000 

dilution in 1x Tris-buffered saline with 0.1% Tween 20 and 5% bovine serum albumin 

was used as a control to establish equivalent protein loading.  After incubation, 

membranes were washed and incubated with appropriate horseradish peroxidase-

conjugated secondary antibodies (Cell Signaling) for 1 h at room temperature in 1x Tris-

buffered saline with 0.1% Tween 20 and 5% nonfat milk.  Membranes were then washed 

and developed according to chemiluminescence protocols (Cell Signaling). 

 

Statistical analyses 

Differences between means were determined by one-way ANOVA with Tukey’s 

post hoc test using Instat 3.0 software (Graphpad; San Diego, CA).  Absolute half 

maximal inhibitory concentrations (IC50) were obtained by analyzing dose-response data 

using a four-parameter logistic equation with assignment of a minimal value as 0.0 and a 

maximal value as 100.0 (Prism 4.0 software, GraphPad). 
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2.4 Results 

2.4.1 Turmeric extracts inhibited RANK-L-stimulated osteoclastogenesis in rat primary 

bone marrow macrophage cultures 

RANK-L-stimulated osteoclastogenesis in rat primary bone marrow cultures was 

dose-dependently inhibited by chemically complex crude or essential-oil free turmeric 

extracts, as well as by purified curcuminoids or purified turmeric essential oils (Figure 

2.1, Table 2.1).  The crude turmeric extract, containing both curcuminoids and essential 

oils, and the essential oil-free fraction, which only contained 41% curcuminoids by 

FIGURE 2.1  Turmeric extracts inhibit RANK-L-stimulated osteoclastogenesis in primary 
rat bone marrow macrophage (BMM) cell cultures.  BMM cells were isolated from 3-month 
female Sprague Dawley rats and cultured at 4 x 104 cells/well in 24 well plates and 
stimulated with RANK-L (50 ng/mL, R&D Systems) and MCS-F (50 ng/mL, R&D 
Systems) to induce osteoclastogenesis.  Wells were treated with turmeric extracts (0 – 10 
µg/mL) with treatment concentrations normalized to, and expressed as µg/mL curcuminoids 
for the curcuminoid-containing extracts, while pure essential oils were expressed as weight 
(µg oil/mL).  Media was refreshed on d 2 and cells were fixed and stained on d 5 for tartrate-
resistant acid phosphatase (TRAP) activity to visualize osteoclast cells.  TRAP+ 
multinucleated cells were counted in each well, with data expressed as % of vehicle-treated 
control wells (mean +SEM; n = 4 wells/group). 
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weight, had the most potent effect on osteoclast formation relative to either the purified 

curcuminoids or essential oils alone (IC50 = 0.11 and 0.13 vs. 0.33 and 0.67 μg/mL, 

respectively; Table 2.1). Anti-proliferative effects of the turmeric extracts on bone 

marrow cells cultured under the same conditions (5d treatment) occurred at 20-50 fold 

higher doses relative to the IC50’s for inhibition of osteoclastogenesis (Table 2.1). 

  

2.4.2 Combination of curcuminoids and turmeric essential oils had an additive 

inhibitory effect on RANK-L-stimulated osteoclastogenesis 

In a separate experiment, purified curcuminoids and turmeric essential oils were 

FIGURE 2.2  Purified curcuminoids and 
turmeric essential oils in combination had 
an additive inhibitory effect on osteoclast 
cell differentiation.  Murine macrophage 
osteoclast precursor RAW 264.7 cells were 
treated with purified curcuminoids (0.3 
µg/mL) and/or essential oils (0.3 µg/mL by 
weight) for 4 h and stimulated with 
RANK-L (50 ng/mL, R&D Systems) to 
induce osteoclastogenesis.  On d 5, cells 
were fixed and stained for tartrate-resistant 
acid phosphatase (TRAP) activity to 
visualize osteoclast cells.  TRAP+ 
multinucleated cells were counted in each 
well, with data expressed as number of 
osteoclast cells per well (mean +SEM; *p < 
0.05; **p < 0.01; ***p < 0.001; n = 4). 

TABLE 2.1 Osteoclastogenesisc Cell proliferationd

Turmeric extract Phenols (%)a Oils (%) IC50
e IC50

e

Crude Turmeric 33.7 ~33%b 0.11 5.2
Essential oil-free 40.6 0 0.13 3.3
Curcuminoids 89.6 0 0.33 7.6
Turmeric essential oils 0 100 0.67 >10

Chemical composition

aPercent by weight of curcuminoids (curcumin, demethoxycurcumin, bis-demethoxycurcumin);  bEstimate based on relative yields of 
crude extract vs. essential oils;  cRANKL-stimulated (50 ng/mL) TRAP+ osteoclast formation evaluated on d 5 in primary rat bone 
marrow macrophage cultures;  dCell proliferation assessed by assay of cell number by mitochondrial reduction of MTT in RAW 264.7 
osteoclast precursor cells on d 5 of treatment;  eHalf maximal inhibitory concentrations (IC50, µg/mL).



76 

evaluated in a head-to-head comparison to determine their isolated vs. combined effects 

on RANK-L-stimulated osteoclastogenesis in RAW 264.7 osteoclast precursor cells.  As 

anticipated from primary bone marrow experiments, curcuminoid and essential oil 

treatment alone each significantly inhibited osteoclastogenesis in RAW 264.7 cells 

relative to vehicle-treated control by 32% (p < 0.01) and 52% (p < 0.001), respectively  

(Figure 2.2).  When combined in equal parts, curcuminoids and turmeric essential oils 

had an additive inhibitory effect on osteoclastogenesis, inhibiting osteoclast cell 

differentiation by 76% an effect that was greater than that of curcuminoids or oils alone 

(Figure 2.2). 

 

2.4.3 Individual curcuminoids isolated from turmeric inhibited RANK-L-stimulated 

osteoclastogenesis 

Isolated effects of each of the three major curcuminoids (Figure 2.3) in turmeric 

FIGURE 2.3  Individual 
curcuminoids had variable 
inhibitory potencies on 
osteoclastogenesis.  Murine 
macrophage osteoclast precursor 
RAW 264.7 cells were treated 
with A (1) curcumin, (2) 
demethoxycurcumin, and (3) bis-
demethoxycurcumin (0 – 10 
µg/mL) for 4 h and stimulated 
with RANK-L (50 ng/mL, R&D 
Systems) to induce 
osteoclastogenesis.  On d 5, cells 
were fixed and stained for tartrate-
resistant acid phosphatase (TRAP) 
activity to visualize osteoclast 
cells.  B TRAP+ multinucleated 
cells were counted in each well, 
with data expressed as % of 
vehicle-treated control wells 
(mean +SEM; n = 4). 
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on RANK-L-stimulated osteoclastogenesis in murine macrophage RAW 264.7 osteoclast 

precursors were evaluated.  Each individual curcuminoid dose-dependently inhibited 

osteoclast formation (Figure 2.3B).  Of the three phenolic curcuminoids, bis-

demethoxycurcumin was the most potent inhibitor of osteoclastogenesis (IC50 = 0.8 

µg/mL; Figure 2.3A,B).  Demethoxycurcumin was slightly less potent (IC50 = 2.1 µg/mL; 

Figure 2.3A,B), followed by pure curcumin, which, of the three curcuminoids, was the 

least potent inhibitor of osteoclastogenesis (IC50 = 3.0 µg/mL; Figure 2.3A,B). 

 

2.4.4 Curcuminoids and turmeric 

essential oils inhibit nuclear 

translocation of NF-κB 

The mechanism by which 

curcuminoids and turmeric 

essential oils inhibit RANK-L-

stimulated osteoclastogenesis was 

evaluated in osteoclast precursor 

RAW 264.7 cells by western blot 

analysis.  Activation of NF-κB, a 

critical transcription factor 

required for functional 

differentiation of osteoclast cells  

(Boyle, Simonet & Lacey 2003), 

FIGURE 2.4  Curcuminoids and turmeric essential 
oils inhibit RANK-L-stimulated nuclear translocation 
of NF-κB in osteoclast precursor cells.  Murine 
macrophage osteoclast precursor RAW 264.7 cells 
were pre-treated with purified curcuminoids (10 
µg/mL) or essential oils (10 µg/mL by weight) for 4 h 
and stimulated with RANK-L (100 ng/mL, R&D 
Systems) for 30 min.  NF-κB p65 nuclear protein 
content was determined in 60 µg of nuclear lysates by 
Western blotting using chemiluminescence.  An 
antibody raised against β-actin was used to verify 
equivalent protein loading. 
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was stimulated with RANK-L treatment (Figure 2.4A, lane 2 vs. lane 1).  Purified 

curcuminoids or turmeric essential oils each inhibited the nuclear translocation of the NF-

κB p65 subunit in osteoclast precursor cells (Figure 2.4A,B).  

 

2.4.5 Curcuminoids do not affect osteoblast cell proliferation 

To verify that bone protective effects of curcuminoid-only turmeric extracts 

previously documented in vivo in animal models of RA or osteoporosis (Funk et al. 

2006a, Funk et al. 2006b, 

Wright et al. 2010, Funk 

et al. 2010) could be 

attributed to inhibitory 

effects on 

osteoclastogenesis, as 

documented here, rather 

than enhancement of 

osteoblastic bone 

formation, effects of 

purified curcuminoids on 

osteoblast differentiation 

in primary bone marrow 

cultures were also 

assessed.  In control 

FIGURE 2.5  Curcuminoids had no effect on osteoblast 
differentiation in primary bone marrow cell (BMC) culture.  
BMCs were isolated from a 3-month Sprague Dawley rat, 
plated at 20 x 106 cells/well in 6 well plates in α-MEM with 
10% FBS and antibiotics.  After several days, media was 
refreshed with differentiation media containing β-
gylcerphosphate (8 mM), L-ascorbic acid (100 µg/mL) and 
dexamethasone, with or without curcuminoids (0.5 and 5 
µg/mL).  Media was refreshed every other day and after 5 or 15 
days of differentiation media, cells were stained for the 
osteoblast marker alkaline phosphatase (Sigma Aldrich) in 
order to assess cell proliferation. 
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wells, osteoblast differentiation continued to increase during the 15 days of culture. 

Osteoblast differentiation from mesenchymal stem cells in primary BMCs was not altered 

by curcuminoid treatment (0.5 and 5 μg/mL) on either day 5 or day 15 (Figure 2.5). 

 

2.5 Discussion 

Despite evidence for bone-protective effects in translational models of bone 

diseases mediated by over exuberant osteoclastic bone resorption (Wright et al. 2010, 

Funk et al. 2006b, Funk et al. 2006a, Funk et al. 2010) the relative efficacies of complex 

extracts of turmeric and their isolated secondary metabolites on RANK-L-stimulated 

osteoclastogenesis were previously unknown.  The studies presented herein 

demonstrated, using both primary bone marrow cell cultures and RAW cell osteoclast 

precursors, that each of the two major classes of secondary metabolites in turmeric 

namely, curcuminoids and essential oils, were potent inhibitors of RANK-L-stimulated 

osteoclastogenesis in vitro.  The combination of curcuminoids and essential oils (either as 

naturally occurs in the crude turmeric extract or when purified fractions were 

recombined) yielded higher potencies, indicating that their effects are additive and 

potentially synergistic.  Consistent with previous reports that turmeric extracts containing 

a natural mixture of curcuminoids inhibit activation of NF-κB in arthritic joints (Funk et 

al. 2006a) and that purified curcumin inhibits osteoclastogenesis in RAW cells (Bharti, 

Takada & Aggarwal 2004), a curcuminoid mixture, analogous in composition to 

commercial turmeric dietary supplements (Funk et al. 2006a) inhibited nuclear 

translocation of NF-κB, a critical transcription factor required for osteoclast precursor 
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cell differentiation (Boyle, Simonet & Lacey 2003).  Turmeric essential oils were also 

found to inhibit NF-κB activation in osteoclast precursor cells, a novel mechanistic 

finding consistent with their in vivo anti-arthritic and bone-protective effects previously 

reported by our laboratory (Funk et al. 2010). 

 

Each of the individual curcuminoids present in turmeric were found to inhibit 

osteoclastogenesis with similar potencies, as their IC50’s differed < 3-fold, an important 

finding since commercial turmeric dietary supplements have been reported to contain a 

mixture of the three curcuminoids in various ratios (Funk et al. 2006a).  If bone 

protective anti-resorptive effects of curcuminoids demonstrated here in vitro are 

replicated in future clinical trials in humans, one could argue based on these in vitro data 

that the total curcuminoid content of the turmeric supplement is critical for efficacy but 

the relative ratio of the three curcuminoids may not be important.  Interestingly, bis-

demethoxycurcumin, the least abundant curcuminoid in turmeric, was the most potent 

inhibitor of osteoclastogenesis relative to curcumin and demethoxycurcumin, and thus, 

we concluded that the additional methoxy groups in the latter two compounds did not 

offer any added structural functionality or potency in this assay. 

 

While inhibition of NF-κB activation, as demonstrated here for polyphenolics and 

essential oils derived from turmeric, is sufficient to prevent osteoclast formation, it 

remains possible that these components could also interfere with other key signaling 

molecules involved in osteoclast cell differentiation and/or target different elements in 
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the NF-κB pathway, thus explaining their additive effects.  Taken together with previous 

studies reported by our laboratory demonstrating their ability to preserve bone mineral 

density in vivo (Wright et al. 2010, Funk et al. 2006a, Funk et al. 2010), these results 

indicate that curcuminoids and turmeric essential oils, separately or in combination, may 

hold promise for the prevention or treatment of diseases mediated by over-activation of 

osteoclastic bone resorption.  Further clinical studies will be necessary to determine their 

efficacy in humans. 
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CHAPTER 3 
*EFFECT OF CURCUMINOID-CONTAINING TURMERIC EXTRACTS ON 

TRABECULAR BONE LOSS IN THE RAT OVARIECTOMY MODEL OF 
POSTMENOPAUSAL OSTEOPOROSIS 

 

 

 

 

 

 

 

 

 

 

 

*This work was reprinted with permission from the Journal of Agricultural and Food 
Chemistry: 
 
Wright LE, Frye JB, Timmermann BN, Funk JL. Protection of trabecular bone in 
ovariectomized rats by turmeric is dependent on extract composition. J Agric and Food 
Chem. 2010, 58(17):9498-504. 
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3.1 Abstract 

Extracts prepared from turmeric (Curcuma longa L., [Zingiberaceae]) containing 

bioactive phenolic curcuminoids were evaluated for bone-protective effects in a 

hypogonadal rat model of postmenopausal osteoporosis.  Three-month female Sprague 

Dawley rats were ovariectomized (OVX) and treated with a chemically complex turmeric 

fraction (41% curcuminoids by weight) or a curcuminoid-enriched turmeric fraction 

(94% curcuminoids by weight), both dosed at 60mg/kg 3x per week, or vehicle alone.  

Effects of two months of treatment on OVX-induced bone loss were followed 

prospectively by serial assessment of bone mineral density (BMD) of the distal femur 

using dual-energy x-ray absorptiometry (DXA), while treatment effects on trabecular 

bone microarchitecture were assessed at two months by micro-computerized tomography 

(µCT).  Chemically complex turmeric did not prevent bone loss, however, the 

curcuminoid-enriched turmeric prevented up to 50% of OVX-induced loss of trabecular 

bone and also preserved the number and connectedness of the strut-like trabeculae.  

These results suggest that turmeric may have bone-protective effects but that extract 

composition is a critical factor. 

 

3.2 Introduction 

Given the significant health and economic impact of postmenopausal osteoporosis 

on individuals and society, effective, safe, and readily available preventative measures 

are needed for early intervention to stop the progressive loss of bone structure that begins 

during perimenopause.  The use of dietary supplements for this purpose, in addition to the 
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current recommended use of calcium and vitamin D supplementation, could be a valuable 

approach if safe and effective agents can be identified.  Public use of natural products and 

botanical dietary supplements has increased steadily in this country within the last 

decade, particularly among women between the ages of 40 – 69 (Barnes, Bloom & Nahin 

2008).  Despite the popularity of natural product supplements, rigorous scientific 

evidence supporting their use is lacking for most botanicals (Swanson 2002).  Only three 

percent of traditionally used medicinal plants have been studied under western scientific 

methods for therapeutic potential (Fabricant, Farnsworth 2001); therefore, botanical 

products may represent an untapped resource in the arsenal for osteoporosis prevention.  

Botanical phytoestrogens have already been targeted for scientific evaluation as an 

alternative to hormone replacement therapy for preservation of bone during menopause 

(Weaver et al. 2009, Alekel et al. 2010, Zhang et al. 2009).  However, any agent that acts 

via estrogen receptors (ERs) may also have ER-mediated side effects.  The identification 

of botanical dietary supplements that preserve bone via non-ER pathways may provide a 

safer alternative. 

 

Botanical extracts isolated from the rhizome of turmeric (Curcuma longa L., 

Zingiberaceae), a perennial plant native to Asia, have been utilized as anti-inflammatory 

agents in Ayurvedic and Traditional Chinese Medicine (TCM) for centuries.  During the 

course of in vivo studies assessing turmeric’s anti-arthritic effects, our laboratory 

discovered that curcuminoid-containing turmeric extracts also prevent osteoclastogenesis 

and peri-articular bone destruction in a model of rheumatoid arthritis, with a chemically 



85 

complex turmeric fraction (only 41% curcuminoids by weight), offering more bone-

protective effects than a curcuminoid-enriched turmeric fraction (94% curcuminoids by 

weight) (Funk et al. 2006a, Funk et al. 2006b).  In these arthritis studies, turmeric extracts 

prevented the activation of the transcription factor NF-κB and suppressed the subsequent 

expression of genes mediating the destruction of cartilage and bone, including RANK-L, 

the ligand that binds to and activates the receptor activator for NF-κB (RANK) on 

osteoclast precursors, which is a necessary and sufficient stimulus for the differentiation 

of bone-destroying osteoclasts (Boyle, Simonet & Lacey 2003).  These in vivo findings 

are consistent with prior in vitro investigations of the anti-inflammatory effects of 

curcumin, one of turmeric’s three major phenolic curcuminoids that constitute 3-5% of 

the powdered rhizome, as pervious studies have identified blockade of NF-κB activation 

as a major mediator of curcumin’s biological effects, including its in vitro ability to 

prevent osteoclast differentiation (Bharti, Takada & Aggarwal 2004, von Metzler et al. 

2009).  Novel pharmaceutical therapeutics targeting the RANK pathway are currently 

under development as an alternative to selective ER modulators (SERMs) and 

bisphosphonates for the treatment of osteoporosis (Khosla 2009b).  Thus, we posited that 

curcuminoid-containing turmeric extracts may be a botanical product of benefit in the 

prevention of RANK-mediated osteoporotic bone loss. 

 

Previous analyses by our laboratories of a random selection of marketed turmeric 

dietary supplements revealed that the botanical content of these products is variable and 

often not well reflected by product labeling (Funk et al. 2006a).  While most turmeric 
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supplements assayed were labeled as containing an extract enriched (>95%) for 

curcumin, all of the products contained a mixture of turmeric’s three major curcuminoids 

in varying proportions, with recoverable total curcuminoid levels, with one exception, 

being only ~38% of that indicated on the label (Funk et al. 2006a).  The majority of 

turmeric dietary supplements tested did not contain turmeric’s essential oils.  Guided by 

these data on turmeric dietary supplement composition, we chose to evaluate and 

compare two turmeric extracts analogous to those marketed today, both essential oil-free 

and containing a mixture of the 3 major curcuminoids, for efficacy in the prevention of 

hypogonadal bone loss in the ovariectomized rat model of postmenopausal osteoporosis.  

The extracts to be tested, which are the same as those previously demonstrated to prevent 

bone loss in the rat rheumatoid arthritis model (Funk et al. 2006a, Funk et al. 2006b), 

differ in their chemical complexity as one is a complex turmeric fraction containing only 

41% curcuminoids, and the second is a curcuminoid-enriched turmeric fraction 

containing 94% curcuminoids.  In the OVX rat model, we postulated that, analogous to 

the findings in arthritic rats, both curcuminoid-containing turmeric extracts would 

prevent bone loss, with the more complex turmeric fraction being the most efficacious. 

 

3.3 Materials and Methods 

Botanical extract isolation 

 As previously described, a complex turmeric fraction (Table 3.1) devoid of the 

essential oils containing 41% curcuminoids was prepared by methanol extraction of the 

marc obtained from an initial hexane extraction of ground turmeric rhizome (San 
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Francisco Herb Co.) (Funk et al. 2006b).  A curcuminoid-enriched turmeric product 

(Table 3.1), sold as >98% curcumin, but composed of an essential oil-free 94% mixture 

of the three main curcuminoids was purchased from Fisher Scientific (#218580100, Lot 

A017528901) (Funk et al. 2006b).  Chemical content of the complex turmeric fraction 

and purified curcuminoids were assessed as previously described using an Agilent 1100 

series high performance liquid chromatography (HPLC) system (Agilent, Palo Alto, CA) 

and stock solutions of pure curcumin, demethoxycurcumin, and bis-demethoxycurcumin 

(Funk et al. 2006b).  The turmeric fraction and the curcuminoid-enriched turmeric extract 

each contained the three major curcuminoids (curcumin > demethoxycurcumin > bis-

demethoxycurcumin; Table 3.1) and were essential oil-depleted (Funk et al. 2006b). 

 

Animal procedures 

Female three-month old Sprague Dawley rats were purchased from Harlan 

Laboratories, housed in plastic cages, and maintained on 12L/12D cycles at 22 ± 2˚C, 

with access to water ad libidum.  Animals were allowed to acclimate to the animal 

facility for one week prior to initiation of treatment, after which they were randomly 

assigned to the following treatment groups (n = 10-13/group): 1) sham surgery + vehicle 

(DMSO) treatment, 2) surgical ovariectomy (OVX) + vehicle, 3) OVX + complex 

turmeric fraction, and 4) OVX + curcuminoid-enriched turmeric.  Dosing began on the 

TABLE 3.1

Turmeric extract Total curcuminoids (% by weight) curcumin demethoxy-
curcumin

bis-
demethoxy-

curcumin

Essential oil-free turmeric fraction 
("complex turmeric") 40.6 63.3 21.4 15.3

Curcuminoid-enriched turmeric 
fraction ("curcuminoid-enriched 

turmeric")
93.6 79.3 15.9 4.8

Curcuminoid content (% of total)
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day of surgery (day 0) and continued for two months (56 days).  All treatments were 

administered via intraperitoneal (ip) injection at 0.5 µl/g 3x per week.  Botanical dosing 

was normalized to curcuminoid content (60 mg curcuminoids/kg 3x per week, equivalent 

to a mean of 25 mg curcuminoids/kg/d) so that any differential effect of treatment 

between the two extracts could be attributed to additional components present in the 

complex turmeric fraction.  Because bioefficacy was a primary outcome, ip 

administration of the extracts, normalized to curcuminoid content, was utilized to 

eliminate variable absorption of curcuminoids due to matrix effects of the more complex 

product.  The botanical dose tested was chosen based on its efficacy in preventing bone 

loss in previous in vivo arthritis experiments (Funk et al. 2006a).  All animals were pair-

fed in order to minimize excessive weight gain in OVX animals (2016 Teklad Global 

16% protein rodent diet, Harlan Laboratories; 16 g/d; 16% protein, 12.6 kJ/g, 4% fat, 3% 

crude fiber).  At the termination of the experiment, liver, spleen, kidney, and uterus were 

weighed, and circulating white blood cell counts were determined using a Hemavet 880 

analyzer (CDC Technologies, Oxford, CT).  Cell differentials were determined by 

manual counting.  Serum creatinine and alanine aminotransferase (ALT) levels were 

measured using an Endocheck Plus Chemistry Analyzer (Hemagen Diagnostics, 

Columbia, MD) to monitor for possible renal- or hepato-toxicity, respectively.  All 

experiments were approved by The University of Arizona IACUC and conformed to the 

Guide for the Care and Use of Experimental Animals. 

 

Assessment of bone mineral density by DXA 
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Serial assessments of bone mineral density (BMD) of the distal 25% of the femur 

were determined in vivo using a Piximus densitometer (General Electric Medical 

Systems, Milwaukee, WI) in anesthetized rats one week prior to OVX and bi-monthly for 

the duration of treatment.  The distal femur was selected to assess the effect of botanical 

treatment on bone loss as this trabeculae-rich site undergoes a rapid loss in bone mass in 

hypogonadal rats (Wronski et al. 1989). 

 

Evaluation of bone microarchitecture by µCT 

Two months following OVX surgery (day 56; 5 months of age), animals were 

sacrificed and femurs from each animal were fixed in 10% phosphate-buffered formalin 

(4oC, 48hrs), then transferred to 70% ethanol and stored at 4oC.  A subset of samples 

were randomly selected from each group (n = 4-5/group) and sent to the Endocrine 

Research Unit at San Francisco VA Medical Center for analysis by micro-computerized 

tomography (µCT).  Scans of the distal femur were performed using Scanco vivaCT 40 

instrument (Scanco Medical, Basserdorf, Switzerland), as previously described (Chang et 

al. 2008).  To assess trabecular bone in the distal femoral metaphysis, 300 serial cross-

sectional scans (10.5-µm voxel size) of the secondary spongiosa were obtained from the 

end of the primary spongiosa, extending proximally for ≈3.1 mm with 55-kV x-ray 

energy.  For analysis of µCT images, a threshold (350 mg hydroxyapatite/cm3) was 

applied to segment or separate the mineralized bone matrix from soft tissue.  Linear 

attenuation was calibrated with hydroxyapatite as the standard.  Image analysis and 3D 

reconstructions were performed using the manufacturer's software (SCANCO Medical 
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AG, Bassersdorf, Switzerland).  For trabecular bone morphology the following variables 

were assessed: bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th., mm), 

trabecular separation (Tb.Sp., mm), trabecular number (Tb.N., mm-1), and connectivity 

density (Conn-Dens., 1/mm3). 

 

Serum markers for bone turnover 

Biochemical markers of bone turnover were evaluated in serum obtained from the 

tail vein of fasted, anesthetized rats on days 14 and 56.  C-telopeptide fragments of type I 

collagen (CTX-1) were measured by commercial enzyme-linked immunosorbent assay 

(RatLaps, Nordic Bioscience Diagnostics, Denmark, DK-2730), and serum levels of 

osteocalcin were assessed by rat-specific immunoradiometric assay (Immunotopics, Inc., 

San Clemente, CA, 50-1500). 

 

Statistical Methods 

Values are presented as mean + SEM with differences considered significant at p 

< 0.05 determined by ANOVA with Student-Newman-Keuls post hoc testing using Instat 

software (Graphpad, San Diego, CA). 

 

3.4 Results 

3.4.1 Loss of bone mineral density (BMD) at the distal femur was ameliorated by 

curcuminoids 
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As anticipated, beginning at d 14 and continuing for two months (56 days), 

untreated OVX animals had significantly lower BMD at the distal femur relative to sham-

operated animals (9-12% decrease, Figure 3.1).  Complex turmeric treatment offered no 

significant BMD protection in OVX animals throughout the course of the experiment 

(Figure 3.1).  In contrast, treatment with curcuminoid-enriched turmeric prevented up to 

50% loss in BMD in OVX animals, reaching statistical significance after two months of 

treatment relative to vehicle-treated OVX (Figure 3.1). 

