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ABSTRACT 

 

Osteoclast-mediated bone resorptive disorders, including post-menopausal 

osteoporosis, age-related bone loss, rheumatoid arthritis, and osteolytic bone metastases, 

affect over 55 million Americans each year. Breast cancer bone metastases, the model of 

bone resorptive disorders to be used here, causes osteolysis through a “vicious cycle”, 

whereby osteoclasts release growth factors (e.g., TGFβ) stored in the bone, which can 

cause bone-metastatic tumor cells to secrete pro-osteolytic factors (e.g., PTHrP), resulting 

in more osteoclast-mediated bone resorption. Curcuminoids, dietary polyphenols derived 

from the turmeric rhizome, inhibit progression of osteolytic bone metastases and other 

resorptive diseases by targeting osteoclasts and – in the case of bone metastases, also 

blocking tumoral TGFβ signaling – despite circulating as a glucuronide conjugate that is 

posited to lack bioactivity. These studies demonstrated that curcumin-glucuronide did not 

inhibit tumoral TGFβ signaling, with confirmation in multiple breast cancer cell lines that 

form TGFβ-dependent osteolytic lesions, nor did it inhibit osteoclastogenesis, with both 

TGFβ signaling and osteoclastogenesis being central to this osteolytic feed-forward loop. 

However, mouse bone marrow β-glucuronidase (GUSB) deconjugated curcumin-

glucuronide to the active aglycone, which was maintained across sexual and skeletal 

development and with bone resorptive disorders, with evidence that human bone marrow 

also has deconjugation activity. Other bone-protective dietary polyphenols (e.g., 

quercetin and resveratrol) were also deconjugated by bone marrow, a GUSB-mediated 

effect that was required for bone-protective bioactivity, suggesting that GUSB-mediated 

deconjugation of abundantly glucuronidated dietary polyphenols may be a universal 
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requirement to derive benefits. Finally, curcuminoids inhibited tumoral TGFβ signaling 

by reducing protein levels of TGFβR2 (receptor that binds TGFβ) and Smad2 

(phosphorylated by TGFβR1 following activation of TGFβR2 to stimulate genes 

promoting bone metastasis progression) primarily through effects on gene expression that 

depended, in part, on oxidative metabolism.  

In toto, these novel findings answer a long-standing question about curcumin’s 

apparent lack of bioavailability, with implications for the bioactivity of other dietary 

polyphenols, and provide a framework for future studies to explore how interindividual 

GUSB expression in the population may impact both curcumin’s bone-protective 

bioactivity and  its side effects as well as to further provide insight into cellular targets 

underlying curcumin’s inhibition of signaling pathways important in bone resorption. 
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CHAPTER 1 

 

INTRODUCTION TO THE METABOLISM AND MECHANISM OF ACTION OF 

TURMERIC-DERIVED CURCUMINOIDS IN BLOCKING OSTEOLYSIS IN 

BREAST CANCER AND OTHER RESORPTIVE BONE DISEASES 
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1.1 Curcuminoids 

 The turmeric rhizome, which contains a class of dietary polyphenols called 

curcuminoids, has been used for millennia as a traditional ethnobotanical medicine. More 

recently, our lab has discovered evidence for the protective effects of curcuminoids 

against bone-resorptive disorders, including postmenopausal osteoporosis, rheumatoid 

arthritis, and bone-metastatic breast cancer, using preclinical models1–5. 

 

1.1.1 Curcumin: use and chemistry 

 Turmeric, the rhizome (“root”) of a flowering tropical plant (Curcuma longa L.), 

is a popular spice from Southeast Asia that has fulfilled numerous roles across the ages, 

including as a dye, food preservative, spice, and as traditional medicine. In the ancient 

Ayurvedic system of healing, turmeric has been used to treat a variety of ailments, 

including anemia, migraines, jaundice, toothache, digestive issues, healing wounds, and 

rheumatism 6. In modern times, the use of curcuminoid-enriched turmeric dietary 

supplements7 have become widespread, with turmeric being the top seller ($50.3 million) 

in natural food stores (e.g., GNC, sports nutrition stores, co-ops, etc.), with a concurrent 

and rapid uptick in sales ($32.5 million) from mainstream channels (e.g., supermarkets, 

dollar stores, club stores, and drugstores)8. When administered in clinical trials as 

purified (98%) curcuminoid extracts, where curcumin is the primary compound, 

curcuminoids are generally well tolerated when taken at doses ranging from 200 mg/d to 

12 g/d for ≤ 9 months9–15. This intake can be compared with an estimated average dietary 

consumption of 100 mg/d curcuminoids in India, the country supplying the bulk of the 

world’s turmeric, where culinary use of turmeric root is common16.  
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 The identification of curcumin’s chemical structure, and its role as the compound 

imbuing turmeric with its yellow color was first made by Milobedzka and Lampe in 

191017. Later, in 1953, Srinivisan discovered that there were actually three abundant 

diarylheptanoids (“curcuminoids) in turmeric – curcumin, demethoxycurcumin (DMC), 

and bisdemethoxycurcumin (BDMC)18. In reality, turmeric rhizomes contain of over 200 

distinct chemical compounds, including turmeric-specific “secondary metabolites” that 

primarily fall into two distinct classes: the polyphenolic diarylheptanoids which are 

comprised of curcuminoids and other related compounds, and the essential oils, which 

include monoterpenes and sesquiterpenes. Medicinal effects have been documented for 

both of these classes of secondary metabolites, as well as for turmeric-derived 

polysaccharidess19–21. However, most modern medicinal interest in turmeric has been 

focused on the curcuminoids, which comprise approximately 3%, by dry-weight, of 

rhizome22. Curcumin is the most abundant curcuminoid, followed by DMC and BDMC, 

in both whole rhizome (60:22:18)23 or commercially available curcuminoid-enriched 

(>95%) extracts (85:15:5)24. All three have a general chemical structure consisting of two 

phenolic rings connected by a 7-carbon chain, containing an α,β-unsaturated diketone, 

with the three curcuminoids differing based on the number of phenolic methoxy groups 

(Figure 1.1).  
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Figure 1.1. Turmeric: From rhizome to curcuminoids. Curcuma longa L. is a 
flowering plant, belonging to the same family as ginger, and native to India and Southeast 
Asia. The rhizome is normally dried and ground up to form an orange powder that most 
would recognize as the spice, turmeric. This plant has been used for thousands of years in 
Ayuverdic medicine to treat a multitude of illnesses, including musculoskeletal disorders. 
Curcuminoids (curcumin, demethoxycurcumin, and bisdemethoxycurcumin) are 
bioactive compounds found in turmeric and are responsible for imbuing the recognizable 
orange color. 
 
 The pleiotropic biological effects that have been reported for curcuminoids may 

be attributable to the multiple functional groups contained within this structure, including 

up to two o-methoxy phenolic groups, two enones, and an α,β-unsaturated diketone 

moiety (Figure 1.2A). These include antioxidant activity and reactive oxygen species 

(ROS) scavenging that is thought to rely on the phenolic hydroxy groups of curcumin25,26, 

which may explain the differences in antioxidant capacity among the three 

curcuminoids27. Curcumin is also thought to alter cellular processes by interacting with 

proteins, lipids, nucleic acids, and metal co-factors28. These interactions can be divided 

into transient, non-covalent binding or permanent, covalent binding. All three moieties 

can theoretically contribute to transient interactions mediated by hydrogen bonding, π-π 

interactions, and hydrophobic effects29,30, while the α,β-unsaturated diketone reportedly 

serves as a Michael acceptor to form adducts with reactive moieties, including protein 
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thiols31–33. It is also proposed that the α,β-unsaturated diketone can chelate di- and 

trivalent cations Fe3+, Zn2+, Cu2+ and Mn3+34–36, which are important for the function of 

many metalloproteins, including transcription factors, metalloenzymes, oxygen carriers. 

As a lipophilic compound, it is posited that curcumin can integrate into phospholipid 

membranes, where it may inhibit oxidation of lipid components37 and alter membrane 

initiated signaling38,39. Curcumin has also been shown to bind the minor groove of 

DNA40,41, which could also explain the observed effects on gene expression42,43. 

Recently, reactive oxidative intermediate metabolites of curcumin have been implicated 

as possible mediators of bioactivity24. Altogether, some or all of these proposed 

mechanisms of action may contribute to the bone-protective effects of curcuminoids.  
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Figure 1.2. Curcumin bioactive moieties and proposed mechanisms of action. A) The 
are multiple functional groups found in the chemical structure of curcumin, including 
hydroxyls and methoxy groups capable of hydrogen bonding, phenolic rings that 
participate in hydrophobic interactions, and reactive enones that can form adducts 
through Michael additions. B) Curcumin exists primarily as the enol form (shown in A), 
and this enol group can form stable structures with di- and tri-valent metal ions in a 2:1 or 
3:1, curcumin:metal complex. This has important implications for the function of 
metalloproteins (e.g., hemoglobin and ferritin) or metalloenzymes (e.g., superoxide 
dismutase and carbonic anhydrase). C) Curcumin has proposed antioxidant capabilities 
(i.e., neutralization of free radicals), which can be mediated through hydrogen 
abstraction, primarily from hydroxyl groups, that form resonance structures among the 
three hydroxyl groups. D) Two enone groups in the curcumin 7-carbon chain act as 
Michael acceptor sites that can form adducts with biomolecules, such as cysteine or 
selenocysteine sites in proteins. 
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1.1.2 The Curcumin conundrum: Bioavailability and metabolism 

 For a drug to exert a therapeutic effect, it must get to the right location, at an 

adequate concentration, in the bioactive form, for a sufficient duration. This process is 

governed by the unique absorption, distribution, metabolism, and excretion (ADME) 

profile of a given compound. Although curcumin has shown potent bioactivity against a 

multitude of in vitro targets44, little to no consumed curcumin is detectable in the 

circulation of rodents or humans45–48. 

 Although up to 60% of curcumin is absorbed from the gut, circulating levels are 

difficult to detect49–51. A Caco-2 model of absorption demonstrates accumulation and 

metabolism of curcumin within the gut enterocytes affecting absorption, an effect that 

can be reversed by the addition of lipid carriers52–54. This has led to the development of 

numerous proprietary turmeric dietary supplements, all of which contain turmeric-derived 

curcuminoid-enriched extracts, which enhance curcuminoid bioavailability via admixing 

curcuminoids with various lipids to form micelles or forming nanoparticles, which 

enhance curcumin bioavailability up to 46-fold7 (Table 1.1). Nevertheless, curcumin that 

is absorbed via the gut is rapidly and extensively converted to other metabolites, such that 

curcumin itself is a minor component of total metabolite levels. Thus, one is left with the 

conundrum of how curcumin can have in vivo bioactivity while at the same time not 

being detectable in the body. 

 Once ingested, curcumin can be metabolized along its journey from the gut to 

systemic circulation (Figure 1.3A), including conjugation, reduction, oxidation, and 

cleavage. This includes metabolism by the gut microbiota, the intestinal mucosa, liver, 

and other organs48,55–57. Conjugation is a phase II metabolic process occurring in the liver 
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that adds charged moieties to the phenolic hydroxyl of curcumin, making it hydrophilic 

for eventual excretion in the urine and feces. For curcumin, glucuronides (vs sulfates) are 

the most common conjugate formed (2:1 to 6:1, in rats and humans, respectively)47,58. 

Normally this conjugation event reduces bioactivity, although for specific compounds, 

bioactivity can increase, as has been reported for glucuronides of morphine digitoxin, and 

retinoyl59 or sulfates of melatonin derivatives60. Existing in vitro evidence for curcumin, 

albeit limited, suggests that glucuronidation may abate curcumin bioactivity, in the 

context of inhibiting cell proliferation61, altering gene expression in HepG2 cells62, and 

inhibiting oxidation63. Normally, glucuronidation targets compounds for excretion. 

However, enterohepatic circulation, whereby conjugated compounds are secreted from 

the liver into the bile, potentially deconjugated by microbiota, and reabsorbed by the 

intestine, may allow for an extended circulation time of curcumin and curcumin 

metabolites, and thus a longer therapeutic window64. Importantly, glucuronidation is also 

a readily reversible process by the prototypical glucuronide deconjugating enzyme, β-

glucuronidase, expressed by both human cells and the gastrointestinal microbiota. 

Coupled with enterohepatic circulation, deconjugation by gut microbial β-glucuronidase65 

could theoretically allow for recirculation of the active aglycone curcumin. This has been 

shown to occur for other dietary polyphenols, including baicalen66 and genistein67. There 

is also some evidence that curcumin might also undergo enterohepatic circulation in 

humans68 and rats68,69. However, Ozawa et al. found that orally administered curcumin-

glucuronide did not result in appreciable amounts of free curcumin in rat portal blood, 

suggesting little to no enterohepatic circulation of curcumin occurred70. 
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Figure 1.3. Metabolism of curcuminoids. A) Curcumin can undergo multiple forms of 
metabolism both in vivo and in vitro. Curcumin undergoes extensive conjugation in vivo, 
primarily forming glucuronide and sulfate conjugates. Reduction involves the 
incorporation of a hydrogen into the 7-carbon chain to form dihydrocurcumin, 
tetrahydrocurcumin, hexahydocurcumin, and octahydrocurcumin. Curcumin may also 
undergo cleavage events to form lower molecular weight compounds including ferulic 
acid, vanillin, and feruloylmethane. Finally, curcumin can also be oxidized in a B) multi-
step process of reactive intermediates (e.g., peroxyl radical and spiroepoxide) that 
ultimately forms the stable end product, bicyclopentadione. 
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 In addition to conjugation, which is reversible, curcumin can also be metabolized 

to form both reduced and oxidative metabolites through irreversible processes45. While 

there is some evidence for bioactivity of reduced metabolites when administered 

pharmacologically71–73, and hepatocytes in vitro are able to produce these metabolites47, 

circulating levels of reduced metabolites are extremely low in both rodents and 

humans45,47,74,75. This suggests that they may not significantly contribute to the bioactivity 

of ingested curcumin. Oxidation can also occur, forming intermediates that are highly 

reactive and that can react with intracellular biomolecules to disrupt important signaling 

pathways, such as adducts formed with DNA Type II topoisomerases and IΚΚβ of the 

NF-κB pathway24,31,32,76–78 (Fig. 1.3B). While levels of bicyclopentadione (BCP), a final 

product of oxidation, are not readily detected in vivo24, it remains possible that the 

formation of covalent adduction of reactive intermediates with proteins limits the utility 

of using BCP as a biomarker of in vivo oxidation. Elements of the complex in vivo 

milieu, including serum proteins that protect against oxidation, an abundance of 

oxidation-resistant curcumin-glucuronide, and endogenous antioxidants (e.g., glutathione 

and N-acetylcysteine) may instead shuttle curcumin down non-oxidative metabolic 

pathways (e.g., reduction, conjugation, and cleavage)24. However, current evidence 

suggests that cleavage of curcumin (e.g., to vanillin, ferulic acid and feruloyl methane) is 

a minor mechanism of curcumin degradation79. Pure curcumin is much less stable at pH 

7.5 in vitro (ammonium acetate buffer), completely disappearing within 20 minutes with 

subsequent formation of BCP, than when mixed with DMC and BDMC in ratios 

approximating curcuminoids isolated from turmeric rhizomes (80:15:5, C:DMC:BDMC), 

with 75% disappearing after 2 hours80,81. In contrast, pure curcumin-glucuronide degrades 
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250-fold slower than pure curcumin in vitro at pH 7.582, suggesting that the relatively 

stable curcumin-glucuronide in circulation can serve as a reservoir for the release of 

aglycone curcumin given that conjugation is reversible70. In addition, curcumin can 

readily bind to protein carriers (e.g., albumin) which can further increase curcumin 

stability83–85.  
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Table 1.1. Curcumin concentrations in human circulation 
    

Dose (g) 
 

Curcumin 

Author Study 
Population Tissue Formulation Curcumin Total 

Curcuminoids GUSB Tx Tmax (h) Cmax (ng/mL) AUC (ng-hr/mL) 

Cuomo86 
Healthy 
Humans 

Plasma 

E (micelles [Meriva]) 0.297 0.376 Y 3.8 ± 0.6 50.3 ± 12.7 538 ± 130.7 

E (micelles [Meriva]) 0.165 0.209 Y 4.2 ± 0.8 24.2 ± 5.9 272.6 ± 68.52 

C3 1.295 1.799 Y 6.9 ± 2.2 9.0 ± 2.8 122.5 ± 29.3 

Vareed58 
Healthy 
Humans 

Plasma C3 
7.5 10 Y 3.29 ± 0.43 2.3 ± 0.26 35.3 ± 3.8 

9 12 Y 3.29 ± 0.43 1.7 ± 0.2 26.6 ± 3.0 

Pawar68 
Healthy 
Humans 

Plasma Liposomal Curcumin 0.75 – ns 0.6 ± 0.05 183.4 ± 37.5 321.1 ± 25.6 

Schiborr87 
Healthy 
Humans 

Plasma 

C3 0.41 0.5 ns 7.5 ± 8.2 2.6 ± 4.9 24.2 ± 42.6 

E (Micronized) 0.41 0.5 ns 8.8 ± 6.4 15.3 ± 9.0 214.7 ± 106.4 

E (Micelles) 0.41 0.5 ns 1.1 ± 0.4 1189.1 ± 518.8 4475.0 ± 1675.2 

Jäger88 
Healthy 
Humans 

Plasma 

C3 – 1.8 Y 7.4 ± 1.0 2.3 ± 0.3 10.8 ± 1.7 

E (C3+ Turmeric oils 
[Biocurcumax]) 

– 0.376 Y 3.2 + 1.0 0.5 ± 0.0 5.8 ± 0.1 

E (micelles [Meriva]) – 0.376 Y 1.7 ± 1.0 2.8 ± 0.3 28.7 ± 2.6 

E (cellulose 
[Curcumin]) 

– 0.376 Y 1.4 ± 0.5 27.3 ± 6.4 307.6 ± 44.6 

Asher75 
Healthy 
Humans 

Plasma 
C3 2.92 4 Y 3.6 57 929 

E (micelles [Meriva]) 0.385 2 Y 1.1 71 785 

Lao89 
Healthy 
Humans 

Serum/ 
Plasma 

C3 

– 0.5,1, 2, 4 ,6, 8 ns nd nd – 

– 10 ns 4 50.5 – 

– 12 ns 2 57.6 – 

Sharma90 
CRC 

Patients 
Plasma C3  

0.45 0.5 ns nd nd – 

0.9 1 ns nd nd – 

1.8 2 ns nd nd – 
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3.6 4 ns 0.5-1 4.1 ± 0.2 – 

Shoba46 
Healthy 
Humans 

Serum C3 2 – ns 1 6 ± 5 4 

Garcea56 
CRC 

Patients 
Plasma C3 

0.45 0.5 ns nd nd – 

1.8 2 ns nd nd – 

3.6 4 ns 1 0.11 - 1.1 – 

Cheng91 
Cancer 

Patients 
Plasma Synthetic curcumin 

0.5, 1, 2 – ns nd nd – 

4 – ns 1.67 ± 0.6 187.9 ± 40.5 939.4 ± 648.4 

6 – ns 2.0 ± 1.73 235.76 ± 22.1 1768.2 ± 1654.0 

8 – ns 1.75 ± 0.4 652 ± 688.9 5061.5 ± 2074.0 

12 – ns nt  – – 

Carroll92 
CRC 

Patients 
Plasma C3 4? – Y <4 7.3 ± 8.1 – 

Gota93 

Healthy 
Humans 

Plasma 
 

E (C3 solid lipid 
nanoparticles) 

~0.16 – N 2.4 ± 0.4 22.4 ± 1.9 178.4 ± 27.1 

C3 0.65 – N – <1 – 

OS 
Patients 

E (C3 solid lipid 
nanoparticles) 

~0.5 – N 3.5 ± 0.4 32.5 ± 3.9 189.3 ± 12.2 

~0.75 – N 1.5 ± 0.2 31.4 ± 5.9 301.8 ± 41.7 

~1 – N 3.75 ± 1.6 41.2 ± 8.9 375.3 ± 52.8 

Sasaki94 
Healthy 
Humans 

Plasma 

C3 30 mg/kg – Y 6 1.8 ± 2.8 4.1 ± 7 

E (C3 nanoparticles 
[Theracurmin]) 

30 mg/kg – Y 1 29.5 ± 12.9 113 ± 61 

Kanai11 
Cancer 

Patients 
Plasma 

E (C3 nanoparticles 
[Theracurmin]) 

0.2 – ns – 324 – 

E (C3 nanoparticles 
[Theracurmin]) 

0.4 – ns – 440 – 

E, enhanced bioavailability curcuminoid formulation; C3, purified curcuminoids; CRC, colorectal; nd, not detectable; OC, 
osteosarcoma; ns, treatment with β-glucuronidase (GUSB) not specified; nt, not tolerated; –, value not provided 
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1.1.3 Glucuronide disposition and the role of β-glucuronidase 

 This extensive metabolism and lack of bioavailability of curcumin, which 

circulates primarily as the seemingly inactive glucuronide conjugate, gives rise to the 

question of how curcumin can mediate the multitude of reported biological effects. It has 

been hypothesized that circulating curcumin-glucuronide could undergo deconjugation at 

sites of action to exert effects58,70; the so-called “pro-drug hypothesis”.  

