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Abstract

A number of studies have focused on the beneficial properties of Curcumin (diferuloyl methane,

used in South Asian cuisine and traditional medicine) such as the chemoprevention of cancer.

Recent studies have also indicated that this material has significant benefits for the treatment of

cancer and is currently undergoing several clinical trials. We have been interested in the

application of this compound as a therapeutic agent for advanced prostate cancer, particularly the

skeletal complications in this malignancy. Our earlier work indicated that this compound could

inhibit the osteomimetic properties which occur in castration resistant prostate cancer cells, by

interfering with the common denominators between these cancer cells and the bone cells in the

metastatic tumor microenvironment, namely the osteoblasts and the osteoclast. We predicted that

curcumin could break the vicious cycle of reciprocal stimulation that results in uncontrolled

osteolysis in the bony matrix. In this work, we have evaluated the potential of this compound in

inhibiting the bone metastasis of hormone refractory prostate cancer cells in an established animal

model. Our results strongly suggest that curcumin modulates the TGF-β signaling that occurs due

to bone matrix degradation by up-regulating the metastasis inhibitory bone morphogenic protein-7

(BMP- 7). This enhancement of BMP-7 in the context of TGF-βin the tumor microenvironment is

shown to enhance the mesenchymal-to-epithelial transition. Most importantly, we show that as a

result of BMP-7 up-regulation, a novel brown/beige adipogenic differentiation program is also up-

regu- lated which plays a role in the inhibition of bone metastasis. Our results suggest that

curcumin may subvert the TGF-βsignaling to an alternative adipogenic differentiation program in

addition to the previously established interference with the osteomimetic properties, thus

inhibiting the bone metastatic processes in a chemopreventive as well as therapeutic setting.
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1. Introduction

Despite its common occurrence and extensive research, prostate cancer biology and its

metastasis are still poorly understood [1] [2]. Bone is the most favored metastatic site in

prostate cancer cases producing lesions which are predominantly osteoblastic but yet

osteosclerotic in appearance. Epidemiological studies indicate that while the rate of

occurrence of clinically indolent prostate cancer is similar worldwide, the rate of occurrence

of clinically significant and metastatic prostate cancer is markedly lower in Asia than in

western populations [3]-[6]. It has been proposed that these differences are largely due to

influencing factors such as diet and nutrition rather than genetic variations because Asian

men who adopt a western lifestyle show an increased incidence of clinically significant

disease [7] [8]. While several studies have been conducted to investigate the role of dietary

components such as soy, resveratrol and green tea etc. on prostate cancer growth, so far very

few of these studies have focused on interfering with the metastatic complications in

prostate cancer by dietary ingredients [9]-[11]. This clearly represents a gap in our

knowledge and emphasizes the importance of testing such agents that would prevent the

skeletal metastatic outcome so as to improve the quality of life in the patient in a safe and

non-toxic manner. Advanced prostate cancer is invariably treated by some form of androgen

deprivation therapy [12] [13]. Unfortunately, today the clinicians know that hormonal

deprivation therapy is at best palliative and not a very effective treatment for prostate cancer.

There is also an increasing belief that stringent selective pressure imposed by androgen

deprivation on the residual prostate cancer cells might actually accelerate the development

of more aggressive, metastatic and rapidly growing prostate cancers [14]-[16]. Therefore,

the search for a reliable mechanism based treatment strategies continues. Several

investigators have recently turned towards strategies in complementary and alternative

medicine, tapping into the vast traditional knowledge base available in various ethnic

societies. Over the past few years, a number of foods, vitamins and minerals have been

found to be beneficial for the prevention and treatment of prostate cancer [17] [18].

Evidence is mounting that we can prevent many illnesses such as prostate cancer by

modifying our lifestyle, for example, by diet [19] [20]. Hence, the use of nutritional

modification as a preventive modality or as an adjuvant therapy for the treatment of prostate

cancer is an attractive idea [21] [22]. This study focuses on the possible therapeutic efficacy

of the dietary ingredient curcumin, used in traditional medicine and in the cuisine of India

and South East Asia for centuries as a powerful anti-oxidant, as an anti-inflammatory agent

and as a flavor enhancer.

We have investigated over several years the possibility that the naturally occurring

chemopreventive compound called curcumin (diferuloyl methane) could also be used in a

therapeutic manner to slow down the progression of prostate cancer, particularly the

establishment of bony metastases [23]-[27]. This material is widely used in South East Asia

in traditional medicine and as a culinary flavor enhancer [28]-[30]. Our preliminary results

strongly indicated that this agent might interfere with several signaling pathways that

contribute to the metastatic potential of these prostate cancer cells. To investigate this, we

have used the C4-2B prostate carcinoma bone metastasis progression model system

developed by Chung and his coworkers [31]-[33]. This is an ideally suited system since it
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mimics all the features of androgen independent growth, a preferred osseous metastatic

potential and in the exhibition of osteomimetic properties. By acquiring these osteomimetic

properties, these prostate cancer cells draw a parallel between their own function/

progression and osteoblast/osteoclast function and maturation, in order to survive in the

bony microenvironment. This model system also emphasizes the importance of the

collaboration between the prostate cancer cells and bone stromal cells which is based on a

common growth factor environment and requirement for these cell types. Our preliminary

results indicated that curcumin is capable of interfering with both the osteoblastic and the

osteoclastic component of the mimicry that these prostate cancer cells exhibit in order to

reside and proliferate in the bony metastases [26]. This is mainly shown by the observations

that curcumin is capable of inhibiting the signaling pathways mediated by epidermal growth

factor receptor and macrophage colony stimulation factor-1 receptor, inhibition of the

expression of osteoblast specific transcription factor Cbfa-1 and finally by inhibiting the

activation process of the transcription factor NF-kB. These observations point out to the

unique therapeutic potential of this naturally occurring compound in interfering with the

signaling pathways that contribute to the osteo-mimicry of these prostate cancer cells. Our

