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Abstract

Breast cancer (BCa) bone metastases (BMETS) drive osteolysis via a feed-forward loop involving
tumoral secretion of osteolytic factors (e.g., PTHrP) induced by bone matrix-derived growth
factors (e.g., TGF). In prior experiments, turmeric-derived curcumin inhibited /n vivo BMET
progression and /n vitro TGFp/Smad-signaling in a TGFB-stimulated PTHrP-dependent human
xenograft BCa BMET model (MDA-SA cells). However, it is unclear whether curcumin or
curcumin-glucuronide mediates /n7 vivo protection since curcumin-glucuronide is the primary
circulating metabolite in rodents and in humans. Thus, effects of curcumin vs. curcumin-
glucuronide on Smad-dependent TGFp signaling were compared in a series of BCa cell lines
forming TGFB-dependent BMET in murine models, and tissue-specific metabolism of curcumin in
mice was examined by LC-MS. While curcumin inhibited TGFp-receptor-mediated Smad2/3
phosphorylation in all BCa cells studied (human MDA-SA, MDA-1833, MDA-2287, and murine
4T1 cells), curcumin-glucuronide did not. Similarly, curcumin, but not curcumin-glucuronide,
blocked TGFp-stimulated secretion of PTHrP from MDA-SA and 4T1 cells. Because the
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predominant serum metabolite, curcumin-glucuronide, lacked bioactivity, we examined
tissuespecific metabolism of curcumin in mice. Compared to serum and other organs, free
curcumin (both absolute and percentage of total) was significantly increased in bone, which was
also a rich source of enzymatic deglucuronidation activity. Thus, curcumin, and not curcumin-
glucuronide, appears to inhibit bone-tropic BCa cell TGFB-signaling and undergo site specific
activation (deconjugation) within the bone microenvironment. These findings suggest that
circulating curcumin-glucuronide may act as a pro-drug that preferentially targets bone, a process
that may contribute to the bone-protective effects of curcumin and other highly glucuronidated
dietary polyphenols.
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1. INTRODUCTION

One in eight women will develop breast cancer during their lifetime [1]. A third will be
diagnosed with stage IV breast cancer and the majority of these women will develop
osteolytic bone metastases (BMETS), which, despite the use of chemotherapeutic agents and
osteoclast-targeting drugs, are essentially incurable. The propensity of breast cancer to form
osteolytic bone lesions appears to be driven by interactions between bone-metastatic tumor
cells and the bone microenvironment [2-5]. This crosstalk within the tumor-bone niche is
mediated via multiple signaling pathways, including tumoral effects of growth factors, such
as transforming growth factor p (TGFp), released from resorbed bone matrix [2,6-8]. TGFB
signaling in bone metastatic breast cancer cells, primarily mediated by Smad-dependent
pathways, is thought to promote bone metastasis progression via induction of factors, such
as parathyroid hormone-related protein (PTHrP), which promote osteoclast-mediated bone
resorption [2,6,8,9]. Thus, TGFf, Smads, and PTHrP enter into a feed-forward cycle that
promotes metastasis of breast cancer cells within the bone microenvironment. Current bone-
specific therapies (e.g., bisphosphonates or denosumab) attempt to break this cycle by
targeting the osteoclast. In contrast, abrogation of tumoral TGF signaling by curcumin, a
bioactive polyphenol derived from the turmeric rhizome (Curcuma longa L.) (Fig. 1A, top),
has also shown promising results in pre-clinical studies using an experimental human-
xenograft model of breast cancer bone metastasis (MDA-MB-231 [MDA-SA]). This model
is dependent on TGFp-stimulated PTHrP secretion [9-13], where curcumin inhibited bone
metastasis progression /7 vivo and blocked TGFp-stimulated PTHrP secretion /in vitro by
inhibition of receptor-regulated Smad2/3 activation [14,15]. However, the curcumin
metabolite responsible for bone-protective effects /n vivois unclear, as curcumin-
glucuronide (Fig. 1A, bottom), a phase 2 metabolite that is assumed to lack biological
activity [16,17], is the predominant circulating form /n vivo, whereas free curcumin is barely
detectable in serum of both rodents and humans [16-20].