 Glucuronidated chemotherapeutic prodrugs are already being investigated64,95,96 to 

target tumors due to high levels of exogenous β-glucuronidase (GUSB), the prototypical 

deglucuronidating enzyme, from tumor-infiltrating inflammatory hematopoietic cells97,98, 

with obvious applications to other sites with inflammatory infiltrates, but also with 

antibody-directed enzyme prodrug therapy (ADEPT), whereby GUSB is conjugated to 

antibodies raised against tumor antigens64. The use of prodrugs is especially important for 

compounds with high toxicity, such as chemotherapies, to limit exposure and undesirable 

side effects and toxicities. Experiments by Bosslet et al. elucidated the mechanism for 

activation of HMR 1826, a doxorubicin-based glucuronide prodrug monotherapy in the 

treatment of necrotic human xenograft tumors, demonstrating high levels of localized 

GUSB expression, primarily due to release of lysosomal contents from monocytes and 

granulocytes, in necrotic tumors. Treatment with HMR 1826 lead to the preferential 

accumulation of doxorubicin in tumor tissues compared to healthy lung tissue. 

Furthermore, in MF1 mice, HMR 1826 had a LD10 20-40-fold higher than doxorubicin 

alone. Obviously, the above approach requires release of GUSB into the tumor 

microenvironment, which may not occur for all tumors or to an extent sufficient to 

convert adequate amounts of prodrug. The use of tumor-targeted, GUSB-conjugated 
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antibodies allows for an additional avenue for delivery of GUSB to the tumor 

microenvironment followed by administration of glucuronidated prodrug. Other labs have 

investigated glucuronidated prodrugs built on different chemotherapeutics that also show 

clinical promise. Prijovich et al. investigated the toxicity and anti-tumor activity of 9-

aminocamptothecin (9AC) glucuronide (9ACG), a topoisomerases I inhibitor99. In vitro 

experiments showed the increased cytotoxic efficacy of 9AC against multiple human 

xenograft cell lines including MCF-7 (breast), CL1-5 (lung), and LS174T (colon), while 

the glucuronide, 9ACG, had IC50 values 25-46-fold higher, which was reversed by 

addition of GUSB to cell cultures. Both 9AC and 9ACG were effective at inhibiting 

LS174T tumor growth in vivo, suggesting that 9ACG is effectively deconjugated in vivo. 

Hamon et al. explored the effects of a glucuronidated prodrug of cyclopamine, an 

inhibitor of Hedgehog signaling, on the viability of U87 (glioblastoma) cells100. They 

found that the prodrug alone did not display much cytotoxicity up to 100 μM with a 30% 

decrease in viability by 200 μM. Cyclopamine alone or the prodrug co-incubated with 

GUSB resulted in a total loss of cell viability by 50 μM. Based on this pre-clinical 

success with glucuronidated chemotherapy prodrugs, it follows that curcumin-

glucuronide could also be used to target not only GUSB-rich tumors, but other tissues 

rich with GUSB-expressing cells. This gives rise to two core questions of particular 

relevance to the studies proposed here: 1) is curcumin-glucuronide the active metabolite, 

and if not 2) is curcumin-glucuronide deconjugated in bone, a site possibly enriched with 

GUSB-expressing hematopoietic cells, to exert bone-protective bioactivity? Despite this 

plethora of research into tissue-specific targeting of glucuronidated chemotherapies, an 

extensive search of the literature produced only two reports with evidence of site specific 
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curcumin enrichment, both of involved subcutaneous human xenograft tumors, consistent 

with glucuronidated chemotherapeutic models 101,102. However, there is no evidence that 

curcumin-glucuronide is deconjugated in normal tissue, and thus useful to healthy 

individuals that don’t have tumors. This dearth of research highlights the glaring 

disconnect between the observed bioactivity of curcuminoids and what is actually known 

about curcumin-glucuronide disposition in vivo – a primary impetus for the investigations 

proposed in this dissertation. 

 Due to the relative stability of the O-glucuronide bond under physiologically 

relevant conditions103, this posited deconjugation would have to occur via enzymatic 

action. One such enzyme, β-glucuronidase (GUSB), is a ubiquitously expressed 

lysosomal hydrolase, forming a homotetramer comprising four identical subunits of ~75 

kDa each, that acts on exo-β-glucuronide bonds. GUSB plays an important role in 

degrading mucopolysaccharides of the extracellular matrix and when mutated, this can 

lead to the lysosomal storage disorder Mucopolysaccharidosis VII (i.e., MPS VII, Sly 

Syndrome)104,105. The genetics of GUSB expression has been primarily elucidated in 

mouse models, and is described by the Gus gene complex, a region on mouse 

chromosome 5 containing the protein coding and regulatory DNA sequences. These 

sequences include the amino-acid encoding structural element (Gus-s), and elements for 

tissue-specific regulation (Gus-u), temporal regulation (Gus-t), androgen-responsive 

regulation (Gus-r), and estrogen-responsive regulation (Gus-e)106,107. Among commonly 

available inbred laboratory mouse strains, there exist three major haplotypes (A, B, and 

H) of the Gus complex, that differ in the charge, heat lability, and activity of the resulting 

GUSB protein108,109. Both the A (Gusa, A/J representative strain) and B (Gusb, 
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C5788BL/6J representative strain) haplotypes have similar GUSB enzyme activity, while 

the H haplotype (Gush, C3H/HeJ representative strain) results in approximately 6 to 60% 

of wild-type GUSB activity, depending on the tissue assayed110–112. This difference is 

partially explained by a single nucleotide polymorphism (SNP) at position 272, resulting 

in an amino acid substitution at residue 87 from a threonine (Gusa and Gusb) to an 

isoleucine (Gush). This causes a change in secondary protein structure and increased heat 

lability for Gush, and ultimately reduced enzyme activity113. GUSB activity is also highly 

variable in human populations. Gratz et al. found that plasma GUSB differed by up to 

300-fold in a German population114, while Lombardo et al. measured only a 14-fold 

difference, from the lowest to highest measured values, in a population of Italians115. In 

both studies, plasma GUSB levels were higher in males than females suggesting sex-

dependent regulation. Similarly, Sperker et al. demonstrated interindividual differences 

GUSB activity in human liver (6-fold) and kidney (14-fold)116. While nearly 6,000 SNPs 

have been reported in the GUSB gene, the functional significance (i.e., clinical 

manifestation of Sly Syndrome) is only known for less than 30 mutations117. It is possible 

that the observed variability in GUSB activity of the healthy human population is due to 

the remaining SNPs that don’t result in overt disease, and that enzyme activity is 

inhibited enough to impair metabolism of compounds without resulting in a pathogenic 

phenotype.  

 While relative amounts of GUSB content of various tissues is well 

documented118–120, bone marrow has not been included in these surveys. This is an 

important avenue of research in order to answer the question of how curcumin-

glucuronide, if biologically inactive, could be deconjugated to the aglycone, including in 
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the bone microenvironment where in vivo effects have been documented in rodents and in 

humans121–127. Histochemical, microarray, and RNA-seq data suggest that GUSB is 

highly expressed by hematopoietic cells, especially those of the myeloblastic lineage 

(e.g., neutrophils and monocytes/macrophages)128–130. However, populations of 

hematopoietic cells differ between blood and bone marrow compartments, with the major 

difference being that mature cells are abundant in circulation while bone marrow contains 

cells along the continuum of hematopoiesis. In addition, the relative abundance of cell 

types differs in blood vs. bone. In humans, neutrophils are the predominant cell (40-60%) 

in the circulation followed by lymphocytes (20-40%)131. Conversely, lymphocytes are the 

primary circulating cell (76-91%) in mice followed by neutrophils (8-20%)132. However, 

in both mice and humans, neutrophils are the most abundant (30-37%) hematopoietic 

cells in bone marrow, followed by lymphocytes (17-21%), monocyte/granulocyte 

precursors (6.5-18.8%), and monocytes (0.2-9.6%)133–135. This difference in cell types 

between bone and blood (i.e., GUSB activity), along with possible differences in 

substrate concentration, blood flow rate/contact time, and other factors may allow for 

differential deconjugation of curcumin-glucuronide in bone relative to circulation. 

 Within cells, GUSB expression is primarily localized to both the microsomal and 

lysosomal cellular compartments107, where activity is maximized under the acidic (pH 4-

5) conditions found in these compartments136,137. GUSB is also known to be secreted into 

the extracellular space120,138,139, an environment that is not normally optimized (pH) for 

enzymatic activity. However, GUSB is also known to retain catalytic activity up to pH 

6.8, which is similar to levels achievable in the acidic tumor microenvironment140. 

Ishisaka et al. also demonstrated that monocyte cells undergoing inflammatory stress 
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(lipopolysaccharide) can acidify their microenvironment, via lactate secretion, to allow 

extracellular GUSB to deconjugate quercetin-glucuronide120. This suggests sites with 

high concentrations of extracellular (or cell-associated) GUSB, such as bone 

marrow128,130,141 and inflammatory infiltrates97,142 could be targeted with glucuronidated 

pro-drugs. However β-glucuronidase is not the only enzyme capable of deconjugating 

glucuronide conjugates, with heparanase (HPSE) and α-klotho (KL) both having reported 

glucuronidase activity143,144. HPSE is a secreted endo-β-glucuronidase whose primary 

function is to cleave heparan sulfates in the extracellular matrix (ECM). HPSE is 

primarily expressed in placenta, but is expressed at lower levels in other tissues, 

including platelets, hematopoietic cells ,and liver143,145,146. HPSE is also upregulated in 

metastatic tumors147,148, allowing these cells to partially fulfill their function of cellular 

migration by breaking down the ECM. Reports of HPSE expression by hematopoietic 

cells149 suggest that it may also be expressed in bone, and if curcumin-glucuronide is 

recognized as a substrate, then HPSE could mediate deconjugation in bone. Furthermore, 

HPSE-activated prodrugs are currently in development to target HPSE-rich tissues, 

highlighting the possibility of this theory150,151. 

 KL is a membrane-bound protein that has important roles in aging, calcium and 

phosphate metabolism, and insulin signaling152. Structurally, KL consists of a 

transmembrane region and a large extracellular domain that can be cleaved off to form 

soluble KL that can circulate throughout the body. While many tissues do express KL, 

levels are highest in placenta and kidney.153 However, essentially no KL is expressed in 

bone marrow, suggesting that any activity of KL on curcumin-glucuronide in bone would 

have to be from soluble KL154. Unlike β-glucuronidase, KL lacks two amino acid 
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residues thought to be essential for glycosidase activity. Despite this, Tohyama et al. 

found that soluble KL did possess some enzymatic activity against the synthetic β-

glucuronidase substrate, 4MU-glucuronide, albeit at a rate less than 4% that of β-

glucuronidase, and is also capable of deconjugating steroid (e.g., estrone, estriol, 

testosterone) glucuronides144. Given that all three enzymes have shown enzyme activity 

against a multitude of specific and overlapping substrates144,155,156, it is also important to 

note that peak enzyme activity is achieved at a similar pH range of ~4-5.5136,137,154,157,158. 

While it is known that curcumin-glucuronide is a substrate for β-glucuronidase, owing to 

detection of aglycone curcumin after incubation with β-glucuronidase58, we are unaware 

of any reports assessing curcumin-glucuronide as a possible substrate for either HPSE or 

KL. 

 Another question to be asked is how curcumin-glucuronide can come together 

with these enzymes, primarily located inside the cell. As a hydrophilic compound, 

curcumin-glucuronide cannot readily diffuse across the cell membrane, therefore 

curcumin-glucuronide must be actively taken up by cells (e.g., endocytosis or active 

transport) or the interaction must occur outside the cell with secreted enzyme. Sly 

Syndrome (mucopolysaccharidosis type VII) results in the accumulation of 

glycosaminoglycans (e.g., dermatan, heparan, and chondroitin sulfates) from endocytosed 

ECM that is unable to be broken down due to a deficiency in β-glucuronidase159. This 

suggests the possibility that curcumin-glucuronide in the bone marrow microenvironment 

could be taken up by cells, along with ECM components, through endocytosis and 

directed to lysosomes where deconjugation by β-glucuronidase could occur. However, 

very little research has been done in the area of curcumin-glucuronide and endocytosis. 
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Nakagawa et al. have quantified the uptake of curcumin and its metabolites (i.e., THC 

and curcumin-glucuronide) by phagocytic THP-1 monocytes. After treatment of 

monocytes with 10 μM of curcumin, THC, or curcumin-glucuronide, they found that 

curcumin was readily taken up by monocytes (2,029 pmol/2x106 cells) and peaked at 2h , 

THC was not taken up by cells, and curcumin-glucuronide was essentially not absorbed 

(19 pmol/2x106 cells)160. Although not curcumin, experiments by Kawai et al. showed 

that glucuronidated quercetin, another bone-protective and highly glucuronidated dietary 

polyphenol, was preferentially taken up, and deconjugated to aglycone quercetin, by 

inflammatory macrophages in atherosclerotic lesions161. Conversely, Ishisaka et al. 

provided evidence that quercetin-glucuronide can be taken up by cells (e.g., RAW 264.7, 

J774-1, and THP-1) through anion binding to cell surface proteins and can also be 

deconjugated to aglycone quercetin by secreted GUSB120. More research is needed to 

determine the role of endocytosis on uptake of curcumin and curcumin-glucuronide into 

cells at sites of action.  

 Evidence for the active transport of curcumin-glucuronide into cells is conflicting. 

Jaerapong et al. showed that curcumin, but not curcumin-glucuronide, had affinity for 

transporters of the organic anion-transporting polypeptide family (OATPs) – OATP1B1, 

OATP1B3, and OATP2B1 – overexpressed in Chinese hamster ovary (CHO) or ZR-75-1 

breast cancer cells162. Zhou et al. also presented evidence that supported curcumin as a 

substrate for OATP1B1, OATP1B3, OATP2B1, organic anion transporter-1 (OAT1), and 

OAT3. However, blockade of OATP and OAT transport by rifampicin and probenecid, 

respectively, resulted in elevated plasma concentrations of curcumin-glucuronide in 

Sprague-Dawley rats163. Moreover, curcumin and curcumin-glucuronide treatment 



 

 

36 

inhibited OATP-mediated uptake of rosuvastatin by human embryonic kidney (HEK) 

cells overexpressing these OATPs and OATs, suggesting that both compounds are 

competitive substrates for these transporters. Transport of other glucuronidated 

compounds by OATPs and OATs, including estradiol-17β(β-D-glucuronide)164,165 and 

dietary polyphenols (e.g., daidzein-7-O-glucuronide, genistein-7-O-glucuronide, 

quercetin-3’-O-glucuronide, and scutellarein-7-O-glucuronide)166,167, is further evidence 

that glucuronidated compounds can be substrates for active transport into cells. While 

this evidence points to curcumin and curcumin-glucuronide being substrates for OATPs 

and OATs, these transporters are mainly expressed in the liver (OATP1B1, OATP1B3) or 

kidneys (OAT1, OAT3). However, OATP2B1 is expressed throughout the body, 

including bone marrow168,169, and may permit uptake of curcumin-glucuronide into cells. 

 Another mechanism for curcumin-glucuronide and deglucuronidating enzyme 

interaction is in the extracellular space. As part of the normal synthesis pathway, pro-

heparanase and β-glucuronidase can be secreted extracellularly and shuttled back into 

lysosomes/endosomes via receptor-mediated endocytosis (e.g., mannose-6-phosphate or 

heparan sulfate proteoglycan170,171), followed by processing in the lysosome/endosome to 

form active enzyme172,173. In addition, it is known that cells, especially those of the 

hematopoietic lineage, can secrete lysosomal contents, including β-glucuronidase, into 

the extracellular space174. Stress, including infection and inflammation, is known to 

increase the secretion of β-glucuronidase from cells112,138,175–179. This observation of 

elevated β-glucuronidase secondary to inflammation is seen in humans and rodents with 

rheumatoid arthritis and Lyme arthritis, where serum and synovial fluid levels are 

significantly greater than healthy controls112,177. As a proof of concept for deconjugation 
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of dietary polyphenol glucuronides, due to secreted/extracellular β-glucuronidase, 

Ishisaka et al. showed that inflammatory macrophages secreted β-glucuronidase into cell 

culture media, allowing for deconjugation of quercetin-glucuronide120. This suggests that 

other glucuronidated compounds, such as curcumin, could also be deconjugated by 

extracellular β-glucuronidase. 

 Curcuminoids are well-tolerated, dietary polyphenols that have shown preclinical 

efficacy at preventing disorders driven by bone resorption. However, since little to none 

of the active, aglycone curcumin can be detected in circulation, we have hypothesized 

that detectable, curcumin-glucuronide, must be acting as a pro-drug that is activated at 

sites of action, most likely from enzymatic deconjugation by β-glucuronidase, either 

outside of the cell or after cellular uptake. Given that bone marrow is rich in 

hematopoietic cells that reportedly have high β-glucuronidase expression128, it is 

plausible that subsequent to this activation, curcuminoids can inhibit signaling pathways 

central to the pathogenesis of bone resorptive disorders. If true, this could also explain 

bone protective effects of other dietary polyphenols whose primary in vivo metabolite is a 

glucuronide. 

 

1.2 Bone osteolysis in metastatic breast cancer 
 Breast cancer (BCa) is the most common and second deadliest cancer among 

women in the United States, with 266,120 new cases and 40,920 deaths expected in 

2018180. BCa also has a predilection for metastasizing to bone during advanced 

disease181, where it erodes bone182. Metastatic disease is the ultimate cause of death in 

BCa patients, and these currently incurable, focal osteolytic lesions decrease the quality 

of life in the months to years of survival183. 
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1.2.1 Normal bone turnover vs pathologic osteolysis  

 At its simplest, the skeleton is a structural entity that allows for support of the 

human body, movement, and protection of vital organs. In order for the skeleton to grow 

and to facilitate repair, bone is constantly being turned over through a process mediated 

by the action of resident bone cells: bone-forming osteoblasts, bone-embedded osteocytes 

(derived from osteoblasts), and bone-resorbing osteoclasts. This cycle of bone 

remodeling involves the tight coupling of osteoblast and osteoclast action that together 

form a bone modeling unit (BMU)184,185 (Figure 1.4). First, pre-osteoclasts 

(monocyte/macrophage lineage) are recruited to the BMU where they fuse, mature, and 

eventually resorb bone in a process regulated by the ratio of receptor-activator of NF-κB 

(RANK) ligand (RANKL) and osteoprotegerin (OPG), a soluble RANK decoy receptor, 

as well as calcitonin, parathyroid hormone (PTH), PTHrP, 1,25(OH)2-vitamin D, IL-1, 

IL-6, estrogen, and colony stimulating factor (CSF). Subsequent to this, a reversal phase 

occurs where osteoclasts undergo apoptosis, pre-osteoblasts are recruited, and an 

osteogenic environment is created via bone matrix-derived growth factors such as 

transforming growth factor β (TGFβ), insulin-like growth factor 1 and 2 (IGF-1 and IGF-

1), platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF)186–189. Pre-

osteoblasts can then mature into active osteoblasts, which deposit and mineralize new 

bone190. 
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Figure 1.4. Schematic of a bone remodeling unit. Bone is constantly being turned over 
due to growth or to repair damage. In response to some stimuli (e.g., microfracture), 
osteocytes embedded in bone release signals to recruit pre-osteoclasts (from the 
monocyte lineage). These preosteoclasts invade the area between the bone and bone-
lining cells, eventually forming mature osteoclasts that resorb bone. Upon resorption of 
bone, a period of reversal, that is not well understood, begins. At the end of the reversal 
period, pre-osteoblasts, that derive from the bone lining cells, begin to lay down new 
bone matrix, called osteoid, composed mostly of collagen, with other extracellular matrix 
compounds and growth factors. Osteoblasts than help to calcify osteoid to form mature 
bone, eventually terminating with some osteoblasts being embedded in bone to form 
osteocytes and adhesion of the bone linin cells to the newly calcified bone. 
 