preliminary studies on the C4-2B prostate cancer bone metastasis model system emphasize

the fact that there are several common denominators between the signaling and function of

these metastasizing prostate cancer cells and of osteoblasts/osteoclasts. We believe that

curcumin could be a novel inhibitor of these trophisms. Hence, we tested the hypothesis that

curcumin inhibits the in vivo development of metastatic osseous foci in either a

chemopreventive or therapeutic manner. In particular, curcumin may interfere with the

osteomimetic properties of prostate cancer cells or impede common growth factor

trophisms. The overall effect would hinder a vicious cycle of co-stimulation within the

tumor microenvironment as a result of crosstalk between the invading prostate cancer cells

and bone cells. Our results show that curcumin is able to interfere with this cross talk by up-

regulating the bone morphogenic protein-7 which is shown to be anti-metastatic [34]. These

findings pave the way to a translational approach to inhibit prostate cancer bone metastases

in advanced cancer patients in a natural and non-toxic manner.

2. Materials and Methods

2.1. Cell Culture

C4-2B cells, originally developed by LWK Chung and his co-workers was purchased from

ViroMed, Inc, Minnetonka, MN. These cells were maintained in T-medium, as described by

these authors, which was supplemented with 5% heat inactivated fetal bovine serum, 1%

penicillin/streptomycin [31] [32]. The cells were maintained at 37°C in 5% CO2. The

cultured cells were certified to be pathogen free by the Radil laboratories at the University of

Missouri, St. Louis. The cells were trypsinized using standard procedures, washed with

complete medium without antibiotics to remove trypsin and counted using trypan blue for

viable cells with a hemacyto-meter. Immediately after trypsinization and counting, the cells

were pelleted by low speed centrifugation and the cell number was adjusted to 2.5 × 105 in a

volume of 20 μl.
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2.2. Curcumin Formulation of the SCID Mice Food

The commercially available SCID mice diet from Purina, Inc was reformulated to contain

0%, 1% and 2% curcumin. The source of curcumin used was Sabinsa, Inc (East Windsor,

NJ), sold as the C3 complex, which is a purified version of the raw material made up of a

majority of diferuloyl methane (93%) with the reminder being methoxy and bis-dimethoxy

diferuloyl methane derivatives. This proprietory blend of curcumin (under US patent #

5,861,415) was used in a synthetic test diet for SCID mice, specially prepared by Purina

Test Diets, Inc. The maximum concentration of curcumin in the diet was fixed at 1% and

2% on the basis of our preliminary in vivo studies on nude mice using LNCaP cells [25].

These doses were tolerated by mice very well without any untoward toxicity, weight loss or

morbidity. The control group of animals were fed with the standard SCID mice diet.

2.3. Animals

All procedures were performed with the approval of the Institutional Animal Care and Use

Committee (IACUC) of the Hospital for Special Surgery (HSS). Eight week old male Fox

Chase SCID mice were obtained from Charles River laboratories (Charles River,

Wilmington, MA). Acclimatized animals were castrated to mimic the androgen deprived

environment in the advanced and metastatic prostate cancer patient. All the castrated

animals were again acclimatized to the new environment for a period of two weeks before

beginning the intra tibial tumor cell injections. This timing was necessary for not only

allowing the animals to recover from the traumatic surgery but also, more importantly, to

allow for their dihydrotestosterone (DHT) levels to fall back to base levels. Animals were

randomized into three groups. One group of animals (n = 24, 12 for each 1% and 2%

curcumin dosing) were injected with the cancer cells and were considerd the “preventive

mode”. In this group, curcumin dosings were provided in the mice food at the designated

levels on the day the tumor cells were injected. In another group of animals (n = 24, 12 for

each curcumin dosing) in the “therapy” mode, the cancer cells were injected intra-tibially

and the lesions were allowed to establish first for a period of two months before the 1% and

2% curcumin dosings were started. This situation is designed to simulate the scenario where

the prostate cancer patient has bone metastatic lesions established already before any

therapy is initiated. The control group of 12 animals received the cancer cells intra-tibially

and were maintained on the standard SCID mice diet (0% curcumin). Institutionally

approved SOPs were used for all surgery, anesthesia and post-operative care of the animals.

2.4. Intra-Tibial Injections

This was done by following the established procedures of Corey et al. [35] and 250,000

C4-2B prostate cancer cells were injected in a total volume of 20 μl within 20 minutes of

trypsinization of cells. All intra-bone injections were performed under anesthesia using the

approved ketamine/xylazine cocktail. Briefly, a 26 gauge needle was inserted 2 to 3 mm into

the proximal end of the tibia using a drilling motion, until the bony resistance is overcome.

After injecting the cancer cells in their rich medium, the needle was left in place for 30 more

seconds for the interstitial pressure to redistribute and adjust. This was done as a measure to

prevent leaking of the injected tumor cells. After this step, the wound was sutured according

to the established procedures. Post- operatively, all animals received buprenorphine every 12
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hours (for a 24 hour period after the intra-tibial injection) as an analgesic. After an initial

period of 2 weeks, the animals were monitored daily for tumor occurrence and burden. In

our hands, the C4-2B cells grew slowly under these conditions (but with a 90% take rate)

and a palpable tumor growth was achieved 8 weeks post cell injection.

2.5. X-Ray Analysis

For the analysis of the bone metastatic lesions in vivo, mice were anesthetized at end point

before sacrifice and examined by flat plate radiography using a digital Faxitron X-Ray

instrument (MX-20, Faxitron X-Ray Corp, Wheeling, IL). After X-Ray, the animals were

sacrificed humanely according to the established procedures at the HSS. The tumor bearing

tibiae and the contralateral tibiae were harvested. Samples were divided for

immunohistochemistry and histomorphometric analyses.