Therefore, studies were undertaken to determine whether curcumin or its major serum
metabolite, curcumin-glucuronide, are responsible for inhibition of Smad-dependent TGFB
signaling in bone metastatic breast cancer cells. Furthermore, to explore and extend the
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possible clinical significance of previous findings, which focused on a single cell model
[14,15], inhibitory effects of curcumin vs curcumin-glucuronide on TGFp receptor-mediated
activation of Smad signaling were compared using four complementary bone-tropic breast
cancer cell lines (human MDA-SA, MDA-1833, MDA-2287; murine 4T1), which share the
common feature of forming bone metastases /7 vivo with evidence of tumoral Smad-
mediated TGFp dependence [6,7,9-11,21,22]. In addition, possible site-specific curcumin
metabolism /n vivowas queried by comparing levels of curcumin and curcumin-glucuronide
in the circulation vs bone and other tissues.

2. MATERIALS AND METHODS

2.1. Cell lines and chemicals

Three distinct bone-tropic MDA-MB-231-derived human breast cancer cells were kindly
provided by Dr. Theresa Guise, Indiana University (MDA-SA) [9,10] and Dr. Joan
Massagué, Sloan-Kettering (MDA-1833 and MDA-2287) [6]. All human cell lines were
authenticated using short tandem repeat profiling by the University of Arizona Genetics
Core [23]. Bone-tropic murine 4T1 cells, frequently used to model breast cancer bone
metastases in immunocompetent mice [13,22,24-26], were obtained directly from American
Type Culture Collection (#CRL-2539, ATCC) and used within 10 passages. The chemical
content of commercially obtained curcumin (#218580100, Fisher; 80.6% curcumin, 13.5%
demethoxycurcumin, and 2.4% bisdemethoxycurcumin by weight) and curcumin-
glucuronide (#C838510, Toronto Research Chemicals; curcumin-glucuronide devoid of free
curcumin) was verified using standard methods (see below) [27,28] with stock solutions
prepared in DMSO. Cells were stimulated with recombinant human TGFB1 (#240-B, R&D
Systems).

2.2. Cell culture

Cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
For analysis of TGFB-induced Smad signaling, cells were pretreated for 16 hours with
vehicle (DMSO), curcumin (30 uM), or curcumin-glucuronide (30 uM) followed by 1 hour
of TGFB1 (5 ng/ml) stimulation prior to isolation of whole cell lysates. For analysis of
TGFp-induced PTHrP secretion, cells, plated in 24-well plates at 1x10° cells/well, were pre-
incubated with varying doses of curcumin, curcumin-glucuronide, or vehicle for 4 hours
prior to simulation with TGFB1 (5 ng/ml) for 24 hours. Conditioned media, stored at —80°C
after addition of protease inhibitors (#P8340, Sigma), was assayed for secreted PTHrP using
a commercial immunoradiometric assay (#DSL-8100, Beckman Coulter). Effects of
curcumin or curcumin-glucuronide on cell viability were assessed using a commercial MTT
assay (#30-1010K, ATCC).

2.3. Western blot analysis

Proteins, isolated from whole cell lysates and quantitated by Bradford assay for normalized
loading (#5000002, Bio-Rad), were separated on Mini-PROTEAN TGX-PAGE gels
(BioRad), and transferred to Immobilon-FL PVVDF membranes (Millipore), with even
protein loading confirmed by stain-free imaging of UV-activated binding of gel trihalo
compound binding to protein tryptophan residues (BioRad). Blots were probed with primary
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antibodies directed against Smad2 (#5339), pSmad2 (S465/467, #3108), Smad3 (#9523),
pSmad3 (S423/425, #9520), or B-actin (#4967, Cell Signaling Technology [CST]), followed
by HRP-conjugated secondary antibody (#7074, CST) and chemiluminescent visualization
of SuperSignal West Femto ECL substrate (#34095, ThermoFisher). Densitometry was
performed in ImageJ (v2.0.0, NIH) and normalized to B-actin expression, which was
statistically unchanged by curcumin or curcumin-glucuronide treatment (data not shown).

2.4. Glucuronide deconjugation activity assay

Deglucuronidation activity in bone and BCa cell lines was determined by fluorometric assay
using standard methods [29]. Briefly, lysates of bone marrow or breast cancer cells,
normalized to protein, were incubated with 4-methylumbelliferyl-glucuronide (4-MUG) in
pH 4.8 assay buffer at 37°C for 1 hour. The fluorescent cleavage product, 4-
methylumelliferone (4-MU), was quantified using a spectrophotometer (Ex/Em 360 nm/470
nm) and concentration determined by comparison to a standard curve (limit of detection,
2.32 nmol 4-MU/g protein/min).