 In resorptive bone disorders, such as postmenopausal osteoporosis (PO) and 

rheumatoid arthritis (RA), this normal homeostasis becomes uncoupled or unbalanced, 

and osteoclast activity begins to outpace osteoblast activity, resulting in bone loss. This 

process is primarily mediated by the action of RANKL, the “master regulator” of 

osteoclastogenesis191. While osteoblasts are the usual source of RANKL under normal 

conditions, other cells in the bone microenvironment can produce ectopic RANKL during 

pathologic osteolysis. In both PO and RA, T-cells can secrete RANKL and other pro-

inflammatory cytokines (e.g., TNF-α, IL-1, and IL-18) that synergize to increase 
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osteoclastogenesis192,193. In RA, fibroblast-like synoviocytes can also secrete RANKL 

and cytokines to activate osteoclast formation. Normalization of bone turnover by 

targeting these cells or the pro-osteolytic factors they secrete is therefore an obvious 

target. 

 Curcuminoids have exhibited bone protective effects by directly targeting key 

components of the bone remodeling cycle, including RANKL-induced osteoclast 

formation 1,2,198,121–124,194–197. When RANKL binds to RANK on the surface of osteoclast 

precursors, it initiates a signal cascade mediated through intracellular NF-κB. 

Curcuminoids can inhibit the activation and translocation of NF-κB to the nucleus, 

preventing expression of NF-κB-dependent genes and subsequent osteoclastogenesis1,194–

196,198,199. However, reports of curcuminoid effects on bone-building osteoblasts are 

mixed, with some showing protective, detrimental, or neutral effects on osteoblast 

numbers and function3,198–201. These bone-protective effects also translate to experimental 

models of bone resorptive disease1,2,4,197. In the osteoporotic (ovariectomy [OVX]) 

model, where bone loss occurs due to overactive osteoclasts202, curcuminoids inhibited 

RANKL-stimulated osteoclastogenesis. In doing so, curcuminoids can spare the highly 

metabolic trabecular bone from being degraded in OVX mice4. In the streptococcal cell 

wall-induced rheumatoid arthritis (RA) model, RANKL secreted by immune cells and 

RA synoviocytes induces osteoclastogenesis and subsequent focal osteolytic bone 

destruction in mouse joints193. Curcuminoids were able to inhibit joint inflammation and 

osteoclastogenesis via downregulation of NF-κB activation and expression of pro-

inflammatory, pro-osteolytic signaling pathways (e.g., MCP-1, IL-1β,COX-2, RANKL 

and PTHrP)1,2,197. Curcumin has also shown promise at treating osteoarthritis (OA) and 
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RA in a clinical setting, where it can reduce measures of symptoms, including the pain 

visual analogue scale (PVAS) and the Western Ontario and McMaster Universities 

Osteoarthritic Index (WOMAC). A recent meta-analysis by Daily et al. suggest that 

curcumin is more effective than placebo at reducing PVAS and WOMAC scores. 

Furthermore, curcumin was as effective at reducing PVAS and WOMAC scores as 

commonly available remedies for pain (e.g., ibuprofen, diclofenac, and glucosamine and 

chondroitin)203. Curcumin is also effective at reducing bone loss and serum markers of 

bone resorption (e.g., bone-specific alkaline phosphatase [BALP], serum carboxyterminal 

telopeptide of type I collagen [sCTx], osteocalcin, and procollagen type I propeptide 

[PINP]) in other diseases with inflammatory bone126.  

 Given that curcumin is thought to target multiple steps of bone resorption, 

including osteoclast activity, it follows that the bone-protective effects of curcumin 

would also have additive effects with bisphosphonates. This idea is supported by pre-

clinical models of osteoporosis in ovariectomized Sprague-Dawley rats, where Cho et al. 

showed that curcumin plus the bisphosphonate, alendronate, acted synergistically to 

decrease markers of bone turnover (ALP and CTx) as well as normalizing bone mineral 

density (BMD)204. These findings also translate to humans, where Khanizadeh et al. 

found that combined therapy of curcumin and alendronate were more effective at 

normalizing bone turnover markers (BALP, CTx, and osteocalcin levels) as well as 

BMD, compared to curcumin or alendronate monotherapy, in women with 

postmenopausal osteoporosis125. 
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1.2.2 Breast cancer types and outcomes 

 Breast cancer is a heterogenous disease of the mammary tissue that is commonly 

classified by histological features, cellular origin, and receptor expression. At its most 

basic, breast cancer can be categorized histologically as either an in situ – where growth 

is contained in the mammary duct or lobule – also known as Stage 0 – or invasive 

carcinoma, involving expansion through the basement membrane into the surrounding 

tissue, and known as Stage I-II. Breast cancer caught at Stages 0-II and treated early are 

highly survivable, with 5 year survival rates of nearly 100% (Stages 0 and I) to 93% 

(Stage II)205. In Stage III, the tumor exceeds 2 inches in diameter and may have invaded 

nearby lymph nodes, while Stage IV tumors have disseminated to distant tissues in the 

body. It should be noted that cancer stages do not necessarily progress sequentially (e.g., 

Stage 0 à I à II à III à IV), rather they are a clinical tool to assess risk. The use of 

molecular markers – as determined by immunohistochemical detection of estrogen 

receptor (ER), progesterone receptor (PR), and human epidermal growth factor 

(HER2/neu) – to stratify breast cancers has helped both guide treatment regimens as well 

as predict patient outcomes. Luminal BCa, which arise from glandular cells lining the 

mammary lobules and ducts, express both ER and PR, and can be further subdivided into 

Luminal A or Luminal B based on low or high expression of Ki67, respectively. Elevated 

Ki67 expression is associated with rapid cellular growth and slightly worse prognosis206. 

HER2-enriched breast cancers are ER+/ER- and PR- tumors that overexpress the surface 

growth receptor, HER2, resulting in rapid growth and poorer prognosis. BCa that lacks 

appreciable expression of ER, PR, and HER2 are known as triple negative breast cancers 

(TNBC) and have the worst patient prognosis207. 
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1.2.3 Osteolysis in breast cancer 

 Approximately 30% of women diagnosed with breast cancer will go to develop 

metastatic (stage IV) disease where cells have spread to and proliferate at distant tissues. 

While there are differences in site of metastases based on BCa subtype, bone is the most 

common site (29-71%), followed by liver (10-46%) and lung (8-47%)181,208,209. It is still 

unclear why exactly breast cancer metastasizes to the particular tissues it does, however 

the “seed and soil” hypothesis, first proposed by Stephen Paget in 1889, posits that the 

“soil” – bone, for example – provides the optimal environment for the “seed” – in this 

case, breast cancer – to proliferate210. Paget’s theory ran contrary to earlier suggestions 

that sites of metastases were dependent on the degree of tissue vascularization or inherent 

properties of the tumor cells themselves. Rather, characteristics of the metastatic site such 

as mechanical properties, growth factor expression, and oxygen content create a 

microenvironment conducive to the recruitment and proliferation of tumors. Bone has 

unique properties that may make it a prime tissue for metastasis, including an abundance 

of bone-derived growth factors (transforming growth factor β [TGFβ], insulin-like 

growth factors [IGFs], fibroblast growth factor [FGF], platelet-derived growth factor 

[PDGF], and bone morphogenic proteins [BMPs]), tissue rigidity, extracellular calcium, 

hypoxia, and acidity211–214. More recently, a distinct TGFβ-driven genetic signature that 

acts synergistically to promote breast cancer metastasis to bone has been described215, 

underlying the idea of cross-talk between the tumor and the bone in the process of 

metastasis. Interestingly, breast cancer cells that do colonize bone don’t always 

immediately flourish into overt metastases and instead can lay dormant for years before 

awakening, with approximately a third of women having clinically silent micrometastases 



 

 

44 

already residing in bone at the time of primary BCa diagnosis216. Therefore, preventing 

these quiescent micrometastases from developing into clinically evident micrometastases 

may be a worthwhile approach to prevent metastatic BCa. 

 Upon initiation of proliferation, breast cancer cells begin to interrupt the finely 

balanced homeostasis of bone formation by osteoblasts and bone resorption by 

osteoclasts. When this interaction results in increased osteoclast activity, focal osteolytic 

lesions, which make up 75% of cases, essentially “burrow” through the bone. The 

remaining cases tend to be either osteoblastic or mixed lytic/blastic lesions, involving 

overactive osteoblasts laying down disorganized, weak bone182. While breast cancer is a 

classic example of a primarily osteolytic bone metastases, other tumor types can manifest 

as primarily osteoblastic (e.g., prostate cancer), or mixed (e.g., GI cancers)217. The 

pathogenesis of osteolytic lesions is thought to occur through a so-called vicious cycle of 

metastasis whereby growth factors stored in bone, such as TGFβ and IGFs, are released 

by osteoclast activity. These compounds can then bind their cognate receptors on 

adjacent, bone-metastatic breast cancer cells, inducing expression and secretion of 

osteolytic factors, such as PTHrP, matrix metalloproteases (MMPs), and interleukins 

(e.g., IL-6, IL-8, and IL-11). These osteolytic factors can then act on osteoblasts to 

express or secrete RANKL to activate pre-osteoclast maturation or by directly stimulating 

osteoclasts. These mature osteoclasts can then resorb more bone, releasing additional 

growth factors in a perpetual feed-forward loop218,219 (Figure 1.5). 

 Breast cancer morbidity secondary to BMETs is primarily due to skeletal related 

events (SREs), secondary to metastases, and characterized by increased risk of 

pathological fracture due to general bone pain and muscle weakness, loss of bone (lytic) 
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or poor bone quality (blastic), and hypercalcemia of malignancy (elevated serum 

calcium)217,220. Eventually, complications from metastases including infections from a 

cancer-compromised immune system221 and skeletal-related events ultimately lead to 

mortality222. 

 
Figure 1.5. The vicious cycle of metastasis. When breast cancer metastasizes to bone, it 
interrupts the normal homeostasis of bone turnover mediated by the coupling of bone 
resorption by osteoclasts and bone formation by osteoblasts. Growth factors, such as 
TGFβ, are released from the bone matrix by normal osteoclast activity. TGFβ, can then 
bind bone-metastatic breast cancer cells and induce secretion of pro-osteolytic factors, 
including parathyroid hormone-related protein (PTHrP). PTHrP can then bind its cognate 
receptor on osteoblasts, causing them to secrete receptor-activator of NF-κB (RANK) 
ligand (RANKL), which binds RANK on the surface of osteoclast precursor cells. This 
step is mediated by the ratio of RANK and its soluble form, osteoprotegerin (OPG). 
These activated osteoclast precursors can then merge to form multi-nucleated, mature 
osteoclasts that can resorb bone and release more growth factors, further perpetuating this 
feed forward cycle. 
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1.2.4 Models of Breast Cancer Bone Metastasis 

 There exist a number of immortalized breast cancer cell lines available for the 

study of breast cancer and breast cancer bone metastasis. The particular breast cancer cell 

lines used in our lab have been chosen based on their propensity to home to bone after 

intracardiac injection and form TGFβ-dependent osteolytic lesions, recapitulating human 

disease. These include cells of both human and murine origin, that each have pros and 

cons. The human MDA-MB-231 cell line223 is a common cell line used to study estrogen 

receptor negative (ER-) breast cancer bone metastases224–230. Although available from the 

American Type Culture Collection (ATCC) repository, many labs use derivatives of this 

cell line that can vary due to phenotypic drift231, including not forming metastases 

following intracardiac injection232. Our lab uses a derivative of the MDA-MB-231 cell 

line, originally from the Mundy lab in San Antonio, that readily forms TGFβ-dependent 

osteolytic lesions in vivo, that we refer to as “MDA-SA” 229,233–236. We also use the Kang-

derived MDA-MB-231 sub-clones, MDA-2287232 and MDA-1833232,237–239, derived from 

in vivo selection (i.e., inoculation with re-isolation of any bone metastatic cells), which 

have increased TGFβ-dependent bone-tropism relative the parent (ATCC) cell line. 

While human cells best approximate human disease, they have the inherent drawback of 

requiring an immunodeficient mouse model for transplantation. These 

immunocompromised mice (e.g., athymic nude [to be used here], SCID, Rag1) lack 

immune systems to various degrees240, which prevents an adequate immune response to 

the transplanted tumor cells. To overcome this limitation, mice with “humanized” 

immune systems have been developed that more accurately recreate the human immune 

milieu 241, with the drawback that these mice are around 4-times more expensive than 
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standard immunodeficient mice. Syngeneic murine models (e.g., 4T1 cells in BALB/c 

mice) avoid the drawbacks (e.g., price and lack of immune response) of 

immunocompromised mice, but limit what conclusions can be drawn from a purely 

murine biological system. The ER- murine breast cancer cell line, 4T1, is available from 

ATCC and readily forms metastases to lung, liver, and brain upon orthotopic or 

intracardiac injection242,243. 4T1 cells also form TGFβ-dependent osteolytic bone 

metastasis235,244–247. Lelekakis et al. subjected 4T1 cells to further in vivo selection of 

single cell clones to derive the 4T1.2 cell line. These 4T1.2 cells have a propensity to 

colonize bone following intracardiac injection and result in elevated serum PTHrP 

compared to control mice or other cancer cell lines (67NR, 66cl4) that do not metastasize 

to bone243.  

 

1.2.5 TGFβ signaling and breast cancer 

 TGFβ is a ubiquitously expressed growth factor that acts in autocrine and 

paracrine functions to regulate a multitude of biological processes, including early 

development, cell proliferation, apoptosis, immunity, cell migration, and angiogenesis248–

252. In non-cancerous cells and early stage tumors, TGFβ signaling prevents cell 

proliferation by stimulating expression of cytostatic genes (e.g., p15INK4b and WAF1) and 

induction of apoptosis. However, in late stage tumors, TGFβ switches function to 

promote cell proliferation and survival249,253,254. The mechanism for this “TGFβ paradox” 

is not well understood but may include mutations in TGFβ signaling pathway 

components and other oncogenes, and changes in context and crosstalk between Smad-

dependent and non-Smad-dependent signaling227,255–258. 
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 In actuality there are three TGFβ isoforms (TGFβ1, -2, and -3) that are part of the 

well-conserved TGFβ superfamily of ligands that include bone morphogenic proteins 

(BMPs), activins/inhibins, myostatin, nodals, and other growth and differentiation factors 

(GDFs)248. TGFβ1-3 are each encoded by different genes but have homology (70-80%) in 

the C-terminal regions. TGFβ is synthesized as a 390 amino acid pre-protein, consisting 

of three distinct domains: The signal peptide (SP) [aa1-29], which directs pre-TGFβ to 

the secretory pathway, the latency-associated peptide (LAP) [aa30-279], and the mature 

TGFβ peptide [aa280-390]. This pre-TGFβ undergoes extensive processing during 

secretion, with the SP being removed and the covalent dimerization of two SP-free pre-

TGFβ via three disulfide bridges, two connecting the LAP and one connecting the mature 

peptide. Next, the LAP and mature peptide are cleaved, but non-covalent interactions 

keep the mature peptide bound to the LAP, forming the small latent complex (SLC), and 

prevent premature activation of TGFβ signaling. The SLC can then either be secreted 

directly or it can bind the latent TGFβ binding protein (LTBP), forming the large latent 

complex (LLC), that can then be secreted and allow bind to extracellular matrix. This 

latent TGFβ can be activated by proteases, acid, and mechanical forces to release the 

mature TGFβ peptide from the LAP259. TGFβ1 is the most abundant isoform in 

bone260,261, and is stored in the calcified matrix where it can be released and activated by 

the action of bone resorbing osteoclasts. 

 The canonical TGFβ pathway signals through a system of cell-surface receptors, 

intracellular Smad proteins, and adapter molecules. Type I (TβRI/ALK5) and Type II 

(TβRII) receptors are transmembrane proteins consisting of an extracellular ligand 

binding domain, transmembrane domain, and an intracellular serine/threonine kinase 
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domain, which exist as homodimers in the basal state. Type III receptors 

(TβRIII/betaglycan and endoglin) are considered accessory receptors that help guide the 

different TGFβ isoforms to TβRII, with betaglycan, a monomer, having high affinity for 

TGFβ2262,263 while endoglin, a homodimer, strongly binds TGFβ1 and TGFβ3264,265. 

Once TGFβ is activated, it can bind to its cognate receptor, TβRII on the cell surface with 

or without assistance from betaglycan or endoglin, initiating a phosphorylation cascade. 

TβRI is subsequently recruited, forming a hetero-tetramer with TβRII, and 

phosphorylated at several serine and threonine residues in the cytoplasmic, membrane-

adjacent GS region by TβRII, allowing for binding by Smad2 and -3266 (Figure 1.6). 

 The canonical TGFβ signaling Smad proteins can be subdivided into the receptor-

regulated (R-Smads: Smad2, -3), common partner (Co-Smad: Smad4), and inhibitory (I-

Smads: Smad7) Smads266–269. It should be noted that Smad2 and Smad3 are also involved 

in signaling transduction of other TGFβ family members (e.g., activins and nodals, but 

not BMPs). There are also complementary scaffold proteins, including Smad anchor for 

receptor activation (SARA), docking protein 1 (Dok-1), and TGFβ-receptor associated 

protein 1 (TRAP-1) that help to coordinate Smad-dependent TGFβ-signaling258. R-

Smads, which are sequestered in the cytoplasm270,271, and Co-Smads, which can be found 

throughout the cell272, have similar structures consisting of two globular domains, the N-

terminal DNA-binding MH1 domain and the C-terminal protein-protein interaction MH2 

domain, separated by a variable linker region. Once TGFβ signaling is activated (i.e., 

formation of the TβRII-TβRI receptor complex subsequent to TGFβ binding), TβRI can 

recruit and phosphorylate a pair of C-terminal serines in Smad2/3 at the SSXS 

motif266,273. Endocytosis of the active TβRI- TβRII complex via the clathrin-coated pit 
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mechanism directs receptors to endosomes enriched with SARA and Smad2, enhancing 

TGFβ signaling274,275. Phosphorylated Smad2/3 (p-Smad2/3) can then form a homo- 

(Smad3-Smad3 or Smad2-Smad2) or hetero-trimer (Smad2-Smad3) with the Smad4 

through interactions of the MH2 domains. This activated Smad complex can then enter 

the nucleus and bind DNA via the MH1 domains of Smad3 and Smad4 to initiate TGFβ-

regulated gene expression.  