2.6. Histomorphometry

The harvested tibiae (including the control contralateral tibiae) were fixed with 10% neutral

buffered formalin at 4°C for 24 hrs, dehydrated with a graded ethanol series, infiltrated with

methyl methacrylate and polymerized at −20°C for three days. Six microns thick

longitudinal sections were collected and stained with Goldner trichrome stain and von Kossa

stain for histomorphology of the calcified tissue sections. Quantitative histomorphometric

analysis was performed on a tissue area confined by the base of the growth plate and the two

adjacent cortical endosteal surfaces. Analysis consisted of percentage area occupied by

primary and secondary trabeculae relative to the entire tissue surface area occupied within

the growth plate/endosteal surface perimeter. The histomorphometry was performed on the

Bioquant Osteo II system (Bioquant Inc, Nashville, TN). The data were presented as the

percentage of bone volume within total tissue volume in the selected area.

2.7. Immunohistochemistry

The harvested tibiae were fixed in 10% neutral buffered formalin for 48 hours, cleared from

the surrounding soft tissue and were decalcified in 10% EDTA for two weeks. These

decalcified tissues were processed, embedded in paraffin and sectioned at five micron

thickness. They were routinely stained with with H&E and safran O for histology. For

immunohistochemical analysis, the sections were treated with citrate buffer (pH 6.0) as an

antigen retrieval system using a pressure cooker (Vector Labs, Burlingame, CA) The entire

immunohistochemical analyses were performed with the reagents supplied in the Vector-

ABC immunoperoxidase labeling system with diaminobenzidine (DAB), using the

procedures supplied by the manufacturer. All sections were counterstained with hematoxylin

and eosin using the QS solution supplied, cleared and mounted using the non-aquous Vecta-

Mount medium. The antibodies used were against 1) Bone morphogenic protein-2; 2) bone

morphogenic protein-7; 3) transforming growth factor β-1; 4) E-Cadherin; 5) prostate

specific antigen (PSA); 6) RANK-L; 7) phospho-SMAD1,5,8 and 8) Uncoupling protein-1

(UCP-1). The antibodies 1 through 6 were from R and D Systems, Inc (Minneapolis, MN)

and the antibodies 7 and 8 were from Santa Cruz Biotechnologies, Inc, (Dallas, TX). The

dilutions tried ranged from 1:100 to 1:200, to arrive at an optimal signal strength.

Histochemical examination of tartrate resistant acid phosphatase (TRAP) as a marker for
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osteoclasts was accomplished using paraffin sections treated with 0.2 M Tris-HCl buffer pH

9.4 and 1 M sodium acetate buffer pH 5.0 prior to the enzyme staining procedure. This

activation of enzyme activity and the TRAP staining method is described in Liu et al. [36].

2.8. Statistical Analyses

Power analyses were performed for the required number of animals to get statistically

significant information, given the take rate of C4-2B cells in this experimental system is

around 90% and we achieved that percentage in our hands. Numerical data, particularly

those of the histomorphometric analyses were expressed as means +/− standard error of the

mean (SEM) Statistical differences between means for various groups were evaluated by the

Prism software (Graph Pad) using the ANOVA feature with a level of significance at a p

value of <0.05.

3. Results

The take rates of C4-2B cells and establishment of tumors in bone were found to be 90% for

both the prevention group and the therapy group. The general framework of the animal

protocol in the preventive as well as the therapy modes is shown in Figure 1. Curcumin

dosings used were 0%, 1% and 2%. The results presented in the following figures and table

represent the information obtained in the “therapy” mode. In our hands, the results of the

“prevention” mode were characteristically similar to the “therapy” mode.

Figure 2 shows representative images obtained from Faxitron X-Ray imaging. Panel A

shows 4 typical tumor bearing tibiae in control (0% Curcumin in diet) animals. Significant

osteosclerotic pattern in the cancer cell injected area of the tibiae is seen. However, there

was also extensive soft tissue participation and abnormalities. Panel B shows representative

tibiae obtained from the animals treated with the 1% curcumin diet, either in the preventive

mode (top 3 specimens) or in the therapy mode (bottom 3 specimens). The overall

radiographic pattern differences between the two groups is very minimal. But there was a

significant reduction in the osteosclerotic nature of the metastatic lesion as well as soft tissue

participation. Panel C shows the radiographic pattern obtained from tibiae in the 2%

curcumin diet treated animals, with the top three specimens from the preventive mode and

the bottom three specimens showing the therapy mode. Note the marked reduction in the

extent of tumor progression as well as the metastatic lesions in both modes showing a near-

normal pattern with no evidence of osteosclerotic changes and soft tissue involvement.

Table 1 represents the histomorphometric analyses performed on the harvested contralateral

tibiae (control) and the test tibiae (from 0%, 1% and 2% curcumin fed animals) in the

therapy mode. The areas proximal to the growth plate and the site of injection were avoided

for this analysis and hence, it is very likely that the changes in the bone parameters seen are

the result of the growth of prostate cancer cells in the bony microenvironment and not due to

the mechanical injury inflicted, which is inherent in this procedure. Histomorphometric

determinations of Bone volume (BV), tissue volume (TV) in a given tumor volume adjacent

to the growth plate were measured and the results were expressed as the percentages of the

ratio of BV to TV. Tumor volume was not measured because the entire tumor was too large.

But, the size of the tumors under the three conditions (0%, 1% and 2% curcumin in the diet)
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could be grossly discerned from the Faxitron images. These histomorphometric analyses

reveal that when the percentages of the ratio of bone volume to tissue volume was

calculated, these values were nearly constant in the three control groups, but only

approached the control/normal value in the 2% curcumin group. These analyses also

revealed that there was a loss of trabecular bone in the 0% and 1% curcumin-treated

animals. Since all the controls had the same amount of trabecular bone, the loss of

trabeculae during tumor growth has to be due to the resorption of the trabeculae. These

analyses revealed that there is a return to near normalcy in 2% curcumin treated animals,

with respect to the histomorphometric parameters.