2.5. Invivo studies

Female, 4-week-old, C57BL/6J mice (#000664, Jackson Labs) were maintained at constant
temperature and humidity in a central animal facility, in sterile individual ventilated cages, at
4-5 mice/cage, on a 14/10 hour light/dark cycle. Mice were provided water (reverse 0smosis
automatic system) and diet (NIH-31 #7913, Teklad) ad /ibitum. In experiments approved by
the University of Arizona Institutional Animal Care and Use Committee (IACUC), mice
were treated orally by gavage with 500 mg/kg curcumin, a dose, corrected for body surface
area (human equivalent dose [HED], 2.5 g) [30], that has been shown to have bone effects in
a rat model of arthritis [27]. Serum and bone marrow were collected at 30 minutes, the
reported time of Cax [31-33]. Serum was prepared from blood gathered by cardiac
puncture of isoflurane-anesthetized mice and centrifuged at 8,000 g for 10 minutes after
clotting. Following sacrifice by cervical dislocation, bone marrow was isolated from excised
hind leg bones (two femurs and tibia per animal) stripped of soft tissue, which were placed
in microfuge tubes and centrifuged at 10,000 g for 15 seconds as previously described [34].
Bone marrow pellets (combined marrow from 4 hind leg bones per animal) were weighed,
suspended in 300 pL of sodium acetate buffer (50 mM, pH 5.0), centrifuged, and supernatant
collected. Skeletal muscle, collected from proximal hind limbs (adjacent to femur), cardiac
tissue, or kidney were collected in ice-cold PBS and rinsed to remove blood. Serum, tissues,
and marrow supernatants were stored at —80°C until assayed.

2.6. LC-MS analysis of curcumin and curcumin-glucuronide

Serum, was acidified to pH 5 using HCI (1 M), and bone marrow samples were diluted in 20
mM sodium acetate pH 5, extracted using 30-mg Waters HLB (hydrophilic-lipophilic
balance) cartridges, and eluted with methanol. Eluates were evaporated under a stream of
nitrogen and dissolved in water/acetonitrile (50:50). Tissues were lyophilized and extracted
using water/acetonitrile (30:70). Samples were sonicated and filtered before analysis. LC-
MS analyses were performed using a Thermo Finnigan TSQ Vantage triple stage quadrupole
mass spectrometer operated in the positive ion mode. Curcumin and curcumin-glucuronide
were separated using a Waters Symmetry Shield C18 column (2.1 x 50 mm, 1.8 pum) at room
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temperature, eluted with a gradient of acetonitrile in water/0.1% formic acid changed from
15% acetonitrile to 85% in 3 min and further increased to 95% in 1 min at a flow rate of 0.4
ml/min. The SRM transitions were for curcumin m/z369 — 177, dg-curcumin m/z 375 —
180, curcumin-glucuronide /2545 — 369 and dg-curcumin-glucuronide /2551 — 375.
The limits of detection for curcumin and curcumin-glucuronide were 14.9 nM and 2.9 nM,
respectively. The percentage of curcumin in serum and bone that was unconjugated
(aglycone, or “free”, curcumin) was calculated as the quotient of free curcumin divided by
(free curcumin + curcumin-glucuronide). Curcumin and curcumin-glucuronide
concentrations in bone marrow were corrected for sample dilution in buffer, using pellet
weights and assuming a density of 1.06 g/mL [35].

2.7. Statistical Analysis

RESULTS

Statistical analyses were performed using Prism v6.0h software (GraphPad, San Diego, CA)
with data expressed as mean = SEM. Half-maximal inhibitory concentrations (ICsg) were
determined by analyzing concentration-response data using a four-parameter logistic
equation. Statistical significance was determined using one-way ANOVA with post hoc
testing (Western blot densitometry and PTHrP secretion), or paired Student’s t-test
(curcumin metabolite quantification), as appropriate. Data are representative of at least 3
independent experiments, with 4-6 animals/group for /n vivo studies.