 TGFβ can also signal through a variety of Smad-independent (“non-canonical”) 

pathways276. Rho-like GTPases (e.g., RhoA, Rac1, andCdc42) are involved in a multitude 

of cellar processes including receptor trafficking after endocytosis, nuclear-cytoplasmic 

shuttling of Smads, and cytoskeletal changes277. This crosstalk between the active TβR 

complex and these GTPases allows TGFβ signaling to regulate cytoskeletal changes, such 

as TGFβ-induced epithelial-to-mesenchymal transition, while GTPases can also modulate 

Smad-dependent TGFβ signaling. Phosphatidyl-inositol 3 kinases (PI3Ks) are a family of 

cytosolic serine/threonine kinases that regulate a multitude of cellular processes from 

metabolism to proliferation to migration, and as such interact with many other signaling 

pathways, including TGFβ. Activation of the TGFβ receptor complex leads to activation 

of PI3K/Akt signaling in a Smad-independent manner by directly phosphorylating PI3K, 

and indirectly through TRAF6278. The mitogen activated protein kinases (MAPKs) are a 

family of cytosolic, serine/threonine protein kinases that, similar to PI3K, mediate many 

different activities in the cell, including cellular stress response, inflammation, 

proliferation, and migration279. The MAPKs comprise extracellular signal-regulated 

kinase (ERK1/2/5), p38 MAPK (p38α/β/γ/δ), and c-Jun N-terminal kinase (JNK1/2/3), 

each with multiple isoforms, designated in parentheses.   
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Figure 1.6. TGFβ signaling overview. TGFβ in the cellular microenvironment can bind 
its cognate receptor (TGFβR2), this then recruits and activates TGFβR1 by 
phosphorylation of the cytosolic domain. The activated TGFβR1/2 complex can then 
recruit and activate Smad2 or Smad3 by phosphorylation in the C-terminal region via the 
canonical signaling pathway. This process can be enhanced by clathrin-mediated 
endocytosis and inhibited by Smad7. Phospho-Smad2/3 can form a trimer with Smad4, 
which then enters the nucleus and initiates TGFβ-dependent gene expression. Active 
TGFβR1/2 complex can initiate non-canonical TGFβ signaling can occur through other 
downstream kinases, including the MAPK family (p38, JNK, and ERK), through sorting 
to lipid rafts. These MAPKs can directly initiate gene expression or can interact with 
canonical TGFβ signaling through crosstalk with Smad2/3. MAPK are known to 
phosphorylate Smad2/3 in the linker region, although the ultimate effect this has on 
Smad-dependent TGFβ signaling is not clearly understood. Degradation of TGFβR1/2 is 
primarily mediated through caveolin-dependent endocytosis while clathrin-dependent 
endocytosis recycles back to the plasma membrane, in addition to some degradation. 
 

 Of these non-canonical TGFβ signaling pathways, MAPK is the best described280, 

and is known to have important effects (cross-talk) with Smad signaling and also has a 

documented role in contributing to TGFβ-stimulated secretion of osteolytic factors from 

bone metastatic breast cancer cells229. Cross-talk between the MAPK and TGFβ signaling 
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pathways is bidirectional; the active TβR complex can induce MAPK phosphorylation 

and activation via a string of upstream kinases (MAP2Ks, MAP3Ks, and MAP4Ks), and 

MAPKs can alter Smad signaling via phosphorylation of receptor-regulated Smad 

proteins in their linker region273,276. Activation of MAPK via TGFβ is thought to occur 

through endocytosis of the active TβR complex via caveolin/lipid raft pits281. Thus, the 

relative distribution of TβR complexes in clathrin-coated pits (Smad signaling) vs 

caveolin-enriched lipid rafts (MAPK signaling) provides one additional means of 

regulating TGFβ activation of Smad vs. MAPK signaling pathways. The Smad linker 

region, which is the most variable in amino acid composition between Smads, is rich with 

sites (Smad2: T110, S24, S250, and S255; Smad3: T179, S204, S208, S213) that can be 

phosphorylated by protein kinases (i.e., MAPKs, CDKs, GSK3, PI3K, and ROCK)273,282. 

The effects of Smad linker region phosphorylation are highly variable and context 

dependent, leading to both up- and down-regulation of TGFβ signaling273. For example, 

Smad2 linker (Smad2-L) phosphorylation is required for TGFβ-induced 

glycosaminoglycan elongation in vascular smooth muscle cells (VSMCs) and is mediated 

by the action of ERK and p38, but not JNK283, while thrombin-stimulated migration in 

keratinocytes is also mediated by ERK-specific phosphorylation of Smad2-L284. Both 

CDK- and JNK-induced Smad2- and Smad3-L phosphorylation have been implicated in 

the tumor-promoting activity of TGFβ in human colorectal cancer285. Contrary to the 

promoting effects of linker region phosphorylation on TGFβ signaling, Smad3-L 

phosphorylation by CDKs has been shown to antagonize the anti-proliferative TGFβ 

activity286,287 and inhibit TGFβ signaling by preventing nuclear translocation288. 

Furthermore, phosphorylation of Smad2-L (T220) or Smad3-L (T179), by MAPKs or 
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CDKs289–292, at the PPXY motif can recruit ubiquitin ligases, such as Smurf1/2 and 

Nedd4L, to ubiquitinate Smad2/3 and target them for proteasomal degradation. This 

crosstalk between TGFβ and other protein kinase pathways allows for a multitude of 

signaling outcomes depending on the context of the cellular milieu (e.g., growth factors, 

stress, etc.)293–295. 

 Termination of Smad-dependent TGFβ signaling can be achieved through 

multiple mechanisms, including inhibitory effects of Smad7, dephosphorylation of R-

Smads, and recycling or degradation of R-Smads and active receptors by ubiquitination 

or internalization. In the basal state, Smad7 is concentrated in the nucleus, but can be 

trafficked to the cytoplasm upon initiation of TGFβ signaling, which can also upregulate 

Smad7 expression due to Smad-binding elements in the Smad7 promoter. Complexation 

with the E3 ubiquitin ligases, Smurf1 or Smurf2, causes Smad7 to be shuttled out of the 

nucleus and into the cytoplasm where it competes with R-Smads for binding to activated 

TβRI, preventing the C-terminal phosphorylation of Smad2 and -3. Associated Smurf1 

can then ubiquitinate the active TβRI and Smad7, targeting them for proteasomal 

degradation296–298. Smad2 and -3 are also regulated by ubiquitination both with and 

without prior TβRI-mediated phosphorylation, through the action of the E3 ubiquitin 

ligases, Smurf2 and Nedd4L292,299. Nuclear-cytoplasmic shuttling of Smad4 by the 

nuclear E3 ubiquitin ligase, ectodermin, and cytosolic deubiquitinase, FAM/USP9x, also 

regulates access of Smad4 for binding to R-Smads300. While much less is known about 

the role of Smad dephosphorylation on TGFβ signaling cessation, removal of the C-

terminal phosphates in Smad2 and -3 by the phosphatase, PPM1A/PP2Cα, has been 

shown to abrogate the anti-proliferation and gene expression (e.g., p15, p21, and c-myc) 
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caused by TGFβ induction301. PP2A, has also been implicated as a Smad3 phosphatase, 

although this effect was limited to hypoxic environments302. Finally, localization of 

TGFβ receptors is an important mechanism for regulation of TGFβ signaling303. While 

internalization of ligand-activated TβR complex into endosomes is not required for 

Smad-dependent signaling, it does enhance TGFβ-dependent gene expression274,275. On 

the contrary, internalization of TGFβ receptors via the caveolin/lipid rapt mechanism 

targets receptors to Smad7-Smurf2 rich endosomes, targeting them for degradation274. 

TGFβ receptors can also be recycled in a ligand-independent manner304. 

 TGFβ signaling has been implicated as a central player in the pathogenesis of 

osteolytic breast cancer bone metastases, with much of this work having been done in 

pre-clinical models of triple-negative breast cancer (i.e., cells lacking expression of the 

estrogen, progesterone, and HER2 receptors), including the MDA-SA229,233–236, MDA-

1833232,237,239,245, MDA-2287232, 4T1224,235,242,244–247, and 4T1.2243,305,306 cell lines 

described earlier. While all of these cell lines form TGFβ-dependent bone-metastases in 

vivo, each has a slightly different set of TGFβ-dependent genes that are thought to drive 

bone metastases215,307. One particular, and well-studied gene, PTHrP, is a TGFβ-

inducible growth factor important for normal physiologic processes – including 

development, lactation, β-cell function, and vascular smooth muscle proliferation308,309. 

Bone metastases are almost universally PTHrP positive, compared to 55-82% of primary 

breast tumors, which is associated with formation of bone metastases, decreased survival, 

and frequently drives hypercalcemia in women with breast cancer228,310–315. In contrast, 

less than 18% of non-bone metastases are PTHrP positive. This is consistent with the 

postulate that, in addition to the normal physiologic roles, PTHrP contributes to the 
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pathogenesis of osteolytic bone metastases and its expression may be induced at sites of 

metastasis by bone-derived growth factors. Much of the mechanistic importance of 

PTHrP as a pro-osteolytic factor in breast cancer316 has been elucidated using MDA-SA 

cells in a well-studied pre-clinical model of human breast cancer bone metastases 

3,5,229,233–236,317. The importance of TGFβ and PTHrP in osteolytic disease is underscored 

in this model by the decrease in both osteolytic lesion number and lesion size that occurs 

following neutralization of microenvironmental TGFβ or tumor-secreted PTHrP229,233–235. 

Interrupting TGFβ signaling by transfecting MDA-SA cells with a TGFβR2 lacking a 

cytoplasmic domain, which is thus unable to activate TGFβR1, decreased in vivo bone 

metastatic lesion area and serum PTHrP, while increasing survival229,233. Blockade of 

Smad-dependent TGFβ signaling by transfection of MDA-SA cells with dominant 

negative (dn)-Smad2, -Smad3, or -Smad4 resulted in significantly less TGFβ-stimulated 

PTHrP secretion229, demonstrating the importance of Smad-dependent, TGFβ-stimulated 

PTHrP secretion. However, non-canonical TGFβ-inducible MAPK signaling also plays 

an important role in MDA-SA cells, with inhibitors of MEK and p38 decreasing TGFβ-

stimulated PTHrP secretion229. TGFβ signaling and PTHrP are also important in the 

murine 4T1, which express PTHrP and exhibits Smad2 activation (phosphorylation) at 

the tumor-bone interface of bone metastatic tumor cells239,246, and in 4T1.2 cell line, a 

4T1 subclone isolated from bone, which is described to have an aggressive bone 

metastatic phenotype in vivo associated with increased circulating PTHrP levels243,318. 

Inhibition of TGFβ signaling in 4T1 cells by use of a soluble TβR2 decoy, inactivation of 

TGFβR2, or TGFβ-neutralizing antibody (1D11) also led to a decrease in metastatic 

phenotype, orthotopic tumor volume, and both bone metastasis area and burden244,245,247. 
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 While Smad2/3 and MAPK pathways are important for transduction of TGFβ 

signaling to the nucleus, this happens in the context of a complex milieu of transcription 

factors. In MDA-MB-231 cells, the transcription factor ETS-1 plays a central role in 

TGFβ activation of PTHrP gene expression319. The gene for PTHrP has three promoter 

regions – P1, P2, and P3 – and 9 exons that can undergo alternative splicing to form 15 

different mRNA products and 3 protein isoforms – a 139 amino acid, 141 aa, and 173 aa 

protein, which can undergo additional post-translational processing. Transcript products 

of the P3 promoter are abundant in many cell types and tumor samples, including those 

that metastasize to bone320. Lindemann et al. showed that P3 promoter products are 

induced with TGFβ treatment and is mediated through the synergistic effects of Smad3 

and ETS-1, resulting in a 14-fold increase in P3 promoter activity compared to only a 

3.5-fold or 4.1-fold increase with ETS-1 or Smad3 alone, respectively230. 

 To determine what drives bone metastases, cell lines (MDA-1833 and MDA-

2287) that form osteolytic bone metastases were isolated via in vivo selection from bone 

following inoculation with ATCC MDA-MB-231 cells that are poorly metastatic to bone. 

Using this approach, a key role for TGFβ was verified by the identification of additional 

upregulated TGFβ-regulate genes, separate from PTHrP232. Together, these cell models 

have identified a “TGFβ gene signature” in bone metastatic breast cancer cells that works 

synergistically to increase osteolytic bone metastatic potential. These genes include pro-

osteolytic IL-11 and matrix-metalloproteinase (MMP-1), pro-angiogenic connective-

tissue growth factor (CTGF), and the bone-homing chemokine receptor (CXCR4)232,239. 

Similarly, parent MDA-MB-231 and 4T1 cells all secrete osteolytic IL-11 in response to 
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TGFβ stimulation232,239,245,321, while MDA-1833 also secrete TGFβ-stimulated, pro-

osteoclastic IL-8237. 

 

1.2.6 Current therapies for bone-metastatic breast cancer 

 Therapy for clinically evident bone-metastatic breast cancer is dependent on 

multiple factors – including the aggressiveness of disease progression, spread of 

metastases (localized vs disseminated), and biomarker expression – with multiple 

avenues available to clinicians and patients. These options can be broadly categorized as 

those targeting 1) the tumor itself and 2) the bone microenvironment. For tumors with 

druggable receptor expression (ER, PR, HER2), anti-estrogens (e.g., tamoxifen or 

aromatase inhibitors) and anti-HER2 (trastuzumab or neratinib) therapies are available322. 

Chemo and radiotherapy are additional options to slow tumor growth and decrease bone 

pain, however these approaches are fairly non-discriminant and thus have unwanted side 

effects. Bone-specific agents, such as denosumab – a fully humanized monoclonal 

antibody against RANKL that acts to sequester and neutralize RANKL, thus preventing 

RANKL-induced osteoclast formation and subsequent osteoclastic bone resorption – or 

bisphosphonate (e.g., zoledronate, clodronate, and alendronate) – a class of drugs that 

mimic pyrophosphate, endowing them with an affinity for incorporation into 

hydroxyapatite of the bone220, where subsequent release by osteoclast-mediated 

resorption induces apoptosis when taken up by osteoclasts323 – are used to reduce 

skeletal-related events (e.g., further bone destruction secondary to bone metastasis), as 

well as bone pain324,325. The utility of using bone-modifying agents for bone metastases 

prevention in patients with early breast cancer is mixed. A recent Cochrane Systematic 
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Review of 11 randomized controlled trials (RCTs) found that bisphosphonates decrease 

the relative risk of developing bone metastases by nearly 15%325. However, in a soon to 

be published placebo controlled RCT investigating the effects of denosumab on bone 

metastasis-free survival, no benefit was found326.  

 

1.2.7 Curcumin inhibition of breast cancer osteolysis 

 Osteolytic, bone-metastatic breast cancer is a deadly disease that is thought to be 

driven by a vicious cycle of bone destruction, fed by bone-derived growth factors that 

bind tumor cells and stimulate tumoral secretion of pro-osteolytic factors, including 

TGFβ-stimulated PTHrP, which drive further osteolysis. Since a third of women have 

undetectable micrometastases in the bone at time of initial breast cancer diagnosis, it 

follows that preventing these clinically silent BMETs from proliferating into osteolytic 

lesions is a fitting target for the prevention of breast cancer morbidity and mortality. 

Therefore, identification of a safe and effective prophylactic treatment to prevent 

clinically evident metastases from ever forming is the ideal next step in addressing 

metastatic disease. This goal could be achieved by interrupting the positive feedback loop 

between bone-metastatic tumor cells and the resident bone cells, osteoblast and 

osteoclasts, underlying the “vicious cycle” of metastasis. This approach is currently 

employed through the use of osteoclast-targeting bisphosphonates and the anti-RANKL 

antibody, denosumab. While these compounds were historically recommended only for 

clinically overt bone metastases, they are now being prescribed as adjuvant therapies to 

prevent recurrence of breast cancer, including bone metastases327,328. However, the utility 

of denosumab in preventing breast cancer bone metastases is in question, pending results 
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from the ABCSG-18 trial325,329. Furthermore, prolonged use is associated with increased 

risk of skeletal related events (SREs), including pathological fractures, and on rarer 

occasions, osteonecrosis of the jaw330,331, which needs to be considered in the context of 

increasing disease-free years following initial breast cancer diagnosis. Additionally, the 

exclusive use of bone-modifying agents to prevent metastasis overlooks an essential 

component of this ‘vicious” cycle of metastasis, tumoral signaling by bone-derived 

growth factors such as TGFβ. Given the important role of TGFβ as an anti-proliferative 

in healthy tissue and in early tumorigenesis, the systemic targeting of TGFβ signaling 

could likely result in negative side-effects. While multiple TGFβ inhibitors are being 

developed for the clinic, none have proceeded past Phase 3 trials and made it into the 

clinic332,333. This is in part due to the inability to meet survival endpoints or recruit 

sufficient patient numbers. Thus, if a TGFβ targeting agent could be found that was 

specific to bone, this could result in fewer untoward effects, while synergizing with 

current osteoclast targeting therapies. 

 To this end, our lab has shown that curcuminoids can inhibit the progression of 

osteolytic lesions in the human-xenograft MDA-SA pre-clinical murine model of breast 

cancer bone metastasis3. Given that curcumin does not affect orthotopic tumor burden in 

this model, it appears that curcumin is directly targeting the “vicious cycle” in bone, 

given its well described ability to inhibit osteoclastogenesis and evidence of TGFβ 

signaling inhibition in the MDA-SA tumor cells as well, both critical pathways driving 

osteolytic BCa bone metastasis3,5. In MDA-SA cells curcumin appears to inhibit TGFβ 

signaling by decreasing TGFβ-stimulated Smad2/3 phosphorylation, thereby abating 

transduction of TGFβ signaling from the cell membrane to the nucleus and subsequent 
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expression of osteolytic PTHrP3. Inhibitory effects of curcumin on TGFβ signaling 

pathways have been reported in other cell and organ types, with variable effect (and 

examination) of particular targets in canonical (Smad2/3 and TβRI/II) and non-canonical 

(p38, JNK, ERK) signaling pathways334,335,344–352,336–343. It is currently unknown whether 

differences in curcumin bioactivity are due to cell-type specific effects or variable 

intracellular targets252,353. 

 The tolerability of curcumin as a dietary supplement makes it an appealing 

compound to pursue for the prevention of clinically evident osteolytic breast cancer bone 

metastasis. While no rigorous studies have ascertained the specific use of turmeric or 

curcumin among breast cancer patients and survivors, these groups do tend to use 

complementary and alternative medicines – such as vitamins or supplements, herbs, or 

other natural anti-cancer remedies – at rates (30% to >60%) exceeding the general 

population (<20%)354–357. This discrepancy underscores the need to 1) understand if 

curcuminoids are effective adjuvant treatments for breast cancer or associated morbidities 

and 2) identify the mechanism of action. 

 

1.3 Summary 

 Considerable efforts have been expended over the last decade to elucidate both 

the in vitro and in vivo biological effects of curcuminoids, polyphenolic compounds 

derived from the turmeric rhizome. This traditional plant has been used for thousands of 

years in Ayurvedic medicine to treat inflammatory conditions, such as arthritis. More 

recently, our laboratory elucidated the in vivo bone-protective effects of curcuminoids in 

the pre-clinical treatment of rheumatoid arthritis (RA), which led us to discover that 
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curcuminoids have similar protective effects in other bone disorders characterized by 

osteoclast-mediated bone loss, including osteolytic breast cancer bone metastases 

(BMETs). These bone-protective effects of curcuminoids can be attributed to: 1) direct 

inhibitory effects on osteoclasts, and/or 2) targeting of cells (e.g., tumor cells) to block 

the secretion of factors driving osteolysis.  

 Contrary to observed in vivo effects in rodents and in humans, circulating levels 

of the curcuminoids are nearly undetectable in both humans and rodents. Instead, as with 

many other plant-derived polyphenolics, curcumin undergoes glucuronide conjugation, a 

phase II metabolic process that increases hydrophilicity; as a result, glucuronidated 

curcumin is the predominant circulating form of curcumin. Given that glucuronidation 

can alter the bioactivity of compounds, it is not known whether curcumin-glucuronide is 

capable of mediating the observed bone protective effects in vivo. If glucuronidation 

abates the bioactivity of curcumin, then any biological activity would presuppose that 

local deconjugation of biologically inactive, curcumin-glucuronide to form biologically 

active, aglycone curcumin is occurring within the bone microenvironment. This has led to 

an untested theory in the field that these polar curcuminoid metabolites may act as pro-

drugs that are locally deconjugated at sites of action to form bioactive aglycones. 

However, to our knowledge there is no evidence that curcumin-glucuronide is 

deconjugated in normal tissue, bone or otherwise, to form aglycone curcumin, 

underscoring the importance of this proposed study. 

 
1.4 Hypothesis 

 We postulate that glucuronidated curcuminoids act as bone-targeted pro-drugs 

that require deconjugation within the bone microenvironment by β-glucuronidase, one of 
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several glucuronide-deconjugating enzymes present in mammals, to form biologically 

active aglycone (free) curcumin. This active aglycone curcumin can then inhibit bone 

loss by direct inhibitory effects on osteoclastogenesis and/or TGFβ-stimulated, tumoral-

secretion of pro-osteolytic factors, such as PTHrP, which drive metastatic progression in 

the bone microenvironment. 