Figure 3 represents Representative light microscopic analyses (at 4× magnification) done on

the tumor samples. The top panel shows the bone sections stained with hematoxylin and

eosin (H&E). The 0% curcumin (0% curcumin in diet) shows stained tibia with a very large

tumor mass which has not invaded the cartilaginous growth plate. The bone section with 1%

curcumin containing diet shows the tibia that contains a mix of tumor and a few bone

marrow cells and the tumor growth is not as extensive as in the 0% curcumin panel.

Remarkably, the section of the bone harvested from an animal receiving 2% curcumin

containing diet shows no tumor growth in the tibia. A fatty marrow is seen in both bones

(tibia and femur) as well as a normal bone structure. The bottom panels show the

immunostaining for the presence of prostate specific antigen (PSA) positive cells. These

panels shows the decreased staining for PSA as the curcumin in the diet increases. In the left

panel (0% curcumin in diet), within the tumor, strong PSA staining is seen in the tumor cell

population. The nuclei of the tumor cells are counterstained light blue. In the middle panel,

which represents the 1% curcumin in the diet, the PSA staining was not as marked as in the

0% curcumin panel and also not completely eliminated. In the right panel (2% curcumin in

diet), there is virtually no stain for PSA and the counterstain highlights the presence of

extensive fatty marrow cells. Nuclei of the fat cells are visible but the cytoplasmic deposits

of lipid were dissolved out during tissue processing, leaving empty, round circles mixed

between marrow cells. The dramatic decrease in the PSA levels was also corroborated by the

analysis of PSA levels in serum prepared at end point through the retro-orbital plexus

puncture (data not shown). These results highly suggest that curcumin treatment

dramatically induces either a trans-differentiation of tumor cells into adipocytes or a marked

proliferation of the bone marrow derived mesenchymal stem cells after receiving a

differentiation cue (see below).

Figure 4 represents the immunostaining pattern for RANKL (osteoblast marker) and is

strongest at the bone cell-tumor cell junction in this example where the staining was done on

a bone section for 0% curcumin containing diet (top left panel). In the top middle panel (1%

cur in diet), the presence of RANKL was not as strong. Whereas, in the top right panel (2%

curcumin feeding), the RANKL staining is further attenuated. Remarkably, the extensive

fatty globules (in adipocytes) were seen in this group of animals (top right panel), indicating

the stimulation of an adipocyte differentiation program. The bottom panel represents the

TRAP staining for the osteoclasts for tibiae specimens after 0% (bottom left panel), 1%

(bottom, middle panel) and 2% (bottom right panel) curcumin feeding. The reduction in the

numbers of osteoclasts at the tumor bone interface is not very significant. Again, in the 2%

curcumin treated specimen (bottom right panel), the osteoclasts lining the tumor bone
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interface appear to be attenuated, is still visible. But, the adipocytic differentiation is very

marked, with the formation of fatty marrow cells. These results suggest that at these

curcumin concentrations, the osteoblasts as well as the osteoclasts are not severely affected

but the fatty marrow/globular differentiation within the cancer cell injected areas is

significantly up-regulated.

The results obtained so far highly suggested that there was a marked reprogramming of the

cell populations in the tumor area, after receiving a particular cue or stimulus as a result of

curcumin treatment. Therefore, we reasoned that the TGF-β expression pattern in the bone

matrix will also be modulated as a result. This prompted us to stain the sections for the level

of expression of the native TGF-β1 as well as the TGF-β family member BMP-2. The results

are shown in Figure 5. This figure shows a discernible down regulation of the expression of

TGF-β and an up-regulation of the bone morphogenic protein BMP-2 as a result of curcumin

feeding, as compared to 0% curcumin fed controls. However, when we performed the

immunohistochemical analysis using antibodies specific for phospho SMAD 2/3 as a

functional readout of this TGF-β/BMP-2 changes, we did not observe any significant

changes in the level of expression of pSMAD 2/3 (data not shown). We infer from this

negative finding that the downstream signaling that arises from these two proteins was not

significantly affected. Curcumin's bone metastasis inhibitory potential on the basis of the

radiographic analysis as described in Figure 2 as well as the lack of significant modulation

of either TGF-β or BMP-2 in these tibiae highly suggested that this naturally occurring

compound might target the metastasis inhibitory TGF-β family member namely bone

morphogenic protein-7 (BMP-7) for up-regulation [34]. Therefore we proceeded to stain the

sections for BMP-7, the results of which are described in Figure 6, top panel. The results

highly suggest that there is a relative up-regulation of this bone morphogenic protein. As a

functional readout for this up-regulation we show the marked up-regulation of the

phosphorylation of the SMAD proteins 1, 5, 8 using a pan-specific antibody (Figure 6,

bottom panel). Again, one can see in this figure the marked up-regulation of the adipogenic

differentiation as the curcumin levels in the diet increases. These results indicate that,

relatively, the BMP-7 expression is expressed at a higher level than TGF-β in the bone

matrix. This also suggested that the differentiation cue that forces a marked adipogenesis in

the bone marrow could in fact come from BMP-7. Since BMP-7 functions in-tercellularly to

force a mesenchymal to epithelial transition among cells, we looked for the relative level of

expression of the EMT marker epithelial cadherin (E-Cadherin). Figure 7 shows a relatively

higher level of expression of E-Cadherin as the curcumin dosage in the diet is increased.

These results are consistent with the notion that the dramatic effects seen in the bone matrix

as a result of curcumin treatment is due to the effects of the up-regulated BMP-7 which

could alter the BMP-7/TGF-β ratio within the bony microenvironment.