3.1. Effects of curcumin and curcumin-glucuronide on TGFp-stimulated Smad signaling
in bone tropic breast cancer cells

Bone-tropic MDA-SA cells neither glucuronidated curcumin nor de-conjugated curcumin-
glucuronide as determined by LC-MS analysis of media of cells treated with the respective
compounds (data not shown). Lack of metabolic transformation by the cells enabled direct
testing of the activity of curcumin and curcumin-glucuronide. Curcumin inhibited
TGFpstimulated increase in phosphorylated receptor-regulated Smad levels (pSmad2 and
pSmad3) while curcumin-glucuronide did not (Fig. 1B). Similar differential effects of free
vs glucuronidated curcumin were demonstrated in human MDA-1833 and MDA-2287 and
murine 4T1 breast cancer cells; TGFp-stimulated pSmad2 levels were decreased in response
to curcumin treatment, while curcumin-glucuronide appeared to have no effect (Fig. 2).
Because variable reductions in constitutive Smad2 levels were also evident in all four cell
lines in response to curcumin treatment (34.2%-44.3% reduction [n=3-5/group], p < 0.05,
data not shown), effects of curcumin and curcumin-glucuronide on both absolute and
relative (pSmad2/Smad2 ratio) levels of Smad2 phosphorylation in response to TGFp
stimulation were determined. Statistically significant decreases (54.5-79.4%) in pSmad2
were documented in all TGF-stimulated bone-tropic breast cancer cell lines in response to
curcumin treatment (Fig. 3A), while curcumin-glucuronide was without effect, except for a
statistically significant increase in pSmad2 in a single cell line (MDA-1833) (Fig. 3A).
Ratios of pSmad2/Smad2 were also decreased by 26.463.8% in all curcumin-treated TGFp-
stimulated breast cancer cell lines (Fig. 3B), although these changes only reached statistical
significance in the human breast cancer cell line (MDA-SA) exhibiting the greatest
inhibitory effect (63.8% decrease, p < 0.05). In contrast, treatment with curcumin-
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glucuronide either did not alter pSmad2/Smad2 ratios, or resulted in a small but statistically
significant increase in pSmad2/Smad2 in murine 4T1 cells (Fig. 3B).

3.2. Effects of curcumin and curcumin-glucuronide on TGFB-stimulated secretion of
osteolytic PTHrP from bone tropic breast cancer cells

To determine whether observed changes in TGFp signaling were associated with altered
expression of TGFp-regulated genes, dose-dependent effects of curcumin vs curcumin-
glucuronide on TGFB-stimulated secretion of PTHrP were determined. In MDA-SA cells,
which exhibited statistically significant decreases in TGFg-stimulated pSmad2 and pSmad2/
Smad2 in response to curcumin but were unresponsive to curcumin-glucuronide, TGFp-
induced secretion of PTHrP was inhibited by curcumin (Fig. 4A, left panel; IC5¢ = 16.5 uM)
at concentrations that had minimal effect on cell viability (Fig. 4A, right panel). In contrast,
curcumin-glucuronide was without effect (Fig. 4A, open boxes). In murine 4T1 cells, which
exhibited statistically significant decreases in TGFp-induced pSmadz2 in response to
curcumin but no inhibition in response to curcumin-glucuronide, curcumin also inhibited
TGFp-stimulated PTHrP secretion (Fig. 4B, left panel; 1ICsq = 44.4 uM) at concentrations
having minimal effect on cell viability (Fig. 4B, right panel). In contrast, curcumin-
glucuronide only decreased (28.1%) PTHrP secretion at the highest concentration tested
(100 uM) without altering cell viability (Fig. 4B, open boxes).

3.3 Deglucuronidation activity in breast cancer cells and in bone

Glucuronide deconjugation activity was high in mouse bone marrow cells (238.3 + 13.7
nmol/g protein/minute, n = 3/group). In contrast, deglucuronidation activity in bone tropic
breast cancer cells was either low (6.39 £ 0.06 nmol/g protein/minute, n = 3 for 4T1 cells) or
undetectable (< 2.32 nmol/g protein/minute for MDA-SA, 1833, and 2287 cells [n = 3/

group]).

3.4. Curcumin metabolite levels in serum vs tissues following oral curcumin treatment

Following oral administration of curcumin to mice curcumin-glucuronide was the primary
metabolite detected in serum (Fig. 5A, 156.8 uM), as compared to aglycone curcumin (Fig.
5B, 0.5 uM), accounting for 99.7% of total curcumin in the circulation (Fig. 5C). In contrast,
aglycone curcumin (3.2 uM curcumin [Fig 5B]) was the major metabolite in bone (vs 1.5
UM curcuminglucuronide [Fig 5A]), accounting for 69.4% of total curcumin (Fig. 5C).
Aglycone curcumin concentrations in bone were 6.4-fold higher than in the circulation (Fig
5B, p < 0.01). In contrast, aglycone curcumin comprised only 6.4%, 1.3%, or 2.0% of total
curcumin in adjacent skeletal muscle, heart, or kidney respectively (Fig 5C).