 
1.5 Specific Aims 

 
1.5.1 Aim 1: Determine the impact of glucuronidation on the bone-protective effects of 

curcumin (Chapter 2). 

Hypothesis: “Aglycone” Curcumin mediates bone protective effects while 

glucuronides are inactive. 

• Relative ability of curcumin vs curcumin glucuronide to inhibit Smad-

mediated TGFβ signaling in TGFβ-dependent, bone metastatic MDA-SA cells 

will be assessed 

• Effects of curcumin vs curcumin glucuronide on Smad-mediated TGFβ 

signaling will be determined in other breast cancer cell lines known to form 

bone metastases dependent on Smad-mediated TGFβ signaling. 

1.5.2 Aim 2: Determine if curcumin-glucuronide is preferentially deconjugated in bone 

relative to circulation and the role of enzyme deconjugation in this process (Chapter 3) 

Hypothesis: Curcumin-glucuronide is deconjugated in bone, relative to serum, 

by β-glucuronidase. 

• Determine if curcumin-glucuronide is deconjugated in bone marrow 
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• Identify the enzyme(s) responsible for deconjugation of curcumin-glucuronide 

in bone marrow 

1.5.3 Aim 3: Determine whether bone microenvironment alterations accompanying 

resorptive bone diseases affect GUSB activity and curcumin metabolism in bone 

(Chapter 4) 

Hypothesis: Perturbations to bone marrow common in bone resorptive disorders 

will change β-glucuronidase activity and curcumin metabolism. 

• Elucidate the effect of reproductive hormones, aging or local bone metastases 

on curcumin metabolism in the circulation and in bone 

• Determine whether other bone protective dietary polyphenols that primarily 

circulate as glucuronides require deconjugation for bioactivity and can be 

activated within bone. 

1.5.4 Aim 4: Elucidate the mechanism of action for curcumin inhibition of tumoral 

TGFβ signaling (Chapter 5) 

Hypothesis: Curcumin inhibits tumoral signaling through multiple mechanisms 

that are dependent on oxidative metabolism. 

• Identify specific targets and effects of curcumin leading to inhibition of Smad-

dependent TGFβ signaling in breast cancer cells metastatic to bone. 

• Determine the role of oxidative intermediates mediating these inhibitory 

effects in bone metastatic breast cancer cells  
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1.6 Significance 

 Breast cancer is the most common cancer among women in the United States, 

with over 266,000 new diagnoses in 2018180. At nearly 41,000 deaths, it is also the 

number one killer for women of Hispanic ancestry and the second most common cause of 

death for all other women358. When caught early, breast cancer is highly treatable, with 

the 5-year survival rate for Stage 1 tumors being nearly 100%, and Stage 2 and 3 tumors 

being 85.9%. However, once breast cancer metastasizes throughout the body (Stage 4), 

survival rates plunge to about 25%358. Metastatic disease is the ultimate killer for BCa 

patients, leading to skeletal related events (SREs), such as bone pain, pathological 

fracture, hypercalcemia of malignancy, and spinal compression217,220. These SREs 

decrease the quality of life in the last months to years of survival and eventually patients 

succumb, in part, to complications of the SREs222. The primary treatment for patients 

with clinically overt metastatic disease are bone-modifying agents, such as the anti-

RANKL antibody, denosumab, or the bisphosphonates, pamidronate or zoledronic 

acid324. Unfortunately, about a third of women already have clinically silent 

micrometastases at the time of primary diagnosis216 and the current standard of care in the 

United States does not include bone-specific preventive therapy (e.g., bisphosphonates). 

Furthermore, these treatments come with their own rare but existent risks and side 

effects, including osteonecrosis of the jaw and elevated fracture risk330,331. Therefore, it is 

appealing to identify a treatment for women with early stage BCa, who may have 

clinically silent micrometastases, to help prevent progression into overt osteolytic 

macrometastases. 
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 Curcumin, a dietary bioactive polyphenol isolated from the turmeric rhizome, has 

used been used for millennia in Ayurveda to treat musculoskeletal disorders6. More 

recently, we have shown its efficacy at inhibiting osteolytic bone resorption in preclinical 

models of rheumatoid arthritis1,2,197, postmenopausal osteoporosis4, and osteolytic breast 

cancer bone metastases3,5. Public interest in this spice is at an all-time high; turmeric is 

the top selling herbal supplement in health food stores8 in the United States and its use for 

treatment of bone disease is accelerating (31% prevalent use in Americans with RA in an 

ongoing survey being conducted by our laboratory vs < 1% a decade ago)359,360. 

Therefore, elucidation of curcuminoid biotransformation and its relationship to 

bioactivity is extremely significant to public health. Bone centric testing of a general 

hypothesis – that glucuronides of dietary polyphenols are deconjugated and activated in 

bone – will also serve to advance the entire field of curcumin research. Furthermore, 

identification the mechanism of action for curcuminoid inhibition of osteolysis in bone-

metastatic breast cancer will provide invaluable insight into a safe and effective 

prophylactic treatment for breast cancer bone metastases. 
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CHAPTER 2 

 

*EFFECT OF GLUCURONIDATION ON CURCUMIN INHIBITION OF BONE-

SPECIFIC SIGNALING PATHWAYS CONTRIBUTING TO OSTEOLYTIC 

BREAST CANCER BONE METASTATIC PROGRESSION IN BONE 

 

 

 

 

 

 

* Portions of this work reprinted with permission from the Journal of Nutritional 

Biochemistry: Kunihiro A, Brickey JA, Frye JB, Luis PB, Schneider C, Funk JL 

(2018). Curcumin, but not curcumin-glucuronide, inhibits Smad signaling in 

TGFβ-dependent bone metastatic breast cancer cells and is enriched in bone 

compared to other tissues. J Nutr Biochem. 63:1  
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2.1 Abstract 

Breast cancer (BCa) bone metastases (BMETs) drive osteoclast-mediated bone 

resorption via a positive feedback loop involving tumoral secretion of pro-osteolytic 

factors (e.g., PTHrP and IL-11) induced by bone matrix-derived growth factors (e.g., 

TGFβ). This, in turn, induces RANKL-dependent osteoclast formation. Previous work 

has demonstrated turmeric-derived curcumin inhibition of BMET progression using an in 

vivo TGFβ-stimulated PTHrP-dependent human xenograft BCa BMET model (MDA-SA 

cells) coupled with evidence of in vitro blockade of tumoral TGFβ/Smad-signaling and in 

vivo and in vitro evidence of suppressed RANKL-mediated osteoclast formation. 

However, it is unclear whether curcumin or curcumin-glucuronide mediates in vivo 

protection since curcumin-glucuronide is the primary circulating metabolite in rodents 

and in humans. Thus, effects of curcumin vs. curcumin-glucuronide on tumoral Smad-

dependent TGFβ signaling, examining a series of BCa cell lines forming TGFβ-

dependent BMET in murine models, were determined. Curcumin inhibited TGFβ 

signaling (TGFβ-receptor-mediated Smad2/3 phosphorylation by Western blot) in all 

BCa cells studied (human MDA-SA, MDA-1833, MDA-2287, and murine 4T1 and 

4T1.2 cells), while curcumin-glucuronide did not. Consistent with these findings, 

curcumin, but not curcumin-glucuronide, blocked TGFβ-stimulated secretion of pro-

metastatic factors known to drive in vivo BMET progression for these TGFβ-dependent 

cells, including PTHrP, IL-11 and VEGF. These findings suggest that circulating 

curcumin-glucuronide may act as a pro-drug that must first be deconjugated to protect 

against bone resorptive disorders, including bone-metastatic breast cancer. 
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2.2 Introduction 

 The propensity of breast cancer to form osteolytic bone lesions appears to be 

driven by interactions between bone-metastatic tumor cells and the bone 

microenvironment361–364. This crosstalk within the tumor-bone niche is mediated via 

multiple signaling pathways, including tumoral effects of growth factors, such as 

transforming growth factor β (TGFβ), released from resorbed bone matrix232,239,361,365. 

TGFβ signaling in bone metastatic breast cancer cells, primarily mediated by Smad-

dependent pathways, is thought to promote bone metastasis progression via induction of 

pro-osteolytic factors – such as parathyroid hormone-related protein (PTHrP), 

interleukin-11 (IL-11), and vascular endothelial growth factor (VEGF)215,307,365,366 – that 

promote osteoclast-mediated bone resorption. Thus, TGFb, Smads, and pro-osteolytic 

factors 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 TGFβ signaling by curcumin, a bioactive polyphenol 

derived from the turmeric rhizome (Curcuma longa L.), 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 TGFβ-

stimulated PTHrP secretion229,233,234,244,367, where curcumin inhibited bone metastasis 

progression in vivo and blocked TGFβ-stimulated PTHrP secretion in vitro by inhibition 

of receptor-regulated Smad2/3 activation3,5. However, the curcumin metabolite 

responsible for bone-protective effects in vivo is unclear, as curcumin-glucuronide, a 

phase 2 metabolite that is thought to lack biological activity61,62, is the predominant 



 

 

69 

circulating form in vivo, whereas free curcumin is barely detectable in serum of both 

rodents and humans46–48,61,62. 

Therefore, studies were undertaken to determine whether curcumin or its major 

serum metabolite, curcumin-glucuronide, are responsible for preventing osteolytic lesion 

formation being driven by tumor TGFβ signaling. To explore and extend the possible 

clinical significance of previous findings, which focused on a single cell model3,5, 

inhibitory effects of curcumin vs curcumin-glucuronide on TGFβ 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 in vivo with evidence of tumoral 

Smad-mediated TGFβ dependence229,232–234,239,245,246.  In addition, the effects of curcumin 

vs curcumin-glucuronide on the expression of TGFβ regulated genes driving metastatic 

progression in vivo for these bone tropic cell lines were also compared. Together, these 

findings point to downstream effects of curcuminoids following inhibition of Smad2/3, 

which play a central role in TGFβ signaling. 

 

2.3 Materials and methods 

Materials 

 Three distinct bone-tropic MDA-MB-231-derived human breast cancer cells were 

kindly provided by Dr. Theresa Guise, Indiana University (MDA-SA)233,234 and Dr. Joan 

Massagué, Sloan-Kettering (MDA-1833 and MDA-2287)232. All human cell lines were 

authenticated using short tandem repeat profiling by the University of Arizona Genetics 

Core368. Bone-tropic murine 4T1 cells, frequently used to model breast cancer bone 
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metastases in immunocompetent mice243,244,246,247,369, were obtained directly from 

American Type Culture Collection (#CRL-2539, ATCC) and used within 10 passages. 

Bone-tropic murine 4T1.2 cells isolated from bones of mice inoculated with ATCC 4T1 

cells were a kind gift of Dr. Robin Anderson, Peter MacCallum Cancer Centre, AUS318. 

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)2,82 with stock 

solutions prepared in DMSO. Cells were stimulated with recombinant human TGFβ1 

(#240-B, R&D Systems). Mini-PROTEAN TGX-PAGE gels (4568046) were purchased 

from BioRad and PVDF membranes (IPFL0010) from Millipore. 

 

Cell Culture 

Cells were cultured in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin. For analysis of TGFβ-induced Smad signaling, cells were 

pretreated for 16 hours with vehicle (DMSO), curcumin (30 μM), or curcumin-

glucuronide (30 μM) followed by 1 hour of TGFβ1 (5 ng/ml) stimulation prior to 

isolation of whole cell lysates. For analysis of TGFβ-induced osteolytic factor (PTHrP, 

IL-11, IL-6, IL-8, VEGF-A, and follistatin) secretion, cells, plated in 24-well plates at 

1x105 cells/well were pre-incubated with varying doses of curcumin, curcumin-

glucuronide, or vehicle for 4 hours prior to simulation with TGFβ1 (5 ng/ml) for 24 

hours. Conditioned media was stored at -80°C after addition of protease inhibitors 

(#P8340, Sigma). Secreted PTHrP was assayed using a commercial immunoradiometric 
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assay (#DSL-8100, Beckman Coulter); IL-11 by multiplex ELISA (#HCYP3MAG-63K, 

Millipore); and follistatin, VEGF-A, IL-6, and IL-8 by multiplex ELISA (#HAGP1MAG-

12K, Millipore). 

 

LC/MS determination of aglycone curcumin and curcumin-glucuronide  

Serum was acidified to pH 5 using HCl (1 M) and bone marrow supernatants were 

diluted in 20 mM sodium acetate pH 5 prior to loading on 30-mg Waters HLB 

(hydrophilic-lipophilic balance) cartridges, washing with water, and elution with 

methanol. Eluates were evaporated under a stream of nitrogen and dissolved in 

water/acetonitrile (50:50). Snap-frozen marrow pellets were lyophilized overnight prior 

to extraction using water/acetonitrile (30:70), with addition of 10 mM saccharolactone. 

Samples were sonicated and filtered before analysis. LC-MS analyses were performed 

using a Thermo Finnigan TSQ Vantage triple stage quadrupole mass spectrometer 

equipped with an electrospray interface operated in the positive ion mode. For 

chromatography a Waters Symmetry Shield C18 column (2.1 x 50 mm, 1.8 µm) was 

eluted at room temperature 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/z 369 → 177, d6-

curcumin m/z 375 → 180, curcumin-glucuronide m/z 545 → 369 and d6-curcumin-

glucuronide m/z 551 → 375. The limits of detection for curcumin and curcumin-

glucuronide were 14.9 nM and 2.9 nM, respectively. 
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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 PVDF 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 antibodies directed against Smad2 (#5339), pSmad2 (S465/467, #3108), 

Smad3 (#9523), pSmad3 (S423/425, #9520), or β-actin (#4967), followed by HRP-

conjugated secondary antibody (#7074, Cell Signaling Technology) and 

chemiluminescent visualization of SuperSignal West Femto ECL substrate (#34095, 

ThermoFisher). Densitometry was performed in ImageJ (v2.0.0, NIH) and normalized to 

β-actin expression, which was statistically unchanged by curcumin or curcumin-

glucuronide treatment. 

 

MTT assay 

The effects of curcumin and curcumin-glucuronide on cell viability were 

determined using a commercially available MTT assay (#30-1010K, ATCC) according to 

the manufacturer’s instructions. Cells were cultured in 96-well plates at 1x104 cells/well, 

allowed to adhere overnight, and the following day treated with curcumin or curcumin-

glucuronide for 16h. After treatment, media was replaced with fresh media containing 

10% MTT substrate and incubated at 37°C for 2h. Cells were subsequently lysed with 

SDS buffer and stored at room temperature in the dark overnight. Absorbance values 

(570 nm) were quantified the following day and data plotted in Prism. 
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Statistical analysis 

 Statistical analyses were performed using Prism v6.0h software (GraphPad, San 

Diego, CA) with data expressed as mean ± SEM. Half-maximal inhibitory concentrations 

(IC50) were determined by analyzing concentration-response data using a four-parameter 

logistic equation. Significant differences were determined by t-test or one-way/two-way 

ANOVA with post-hoc test, as appropriate. 

 

2.4 Results 

2.4.1 Effects of curcumin and curcumin-glucuronide on TGFβ-stimulated Smad 

signaling in bone tropic breast cancer cells 

Because most of the pro-metastatic, tumoral effects of TGFβ in the bone 

microenvironment have been attributed to canonical Smad signaling229,239,246,367, effects 

of curcumin vs. curcumin-glucuronide on Smad-dependent, canonical TGFβ signaling 

were examined in the bone tropic cells studied here, which all exhibited curcumin-

inhibitable secretion of TGFβ-regulated pro-metastatic gene products. Experiments were 

first conducted to verify that curcumin or curcumin-glucuronide, used to treat the cells, 

could not be inter-converted by the tumor cells. When MDA-SA cells were incubated 

with curcumin-glucuronide (10 μM), the compound was stable without evidence of 

deglucuronidation (Fig 2.1.A). When cells were treated with curcumin (10 μM), there 

was no observed glucuronidation, while decreases in detectable curcumin levels were 

consistent with its known instability under physiologic conditions (i.e., oxidation) (Fig. 

2.1B), verifying that biological effects of treatments could not be attributed to cell-

induced changes in glucuronidation state. When examining effects of curcumin vs 
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curcumin-glucuronide on Smad signaling, curcumin treatment blocked TGFβ-stimulated 

increases in phosphorylated, receptor-regulated Smad levels (pSmad2 and pSmad3) in 

MDA-SA cells, which are known to form in vivo BMET that are dependent on TGFβ-

stimulated PTHrP, while curcumin-glucuronide was without effect (Fig. 2.2). Similar 

differential effects of free vs glucuronidated curcumin were demonstrated in human 

MDA-1833 and MDA-2287 and murine 4T1 and 4T1.2 breast cancer cells, the latter 

being a PTHrP-secreting, 4T1-derived cell line that is even more bone tropic in vivo243; 

TGFβ-stimulated pSmad2 levels were decreased in response to curcumin treatment, while 

curcumin-glucuronide appeared to have no effect. 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, Fig. 2.3B), effects of 

curcumin and curcumin-glucuronide on both absolute and relative (pSmad2/Smad2 ratio) 

levels of Smad2 phosphorylation in response to TGFβ stimulation were determined. 

Statistically significant decreases (54.5-79.4%) in pSmad2 were documented in all TGFβ-

stimulated bone-tropic breast cancer cell lines in response to curcumin treatment (Fig. 

2.3A), while curcumin-glucuronide was without effect, except for a contrary, but 

statistically significant increase in pSmad2 in a single cell line (MDA-1833) (Fig. 2.3A). 

Ratios of pSmad2/Smad2 were also decreased by 26.4-63.8% in all curcumin-treated 

TGFβ-stimulated breast cancer cell lines (Fig. 2.3C), 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-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. 2.3C). 
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Similar results were observed when comparing the effects of curcumin and curcumin-

glucuronide on constitutive and TGFβ-stimulated Smad3 expression and 

phosphorylation, with decreases in Smad3 and pSmad3 with aglycone curcumin, but not 

the glucuronide (Fig. 2.2). Treatment with either aglycone curcumin or curcumin-

glucuronide had no significant effect on β-actin levels for any cell line (Fig 2.3D). 

 

 
Figure 2.1. Assessing curcumin conjugation/deconjugation activity of MDA-SA cells 
A) Quantification of curcumin formation following incubation of curcumin-glucuronide 
(10 μM) with MDA-SA cells for 4h (n=4/group). B) Quantification of curcumin-
glucuronide formation following incubation of aglycone curcumin (10 μM) with MDA-
SA cells for 4h (n=8/group). 
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Figure 2.2. Comparative effects of curcumin and curcumin-glucuronide on TGFβ-
stimulated phosphorylation of receptor-regulated Smad2 and Smad3 in bone-tropic 
breast cancer cells. A panel of bone-tropic triple-negative breast cancer cells that form 
TGFβ-dependent osteolytic lesions in vivo (human MDA-SA, MDA-2287, MDA-1833; 
and murine 4T1 and 4T1.2) were stimulated for 1 hour with TGFβ-1 (5 ng/ml) after 16h 
pretreatment with 30 μM curcumin, curcumin-glucuronide, 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 β-actin. (p)Smad2 blots 
representative of n≥3 blots. (p)Smad3 blots representative of n=1 blots.
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Figure 2.3. Effect of curcumin vs. curcumin-glucuronide on p-Smad2 and ratio of p-Smad2/Smad2 in TGFβ-stimulated bone 
tropic MDA-SA, MDA-1833, MDA-2287 or 4T1 breast cancer cells. A) pSmad2, normalized to β-actin. B) Smad2, normalized to 
β-actin. C) pSmad2/Smad2 ratios, normalized to β-actin. D) β-actin. Data, for treatment conditions as in Fig 2.2, are reported as mean 
± SEM (n = 3-5/group). Significance tested using a 1-way ANOVA with Dunnett post-hoc analysis. * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001 vs control or other condition indicated by bars. 
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2.4.2 Effects of curcumin and curcumin-glucuronide on TGFβ-stimulated secretion of 

pro-metastatic factors from bone tropic breast cancer cells 

 To determine whether observed changes in TGFβ signaling were associated with 

altered expression of TGFβ-regulated genes, dose-dependent effects of curcumin vs 

curcumin-glucuronide on tumoral secretion of TGFβ-regulated pro-metastatic factors 

were determined. In MDA-SA cells, which exhibited statistically significant decreases in 

TGFβ-stimulated pSmad2 and pSmad2/Smad2 in response to curcumin but were 

unresponsive to curcumin-glucuronide, TGFβ-induced secretion of PTHrP was inhibited 

by curcumin (Fig. 2.4A, left panel; IC50 = 16.5 μM) at concentrations that had minimal 

effect on cell viability (Fig. 2.4A, right panel), in agreement with previous findings3,5. In 

contrast, curcumin-glucuronide was without effect (Fig. 2.4A, open boxes). In murine 

4T1 cells, which exhibited statistically significant decreases in TGFβ-induced pSmad2 in 

response to curcumin but no inhibition in response to curcumin-glucuronide, curcumin 

also inhibited TGFβ-stimulated PTHrP secretion (Fig. 2.4B, left panel; IC50 = 44.4 μM) 

at concentrations having minimal effect on cell viability (Fig. 2.4B, right panel). In 

contrast, curcumin-glucuronide only decreased (28.1%) PTHrP secretion at the highest 

concentration tested (100 μM) without altering cell viability (Fig. 2.4B, open boxes). 