FIGURE 3.1  Effect of curcuminoid-containing turmeric extracts on bone mineral density 
(BMD) was assessed every two weeks by dual-energy x-ray absorptiometry (DXA).  Three-
month old female Sprague Dawley rats (n = 9-11 animals/group) were ovariectomized (OVX) 
and treated ip for two months (56 days) with vehicle, a complex turmeric fraction (41 % 
curcuminoids by weight), or a curcuminoid-enriched extract of turmeric (94% curcuminoids 
by weight).  Both extract doses were normalized to curcuminoid content (60 mg/kg, three 
times per week).  Values are expressed as mean % of sham + SEM and statistical significance 
was determined by ANOVA with Student-Newman-Keuls post hoc test.  Values that do not 
share the same superscript are significantly different at p < 0.05 for each time point. 
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FIGURE 3.2  Effect of two months of 
curcuminoid-containing turmeric extracts 
on (A) bone mineral density (BMD) and 
(B) bone volume fraction (BV/TV) was 
assessed by dual-energy x-ray 
absorptiometry (DXA), and micro-
computerized tomography (µCT), 
respectively.  Three-month old female 
Sprague Dawley rats (n = 9-11 
animals/group) were ovariectomized 
(OVX) and treated ip for two months 
with vehicle, a complex turmeric fraction 
(41% curcuminoids by weight), or a 
curcuminoid-enriched extract of turmeric 
(94% curcuminoids by weight).  Both 
extract doses were normalized to 
curcuminoid content (60 mg/kg, three 
times per week).  Statistical significance 
was determined by ANOVA with 
Student-Newman-Keuls post hoc test.  
Values that do not share the same 

FIGURE 3.3  
Representative 
microcomputed tomography 
images of the trabecular 
architecture of the distal 
femur in five-month female 
Sprague Dawley rats after 
two months (56 days) of 
treatment with complex 
turmeric, curcuminoid-
enriched turmeric, or 
vehicle alone are presented. 
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3.4.2 Trabecular bone volume and microarchitecture were protected by curcuminoids 

Observed effects of two months (56 days) of turmeric extract treatment on areal 

BMD of the trabeculae-enriched distal femur in OVX animals (Figure 3.2A) were 

confirmed and extended by µCT analysis of the three-dimensional architecture of purely 

trabecular bone in the femoral metaphysis (Figure 3.2B, Figure 3.3).  As expected and 

consistent with documented changes in BMD (Figure 3.2A), in vehicle-treated OVX 

FIGURE 3.4  Parameters of trabecular morphology, (A) connectivity-density (Conn-Dens.), (B) 
trabecular number (Tb.N), (C) trabecular thickness (Tb.Th), and (D) trabecular spacing (Tb.Sp.) were 
measured by micro-computerized tomography (µCT).  Three-month old female Sprague Dawley rats 
were ovariectomized (OVX) and treated ip for two months with vehicle, a complex turmeric fraction 
(41 % curcuminoids by weight), or a curcuminoid-enriched extract of turmeric (94% curcuminoids by 
weight).  Both extract doses were normalized to curcuminoid content (60 mg/kg, three times per week; 
n = 9-11/group).  Statistical significance was determined by ANOVA with Student-Newman-Keuls post 
hoc test.  Values that do not share the same superscript are significantly different at p < 0.05. 
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animals, trabecular bone volume fraction (BV/TV) decreased by 35% relative to sham (p 

< 0.001; Figure 3.2B).  Complex turmeric treatment of OVX animals offered no bone 

protection as assessed by either areal BMD (Figure 3.2A) or BV/TV (Figure 3.2B).  In 

contrast, curcuminoid-enriched turmeric treatment, analogous to its 50% inhibition of 

BMD loss (Figure 3.2A), prevented 63% of the decrease in trabecular BV/TV occurring 

in OVX animals (p < 0.05; Figure 3.2B).  Changes in microarchitectural parameters, as 

assessed by µCT, were consistent with observed effects on BV/TV.  Vehicle-treated 

OVX animals, consistent with expectations, experienced a significant decline in 

connectivity density (Conn-dens.; p < 0.001, Figure 3.4A) and trabecular number (Tb.N.; 

p < 0.001, Figure 3.4B), with an increase in trabecular spacing (Tb.Sp.; p < 0.001, Figure 

3.4D), while trabecular thickness (Figure 3.4C) remained unchanged relative to vehicle-

treated sham animals.  Complex turmeric treatment, consistent with its lack of effect on 

BMD or BV/TV, did not protect against OVX-induced changes in trabecular morphology 

(Figure 3.4A,B,D).  However, Tb.Th. was increased relative to all groups (p < 0.001, 

Figure 3.4C).  Trabecular morphology of curcuminoid-enriched turmeric treated animals 

was favorably enhanced relative to vehicle-treated OVX animals, as OVX-induced 

changes in Conn-dens. (p < 0.05, Figure 3.4A) and Tb.N. (p < 0.01, Figure 3.4B) and 

Tb.Sp. (p < 0.05, Figure 3.4D) were all inhibited by 34-55%. 
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3.4.3 Changes in serum markers of bone turnover with OVX 

Acutely (two weeks post-OVX), in vehicle-treated OVX animals (relative to 

shams), the biomarker for bone formation (osteocalcin) increased significantly, while a 

trend toward an increase in the resorption biomarker (CTX-I) was not statistically 

significant (Table 3.2).  At this same time point, after two weeks of treatment, turmeric 

extracts had no effect on bone turnover biomarkers in OVX animals (Table 3.2).  At the 

end of the experimental period (two months or 56 days), resorption and formation 

biomarkers in vehicle-treated OVX animals were not statistically different than sham 

animals, and were also unaltered by curcuminoid-enriched turmeric treatment (Table 

3.2). 

 

3.4.5 Extra-skeletal effects of turmeric treatment 

Body weight, consistent with previous reports, increased 16% in OVX relative to 

sham despite pair-feeding (Wronski et al. 1989); this effect was unchanged by treatment 

with either extract (Table 3.3).  Uterine atrophy was evident in OVX animals and was 

unaltered by complex turmeric or curcuminoid-enriched turmeric treatment (Table 3.3).  

2 weeks 2 months 2 weeks 2 months
Sham - vehicle 32.7 +2.3 20.0 +2.2   29.5 +0.7 8.47 +0.7
OVX - vehicle 37.7 +1.4 26.4 +2.3    37.4 +1.2a 9.62 +0.3
OVX - complex turmeric 43.0 +4.0 not tested    37.0 +2.6a not tested
OVX - curcuminoid-enriched 40.7 +4.0 29.1 +3.4    38.9 +2.5a 10.8 +3.4
aValues are mean +SEM, n = 9-11.  Differences were determined by ANOVA for each column, ap < 0.01 
relative to vehicle-treated sham.

CTX-I (resorption)
ng/ml

Osteocalcin (formation)
ng/ml

TABLE 3.2   Biochemical markers for bone turnover in female Sprague Dawley rats treated 
with curcuminoid-containing turmeric for 2 monthsa

Treatment group
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Liver weights were slightly elevated in botanical-treated OVX animals, an effect that 

may be indicative of drug metabolism (Greaves 2007).  However, this effect was only 

statistically significant with complex turmeric treatment (Table 3.3).  Hematocrit, platelet 

number, white blood cell counts, serum creatinine, and ALT levels were not different 

between groups (Table 3.3). 

 

3.5 Discussion 

Turmeric is widely consumed as a spice, and mixtures of polyphenolic 

curcuminoids extracted in various degrees of purity from the rhizome of turmeric are 

available for use as dietary supplements (Funk et al. 2006a).  As most medical research 

has focused on pure curcumin, our studies are unique in that they evaluate turmeric 

extracts more analogous to the composition of currently available dietary supplements 

(Funk et al. 2006a).  Of the two turmeric extracts tested, the curcuminoid-enriched 

turmeric extract preserved BMD, as well as the microarchitectural structure and 

trabecular connectivity of bone in OVX rats.  Key architectural parameters assessed by 

µCT that are known to be tightly correlated to mechanical strength and that suffer 

TABLE 3.3   Non-skeletal effects of turmeric treatment on female Sprague Dawley ratsa

Sham - vehicle OVX - vehicle OVX - complex 
turmeric

OVX - curcuminoid 
enriched

Body Weight (g) 230 + 2.8* 267 + 4.7 268 + 4.3 269 + 7.0
Uterus (g) 0.65 + 0.06* 0.16 + 0.01 0.2 + 0.03 0.18 + 0.02
Spleen (g) 0.82 + 0.06 0.92 + 0.06 0.95 + 0.07 1.00 + 0.05
Liver (g) 6.01 + 0.13 5.85 + 0.19 6.89+ 0.20* 6.48 + 0.24
ALT (U/L) 12.6 + 1.1 14.5 + 1.8 14.6 + 2.5 15.9 + 2.6
Creatinine (mg/dL) 0.30 + 0.02 0.32 + 0.02 0.27 + 0.02 0.32 + 0.03
WBC (K/!L) 10.1 + 1.2 12.5 + 0.9 12.3 + 1.5 12.5 + 1.2
Hematocrit (%) 48.2 + 0.81 47.9 + 0.95 41.7 + 4.4 45.0 + 3.1
Platelet (K/!L) 1033 + 59 950.8 + 69 1069 + 47 903.4+ 51
aValues are presented as Mean + SEM for n = 9-13 rats, with differences determined by ANOVA, *p < 0.01 relative to OVX-
vehicle controls.
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adversely with OVX, including bone volume fraction, trabecular number, connectivity 

density, and trabecular spacing (Bouxsein, Radloff 1997a), were significantly improved 

(34-55%) by curcuminoid treatment.  Thus, these improvements in the architectural 

parameters of trabecular structure in OVX animals may translate into a reduction in 

fracture risk, which is the fundamental aim of all treatments targeting osteoporosis.  This 

preservation of mass and microarchitecture of bone by curcuminoid-enriched turmeric 

did not appear to be an estrogenic effect, as uterine atrophy and weight gain in OVX 

animals were unaffected by curcuminoid treatment, results that are also consistent with 

prior studies documenting a lack of curcuminoid binding to estrogen receptor (ER)-α or 

ER-β (Pfeiffer et al. 2003).  Although not directly tested here, since abrogation of NF-κB 

activation is thought to be a major biological effect of curcuminoids (Bharti, Takada & 

Aggarwal 2004, Jurenka 2009), it remains possible that NF-κB may be the central target 

in the process of protecting OVX-induced bone loss.  Turmeric may thus have utility as a 

non-ER therapeutic in the prevention of osteoporosis, a postulate that deserves further 

mechanistic investigation. 

 

While the results from this translational study are encouraging, clinical data 

supporting the use of curcuminoids for osteoporosis is completely lacking.  Of interest, 

however, is one clinical study that examined an oral dose of an uncharacterized 

curcuminoid product (4 g/day) in patients with monoclonal gammopathy, a potential 

precursor of multiple myeloma (Golombick et al. 2009).  This dose of curcuminoids 

significantly reduced urinary N-telopeptide type I collagen levels in patients, suggesting 
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that curcuminoids may indeed act in humans as an anti-resorptive agent in diseases 

characterized by an elevation in bone turnover and generalized bone loss.  Unfortunately, 

in our study the measurement of serum markers for bone turnover after two weeks and 

two months of OVX (d 14 and d 56, respectively), which were little altered in OVX 

animals, did not reveal turmeric treatment effects that could have elucidated whether 

bone was being favorably altered by an increase in bone formation and/or inhibition of 

bone resorption.  Examination of longitudinal BMD changes in curcuminoid-enriched 

turmeric treated OVX animals suggests that assay of bone turnover biomarkers after one 

month of treatment, when OVX-induced BMD loss appears to have stabilized, may have 

been more informative.  Additional pre-clinical and clinical studies will be necessary to 

determine how curcuminoids act on both bone formation and resorption pathways in vivo 

under normal and pathological states. 

 

We chose the intraperitoneal route of administration for testing and comparison of 

the two turmeric extracts as a proof-of-concept approach in an effort to eliminate 

variables that could alter the oral bioavailability of components in these complex 

botanicals, such as differential absorption of curcuminoids in the two extracts due to 

matrix effects of the additional components present in the more complex turmeric extract 

or the metabolism of non-curcuminoid components by intestinal microflora (Manach et 

al. 2004).  As with bisphosphonates, oral bioavailability of curcumin is low (Anand et al. 

2007, Russell 2011).  As a result, considerable research efforts are focused on identifying 

specific formulations to enhance curcuminoid oral bioavailability (e.g. curcuminoid 
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nanoparticles or the use of lipid-based formulation vehicles to enhance absorption  

(Antony, Benny & Rao 2005).  Thus, it is possible that currently available turmeric 

dietary supplements may not be the most ideal agents for osteoporosis prevention.  

Additionally, because essential oils in the turmeric rhizome have also recently been 

reported to enhance curcuminoid oral bioavailability (Antony et al. 2008), currently 

available turmeric dietary supplements, which, like the extracts tested here, do not 

contain essential oils, may not be the most optimal formulations for dietary curcuminoid 

supplementation. 

 

Utilizing distinct and chemically well-characterized turmeric extracts, opposing 

trends for bone protection in translational models of arthritis vs. osteoporosis have now 

been identified, as the curcuminoid-enriched turmeric extract was most efficacious in 

protecting bone in osteoporosis, while we have previously demonstrated that the 

chemically complex turmeric fraction was most effective in preventing bone loss in 

arthritis (Funk et al. 2006a).  These divergent results illustrate the importance of direct 

testing of well-characterized botanical extracts in complex disease states (Swanson 

2002).  Moreover, because extract doses were normalized to curcuminoid content in the 

studies reported here, these results suggest that the non-curcuminoid constituents of the 

complex turmeric extract may have accounted for differences seen between the two 

turmeric treatment groups in altering bone loss in OVX animals.  Preliminary studies in 

our laboratories have found that the non-curcuminoid portion of the complex turmeric 

extract is primarily composed of polysaccharides.  Traditionally, these carbohydrates are 
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thought to have minimal bioactivity by themselves, however, new functional effects of 

polysaccharides are emerging, particularly when combined with other bioactive 

molecules (Hanson 2005).  This additional component of the complex extract may have 

had deleterious effects on bone that could not be compensated for by the curcuminoids, 

or the polysaccharides may have blunted or antagonized the beneficial effects of the 

curcuminoids on bone in the hypogonadal rat. 

 

Another possibility for the variable efficacies of the two turmeric extracts tested is 

their differing ratios of the three major curcuminoids, which may be an important 

determinant of bone protection, as the purified extract contained a higher percentage of 

curcumin and a lower percentage of demethoxycurcumin and bis-demethoxycurcumin 

relative to the complex extract.  Indeed, differential effects of the three major 

curcuminoids have been reported in a number of biological systems (Bharti, Takada & 

Aggarwal 2004, Anand et al. 2008).  Since all turmeric dietary supplements are 

composed of a mixture of the three major curcuminoids (Funk et al. 2006a), this 

possibility would also have important implications from a consumer standpoint as 

turmeric supplement labels do not indicate the relative amounts of these 3 compounds 

present in the product.  Additionally, our laboratories have identified vast discrepancies 

between the labeled curcuminoid content and the curcuminoid content detected by HPLC 

in a random selection of commercially available turmeric dietary supplements (Funk et 

al. 2006a).  Due to the importance of extract composition in bioefficacy, it is clear that 

the degree of specificity of labeling of turmeric supplements at present is not sufficient to 
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direct usage, should specific turmeric extracts prove to be clinically useful upon further 

study. 

 

As osteoporosis becomes an even more widespread health and financial burden to 

millions of aging Americans, the development of affordable bone-protective therapeutics 

for the prevention of metabolic bone disorders merits continued study.  These results are 

encouraging, considering the current availability and affordability of turmeric-derived 

curcuminoid products.  Continued characterization of turmeric dietary supplement 

composition followed by rigorous pre-clinical and clinical testing will be necessary to 

identify turmeric-derived bone-active constituents, and to optimize their bioefficacy in 

dietary form.  
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CHAPTER 4 
*EFFECT OF CURCUMINOIDS AND STRUCTURALLY-RELATED 

COMPOUNDS ON HUMAN BREAST CANCER CELL SECRETION OF THE 
OSTEOLYTIC FACTOR PARATHYROID HORMONE-RELATED PROTIEN 

(PTHrP) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* This work is under review in Current Pharmaceutical Design as: 

Wright LE, Timmermann BN, Funk JL. Curcuminoids isolated from turmeric (Curcuma 
longa L.) inhibit breast cancer cell secretion of the osteolytic peptide parathyroid 
hormone-related protein. 



103 

4.1 Abstract 

Previous rheumatoid arthritis studies in our laboratory demonstrated that extracts 

isolated from the rhizome of turmeric (Curcuma longa L.) inhibited secretion of the 

bone-destructive peptide parathyroid hormone-related protein (PTHrP) from tumor-like 

synoviocytes isolated from human rheumatoid joints and prevented peri-articular bone 

resorption characteristic of this bone destructive disease in an animal model.  Since 

tumor-derived PTHrP is a known mediator of lytic bone destruction in breast cancer bone 

metastases, extracts of turmeric and a chemically- and botanically-related plant, ginger 

(Zingiber officinale Roscoe), were tested for PTHrP inhibitory effects using human breast 

cancer MDA-MB-231 cells.  Turmeric extracts containing curcuminoids, bioactive 

phenols, were potent inhibitors of PTHrP.  In contrast, ginger extracts containing phenols 

(gingerols) were without effect, as were essential oil fractions isolated from either plant 

rhizome.  A purified naturally occurring mixture of curcuminoids present in turmeric 

(77% curcumin, 18% demethoxycurcumin, 5% bisdemethoxycurcumin) was a more 

potent inhibitor of PTHrP than any of the isolated curcuminoid compounds (IC50 = 16 

µM).  Curcumin and bis-demethoxycurcumin were found to have similar potencies (IC50 

= 22 and 21 µM, respectively), while demethoxycurcumin was the least effective (IC50 > 

30 µM).  Metabolites of curcuminoids were also evaluated; despite being structurally 

similar to curcuminoids, tetrahydrocurcuminoids, ferulic acid and vanillin were not 

potent inhibitors of PTHrP.  Our results indicate that turmeric’s inhibition of breast 

cancer cell secretion of PTHrP is curcuminoid-specific and that reductive or degradative 

metabolites of curcuminoids are not likely mediating this effect. 
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4.2 Introduction 

While most chemotherapeutic research is appropriately focused on reducing 

cancer cell growth, a second aspect of cancer research seeks to develop agents that reduce 

cancer cell expression of peptides or factors that have adverse systemic and 

microenvironment-specific effects (Mundy 2002).  Bone is one of the most common sites 

of breast cancer metastasis (Weilbaecher, Guise & McCauley 2011).  Once cancer cells 

have infiltrated the bone marrow, they secrete osteolytic, or bone-destructive, factors 

including parathyroid hormone-related protein (PTHrP), which stimulate osteoblast cell 

expression of receptor-activator of nuclear NF-κB ligand (RANK-L) (Mundy 2002, 

Kakonen et al. 2002, Guise et al. 1996).  RANK-L binds to its cognate receptor on 

osteoclasts and their precursors, resulting in an increase in osteoclast cell differentiation 

and bone-resorptive activity at the bone-tumor interface (Boyle, Simonet & Lacey 2003).  

Release of growth factors, such as transforming growth factor (TGF)-β, from resorbed 

bone stimulates further tumor cell secretion of osteolytic factors, causing a vicious cycle 

of bone destruction (Mundy 2002, Guise 2000).  Resultant lytic bone destruction can lead 

to severe bone pain, fragility fractures and increased mortality in breast cancer patients 

(Mundy 2002).  Targeting the bone-resorptive pathway in breast cancer bone metastases 

via inhibition of breast cancer cell expression of PTHrP is an active area of inquiry 

(Guise et al. 1996, Li et al. 2011), for which no clinical therapeutic has been developed. 

 

Our laboratory has been investigating the efficacy of experimental rhizome-

derived extracts of turmeric (Curcuma longa L.) and ginger (Zingiber officinale Roscoe), 
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including purified phenols isolated from these related Zingiberaceae species, on bone 

disorders characterized by osteoclast-mediated bone loss (Funk et al. 2006a, Funk et al. 

2010, Wright et al. 2010).  Previous studies demonstrated that turmeric extracts were 

potent inhibitors of inflammation and bone destruction in a translational model of 

rheumatoid arthritis and that this effect may have been partially mediated by their ability 

to inhibit PTHrP secretion from rheumatoid synoviocytes (Funk et al. 1998, Funk et al. 

2003, Funk et al. 2006b).  Since PTHrP is also a known mediator of bone loss in breast 

cancer, we hypothesized that extracts of turmeric and of the botanically- and chemically-

related ginger  (Ramirez-Ahumada Mdel, Timmermann & Gang 2006, Weng, Yen 2012)  

could inhibit PTHrP secretion from human breast cancer cells. 

 

The use of medicinal plants such as turmeric and ginger for the treatment of 

diseases is rooted in various traditional systems of medicine including Ayurveda and 

Traditional Chinese Medicine.  In recent years, western research has focused on 

evaluating efficacy of promising compounds isolated from traditionally prescribed 

botanicals, particularly in search of chemopreventive agents (Schmidt et al. 2007, Sharma 

et al. 1994, Fabricant, Farnsworth 2001).  Breast cancer survivors are prime consumers of 

herbal medicines despite the fact that efficacy or even safety for the vast majority of 

available botanical dietary supplements has not been proven (Boon, Olatunde & Zick 

2007, Matthews et al. 2007).  The studies described herein aim to address the potential 

utility of popularly-used botanical extracts and natural product-derived compounds in the 

prevention or treatment of skeletal complications in breast cancer. 
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4.3 Materials and Methods 

Extract isolation and chemical analyses 

Turmeric and ginger rhizome powders were purchased from San Francisco Herb 

and Natural Food (San Francisco, CA) and experimental extracts were prepared as 

previously described (Funk et al. 2009, Funk et al. 2010, Funk et al. 2006a).  Briefly, 

dried powdered turmeric rhizome was extracted with 1) methanol to prepare a crude 

turmeric extract containing curcuminoids and essential oils (“crude turmeric,” 9.6% 

yield) or 2) hexane to prepare an essential oil-only fraction (“turmeric essential oils”, 

3.7% yield).  A commercial curcuminoid-enriched essential oil-free product analogous in 

composition to currently available turmeric dietary supplements (Funk et al. 2006a) was 

purchased from Fisher Scientific (#218580100, Lot A019754401; “curcuminoids” 

[76.9% curcumin, 17.6% demethoxycurcumin, 5.5% bisdemethoxycurcumin]).  A crude 

ginger extract containing gingerols and essential oils (“crude ginger,” 6.4% yield) was 

prepared by extracting the dried ground ginger rhizome powder with dichloromethane 

(DCM).  The resultant DCM extract was subjected to silica gel chromatography to yield 3 

fractions: a fraction containing gingerols and their derivatives (“gingerols,” 50% yield), a 

fraction containing only the essential oils (“ginger essential oils,” 22% yield) and a 

fraction containing polar compounds (not tested here).  Content of major phenolic 

compounds in turmeric (curcumin, demethoxycurcumin, and bis-demethoxycurcumin) 

and ginger (6-, 8-, and 10-gingerol) extracts were determined by HPLC analysis as 

previously described (Funk et al. 2009, Funk et al. 2006a).  Samples of curcumin 

(#03926), demethoxycurcumin (#04230), bis-demethoxycurcumin (#04231), 6-gingerol 
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(#07164), ferulic acid (#06005), and vanillin (#22305) were purchased from ChromaDex 

(> 92% pure).  Tetrahydrocurcuminoids, manufactured by reduction of the naturally 

occurring mixture of curcuminoids present in turmeric (SBX0069; >96% pure), were a 

gift from Sabinsa Corporation.  Stock solutions of experimental and commercial products 

were prepared using DMSO (100 – 300 mg/mL) and stored at 4 °C. 

 

Cell cultures 

Subconfluent human breast cancer MDA-MB-231 cells (a gift from Dr. Theresa 

Guise) were plated at 5 x 104 cells/cm2 and incubated overnight in fresh DMEM medium 

containing 10% fetal bovine serum and antibiotics at 37oC and 5% CO2 in a humidified 

atmosphere.  Cells were pre-incubated with indicated botanical treatments for 4 h 

followed by addition of recombinant human TGF-β1 (5 ng/mL; R&D Systems) to 

stimulate PTHrP secretion.  Parathyroid hormone-related protein (PTHrP) was measured 

in conditioned media after 24 h by commercial radioimmunoassay (Diagnostic Systems 

Laboratories).  Effects on cell proliferation and cytotoxicity were assessed by assay of 

cell number by mitochondrial reduction of MTT (ATCC) as per manufacturer’s protocol.  

Treatment concentrations of experimental-phenol containing botanical extracts of 

turmeric and ginger were normalized to, and expressed as, phenol content (µg/mL 

curcuminoids or gingerols, respectively), while pure essential oils are expressed as 

weight (µg oil/mL). 
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Statistical analyses 

Differences between means were determined by one-way ANOVA with Tukey’s 

post hoc test using Instat 3.0 software (Graphpad; San Diego, CA) with the least effective 

concentration (LEC) being the lowest concentration at which differences were significant 

(p < 0.05) relative to vehicle-treated control wells.  Half maximal inhibitory 

concentrations (IC50) were obtained by analyzing concentration-response data using a 

four-parameter logistic equation without assignment of a minimal value (Prism 4.0 

software, GraphPad). 

 

4.4 Results 

4.4.1 Curcuminoid-containing turmeric extracts inhibited PTHrP secretion from 

human breast cancer cells while ginger extracts had no effect 
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TGF-β stimulated PTHrP secretion from MDA-MB-231 cells was dose-

dependently inhibited by a crude turmeric extract, containing both curcuminoids and 

essential oils, and by purified curcuminoids alone (Figure 4.1A, Table 4.1).  With dosing 

normalized to curcuminoid content, least effective concentrations (LEC) for PTHrP 

inhibition by crude turmeric and curcuminoids were similar and were approximately 10-

fold lower than LECs for changes in cancer cell growth (Table 4.1).  The essential oils of 

turmeric had the opposite effect on PTHrP, stimulating secretion in a concentration-

dependent fashion (Figure 4.1A, Table 4.1).  Ginger extracts containing phenols 

(“gingerols”), essential oils or both (“crude ginger:) had no effect on PTHrP secretion 

(Figure 4.1B, Table 4.1). 

FIGURE 4.1    FIGURE 4.1  Curcuminoid-
containing turmeric (Curcuma 
longa L.) extracts inhibited 
parathyroid hormone-related 
protein (PTHrP) secretion from 
human breast cancer cells while 
ginger (Zingiber officinale R.) 
extracts had no effect.  Human 
breast cancer MDA-MB-231 cells 
were treated with (A) turmeric or 
(B) ginger extracts (0 - 30 µg/mL; 
n = 4/group) and TGF-β-
stimulated PTHrP secretion was 
measured in conditioned media 
after 24 h by commercial 
radioimmunoassay (Diagnostic 
Systems Laboratories).  The crude 
turmeric and crude ginger extracts 
were normalized to curcuminoid 
or gingerol content, respectively, 
and the essential oil extracts were 
dosed by weight.  Data, presented 
as fold change from TGF-β-
stimulated control cells, are 
expressed as mean + SEM. 
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4.4.2 Curcuminoids and turmeric essential oils had an additive inhibitory effect on 

breast cancer cell secretion of PTHrP 

Given the stimulatory effect of isolated turmeric essential oils on PTHrP secretion 

from MDA-MB-231 cells, their ability to impede curcuminoid inhibition of PTHrP was 

tested.  In a head to head comparison (Figure 4.2), a single dose of curcuminoids (3 

µg/mL) inhibited TGF-β-stimulated PTHrP secretion, turmeric essential oils alone were 

stimulatory (3 µg/mL), while combining essential oils with curcuminoids statistically 

reduced PTHrP secretion further, as compared to curcuminoids alone. 