We then wished to determine the nature of the adipogenic differentiation that is seen in our

work. This is particularly puzzling because of the known effects of curcumin in interfering

with fat metabolism that results in an overall reduction in adiposity in vitro and in vivo as

shown by other investigators. This prompted us to suspect that whether curcumin's overall

anti-adipogenic effects could be microenvironment and/or context dependent. Based on the

differentiation cues that are altered by curcumin (in our case, namely BMP-7), we reasoned
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that curcumin, in the context of a microenvironment which is biased in favor of an up-

regulated BMP-7 would in fact favor a special type of adipogenic differentiation other than

the classical (and often seen) white adipogenic tissue (WAT) genesis. Since BMP-7 is

already known to induce brown adipose tissue (BAT) formation, we wished to look for this

type of fat cell differentiation in our bone specimens. The classical Oil Red-O stain in these

sections could not be done here since all the specimens obtained were paraffin fixed. This

stain, on its own merit, would not have distinguished whether the fat cells seen here are

coming from white adipose lineage or the brown adipose lineage. Therefore, we took a

different route for these analyses and began looking for a marker protein which is specific

for the brown or beige adipocyte cell lineage, namely the mitochondrial uncoupling

protein-1 (UCP-1) which is responsible for the adaptive thermogenesis in these special cells

[37]. Figure 8 shows the marked up-regulation of the UCP-1 stain in the bone marrow as the

curcumin levels in the diet increases. The top panel shows the up-regulation of UCP-1 a

lower magnification (4×) while the bottom panel shows the same results at a higher (20×)

magnification. The diaminobenzidine based brown stain is indeed very marked at the

cellular membrane boundaries of the fat cells and they appear to leach out of the cells, as a

result of the loss of lipid content during the deparaffinization process. Therefore, it is very

likely that, within the parameters of the experimental conditions used, the UCP-1 protein is

preserved at the defatted membrane boundaries, as shown by the arrows in Figure 8.

Figure 9 diagrammatically shows a summary of the conclusions reached in this work.

Curcumin treatment very likely up-regulates the expression of BMP-7 either in the prostate

cancer cells themselves or in the bone marrow derived mesenchymal stem cells which seem

to have a negative regulatory effect on the cancer progression as seen in the near normal X-

Rays after treatment. The up-regulation of BMP-7 may alter the BMP-7/ TGF-β ratio to tip it

towards a more mesenchymal-to-epithelial transition (MET). The expressed osteomimetic

properties are inhibited by curcumin. At the same time, the up-regulated BMP-7 induces an

adipogenic differentiation, characteristic of either the brown fat or the beige fat lineage both

of which exhibit the expression of the protein UCP-1. The ultimate result of all these

processes is that there is a distinct drive to inhibit the vicious feed forward cycle of

reciprocal activation of osteoclasts and more TGF-β release from the bone matrix.

Even though the curcumin dosings administered in this study were selected on the basis of

our earlier work on the effects of this naturally occurring compound in prostate cancer

bearing nude mice (to prevent undue apoptosis), we cannot completely rule out the

possibility that some of the results described in this work could arise from a direct effect of

curcumin on the proliferation of these C4-2B cells [25].

4. Discussion

Our results highlight the importance of using this dietary ingredient curcumin in either

preventing the establishment of or in treating the established bone metastases in an animal

model system. In the bone microenvironment, prostate cancer cells interact with the bone

cells using the mechanisms of osteotrophisms described above and disrupt the normal

processes of bone remodeling, causing either osteoblastic, osteoclastic or osteosclerotic

metastases. The rich stores of growth factors saved in the mineralized bone matrix such as
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transforming growth factor-β (TGF-β) are released during the bone destruction process. The

cancer cells feed on these growth factors and secrete more osteolytic factors such as PTHrP,

IL-6 and IL-11 which in turn further stimulate osteoclastic resorption and increase TGF-β

release. Thus, TGF-β plays a central role in this vicious cycle of bone metastasis and hence,

the TGF-β signaling pathway in tumor cells and its cross talk within the bone

microenvironment present as attractive therapeutic targets [38]-[41]. Very recently, Buijs

and coworkers demonstrated that, in prostate cancer cells, a member of the TGF-β ligand

family, called the bone morphogenic protein-7 (BMP-7) is an antagonist of the TGF-β

signaling pathway and can inhibit osteolytic metastases that are attributable to prostate

cancer in vivo [34] [42]-[45]. These workers have shown that while TGF-β alone decreases

E-Cadherin expression and creates the epithelial mesenchymal transition (EMT) in prostate

cancer cells which portends the invasive and metastatic phenotype, a combination of TGF-β

and BMP-7 have just the opposite effect in enhancing E-Cadherin expression and promoting

the epithelial phenotype and inhibiting the development of prostate cancer bone metastases

[34]. Secondly, these workers established the concept that BMP-7 exhibits its anti-metastatic

properties in the context of TGF-β, rather than either growth factor acting alone. Thus,

BMP-7 could be used as a TGF-β antagonist in the treatment of osteolytic as well as

osteoblastic metastases arising from prostate cancer. The most important finding in the

studies performed here is that curcumin is able to enhance BMP-7 expression in the

presence of TGF-β so as to compete with the canonical TGF-β signaling within the bone

matrix and bring up the inhibitory effect on the metastatic process. The fact that in 2%

curcumin treated animals, the entire injected area in the tibiae were replaced by fatty marrow

cells with very few tumor cells highly suggest that an alteration in the balance of TGF-β

signaling brought up by BMP-7 could be the reason for the inhibition of bone metastatic

lesions seen in this study.

Loss of BMP-7 expression by the cancer cells and/or resistance of these cells to the BMP-7

secreted by the surrounding normal epithelial or stromal cells forces the malignant cells to

function with a TGF-β bias (without a check and balance by BMP-7), promoting loss of E-

Cadherin expression and metastasis. By the studies described here, we believe that curcumin

is able to reprogram the check and balance of the signaling pathways mediated by TGF-β by

up-regulating the expression of BMP-7. It is possible that curcumin is able to achieve this by

either up-regulating the expression of BMP-7 directly by the cancer cells [46] or by

enhancing its expression in the surrounding bone marrow derived stem cells. It is already

well known that one of the mechanisms by which curcumin is able to bring up its anti-

inflammatory action is by an up-regulation of the peroxisome proliferator activated receptor-

γ (PPAR-γ) [47] [48]. Since very recent studies indicate that PPAR-γ activation indeed

modulates TGF-β signaling, it is tempting to hypothesize that one of the plausible

mechanisms by which curcumin could mediate its negative effect on TGF-β signaling is

through the up-regulation of BMP-7 which is brought up by PPAR-γ up-regulation. This

concept is also supported by the work of Kiss et al. who recently showed that another