Neither MDA-1833 or MDA-2287 express constitutive or TGFβ-stimulated PTHrP (data 

not shown). Together this suggests that glucuronidation prevents the inhibitory effects of 

curcumin on TGFβ signaling and PTHrP effects in both human and murine cell lines that 

form TGFβ-dependent osteolytic lesions in vivo, and that these inhibitory effects are 

separate from the cytotoxic effects.   
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Figure 2.4. Concentration-dependent effects of curcumin or curcumin-glucuronide 
on TGFβ-stimulated PTHrP secretion from bone-tropic breast cancer cells and 
cytotoxicity. A) Human MDA-SA cell TGFβ-stimulated PTHrP secretion (4.1-fold 
increase vs. control [p < 0.0001], left panel) and cell viability (right panel). B) Murine 
4T1 cell TGFβ-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 TGFβ-only cells. Significance tested using a 2-way, within-factors 
ANOVA with Sidak post-hoc analysis. * p < 0.05, *** p < 0.001, **** p < 0.0001 vs 
TGFβ only. 
 

2.4.3 Effects of curcumin and curcumin-glucuronide on TGFβ-stimulated secretion of 

other pro-tumorigenic factors from bone-tropic breast cancer cells  

While PTHrP is thought to play important role in the pathogenesis of breast 

cancer bone metastases215,316, additional TGFβ-regulated pro-tumorigenic factors also 

contribute to osteolytic breast cancer bone metastases progression, including IL-11, IL-6, 

IL-8, follistatin, and VEGF-A232,307,370,371. It has been previously reported that IL-11 is 

basally expressed and TGFβ-inducible in MDA-SA, MDA-1833, and MDA-2287 cell 
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lines232,239,321. Using non-toxic doses of curcumin or curcumin glucuronide (Fig 2.6), IL-

11 was only TGFβ-inducible in MDA-SA cells, an effect that was inhibited by curcumin 

(30 μM for 28h), while curcumin-glucuronide was without effect (Fig 2.5A). Although 

TGFβ did not further stimulate IL-11 secretion in MDA 2287 or 1833 cell lines, whose 

bone tropic phenotypes are IL-11-dependent and result from increased constitute IL-11 

expression as compared to non-bone tropic cells from which these cells were derived239, 

curcumin significantly inhibited constitutive IL-11 secretion in both cells, while 

curcumin-glucuronide was either without effect (MDA 2287) or had significantly less of 

an inhibitory effect (MDA-1833). Despite reports of other osteolytic factors being 

regulated by TGFβ, only VEGF-A was TGFβ-inducible in MDA-1833 and MDA-2287 

cells (Fig 2.5B-C), an effect that was nearly completely inhibited by curcumin treatment 

in both cell types. While follistatin, IL-6, and IL-8 were not TGFβ-inducible, curcumin 

did significantly inhibit follistatin secretion in both cell types, and IL-6 secretion in 

MDA-2287, below basal levels. Given the role of follistatin in inhibiting activin-

mediated activation of canonical TGFβ signaling295, curcumin may have more 

complicated effects on tumoral TGFβ signaling when the bone-metastatic milieu contains 

both activin and TGFβ ligands. 
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Figure 2.5. TGFβ-stimulated secretion of pro-osteolytic factors and the effect of 
aglycone vs glucuronidated curcumin. A) Effect of aglycone curcumin or curcumin-
glucuronide (30 μM) pre-treatment (4h) on TGFβ-stimulated (24h concurrent) IL-11 
secretion in human bone-tropic breast cancer cells (n=3-4/group). Significance tested 
using a 1-way ANOVA with Sidak post-hoc analysis. * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001 vs control or as specified. B,C) Effect of curcumin on basal and 
TGFβ-induced secretion of follistatin, IL-8, VEGF-A, and IL-6 in human MDA-1833 and 
MDA-2287 cell lines (n=3-4/group). Significance tested using a 1-way ANOVA with 
Tukey post-hoc analysis. ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs media control or 
as specified. 
 
2.4.4 Effects of curcumin and curcumin-glucuronide on bone-tropic breast cancer cell 

viability 

The effect of aglycone curcuminoids on cytotoxicity in the panel of bone-tropic 

breast cancer cell lines (human MDA-SA, MDA-1833, MDA-2287, and murine 4T1) 

were compared to curcumin-glucuronide. Following 16h of treatment with curcuminoids, 

all cell lines displayed dose-dependent cytotoxicity (Fig 2.6A), with LD50 values that did 
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not significantly differ across cells lines (LD50 = 45-69 µM). Contrary to the cytotoxic 

effects of aglycone curcuminoids (100 μM for 16h), curcumin-glucuronide (100 μM for 

16h) was without effect (Fig 2.6B). This lack of cytotoxicity by curcumin-glucuronide, 

even at high concentrations, is consistent with usual physiologic effects of 

glucuronidation, a phase II metabolic process that frequently inactivates compounds 

while targeting them for excretion372, and suggests that the marked inhibitor effects of 

curcuminoids (i.e., at the 30 μM dose) on Smad-dependent TGFβ signaling cannot be 

attributed to cytotoxicity.  

 
Figure 2.6. Dose-dependent effects of curcuminoids and curcumin-glucuronide on 
bone-tropic breast cancer cell lines and tumoral TGFβ signaling. Cells were treated 
with A) curcumin (dose-response) or B) curcumin (100 μM) or curcumin-glucuronide 
(100 μM) for 16h and cell viability quantified by MTT assay (n=8/group). Significance 
tested using a 2-way, between-factors ANOVA with Sidak post-hoc analysis. **** p < 
0.0001 vs curcumin. 
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2.5 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, 

PTHrP228,239,310–312. When coupled with evidence that these pathways can mediate 

metastatic progression in MDA-SA, MDA-1833, MDA-2287, and 4T1 preclinical bone 

metastases models229,232–234,239,245–247, this suggests that targeting tumoral Smad signaling 

within the bone microenvironment could be a clinically relevant approach229. Given the 

central role of receptor-regulated Smad2/3 in mediating TGFβ-stimulated signaling in 

breast cancer cells, which drives metastatic progression in bone, it is therefore notable 

that treatment with curcumin, a natural product that has been used medicinally for 

centuries, significantly reduced Smad-mediated TGFβ signaling in all cell lines, a novel 

finding that was not mediated by curcumin-glucuronide, the primary circulating 

metabolite of curcumin.  As a consequence, curcumin, but not curcumin-glucuronide, 

also inhibited Smad-dependent TGFβ-stimulated PTHrP secretion in both human and 

murine cell lines. This anti-PTHrP effect was separate from curcumin-induced 

cytotoxicity, the latter of which occurred at higher concentrations unlikely to be achieved 

in vivo, a conclusion further supported by a lack of effect of curcumin treatment on 

orthotopic MDA-SA tumor growth in vivo in response to curcumin doses that did inhibit 

osteoclastogenesis and MDA-SA bone metastasis progression198. Furthermore, curcumin 

was able to inhibit both constitutive and TGFβ-stimulated secretion of additional factors 

in multiple bone tropic breast cancer cell lines that are known to promote breast cancer 

bone metastases progression in vivo. Because TGFβ-induced secretion of multiple factors 

known to promote osteolysis were all uniformly inhibited by curcumin, but not curcumin-
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glucuronide, these findings suggest that the free aglycone would be required in the bone 

microenvironment to inhibit tumoral secretion of osteolytic, pro-metastatic factors. To 

determine the criticality of Smad2/3 as a target for curcumin inhibition of TGFβ signaling 

(e.g., PTHrP secretion), future studies should identify if Smad adducts are formed (e.g., 

with reactive curcumin oxidative intermediates) and if transfection with curcumin-

resistant Smads (e.g., lacking curcumin-reactive cysteines) can reverse curcumin’s 

inhibitory effects31,373. However, Smads may not be direct targets of curcumin and 

instead curcumin may be decreasing Smad synthesis or increasing Smad degradation to 

alter levels in cells, both avenues to be addressed in future studies. 

 In toto, these findings suggest that aglycone curcumin, rather than the prevailing 

circulating metabolite, curcumin-glucuronide (99% of total), would be required for 

effective blockade of the vicious cycle driving osteolytic breast cancer bone metastases 

progression. It has been previously postulated that the biological effects of curcumin may 

require its deconjugation at sites of action58. This is of particular interest when 

considering curcumin’s TGFβ inhibitory effects in cancer and given the opposing roles of 

TGFβ in carcinogenesis. TGFβ is thought to be protective (anti-proliferative) during 

primary tumorigenesis while promoting tumor progression in advanced disease states, 

such as metastatic cancer, thus providing a theoretical barrier to the development of 

chemotherapeutic treatments targeting the TGFβ pathway systemically374–376. If, instead, 

TGFβ inhibition could be limited to sites harboring advanced cancers, such as bone, 

tumoral TGFβ signaling could be a more clinically relevant cancer target. How then, 

could curcumin and other polyphenols, which primarily circulate as glucuronides, be 

deconjugated within bone and thus mediate bone protective effects previously 
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demonstrated in vivo? Beta-glucuronidase, an enzyme capable of deconjugating certain 

glucuronides, is known to be highly expressed by hematopoietic cells128, and bone is an 

important site of hematopoiesis. It is possible that hematopoietic cells within the bone 

marrow could locally activate bone-protective, glucuronidated polyphenols to exert 

bioactivity, a finding with possible universal importance to the dietary prevention of bone 

resorptive disorders, that will be explored in the next chapter. 

 

 
Figure 2.7. Proposed mechanism for the in vivo bone-protective effects of curcumin. 
Curcumin, but not curcumin-glucuronide, can exert bone-protective effects by targeting 
tumoral TGFβ signaling and secretion of pro-osteolytic factors (e.g., PTHrP, IL-11, 
VEGF-A) from bone-metastatic tumor cells. This suggests that curcumin-glucuronide, 
the primary circulating metabolite of curcumin, must undergo deconjugation to exert 
bone-protective bioactivity. 
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CHAPTER 3 

 

*DECONJUGATION OF CURCUMIN-GLUCURONIDE AND OTHER BONE-

PROTECTIVE DIETARY POLYPHENOLS IN BONE BY β-GLUCURONIDASE 

 

 

 

 

 

 

 

*Portions of this work reprinted with permission from the Journal of Natural Products: 

Kunihiro A, Luis PB, Brickey JA, Frye JB, Schneider C, Funk JL (2019). Beta-

glucuronidase catalyzes deconjugation and activation of curcumin-glucuronide in bone. J 

Nat Prod. 82:3.   
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3.1 Abstract 

The biological basis for documented in vivo bone-protective effects of turmeric-

derived curcumin is unclear since curcumin is barely detectable in serum, being rapidly 

conjugated to form curcumin-glucuronide, which is bio-inactive in the context of 

inhibiting TGFβ-stimulated tumoral secretion of factors known to drive osteolysis in 

breast cancer bone metastases. Studies were therefore undertaken to identify if bio-

inactive curcumin-glucuronide is deconjugated to the active aglycone in bone and 

investigate the role of β-glucuronidase (GUSB), a deconjugating enzyme expressed by 

hematopoietic marrow cells, in facilitating this site-specific transformation. 

Pharmacokinetic studies, the first ever to have been reported for bone, demonstrated that 

curcumin-glucuronide was the predominant metabolite in bone, as in blood. However, 

curcumin-glucuronide concentrations in bone exceed what would be expected based on 

blood content and with a longer half-life.  The relative amount of aglycone vs total 

curcumin was also higher in bone, consistent with the postulate of deconjugation in bone.  

Despite saccharolactone (SL), a GUSB inhibitor, not reversing this enrichment in vivo, 

GUSB was the only deglucuronidating enzyme expressed in bone and capable of 

deconjugating curcumin-glucuronide. Under physiologic conditions ex vivo, bone marrow 

deconjugated curcumin-glucuronide in a GUSB-dependent manner, though it newly 

formed aglycone curcumin was unstable and underwent further metabolism to undetected 

metabolites (e.g., reactive oxidative intermediates). Under ex vivo conditions inhibiting 

further metabolism of the unstable aglycone, the majority of curcumin-glucuronide 

delivered to marrow in vivo was hydrolyzed to the aglycone, a process that was inhibited 

by treatment with SL or in mice having reduced (C3H/HeJ) or absent (mps/mps) GUSB 
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activity. Lastly, human bone marrow plasma also demonstrated deglucuronidation 

activity, emphasizing the translatability of these findings. These findings suggest that 

curcumin, despite low systemic bioavailability due to glucuronidation, may be 

enzymatically activated (deconjugated) in bone by extracellular GUSB to exert protective 

effects, a metabolic process that could potentially also contribute to bone-protective 

effects of other highly glucuronidated dietary polyphenols. 
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3.2 Introduction 

 For millennia, the turmeric rhizome (Curcuma longa L.) has been a staple of 

Ayurvedic medicine, especially for the treatment of inflammatory disorders, including 

arthritis6,377. In more recent decades, bone protective effects of curcumin, the most 

abundant turmeric polyphenol, have been documented in vivo in humans125,126 and in pre-

clinical models of arthritis and other common bone resorptive disorders, including 

osteoporosis and osteolytic bone metastases1–4,121–123. These effects have been attributed 

to local actions of curcumin within the bone microenvironment that directly or indirectly 

inhibit the formation of bone-resorbing osteoclasts4,121,378,379. Contrary to this observed 

efficacy in vivo, circulating levels of the administered aglycone curcumin, are nearly 

undetectable in both rodents and humans45–48,380,381. Rather, curcumin-glucuronide, a 

polar phase II metabolite targeted for excretion thought to lack biological activity62,63,382, 

is the predominant measurable serum metabolite45,48,381. 

It has previously been postulated, but not proven, that site-specific deconjugation 

may reconcile observed curcumin bioactivity with low aglycone bioavailability32. 

Evidence supporting of this general concept comes from pre-clinical studies reporting the 

deconjugation of other glucuronidated “pro-drug” compounds at sites of inflammation, a 

process believed to be mediated by extracellular β-glucuronidase (GUSB), a 

deconjugating enzyme released from infiltrating inflammatory cells96,120,137,383. Because 

normal bone marrow is enriched with a full spectrum of mature and immature 

hematopoietic cells, which are known to express GUSB128,129, this suggests that, in the 

context of bone protection, curcumin-glucuronide may act as a prodrug that is activated 

(deconjugated) within bone by GUSB. Local, GUSB-mediated aglycone curcumin 
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production could then prevent bone loss in a range of disease states by inhibiting 

osteoclastogenesis or the secretion of pro-osteolytic factors. However, GUSB is not the 

sole mammalian enzyme capable of deglucuronidation64, as α-klotho (KL) and 

heparanase (HPSE) also exhibit substrate-specific deconjugation activity144,155,156. Given 

that our laboratory has recently demonstrated the ability of aglycone curcumin, but not 

curcumin-glucuronide, to inhibit tumoral secretion of pro-osteolytic factors in osteolytic 

bone metastasis models382, this further supports the hypothesis that in vivo deconjugation 

is required for bioactivity. Therefore, experiments were undertaken to 1) investigate of 

the capacity of bone marrow to hydrolyze curcumin-glucuronide delivered in vivo to the 

normal bone microenvironment and 2) to examine the enzyme dependence of such a 

process. 

 

3.3 Materials and methods 

Materials  

Curcumin (218580100, Fisher; 80.6% curcumin, 13.5% demethoxycurcumin, and 

2.4% bisdemethoxycurcumin by weight) and curcumin-glucuronide were purchased, with 

content/purity verified using standard LC/MS methods (see below)2,82 with stock 

solutions prepared in DMSO. Primary antibodies against GUSB (ARP44234_T100, 

Aviva Systems Biology), HPSE (bs-1541R, Bioss USA), KL (ab181373, Abcam) and 

HRP secondary antibodies (7074, Cell Signaling) were purchased. Phenolphthalein-

glucuronide (PheP-G; P0501), 4-methylumbelliferyl-glucuronide (4-MUG; M9130), D-

Saccharic acid 1,4-lactone monohydrate (saccharolactone, S0375), and RIPA lysis buffer 

(R0278) were purchased from Sigma Aldrich. SuperSignal West Femto ECL (34095) and 
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RestorePlus stripping buffer (46430) were purchased from ThermoFisher. Recombinant 

human (rh)-GUSB (6144-GH), rh-HPSE (7570-GH), and rh-KL (5334-KL) were 

purchased from R&D Systems. Mini-PROTEAN TGX-PAGE gels (4568046) were 

purchased from BioRad and PVDF membranes (IPFL0010) from Millipore. 

 

Animals  

All animal procedures were approved by the University of Arizona Institutional 

Animal Care and Use Committee (IACUC). GUSB-null (“mps/mps”) mice homozygous 

on a C57BL6J background for a spontaneous Gus base pair deletion causing a Gus 

frameshift mutation and premature stop codon (Gusmps), which models a rare human 

GUSB-deficiency syndrome (mucopolysaccharidosis type VII (MPS VII), were a kind 

gift of Dr. John H. Wolfe104,384. Phenotypically normal heterozygous (+/mps) mice were 

also provided by Dr. Wolfe from the same B6.C-H2bm1/ByBir-Gusmps/J, MPS VII (JAX 

strain 000256) colony maintained at the Children’s Hospital of Pennsylvania. Wild type 

C57BL/6J mice were obtained directly from Jackson labs (JAX strain 000664), as were 

C3H/HeJ mice (JAX strain 000659), phenotypically normal mice commonly used for 

GUSB research that exhibit decreased GUSB activity due to difference in GUSB gene 

complex alleles (vs. C57BL/6J) that may alter enzyme stability and rates of synthesis385. 

Mice were provided water and diet (NIH-31 7913, Teklad) ad libitum while maintained at 

the temperature and humidity-controlled University of Arizona central animal facility 

under a 14/10-hour light/dark cycle. 
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Human bone marrow and peripheral plasma samples 

 Human bone marrow plasma was purchased from HemaCare (#BM006C-1), 

corresponding to a 39-year-old Caucasian female and a 34-year-old Hispanic female. 

Human peripheral plasma samples were obtained from female participants of a previous 

study investigating the effect of resveratrol on expression of metabolic enzymes. Briefly, 

baseline fasting plasma samples were gathered from study participants recruited from 

Tucson, AZ, with inclusion and exclusion criteria detailed previously386.  

 

Quantitation and neutralization of hemoglobin 

Given the extreme hemolysis present in human bone marrow plasma samples, 

possible inhibitory effects of hemoglobin (Hgb) on GUSB activity were corrected for 

using two different methods. A standard curve to correct for effects of hemolysis on 

GUSB activity was prepared by serially diluting hemolyzed mouse plasma (peripheral 

blood gathered with sodium citrate [4% w/v]) and lysed via sonification for 10s at 20% 

cycle on ice) with non-hemolyzed mouse plasma. The concentration dependent effect of 

plasma hemoglobin content, determined by measuring absorbance at 575 nm, on GUSB 

activity was then determined. The inhibitory effect of Hgb on GUSB activity in samples 

was accounted for after quantifying levels of Hgb in samples and adjusting for inhibition 

using the Hgb content standard curve. To verify results, Hgb was also depleted from 

human bone marrow plasma samples using HemogloBind (#H0145, Biotech Support 

Group) according to the manufacturers protocol. Briefly, human bone marrow plasma 

samples were mixed at a 1:1 ratio with HemogloBind slurry and incubated at room 

temperature for 10 minutes with occasional mixing by inversion. Samples were 
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centrifuged at 10,000 g for 2 minutes and hemoglobin-reduced supernatant used for 

analysis. GUSB content of depleted samples was corrected for dilution by the aqueous 

fraction of HemogloBind. 