 

TABLE 4.1
Extract (µg/mL) IC50 LEC IC50 LEC
Crude Turmeric 2.7 1 16 5
Curcuminoids 1.8 0.5 7 5
Essential oils - - 22 5

PTHrP* Cell Proliferation*

*Half maximal inhibitory concentrations (IC50) and least effective concentration (LEC) are 
presented.

FIGURE 4.2 FIGURE 4.2  Curcuminoids and turmeric 
essential oils had an additive inhibitory effect 
on breast cancer cell secretion of parathyroid 
hormone-related protein (PTHrP) when 
combined.  Human breast cancer MDA-MB-
231 cells were treated with curcuminoids 
and/or turmeric essential oils (3 µg phenols or 
essential oils/mL) and TGF-β-stimulated 
PTHrP secretion was measured in conditioned 
media after 24 h by commercial 
radioimmunoassay (Diagnostic Systems 
Laboratories).  Data are presented as mean + 
SEM with significance determined by one-way 
ANOVA with Tukey’s post-hoc test (*p < 0.05, 
***p < 0.001; n = 4/group).  
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4.4.3 Individual curcuminoids had variable effects on PTHrP inhibition and were more 

potent in combination 

Isolated effects of each of the 3 major curcuminoids (Figure 4.3A) in turmeric on 

TGF-β-stimulated PTHrP secretion from human breast cancer MDA-MB-231 cells were 

next compared to the effects of the naturally occurring mixture (“curcuminoids;” Figure 

4.3B, Table 4.2).  Curcumin and bis-demethoxycurcumin were less potent inhibitors of 

PTHrP relative to the curcuminoid mixture (IC50 = 22 and 21 µM, respectively, vs. 16 

µM for mixed curcuminoids; Figure 4.3B, Table 4.2).  Demethoxycurcumin was not a 

potent inhibitor of PTHrP (IC50 >30 µM), yet had the lowest least effective concentration 

(LEC = 1 µM) of any of the curcuminoids tested (Figure 4.3B, Table 4.2). 
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4.4.4 Related compounds and metabolites of curcuminoids were not potent inhibitors of 

PTHrP 

A 
Curcumin 

Demethoxycurcumin 

Bis-demethoxycurcumin 

FIGURE 4.3 

B 

FIGURE 4.3  Individual curcuminoids were less potent inhibitors of parathyroid hormone-
related protein (PTHrP) secretion from human breast cancer cells relative to a mixture of the 
three curcuminoids.  Human breast cancer MDA-MB-231 cells were treated with (A) 
curcumin, demethoxycurcumin, bis-demethoxycurcumin and a naturally occurring mixture of 
the three curcuminoids (0 - 30 µM).  (B) TGF-β-stimulated PTHrP secretion was measured in 
conditioned media after 24 h by commercial radioimmunoassay (Diagnostic Systems 
Laboratories).  Data are expressed as fold change from TGF-β-stimulated control cells (mean 
+ SEM; n = 4/group). 
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FIGURE 4.4  Effects of 
structurally-related compounds 
on parathyroid hormone-related 
protein (PTHrP) secretion from 
human breast cancer cells were 
compared with PTHrP-
inhibitory effects of 
curcuminoids.  Human breast 
cancer MDA-MB-231 cells were 
treated with (A) 6-gingerol, (B) 
tetrahydrocurcuminoids, (C) 
ferulic acid, or (D) vanillin (0 - 
100 µM) and TGF-β-stimulated 
PTHrP secretion was measured 
in conditioned media after 24 h 
by commercial 
radioimmunoassay (Diagnostic 
Systems Laboratories).  Effects 
of curcuminoids on TGF-β-
stimulated PTHrP secretion, 
previously presented in Fig. 
4.3B, are indicated in gray for 
comparison.  Data are expressed 
as fold change from TGF-β-
stimulated control cells (mean + 
SEM; n = 4/group). 

FIGURE 4.4 
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In order to determine which functional groups in the curcuminoid structure might 

be necessary for inhibition of TGF-β-stimulated PTHrP secretion, four structurally 

related compounds were screened using MDA-MB-231 breast cancer cells.  6-Gingerol, 

the primary phenol in ginger, which differs from curcuminoids in that it has only one 

aromatic ring, was not a potent inhibitor of PTHrP (IC50 > 100 µM; Figure 4.4A, Table 

4.2).  Tetrahydrocurcuminoids, major metabolites of curcuminoids (Pan et al 1999), 

which have two aromatic methoxy-phenolic rings and are identical to curcuminoids save 

for a lack of conjugation in the heptadienone chain, were not potent and only inhibited 

PTHrP at >100 µM (IC50 > 

100 µM; Figure 4.4B, Table 

4.2).  Ferulic acid, a non-

enzymatic degradation 

product of curcumin  

(Tonnesen, Karlsen & 

Henegouwen 1986, Khurana, Ho 1988), stimulated PTHrP secretion from breast cancer 

cells at >100 µM (Figure 4.4C, Table 4.2).  Finally, vanillin, a phenolic aldehyde that is 

also reported to be a major degradation product of curcumin  (Tonnesen, Karlsen & 

Henegouwen 1986, Khurana, Ho 1988), significantly inhibited PTHrP at concentrations 

as low as 8 µM; yet vanillin was not a potent inhibitor of PTHrP at higher doses (IC50 > 

100 µM; Figure 4.4D, Table 4.2). 

 

TABLE 4.2
Compound (µM) IC50 LEC
Curcumin 22 8
Demethoxycurcumin            >30 1
Bis-demethoxycurcumin 21 8
Mixed curcuminoids 5 1.5
6-gingerol           >100 300
Ferulic acid           >100 Stimulated at 100
Tetrahydrocurcuminoids           >100 100
Vanillin           >100 8

PTHrP*

*Half maximal inhibitory concentrations (IC50) and least effective 
concentrations are presented.
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4.4.5 Curcuminoids inhibited breast cancer cell growth at high concentrations and 

related compounds and metabolites of curcuminoids had no effect 

Concentration-dependent effects of curcuminoids and related compounds on 

MDA-MB-231 breast cancer cell growth were also compared under the same conditions 

used for assay of PTHrP (i.e., TGF-β stimulated cells).  6-Gingerol, ferulic acid and 

vanillin had no effect on 

cancer cell growth up to 

300 µM (Figure 4.5).  

Tetrahydrocurcuminoids 

had a small inhibitory 

effect on cancer cell 

proliferation at 30 µM 

and higher doses, though 

they were not potent 

(IC50 >300 µM; Figure 

4.5).  As compared to their metabolites, curcuminoids were potent inhibitors of cell 

proliferation (IC50 = 16 µM; Figure 4.5).  However, as previously described (Table 4.1 

and 4.2), curcuminoids were more potent inhibitors of PTHrP secretion than of cell 

proliferation. 

 

 

 

FIGURE 4.5 

FIGURE 4.5  Curcuminoids inhibit breast cancer cell growth.  
Human breast cancer MDA-MB-231 cells were treated with 6-
gingerol, tetrahydrocurcuminoids, ferulic acid, vanillin or 
curcuminoids (0 – 300 µM) and changes in cell number were 
assessed by mitochondrial reduction of MTT (ATCC) after 24 h 
of TGF-β stimulation.  Data are expressed as fold change from 
TGF-β-stimulated control cells (mean + SEM; n = 4/group).  
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4.5 Discussion 

The polyphenol curcumin, thought to be the primary bioactive compound in 

turmeric, has been the focus of intensive research in cell-based assays, evidenced by the 

identification of over 100 molecular targets for this compound alone (Gupta et al. 2011).  

We demonstrate here that curcumin, in combination with the other two major 

curcuminoids, demethoxycurcumin and bis-demethoxycurcumin, is a potent inhibitor of 

TGF-β-stimulated breast cancer cell secretion of the osteolytic peptide parathyroid 

hormone-related protein (PTHrP), separate from effects on cancer cell growth.  When a 

crude turmeric extract containing essential oils was normalized to curcuminoid content, 

and compared with a purified curcuminoid mixture, it offered equal protection against the 

secretion of PTHrP, providing further evidence that these polyphenols are mediating the 

PTHrP inhibitory effect.  Since the oils alone were PTHrP stimulatory, this raises the 

question as to whether consumption of turmeric oils could harm breast cancer patients by 

stimulating the secretion of osteolytic peptides.  However, we demonstrated that crude 

extracts containing curcuminoids and oils, as well as pure fractions of curcuminoids and 

essential oils when recombined, did not diminish PTHrP inhibitory activity as compared 

to curcuminoids alone.  Indeed, the slightly enhanced effect of pure curcuminoids when 

recombined with the essential oils may be due to the oil’s reported ability to aid in the 

cellular uptake of the polar curcuminoids  (Sharma, Steward & Gescher 2007) (Begum et 

al 2008).  These results suggest that while curcuminoids were the mediators of PTHrP 

inhibition in turmeric, consumption of curcuminoids in a formulation also containing 

turmeric essential oils would likely not be harmful, and could in fact have added benefit 
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for cancer patients, if results can be extrapolated to humans.  Recent studies in our 

laboratory have also demonstrated in vivo efficacy of curcuminoids in the prevention of 

lytic bone destruction in a murine model of MDA-MB-231 breast cancer bone metastasis, 

further supporting the potential utility of turmeric dietary supplements for breast cancer 

patients (Wright et al. 2012). 

 

In contrast to the inhibitory effects of phenol-containing turmeric extracts, 

phenolic extracts of related ginger, a chemically-related plant from the same botanical 

family (Zingerberaceae) (Ramirez-Ahumada Mdel, Timmermann & Gang 2006, Weng, 

Yen 2012), had no effect on breast cancer cell secretion of PTHrP.  These results were 

further confirmed with the evaluation of pure 6-gingerol, ginger’s most abundant 

bioactive phenol, which has an aromatic methoxyphenolic group identical to curcumin.  

This represents a divergence in functionality between curcuminoids and gingerols, which 

were both bone-protective in pre-clinical arthritis studies (Funk et al. 2009, Funk et al. 

2006a), suggesting that structural features of curcuminoids contribute to their specificity 

of action with respect to inhibition of TBG-β-stimulated secretion of osteolytic factors 

from breast cancer cells. 

 

It has been suggested that enzymatic and/or non-enzymatic metabolites could be 

responsible for curcumin’s bioactivity in vitro and in vivo, a hypothesis that is supported 

by the instability of curcuminoids at physiologic or basic pH (Pan, Huang & Lin 1999, 

Griesser et al. 2011).  Therefore, the ability of several curcumin metabolites to inhibit 
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PTHrP secretion and cell growth were tested in order to further explore the structural 

features required for curcumin bioactivity as well as to determine whether curcumin 

metabolites were responsible for bioactivity associated with curcumin treatment.  Ferulic 

acid and vanillin, two putative degradation products of cleavage of the heptadienone 

chain (Khurana, Ho 1988, Tonnesen, Karlsen 1985, Tonnesen, Karlsen & Henegouwen 

1986, Wang et al. 1997) did not match the potent PTHrP inhibitory effects of 

curcuminoids in vitro.  Polyphenolic tetrahydrocurcuminoids, reduction products that are 

identical to curcuminoids save for conjugation of the heptadienone chain, also did not 

inhibit PTHrP, even at the highest concentration tested.  Likewise, the inhibitory effects 

of curcuminoids on cell growth were also uniquely attributable to curcuminoids and not 

the metabolites tested although this effect occurred at higher concentrations than required 

for PTHrP inhibition.  Thus, evidence suggests that the heptadienone chain in 

curcuminoids may be critical for its bioactivity in MDA-MB-231 cells and/or that other 

curcuminoid metabolites not tested here, whether reductive or oxidative, could be 

contributing to the PTHrP or growth inhibitory effects (Griesser et al. 2011). 

 

A relatively new school of thought is emerging in western medical research that is 

challenging the current single-compound-for-single-target paradigm in pharmaceutical 

drug development, and this new view is supported by accruing evidence of added benefit 

of multi-targeting by classes of compounds vs. single compounds (Schmidt et al. 2007).  

Our studies addressed these divergent views by evaluating the efficacy of single 

molecules relative to more complex mixtures of phenolic compounds isolated from the 
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same natural product source.  We found that a curcuminoid mixture was equally 

efficacious, if not more potent, than pure curcumin in our in vitro assays.  Furthermore, a 

mixture of curcuminoids with oils may increase their bioavailability and enhance their 

therapeutic effects.  Results presented here support the idea that a group of compounds 

may be more potent than a compound alone as they may be hitting different targets.  In 

addition to having effects on primary tumor cell growth, these preliminary findings 

indicate that curcuminoid-containing turmeric extracts could hold promise in the 

prevention of lytic breast cancer bone metastases via altering tumor cell gene expression 

in the bone microenvironment.  
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CHAPTER 5 
*EFFECT OF CURCUMINOIDS ON PARATHYROID HORMONE-RELATED 

PROTEIN (PTHrP)-MEDIATED OSTEOLYTIC BREAST CANCER BONE 
METASTASES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* This work is under review in Breast Cancer Research as: 

Wright LE, Frye JB, Timmerman BN, Mohammad KS, Guise TA, Funk JL. 
Curcuminoids inhibit PTHrP secretion from human breast cancer cells and osteolytic 
metastases. 
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5.1 Abstract 

Curcuminoids, phenolic compounds isolated from turmeric (Curcuma longa L.), 

have previously been demonstrated to be bone-protective in a pre-clinical model of 

rheumatoid arthritis.  Moreover, curcuminoids were found to inhibit rheumatoid 

synoviocyte secretion of the bone-resporptive peptide parathyroid hormone-related 

protein (PTHrP), also a key mediator of breast cancer osteolysis.  Effects of curcuminoids 

on breast cancer secretion of PTHrP and cancer-induced bone loss in a murine model of 

breast cancer bone metastasis were therefore evaluated.  Curcuminoid effects on PTHrP 

secretion from human breast cancer MDA-MB-231 cells were measured in conditioned 

media by radioimmunoassay.  TGF-β-stimulated PTHrP secretion was inhibited by 

curcuminoids (IC50 = 24 µM) independent of effects on cell growth inhibition (IC50 = 

2400 µM).  In vivo, 4-week female nude mice were inoculated with MDA-MB-231 cells 

into the left cardiac ventricle and treated ip every other day with curcuminoids (25 or 50 

mg/kg) for 21 days with radiographic evaluation of osteolytic bone lesions.  Low and 

high dose curcuminoids reduced osteolytic bone lesion area by 51 and 61%, respectively.  

Tumor area in bone, assessed histomorphometrically, was not significantly altered; 

however, osteoclast number at the bone-tumor interface was reduced by 52%.  In a 

separate study, orthotopic xenograft tumor mass was unaltered by curcuminoid treatment.  

Further evaluation of curcuminoid effects on TGF-β signaling in MDA-MB-231 cells 

revealed decreases in phospho-Smad2/3 and Ets-1 protein levels, while p38 kinase was 

unchanged.  These data suggest that curcuminoids prevent TGF-β induction of PTHrP 
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and reduce metastases-induced osteolytic bone destruction by blockade of Smad 

signaling in human breast cancer cells. 

 

5.2 Introduction 

Of women diagnosed with breast cancer, nearly one third will develop advanced 

disease characterized by primary tumor metastases to distant organs (Mundy 2002).  

Seventy percent of women with advanced disease have bone metastases, most of which 

are osteolytic, or bone destructive lesions (Weilbaecher, Guise & McCauley 2011).   

Osteolytic bone lesions can result in severe bone pain, hypercalcemia of malignancy and 

increased risk of fracture, significantly reducing the quality and length of life for cancer 

patients (Jimenez-Andrade et al. 2010, Mundy 2002).  Upon seeding in the bone 

microenvironment, breast cancer tumor cells secrete osteolytic factors among which 

parathyroid hormone-related protein (PTHrP) has been recognized as a major contributor 

to the pathogenesis of skeletal complications in breast cancer (Guise et al. 1996, Guise 

2000).  Tumor-derived PTHrP stimulates osteoblast production of RANK-L, which binds 

to its cognate receptor RANK on osteoclast precursor cells, resulting in cellular 

differentiation and osteoclastic bone resorption.  Release of soluble TGF-β from resorbed 

bone matrix in turn stimulates tumor cell production of PTHrP and other osteoclast-

activating factors via Smad-dependent and Smad-independent pathways, further 

amplifying metastatic tumor osteolysis (Yin et al. 1999, Kang et al. 2003, MacLeod, 

Chattopadhyay & Brown 2003).  Disruption of this feed-forward cycle could have 
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significant therapeutic benefits in the prevention of bone loss associated with breast 

cancer. 

 

Bone-specific therapeutics for the clinical management of bone metastases 

(bisphosphonates and denosumab) specifically target the osteoclast and are currently only 

approved for the treatment of established metastases.  Because micrometastases are 

known to seed in the bone marrow of women even at early stages of the disease (Braun et 

al. 2005), a preventative treatment that blocks tumor-secreted osteolytic factors in the 

bone microenvironment prior to the development of clinically evident skeletal metastases 

may be beneficial, if safe therapeutics can be identified.  Targeted treatment to reduce 

PTHrP secretion from tumor cells via blockade of TGF-β signaling in breast cancer 

metastasis is a promising therapeutic approach that has been successfully pursued in pre-

clinical studies (Guise et al. 1996, Li et al. 2011). 

 

In earlier studies, our laboratory demonstrated that blockade of PTHrP production 

from tumor-like rheumatoid synoviocytes prevented bone loss in a pre-clinical model of 

rheumatoid arthritis (Funk, Wei 1998, Funk et al. 2003).  Subsequently, our laboratory 

demonstrated that curcuminoids, a class of phenols isolated from the dried rhizome of 

turmeric (Curcuma longa L., Zingiberaceae), had anti-arthritic and bone protective 

effects in the same model and we elucidated their mechanism of protection against 

cytokine-mediated bone resorption (Funk et al. 2006a).  In addition to in vivo evidence of 

inhibitory effects on RANK pathway activation of osteoclastic bone resorption in an 
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animal model, curcuminoids prevented PTHrP secretion in vitro from tumor-like 

synoviocytes isolated from the joints of rheumatoid arthritis patients (Frye, Timmermann 

& Funk 2012).  In a pre-clinical model of postmenopausal osteoporosis, we also 

demonstrated that curcuminoids reduced bone loss by approximately half (Wright et al. 

2010).  Collectively, these promising effects on metabolic bone diseases led us to 

hypothesize that PTHrP-mediated breast cancer-induced bone loss could be prevented by 

curcuminoid treatment. 

 

Breast cancer survivors exhibit a strong pattern of usage of complementary and 

alternative medicinal treatments, and have shown particular interest in natural product 

supplements and herbal remedies.  Up to 75% of breast cancer survivors use herbal 

treatments (Boon, Olatunde & Zick 2007, Matthews et al. 2007) despite the fact that 

efficacy and safety of the vast majority of these herbal products have not been evaluated.  

The pre-clinical studies here aim to test the potential bone-sparing effects of 

curcuminoids, a polyphenolic mixture analogous to over-the-counter turmeric dietary 

supplements, in breast cancer metastasis to bone. 

 

5.3 Materials and Methods 

Chemicals analysis of curcuminoids 

A curcuminoid-enriched turmeric product, sold as “>98% curcumin”, but 

composed of 89.6% of the three major curcuminoids by weight (Figure 5.1) was 

purchased from Fisher Scientific (#218580100, Lot A019754401).  Chemical content of 
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the curcuminoid product, which is analogous to commercially available turmeric dietary 

supplements, was assessed as previously described using an Agilent 1100 series high 

performance liquid chromatography (HPLC) system (Agilent, Palo Alto, CA) and stock 

solutions of pure curcumin, demethoxycurcumin, and bis-demethoxycurcumin (Funk et 

al. 2006b). 

 

Cell cultures 

Subconfluent human breast cancer MDA-MB-231 cells were plated at 5 x 104 

cells/cm2 and incubated overnight in fresh DMEM medium containing 10% fetal bovine 

serum and antibiotics at 37oC and 5% CO2 in a humidified atmosphere.  Cells were pre-

incubated with curcuminoids (0.1 - 100 µM) for 4 h followed by addition of recombinant 

human TGF-β1 (5 ng/mL; R&D Systems) for 24 h.  PTHrP expression was measured in 

conditioned media by commercial radioimmunoassay (Diagnostic Systems Laboratories) 

and cell number and cytotoxicity were assessed by mitochondrial reduction of MTT 

(ATCC) and conditioned media content of lactate dehydrogenase (LDH; Promega), 

respectively, as per manufacturer’s protocol. 

Murine macrophage RAW 264.7 cells were plated at 1 x 104 cells/cm2 and 

incubated overnight in fresh DMEM medium containing 10% fetal bovine serum and 

antibiotics at 37oC and 5% CO2 in a humidified atmosphere.  Cells were then pre-

incubated with curcuminoids (0.1 – 30 µM) for 4 h before the addition of RANK-L (50 

ng/mL) for 4 days, with fresh media added on day 2.  On day 4, cells were fixed and 

stained for TRAP (tartrate-resistant acid phosphatase; Sigma-Aldrich) activity to 
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visualize osteoclast cells.  TRAP+ multinucleated (>3) cells were counted in each well, 

with data expressed as % of control wells.  In a separate experiment, RAW 264.7 cells 

were pre-incubated with 30 µM curcuminoids for 4 h and stimulated with RANK-L (100 

ng/mL) for 1 h.  Nuclear protein was then extracted using a commercial nuclear protein 

extraction kit (Panomics) and assayed for NF-κB p50 binding activity using a 

chemiluminescent transcription factor ELISA, as per manufacturer’s protocol (Millipore). 

 

Western blots 

Whole cell extracts were prepared from subconfluent T-75 flasks of MDA-MB-

231 cells treated for 12 h with curcuminoids (80 µM) prior to 1 h treatment with TGF-β 

(5 ng/mL) using radio-immunoprecepitation assay (RIPA) buffer (Sigma Aldrich) at 4oC.  

Protein concentrations of each lysate were assayed by one-step colorimetric method (Bio-

Rad) and 18 µg protein was resolved by SDS-PAGE.  After electrophoresis, proteins 

were transferred to a polyvinylidene fluoride (PVDF) membrane (BioRad).  Membranes 

were placed in blocking solution (1x Tris-buffered saline with 0.1% Tween 20 and 5% 

nonfat milk) for 1 h and immunoblotted with rabbit anti-phospho-Smad2, anti-phospho-

Smad3, anti-Ets-1 and anti-p38 kinase (Cell Signaling) at a 1:1000 dilution in 1x Tris-

buffered saline with 0.1% Tween 20 and 5% bovine serum albumin overnight on a 

rocking platform at 4oC.  A rabbit anti-β-actin (Cell Signaling) antibody at a 1:2000 

dilution in 1x Tris-buffered saline with 0.1% Tween 20 and 5% bovine serum albumin 

was used as a control to verify equivalent protein loading.  After incubation, membranes 

were washed and incubated with appropriate horseradish peroxidase-conjugated 
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secondary antibodies (Cell Signaling) for 1 h at room temperature in 1x Tris-buffered 

saline with 0.1% Tween 20 and 5% nonfat milk.  Membranes were then washed and 

developed according to chemiluminescence protocols (Cell Signaling). 

 

Real-time RT-PCR 

 Changes in gene expression of 25-hydroxyvitamin D3-24-hydroxylase (CYP24) 

were assessed by TaqMan real-time RT-PCR as previously described (Funk et al. 2006a).  

Subconfluent MDA-MB-231 cells in T-75 flasks (n = 3/group) were treated for 8 h with 

curcuminoids (10-5M) or 1,25-dihydroxyvitamin D3 (10-5M).  Total RNA (250 µg) was 

reverse transcribed (iScript; Bio-Rad).  Human specific primer to CYP24 (Hs00167999) 

and an 18S primer as an internal control (Hs99999901) were obtained from Applied 

Biosystems.  Data were analyzed using the comparative cycle threshold (Ct) method as a 

means of relative quantitation of gene expression normalized to the endogenous reference  

(18S). 

 

VDR reporter gene assay 

 Curcumin, demethoxycurcumin and bis-demethoxycurcumin (0 – 1 mM) were 

screened for vitamin D receptor binding affinity using a SelectScreen® Cell-Based 

Nuclear Receptor Profiling Service by Invitrogen, as per manufacturer’s protocol (“VDR-

Agonist Screen”).  Briefly, expression of a β-lactamase reporter gene, under 

transcriptional control of an upstream activator sequence (UAS) was determined in HEK 

293T cells stabaly expressing a fusion protein composed of the ligand binding domain of 
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the human vitamin D receptor (LBD-VDR) and the DNA binding domain of GAL4, 

which when activated by VDR ligand binding, results in expression β-lactamase, as 

detected by chemiluminescent substrate. 

 

Intra-cardiac inoculation procedure 

All animal protocols described were approved by the Institutional Animal Care 

and Use Committee at The University of Arizona in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals.  Four-week 

female athymic nude mice were purchased from Harlan Laboratories and housed in 

plastic cages in laminar flow isolated hoods with access to water and autoclaved mouse 

chow ad libitum.  Mice were inoculated in the left cardiac ventricle with MDA-MB-231 

tumor cells as previously described (Guise et al. 1996).  Briefly, tumor cell inoculation 

was performed percutaneously into the left cardiac ventricle on anesthetized mice in a 

supine position with a 26-gauge needle attached to a 1 mL syringe containing 1 x 105 

cells suspended in 0.1 mL sterile PBS.  Visualization of bright red blood entering the hub 

of the needle in pulsatile fashion was indicative of correct needle placement into the left 

cardiac ventricle.  After tumor inoculation, mice were randomly divided into 3 groups (n 

= 11), treated by intraperitoneal (IP) injection with 25 or 50 mg/kg curcuminoids or 

vehicle alone every other day beginning on day 1 for 21 days and followed prospectively 

for the development of bone lesions by radiography on days 12, 16 and 21 of the 

experiment.  Mice were X-rayed in a prone position using a Digital Faxitron MS-20 with 
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a digital camera at 4x magnification and analyzed using ImageJ 1.43u software (National 

Institutes of Health). 

 

Bone histology 

Hindlimbs were removed from mice 21 days after intra-cardiac cell inoculation.  

Tissues were fixed in 10% neutral-buffered formalin for 48 hours, decalcified in 10% 

EDTA for 2 weeks, processed in an automated tissue processor (Tissue-Tek® VIP®5, 

Sakura) and embedded in paraffin.  Mid-sagittal 5 µm sections were stained with 

hematoxylin and eosin (H&E) with orange G and phloxine to visualize new bone, or for 

TRAP activity as previously described (Yin et al. 1999) to visualize osteoclast cells.  

Sections were viewed on a Nikon Eclipse E600 compound microscope outfitted with a 

RS Photometrics CoolSNAP digital color camera and analyzed using ImageJ 1.43u 

software (National Institutes of Health).  Total tumor area was measured in the mid-

sections of tibiae and femora on H&E-stained sections at 10x magnification without 

knowledge of experimental groups, as previously described (Yin et al. 1999).  Osteoclast 

cells were quantified in the mid-sagittal sections of tibiae and femora in tumor-bearing 

and non-tumor-bearing hindlimbs as previously described (Yin et al. 1999).  Briefly, 

TRAP-positive multinucleated cells were quantified at 40x magnification along the 

perimeter of the tumor where the cancer cells interfaced directly with bone surfaces, and 

data were expressed as number of osteoclasts per mm of tumor-bone interface.  In non-

tumor bearing bones, TRAP-positive osteoclast cells were quantified at 40x 
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magnification in the femoral metaphysis in 5 fields of view per bone without knowledge 

of experimental groups and expressed as number of osteoclasts per mm2. 