3. DISCUSSION

In clinical breast cancer bone metastases, Smad2 activation (pSmad2) has been reported in
75% of samples, while 68-100% express the Smad-inducible osteolytic factor, PTHrP
[7,36-39]. When coupled with evidence that these pathways can mediate metastatic
progression in MDA-SA, MDA-1833, MDA-2287, and 4T1 preclinical bone metastases
models [6,7,9-11,21,22,24], this suggests that targeting tumoral Smad signaling within the
bone microenvironment could be a clinically relevant approach. It is therefore notable that
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treatment with curcumin, a natural product that has been used medicinally for centuries,
significantly reduced receptor-mediated phosphorylation of Smad2 levels in each of these
bone-tropic breast cancer cell lines subsequent to TGFf stimulation. While the exact
mechanism of curcumin’s inhibitory effect on Smad-dependent TGFp signaling remains an
active area of research in our laboratory, a key finding in the studies reported here is the
comparative ineffectiveness of curcumin-glucuronide in mediating this protective effect
across all TGFp-dependent bone-metastatic BCa cell lines.

The physiologic relevance of curcumin inhibition of TGFp-inducible Smad signaling in the
context of osteolytic bone metastases and requirement for the aglycone metabolite, was
further demonstrated by experiments documenting curcumin inhibition of TGF-stimulated
PTHTrP secretion in BCa cell lines forming pSmad2- and PTHrP-positive bone metastases /in
vivo (MDASA and 4T1) [9-11,21,22,24], while curcumin-glucuronide was either without
effect (MDA-SA) or was much less potent (4T1, projected ICsg = 191.4 pM, with inhibition
only at the highest tested dose [100 uM]). /n foto, these findings suggest that aglycone
curcumin, rather than the prevailing circulating metabolite, curcumin-glucuronide (>99% of
total), would be required for effective blockade of BCa cell Smad signaling within the bone
microenvironment. Our finding of site-specific increases in curcumin within bone,
accounting for nearly 70% of local metabolites (vs. <1% in circulation or < 7% in other
tissues), with a concentration >6-fold higher than circulating levels perfusing the tissue, is
thus quite remarkable and consistent with bone-specific bioactivation of curcumin-
glucuronide. The fact that deglucuronidation activity was high in bone marrow cells,
consistent with previous reports that cells of hematopoietic origin express enzymes capable
of deconjugating glucuronides [40], while activity in the bone metastatic BCa tumor cells,
was either low (4T1 cells) or undetectable, suggests a likely role for bone hematopoietic
cells in mediating the local activation of curcumin within the tumor/bone microenvironment.
Of note, however, while MDA-SA cells did not appear capable of deconjugating curcumin-
glucuronide (no detectable deconjugation activity or free curcumin in conditioned media
from curcumin-glucuronide treated cells), the low level of deconjugation activity detected in
murine 4T1 cells could contribute to the inhibitory effect on PTHrP secretion that only
occurred with highest curcumin-glucuronide concentration tested (100 uM), suggesting
possible tumor-specific effects on curcumin bioactivation in the tumor/bone
microenvironment, as well.

Inhibition of tumoral TGF signaling has previously been proposed as a means of blocking
breast cancer bone metastasis progression, which could be complementary to the osteoclast-
directed effects of currently available bone-specific treatments [41]. However, the opposing
roles of TGFp in carcinogenesis, which can be anti-proliferative during primary
tumorigenesis, while promoting tumor progression in advanced disease, provides a
theoretical barrier to the development of systemic chemotherapeutic treatments targeting the
TGFp pathway [42-44]. Enrichment of bioactive curcumin within the bone
microenvironment, as demonstrated in these studies, suggests that circulating curcumin-
glucuronide may be functioning as a prodrug and that site-specific deconjugation of
curcumin within bone may allow for tissue-specific inhibition of Smad signaling in adjacent
tumor cells, avoiding issues related to systemic inhibition of TGFp signaling [45,46].
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Importantly, curcumin concentrations /n vivo, when averaged over the entire bone
compartment, were approximately 5-fold lower than the 1Cgy documented for inhibition of
BCa TGFp signaling /n vitro. However, because of the well documented heterogeneity of
bone blood flow [47,48], regional differences in curcumin-glucuronide delivery and
distribution within bone seem likely and could facilitate paracrine effects of curcumin
formed locally /n situwithin particular regions, such as the highly vascularized, well-
oxygenated metaphyseal niche where bone metastases preferentially form in pre-clinical
models [49], a postulate currently being tested in ongoing studies in our laboratory.