 

In vivo curcumin treatment for pharmacokinetic analyses  

Mice were administered curcumin, as indicated, via oral gavage (500 mg/kg in 

DMSO, 2.5 g human equivalent dose [HED]387). Blood and bone marrow were obtained 

under isoflurane anesthesia at the designated times for pharmacokinetic analysis or at 

approximate times of maximal reported concentrations (30 minutes for oral gavage and 

20 minutes for IP)45,46,388. Blood was allowed to clot for 10 minutes at room temperature 

and serum collected by centrifugation at 8,000 g for 10 minutes prior to storage at -80oC. 

After animal sacrifice by cervical dislocation, bone marrow was collected by 

centrifugation of legs, stripped of soft tissue, at 10,000 g for 15 seconds389. Bone marrow 

pellets were then 1) snap frozen in LN2, for later lyophilization, or 2) collected under 

conditions that stabilize (trap) any aglycone curcumin formed during ex vivo incubation 

(50 mM sodium acetate, pH 5) and incubated for 2 hours on ice prior to centrifugation to 

obtain supernatants that were stored at -80°C for later analysis. The effects of a GUSB 

inhibitor, saccharolactone (SL), on curcumin-glucuronide metabolism was determined, as 

indicated, either by: 1) pre-treatment of mice with SL (1 g/kg in saline by IP injection390) 

1 hour prior to curcumin administration, or 2) resuspension of marrow from curcumin-

treated mice in sodium acetate buffer ± SL (10 mM). Aglycone curcumin and curcumin-

glucuronide were later quantified, as indicated, in serum, lyophilized marrow, or 

supernatants from bone marrow suspensions by LC-MS. 
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Ex vivo curcumin-glucuronide treatment for pharmacokinetic analysis  

To determine the curcumin-glucuronide deconjugation capacity of whole bone 

marrow under physiologic conditions, marrow from untreated C57BL/6J mice was 

resuspended in DMEM + 10% FBS + 1% P/S and spiked with 10 μM of curcumin-

glucuronide, with incubation at 37°C in w/ 5% CO2 for 4 hours. Similarly, experiments 

were also performed with increasing bone marrow cells (2x105 cells/mL or 8x105 

cells/mL) under the same conditions. In separate experiments, the effect of 

saccharolactone (added 15min prior to curcumin-glucuronide) on curcumin-glucuronide 

metabolism incubated in media for 4 hours. The stability of aglycone curcumin was also 

determined in media with and without bone marrow. To determine the GUSB-dependent 

deconjugation capacity of whole bone marrow vs cell-free marrow supernatants, marrow 

from untreated C57BL/6J mice was resuspended in sodium acetate buffer (50 mM, pH 5) 

± SL (10 mM), with incubation on ice for 2 hours after addition of curcumin-glucuronide 

(0.5 μM) to: 1) whole suspensions or 2) supernatant alone (cell-free fraction) obtained 

from immediate centrifugation of suspensions. Following incubations, supernatants were 

snap-frozen for later analysis. Curcumin-glucuronide deconjugation capacity of bone 

marrow was also determined at physiologic temperature and pH; marrow from untreated 

mice resuspended and incubated in DMEM + 10% FBS + 1% pen/strep at 1x106 cells/ml 

for 2 hours at 37°C and 5% CO2 to generate conditioned media. Aliquots (300 µl per 

well) of fresh vs conditioned media, centrifuged to remove cells, were then transferred to 

a 24 well plate and incubated with curcumin-glucuronide (10 μM) ± saccharolactone (10 

mM) for 2 hours at 37°C and 5% CO2. All samples were centrifuged prior to snap-
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freezing of supernatants for later analysis of aglycone and glucuronidated curcumin by 

LC/MS. 

 

LC/MS determination of aglycone curcumin and curcumin-glucuronide  

Serum was acidified to pH 5 using HCl (1 M) and bone marrow supernatants were 

diluted in 20 mM sodium acetate pH 5 prior to loading on 30-mg Waters HLB 

(hydrophilic-lipophilic balance) cartridges, washing with water, and elution with 

methanol. Eluates were evaporated under a stream of nitrogen and dissolved in 

water/acetonitrile (50:50). Snap-frozen marrow pellets were lyophilized overnight prior 

to extraction using water/acetonitrile (30:70), with addition of 10 mM saccharolactone. 

Samples were sonicated and filtered before analysis. LC-MS analyses were performed 

using a Thermo Finnigan TSQ Vantage triple stage quadrupole mass spectrometer 

equipped with an electrospray interface operated in the positive ion mode. For 

chromatography a Waters Symmetry Shield C18 column (2.1 x 50 mm, 1.8 µm) was 

eluted at room temperature 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/z 369 → 177, d6-

curcumin m/z 375 → 180, curcumin-glucuronide m/z 545 → 369 and d6-curcumin-

glucuronide m/z 551 → 375. The limits of detection for curcumin and curcumin-

glucuronide were 14.9 nM and 2.9 nM, respectively. Aglycone curcumin, curcumin-

glucuronide or total curcumin (sum of aglycone and glucuronidated curcumin) content is 

expressed, as indicated, either as an absolute concentration or a percentage of total 

curcumin content. Absolute concentrations were adjusted to the original volume of the 
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marrow pellet (i.e., dilution of sample with sodium acetate buffer), utilizing pellet mass 

and assuming a tissue density of 1.06 g/ml. 

 

In vitro determination of mammalian deconjugating enzyme specificity for curcumin-

glucuronide  

Recombinant human (rh)-GUSB, rh-HPSE, or rh-KL enzymes (5 µg/mL, 

corresponding to 15 nM, 100 nM and 45 nM of active enzyme complex64,144,155, 

respectively, were incubated for 24 hours at 37oC with synthesized curcumin-

glucuronide82 (459 nM) at pH 5 in buffers optimized for each enzyme. The reaction was 

stopped by addition of HCl, extracted with HLB cartridge, curcumin-glucuronide 

remaining and aglycone curcumin formed were quantified by LC/MS as described above. 

Molar concentrations are expressed as % of control, normalized to unreacted curcumin-

glucuronide assayed in control samples lacking enzyme (n=3/group). 

 

Deglucuronidation enzymatic activity assay  

Glucuronide deconjugation activity was determined using standard enzymatic 

assay methods391,392. Briefly, to determine deconjugation activity and the specificity of 

the assay for GUSB (vs other deconjugating enzymes), serum, bone marrow total lysate 

or supernatants (extracellular), lysed tissues/cells, or recombinant enzymes were 

normalized to total protein or molarity, as indicated, and incubated for 30 minutes to 2 

hours at physiologic lysosomal conditions: 37°C in 50 mM sodium acetate buffer (pH 5) 

– or at ex vivo “stabilizing” conditions (pH 5, 50 mM sodium acetate buffer, 4°C) or 

physiologic extracellular conditions (pH 7, 1x PBS, 37 °C) – with glucuronides of 4-
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methylumbelliferone [4-MU] or phenolphthalein [PheP]) before reaction quenching and 

quantification of product formation in comparison to 4-MU or PheP standard curves 

using fluorescence (360nm/470nm, Ex/Em) or visual absorbance (540 nm), respectively.  

 

Western blots 

Tissue-specific protein expression for the three enzymes with reported 

glucuronide deconjugating activity (GUSB, HPSE, and KL) were determined by 

immunoblot of protein lysates isolated from indicated tissues as previously described382. 

Blots were probed with primary antibodies raised against KL, HPSE, and GUSB 

followed by HRP-conjugated secondary antibody. Expression was visualized by 

chemiluminescence. Blots were stripped and re-probed for house-keeping genes. Because 

housekeeping gene expression was tissue-specific, equal protein loading was also 

confirmed by visualization of total protein content, using BioRad Stain-Free 

labeling393,394.  

 

Statistical analysis  

All statistical analyses were performed using Prism software (v. 6.0h, GraphPad), 

including Lineweaver-Burke enzyme kinetics. Unless otherwise specified, values are 

presented as mean ± SEM. Significant differences were determined by t-test or one-

way/two-way ANOVA with Tukey or Sidak post-hoc test, as appropriate. For curcumin 

metabolites, only aglycone curcumin and total curcumin were compared. 

Pharmacokinetic analysis was performed with PKSolver 2.0, using non-compartmental 

analysis after extravascular administration395.  



 

 

98 

3.4 Results 

3.4.1 Aglycone curcumin is enriched in bone marrow compared to serum 

A pharmacokinetic analysis of curcumin metabolism in serum and bone revealed 

that the AUC for total curcumin (aglycone curcumin + curcumin-glucuronide) in bone 

marrow supernatants was 10-fold lower than in serum, but with a prolonged half-life 

(Fig. 3.1A and Table 3.1), indicating that bone is perfused with curcumin-glucuronide 

substrate that could undergo deconjugation to the active aglycone. Next we assess 

whether metabolism of curcumin occurred in bone of wild type C57BL/6J (BL/6J) mice 

following a single oral curcumin dose and compared to serum, a compartment that, in 

contrast to bone, has been well studied45–48,58,74,396. Compared to circulation, curcumin 

comprised a significantly greater proportion of total curcumin in bone marrow pellets 

(Fig. 3.1B). To test the central hypothesis that curcumin-glucuronide is enzymatically 

deconjugated by β-glucuronidase (GUSB), mice were treated with specific competitive 

inhibitor of GUSB, saccharolactone (SL), administered IP 1 hour prior to oral 

curcuminoid dosing. SL treatment had no significant effect on the circulating levels of 

aglycone curcumin or curcumin-glucuronide perfusing bone (Fig. 3.1C). Similarly, SL 

treatment did not significantly alter levels of curcumin or curcumin-glucuronide in bone 

marrow (Fig. 3.1D). This then led to the questions of 1) whether GUSB is expressed in 

bone, 2) whether GUSB can deconjugate curcumin-glucuronide, 3) whether SL dosing 

was sufficient to inhibit GUSB in bone, and/or 4) whether the aglycone curcumin product 

that may be formed is unstable.  
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Figure 3.1. In vivo curcumin pharmacokinetics and enrichment in bone. A) 
Pharmacokinetic analysis of total curcumin (curcumin + curcumin-glucuronide) in serum 
and bone marrow of 4-week-old, female C57BL/6J after oral gavage with curcuminoids 
(500 mg/kg), under conditions that stabilize the aglycone (pH 5, 4°C for 2 hours) (n=3-
4/group). B) Quantification of the percentage of aglycone curcumin (aglycone/[aglycone 
+ glucuronide]) in serum and lyophilized bone marrow of 5-week-old, female C57BL/6J 
mice, 30 minutes after oral gavage with curcuminoids (500 mg/kg). Female, 5-week-old 
C57BL/6J, with or without intraperitoneal saccharolactone (SL, 1 g/kg) 1 hour prior to 
oral gavage with curcuminoids (500 mg/kg) (n=8-10/group). Significance tested using an 
unpaired t-test. * p < 0.05. After 30 minutes, C) serum and D) lyophilized bone marrow 
were harvested and curcumin metabolites quantified (n=3-4/group). Significance tested 
using a 2-way, between-factors ANOVA with Sidak post-hoc analysis. 
 
Table 3.1. Pharmacokinetic analysis of total curcumin in murine serum and marrow 
following gavage administration of 500 mg/kg curcumina 

Parameter (Units) 
Total Curcumin 

Serum Marrow 

T1/2 (h) 4.4 7.8 
Tmax (h) 0.5 0.5 
Cmax (μmol/L) 106.1 5.9 
AUC0-48h (h × μmol/L) 487.4 48.0 
AUC0-∞ (h × μmol/L) 487.5 48.3 
aValues are expressed as mean (n =4/time point) 
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3.4.2 β-Glucuronidase is the only enzyme in bone capable of deconjugating curcumin-

glucuronide 

To address the first question, the expression and activity of GUSB and other 

mammalian enzymes with reported deglucuronidation activity (α-klotho [KL] and 

heparanase [HPSE])144,155,156 vis-a-vis curcumin-glucuronide hydrolysis was assessed in 

bone vs other organs, as well as specificity for curcumin-glucuronide as a substrate. 

Within bone, GUSB protein was abundantly expressed in comparison with other non-

hematopoietic tissues (Fig. 3.2A), while KL was undetectable and HPSE was either 

undetectable or very low (Fig. 3.6B). Of these three enzymes, only GUSB and KL were 

able to deconjugate curcumin glucuronide, albeit at very different rates (Fig. 3.2B); using 

recombinant human enzymes, GUSB metabolized >99% of curcumin glucuronide, while 

75% still remained after 24 hours of treatment with 3-fold greater amounts of KL. This 

agrees with known substrate specificity requirements for each enzyme, as GUSB requires 

an exposed β-glucuronic acid at the non-reducing end of glycosaminoglycans64, as occurs 

with curcumin-glucuronide, while KL preferentially deconjugates steroid β-

glucuronides144 and HPSE specifically cleaves internal β-glucuronide bonds (e.g., 

heparan sulfate)155,156. Thus, GUSB was the only enzyme in bone capable of 

deconjugating curcumin-glucuronide. Using ex vivo enzyme activity assays specific for 

GUSB (Fig. 3.2C), bone marrow had the highest levels of GUSB activity (Fig. 3.2D) 

compared to other organs, consistent with elevated expression of this enzyme in 

hematopoietic cells130. Altogether, this data suggests that bone marrow is a GUSB-rich 

tissue that is capable of deconjugating curcumin-glucuronide. 
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Figure 3.2. Expression, and curcumin-glucuronide deconjugation ability, of 
deglucuronidating enzymes (GUSB, HPSE, KL) in C57BL/6J mice. A) Immunoblot 
of GUSB, HPSE, and KL expression in indicated tissues from female, 4-week, C57BL/6J 
mice (representative of n=4 blots). B) Curcumin-glucuronide specific deconjugation 
activity of GUSB, HPSE, or KL was determined by quantitation of curcumin-glucuronide 
substrate and aglycone curcumin product after incubating recombinant human enzymes 
with curcumin-glucuronide for 24 hours (n=3-6/group). Significance tested using a 2-way 
ANOVA with Tukey post-hoc analysis. **** p < 0.0001 vs control (or as specified). C) 
Specificity of colorimetric (PheP-glucuronide, n=1) and fluorescent (4-MUG, n=3) 
activity assays for GUSB. D) GUSB enzyme activity in bone marrow vs other organs of 
female 4-week, C57BL/6J mice (n=3-4/group). 
 
 
3.4.3 Bone marrow has the capacity to deconjugate curcumin-glucuronide, under ex 

vivo physiologic conditions, in a β-glucuronidase-dependent manner 

 Since bone is perfused with curcumin-glucuronide and is enriched in GUSB, 

relative to other organs, could the lower levels of curcumin detected in bone be 

attributable to the known instability of the aglycone24 rather than a lack of GUSB-
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mediated deconjugation of curcumin-glucuronide? To address this, bone marrow cells (vs 

media alone) were cultured ex vivo in the presence of curcumin-glucuronide or aglycone 

curcumin. In the absence of bone marrow cells, an appreciable amount of curcumin-

glucuronide was auto-oxidized to the glucuronide of bicyclopentadione (BCP), the stable 

end product of curcumin oxidation (Fig. 3.3A). In the absence of cells, curcumin-

glucuronide and BCP-glucuronide sum to approximately the treatment concentration (10 

μM, dotted line), suggesting that curcumin-glucuronide does not deconjugate to aglycone 

curcumin in media alone. In the presence of mouse bone marrow cells (8x105 cells/mL), 

curcumin-glucuronide was almost completely metabolized (Fig. 3.3A) in a “dose 

dependent” fashion with increasing cell concentrations (Fig 3.3B). While curcumin was 

not detected in cell-containing cultures, SL prevented cell-mediated decreases in 

curcumin-glucuronide, thus suggesting that curcumin-glucuronide was being 

deconjugated by cells in a GUSB-dependent fashion and that that any curcumin formed 

was rapidly being further metabolized. The fact that curcumin-glucuronide and BCP-

glucuronide from bone marrow incubations did not stoichiometrically sum to the 

treatment concentration, suggesting the existence of unaccounted for metabolites, further 

supports the postulate that once formed, the aglycone is unstable.(Fig. 3.3A). Under 

physiologic conditions (~pH 7, 37°C), curcumin itself was unstable and auto-oxidized to 

form BCP (Fig. 3.3D), which is further exacerbated by the addition of bone marrow cells. 

Again, in the presence of cells, there were "missing metabolites", suggesting that bone 

marrow cells were either taking up the aglycone and/or enhanced the formation of 

curcumin metabolites other than BCP, which could include unstable reactive oxidative 

intermediates formed "upstream" of BCP which are known to form adducts with proteins. 
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Figure 3.3. Deconjugation of curcumin-glucuronide by bone marrow ex vivo by β-
glucuronidase and the instability of aglycone curcumin. A) Ex vivo incubation of 
curcumin-glucuronide (10 μM) with media ± mouse bone marrow cells (8x105 cells/mL) 
for 4 hours followed by quantification of metabolites by LC/MS. Horizontal dashed line 
represents original treatment concentration (n=4/group). Significance tested using a 2-
way, between-factors ANOVA with Sidak post-hoc analysis. ** p < 0.01, **** p < 
0.0001 vs no cells. B) The effect of bone marrow cell density (media only, 2x105, and 
8x105 cells/mL) on ex vivo curcumin-glucuronide (10 μM) metabolism (4h) by LC/MS 
(n=4/group). Significance tested using a 1-way ANOVA with Dunnett post-hoc analysis. 
*** p < 0.001, **** p < 0.0001 vs no cells. C) Effect of saccharolactone (SL), 15 
minutes before curcumin-glucuronide treatment and again 2 hours later, on deconjugation 
of curcumin-glucuronide (10 μM) following a 4h incubation with mouse bone marrow 
(2x105 cells/mL) (n=4/group). Significance tested using 1-way ANOVA with Dunnett 
post-hoc analysis. ** p < 0.01, **** p < 0.0001 vs media only. D) Metabolism of 
aglycone curcumin (10 μM) by 4h of ex vivo culture with or without mouse bone marrow 
cells (2x105 cells/mL), as determined by LC/MS analysis of conditioned media (n=4-
8/group). Significance tested using a 2-way, between-factors ANOVA with Sidak post-
hoc analysis. **** p < 0.0001. 
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3.4.4 Bone marrow deconjugates curcumin-glucuronide, in a GUSB-dependent 

manner, under physiologic conditions and those that stabilize aglycone curcumin 

 The above ex vivo metabolism data suggest that curcumin-glucuronide can be 

deconjugated in bone marrow, via GUSB, and that the aglycone curcumin formed in situ 

may be unstable. Thus, bone marrow harvested from curcumin-treated mice was 

incubated ex vivo under conditions (pH 5, 4°C) that would stabilize any aglycone83 

formed from curcumin-glucuronide deconjugation, to directly test the capacity of bone 

marrow to deconjugate curcumin-glucuronide. Approximately half of curcumin-

glucuronide present in bone in vivo after ingesting curcumin was converted to the 

aglycone under these stabilizing conditions, a process that was blocked by GUSB 

inhibition when SL was administered either in vivo or simply added to the stabilizing 

buffer ex vivo, prior to resuspension of the bone marrow pellet (Fig. 3.4A). Of note, ex 

vivo conditions that optimized curcumin stability (pH 5, 4°C) also altered GUSB activity, 

which was decreased by about half relative to the anticipated deconjugation activity at 

physiologic, non-lysosomal (e.g., extracellular) conditions (pH 7, 37°C) or by 8-fold 

relative to in vivo lysosomal conditions (Fig 3.4B). These findings confirm the capacity 

of bone marrow to deconjugate the majority of curcumin-glucuronide delivered to bone 

following oral ingestion of curcumin and suggests that the process is GUSB-mediated. 