PPAR-γ agonist rosiglitazone suppressed the expression of transforming growth factor-β1

(TGF-β1) while at the same time up-regulated the expression of BMP-7 in a renal allograft

model resulting in an inhibition of fibrosis [49]. It is also well known that curcumin is

capable of inhibiting the Wnt signaling pathways while at the same time activating the
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peroxisome proliferator activated receptor-γ (PPAR-γ) [50]. Earlier, we have shown that

curcumin is capable of interfering with the osteomimetic properties exhibited by the C4-2B

prostate cancer cells that enable them to be hosted by the osteoblasts as well as the

osteoclasts in the bony microenvironment [26]. And, by activating the PPAR-γ pathway, it

may also be capable of inhibiting the cross-talk that occurs between the signaling pathways

devoted to bone morphogenic proteins and TGF-β [51].

Consumption of curcumin is known to reduce obesity as evidenced by lower fat mass and

increased fat utilization. In parallel, curcumin reduces the expression of pro-inflammatory

adipokines, tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein (MCP-1)

while at the same time inducing the expression of adiponectin which is a principal anti-

inflammatory agent secreted by the adipocytes [52]-[56]. All these beneficial effects of

curcumin pertain to the direct effect of this naturally occurring compound in interfering with

the adipocyte differentiation and in the promotion of its anti-oxidant activities. Therefore,

we believe that the increase in a type of adipocytes (in the fatty marrow seen in our work

after curcumin feeding) in the bony metastatic lesions very likely represents a unique effect

of curcumin in the bony microenvironment, particularly in modulating the bone marrow

derived mesenchymal stem cells (BM-MSCs). These MSCs are multipotent cells which have

the ability to give raise to adipocytes and osteoblasts. This bifurcation in the differentiation

pathway and the ultimate cell fate is very tightly controlled. Differentiation inducing stimuli

that favor one cell fate actively repress mechanisms that induce the other cell lineage. For

example, the canonical Wnt/β-catenin signaling pathway induces osteoblastogenesis and

inhibits adipogenesis while the PPAR-γ pathway is a prime inducer of BMP-7 and

adipogenesis while suppressing osteoblastogenesis [57]-[61]. Thus, this BMP-7 up-

regulation and adipogenesis are context dependent, particularly within the bony matrix with

a reservoir of TGF-β. Curcumin appears to alter the delicate balance between osteoblastic

and adipogenic differentiation programs and shift this balance towards a special type of

adipogenic differentiation. More specifically, our results highly suggest that curcumin up-

regu- lates the expression of BMP-7, a bone morphogenic protein that is known to induce

the brown adipose tissue (BAT) adipogenic differentiation program and not the white

adipose tissue (WAT) differentiation program. To prove our point, we stained the bone

metastatic lesions immunohistochemically for the mitochondrial uncoupling protein-1

(UCP-1) which is a specific marker for BAT [37]. The marked staining of this protein in the

metastatic lesions suggest that this BAT differentiation program is indeed activated. But,

under the experimental conditions used, we do not yet know whether these brown fat cells

are arising from the BM-MSCs taking the cue from BMP-7 or whether they arise from the

existing WAT cells using a BMP-7 driven trans-differentiation program to produce beige/

brite fat cells which also express UCP-1 or whether certain osteoblasts are forced to undergo

this trans-differentiation under the influence of BMP-7 [62]. Whatever the ultimate

mechanism is, there is strong evidence on the basis of our studies that the up-regulated

BMP-7 is indeed altering the cell fate determination programs within the metastatic lesions

(i.e., within the bone marrow). Therefore, we infer that the intricate collaboration between

the incoming prostate cancer cells and the osteoblasts and osteoclasts within the bony

microenvironment will be affected, resulting in a severely restricted drive to go through the
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vicious cycle of reciprocal activation and release of osteolytic growth factors in these

metastatic lesions.

More recently, Wright et al. addressed the beneficial effects of curcumin in inhibiting the

TGF-β signaling in human breast cancer cells in vitro and in limiting the osteolysis by the

same cells in an in vivo metastatic model system [63]. Their system suggested that

curcuminoids prevented the induction of parathyroid hormone related protein (PTHrP),

which facilitates the vicious cycle of osteolytic bone destruction by TGF-β via blockade of

Smad signaling. While their findings are novel and are in line with our overall conclusions,

their studies highlight the possible molecular differences between the prostate cancer bone

metastatic lesions and breast cancer bone metastatic lesions. Possibly, the expression of the

osteomimetic properties (for which the C4-2B prostate cancer cells are well known for), is

also different in their breast cancer model system (MDA-MB-231). The fact that they did

not observe the remarkable up-regulation of BMP-7 and brown/beige adipose tissue

differentiation (as exemplified by UCP-1 up-regulation as seen in our studies) is puzzling. It

could be attributed to the differences in the animal systems used, cancer cells used,

differences in the levels of hormone refractoriness of these cells, in the sourcing and doses

of curcumin. Another issue that was not addressed in the studies by Wright et al. is the

antagonistic relationship between TGF-β signaling and PPAR-γ activation in their

experimental system [64]. For example, it is known that disruption of TGF-β signaling by

curcumin induced gene expression of PPAR-γ in rat hepatic stellate cells (HSC) [65]. In this

study, treatment with exogeneous TGF-β inhibited the gene expression of PPAR-γ in

activated HSC and this inhibition was relieved by pre-treatment with curcumin, likely by

interrupting TGF-β signaling. Studies published earlier by Morrissey et al. that were similar

to ours focused on the expression levels of BMP-7 on prostate cancer cells in vitro and in the

tumor microenvironment in vivo [66]. These authors showed that BMP-7 is expressed at a

higher level in metastatic prostate cancer cells (C4-2 cells) compared to androgen dependent

LNCaP cells. While BMP-7 inhibited the proliferation of LNCaP cells, stimulated their

androgen receptor (AR) mediated signaling and the expression of differentiation associated

genes such as prostate specific antigen (PSA) and kallikrein-2, these effects were not

observed in C4-2 cells which are androgen independent. Moreover, in vivo expression of

BMP-7 in C4-2 cells did not alter their proliferation when these cells were grown in a non-

osseous environment but their growth was inhibited when grown in an osseous environment.