 

Orthotopic tumor xenograft procedure 

Tumor cell inoculation into the right abdominal mammary fat pad in the inguinal 

region was performed on anesthetized mice in a supine position.  Briefly, a 5 mm incision 

was made to visualize the mammary fat tissue and a suspension of tumor cells (1 x 106 in 

0.1 mL sterile PBS) was slowly injected into the mammary fat tissue using a 26-gauge 

needle attached to a 1 mL syringe.  After palpable tumor was formed, the mice were 

randomly divided into 3 groups (n = 7) and treated ip with 25 or 50 mg/kg curcuminoids 

or vehicle alone every other day for 21 days.  Tumor mass was measured ex vivo at the 

time of harvest on day 21 of treatment. 

 

Evaluation of treatment toxicity 

In order to evaluate potential curcuminoid treatment toxicities, four-week nude 

mice were dosed with vehicle or curcuminoids (25 or 50 mg/kg every other day for 21 

days) and compared to naïve control mice (n = 6).  At the termination of 3 weeks of 

dosing, the liver and spleen were weighed and circulating white blood cell counts were 

determined using a Hemavat 880 analyzer (CDC Technologies, Oxford, CT).  Cell 

differentials were determined by manual counting.  Serum alanine aminotransferase 

(ALT) levels were measured using Endocheck Plus chemistry analyzer (Hemagen 

Diagnostics, Columbia, MD) to monitor for possible treatment effects on liver function. 
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Statistical analyses 

The Kaplan-Meier survival plot was analyzed by Logrank Test with post-hoc 

Logrank Test for trend.  Differences between means were determined by one- or two-way 

ANOVA, as appropriate, with Bonferroni post hoc test using Instat software (Graphpad; 

San Diego, CA).  Half maximal inhibitory concentrations (IC50) were obtained by 

analyzing concentration-response data using a four-parameter logistic equation without 

assignment of a minimal value (Prism 4.0 software, GraphPad). 

 

5.4 Results 

5.4.1 Curcuminoids inhibited PTHrP secretion from human breast cancer cells 

separate from effects on tumor cell growth or cytotoxicity 

TGF-β-stimulated MDA-MB-231 cell secretion of parathyroid hormone-related 

protein (PTHrP) was dose-dependently inhibited by curcuminoids with a least effective 

concentration of 13 µM (Figure 5.1A).  Curcuminoids did not significantly decrease cell 

viability or increase cytotoxicity, except at the highest concentration tested (100 µM; Fig. 

5.1B).  Constitutive PTHrP secretion was also only decreased at the highest 

concentrations (Figure 5.1A).  Thus, curcuminoids specifically inhibited TGF-β-

stimulated PTHrP secretion with a half maximal inhibitory concentration (IC50) that was 

100-fold lower than the IC50 for growth inhibition and nearly 60-fold lower than the half 

maximal stimulatory concentration for cytotoxicity (Figure 5.1C). 
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A 
FIGURE 5.1 

C 

B 

MDA-MB-231 (24 h) PTHrP expression Cell number Cytotoxicity

IC50

FIGURE 5.1  Curcuminoids inhibit MDA-MB-231 human breast cancer cell expression of parathyroid 
hormone-related protein (PTHrP) separate from effects on cell number and cytotoxicity.  A. 
Subconfluent MDA-MB-231 cells were incubated overnight in fresh medium containing 10% serum 
and antibiotics at 37oC and 5% CO2 in a humidified atmosphere.  Cells were pre-incubated with 
curcuminoids (0.1 - 300 µM; n = 4 wells/group) for 4 h with or without TGF-β (5 ng/mL) for 24 h.  
PTHrP secretion was measured in conditioned media by commercial radioimmunoassay (Diagnostic 
Systems Laboratories; *p < 0.05, **p < 0.01, ***p < 0.001 relative to vehicle-treated control).  B. Cell 
number and cytotoxicity were assessed under identical conditions in the presence of TGF-β by 
mitochondrial reduction of MTT (ATCC) and conditioned media content of lactate dehydrogenase 
(LDH; Promega), respectively.  C. Half maximal inhibitory concentrations (IC50) for TGF-β-stimulated 
PTHrP expression and cell number, and the half maximal stimulatory concentration for cytotoxicity are 
presented.  Data presented are representative of 3 individual experiments. 
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5.4.2 Curcuminoid administration prevented the development of osteolytic lesions while 

not altering bone tumor area 

Following intra-cardiac inoculation of MDA-MB-231 cells, osteolytic lesions 

were detected by x-ray in all treatment groups by d 16; however, low and high dose 

curcuminoid treatment attenuated lesion area by day 21 relative to vehicle-treated 

controls, preventing up to 51 and 61% of lesion area development, respectively (Figure 

5.2A,B).  Survival in cancer-bearing mice, whose body weights were no different 

between groups (Figure 5.2C), was improved with curcuminoid treatment relative to 

vehicle-treated control (Figure 5.2D).  Metastatic tumor area in bone 21 days after intra-   

cardiac inoculation of cancer cells tended to be lower in the curcuminoid-treated animals, 

particularly in the high dose group, but this trend was not statistically significant (Figure 

FIGURE 5.2  Curcuminoids prevent the development of osteolytic bone metastases.  Four-week nude 
mice were inoculated with MDA-MBA-231 human breast cancer cells in the left cardiac ventricle and 
treated with vehicle or curcuminoids (25 or 50 mg/kg; n = 11/group) every other day for 3 weeks and 
followed by x-ray for the development of osteolytic lesion area.  A. Representative x-rays are presented.  
B. Quantitative analysis of lesion area was evaluated on experimental days 12, 16 and 21.  Data are 
expressed as mean + SEM and differences were evaluated by two-way ANOVA with Bonferroni post-
hoc testing (**p < 0.01; ***p < 0.001 relative to vehicle-treated control).  Data presented are 
representative of 3 separate experiments.  C. Body weight is expressed as mean + SEM and differences 
were assessed by two-way ANOVA (p > 0.05).  D. Survival was assessed over time in the same mice 
and expressed in a Kaplan-Meier plot and analyzed by Logrank test for treatment effect (*p = 0.032). 
 

C D 
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5.3A,B).  Bone-resorbing osteoclasts at the bone-tumor interface were reduced by 47% 

and 52% in the low and high dose curcuminoid-treated mice, respectively (Figure 5.3C).  

FIGURE 5.3  Effects of curcuminoid treatment on tumor area in bone and osteoclast cell number are 
presented.  Four-week nude mice were inoculated into the left cardiac ventricle with MDA-MB-231 
human breast cancer cells and treated every other day for 3 weeks with vehicle or curcuminoids (25 or 
50 mg/kg; n = 11/group).  A. Representative histologic sections of the distal femur are presented and B. 
quantitative assessment of tumor area (T) in the femur and tibia in mice treated with curcuminoids 
relative to vehicle-treated mice was evaluated at the time of harvest (d 21).  C. TRAP+ multi-nucleated 
(>3) osteoclast cells were quantified at the bone-tumor interface (osteoclasts / mm) in the femur and 
tibia and D. and were also quantified in non-tumor bearing bones (osteoclasts / mm2).  Data are 
presented as mean + SEM with significance determined by one-way ANOVA with Bonferroni post-hoc 
testing (p < 0.05 relative to vehicle-treated control; NS = not significant). 
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Interestingly, osteoclasts were significantly reduced in non-tumor-bearing bone, but only 

in the high dose curcuminoid-treated animals (Figure 5.3D).  There was no effect on 

osteoblast number in non tumor-bearing bones (data not shown).  

  

5.4.3 Administration of curcuminoids did not decrease orthotopic xenograft tumor 

mass 

In order to confirm that effects of curcuminoids on osteolytic breast cancer 

B 

A 

Assessment of treatment toxicity Naïve-control Vehicle-control 25 mg/kg 
Curcuminoids

50 mg/kg 
Curcuminoids

Liver weight (g) 1.06 + 0.17 1.00 + 0.10 0.987 + 0.07 1.10 + 0.03
Spleen weight (g) 0.143 + 0.03 0.134 + 0.02 0.129 + 0.01 0.139 + 0.01
Hematocrit (%) 35.1 + 3.3 30.2 + 1.5 30.6 + 2.2 31.1 + 1.7

White blood cells (K/µL) 4.56 + 0.58 5.84 + 1.3 4.69 + 0.67 6.83 + 0.77
Platelets (K/µL) 503 + 38 513 + 54 485 + 77 589 + 43

Alanine aminotransferase (U/L) 3.13 + 1.4 7.04 + 2.2 7.13 + 1.4 5.02 + 1.3

FIGURE 5.4 

FIGURE 5.4  Curcuminoid treatment had no effect on orthotopic xenograft tumor growth or on 
measures of systemic toxicity in non-tumor bearing mice.  A. The abdominal mammary fat pad of four-
week nude mice was surgically visualized and inoculated with MDA-MB-231 cells.  After tumor 
growth was established by palpitation, mice were randomly divided into groups and treated for 3 weeks 
with curcuminoids at 25 and 50 mg/kg or vehicle every other day IP ( n = 7/group).  At the end of 
treatment, tumors were excised and weighed (NS = not significant).  B. Effects of 3 weeks of vehicle 
and curcuminoid treatment on organ weights, cell counts, and ALT in non-tumor-bearing mice are 
presented as mean + SEM with differences assessed by one-way ANOVA (p > 0.05). 
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metastasis were bone microenvironment-specific and likely independent of direct effects 

on tumor cell proliferation, the effect of the same dose and duration of curcuminoid 

treatment on mammary fat pad tumor xenograft growth was also examined.  Using an 

identical dosing regimen as in the intra-cardiac studies, orthotopic tumor mass was not 

significantly different in 

curcuminoid-treated animals 

relative to vehicle-treated controls 

(Figure 5.4A). 

 

5.4.4 Evaluation of treatment 

safety 

As we have previously 

documented in rats (Wright et al. 

2010), 25 and 50 mg/kg 

curcuminoids administered ip 

every other day had no toxic effects 

on mice as assessed by body 

weight (Figure 5.3C), liver weight, 

alanine aminotransferase (ALT), 

spleen weight, number of white 

blood cells or platelets, and 

hematocrit (Figure 5.4B). 

FIGURE 5.5 

B 

A 

FIGURE 5.5  Curcuminoids did not activate VDR-mediated 
gene expression of CYP24 and vitamin D did not inhibit TGF-
β-mediated PTHrP secretion from human breast cancer cells.  
(A) MDA-MB-231 cells were treated for 8 h with 1,25-
dihydroxyvitamin D3 (1,25D; 10-8M) or curcuminoids (10-5M) 
and relative expression of 1,25-dihydroxyvitamin D 24 
(CYP24) was assessed by RT-PCR (* p < 0.05 relative to 
vehicle-treated control; n = 3). (B) MDA-MB-231 cells were 
pre-incubated with 1,25D (10-10 – 30 -7 M; n = 4) for 4 h with 
or without TGF-β (5 ng/mL) for 24 h.  PTHrP secretion was 
measured in conditioned media by commercial 
radioimmunoassay (Diagnostic Systems Laboratories; *** p < 
0.001 relative to TGF-β-stimulated control). 
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5.4.5 Curcuminoids did not activate vitamin D receptor (VDR)-mediated expression 

and vitamin D did not inhibit TGF-β-stimulated PTHrP secretion from breast cancer 

cells  

  In order to assess whether effects of curcuminoids might be mediated via the 

vitamin D receptor (VDR), MDA-MB-231 cells were treated with 1,25-dihydroxyvitamin 

D3 (1,25D) or curcuminoids.  Expression of the vitamin D receptor-regulated gene 1,25-

dihydroxyvitamin D3 hydroxylase 24 (CYP24) was only induced with 1,25D (Figure 

5.5A).  Additionally, in a reporter gene assay, curcumin, demethoxycurcumin or bis-

demethoxycurcumin doses as high as 1 mM displayed no VDR ligand binding domain 

activity, as determined by LBD-VDR/GAL4 fusion protein-mediated transcription of β-

lactamase (EC50 > 1 mM for all 3 curcuminoids, data not shown).  When MDA-MB-231 

cells were incubated with increasing concentrations of 1,25-dihydroxyvitamin D3, TGF-

β-stimulated PTHrP secretion was not changed relative to control wells (Figure 5.5B). 
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5.4.6 Curcuminoids inhibited Smad-dependent TGF-β  signaling in breast cancer cells 

Having demonstrated prevention of osteolysis but not inhibition of MDA-MB-231 

tumor cell growth in vivo, the mechanism by which curcuminoids inhibit TGF-β-

stimulated secretion of the osteolytic factor PTHrP was explored.  Smad-dependent and 

Smad-independent (p38 MAPK-mediated) TGF-β-signaling pathways previously 

identified as regulating PTHrP expression in MDA-MB-231 cells were investigated by 

FIGURE 5.6  Curcuminoids inhibit TGF-β-induced phosphorylation of Smad2 and Smad3 and 
constitutive expression levels of Ets-1.  Subconfluent MDA-MB-231 cells were pre-incubated with 
curcuminoids (80 µM) for 12 h before the addition of TGF-β (5 ng/mL) for 1 h.  A. Phospho (P)-
Smad2, B. P-Smad3, C. P-p38 MAPK and Ets-1 protein contents were determined in 18 µg of whole 
cell lysates by Western blotting using chemiluminescence.  An antibody raised against β-actin was used 
to verify normalization of protein loading.  Data presented are representative of 3 individual 
experiments. 
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Western blot analysis (Kakonen et al. 2002, Lindemann et al. 2001).  TGF-β induction of 

phospho (P)-Smad2/3 (Figure 5.6A,B; lane 2 vs. lane 1) was inhibited by curcuminoids 

(Figure 5.6A,B; lane 4).  Ets-1, a proto-oncogene required for P-Smad2/3 activation of 

the PTHrP P3 promoter (Lindemann et al. 2001) that is expressed constitutively in MDA-

MB-231 cells (Figure 6C; lanes 1-2) (Lindemann et al. 2003) was also decreased by 

curcuminoid treatment (Figure 5.6C; lanes 3-4).  In contrast, Smad-independent 

(Kakonen et al. 2002) TGF-β-induced phosphorylation of p38 MAPK (P-p38; Figure 

5.6C; lanes 1-2) was not altered by curcuminoid treatment (Figure 5.6C; lanes 3-4). 

 

5.4.7 RANK-L-stimulated osteoclast cell differentiation was inhibited by curcuminoids 

FIGURE 5.7 

A B

FIGURE 5.7  Curcuminoids inhibit RANK-L-stimulated osteoclastogenesis and activation of NF-κB.   
A. Murine macrophage osteoclast precursor RAW 264.7 cells were pre-incubated with curcuminoids 
(0.1 – 30 µM) for 4 h and stimulated with RANK-L (50 ng/mL) for 4 days.  TRAP+ multinucleated 
osteoclast cells were quantified at the end of 4 days and expressed as % change from control wells 
(mean + SEM; n = 4/group).  B. Nuclear protein was assayed for NF-κB p50 binding activity in RAW 
264.7 cells pre-incubated with a non-toxic dose of curcuminoids (30 µM; 4 h) and stimulated with 
RANK-L (100 ng/mL) for 1 h.  Data are expressed as mean + SEM and differences were determined by 
one-way ANOVA with Bonferroni post-hoc testing (**p < 0.01, ***p < 0.001 relative to vehicle-treated 
control; n = 8/group). 
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in vitro via inhibition of NF-κB 

Direct effects of curcuminoids on osteoclastogenesis were examined using the 

murine macrophage osteoclast precursor RAW 264.7 cells.  Curcuminoids inhibited 

RANK-L-stimulated osteoclastogenesis at concentrations as low as 8 µM (Fig. 5.7A,B).  

NF-κB, a critical transcription factor required for functional differentiation of osteoclast 

cells  (Boyle, Simonet & Lacey 2003) , was inhibited by treatment with curcuminoids 

within 1 h of RANK-L stimulation (Figure 5.7B), confirming previous reports that 

curcuminoids down-regulate NF-κB activation in macrophages (Pan, Lin-Shiau & Lin 

2000).  

 

5.5 Discussion 

Curcuminoid-containing turmeric dietary supplements similar in chemical 

composition to the product tested here are regulated differently than prescription 

pharmaceuticals, and are currently sold over the counter.  While curcuminoids are known 

to prevent bone loss in pre-clinical models of rheumatoid arthritis and postmenopausal 

osteoporosis (Funk et al. 2006a, Wright et al. 2010), their effects on cancer osteolysis had 

not been investigated prior to the studies reported herein.  Using the well-established 

mouse model of MDA-MB-231 breast cancer bone metastasis, we demonstrated that 

osteolytic bone destruction as a result of breast cancer metastasis was reduced in animals 

treated with curcuminoids, offering up to 61% protection due to decreased 

osteoclastogenesis at the bone-tumor interface.  Curcuminoid inhibition of TGF-β-

stimulated PTHrP secretion by tumor cells in the bone microenvironment likely 
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contributed to the >47% inhibition of osteoclast differentiation at the bone-tumor 

interface in response to either dose tested.  While TGF-β stimulates PTHrP expression 

via Smad-dependent and independent pathways (mitogen-activated protein kinases) 

(Kakonen et al. 2002, Lindemann et al. 2001), curcuminoids only inhibited the former, 

reducing both Smad phosphorylation and Ets-1 protein levels.  These findings are 

consistent with previous reports of curcuminoid inhibition of Smad signaling in other cell 

lines (Hu et al. 2010, Smith et al. 2010) and of curcuminoid inhibition of PKC-α (Semsri 

et al. 2011, Perez-Lara, Corbalan-Garcia & Gomez-Fernandez 2011) whose constitutive 

expression in MDA cells drives production of the oncogenic transcription factor Ets-1 

(Lindemann et al. 2003).  In addition to regulating PTHrP expression, Smads are 

involved in the expression of other TGF-β-mediated pro-metastatic and osteolytic genes 

including interleukin (IL)-11, matrix metalloproteinases (MMPs) and connective tissue 

growth factor (CTGF) (Weilbaecher, Guise & McCauley 2011).  Though not evaluated in 

this study, it is certainly possible that curcuminoids have inhibitory effects on the 

expression of other TGF-β-regulated osteolytic genes. 

 

Separate from direct effects on cancer cells, curcuminoids inhibited osteoclast cell 

differentiation via inhibition of the transcription factor NF-κB.  Consistent with these in 

vitro findings, treatment with high dose curcuminoids also reduced osteoclast cell number 

in non-tumor bearing bone in vivo, suggesting that the bone-protective effects with regard 

to osteolytic lesion formation seen in our study may be partially osteoclast-specific, at 
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least at the highest dose tested.  Thus, in addition to a clinically novel target (tumor cell 

secretion of TGF-β-stimulated osteolytic factors), curcuminoids can also target the 

osteoclast, the same cell targeted by bone-specific pharmaceuticals currently used to treat 

bone metastases.  These findings in nude mice are consistent with our prior findings in 

ovariectomized rats demonstrating curcuminoid prevention of bone loss in a pre-clinical 

model of postmenopausal osteoporosis.  Thus, curcuminoid treatment, in addition to 

having no evidence of renal, hepatic or hemopoietic toxicity, may be generally bone 

protective if used, for example, for bone metastasis prevention in women who are also at 

risk for bone loss due to adjuvant treatment with aromatase inhibitors.  These findings 

also confirm the general tenet that the effectiveness of botanically-derived compounds is 

often attributable to the targeting of multiple signaling pathways (Hanson 2005).  Taken 

together these novel preliminary findings suggest that curcuminoids may hold promise as 

a treatment to prevent breast cancer induced osteolysis, targeting TGF-β-mediated cancer 

cell expression of PTHrP as well as the bone-resorptive osteoclasts. 

 

While promising pre-clinical outcomes have been demonstrated, one potential 

obstacle to the advancement of curcuminoids in the clinical realm is a concern about 

curcuminoid bioavailability which, analogous to bisphosphonates, appears to be low, thus 

necessitating higher oral (vs. IP) doses in pre-clinical studies (Sharma, Steward & 

Gescher 2007).  However, the development of curcuminoid formulations (e.g., 

nanoparticles or lipid-micelle formulations) to enhance curcuminoid serum levels is 

currently a very active area of inquiry; emerging evidence also suggests a potential 
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biological role for phase 1 and 2 curcuminoid metabolites (Griesser et al. 2011).  Even so, 

correcting for body surface area and assuming 10% bioavailability, the human dose 

equivalent (HED) of curcuminoids found to be effective and safe in this pre-clinical study 

is 1 g every other day.  This dose would correspond to 2 capsules of a curcuminoid-

enriched turmeric dietary supplement, which are typically formulated to contain 500 mg 

curcuminoids per capsule.  Additionally, phase 1 clinical trials in humans have 

documented curcuminoid serum levels that exceed the IC50 demonstrated here for PTHrP 

inhibition (Vareed et al. 2008) One final challenge to the progression of botanical dietary 

supplement use in the mainstream lies in the current level of regulatory control for dietary 

supplements in the United States, as evidenced by previous work in our laboratory 

demonstrating that the labeling of “curcumin” or “curcuminoid” enriched turmeric 

dietary supplements rarely matched the assayed content (Funk et al. 2006a).  Despite 

these challenges, breast cancer survivors in particular display a keen interest in the use of 

botanical dietary supplementation (Boon, Olatunde & Zick 2007, Matthews et al. 2007); 

thus, it is important for the cancer research community to keep pace with public interest, 

particularly when evidence of pre-clinical efficacy emerges. 

 

Despite evidence for multiple benefits of blockade of the osteoclast-activating 

peptide PTHrP in breast cancer metastasis (Mundy 2002), no agents targeting PTHrP are 

currently available for clinical use.  In breast cancer patients with a primary diagnosis and 

no clinically detectable lytic bone lesions, tumor cell micrometastases are often silently 

established in the bone marrow (Braun et al. 2005).  Curcuminoids, which inhibit both 
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osteoclastogenesis and tumor cell secretion of the osteolytic factor PTHrP, could hold 

promise as a bone-protective adjuvant therapeutic when used as a dietary supplement at 

time of first diagnosis in high-risk women in order to prevent the later occurrence of 

clinically evident osteolytic breast cancer bone metastases.  Furthermore, the benefit of 

combined treatment of curcuminoids with the standard bone-specific treatments 

(bisphosphonates and denosumab) for clinically detectable bone lesions merits 

exploration. 
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FINAL DISCUSSION 
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6.1 Discussion of Major Findings and Opportunities for Further Research 
  

 The objective of this dissertation was to evaluate the potential bone-sparing 

effects of secondary metabolites isolated from the rhizome of turmeric (Curcuma longa 

L.) in two translational models of metabolic bone disease.  Discussion of the major 

findings and limitations are presented with implications for future research. 

 

6.1.1 Evaluation of Turmeric for Postmenopausal Osteoporosis (Aim 1) 

 In vitro, chemically distinct fractions of turmeric were evaluated for direct 

inhibitory effects on bone-resorbing osteoclasts.  Each of the two major secondary 

metabolites of turmeric, curcuminoids and essential oils, directly inhibited RANK-L 

mediated osteoclast cell differentiation in rat primary bone marrow cell cultures and in 

murine osteoclast precursor cells via inhibition of nuclear translocation of the critical 

transcription factor NF-κB.  Targeting of NF-κB by curcuminoids in the osteoclast is 

supported by previous reports in the literature demonstrating that curcumin prevents 

nuclear translocation of NF-κB via inhibition of IKK phosphorylation of IκB (von 

Metzler et al. 2009, Philip, Kundu 2003).  The finding that essential oils of turmeric 

likewise target NF-κB in the osteoclast is novel, suggesting that one or more of the many 

compounds in the turmeric essential oils (e.g., turmerones, curcumenes) could be bone-

protective.  The mechanism by which the essential oils inhibit nuclear translocation of 

NF- κB was not investigated here.  However, evidence of additive or synergistic effects 

of combined treatment with curcuminoids and essential oils in blocking RANK-L-

mediated osteoclastogenesis suggests that the essential oils may block NF-κB activation 
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by a different mechanism and/or that they could also target additional pathways triggered 

by RANK-L, postulates that have yet to be tested. 

 While NF-κB appears to be a primary target of turmeric’s secondary metabolites 

in the osteoclast, it remains possible, as alluded to above, that both curcuminoids and 

essential oils could have additional direct effects on other key RANK-activated signaling 

molecules that facilitate osteoclast differentiation (AP-1), survival (Akt) or cytoskeletal 

organization (Rho GTPases).  Moreover, TGF-β signaling has recently been 

demonstrated to be necessary for RANK-L-stimulated osteoclast differentiation, with 

Smad3 being required for formation of TRAF6 molecular complexes early in the RANK 

signaling cascade (Yasui et al. 2011).  In light of my finding in breast cancer cells that 

curcuminoids specifically block TGF-β signaling via inhibition of the Smad pathway, it is 

possible that effects of curcuminoids on osteoclastogenesis and indeed on inhibition of 

NF-κB nuclear translocation in both primary cell and RAW 264.7 cell cultures, are also 

partially mediated via inhibition of Smad-dependent TGF-β signaling, an exciting 

possibility that remains to be tested. 

 In vivo treatment with the turmeric essential oil was associated with increased 

toxicity in previous arthritis studies (Funk et al. 2010).  For this reason, the essential oil-

free curcuminoid-enriched extract (~40% curcuminoids by weight) and the purified 

curcuminoids (~90% curcuminoids by weight) were tested head-to-head for in vivo 

efficacy in the ovariectomy (OVX) model of postmenopausal bone loss.  Currently 

available turmeric dietary supplements are curcuminoid-enriched and do not contain 

essential oils, therefore the evaluation of these extracts is a relevant starting point for 
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testing the bone effects of turmeric secondary metabolites.  Intraperitoneal (ip) 

administration of the purified curcuminoids to OVX rats attenuated loss of trabecular 

bone mineral density in the distal femur.  However, even when doses were normalized to 

curcuminoid content, the less purified curcuminoid extract was ineffective, thus 

emphasizing the importance of extract composition.  This divergent effect of the two 

curcuminoid-containing extracts on bone as determined by BMD was verified using the 

much more sensitive, trabecular-specific volumetric determination of bone volume 

(BV/TV) by µCT.  Interestingly, while purified curcuminoids enhanced structural 

parameters of trabecular bone that correlate with bone strength, the less purified extract 

actually worsened some aspects, such as an increase in trabecular separation.  Thus, in 

addition to the possibility that the additional components in the less purified extracts 

could adversely affect curcuminoid bioavailability, the bone microarchitectural data 

suggest these components may also have adverse bone effects.  Consistent with this 

untested theory, turmeric polysaccharides, which make up 25% of the less pure extract, 

have been demonstrated to induce inflammatory cytokine production (Yue et al. 2010), a 

biological effect that clearly could enhance osteoclastic bone resorption. 