What is abundantly clear from the studies presented here, is the remarkable enrichment of
bioactive aglycone curcumin that occurs /n vivo within a tumor-free bone microenvironment
and the need for this metabolite in order to block TGF@-driven BCa bone metastasis
progression. While it has been previously postulated that the biological effects of curcumin
may require its deconjugation at sites of action [50], to our knowledge, this is the first
demonstration of tissue-specific metabolism of curcumin, a compound of great medicinal
interest [51]. Thus, just as BCa cells are thought to induce the site-specific release of TGFB
within bone, which drives metastases progression, bone marrow cells may similar facilitate a
microenvironment-specific treatment, mediating the local production of bioactive curcumin.
As bone-protective effects of curcumin have also been reported for other disease states, such
as arthritis, deconjugation of this polyphenol within bone may be a pre-requisite for its
bioactivity in other bone diseases as well [52-55]. Furthermore, these findings suggest that a
physiologic role for tissue-specific deconjugation may also extend to other highly
glucuronidated naturally-occurring polyphenols with bone-protective effects.
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. Curcumin inhibits TGF signaling in TGFB-dependent bone-tropic breast

cancer cells.

. Curcumin-glucuronide, the primary circulating curcumin metabolite, does
not.

. Aglycone curcumin is enriched in mouse bone marrow (vs serum or other

tissues) after oral dosing.

. Curcumin-glucuronide may be a pro-drug that is activated in bone by
deconjugation.
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Figure 1.
A) Structures of curcumin and curcumin-glucuronide. B) Comparative effects of curcumin

and curcumin-glucuronide on TGFB-stimulated phosphorylation of receptor-regulated
Smad?2 and Smad3 in bone-tropic MDA-SA breast cancer cells. MDA-SA cells were
stimulated for 1 hour with TGFB-1 (5 ng/ml) after 16 h pretreatment with 30 pM curcumin,
curcuminglucuronide, or vehicle. Phosphorylated (p)-Smad2, pSmad3, Smad2, and Smad3
protein levels were determined by Western blot analysis of protein from whole cell lysates,
with verification of protein loading by tryptophan labeling (data not shown) and
quantification of p-actin.
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Comparative effects of curcumin and curcumin-glucuronide on TGF-stimulated
phosphorylation of receptor-regulated Smad2 in bone-tropic human MDA-1833, human
MDAZ2287 and murine 4T1 breast cancer cells. Cells were pretreated with 30 UM curcumin,
curcumin-glucuronide, or vehicle (16h) prior to stimulation for 1 hour with TGFp-1 (5 ng/
ml). Phosphorylated (p)-Smad2 and Smad?2 protein levels were determined by western
analysis with verification of protein loading by tryptophan labeling (data not shown) and
normalization to Pactin. Data are representative of 3-5 independent experiments.
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Figure 3.
Effect of curcumin vs. curcumin-glucuronide on p-Smad2 and ratio of p-Smad2/Smad2 in

TGFB-stimulated bone tropic MDA-SA, MDA-1833, MDA-2287 or 4T1 breast cancer cells.
A) pSmad2, normalized to p-actin. B) pSmad2/Smad2 ratios, normalized to p-actin. Data
are reported as mean = SEM (n = 3-5/group). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p
< 0.0001 vs control or other condition indicated by bars.
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Concentration-dependent effects of curcumin or curcumin-glucuronide on TGF-stimulated
PTHrP secretion from bone-tropic breast cancer cells. A) Human MDA-MB cell TGFp-
stimulated PTHrP secretion (4.1-fold increase vs. control [p < 0.0001], left panel) and cell
viability (right panel). B) Murine 4T1 cell TGFp-stimulated PTHrP secretion (1.8-fold
increase [p < 0.0001 vs control], left panel) and cell viability (right panel). Data are
expressed as mean = SEM (n = 4-36/group) relative to TGFp-only cells. * p < 0.05, *** p <

0.001, **** p < 0.0001 vs TGFp only.
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Bone

Curcumin and curcumin-glucuronide levels in serum, bone, thigh muscle, heart, and kidney
following oral curcumin administration. Tissues (n = 5/group) were harvested from female
C57BL/6 mice 30 minutes after oral gavage with curcumin (500 mg/kg [human equivalent
dose, 2.5 g]). A) Concentration of curcumin-glucuronide or B) curcumin in bone and serum.
C) Relative contribution of free vs glucuronidated curcumin, expressed as % of total to total
curcumin in serum, bone, skeletal muscle, heart, and kidney. * p < 0.05,** p < 0.01, *** p

< 0.001 vs serum.
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