Their results highly suggested that the growth inhibitory effects of BMP-7 is dependent

upon the phenotype and the differentiation status of these prostate cancer cells and the tumor

micro-environment. Second, the expression of BMP-7 in androgen dependent prostate

cancer and castration resistant prostate cancer may be under different levels of control. As

the authors point out, BMP-7 may be regulated by androgens in androgen dependent LNCaP

cells and in the naïve prostate. It is very likely that even though BMP-7 is expressed at a

higher level in castration resistant C4-2 cells, this morphogenic protein is under the control

of factors such as PPAR-γ in addition to getting regulated by AR, as shown by other

investigators. Third, the authors highlight the “dual” role of BMP-7 in regulating the AR

activity by decreasing the association between β-catenin and AR with a concomitant

increase in E-Cadherin expression in androgen dependent LNCaP cells, an effect which was

not observed in the castration resistant C4-2 cells. What is evident from their studies is the
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fact that the cross talk that occurs between the cell signaling pathways (BMP, AR, Wnt/β-

catenin) is clearly different when the cancer progresses from the androgen dependent to an

androgen independent state. Therefore, factors, particularly the naturally occurring non-toxic

compounds like curcumin which are capable of up-regulating BMP-7 on their own merit

(possibly by its established activating effect on PPAR-γ pathway and inhibitory effect on the

Wnt/β-catenin pathway) may in fact bypass these regulatory circuits controlled by AR

irrespective of whether the cancer is in its primary (LNCaP) site or in its bone metastatic site

(C4-2) gain more significance. As a result, this molecular explanation of how curcumin

works in androgen independent human prostate cancer progression system, as exemplified in

our C4-2B cell studies reinforces this compound's validation and inclusion in clinical trials.

Our current studies offer a natural, non-toxic and an inexpensive means of up-regulating this

metastasis inhibiting growth factor in the bony microenvironment in the context of TGF-β.

We believe that our studies take the effect of BMP-7 (as a result of curcumin feeding) with

regards to the inhibition of prostate cancer bone metastasis one step further, namely, the

brown fat development in bony metastases and the inhibitory role that they could play in the

maintenance and/or functioning of bony metastases [67]. The fact that these tumor bearing

animals show near normal radiographs after 2% dietary curcumin treatment either in the

chemoprevention mode or in the therapy mode, with no weight loss or morbidity or toxicity

along with the disappearance of bony metastatic lesions compared to controls and with the

initiation of a “brown-fat like” differentiation program in the bony metastatic lesion sites

highly suggest that BMP-7 can severely restrict the establishment of or inhibit the

established metastases in a broader context. These concepts are described diagrammatically

in Figure 9.

5. Conclusion

In conclusion, we believe first that this naturally occurring compound is ideally suited to

alter the cell signaling pathways in the bony metastatic lesions so as to “subvert” the bone

cell remodeling processes mediated by the cross talk between the extracellular matrix,

osteoblasts and the osteoclasts to an alternative differentiation program, namely the BAT

pathway. As a consequence of repurposing these differentiation cues, it is very plausible that

the resultant brown fat cell differentiation program may stop the perennial bone destruction

and remodeling that occurs in these metastatic lesions. Secondly, on the basis of our results,

it is worth considering the use of curcumin in prostate cancer bone metastasis treatment

either alone or in an adjuvant setting along with the existing therapies such as nitrogen

containing bisphosphonates (N-BPs). It may even be possible to reduce the dose of N-BPs in

the presence of curcumin to achieve the same results, thereby reducing the occurrence of

post- therapy complications such as osteonecrosis of the jaw (ONJ) [68]. It may also be

possible to administer curcumin along with other PPAR-γ agonists which are currently in

clinical use to up-regulate BMP-7 to achieve a better inhibitory potential. Third, even though

curcumin possesses some limitations such as poor bioavailability due to poor absorption,

rapid metabolism and excretion of the glucuronidated metabolites, our studies show that a

certain (still not well characterized) metabolite of curcumin which may be available in

extremely low amounts in the blood stream after curcumin feeding is enough to bring up

these remarkable anti-metastatic effects [69]. Finally, there are several emerging strategies
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that address the treatment of metastatic cancer focusing on “killing the seed or disturbing the

soil” [70]. We have reasons to believe that curcumin is capable of doing both at the same

time, with the ultimate result of preventing these bone metastatic lesions.
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Figure 1.
The general framework of the animal protocol in the preventive as well as the therapy

modes. Curcumin dosings used were 0%, 1% and 2%. See Materials and Methods for

experimental details.
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Figure 2.
Representative images obtained from Faxitron X-ray imaging. Panel A shows 4 typical

tumor bearing tibiae in control (0% Curcumin in diet) animals. Significant osteosclerotic

pattern in the cancer cell injected area of the tibiae are shown. However, there was also

extensive soft tissue invasion and participation. Panel B shows representative tibiae obtained

from the animals treated with the 1% curcumin diet, either in the preventive mode (top 3

specimens) or in the therapy mode (bottom 3 specimens). The overall radiographic pattern

differences between the two groups is very similar. There was a significant reduction in the

osteosclerotic nature of the metastatic lesion as well as the soft tissue participation as the

curcumin dosing increases. Panel C shows the radiographic pattern obtained from tibiae in

the 2% curcumin diet treated animals, with the top three specimens from the preventive

mode and the bottom three specimens showing the therapy mode. The results presented in

the following figures and table represent the information obtained in the “therapy” mode.