These data demonstrate curcuminoid targeting of a single osteoclast 

differentiation pathway; while critical, NF-κB is only one of several transcription factors 

stimulated by RANK (Teitelbaum 2000).  In contrast, denosumab blocks all RANK-

stimulated signaling in osteoclasts while bisphosphonates act downstream of RANK-L to 

induce osteoclast apoptosis.  This may explain the moderate bone-protective effects of 

curcuminoids in the OVX model (~50% protection) relative to the more potent effects of 
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bisphosphonates or OPG, an “analog” of denosumab, which almost completely prevent 

loss of OVX-induced BMD, depending on dose and preparation (Gasser et al. 2008).  

Alternatively, as only one dose of curcuminoids was studied using intermittent 

administration (3 times weekly), it is possible that its moderate bone effects were the 

result of submaximal dosing.   

Lastly, while in vitro studies demonstrated similar direct inhibitory effects of 

purified vs. more chemically complex curcuminoid-containing extracts on osteoclasts, 

one must also consider the possibility that in vivo differences in bone protection for these 

two extracts could also be due to differential effects on additional cellular targets 

including osteoblasts, the other key component of the BMU responsible for maintaining 

bone mass.  Of note, however, effects of purified curcuminoids on osteoblasts were not 

detected: 1) in vitro in primary osteoblast differentiation assays, 2) in vivo as determined 

by assay of a serum marker of bone formation (osteocalcin) in curcuminoid-treated OVX 

rats, or 3) in vivo by histomorphometric analysis of osteoblast number in non-tumor 

bearing bone of nude mice treated with curcuminoids.  Taken together, curcuminoids 

appear to act as modest anti-resorptive agents and are not anabolic to bone.   

Oral dosing studies are necessary to corroborate the bone-protective effects of 

curcuminoids in vivo.  While concerns about potential toxic effects of the essential oils 

limit enthusiasm for their continued development, it is interesting to note that very low 

doses of the essential oils have been reported to markedly enhance curcuminoid oral 

bioavailability (Antony, Benny & Rao 2005).  Thus, it is possible that our western 

reductionist approach, which has led turmeric dietary supplements to be curcuminoid-
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enriched and essential oil-free, may be missing an important aspect of traditional turmeric 

use that enhances its medicinal efficacy. 

 

6.1.2 Evaluation of Turmeric for Lytic Breast Cancer Bone Metastases (Aim 2) 

 In addition to identifying direct effects of both turmeric secondary metabolites on 

osteoclast cell differentiation and demonstrating in vivo efficacy of purified curcuminoid 

preparations in preventing bone loss in a model of postmenopausal osteoporosis, this 

dissertation has identified a completely novel target for curcuminoids by demonstrating 

their potent inhibitory effect on breast cancer cell secretion of the osteolytic peptide 

PTHrP.  Interestingly, and in contradistinction to their similar direct effects on 

osteoclasts, only the curcuminoids inhibited breast cancer cell PTHrP secretion, while the 

essential oils were actually stimulatory. 

 Curcuminoids inhibited PTHrP secretion from MDA-MB-231 human breast 

cancer cells via inhibition of Smad-dependent TGF-β signaling.  In addition to regulating 

PTHrP expression, Smads are involved in the expression of other TGF-β-mediated pro-

metastatic and osteolytic genes including interleukin (IL)-11, matrix metalloproteinases 

(MMPs) and connective tissue growth factor (CTGF) (Kakonen et al. 2002).  In light of 

TGF-β’s central role in initiating and perpetuating the vicious cycle of bone destruction, 

the finding that curcuminoids had direct effects on TGF-β signaling presents the exciting 

possibility that they may have inhibitory effects on other osteolytic factors in the context 

of cancer metastasis to bone, and that PTHrP may be just one of several factors whose 

inhibited expression contributed to the protective effects of curcuminoid treatment in 
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vivo, a postulate that needs testing.  As of yet, it is still unclear by what mechanism 

curcuminoids inhibit phosphorylation of Smad proteins, though expression levels of 

unphosphorylated Smad2 and Smad3 also appeared to be down-regulated following 

curcuminoid treatment (data not shown).  Future studies are needed to determine the 

mechanism by which curcuminoids alter Smads. 

 In the in vivo model of PTHrP-mediated breast cancer bone metastases, breast 

cancer-induced osteolysis was inhibited by curcuminoid treatment and survival was 

improved.  Effects of curcuminoids on lytic lesion area in this dissertation are analogous 

with previously reported studies in which TGF-β signaling was blocked by stable 

transfection of dominant-negative TGF-β receptor type II (MDA/TβRIIΔcyt) in MDA-

MB-231 cells (Yin et al. 1999).  When transfected MDA/TβRIIΔcyt cells were inoculated 

in nude mice in the intra-cardiac model of metastasis, osteolysis was inhibited by 

approximately 50% (Yin et al. 1999).  In contrast to the similar effects of TGF-β 

blockade by TGF-β receptor manipulation or curcuminoid treatment, PTHrP neutralizing 

antibody in the same model (which can block both constitutive and induced PTHrP) 

completely inhibits osteolytic lesion formation (Guise et al. 1996).  Thus, the fact that 

constitutive PTHrP secretion was relatively unaffected by curcuminoids except at the 

highest concentrations may have limited curcuminoid in vivo efficacy relative to that of 

complete PTHrP blockade.  Alternatively, a higher or more frequent dose (every day 

instead of every other day) may have offered more protection.  Toxicity studies would be 

useful in determining the maximal tolerable curcuminoid dose in mice. 
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 In addition to targeting tumor cell secretion of PTHrP, curcuminoids appeared to 

have in vivo effects on osteoclastogenesis in the breast cancer metastasis model, 

evidenced by decreased osteoclast numbers in non-tumor bearing bones.  In future 

studies, it will be necessary to examine the in vivo effects of curcuminoids on P-Smad 

expression in breast cancer metastases in bone, or assay the bone marrow for PTHrP 

levels in order to evaluate the relative importance of the inhibitory effect of curcuminoids 

on Smad-dependent PTHrP expression by tumor cells vs. direct effects on the osteoclast 

cells.  Effects of curcuminoids on cancer cell secretion of PTHrP could have significant 

benefit when combined with a standard bone therapeutic (bisphosphonate or denosumab) 

since these agents target the osteoclast only, and PTHrP is an important contributor to 

bone lysis currently not targeted by any pharmaceutical treatment. 

 Extrapolation of results from aim 2 of this dissertation to the clinical arena is 

limited by the fact that the breast cancer studies were carried out in a single human breast 

cancer cell line.  In light of the finding that ER+ primary tumors in women have a higher 

propensity to metastasize to bone (Coleman, Rubens 1987), it may be important to also 

test the effects of curcuminoids on an ER+ cell line (e.g., effects of ER+ MCF-7 vs. ER- 

MDA-MB-231 cells) in order to obtain a more full understanding of curcuminoid effects 

on osteolytic bone metastases.  However, it should be noted that there is a great 

discordance between the ER status of primary tumors vs. skeletal metastases (Coleman, 

Rubens 1987), suggesting that examination of the biology of ER- breast cancer cells 

within the bone environment remains a very clinically relevant approach.  In addition to 

their aggressive phenotype and propensity to metastasize to bone, the TGF-β 



154 

responsiveness of PTHrP producing MDA-MB-231 cells also makes them ideally suited 

for bone metastasis studies because most bone metastases (whether ER+ or ER-) express 

PTHrP (Powell et al. 1991) and are responsive to TGF-β  (Buijs, Stayrook & Guise 

2011), which has been reported to be elevated in the serum of approximately half of 

women with bone metastases (Sheen-Chen et al. 2001).  Taken together, the MDA-MB-

231 PTHrP-driven metastasis model was the most clinically relevant starting point for the 

study of curcuminoid effects on breast cancer bone metastases. 

 A report in the literature has suggested that curcumin binds to the vitamin D 

receptor (VDR) and activates VDR-target genes in Caco-2 cells (Haussler et al. 2008).  

Moreover, vitamin D deficiency has been demonstrated to promote breast cancer 

osteolysis in the intra-cardiac model of bone metastases (Ooi et al. 2010), while the 

vitamin D analogue EB 1089 prevents skeletal metastases in a similar model, an effect 

that has been attributed to inhibitory effects of vitamin D on tumor cell growth (El 

Abdaimi et al. 2000).  Based on these studies, we originally hypothesized that 

curcuminoids prevent PTHrP-mediated breast cancer osteolysis via VDR-mediated 

effects.  Despite an early report that 1,25-dihydroxyvitamin D3 (1,25[OH]2D3) can 

suppress growth factor-stimulated PTHrP expression in normal human mammary 

epithelial cells (Sebag et al. 1994), 1,25[OH]2D3 had no effect on secretion of PTHrP 

from transformed human (MDA-MB-231) cells.  Additionally, expression of the VDR-

responsive gene CYP24 in MBA-MB-231 cells was only induced by 1,25[OH]2D3 and 

not by curcuminoids.  These negative data suggest that, while MDA-MD-231 cells do 

express the VDR, curcuminoid-mediated inhibitory effects on PTHrP secretion are likely 



155 

not VDR-dependent, and 1,25[OH]2D3 does not inhibit TGF-β-mediated PTHrP secretion 

from breast cancer cells.  In line with my negative findings, vitamin D responsive 

elements (VDRE) in the PTHrP gene in MDA-MB-231 cells has been reported to be well 

upstream of the P3 promoter (Richard et al 2005), which has been demonstrated to be the 

exclusive mediator of TGF-β-induced expression of PTHrP (Lindemann et al. 2001), and 

curcuminoids did not act as agonists for the ligand binding domain of the VDR in a cell 

based assay.  However, given previous reports of VDR-mediated effects of curcuminoids 

using different in vitro assays and the multiple known skeletal effects of vitamin D, it 

remains possible that bone-protective effects of curcuminoids in vivo in breast cancer 

bone metastases, or osteoporosis, could involve the VDR, a hypothesis that remains to be 

tested. 

 

6.1.3 Multi-Targeting by Curcuminoids 

 Documented diverse effects of curcuminoids on biological systems make these 

molecules an enigma to researchers.  Taking into account the structural functionalities 

that likely confer the variable biological effects of curcuminoids (i.e., aromatic phenolic 

groups, keto-enol tautomerization, unsaturated diketo linker), a body of work has 

demonstrated that the degradative and reduced metabolites of curcumin may be 

mediating many of the diverse effects of curcuminoids both in vitro (Wang et al. 1997) 

and in vivo (Pan, Huang & Lin 1999).  Cleavage of the heptadienone chain yields 

bioactive products including vanillin and ferulic acid, which have been demonstrated to 

have antioxidant properties (Aruoma 1999).  In my studies, I did not find significant 
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PTHrP-inhibitory effects of these degradation products nor of the reduced product, 

tetrahydrocurcuminoids, ruling out the likelihood that curcuminoid effects on PTHrP are 

mediated by these metabolites.   

 Alternatively, both autoxidation and enzymatic oxidative transformation of 

curcumin by COX-2 yields a highly understudied class of oxidative metabolites.  

Autoxidative transformation of curcumin in RAW 264.7 cell culture media has recently 

been documented, a process that is further enhanced by inducible COX-2 expression 

(Griesser et al. 2011).  Interestingly, COX-2 is induced by TGF-β in MDA-MB-231 cells 

(Hiraga et al. 2006), suggesting the possibility that this enzyme may facilitate the 

oxidative transformation of curcumin in MDA-MD-231 cells in culture and/or in the bone 

microenvironment.  In collaboration with Dr. Claus Schneider’s laboratory at Vanderbilt 

University, I have begun to examine the effects of the oxidative metabolites of curcumin 

on PTHrP secretion and found significant PTHrP-inhibitory effects at concentrations as 

low as 8 µM for some of the compounds (vs. 14 µM for curcuminoids; data not shown).  

Thus, further studies need to be carried out to determine what role, if any, these oxidative 

metabolites play in the bone-protective effects of curcuminoids.  In addition to the need 

for initial studies to determine whether curcuminoids are being degraded in vitro to form 

these products in MDA-MB-231 cell cultures, the effects of oxidative metabolites on 

Smad-dependent TGF-β signaling in MDA-MB-231 cells, and their effects on RANK-L-

stimulated NF-κB activation in osteoclast precursor cells need to be tested.  COX-2, one 

of the enzymes that facilitates autoxidation of curcumin to its oxidative metabolites, is 

over-expressed in inflamed tissues and is also expressed by all pre-malignant and 
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malignant neoplasms (Harris 2007).  If the PTHrP inhibitory effects of curcumin can be 

attributed to its oxidative products, this presents the exciting possibility that curcumin 

may have targeted effects at sites of inflammation and sites of tumor growth and 

progression.  Because metabolites are more bioavailable than curcuminoids and are likely 

mediating many of their effects, the elucidation of the active metabolites of curcuminoids 

is physiologically relevant and could lead to the new opportunities in drug development. 

 

6.2 Relevance 
   

 The lifetime risk of osteoporotic fracture for women is 50% and is a major cause 

of morbidity and mortality when fractures are sustained late in life (Office of the Surgeon 

General (US) 2004).  With the exception of recommended calcium and vitamin D 

supplementation, standard treatments for osteoporosis (bisphosphonates or denosumab) 

are not initiated until time of clinical diagnosis after a significant amount of bone is 

irreversibly lost.  If safety and efficacy could be demonstrated in humans, an inexpensive 

($25/month), over-the-counter therapeutic like curcuminoids could serve as an anti-

resorptive for women during the rapid phase of bone loss associated with perimenopause 

(Robertson 2010), and prior to the first clinical assessment of bone mass by DXA scan. 

 Tumor metastasis to skeletal sites affects over 400,000 individuals in the United 

States (Mundy 2002).  Similar to osteoporosis, anti-resorptive treatments for women with 

breast cancer-induced bone loss are only prescribed when metastases become clinically 

evident.  The use of a safe, preventative anti-resorptive therapeutic could be of great 

benefit for women with a primary tumor diagnosis, prior to the initiation of destructive 
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bone loss and the development of lytic lesions.  Moreover, curcuminoid supplementation 

in early breast cancer patients using aromatase inhibitors (AIs) as adjuvant therapy for 

hormone responsive tumors could be useful in the prevention of the very significant 

estrogen-deficiency driven bone loss associated with AI use (Hadji et al. 2011).  If their 

efficacy can be demonstrated in women, prevention of osteoclastic bone destruction by 

curcuminoids also has implications for the prevention of pain in late stage cancer patients 

with bone metastases, even in the absence of fragility fracture.  Sensory neurons are 

pervasive within the bone marrow and periosteum, and perturbation of sensory neurons in 

bone by tumor cell invasion of the marrow and mechanical loading of tumor-bearing 

bone is thought to cause low levels of sustained or chronic pain in cancer patients that is 

managed with analgesics (Jimenez-Andrade et al. 2010).  When osteoclastic destruction 

of bone worsens, “break-through pain” is reported to surge above the analgesic 

medication, severely impairing functional status of late stage cancer patients with 

osteolytic metastases (Jimenez-Andrade et al. 2010).  If curcuminoids could be 

demonstrated to attenuate cancer-induced osteolysis alone or in combination with 

bisphosphonates, alleviation of pain would be a significant outcome. 

 Rapid increases in cost of health care have facilitated an interest in natural 

products for health and prevention of disease through diet modification and 

supplementation (Tindle et al. 2005).  Unfortunately, public interest in botanical 

supplementation has outpaced research and very few of the most commonly marketed 

and consumed dietary supplements have been evaluated for safety, let alone efficacy.  

The studies presented in this dissertation provide basic and translational evidence for the 
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bone-protective effects of turmeric-derived curcuminoids, a popular botanical supplement 

that is currently being purchased and consumed nation-wide and throughout the world.  

Despite the promising bone-protective effects presented in this dissertation, results are 

preliminary and cannot be directly extrapolated to human application.  Oral dosing 

studies need to be conducted before clinical trials could be considered.  Moreover, the 

current regulatory state of the dietary supplement industry at this point is too lax to 

facilitate informed consumer practices (Cohen 2012, Walker 2012).  Even if 

curcuminoids could be demonstrated to prevent bone loss in humans, it would be difficult 

for a layperson to be confident about the contents of a purchased dietary supplement.  

Standards and practices in the dietary supplement industry will need to be regulated more 

stringently before research in the field can reach its full potential.  The studies presented 

here are therefore an important proof of concept for the application of curcuminoids for 

metabolic bone disease, which will require further investigation. 

 

6.3 Conclusion 
 

 The studies presented in this dissertation offer evidence to support the hypothesis 

that turmeric-derived curcuminoids are bone-protective in disorders mediated by 

excessive osteoclastic bone resorption.  Activation of the critical transcription factor NF-

κB and subsequent osteoclast cell differentiation were directly inhibited by curcuminoids.  

Bone loss and impaired structural connectivity of the trabecular bone microarchitecture 

associated with ovariectomy and estrogen deficiency were attenuated by curcuminoids in 

a rat model of postmenopausal osteoporosis.  Additionally, studies presented in this 
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dissertation offered evidence for bone-protection conferred by curcuminoids by 

demonstrating for the first time their potent inhibitory effect on breast cancer cell 

secretion of the osteolytic peptide PTHrP via inhibition of Smad-dependent TGF-β 

signaling, and inhibition of osteolytic lesion formation in a PTHrP-mediated murine 

model of breast cancer skeletal metastasis.  Taken together, these novel and encouraging 

findings justify the need for further studies to determine whether curcuminoid 

supplementation may hold promise for the prevention of bone loss and associated 

complications in resorptive bone diseases in women. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



161 

REFERENCES 
 

 Adami, S. 2008, "Calcitonin" in The Primer on Metabolic Bone Diseases and Disorders of Mineral 
Metabolism, ed. C.J. Rosen, 7th edn, The American Society for Bone and Mineral Density, 
Washington, DC, pp. 250-251. 

Aggarwal, B.B. & Sung, B. 2009, "Pharmacological basis for the role of curcumin in chronic diseases: an 
age-old spice with modern targets", Trends in pharmacological sciences, vol. 30, no. 2, pp. 85-94. 

Alekel, D.L., Van Loan, M.D., Koehler, K.J., Hanson, L.N., Stewart, J.W., Hanson, K.B., Kurzer, M.S. & 
Peterson, C.T. 2010, "The soy isoflavones for reducing bone loss (SIRBL) study: a 3-y randomized 
controlled trial in postmenopausal women", The American Journal of Clinical Nutrition, vol. 91, no. 
1, pp. 218-230. 

Anand, P., Kunnumakkara, A.B., Newman, R.A. & Aggarwal, B.B. 2007, "Bioavailability of curcumin: 
problems and promises", Molecular pharmaceutics, vol. 4, no. 6, pp. 807-818. 

Anand, P., Thomas, S.G., Kunnumakkara, A.B., Sundaram, C., Harikumar, K.B., Sung, B., Tharakan, S.T., 
Misra, K., Priyadarsini, I.K., Rajasekharan, K.N. & Aggarwal, B.B. 2008, "Biological activities of 
curcumin and its analogues (Congeners) made by man and Mother Nature", Biochemical 
pharmacology, vol. 76, no. 11, pp. 1590-1611. 

Antony, B., Benny, M. & Rao, S.B. 2005, "Enhancing absorption of curcuminoids", Spice India, , no. July, 
pp. 23-26. 

Antony, B., Merina, B., Iyer, V.S., Judy, N., Lennertz, K. & Joyal, S. 2008, "A Pilot Cross-Over Study to 
Evaluate Human Oral Bioavailability of BCM-95CG (Biocurcumax), A Novel Bioenhanced 
Preparation of Curcumin", Indian journal of pharmaceutical sciences, vol. 70, no. 4, pp. 445-449. 

Aratanechemuge, Y., Komiya, T., Moteki, H., Katsuzaki, H., Imai, K. & Hibasami, H. 2002, "Selective 
induction of apoptosis by ar-turmerone isolated from turmeric (Curcuma longa L) in two human 
leukemia cell lines, but not in human stomach cancer cell line", International journal of molecular 
medicine, vol. 9, no. 5, pp. 481-484. 

Aruoma, O.I. 1999, "Antioxidant actions of plant foods: use of oxidative DNA damage as a tool for 
studying antioxidant efficacy", Free radical research, vol. 30, no. 6, pp. 419-427. 

Bachrach, L.K. 2008, "Skeletal development in childhood and adolescence" in Primer on the metabolic 
bone diseases and disorders of mineral metabolism, ed. C.J. Rosen, 7th edn, The American Society 
for Bone and Mineral Rsearch, Washington DC, pp. 76-78. 

Bagi, C.M., Ammann, P., Rizzoli, R. & Miller, S.C. 1997, "Effect of estrogen deficiency on cancellous and 
cortical bone structure and strength of the femoral neck in rats", Calcified tissue international, vol. 
61, no. 4, pp. 336-344. 

Baker, M.E. 1992, "Evolution of regulation of steroid-mediated intercellular communication in vertebrates: 
insights from flavonoids, signals that mediate plant-rhizobia symbiosis", The Journal of steroid 
biochemistry and molecular biology, vol. 41, no. 3-8, pp. 301-308. 



162 

Balasubramanian, K. 2006, "Molecular orbital basis for yellow curry spice curcumin's prevention of 
Alzheimer's disease", Journal of Agricultural and Food Chemistry, vol. 54, no. 10, pp. 3512-3520. 

Banerjee, A. & Nigam, S.S. 1978, "Antimicrobial efficacy of the essential oil of Curcuma longa", The 
Indian journal of medical research, vol. 68, pp. 864-866. 

Barnes, P.M., Bloom, B. & Nahin, R.L. 2008, "Complementary and alternative medicine use among adults 
and children: United States, 2007", National health statistics reports, vol. (12), no. 12, pp. 1-23. 

Barrett-Connor, E., Mosca, L., Collins, P., Geiger, M.J., Grady, D., Kornitzer, M., McNabb, M.A., Wenger, 
N.K. & Raloxifene Use for The Heart (RUTH) Trial Investigators 2006, "Effects of raloxifene on 
cardiovascular events and breast cancer in postmenopausal women", The New England journal of 
medicine, vol. 355, no. 2, pp. 125-137. 

Bellido, T., Ali, A.A., Plotkin, L.I., Fu, Q., Gubrij, I., Roberson, P.K., Weinstein, R.S., O'Brien, C.A., 
Manolagas, S.C. & Jilka, R.L. 2003, "Proteasomal degradation of Runx2 shortens parathyroid 
hormone-induced anti-apoptotic signaling in osteoblasts. A putative explanation for why intermittent 
administration is needed for bone anabolism", The Journal of biological chemistry, vol. 278, no. 50, 
pp. 50259-50272. 

Bharti, A.C., Takada, Y. & Aggarwal, B.B. 2004, "Curcumin (diferuloylmethane) inhibits receptor 
activator of NF-kappa B ligand-induced NF-kappa B activation in osteoclast precursors and 
suppresses osteoclastogenesis", Journal of immunology (Baltimore, Md.: 1950), vol. 172, no. 10, pp. 
5940-5947. 

Bischoff-Ferrari, H.A., Dietrich, T., Orav, E.J. & Dawson-Hughes, B. 2004, "Positive association between 
25-hydroxy vitamin D levels and bone mineral density: a population-based study of younger and 
older adults", The American Journal of Medicine, vol. 116, no. 9, pp. 634-639. 

Bischoff-Ferrari, H.A., Willett, W.C., Wong, J.B., Giovannucci, E., Dietrich, T. & Dawson-Hughes, B. 
2005, "Fracture prevention with vitamin D supplementation: a meta-analysis of randomized 
controlled trials", JAMA : the journal of the American Medical Association, vol. 293, no. 18, pp. 
2257-2264. 

Biswas, S., Nyman, J.S., Alvarez, J., Chakrabarti, A., Ayres, A., Sterling, J., Edwards, J., Rana, T., 
Johnson, R., Perrien, D.S., Lonning, S., Shyr, Y., Matrisian, L.M. & Mundy, G.R. 2011, "Anti-
transforming growth factor ss antibody treatment rescues bone loss and prevents breast cancer 
metastasis to bone", PloS one, vol. 6, no. 11, pp. e27090. 

Black, D.M., Cummings, S.R., Karpf, D.B., Cauley, J.A., Thompson, D.E., Nevitt, M.C., Bauer, D.C., 
Genant, H.K., Haskell, W.L., Marcus, R., Ott, S.M., Torner, J.C., Quandt, S.A., Reiss, T.F. & Ensrud, 
K.E. 1996, "Randomised trial of effect of alendronate on risk of fracture in women with existing 
vertebral fractures. Fracture Intervention Trial Research Group", Lancet, vol. 348, no. 9041, pp. 1535-
1541. 

Black, L.J., Sato, M., Rowley, E.R., Magee, D.E., Bekele, A., Williams, D.C., Cullinan, G.J., Bendele, R., 
Kauffman, R.F. & Bensch, W.R. 1994, "Raloxifene (LY139481 HCI) prevents bone loss and reduces 
serum cholesterol without causing uterine hypertrophy in ovariectomized rats", The Journal of 
clinical investigation, vol. 93, no. 1, pp. 63-69. 



163 

Bloomfield, D.J. 1998, "Should bisphosphonates be part of the standard therapy of patients with multiple 
myeloma or bone metastases from other cancers? An evidence-based review", Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology, vol. 16, no. 3, pp. 1218-
1225. 

Blouin, S., Basle, M.F. & Chappard, D. 2005, "Rat models of bone metastases", Clinical & experimental 
metastasis, vol. 22, no. 8, pp. 605-614. 

Bonewald, L.F. 2008, "Osteocytes" in The primer on metabolic bone diseases and disorders of mineral 
metabolism, ed. C.J. Rosen, 7th edn, The American Society for Bone and Mineral Research, 
Washington, DC, pp. 22-27. 

Boon, H.S., Olatunde, F. & Zick, S.M. 2007, "Trends in complementary/alternative medicine use by breast 
cancer survivors: comparing survey data from 1998 and 2005", BMC women's health, vol. 7, pp. 4. 

Borer, K.T. 2005, "Physical activity in the prevention and amelioration of osteoporosis in women : 
interaction of mechanical, hormonal and dietary factors", Sports medicine (Auckland, N.Z.), vol. 35, 
no. 9, pp. 779-830. 

Boron, W.F. & Boulpaep, E.L. 2005, Medical Physiology: a cellular and molecular approach, Updated Ed 
edn, Elsevier Saunders, Philadelphia, PA. 

Bouxsein, M.L. & Radloff, S.E. 1997a, "Quantitative ultrasound of the calcaneus reflects the mechanical 
properties of calcaneal trabecular bone", Journal of bone and mineral research : the official journal 
of the American Society for Bone and Mineral Research, vol. 12, no. 5, pp. 839-846. 

Bouxsein, M.L. & Radloff, S.E. 1997b, "Quantitative ultrasound of the calcaneus reflects the mechanical 
properties of calcaneal trabecular bone", Journal of bone and mineral research : the official journal 
of the American Society for Bone and Mineral Research, vol. 12, no. 5, pp. 839-846. 

Boyle, W.J., Simonet, W.S. & Lacey, D.L. 2003, "Osteoclast differentiation and activation", Nature, vol. 
423, no. 6937, pp. 337-342. 

Braun, S., Vogl, F.D., Naume, B., Janni, W., Osborne, M.P., Coombes, R.C., Schlimok, G., Diel, I.J., 
Gerber, B., Gebauer, G., Pierga, J.Y., Marth, C., Oruzio, D., Wiedswang, G., Solomayer, E.F., Kundt, 
G., Strobl, B., Fehm, T., Wong, G.Y., Bliss, J., Vincent-Salomon, A. & Pantel, K. 2005, "A pooled 
analysis of bone marrow micrometastasis in breast cancer", The New England journal of medicine, 
vol. 353, no. 8, pp. 793-802. 

Bridgeman, M.B. & Pathak, R. 2011, "Denosumab for the reduction of bone loss in postmenopausal 
osteoporosis: a review", Clinical therapeutics, vol. 33, no. 11, pp. 1547-1559. 

Brumsen, C., Papapoulos, S.E., Lips, P., Geelhoed-Duijvestijn, P.H., Hamdy, N.A., Landman, J.O., 
McCloskey, E.V., Netelenbos, J.C., Pauwels, E.K., Roos, J.C., Valentijn, R.M. & Zwinderman, A.H. 
2002, "Daily oral pamidronate in women and men with osteoporosis: a 3-year randomized placebo-
controlled clinical trial with a 2-year open extension", Journal of bone and mineral research : the 
official journal of the American Society for Bone and Mineral Research, vol. 17, no. 6, pp. 1057-
1064. 



164 

Buijs, J.T., Stayrook, K.R. & Guise, T.A. 2011, "TGF-beta in the Bone Microenvironment: Role in Breast 
Cancer Metastases", Cancer microenvironment : official journal of the International Cancer 
Microenvironment Society, vol. 4, no. 3, pp. 261-281. 

Burge, R., Dawson-Hughes, B., Solomon, D.H., Wong, J.B., King, A. & Tosteson, A. 2007, "Incidence and 
economic burden of osteoporosis-related fractures in the United States, 2005-2025", Journal of bone 
and mineral research : the official journal of the American Society for Bone and Mineral Research, 
vol. 22, no. 3, pp. 465-475. 

Burger, H. 2008, "The menopausal transition--endocrinology", The journal of sexual medicine, vol. 5, no. 
10, pp. 2266-2273. 

Burger, H.G., Hale, G.E., Dennerstein, L. & Robertson, D.M. 2008, "Cycle and hormone changes during 
perimenopause: the key role of ovarian function", Menopause (New York, N.Y.), vol. 15, no. 4 Pt 1, 
pp. 603-612. 

Camacho-Barquero, L., Villegas, I., Sanchez-Calvo, J.M., Talero, E., Sanchez-Fidalgo, S., Motilva, V. & 
Alarcon de la Lastra, C. 2007, "Curcumin, a Curcuma longa constituent, acts on MAPK p38 pathway 
modulating COX-2 and iNOS expression in chronic experimental colitis", International 
immunopharmacology, vol. 7, no. 3, pp. 333-342. 

Canon, J.R., Roudier, M., Bryant, R., Morony, S., Stolina, M., Kostenuik, P.J. & Dougall, W.C. 2008, 
"Inhibition of RANKL blocks skeletal tumor progression and improves survival in a mouse model of 
breast cancer bone metastasis", Clinical & experimental metastasis, vol. 25, no. 2, pp. 119-129. 

Caverzasio, J., Higgins, L. & Ammann, P. 2008, "Prevention of trabecular bone loss induced by estrogen 
deficiency by a selective p38alpha inhibitor", Journal of bone and mineral research : the official 
journal of the American Society for Bone and Mineral Research, vol. 23, no. 9, pp. 1389-1397. 

Chang, W., Tu, C., Chen, T.H., Bikle, D. & Shoback, D. 2008, "The extracellular calcium-sensing receptor 
(CaSR) is a critical modulator of skeletal development", Science signaling, vol. 1, no. 35, pp. ra1. 

Civitelli, R. 2008, "Cell-cell communication in the osteoblast/osteocyte lineage", Archives of Biochemistry 
and Biophysics, vol. 473, no. 2, pp. 188-192. 

Coghlin, C. & Murray, G.I. 2010, "Current and emerging concepts in tumour metastasis", The Journal of 
pathology, vol. 222, no. 1, pp. 1-15. 

Cohen, P.A. 2012, "Assessing supplement safety--the FDA's controversial proposal", The New England 
journal of medicine, vol. 366, no. 5, pp. 389-391. 

Coleman, R., Woodward, E., Brown, J., Cameron, D., Bell, R., Dodwell, D., Keane, M., Gil, M., Davies, 
C., Burkinshaw, R., Houston, S.J., Grieve, R.J., Barrett-Lee, P.J. & Thorpe, H. 2011, "Safety of 
zoledronic acid and incidence of osteonecrosis of the jaw (ONJ) during adjuvant therapy in a 
randomised phase III trial (AZURE: BIG 01-04) for women with stage II/III breast cancer", Breast 
cancer research and treatment, vol. 127, no. 2, pp. 429-438. 

Coleman, R.E. & Rubens, R.D. 1987, "The clinical course of bone metastases from breast cancer", British 
journal of cancer, vol. 55, no. 1, pp. 61-66. 



165 

Collin-Osdoby, P. & Osdoby, P. 2012, "RANKL-mediated osteoclast formation from murine RAW 264.7 
cells", Methods in molecular biology (Clifton, N.J.), vol. 816, pp. 187-202. 

Costa, A.G. & Bilezikian, J.P. 2012, "Sclerostin: therapeutic horizons based upon its actions", Current 
osteoporosis reports, vol. 10, no. 1, pp. 64-72. 

Costa, A.G., Cusano, N.E., Silva, B.C., Cremers, S. & Bilezikian, J.P. 2011, "Cathepsin K: its skeletal 
actions and role as a therapeutic target in osteoporosis", Nature reviews.Rheumatology, vol. 7, no. 8, 
pp. 447-456. 

Cowey, S., Szafran, A.A., Kappes, J., Zinn, K.R., Siegal, G.P., Desmond, R.A., Kim, H., Evans, L. & 
Hardy, R.W. 2007, "Breast cancer metastasis to bone: evaluation of bioluminescent imaging and 
microSPECT/CT for detecting bone metastasis in immunodeficient mice", Clinical & experimental 
metastasis, vol. 24, no. 5, pp. 389-401. 

Craig, Z.R., Marion, S.L., Funk, J.L., Bouxsein, M.L. & Hoyer, P.B. 2010, "Retaining Residual Ovarian 
Tissue following Ovarian Failure Has Limited Influence on Bone Loss in Aged Mice", Journal of 
osteoporosis, vol. 2010, pp. 157323. 

Cummings, S.R., Black, D.M., Thompson, D.E., Applegate, W.B., Barrett-Connor, E., Musliner, T.A., 
Palermo, L., Prineas, R., Rubin, S.M., Scott, J.C., Vogt, T., Wallace, R., Yates, A.J. & LaCroix, A.Z. 
1998, "Effect of alendronate on risk of fracture in women with low bone density but without vertebral 
fractures: results from the Fracture Intervention Trial", JAMA : the journal of the American Medical 
Association, vol. 280, no. 24, pp. 2077-2082. 

Cummings, S.R., Nevitt, M.C., Browner, W.S., Stone, K., Fox, K.M., Ensrud, K.E., Cauley, J., Black, D. & 
Vogt, T.M. 1995, "Risk factors for hip fracture in white women. Study of Osteoporotic Fractures 
Research Group", The New England journal of medicine, vol. 332, no. 12, pp. 767-773. 

Dang, Z.C. & Lowik, C. 2005, "Dose-dependent effects of phytoestrogens on bone", Trends in 
endocrinology and metabolism: TEM, vol. 16, no. 5, pp. 207-213. 

Dang, Z.C., van Bezooijen, R.L., Karperien, M., Papapoulos, S.E. & Lowik, C.W. 2002, "Exposure of 
KS483 cells to estrogen enhances osteogenesis and inhibits adipogenesis", Journal of bone and 
mineral research : the official journal of the American Society for Bone and Mineral Research, vol. 
17, no. 3, pp. 394-405. 

Dawson-Hughes, B. 2008, "Calcium and Vitamin D" in The Primer on Metabolic Bone Diseases and 
Disorders of Mineral Metabolism, ed. C.J. Rosen, 7th edn, The American Association for Bone and 
Mineral Research, Washington, DC, pp. 231-233. 

Delmas, P.D., Recker, R.R., Chesnut, C.H.,3rd, Skag, A., Stakkestad, J.A., Emkey, R., Gilbride, J., 
Schimmer, R.C. & Christiansen, C. 2004, "Daily and intermittent oral ibandronate normalize bone 
turnover and provide significant reduction in vertebral fracture risk: results from the BONE study", 
Osteoporosis international : a journal established as result of cooperation between the European 
Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA, vol. 15, no. 10, 
pp. 792-798. 

DerMarderosian, A. & Beutler, J.A. (eds) 2005, The Review of Natural Products, 4th edn, Wolters Kluwer 
Health, St. Louis, Missouri. 



166 

Diel, I.J., Kaufmann, M., Goerner, R., Costa, S.D., Kaul, S. & Bastert, G. 1992, "Detection of tumor cells 
in bone marrow of patients with primary breast cancer: a prognostic factor for distant metastasis", 
Journal of clinical oncology : official journal of the American Society of Clinical Oncology, vol. 10, 
no. 10, pp. 1534-1539. 

Diel, I.J., Solomayer, E.F., Costa, S.D., Gollan, C., Goerner, R., Wallwiener, D., Kaufmann, M. & Bastert, 
G. 1998, "Reduction in new metastases in breast cancer with adjuvant clodronate treatment", The New 
England journal of medicine, vol. 339, no. 6, pp. 357-363. 

Divittorio, G., Jackson, K.L., Chindalore, V.L., Welker, W. & Walker, J.B. 2006, "Examining the 
relationship between bone mineral density and fracture risk reduction during pharmacologic treatment 
of osteoporosis", Pharmacotherapy, vol. 26, no. 1, pp. 104-114. 

Dufresne, T.E., Chmielewski, P.A., Manhart, M.D., Johnson, T.D. & Borah, B. 2003, "Risedronate 
preserves bone architecture in early postmenopausal women in 1 year as measured by three-
dimensional microcomputed tomography", Calcified tissue international, vol. 73, no. 5, pp. 423-432. 

Eastell, R. 2006, "Pathogenesis of postmenopausal osteoporosis" in Primer on the Metabolic Bone Diseases 
and Disorders of Mineral Metabolism, ed. M.J. Favus, Williams & Wilkins, NY, pp. 303-313. 

Eghbali-Fatourechi, G., Khosla, S., Sanyal, A., Boyle, W.J., Lacey, D.L. & Riggs, B.L. 2003, "Role of 
RANK ligand in mediating increased bone resorption in early postmenopausal women", The Journal 
of clinical investigation, vol. 111, no. 8, pp. 1221-1230. 

Eidtmann, H., de Boer, R., Bundred, N., Llombart-Cussac, A., Davidson, N., Neven, P., von Minckwitz, 
G., Miller, J., Schenk, N. & Coleman, R. 2010, "Efficacy of zoledronic acid in postmenopausal 
women with early breast cancer receiving adjuvant letrozole: 36-month results of the ZO-FAST 
Study", Annals of Oncology : Official Journal of the European Society for Medical Oncology / 
ESMO, vol. 21, no. 11, pp. 2188-2194. 

El Abdaimi, K., Dion, N., Papavasiliou, V., Cardinal, P.E., Binderup, L., Goltzman, D., Ste-Marie, L.G. & 
Kremer, R. 2000, "The vitamin D analogue EB 1089 prevents skeletal metastasis and prolongs 
survival time in nude mice transplanted with human breast cancer cells", Cancer research, vol. 60, 
no. 16, pp. 4412-4418. 

Elders, P.J., Netelenbos, J.C., Lips, P., van Ginkel, F.C., Khoe, E., Leeuwenkamp, O.R., Hackeng, W.H. & 
van der Stelt, P.F. 1991, "Calcium supplementation reduces vertebral bone loss in perimenopausal 
women: a controlled trial in 248 women between 46 and 55 years of age", The Journal of clinical 
endocrinology and metabolism, vol. 73, no. 3, pp. 533-540. 

Ettinger, B., Black, D.M., Mitlak, B.H., Knickerbocker, R.K., Nickelsen, T., Genant, H.K., Christiansen, 
C., Delmas, P.D., Zanchetta, J.R., Stakkestad, J., Gluer, C.C., Krueger, K., Cohen, F.J., Eckert, S., 
Ensrud, K.E., Avioli, L.V., Lips, P. & Cummings, S.R. 1999, "Reduction of vertebral fracture risk in 
postmenopausal women with osteoporosis treated with raloxifene: results from a 3-year randomized 
clinical trial. Multiple Outcomes of Raloxifene Evaluation (MORE) Investigators", JAMA : the 
journal of the American Medical Association, vol. 282, no. 7, pp. 637-645. 

Fabricant, D.S. & Farnsworth, N.R. 2001, "The value of plants used in traditional medicine for drug 
discovery", Environmental health perspectives, vol. 109 Suppl 1, pp. 69-75. 



167 

Farnsworth, N.R. & Morris, R.W. 1976, "Higher plants--the sleeping giant of drug development", 
American Journal of Pharmacy and the Sciences Supporting Public Health, vol. 148, no. 2, pp. 46-52. 

Frye, J.B., Timmermann, B.N. & Funk, J.L. 2012, "Turmeric Inhibits parathyroid hormone-related protein 
(PTHrP) secretion from human rheumatoid synoviocytes", International Research Conference on 
Integrative Medicine and Health, May 15-18. 

Funk, J.L. 2010, "Turmeric" in Encyclopedia of Dietary Supplements, eds. P.M. Coates, J.M. Betz, M.R. 
Blackman, Cragg,G.M., Levine,M., J. Moss & J.D. White, 2nd edn, Informa Healthcare, New York, 
NY, pp. 754-765. 

Funk, J.L., Chen, J., Downey, K.J., Davee, S.M. & Stafford, G. 2003, "Blockade of parathyroid hormone-
related protein prevents joint destruction and granuloma formation in streptococcal cell wall-induced 
arthritis", Arthritis and Rheumatism, vol. 48, no. 6, pp. 1721-1731. 

Funk, J.L., Cordaro, L.A., Wei, H., Benjamin, J.B. & Yocum, D.E. 1998, "Synovium as a source of 
increased amino-terminal parathyroid hormone-related protein expression in rheumatoid arthritis. A 
possible role for locally produced parathyroid hormone-related protein in the pathogenesis of 
rheumatoid arthritis", The Journal of clinical investigation, vol. 101, no. 7, pp. 1362-1371. 

Funk, J.L., Frye, J.B., Oyarzo, J.N., Kuscuoglu, N., Wilson, J., McCaffrey, G., Stafford, G., Chen, G., 
Lantz, R.C., Jolad, S.D., Solyom, A.M., Kiela, P.R. & Timmermann, B.N. 2006a, "Efficacy and 
mechanism of action of turmeric supplements in the treatment of experimental arthritis", Arthritis and 
Rheumatism, vol. 54, no. 11, pp. 3452-3464. 

Funk, J.L., Frye, J.B., Oyarzo, J.N. & Timmermann, B.N. 2009, "Comparative effects of two gingerol-
containing Zingiber officinale extracts on experimental rheumatoid arthritis", Journal of natural 
products, vol. 72, no. 3, pp. 403-407. 

Funk, J.L., Frye, J.B., Oyarzo, J.N., Zhang, H. & Timmermann, B.N. 2010, "Anti-arthritic effects and 
toxicity of the essential oils of turmeric (Curcuma longa L.)", Journal of Agricultural and Food 
Chemistry, vol. 58, no. 2, pp. 842-849. 

Funk, J.L., Oyarzo, J.N., Frye, J.B., Chen, G., Lantz, R.C., Jolad, S.D., Solyom, A.M. & Timmermann, 
B.N. 2006b, "Turmeric extracts containing curcuminoids prevent experimental rheumatoid arthritis", 
Journal of natural products, vol. 69, no. 3, pp. 351-355. 

Funk, J.L. & Wei, H. 1998, "Regulation of parathyroid hormone-related protein expression in MCF-7 
breast carcinoma cells by estrogen and antiestrogens", Biochemical and biophysical research 
communications, vol. 251, no. 3, pp. 849-854. 

Gaddy-Kurten, D., Coker, J.K., Abe, E., Jilka, R.L. & Manolagas, S.C. 2002, "Inhibin suppresses and 
activin stimulates osteoblastogenesis and osteoclastogenesis in murine bone marrow cultures", 
Endocrinology, vol. 143, no. 1, pp. 74-83. 

Garnero, P., Sornay-Rendu, E., Chapuy, M.C. & Delmas, P.D. 1996, "Increased bone turnover in late 
postmenopausal women is a major determinant of osteoporosis", Journal of bone and mineral 
research : the official journal of the American Society for Bone and Mineral Research, vol. 11, no. 3, 
pp. 337-349. 



168 

Gasser, J.A., Ingold, P., Venturiere, A., Shen, V. & Green, J.R. 2008, "Long-term protective effects of 
zoledronic acid on cancellous and cortical bone in the ovariectomized rat", Journal of bone and 
mineral research : the official journal of the American Society for Bone and Mineral Research, vol. 
23, no. 4, pp. 544-551. 

Gilsanz, V., Skaggs, D.L., Kovanlikaya, A., Sayre, J., Loro, M.L., Kaufman, F. & Korenman, S.G. 1998, 
"Differential effect of race on the axial and appendicular skeletons of children", The Journal of 
clinical endocrinology and metabolism, vol. 83, no. 5, pp. 1420-1427. 

Girasole, G., Jilka, R.L., Passeri, G., Boswell, S., Boder, G., Williams, D.C. & Manolagas, S.C. 1992, "17 
Beta-Estradiol Inhibits Interleukin-6 Production by Bone Marrow-Derived Stromal Cells and 
Osteoblasts in Vitro: a Potential Mechanism for the Antiosteoporotic Effect of Estrogens", The 
Journal of clinical investigation, vol. 89, no. 3, pp. 883-891. 

Goldring, S.R. 2008, "Inflammation-induced bone loss in rheumatic diseases" in The primer on metabolic 
bone diseases and disorders of mineral metabolism, ed. C.J. Rosen, 7th edn, The American Society 
for Bone and Mineral Research, Washington DC, pp. 272-276. 

Goldring, S.R. & Gravallese, E.M. 2000, "Mechanisms of bone loss in inflammatory arthritis: diagnosis 
and therapeutic implications", Arthritis research, vol. 2, no. 1, pp. 33-37. 

Golombick, T., Diamond, T.H., Badmaev, V., Manoharan, A. & Ramakrishna, R. 2009, "The potential role 
of curcumin in patients with monoclonal gammopathy of undefined significance--its effect on 
paraproteinemia and the urinary N-telopeptide of type I collagen bone turnover marker", Clinical 
cancer research : an official journal of the American Association for Cancer Research, vol. 15, no. 
18, pp. 5917-5922. 

Gravallese, E.M., Galson, D.L., Goldring, S.R. & Auron, P.E. 2001, "The role of TNF-receptor family 
members and other TRAF-dependent receptors in bone resorption", Arthritis research, vol. 3, no. 1, 
pp. 6-12. 

Greaves, P. 2007, "Liver and pancreas" in Histopathology of preclinical toxicity studies: interpretation and 
relevance in drug safety evaluation, 3rd ed. edn, Elsevier, New York, NY, pp. 466. 

Griesser, M., Pistis, V., Suzuki, T., Tejera, N., Pratt, D.A. & Schneider, C. 2011, "Autoxidative and 
cyclooxygenase-2 catalyzed transformation of the dietary chemopreventive agent curcumin", The 
Journal of biological chemistry, vol. 286, no. 2, pp. 1114-1124. 

Griffin, M.G., Kimble, R., Hopfer, W. & Pacifici, R. 1993, "Dual-energy x-ray absorptiometry of the rat: 
accuracy, precision, and measurement of bone loss", Journal of bone and mineral research : the 
official journal of the American Society for Bone and Mineral Research, vol. 8, no. 7, pp. 795-800. 

Guise, T.A. 2000, "Molecular mechanisms of osteolytic bone metastases", Cancer, vol. 88, no. 12 Suppl, 
pp. 2892-2898. 

Guise, T.A., Yin, J.J., Taylor, S.D., Kumagai, Y., Dallas, M., Boyce, B.F., Yoneda, T. & Mundy, G.R. 
1996, "Evidence for a causal role of parathyroid hormone-related protein in the pathogenesis of 
human breast cancer-mediated osteolysis", The Journal of clinical investigation, vol. 98, no. 7, pp. 
1544-1549. 



169 

Guo, D., Huang, J. & Gong, J. 2012, "Bone morphogenetic protein 4 (BMP4) is required for migration and 
invasion of breast cancer", Molecular and cellular biochemistry, vol. 363, no. 1-2, pp. 179-190. 

Gupta, S.C., Prasad, S., Kim, J.H., Patchva, S., Webb, L.J., Priyadarsini, I.K. & Aggarwal, B.B. 2011, 
"Multitargeting by curcumin as revealed by molecular interaction studies", Natural product reports, 
vol. 28, no. 12, pp. 1937-1955. 

Hadji, P., Aapro, M.S., Body, J.J., Bundred, N.J., Brufsky, A., Coleman, R.E., Gnant, M., Guise, T. & 
Lipton, A. 2011, "Management of aromatase inhibitor-associated bone loss in postmenopausal 
women with breast cancer: practical guidance for prevention and treatment", Annals of Oncology : 
Official Journal of the European Society for Medical Oncology / ESMO, vol. 22, no. 12, pp. 2546-
2555. 

Hanson, B. (ed) 2005, Understanding Medicinal Plants, Their Chemistry and Therapeutic Action, The 
Hawthorn Press, Binghamton, NY. 

Harris, R.E. 2007, "Cyclooxygenase-2 (cox-2) and the inflammogenesis of cancer", Sub-cellular 
biochemistry, vol. 42, pp. 93-126. 

Harris, S.T., Watts, N.B., Genant, H.K., McKeever, C.D., Hangartner, T., Keller, M., Chesnut, C.H.,3rd, 
Brown, J., Eriksen, E.F., Hoseyni, M.S., Axelrod, D.W. & Miller, P.D. 1999, "Effects of risedronate 
treatment on vertebral and nonvertebral fractures in women with postmenopausal osteoporosis: a 
randomized controlled trial. Vertebral Efficacy With Risedronate Therapy (VERT) Study Group", 
JAMA : the journal of the American Medical Association, vol. 282, no. 14, pp. 1344-1352. 

Hastak, K., Lubri, N., Jakhi, S.D., More, C., John, A., Ghaisas, S.D. & Bhide, S.V. 1997, "Effect of 
turmeric oil and turmeric oleoresin on cytogenetic damage in patients suffering from oral submucous 
fibrosis", Cancer letters, vol. 116, no. 2, pp. 265-269. 

Haussler, M.R., Haussler, C.A., Bartik, L., Whitfield, G.K., Hsieh, J.C., Slater, S. & Jurutka, P.W. 2008, 
"Vitamin D receptor: molecular signaling and actions of nutritional ligands in disease prevention", 
Nutrition reviews, vol. 66, no. 10 Suppl 2, pp. S98-112. 

Hayes, W.C. 1991, Basic Orthopedic Biomechanics: Biomechanics of cortical and trabecular bone: 
implications for the assessment of fracture risk, Raven Press, New York, NY. 

Hiraga, T., Myoui, A., Choi, M.E., Yoshikawa, H. & Yoneda, T. 2006, "Stimulation of cyclooxygenase-2 
expression by bone-derived transforming growth factor-beta enhances bone metastases in breast 
cancer", Cancer research, vol. 66, no. 4, pp. 2067-2073. 

Hiraga, T., Williams, P.J., Ueda, A., Tamura, D. & Yoneda, T. 2004, "Zoledronic acid inhibits visceral 
metastases in the 4T1/luc mouse breast cancer model", Clinical cancer research : an official journal 
of the American Association for Cancer Research, vol. 10, no. 13, pp. 4559-4567. 

Hollier, B.G., Evans, K. & Mani, S.A. 2009, "The epithelial-to-mesenchymal transition and cancer stem 
cells: a coalition against cancer therapies", Journal of mammary gland biology and neoplasia, vol. 14, 
no. 1, pp. 29-43. 

Hortobagyi, G.N., Theriault, R.L., Porter, L., Blayney, D., Lipton, A., Sinoff, C., Wheeler, H., Simeone, 
J.F., Seaman, J. & Knight, R.D. 1996, "Efficacy of pamidronate in reducing skeletal complications in 



170 

patients with breast cancer and lytic bone metastases. Protocol 19 Aredia Breast Cancer Study 
Group", The New England journal of medicine, vol. 335, no. 24, pp. 1785-1791. 

Hu, Y., Liang, H., Du, Y., Zhu, Y. & Wang, X. 2010, "Curcumin inhibits transforming growth factor-beta 
activity via inhibition of Smad signaling in HK-2 cells", American Journal of Nephrology, vol. 31, 
no. 4, pp. 332-341. 

Huang, M.T., Lysz, T., Ferraro, T., Abidi, T.F., Laskin, J.D. & Conney, A.H. 1991, "Inhibitory effects of 
curcumin on in vitro lipoxygenase and cyclooxygenase activities in mouse epidermis", Cancer 
research, vol. 51, no. 3, pp. 813-819. 

Huang, T.S., Lee, S.C. & Lin, J.K. 1991, "Suppression of c-Jun/AP-1 activation by an inhibitor of tumor 
promotion in mouse fibroblast cells", Proceedings of the National Academy of Sciences of the United 
States of America, vol. 88, no. 12, pp. 5292-5296. 

Hughes, D.E., Dai, A., Tiffee, J.C., Li, H.H., Mundy, G.R. & Boyce, B.F. 1996, "Estrogen promotes 
apoptosis of murine osteoclasts mediated by TGF-beta", Nature medicine, vol. 2, no. 10, pp. 1132-
1136. 

Hughes, D.E., Wright, K.R., Uy, H.L., Sasaki, A., Yoneda, T., Roodman, G.D., Mundy, G.R. & Boyce, 
B.F. 1995, "Bisphosphonates promote apoptosis in murine osteoclasts in vitro and in vivo", Journal of 
bone and mineral research : the official journal of the American Society for Bone and Mineral 
Research, vol. 10, no. 10, pp. 1478-1487. 

Hui, S.L., Wiske, P.S., Norton, J.A. & Johnston, C.C.,Jr 1982, "A prospective study of change in bone 
mass with age in postmenopausal women", Journal of chronic diseases, vol. 35, no. 9, pp. 715-725. 

Hussain, A.R., Al-Rasheed, M., Manogaran, P.S., Al-Hussein, K.A., Platanias, L.C., Al Kuraya, K. & 
Uddin, S. 2006, "Curcumin induces apoptosis via inhibition of PI3'-kinase/AKT pathway in acute T 
cell leukemias", Apoptosis : An International Journal on Programmed Cell Death, vol. 11, no. 2, pp. 
245-254. 

Ishizuya, T., Yokose, S., Hori, M., Noda, T., Suda, T., Yoshiki, S. & Yamaguchi, A. 1997, "Parathyroid 
hormone exerts disparate effects on osteoblast differentiation depending on exposure time in rat 
osteoblastic cells", The Journal of clinical investigation, vol. 99, no. 12, pp. 2961-2970. 

Iwaniec, U., Samnegard, E., Cullen, D. & Kimmel, D. 2001, "Mainenance of cancellous bone in 
ovariectomized, human parathyroid hormone [hPTH(1-84)]-treated rats by estrogen, risedronate, or 
reduced hPTH", Bone, vol. 29, pp. 352-360. 

Jackson, M.A., Iwaniec, U.T., Turner, R.T., Wronski, T.J. & Kalra, S.P. 2011, "Effects of increased 
hypothalamic leptin gene expression on ovariectomy-induced bone loss in rats", Peptides, vol. 32, no. 
8, pp. 1575-1580. 