Note the marked reduction in the extent of tumor progression as well as the metastatic

lesions in both modes showing a near-normal pattern with no evidence of osteosclerotic

changes and soft tissue involvement.
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Figure 3.
Representative light microscopic analyses done on the tumor samples. The top panel

represent the bone sections stained with H & E. The 0% Cur (0% curcumin in diet) shows

stained tibia with a very large tumor mass which has not invaded the cartilaginous growth

plate. The bone section with 1% curcumin containing diet shows the tibia that contains a

mix of tumor and a few bone marrow cells confined within the cortical bone and the growth

plate and the tumor growth is not as intense as in the 0% cur panel Remarkably, the section

of the bone harvested from an animal receiving 2% curcumin containing diet shows no

tumor growth in the tibia. A fatty marrow is seen in both bones (tibia and femur) as well as a

normal bone structure (indicated by arrow). The bottom panels show the immunostaining for

the presence of prostate specific antigen (PSA) positive cells. This panel shows the

decreased staining for PSA as the curcumin in the diet increases. In the left panel (0%

curcumin in diet), within the tumor, strong staining is seen in the tumor cell population. The

nuclei of the tumor cells are counterstained light blue. In the middle panel, which represents

the 1% curcumin in the diet, the PSA staining was not as marked as in the 0% cur panel and

also not completely eliminated. In the right panel (2% curcumin in diet), there is virtually no

stain for PSA and the counterstain highlights the presence of extensive fatty marrow cells

(adipocytes with a fatty globular structure).
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Figure 4.
The immunostaining pattern for RANKL (osteoblast marker) appears strongest at the bone

cell- tumor cell junction in this example where the staining was done on a bone section for

0% curcumin containing diet (top left panel). In the top middle panel (1% cur in diet), the

presence of RANKL was not as strong. Whereas, in the top right panel (2% curcumin

feeding), the RANKL staining is further attenuated. Remarkably, the extensive fatty

globules (in adipocytes) were seen in this group of animals (top right panel), indicating the

stimulation of an adipocyte differentiation program. The bottom panel represents the TRAP

staining for the osteoclasts for tibiae specimens after 0% (bottom left panel), 1% (bottom,

middle panel) and 2% (bottom right panel) curcumin feeding. The reduction in the numbers

of osteoclasts at the tumor bone interface is not very significant. Again, in the 2% curcumin

treated specimen (bottom right panel), the osteoclasts lining the tumor bone interface is still

visible, but the adipocytic differentiation is very marked, with the formation of fatty marrow

cells, as indicated by arrow.
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Figure 5.
TGF-β1 expression levels (top panel) and bone morphogenic protein-2 (BMP-2, bottom

panel) levels in the curcumin as well as the control diet fed animals.
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Figure 6.
The modulation of bone morphogenic protein-7 (BMP-7) in the control diet as well as 1%

and 2% curcumin fed animals (top panel). The bottom panel shows the functional readout

for BMP-7 expression, namely phosphorylation level of SMAD 1, 5, 8 using a pan-antibody.

Note the extensive adipogenic differentiation (indicated by the arrow) within the markedly

decreased tumor cell population, as well as an increase in the pSMAD staining levels as the

curcumin in the diet increases.
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Figure 7.
E-Cadherin expression as a measure of the level of epithelial-mesenchymal transition that

takes place as a result of BMP-7 up-regulation in the control diet (0% cur) as well as 1% and

2% curcumin diet treated animals.
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Figure 8.
The brown fat nature of the adipocytes seen in this work as a result of curcumin feeding.

The top panel shows the level of the expression of the mitochondrial uncoupling protein

UCP-1 at low magnification (4×) in 0% curcumin (control diet) as well as 1% and 2%

curcumin treated animals. The bottom panel shows the same information at a higher

magnification (20×). Arrows indicate that the brown stain is arising from the fat cells, as the

periphery is stained.
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Figure 9.
A summary of the conclusions reached in this work. Curcumin treatment up-regulates the

expression of BMP-7 either in the prostate cancer cells themselves or in the bone marrow

derived mesenchymal stem cells which seem to have a negative regulatory effect on the

cancer progression as seen in the near normal X-Rays after treatment. The up-regulation of

BMP-7 may alter the BMP-7/TGF-β ratio to tip it towards a more mesenchymal-to-epithelial

transition (MET). The expressed osteomimetic properties are inhibited by curcumin as

shown in our previous work. At the same time, the up-regulated BMP-7 induces an

adipogenic differentiation program characteristic of either the brown fat or the beige fat

lineage. The ultimate result of all these processes is that there may be a distinct brake on the

vicious feed forward cycle of reciprocal activation of osteoclasts and more TGF-β release

from osteoclasts. See Discussion for details.
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Table 1

Histomorphometric analyses on the bone specimens: The control contralateral tibiae which were not used for

cell injection were used in the controls. Histomorphometric determinations of Bone Volume (BV), Tissue

Volume (TV) in a given tumor volume adjacent to the growth plate were calculated and the results were

expressed as the percentages of the ratio of BV to TV. 0% control = control tibia with the 0% curcumin diet;

0% tumor = test tumor obtained with 0% curcumin in diet. Similar notations apply to 1% curcumin and 2%

curcumin feedings. Statistical analyses were performed as described in the Methods section. See Results for an

interpretation of the findings.

Bone volume/tissue volume (BV/TV)
*

%Diet (Curcumin) BoneVolume/Tissue Volume (%)

0% Control 34.2 ± 10.2 (a)

0% Tumor 18.4 ± 11.4

1% Control 32.3 ± 9.9 (b)

1% Tumor 18.8 ± 11.6

2% Control 37.5 ± 8.3 (c)

2% Tumor 26.0 ± 5.7 (d)

(a)
± Standard Deviation

(b)
p = 0.015 significance between control and tumor

(c)
p = 0.0015 significance between control and tumor

(d)
p = 0.056 significance between 1% Diet and 2% Diet for BV/TV Tumor

*
BV/TV is expressed as a percentage.
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