Jackson, R.D., LaCroix, A.Z., Gass, M., Wallace, R.B., Robbins, J., Lewis, C.E., Bassford, T., Beresford, 
S.A., Black, H.R., Blanchette, P., Bonds, D.E., Brunner, R.L., Brzyski, R.G., Caan, B., Cauley, J.A., 
Chlebowski, R.T., Cummings, S.R., Granek, I., Hays, J., Heiss, G., Hendrix, S.L., Howard, B.V., 
Hsia, J., Hubbell, F.A., Johnson, K.C., Judd, H., Kotchen, J.M., Kuller, L.H., Langer, R.D., Lasser, 
N.L., Limacher, M.C., Ludlam, S., Manson, J.E., Margolis, K.L., McGowan, J., Ockene, J.K., 
O'Sullivan, M.J., Phillips, L., Prentice, R.L., Sarto, G.E., Stefanick, M.L., Van Horn, L., Wactawski-



171 

Wende, J., Whitlock, E., Anderson, G.L., Assaf, A.R., Barad, D. & Women's Health Initiative 
Investigators 2006, "Calcium plus vitamin D supplementation and the risk of fractures", The New 
England journal of medicine, vol. 354, no. 7, pp. 669-683. 

Jaiswal, N., Haynesworth, S.E., Caplan, A.I. & Bruder, S.P. 1997, "Osteogenic differentiation of purified, 
culture-expanded human mesenchymal stem cells in vitro", Journal of cellular biochemistry, vol. 64, 
no. 2, pp. 295-312. 

Javelaud, D., Alexaki, V.I., Dennler, S., Mohammad, K.S., Guise, T.A. & Mauviel, A. 2011, "TGF-
beta/SMAD/GLI2 signaling axis in cancer progression and metastasis", Cancer research, vol. 71, no. 
17, pp. 5606-5610. 

Jilka, R.L., Hangoc, G., Girasole, G., Passeri, G., Williams, D.C., Abrams, J.S., Boyce, B., Broxmeyer, H. 
& Manolagas, S.C. 1992, "Increased osteoclast development after estrogen loss: mediation by 
interleukin-6", Science (New York, N.Y.), vol. 257, no. 5066, pp. 88-91. 

Jimenez-Andrade, J.M., Mantyh, W.G., Bloom, A.P., Ferng, A.S., Geffre, C.P. & Mantyh, P.W. 2010, 
"Bone cancer pain", Annals of the New York Academy of Sciences, vol. 1198, pp. 173-181. 

John D. Currey 2003, "Role of collagen and other organics in the mechanical properties of bone", 
Osteoporosis international : a journal established as result of cooperation between the European 
Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA, vol. 14 Suppl 5, 
pp. S29-36. 

John, A. & Tuszynski, G. 2001, "The role of matrix metalloproteinases in tumor angiogenesis and tumor 
metastasis", Pathology oncology research : POR, vol. 7, no. 1, pp. 14-23. 

Johnson, L.C., Johnson, R.W., Munoz, S.A., Mundy, G.R., Peterson, T.E. & Sterling, J.A. 2011, 
"Longitudinal live animal micro-CT allows for quantitative analysis of tumor-induced bone 
destruction", Bone, vol. 48, no. 1, pp. 141-151. 

Jorgensen, N.R., Henriksen, Z., Sorensen, O.H., Eriksen, E.F., Civitelli, R. & Steinberg, T.H. 2002, 
"Intercellular calcium signaling occurs between human osteoblasts and osteoclasts and requires 
activation of osteoclast P2X7 receptors", The Journal of biological chemistry, vol. 277, no. 9, pp. 
7574-7580. 

Joshi, J., Ghaisas, S., Vaidya, A., Vaidya, R., Kamat, D.V., Bhagwat, A.N. & Bhide, S. 2003, "Early 
human safety study of turmeric oil (Curcuma longa oil) administered orally in healthy volunteers", 
The Journal of the Association of Physicians of India, vol. 51, pp. 1055-1060. 

Junqueira, L.C. & Carneiro, J. 2005, Basic Histology, McGraw-Hill, New York, NY. 

Jurenka, J.S. 2009, "Anti-inflammatory properties of curcumin, a major constituent of Curcuma longa: a 
review of preclinical and clinical research", Alternative Medicine Review : A Journal of Clinical 
Therapeutic, vol. 14, no. 2, pp. 141-153. 

Kakonen, S.M., Selander, K.S., Chirgwin, J.M., Yin, J.J., Burns, S., Rankin, W.A., Grubbs, B.G., Dallas, 
M., Cui, Y. & Guise, T.A. 2002, "Transforming growth factor-beta stimulates parathyroid hormone-
related protein and osteolytic metastases via Smad and mitogen-activated protein kinase signaling 
pathways", The Journal of biological chemistry, vol. 277, no. 27, pp. 24571-24578. 



172 

Kalu, D.N., Liu, C.C., Salerno, E., Hollis, B., Echon, R. & Ray, M. 1991, "Skeletal response of 
ovariectomized rats to low and high doses of 17 beta-estradiol", Bone and mineral, vol. 14, no. 3, pp. 
175-187. 

Kang, Y., Siegel, P.M., Shu, W., Drobnjak, M., Kakonen, S.M., Cordon-Cardo, C., Guise, T.A. & 
Massague, J. 2003, "A multigenic program mediating breast cancer metastasis to bone", Cancer cell, 
vol. 3, no. 6, pp. 537-549. 

Kanis, J.A. & Gluer, C.C. 2000, "An update on the diagnosis and assessment of osteoporosis with 
densitometry. Committee of Scientific Advisors, International Osteoporosis Foundation", 
Osteoporosis international : a journal established as result of cooperation between the European 
Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA, vol. 11, no. 3, 
pp. 192-202. 

Kappeler, C.J. & Hoyer, P.B. 2012, "4-Vinylcyclohexene Diepoxide: a Model Chemical for Ovotoxicity", 
Systems biology in reproductive medicine, vol. 58, no. 1, pp. 57-62. 

Karlsson, M.K., Duan, Y., Ahlborg, H., Obrant, K.J., Johnell, O. & Seeman, E. 2001, "Age, gender, and 
fragility fractures are associated with differences in quantitative ultrasound independent of bone 
mineral density", Bone, vol. 28, no. 1, pp. 118-122. 

Kholsa, S. 2010, "Pathogenesis of Osteoporosis" in Translational Endocrinology & Metabolism: 
Osteoporosis Update, ed. R.P. Robertson, 1st edn, The Endocrine Society, Chevy Chase, MD, pp. 55. 

Khosla, S. 2009a, "Increasing options for the treatment of osteoporosis", The New England journal of 
medicine, vol. 361, no. 8, pp. 818-820. 

Khosla, S. 2009b, "Increasing options for the treatment of osteoporosis", The New England journal of 
medicine, vol. 361, no. 8, pp. 818-820. 

Khosla, S., Melton, L.J.,3rd & Riggs, B.L. 2011, "The unitary model for estrogen deficiency and the 
pathogenesis of osteoporosis: is a revision needed?", Journal of bone and mineral research : the 
official journal of the American Society for Bone and Mineral Research, vol. 26, no. 3, pp. 441-451. 

Khurana, A. & Ho, C. 1988, "High performance liquid chromatographic analysis of curcuminoids and their 
photo-oxidative decomposition compounds in Curcuma longa L.", J Liquid Chromatogr, vol. 11, pp. 
2295-2304. 

Kitazawa, R., Kimble, R.B., Vannice, J.L., Kung, V.T. & Pacifici, R. 1994, "Interleukin-1 receptor 
antagonist and tumor necrosis factor binding protein decrease osteoclast formation and bone 
resorption in ovariectomized mice", The Journal of clinical investigation, vol. 94, no. 6, pp. 2397-
2406. 

Korpal, M., Yan, J., Lu, X., Xu, S., Lerit, D.A. & Kang, Y. 2009, "Imaging transforming growth factor-beta 
signaling dynamics and therapeutic response in breast cancer bone metastasis", Nature medicine, vol. 
15, no. 8, pp. 960-966. 

Kousteni, S., Bellido, T., Plotkin, L.I., O'Brien, C.A., Bodenner, D.L., Han, L., Han, K., DiGregorio, G.B., 
Katzenellenbogen, J.A., Katzenellenbogen, B.S., Roberson, P.K., Weinstein, R.S., Jilka, R.L. & 



173 

Manolagas, S.C. 2001, "Nongenotropic, sex-nonspecific signaling through the estrogen or androgen 
receptors: dissociation from transcriptional activity", Cell, vol. 104, no. 5, pp. 719-730. 

Krishnan, V., Bryant, H.U. & Macdougald, O.A. 2006, "Regulation of bone mass by Wnt signaling", The 
Journal of clinical investigation, vol. 116, no. 5, pp. 1202-1209. 

Kristensen, B., Ejlertsen, B., Mouridsen, H.T., Jensen, M.B., Andersen, J., Bjerregaard, B., Cold, S., 
Edlund, P., Ewertz, M., Kamby, C., Lindman, H., Nordenskjold, B. & Bergh, J. 2008, 
"Bisphosphonate treatment in primary breast cancer: results from a randomised comparison of oral 
pamidronate versus no pamidronate in patients with primary breast cancer", Acta Oncologica 
(Stockholm, Sweden), vol. 47, no. 4, pp. 740-746. 

Kuhn, J., Goldstein, S., Feldkamp, L., Goulet, R. & Jesion, G. 1990, "Evaluation of microcomputed 
tomography system to study trabecular bone structure", Orthopaedic Research Journal, vol. 8, pp. 
833-842. 

Kukreja, S.C., Shevrin, D.H., Wimbiscus, S.A., Ebeling, P.R., Danks, J.A., Rodda, C.P., Wood, W.I. & 
Martin, T.J. 1988, "Antibodies to parathyroid hormone-related protein lower serum calcium in 
athymic mouse models of malignancy-associated hypercalcemia due to human tumors", The Journal 
of clinical investigation, vol. 82, no. 5, pp. 1798-1802. 

Lantz, R.C., Chen, G.J., Solyom, A.M., Jolad, S.D. & Timmermann, B.N. 2005, "The effect of turmeric 
extracts on inflammatory mediator production", Phytomedicine : International Journal of 
Phytotherapy and Phytopharmacology, vol. 12, no. 6-7, pp. 445-452. 

Le Bars, P.L., Katz, M.M., Berman, N., Itil, T.M., Freedman, A.M. & Schatzberg, A.F. 1997, "A placebo-
controlled, double-blind, randomized trial of an extract of Ginkgo biloba for dementia. North 
American EGb Study Group", JAMA : the journal of the American Medical Association, vol. 278, no. 
16, pp. 1327-1332. 

Leibbrandt, A. & Penninger, J.M. 2010, "Novel functions of RANK(L) signaling in the immune system", 
Advances in Experimental Medicine and Biology, vol. 658, pp. 77-94. 

Lewiecki, E.M. & Bilezikian, J.P. 2012, "Denosumab for the treatment of osteoporosis and cancer-related 
conditions", Clinical pharmacology and therapeutics, vol. 91, no. 1, pp. 123-133. 

Li, J., Karaplis, A.C., Huang, D.C., Siegel, P.M., Camirand, A., Yang, X.F., Muller, W.J. & Kremer, R. 
2011, "PTHrP drives breast tumor initiation, progression, and metastasis in mice and is a potential 
therapy target", The Journal of clinical investigation, vol. 121, no. 12, pp. 4655-4669. 

Liao, J. & McCauley, L.K. 2006, "Skeletal metastasis: Established and emerging roles of parathyroid 
hormone related protein (PTHrP)", Cancer metastasis reviews, vol. 25, no. 4, pp. 559-571. 

Lin, T., Wang, C., Cai, X.Z., Zhao, X., Shi, M.M., Ying, Z.M., Yuan, F.Z., Guo, C. & Yan, S.G. 2012, 
"Comparison of clinical efficacy and safety between denosumab and alendronate in postmenopausal 
women with osteoporosis: a meta-analysis", International journal of clinical practice, vol. 66, no. 4, 
pp. 399-408. 

Lindemann, R.K., Ballschmieter, P., Nordheim, A. & Dittmer, J. 2001, "Transforming growth factor beta 
regulates parathyroid hormone-related protein expression in MDA-MB-231 breast cancer cells 



174 

through a novel Smad/Ets synergism", The Journal of biological chemistry, vol. 276, no. 49, pp. 
46661-46670. 

Lindemann, R.K., Braig, M., Ballschmieter, P., Guise, T.A., Nordheim, A. & Dittmer, J. 2003, "Protein 
kinase Calpha regulates Ets1 transcriptional activity in invasive breast cancer cells", International 
journal of oncology, vol. 22, no. 4, pp. 799-805. 

Lipton, A., Berenson, J.R., Body, J.J., Boyce, B.F., Bruland, O.S., Carducci, M.A., Cleeland, C.S., Clohisy, 
D.R., Coleman, R.E., Cook, R.J., Guise, T.A., Pearse, R.N., Powles, T.J., Rogers, M.J., Roodman, 
G.D., Smith, M.R., Suva, L.J., Vessella, R.L., Weilbaecher, K.N. & King, L. 2006, "Advances in 
treating metastatic bone cancer: summary statement for the First Cambridge Conference", Clinical 
cancer research : an official journal of the American Association for Cancer Research, vol. 12, no. 
20 Pt 2, pp. 6209s-6212s. 

Lipton, A., Theriault, R.L., Hortobagyi, G.N., Simeone, J., Knight, R.D., Mellars, K., Reitsma, D.J., 
Heffernan, M. & Seaman, J.J. 2000, "Pamidronate prevents skeletal complications and is effective 
palliative treatment in women with breast carcinoma and osteolytic bone metastases: long term 
follow-up of two randomized, placebo-controlled trials", Cancer, vol. 88, no. 5, pp. 1082-1090. 

Lohff, J.C., Christian, P.J., Marion, S.L., Arrandale, A. & Hoyer, P.B. 2005, "Characterization of cyclicity 
and hormonal profile with impending ovarian failure in a novel chemical-induced mouse model of 
perimenopause", Comparative medicine, vol. 55, no. 6, pp. 523-527. 

Lu, X., Wang, Q., Hu, G., Van Poznak, C., Fleisher, M., Reiss, M., Massague, J. & Kang, Y. 2009, 
"ADAMTS1 and MMP1 proteolytically engage EGF-like ligands in an osteolytic signaling cascade 
for bone metastasis", Genes & development, vol. 23, no. 16, pp. 1882-1894. 

Lukefahr, A.L., Frye, J.B., Wright, L.E., Marion, S.L., Hoyer, P.B. & Funk, J.L. 2012, "Decreased bone 
mineral density in rats rendered follicle-deplete by an ovotoxic chemical correlates with changes in 
follicle-stimulating hormone and inhibin a", Calcified tissue international, vol. 90, no. 3, pp. 239-249. 

Lumachi, F., Brunello, A., Roma, A. & Basso, U. 2009, "Cancer-induced hypercalcemia", Anticancer 
Research, vol. 29, no. 5, pp. 1551-1555. 

MacLaughlin, J. & Holick, M.F. 1985, "Aging decreases the capacity of human skin to produce vitamin 
D3", The Journal of clinical investigation, vol. 76, no. 4, pp. 1536-1538. 

MacLean, C., Newberry, S., Maglione, M., McMahon, M., Ranganath, V., Suttorp, M., Mojica, W., 
Timmer, M., Alexander, A., McNamara, M., Desai, S.B., Zhou, A., Chen, S., Carter, J., Tringale, C., 
Valentine, D., Johnsen, B. & Grossman, J. 2008, "Systematic review: comparative effectiveness of 
treatments to prevent fractures in men and women with low bone density or osteoporosis", Annals of 
Internal Medicine, vol. 148, no. 3, pp. 197-213. 

MacLeod, R.J., Chattopadhyay, N. & Brown, E.M. 2003, "PTHrP stimulated by the calcium-sensing 
receptor requires MAP kinase activation", American journal of physiology.Endocrinology and 
metabolism, vol. 284, no. 2, pp. E435-42. 

Manach, C., Scalbert, A., Morand, C., Remesy, C. & Jimenez, L. 2004, "Polyphenols: food sources and 
bioavailability", The American Journal of Clinical Nutrition, vol. 79, no. 5, pp. 727-747. 



175 

Marcus, R. 1987, "Normal and abnormal bone remodeling in man", Annual Review of Medicine, vol. 38, 
pp. 129-141. 

Marcus, R., Greendale, G., Blunt, B.A., Bush, T.L., Sherman, S., Sherwin, R., Wahner, H. & Wells, B. 
1994, "Correlates of bone mineral density in the postmenopausal estrogen/progestin interventions 
trial", Journal of bone and mineral research : the official journal of the American Society for Bone 
and Mineral Research, vol. 9, no. 9, pp. 1467-1476. 

Marshall, D., Johnell, O. & Wedel, H. 1996, "Meta-analysis of how well measures of bone mineral density 
predict occurrence of osteoporotic fractures", BMJ (Clinical research ed.), vol. 312, no. 7041, pp. 
1254-1259. 

Martel, C., Picard, S., Richard, V., Belanger, A., Labrie, C. & Labrie, F. 2000, "Prevention of bone loss by 
EM-800 and raloxifene in the ovariectomized rat", The Journal of steroid biochemistry and molecular 
biology, vol. 74, no. 1-2, pp. 45-56. 

Matthews, A.K., Sellergren, S.A., Huo, D., List, M. & Fleming, G. 2007, "Complementary and alternative 
medicine use among breast cancer survivors", Journal of alternative and complementary medicine 
(New York, N.Y.), vol. 13, no. 5, pp. 555-562. 

Maurer, K., Ihl, R., Dierks, T. & Frolich, L. 1997, "Clinical efficacy of Ginkgo biloba special extract EGb 
761 in dementia of the Alzheimer type", Journal of psychiatric research, vol. 31, no. 6, pp. 645-655. 

Mayer, L.P., Pearsall, N.A., Christian, P.J., Devine, P.J., Payne, C.M., McCuskey, M.K., Marion, S.L., 
Sipes, I.G. & Hoyer, P.B. 2002, "Long-term effects of ovarian follicular depletion in rats by 4-
vinylcyclohexene diepoxide", Reproductive toxicology (Elmsford, N.Y.), vol. 16, no. 6, pp. 775-781. 

McCloskey, E., Selby, P., Davies, M., Robinson, J., Francis, R.M., Adams, J., Kayan, K., Beneton, M., 
Jalava, T., Pylkkanen, L., Kenraali, J., Aropuu, S. & Kanis, J.A. 2004, "Clodronate reduces vertebral 
fracture risk in women with postmenopausal or secondary osteoporosis: results of a double-blind, 
placebo-controlled 3-year study", Journal of bone and mineral research : the official journal of the 
American Society for Bone and Mineral Research, vol. 19, no. 5, pp. 728-736. 

Miller, K.L., Liebowitz, R.S. & Newby, L.K. 2004, "Complementary and alternative medicine in 
cardiovascular disease: a review of biologically based approaches", American Heart Journal, vol. 
147, no. 3, pp. 401-411. 

Mukhopadhyay, A., Banerjee, S., Stafford, L.J., Xia, C., Liu, M. & Aggarwal, B.B. 2002, "Curcumin-
induced suppression of cell proliferation correlates with down-regulation of cyclin D1 expression and 
CDK4-mediated retinoblastoma protein phosphorylation", Oncogene, vol. 21, no. 57, pp. 8852-8861. 

Mundy, G. 2001, "Preclinical models of bone metastases", Seminars in oncology, vol. 28, no. 4 Suppl 11, 
pp. 2-8. 

Mundy, G.R. 2002, "Metastasis to bone: causes, consequences and therapeutic opportunities", Nature 
reviews.Cancer, vol. 2, no. 8, pp. 584-593. 

Mundy, G.R. & Edwards, J.R. 2008, "PTH-related peptide (PTHrP) in hypercalcemia", Journal of the 
American Society of Nephrology : JASN, vol. 19, no. 4, pp. 672-675. 



176 

Nagai, Y., Yamato, H., Akaogi, K., Hirose, K., Ueyama, Y., Ikeda, K., Matsumoto, T., Fujita, T. & Ogata, 
E. 1998, "Role of interleukin-6 in uncoupling of bone in vivo in a human squamous carcinoma 
coproducing parathyroid hormone-related peptide and interleukin-6", Journal of bone and mineral 
research : the official journal of the American Society for Bone and Mineral Research, vol. 13, no. 4, 
pp. 664-672. 

Nakashima, M., Nakayama, T., Ohtsuru, A., Fukada, E., Niino, D., Yamazumi, K., Naito, S., Ito, M. & 
Sekine, I. 2003, "Expression of parathyroid hormone (PTH)-related peptide (PthrP) and PTH/PTHrP 
receptor in osteoclast-like giant cells", Pathology, research and practice, vol. 199, no. 2, pp. 85-92. 

Neer, R.M., Arnaud, C.D., Zanchetta, J.R., Prince, R., Gaich, G.A., Reginster, J.Y., Hodsman, A.B., 
Eriksen, E.F., Ish-Shalom, S., Genant, H.K., Wang, O. & Mitlak, B.H. 2001, "Effect of parathyroid 
hormone (1-34) on fractures and bone mineral density in postmenopausal women with osteoporosis", 
The New England journal of medicine, vol. 344, no. 19, pp. 1434-1441. 

Negi, P.S., Jayaprakasha, G.K., Jagan Mohan Rao, L. & Sakariah, K.K. 1999, "Antibacterial activity of 
turmeric oil: a byproduct from curcumin manufacture", Journal of Agricultural and Food Chemistry, 
vol. 47, no. 10, pp. 4297-4300. 

Nelson, H.D., Humphrey, L.L., Nygren, P., Teutsch, S.M. & Allan, J.D. 2002, "Postmenopausal hormone 
replacement therapy: scientific review", JAMA : the journal of the American Medical Association, 
vol. 288, no. 7, pp. 872-881. 

Neve, A., Corrado, A. & Cantatore, F.P. 2012, "Osteocytes: central conductors of bone biology in normal 
and pathological conditions", Acta physiologica (Oxford, England), vol. 204, no. 3, pp. 317-330. 

Office of the Surgeon General (US) 2004, . 

Okazaki, R., Inoue, D., Shibata, M., Saika, M., Kido, S., Ooka, H., Tomiyama, H., Sakamoto, Y. & 
Matsumoto, T. 2002, "Estrogen promotes early osteoblast differentiation and inhibits adipocyte 
differentiation in mouse bone marrow stromal cell lines that express estrogen receptor (ER) alpha or 
beta", Endocrinology, vol. 143, no. 6, pp. 2349-2356. 

Ooi, L.L., Zhou, H., Kalak, R., Zheng, Y., Conigrave, A.D., Seibel, M.J. & Dunstan, C.R. 2010, "Vitamin 
D deficiency promotes human breast cancer growth in a murine model of bone metastasis", Cancer 
research, vol. 70, no. 5, pp. 1835-1844. 

Ott, S.M. 2011, "Osteoporosis", Osteoporosis and bone physiology, [Online], , pp. 1 March, 2012. 
Available from: http://courses.washington.edu/bonephys/opop/opop.html. [1 March, 2012]. 

Ott, S.M. 2005, "Sclerostin and Wnt signaling--the pathway to bone strength", The Journal of clinical 
endocrinology and metabolism, vol. 90, no. 12, pp. 6741-6743. 

Paget, S. 1989, "The distribution of secondary growths in cancer of the breast. 1889", Cancer metastasis 
reviews, vol. 8, no. 2, pp. 98-101. 

Pan, M.H., Huang, T.M. & Lin, J.K. 1999, "Biotransformation of curcumin through reduction and 
glucuronidation in mice", Drug metabolism and disposition: the biological fate of chemicals, vol. 27, 
no. 4, pp. 486-494. 



177 

Pan, M.H., Lin-Shiau, S.Y. & Lin, J.K. 2000, "Comparative studies on the suppression of nitric oxide 
synthase by curcumin and its hydrogenated metabolites through down-regulation of IkappaB kinase 
and NFkappaB activation in macrophages", Biochemical pharmacology, vol. 60, no. 11, pp. 1665-
1676. 

Parfitt, A.M. 1984, "Age-related structural changes in trabecular and cortical bone: cellular mechanisms 
and biomechanical consequences", Calcified tissue international, vol. 36 Suppl 1, pp. S123-8. 

Perez-Lara, A., Corbalan-Garcia, S. & Gomez-Fernandez, J.C. 2011, "Curcumin modulates PKCalpha 
activity by a membrane-dependent effect", Archives of Biochemistry and Biophysics, vol. 513, no. 1, 
pp. 36-41. 

Perrien, D.S., Achenbach, S.J., Bledsoe, S.E., Walser, B., Suva, L.J., Khosla, S. & Gaddy, D. 2006, "Bone 
turnover across the menopause transition: correlations with inhibins and follicle-stimulating 
hormone", The Journal of clinical endocrinology and metabolism, vol. 91, no. 5, pp. 1848-1854. 

Peyruchaud, O., Winding, B., Pecheur, I., Serre, C.M., Delmas, P. & Clezardin, P. 2001, "Early detection 
of bone metastases in a murine model using fluorescent human breast cancer cells: application to the 
use of the bisphosphonate zoledronic acid in the treatment of osteolytic lesions", Journal of bone and 
mineral research : the official journal of the American Society for Bone and Mineral Research, vol. 
16, no. 11, pp. 2027-2034. 

Pfeiffer, E., Esch, H., Hohle, S., Solyom, A. & Timmermann, B.N. 2003, "In vitro studies on the estrogenic 
activity of the metabolism of curcumin" in Functional Foods: Safety Aspects, ed. G. Eisenbrand, 
Wiley-VCH Verlag, Weinheim, Germany, pp. 325-329. 

Philip, S. & Kundu, G.C. 2003, "Osteopontin induces nuclear factor kappa B-mediated promatrix 
metalloproteinase-2 activation through I kappa B alpha /IKK signaling pathways, and curcumin 
(diferulolylmethane) down-regulates these pathways", The Journal of biological chemistry, vol. 278, 
no. 16, pp. 14487-14497. 

Pichersky, E. & Gang, D.R. 2000, "Genetics and biochemistry of secondary metabolites in plants: an 
evolutionary perspective", Trends in plant science, vol. 5, no. 10, pp. 439-445. 

Plummer, S.M., Holloway, K.A., Manson, M.M., Munks, R.J., Kaptein, A., Farrow, S. & Howells, L. 1999, 
"Inhibition of cyclo-oxygenase 2 expression in colon cells by the chemopreventive agent curcumin 
involves inhibition of NF-kappaB activation via the NIK/IKK signalling complex", Oncogene, vol. 
18, no. 44, pp. 6013-6020. 

Porthouse, J., Cockayne, S., King, C., Saxon, L., Steele, E., Aspray, T., Baverstock, M., Birks, Y., 
Dumville, J., Francis, R., Iglesias, C., Puffer, S., Sutcliffe, A., Watt, I. & Torgerson, D.J. 2005, 
"Randomised controlled trial of calcium and supplementation with cholecalciferol (vitamin D3) for 
prevention of fractures in primary care", BMJ (Clinical research ed.), vol. 330, no. 7498, pp. 1003. 

Powell, G.J., Southby, J., Danks, J.A., Stillwell, R.G., Hayman, J.A., Henderson, M.A., Bennett, R.C. & 
Martin, T.J. 1991, "Localization of parathyroid hormone-related protein in breast cancer metastases: 
increased incidence in bone compared with other sites", Cancer research, vol. 51, no. 11, pp. 3059-
3061. 



178 

Raisz, L.G. 2001, "Pathogenesis of postmenopausal osteoporosis", Reviews in endocrine & metabolic 
disorders, vol. 2, no. 1, pp. 5-12. 

Ramirez-Ahumada Mdel, C., Timmermann, B.N. & Gang, D.R. 2006, "Biosynthesis of curcuminoids and 
gingerols in turmeric (Curcuma longa) and ginger (Zingiber officinale): identification of curcuminoid 
synthase and hydroxycinnamoyl-CoA thioesterases", Phytochemistry, vol. 67, no. 18, pp. 2017-2029. 

Reginster, J., Minne, H.W., Sorensen, O.H., Hooper, M., Roux, C., Brandi, M.L., Lund, B., Ethgen, D., 
Pack, S., Roumagnac, I. & Eastell, R. 2000, "Randomized trial of the effects of risedronate on 
vertebral fractures in women with established postmenopausal osteoporosis. Vertebral Efficacy with 
Risedronate Therapy (VERT) Study Group", Osteoporosis international : a journal established as 
result of cooperation between the European Foundation for Osteoporosis and the National 
Osteoporosis Foundation of the USA, vol. 11, no. 1, pp. 83-91. 

Reid, I.R. & Cornish, J. 2011, "Epidemiology and pathogenesis of osteonecrosis of the jaw", Nature 
reviews.Rheumatology, vol. 8, no. 2, pp. 90-96. 

Relf, M., LeJeune, S., Scott, P.A., Fox, S., Smith, K., Leek, R., Moghaddam, A., Whitehouse, R., Bicknell, 
R. & Harris, A.L. 1997, "Expression of the angiogenic factors vascular endothelial cell growth factor, 
acidic and basic fibroblast growth factor, tumor growth factor beta-1, platelet-derived endothelial cell 
growth factor, placenta growth factor, and pleiotrophin in human primary breast cancer and its 
relation to angiogenesis", Cancer research, vol. 57, no. 5, pp. 963-969. 

Rizzoli, R., Burlet, N., Cahall, D., Delmas, P.D., Eriksen, E.F., Felsenberg, D., Grbic, J., Jontell, M., 
Landesberg, R., Laslop, A., Wollenhaupt, M., Papapoulos, S., Sezer, O., Sprafka, M. & Reginster, 
J.Y. 2008, "Osteonecrosis of the jaw and bisphosphonate treatment for osteoporosis", Bone, vol. 42, 
no. 5, pp. 841-847. 

Robling, A.G., Castillo, A.B. & Turner, C.H. 2006, "Biomechanical and molecular regulation of bone 
remodeling", Annual Review of Biomedical Engineering, vol. 8, pp. 455-498. 

Robling, A.G., Niziolek, P.J., Baldridge, L.A., Condon, K.W., Allen, M.R., Alam, I., Mantila, S.M., 
Gluhak-Heinrich, J., Bellido, T.M., Harris, S.E. & Turner, C.H. 2008, "Mechanical stimulation of 
bone in vivo reduces osteocyte expression of Sost/sclerostin", The Journal of biological chemistry, 
vol. 283, no. 9, pp. 5866-5875. 

Roodman, G.D. 2004, "Mechanisms of bone metastasis", The New England journal of medicine, vol. 350, 
no. 16, pp. 1655-1664. 

Rosen, C.J. 2008, "The primer on metabolic bone disease and disorders of mineral metabolism" in 
Overview of Pathogenesis, ed. L.G. Raisz, 7th edn, The American Society for Bone and Mineral 
Research, Washington, DC, pp. 203-206. 

Rosol, T.J., Tannehill-Gregg, S.H., Corn, S., Schneider, A. & McCauley, L.K. 2004, "Animal models of 
bone metastasis", Cancer treatment and research, vol. 118, pp. 47-81. 

Ross, F.P. 2008, "Osteoclast biology and bone resorption" in Primer on the metabolic bone diseases and 
disorder of mineral metabolism, ed. C.J. Rosen, 7th edn, The American Society for Bone and Mineral 
Research, Washington, DC, pp. 16-22. 



179 

Rouach, V., Katzburg, S., Koch, Y., Stern, N. & Somjen, D. 2011, "Bone loss in ovariectomized rats: 
dominant role for estrogen but apparently not for FSH", Journal of cellular biochemistry, vol. 112, 
no. 1, pp. 128-137. 

Rucci, N., Ricevuto, E., Ficorella, C., Longo, M., Perez, M., Di Giacinto, C., Funari, A., Teti, A. & 
Migliaccio, S. 2004, "In vivo bone metastases, osteoclastogenic ability, and phenotypic 
characterization of human breast cancer cells", Bone, vol. 34, no. 4, pp. 697-709. 

Russell, R.G. 2011, "Bisphosphonates: the first 40 years", Bone, vol. 49, no. 1, pp. 2-19. 

Ryan, M.R., Shepherd, R., Leavey, J.K., Gao, Y., Grassi, F., Schnell, F.J., Qian, W.P., Kersh, G.J., 
Weitzmann, M.N. & Pacifici, R. 2005, "An IL-7-dependent rebound in thymic T cell output 
contributes to the bone loss induced by estrogen deficiency", Proceedings of the National Academy of 
Sciences of the United States of America, vol. 102, no. 46, pp. 16735-16740. 

Saarto, T., Blomqvist, C., Virkkunen, P. & Elomaa, I. 2001, "Adjuvant clodronate treatment does not 
reduce the frequency of skeletal metastases in node-positive breast cancer patients: 5-year results of a 
randomized controlled trial", Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology, vol. 19, no. 1, pp. 10-17. 

Schett, G., Redlich, K. & Smolen, J. 2006, "Inflammation-induced bone loss in rheumatic diseases" in 
Primer on the metabolic bone diseases and disorders of mineral metabolism, ed. M.J. Favus, 6th edn, 
Williams & Wilkins, New York, NY, pp. 259-262. 

Schmidt, B.M., Ribnicky, D.M., Lipsky, P.E. & Raskin, I. 2007, "Revisiting the ancient concept of 
botanical therapeutics", Nature chemical biology, vol. 3, no. 7, pp. 360-366. 

Sebag, M., Henderson, J., Goltzman, D. & Kremer, R. 1994, "Regulation of parathyroid hormone-related 
peptide production in normal human mammary epithelial cells in vitro", The American Journal of 
Physiology, vol. 267, no. 3 Pt 1, pp. C723-30. 

Seeman, E. 2009, "Bone modeling and remodeling", Critical reviews in eukaryotic gene expression, vol. 
19, no. 3, pp. 219-233. 

Seeman, E. 2003, "Reduced bone formation and increased bone resorption: rational targets for the treatment 
of osteoporosis", Osteoporosis international : a journal established as result of cooperation between 
the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA, 
vol. 14 Suppl 3, pp. S2-8. 

Selvam, C., Jachak, S.M., Thilagavathi, R. & Chakraborti, A.K. 2005, "Design, synthesis, biological 
evaluation and molecular docking of curcumin analogues as antioxidant, cyclooxygenase inhibitory 
and anti-inflammatory agents", Bioorganic & medicinal chemistry letters, vol. 15, no. 7, pp. 1793-
1797. 

Semsri, S., Krig, S.R., Kotelawala, L., Sweeney, C.A. & Anuchapreeda, S. 2011, "Inhibitory mechanism of 
pure curcumin on Wilms' tumor 1 (WT1) gene expression through the PKCalpha signaling pathway 
in leukemic K562 cells", FEBS letters, vol. 585, no. 14, pp. 2235-2242. 

Sharma, R.A., Steward, W.P. & Gescher, A.J. 2007, "Pharmacokinetics and pharmacodynamics of 
curcumin", Advances in Experimental Medicine and Biology, vol. 595, pp. 453-470. 



180 

Sharma, S., Stutzman, J.D., Kelloff, G.J. & Steele, V.E. 1994, "Screening of potential chemopreventive 
agents using biochemical markers of carcinogenesis", Cancer research, vol. 54, no. 22, pp. 5848-
5855. 

Sheen-Chen, S.M., Chen, H.S., Sheen, C.W., Eng, H.L. & Chen, W.J. 2001, "Serum levels of transforming 
growth factor beta1 in patients with breast cancer", Archives of surgery (Chicago, Ill.: 1960), vol. 
136, no. 8, pp. 937-940. 

Shehzad, A., Wahid, F. & Lee, Y.S. 2010, "Curcumin in cancer chemoprevention: molecular targets, 
pharmacokinetics, bioavailability, and clinical trials", Archiv der Pharmazie, vol. 343, no. 9, pp. 489-
499. 

Shioi, A., Teitelbaum, S.L., Ross, F.P., Welgus, H.G., Suzuki, H., Ohara, J. & Lacey, D.L. 1991, 
"Interleukin 4 inhibits murine osteoclast formation in vitro", Journal of cellular biochemistry, vol. 47, 
no. 3, pp. 272-277. 

Simpson, E.R. 2003, "Sources of estrogen and their importance", The Journal of steroid biochemistry and 
molecular biology, vol. 86, no. 3-5, pp. 225-230. 

Singh, A.S. & Figg, W.D. 2005, "In vivo models of prostate cancer metastasis to bone", The Journal of 
urology, vol. 174, no. 3, pp. 820-826. 

Singh, G., Kapoor, I.P., Singh, P., de Heluani, C.S., de Lampasona, M.P. & Catalan, C.A. 2010, 
"Comparative study of chemical composition and antioxidant activity of fresh and dry rhizomes of 
turmeric (Curcuma longa Linn.)", Food and chemical toxicology : an international journal published 
for the British Industrial Biological Research Association, vol. 48, no. 4, pp. 1026-1031. 

Small, R.E. 2005, "Uses and limitations of bone mineral density measurements in the management of 
osteoporosis", MedGenMed : Medscape general medicine, vol. 7, no. 2, pp. 3. 

Smith, M.R., Gangireddy, S.R., Narala, V.R., Hogaboam, C.M., Standiford, T.J., Christensen, P.J., 
Kondapi, A.K. & Reddy, R.C. 2010, "Curcumin inhibits fibrosis-related effects in IPF fibroblasts and 
in mice following bleomycin-induced lung injury", American journal of physiology.Lung cellular and 
molecular physiology, vol. 298, no. 5, pp. L616-25. 

Sowers, M.R., Jannausch, M., McConnell, D., Little, R., Greendale, G.A., Finkelstein, J.S., Neer, R.M., 
Johnston, J. & Ettinger, B. 2006, "Hormone predictors of bone mineral density changes during the 
menopausal transition", The Journal of clinical endocrinology and metabolism, vol. 91, no. 4, pp. 
1261-1267. 

Sowers, M.R., Zheng, H., Jannausch, M.L., McConnell, D., Nan, B., Harlow, S. & Randolph, J.F.,Jr 2010, 
"Amount of bone loss in relation to time around the final menstrual period and follicle-stimulating 
hormone staging of the transmenopause", The Journal of clinical endocrinology and metabolism, vol. 
95, no. 5, pp. 2155-2162. 

Sparber, A. & Wootton, J.C. 2001, "Surveys of complementary and alternative medicine: Part II. Use of 
alternative and complementary cancer therapies", Journal of alternative and complementary medicine 
(New York, N.Y.), vol. 7, no. 3, pp. 281-287. 



181 

Stolina, M., Schett, G., Dwyer, D., Vonderfecht, S., Middleton, S., Duryea, D., Pacheco, E., Van, G., 
Bolon, B., Feige, U., Zack, D. & Kostenuik, P. 2009, "RANKL inhibition by osteoprotegerin prevents 
bone loss without affecting local or systemic inflammation parameters in two rat arthritis models: 
comparison with anti-TNFalpha or anti-IL-1 therapies", Arthritis research & therapy, vol. 11, no. 6, 
pp. R187. 

Stopeck, A.T., Lipton, A., Body, J.J., Steger, G.G., Tonkin, K., de Boer, R.H., Lichinitser, M., Fujiwara, 
Y., Yardley, D.A., Viniegra, M., Fan, M., Jiang, Q., Dansey, R., Jun, S. & Braun, A. 2010, 
"Denosumab compared with zoledronic acid for the treatment of bone metastases in patients with 
advanced breast cancer: a randomized, double-blind study", Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology, vol. 28, no. 35, pp. 5132-5139. 

Strand, V. & Kavanaugh, A.F. 2004, "The role of interleukin-1 in bone resorption in rheumatoid arthritis", 
Rheumatology (Oxford, England), vol. 43 Suppl 3, pp. iii10-iii16. 

Subbiah, V., Madsen, V.S., Raymond, A.K., Benjamin, R.S. & Ludwig, J.A. 2010, "Of mice and men: 
divergent risks of teriparatide-induced osteosarcoma", Osteoporosis international : a journal 
established as result of cooperation between the European Foundation for Osteoporosis and the 
National Osteoporosis Foundation of the USA, vol. 21, no. 6, pp. 1041-1045. 

Sugimoto, K., Hanai, H., Tozawa, K., Aoshi, T., Uchijima, M., Nagata, T. & Koide, Y. 2002, "Curcumin 
prevents and ameliorates trinitrobenzene sulfonic acid-induced colitis in mice", Gastroenterology, 
vol. 123, no. 6, pp. 1912-1922. 

Sun, L., Peng, Y., Sharrow, A.C., Iqbal, J., Zhang, Z., Papachristou, D.J., Zaidi, S., Zhu, L.L., 
Yaroslavskiy, B.B., Zhou, H., Zallone, A., Sairam, M.R., Kumar, T.R., Bo, W., Braun, J., Cardoso-
Landa, L., Schaffler, M.B., Moonga, B.S., Blair, H.C. & Zaidi, M. 2006, "FSH directly regulates bone 
mass", Cell, vol. 125, no. 2, pp. 247-260. 

Suva, L.J., Winslow, G.A., Wettenhall, R.E., Hammonds, R.G., Moseley, J.M., Diefenbach-Jagger, H., 
Rodda, C.P., Kemp, B.E., Rodriguez, H. & Chen, E.Y. 1987, "A parathyroid hormone-related protein 
implicated in malignant hypercalcemia: cloning and expression", Science (New York, N.Y.), vol. 237, 
no. 4817, pp. 893-896. 

Swanson, C.A. 2002, "Suggested guidelines for articles about botanical dietary supplements", The 
American Journal of Clinical Nutrition, vol. 75, no. 1, pp. 8-10. 

Tang, B.M., Eslick, G.D., Nowson, C., Smith, C. & Bensoussan, A. 2007, "Use of calcium or calcium in 
combination with vitamin D supplementation to prevent fractures and bone loss in people aged 50 
years and older: a meta-analysis", Lancet, vol. 370, no. 9588, pp. 657-666. 

Teitelbaum, S.L. 2000, "Bone resorption by osteoclasts", Science (New York, N.Y.), vol. 289, no. 5484, pp. 
1504-1508. 

Thompson, D.D., Simmons, H.A., Pirie, C.M. & Ke, H.Z. 1995, "FDA Guidelines and animal models for 
osteoporosis", Bone, vol. 17, no. 4 Suppl, pp. 125S-133S. 

Tindle, H.A., Davis, R.B., Phillips, R.S. & Eisenberg, D.M. 2005, "Trends in use of complementary and 
alternative medicine by US adults: 1997-2002", Alternative Therapies in Health and Medicine, vol. 
11, no. 1, pp. 42-49. 



182 

Tonnesen, H. & Karlsen, J. 1985, "Studies on curcumin and curcuminoids-VI: kinetics of curcumin 
degradation in aqueous solution", Lebsm Unters Forsch, vol. 180, pp. 132-134. 

Tonnesen, H., Karlsen, J. & Henegouwen, G. 1986, "Studies on curcumin and curcuminoids-VII: 
phytochemical stability of curcumin", Z Lebesm Unters Forsch, vol. 183, pp. 116-122. 

Tortora, G.J., Derrickson, B. 2006, Principles of Anatomy and Physiology, 11th edn, Wiley & Sons, New 
Jersey. 

Tracy, R.P. 2003, "Emerging relationships of inflammation, cardiovascular disease and chronic diseases of 
aging", International journal of obesity and related metabolic disorders : journal of the International 
Association for the Study of Obesity, vol. 27 Suppl 3, pp. S29-34. 

Tubiana-Hulin, M. 1991, "Incidence, prevalence and distribution of bone metastases", Bone, vol. 12 Suppl 
1, pp. S9-10. 

Tubiana-Hulin, M., Beuzeboc, P., Mauriac, L., Barbet, N., Frenay, M., Monnier, A., Pion, J.M., Switsers, 
O., Misset, J.L., Assadourian, S. & Bessa, E. 2001, "Double-blinded controlled study comparing 
clodronate versus placebo in patients with breast cancer bone metastases", Bulletin du cancer, vol. 88, 
no. 7, pp. 701-707. 

Tushinski, R.J., Oliver, I.T., Guilbert, L.J., Tynan, P.W., Warner, J.R. & Stanley, E.R. 1982, "Survival of 
mononuclear phagocytes depends on a lineage-specific growth factor that the differentiated cells 
selectively destroy", Cell, vol. 28, no. 1, pp. 71-81. 

van beek, E., Lowik, C., van der Pluijm, G. & Papapoulos, S. 1999, "The role of geranylgeranylation in 
bone resorption and its suppression by bisphosphonates in fetal bone explants in vitro: A clue to the 
mechanism of action of nitrogen-containing bisphosphonates", Journal of bone and mineral research 
: the official journal of the American Society for Bone and Mineral Research, vol. 14, no. 5, pp. 722-
729. 

van Holten-Verzantvoort, A.T., Bijvoet, O.L., Cleton, F.J., Hermans, J., Kroon, H.M., Harinck, H.I., 
Vermey, P., Elte, J.W., Neijt, J.P. & Beex, L.V. 1987, "Reduced morbidity from skeletal metastases 
in breast cancer patients during long-term bisphosphonate (APD) treatment", Lancet, vol. 2, no. 8566, 
pp. 983-985. 

Vareed, S.K., Kakarala, M., Ruffin, M.T., Crowell, J.A., Normolle, D.P., Djuric, Z. & Brenner, D.E. 2008, 
"Pharmacokinetics of curcumin conjugate metabolites in healthy human subjects", Cancer 
epidemiology, biomarkers & prevention : a publication of the American Association for Cancer 
Research, cosponsored by the American Society of Preventive Oncology, vol. 17, no. 6, pp. 1411-
1417. 

Vokes, T.J. & Favus, M.J. 2010, "Clinical management of the patient with osteoporosis" in Translational 
endocrinology & metabolism, ed. R.P. Robertson, 1st edn, The Endocrine Society, Chevy Chase, MD, 
pp. 9-54. 

von Metzler, I., Krebbel, H., Kuckelkorn, U., Heider, U., Jakob, C., Kaiser, M., Fleissner, C., Terpos, E. & 
Sezer, O. 2009, "Curcumin diminishes human osteoclastogenesis by inhibition of the signalosome-
associated I kappaB kinase", Journal of cancer research and clinical oncology, vol. 135, no. 2, pp. 
173-179. 



183 

Walker, E.C., Poulton, I.J., McGregor, N.E., Ho, P.W., Allan, E.H., Quach, J.M., Martin, T.J. & Sims, N.A. 
2011, "Sustained RANKL response to parathyroid hormone in oncostatin M receptor-deficient 
osteoblasts converts anabolic treatment to a catabolic effect", Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research, . 

Walker, E.P. 2012, FDA supplement guidance not strict enough, MD says, MedPage Today, 
http://www.medpagetoday.com/PublicHealthPolicy/FDAGeneral/30874. 

Wang, Y., Pan, M., Cheng, A., Lin, L., Ho, Y., Hsieh, C. & Lin, J. 1997, "Stability of curcumin in buffer 
solutions and characterization of its degradation products", J Pharm Biomed Anal, vol. 15, pp. 1867-
1876. 

Watts, N.B., Roux, C., Modlin, J.F., Brown, J.P., Daniels, A., Jackson, S., Smith, S., Zack, D.J., Zhou, L., 
Grauer, A. & Ferrari, S. 2012, "Infections in postmenopausal women with osteoporosis treated with 
denosumab or placebo: coincidence or causal association?", Osteoporosis international : a journal 
established as result of cooperation between the European Foundation for Osteoporosis and the 
National Osteoporosis Foundation of the USA, vol. 23, no. 1, pp. 327-337. 

Weaver, C.M., Martin, B.R., Jackson, G.S., McCabe, G.P., Nolan, J.R., McCabe, L.D., Barnes, S., 
Reinwald, S., Boris, M.E. & Peacock, M. 2009, "Antiresorptive effects of phytoestrogen supplements 
compared with estradiol or risedronate in postmenopausal women using (41)Ca methodology", The 
Journal of clinical endocrinology and metabolism, vol. 94, no. 10, pp. 3798-3805. 

Weilbaecher, K.N., Guise, T.A. & McCauley, L.K. 2011, "Cancer to bone: a fatal attraction", Nature 
reviews.Cancer, vol. 11, no. 6, pp. 411-425. 

Weng, C.J. & Yen, G.C. 2012, "Chemopreventive effects of dietary phytochemicals against cancer invasion 
and metastasis: phenolic acids, monophenol, polyphenol, and their derivatives", Cancer treatment 
reviews, vol. 38, no. 1, pp. 76-87. 

Wong, M.H., Stockler, M.R. & Pavlakis, N. 2012, "Bisphosphonates and other bone agents for breast 
cancer", Cochrane database of systematic reviews (Online), vol. 2, pp. CD003474. 

Woo, J.H., Kim, Y.H., Choi, Y.J., Kim, D.G., Lee, K.S., Bae, J.H., Min, D.S., Chang, J.S., Jeong, Y.J., Lee, 
Y.H., Park, J.W. & Kwon, T.K. 2003, "Molecular mechanisms of curcumin-induced cytotoxicity: 
induction of apoptosis through generation of reactive oxygen species, down-regulation of Bcl-XL and 
IAP, the release of cytochrome c and inhibition of Akt", Carcinogenesis, vol. 24, no. 7, pp. 1199-
1208. 

Wright, L.E., Frye, J.B., Lukefahr, A.L., Marion, S.L., Hoyer, P.B., Besselsen, D.G. & Funk, J.L. 2011, "4-
Vinylcyclohexene diepoxide (VCD) inhibits mammary epithelial differentiation and induces 
fibroadenoma formation in female Sprague Dawley rats", Reproductive toxicology (Elmsford, N.Y.), 
vol. 32, no. 1, pp. 26-32. 

Wright, L.E., Frye, J.B., Timmermann, B.N. & Funk, J.L. 2010, "Protection of trabecular bone in 
ovariectomized rats by turmeric (Curcuma longa L.) is dependent on extract composition", Journal of 
Agricultural and Food Chemistry, vol. 58, no. 17, pp. 9498-9504. 

Wronski, T.J., Dann, L.M., Scott, K.S. & Cintron, M. 1989, "Long-term effects of ovariectomy and aging 
on the rat skeleton", Calcified tissue international, vol. 45, no. 6, pp. 360-366. 



184 

Wronski, T.J., Yen, C.F., Qi, H. & Dann, L.M. 1993, "Parathyroid hormone is more effective than estrogen 
or bisphosphonates for restoration of lost bone mass in ovariectomized rats", Endocrinology, vol. 132, 
no. 2, pp. 823-831. 

Wysolmerski, J.J., Dann, P.R., Zelazny, E., Dunbar, M.E., Insogna, K.L., Guise, T.A. & Perkins, A.S. 
2002, "Overexpression of parathyroid hormone-related protein causes hypercalcemia but not bone 
metastases in a murine model of mammary tumorigenesis", Journal of bone and mineral research : 
the official journal of the American Society for Bone and Mineral Research, vol. 17, no. 7, pp. 1164-
1170. 

Xiong, J. & O'Brien, C.A. 2012, "Osteocyte RANKL: New insights into the control of bone remodeling", 
Journal of bone and mineral research : the official journal of the American Society for Bone and 
Mineral Research, vol. 27, no. 3, pp. 499-505. 

Yamashita, T., Yao, Z., Li, F., Zhang, Q., Badell, I., Schwarz, E., Takeshita, S., Wagner, E., Noda, M., 
Matsuo, K., Xing, L. & Boyce, B. 2007, "NF-kappaB p50 and p52 regulate receptor activator of NF-
kappaB ligand (RANKL) and tumor necrosis factor-induced osteoclast precursor differentiation by 
activating c-Fos and NFATc1", J Biol Chem, vol. 282, no. 25, pp. 18245-18253. 

Yasui, T., Kadono, Y., Nakamura, M., Oshima, Y., Matsumoto, T., Masuda, H., Hirose, J., Omata, Y., 
Yasuda, H., Imamura, T., Nakamura, K. & Tanaka, S. 2011, "Regulation of RANKL-induced 
osteoclastogenesis by TGF-beta through molecular interaction between Smad3 and Traf6", Journal of 
bone and mineral research : the official journal of the American Society for Bone and Mineral 
Research, vol. 26, no. 7, pp. 1447-1456. 

Yin, J.J., Selander, K., Chirgwin, J.M., Dallas, M., Grubbs, B.G., Wieser, R., Massague, J., Mundy, G.R. & 
Guise, T.A. 1999, "TGF-beta signaling blockade inhibits PTHrP secretion by breast cancer cells and 
bone metastases development", The Journal of clinical investigation, vol. 103, no. 2, pp. 197-206. 

Yoneda, T., Michigami, T., Yi, B., Williams, P.J., Niewolna, M. & Hiraga, T. 2000, "Actions of 
bisphosphonate on bone metastasis in animal models of breast carcinoma", Cancer, vol. 88, no. 12 
Suppl, pp. 2979-2988. 

Yu, H. & Rohan, T. 2000, "Role of the insulin-like growth factor family in cancer development and 
progression", Journal of the National Cancer Institute, vol. 92, no. 18, pp. 1472-1489. 

Yu, J.L. & Rak, J.W. 2003, "Host microenvironment in breast cancer development: inflammatory and 
immune cells in tumour angiogenesis and arteriogenesis", Breast cancer research : BCR, vol. 5, no. 2, 
pp. 83-88. 

Yue, G.G., Chan, B.C., Hon, P.M., Kennelly, E.J., Yeung, S.K., Cassileth, B.R., Fung, K.P., Leung, P.C. & 
Lau, C.B. 2010, "Immunostimulatory activities of polysaccharide extract isolated from Curcuma 
longa", International journal of biological macromolecules, vol. 47, no. 3, pp. 342-347. 

Zhang, F., Altorki, N.K., Mestre, J.R., Subbaramaiah, K. & Dannenberg, A.J. 1999, "Curcumin inhibits 
cyclooxygenase-2 transcription in bile acid- and phorbol ester-treated human gastrointestinal 
epithelial cells", Carcinogenesis, vol. 20, no. 3, pp. 445-451. 



185 

Zhang, Y., Li, Q., Wan, H.Y., Helferich, W.G. & Wong, M.S. 2009, "Genistein and a soy extract 
differentially affect three-dimensional bone parameters and bone-specific gene expression in 
ovariectomized mice", The Journal of nutrition, vol. 139, no. 12, pp. 2230-2236. 

Zhang, Y., Ma, B. & Fan, Q. 2010, "Mechanisms of breast cancer bone metastasis", Cancer letters, vol. 
292, no. 1, pp. 1-7. 

Zhao, H., Tian, Z., Cheng, L. & Chen, B. 2004, "Electroacupuncture enhances extragonadal aromatization 
in ovariectomized rats", Reproductive biology and endocrinology : RB&E, vol. 2, pp. 18. 

  