Furthermore, the pH and temperature dependence of GUSB activity suggests that the 

curcumin-glucuronide deconjugation capacity of bone marrow at ex vivo stabilizing 

conditions approximates, and likely underestimates, the in vivo capacity of bone for in 

vivo deconjugation if this process is occurring extracellularly. 
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Figure 3.4. GUSB-dependent curcumin-glucuronide deconjugation and comparison 
of GUSB activity at stabilizing vs physiologic conditions. A) Quantification of 
aglycone and glucuronidated curcumin in bone marrow of 4-week-old, female C57BL/6J 
mice with in vivo (1 g/kg in saline, 1h prior to curcuminoid treatment) or ex vivo 
saccharolactone pretreatment (10 mM in stabilizing buffer), followed by oral gavage with 
curcuminoids (500 mg/kg). Bone marrow was harvested after 30 minutes and 
resuspended in stabilizing buffer (pH 5, 50 mM sodium acetate) for in vivo SL or in 
stabilizing buffer with SL (10mM) for ex vivo SL (n=3-4/group). B) GUSB enzyme 
activity assay of bone marrow from 4-week-old, female C57BL/6J mice at physiologic 
(pH 7, 1x phosphate-buffered saline) or lysosomal (pH 5, 50 mM sodium acetate buffer) 
pH and physiologic (37°C) or stabilizing (4°C) temperature for 30 minutes (n=3/group). 
 

3.4.5 Curcumin enrichment in bone is dependent on GUSB expression and activity 

To test GUSB-dependency directly, effects of GUSB mutations on the capacity of 

bone marrow to deconjugate curcumin-glucuronide distributing to bone after oral dosing 

was assessed. C3H/HeJ (HeJ) mice possessing a hypomorphic GUSB allele (Gush) that is 

associated, for unclear reasons113,397,398, with reduced GUSB activity, were studied in 

comparison to BL/6J mice, a typical “wild type” (Gusb) control109–111,385,399,400. GUSB–

specific enzyme kinetics in HeJ (vs BL/6J) bone marrow demonstrated normal substrate 

affinity (Km 69.6 μM vs 72.7 μM, respectively), but a 55% lower Vmax (Fig. 3.5A), 

which, when coupled with evidence of lower GUSB protein expression (Fig. 3.5B; 21.9% 

± 2.6% of BL/6J, p < 0.0001, n=3), confirms a postulate that decreased GUSB activity in 
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HeJ mice is attributable to lower levels of functional GUSB protein113,397,398. Key to these 

studies, this 55-78% decrease in GUSB activity/protein was associated with a decrease in 

the capacity of HeJ bone marrow to hydrolyze curcumin-glucuronide (Figure 3.5C and 

Table 3.2); while curcumin metabolites in serum and total curcumin in bone marrow were 

unchanged in curcumin-treated HeJ mice, absolute (p < 0.001) and relative amounts (p < 

0.0001) of marrow aglycone curcumin were 59-65% lower (Table 3.2 and Fig. 3.5C). 

Even more strikingly, were changes in the hydrolytic capacity of marrow derived from 

mps/mps mice with a complete loss of function Gus mutation that results in a phenotype 

attributed to tissue accumulation of glycosaminoglycans, modeling a rare human GUSB-

deficiency disorder, mucopolysaccharidosis (MPS) VII104,384. GUSB enzyme activity 

(Fig. 3.6A) and protein expression (Fig. 3.6B) in phenotypically normal heterozygotes 

(+/mps) were similar to HeJ mice (low), but completely undetectable in homozygous 

GUSB-null (mps/mps) mice. Although compensatory increases in non-deglucuronidating 

enzymes have been reported in GUSB-null models401, HPSE and KL protein levels in 

bone were not altered in +/mps or mps/mps mice (Fig. 3.6B). Because skeletal 

abnormalities in mps/mps mice made oral gavage difficult (e.g. shortened snouts)104,402, 

curcumin was dosed IP in experiments comparing mps/mps to HeJ or BL/6J mice, 

resulting in higher circulating levels of aglycone curcumin in wildtype BL/6J mice. 

However, aglycone curcumin remained a minor product in BL/6J serum, accounting for 

<4% of circulating total curcumin, and aglycone curcumin remained the major product in 

ex vivo bone marrow suspensions (51% of total) (Fig. 3.6C). In GUSB mutants, bone 

marrow aglycone curcumin, expressed as % of total curcumin, was 73% lower in HeJ 

mice (Fig. 3.6C, p < 0.0001) and lower still in mps/mps mice (88% decrease, p < 0.001 
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vs BL/6J), although this decrease was not statistically different from HeJ levels. Notably, 

circulating curcumin concentrations were significantly elevated in mps/mps mice (3.2-

fold increase vs. BL/6J, p < 0.05), which may have contributed to aglycone curcumin 

content in GUSB-null bone marrow (Table 3.3). At the same time, blockade of curcumin-

glucuronide deconjugation within the GUSB-null bone microenvironment may explain 

the notable 4-fold increase in bone marrow curcumin-glucuronide concentrations 

documented in mps/mps (vs. BL/6J) mice (p < 0.05), despite statistically similar 

circulating curcumin-glucuronide levels (Table 3.3). In toto, these findings in GUSB-

deficient, GUSB-null, or GUSB-inhibited mice demonstrate that the capacity of marrow 

to deconjugate curcumin-glucuronide is GUSB-dependent, and that even a partial (≥55%) 

loss of GUSB activity is sufficient to alter marrow’s deconjugation capacity. 

 
Figure 3.5. Effect of a naturally occurring loss of function GUSB mutation in 
C3H/HeJ mice (vs C57BL/6J mice) on marrow GUSB expression and activity and 
the capacity of marrow to hydrolyze curcumin-glucuronide distributing to bones 
following in vivo curcumin treatment. A) GUSB enzyme kinetics using 
phenolphthalein-glucuronide in marrow from female 4-week C57BL/6J vs. C3H/HeJ 
mice (n = 3/group). B) Immunoblot of GUSB protein in marrow from female 4-week 
C57BL/6J vs. C3H/HeJ mice (representative of n=4 biological replicate blots). C) 
Aglycone curcumin levels 30 minutes after oral gavage with 500 mg/kg curcumin in male 
15-week C57BL/6J vs C3H/HeJ mice, expressed as % of total curcumin in serum vs. 
marrow suspensions. There were no significant differences in GUSB activity based on 
sex or age (data not shown). ****p < 0.0001 vs C57BL/6J. 
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Table 3.2. Concentrations of curcumin and curcumin-glucuronide in serum and 
marrow of C57BL/6J and C3H/HeJ mice (mean ± SEM). 

  
C57BL/6J C3H/HeJ 

Curcumin-Glucuronide (μM)   
Serum 82.7 (5.7) 80.0 (9.3) 

Marrow 0.36 (0.04) 1.19 (0.22) 
Aglycone Curcumin (μM)   

Serum 0.17 (0.06) nd (≤0.01) 

Marrow 1.14 (0.13) 0.47 (0.13)a 
Tissues harvested 30 minutes after oral treatment with 500 mg/kg curcumin (n=3-4 
mice/group), with marow suspension in sodium acetate buffer. ap < 0.001 vs C57BL/6J. 
nd = not detectable. 
 
  

 
Figure 3.6. Comparison of GUSB expression and activity in marrow from wild type 
vs. GUSB mutant mice and the capacity of marrow to hydrolyze curcumin-
glucuronide distributing to bones following in vivo curcumin treatment. A) GUSB 
enzyme activity in marrow (normalized to wild-type BL/6J) in 15-week male mice (n=3-
5/group). B) Immunoblot of GUSB, HPSE, and KL expression in marrow from 15-week 
female wild-type C57BL/6J and partial loss-of-function C3H/HeJ mice, and 15-week 
male hetero- (+/mps) and homozygous (mps/mps) GUSB deficient mice (representative 
of n=3 biological replicate blots). Significance tested using a 1-way ANOVA with Tukey 
post-hoc analysis. C) Aglycone curcumin levels 20 minutes after IP curcumin 
administration (100 mg/kg) to 15-week female BL/6J, female HeJ mice and male 
mps/mps mice (n=3-5/group), expressed as % of total curcumin in serum vs. marrow 
suspensions. Significance tested using a 2-way, between-factors ANOVA with Tukey 
post-hoc analysis. There were no significant differences in GUSB activity or aglycone 
curcumin content based on sex (data not shown). ****p < 0.0001 vs C57BL/6J. nd = not 
detectable 
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Table 3.3. Concentrations of curcumin and curcumin-glucuronide in serum and 
marrow of wild-type and GUSB mutant mice (mean ± SEM). 

  
C57BL/6J C3H/HeJ mps/mps 

Curcumin-Glucuronide (μM)    
Serum 92.7 (25.1) 92.1 (27.7) 151.0 (19.3) 

Marrow 1.3 (0.4) 2.7 (0.8) 5.2 (1.4)a 

Aglycone Curcumin (μM)    
Serum 7.2 (3.0) 2.8 (1.0) 22.8 (6.9)a,b 

Marrow 1.9 (0.5) 0.5 (0.2) 0.4 (0.1) 
Tissues harvested 20 minutes after IP treatment with 100 mg/kg curcumin (n=3-4 
mice/group) with marow suspension in sodium acetate buffer. ap < 0.05 vs C57BL/6J. bp 
< 0.05 vs C3H/HeJ. 
 

3.4.6 Role of extracellular GUSB in the bone microenvironment  

Because extracellular GUSB has been postulated to play a major role in deconjugating 

other glucuronidated compounds at sites of inflammation96,120,383, extracellular vs cell-

associated GUSB activity in marrow was assessed. Soluble GUSB activity in cell-free 

marrow fractions (extracellular GUSB), while only representing ~20% of total GUSB 

activity in marrow (Fig. 3.7A) of both BL/6 and HeJ mice, was still sufficient to 

deconjugate curcumin-glucuronide added to cell-free fractions from BL/6 mice ex vivo, 

such that aglycone curcumin levels were only slightly lower than those formed under 

similar conditions by whole marrow suspensions (Figure 3.7B). Both of these effects 

were significantly blocked by the GUSB inhibitor, SL (Fig. 3.7B). Similarly, extracellular 

spleen concentrations of GUSB were 26% of intracellular levels, and this was still 

sufficient to deconjugate curcumin-glucuronide added to cell-free spleen fractions ex vivo 

(Fig. S1A). While not reaching statistically significance (P = 0.099 with two tailed t test), 

SL reduced aglycone levels by over 60% (Fig. 3S1B). Because the acidic pH of the 

acetate buffer used to resuspend marrow both stabilizes aglycone curcumin and optimizes 
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GUSB activity, the relatively higher abundance of aglycone curcumin formed ex vivo in 

marrow suspensions under conditions that stabilize the aglycone vs. markedly lower 

levels detected in lyophilized marrow suggests that: 1) optimal conditions for 

deconjugation may not be present in vivo (i.e., limited or lack of microenvironments with 

sufficiently acidic extracellular pH, or regional mismatch in the relative distributions of 

GUSB and substrate within the bone microenvironment), and/or 2) a lack of stability of 

aglycone curcumin formed in vivo limits its utility as a marker of deconjugation. In 

addressing the first postulate, it is notable that conditioned media from freshly isolated 

bone marrow cells cultured at a physiologic temperature and pH maintained the ability to 

deconjugate GC added in vitro, forming detectable aglycone curcumin in a process that 

remained saccharolactone inhibitable (Fig. 3.7C). Likewise, conditioned media from 

spleens was also able to deconjugate exogenously added curcumin-glucuronide in a 

saccharolactone inhibitable manner (Fig. S1C). These findings support, while not 

proving, a physiologic role for extracellular, marrow cell-derived GUSB in deconjugating 

(activating) curcumin-glucuronide within microenvironment rich in hematopoietic cells 

(e.g., bone and spleen). Moreover, it is notable that the ratio of extracellular enzyme 

activity to substrate (curcumin-glucuronide) is over 5,500-fold higher in bone as 

compared to the circulation (Fig. 3.7D). Given previous evidence of an important role for 

extracellular GUSB in deconjugating glucuronidated pro-drugs at sites of inflammation, 

this finding suggests that normal bone marrow is also primed to deconjugate curcumin-

glucuronide within bone due to its high extracellular GUSB content. 
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Figure 3.7. The role of extracellular bone marrow cell-derived GUSB in 
deconjugation of curcumin-glucuronide. A) GUSB activity in total bone marrow (BM), 
cell-associated ([intra]cellular) BM fraction, and cell-free ([extra]cellular) BM fraction 
from female 4-week C57BL/6J or C3H/HeJ (n=3-4/group). Significance tested using a 2-
way, between-factors ANOVA with Tukey post-hoc analysis. B) Aglycone curcumin 
levels, expressed as % of total curcumin, after incubating total BM or extracellular BM 
fraction, following a 15-minute saccharolactone (10 mM) pre-treatment, for 2 hours in 
sodium acetate buffer (50 mM, pH 5) after ex vivo addition of curcumin-glucuronide (0.5 
μM) using female 4-week C57BL/6J (n=3/group). Significance tested using a 1-way 
ANOVA with Sidak post-hoc analysis. C) Aglycone curcumin levels produced after 
incubating 10 μM curcumin-glucuronide in fresh media + 10% FBS + 1% pen/strep or 
marrow-conditioned media (CM, made by incubating cells for 2 hours with media), from 
female 4-week C57BL/6NJ, with or without SL (10 mM) for 2 hours at 37°C (n=4-
8/group). Inset is a representative chromatogram. D) Comparison of GUSB enzyme 
activity in bone marrow (vs. serum) and curcumin glucuronide substrate concentrations in 
bone marrow (collected ex vivo in acetate buffer containing SL [10mM]) vs serum 
collected 30 minutes after gavage of female 4-week C57BL/6J mice with 500 mg/kg 
curcumin (n=3/group). Data expressed as mean ± SEM. 
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3.4.7 GUSB activity in human blood and bone  

 Having previously demonstrated that extracellular GUSB in murine bone marrow 

has a similar capacity as total bone marrow to deconjugate incubations of curcumin-

glucuronide, extracellular GUSB levels in bone marrow (i.e., bone marrow plasma) were 

determined in mice and compared to extracellular levels in circulation (i.e., peripheral 

plasma). GUSB levels were markedly higher in bone plasma than in peripheral plasma of 

mice (Fig. 3.8A), which may contribute to the lack of curcumin-glucuronide 

deconjugation in circulation. However, a comparison of GUSB activity in wild-type 

C57BL/6J vs GUSB-deficient C3H/HeJ mice demonstrated that levels of expression at 

these two sites were highly correlated, being similarly reduced in the bone and serum of 

HeJ vs WT mice. GUSB levels varied considerably (9.6-fold) in human peripheral 

plasma samples obtained from pre-menopausal Caucasian and Hispanic women386, 

consistent with previous reports in other adult populations (14 to 300-fold)114,115. We next 

assayed GUSB activity in bone marrow plasma samples (n=2) from unrelated donors 

from a similar demographic, a 39-year-old Caucasian woman and a 34-year-old Hispanic 

woman. Samples were grossly hemolyzed and, given the large aspiration volume of the 

samples (100 mL)403, also possibly contaminated with large quantities of blood. Since 

hemoglobin (Hgb) interfered with the GUSB activity assay (Fig. 3.8B), resulting in 

falsely lower values, enzyme activities of human bone marrow plasma samples were 

adjusted by two separate methods. Adjustment for hemoglobin content, either by standard 

curve or HemogloBind treatment, found the hemoglobin content reduced GUSB activity 

by 25%. Average GUSB levels in bone marrow plasma vs peripheral plasma were similar 

but could not be readily compared as matched samples were not available (Fig. 3.8C). 
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Furthermore, murine vs human bone sampling methods were fundamentally different in 

terms of both sample site (e.g., mouse hind leg vs human iliac crest404) and method (e.g., 

centrifugation of mouse marrow vs aspiration of human marrow), as cellular 

concentrations in aspirates are reduced, relative to core biopsies, and substantially 

contaminated with blood when samples exceed 2 mL403, as occurred here. 

Figure 3.8. GUSB activity of human bone marrow and peripheral plasma. A) GUSB 
activity of extracellular bone marrow space (plasma) vs serum in 4-week-old, female 
wild-type C57BL/6J and GUSB-deficient C3H/HeJ mice (n=3-4/group). B) A 
comparison of GUSB activity to hemoglobin (Hgb) concentrations in human bone 
marrow plasma samples (intersection of dotted lines) using a standard curve made of 
varying amounts of non-hemolyzed and hemolyzed mouse plasma. C) GUSB activity of 
unmatched human bone marrow plasma (n=2, supernatant from 100 mL of bone marrow 
aspirate) with adjustment for hemoglobin (Hgb) inhibition by standard curve (Hgb 
Curve) or HemogloBind (HgbBind) methods, vs human peripheral plasma (n=10). 
 
 
3.5 Discussion 

 Curcumin has shown bone-protective bioactivity despite primarily circulating as 

curcumin glucuronide, a metabolite that appears to lack bioactivity61–63,382. However, it 

has been hypothesized that curcumin-glucuronide could be deconjugated at sites of action 

by the enzyme, β-glucuronidase (GUSB)32. These studies have shown, to our knowledge 

for the first time, that bone marrow is perfused with curcumin-glucuronide with an AUC 

10% that of curcumin-glucuronide in serum. This exceeds the anticipated percentage 

based solely on distribution of blood flow to bone (2%)405,406, which when considered in 

the context of the prolonged half-life of curcumin-glucuronide in bone, suggests bone 
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marrow content does not reflect perfusate, but rather organ-specific pharmacokinetics. 

Furthermore, Cmax concentrations in bone for curcumin-glucuronide, assuming complete 

conversion to the active aglycone, are sufficient to inhibit osteoclastogenesis198 and 

within an order of magnitude of the IC50 for inhibition of TGFβ-stimulated PTHrP 

secretion from BMETs382, particularly if curcumin-glucuronide is not homogenously 

distributed in bone due to variable blood flow407. 

While in vivo inhibition of GUSB did not reverse the observed enrichment of 

aglycone curcumin in bone marrow under physiologic conditions, we demonstrated that 

this is not due to a lack of curcumin-glucuronide substrate or expression of GUSB in 

bone, nor is it due to the inability of GUSB to deconjugate curcumin-glucuronide. Thus, 

the most probable reason is due to the instability of aglycone curcumin formed by GUSB-

mediated deglucuronidation. However, bone marrow further hastens curcumin 

metabolism in a process likely driven by the formation of reactive oxidative intermediates 

(Fig. 1.3B) that have been shown to adduct proteins and thus “disappear” from our 

analysis24,31,32,76–78. Under conditions that stabilize aglycone curcumin, we instead 

“trapped” aglycone curcumin long enough to allow for detection and demonstrated both 

that aglycone curcumin formation is GUSB-dependent and that in vivo curcumin 

concentrations do not reflect net aglycone formation due to instability of the aglycone at 

physiologic conditions. While GUSB is normally stored in the acidic lysosome, it can 

also be secreted into the extracellular space where it has been shown to deconjugate other 

glucuronidated dietary polyphenols120,161. Extracellular GUSB in bone marrow, though 

comprising less than a quarter of total activity, was still able to deconjugate a majority of 

curcumin-glucuronide, present in bone after oral ingestion of curcumin, under stabilizing 
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conditions, as well as form aglycone curcumin at ex vivo physiological conditions. 

Furthermore, these ex vivo stabilizing conditions likely underestimate in vivo GUSB 

activity at both extracellular and lysosomal conditions, suggesting that anticipated 

deconjugation is likely higher in bone in vivo. Likewise, the hematopoietic-rich spleen 

also had extracellular GUSB activity that was capable of deconjugating curcumin-

glucuronide ex vivo in a GUSB-dependent manner, further emphasizing the idea that 

hematopoietic-rich tissues or infiltrates may be targetable by glucuronidated dietary 

polyphenols and are associated with physiologically significant levels of extracellular 

GUSB from a drug metabolism standpoint. 

While others have also used saccharolactone to inhibit β-glucuronidase activity in 

vivo390,408, it is also reported to alter glucuronidation and pharmacokinetics for other 

dietary polyphenols in a model-dependent fashion409–413, and thus could contribute to the 

inability to detect changes to curcumin metabolism following in vivo saccharolactone 

treatment. However, in mouse models with natural loss-of-function mutation in (HeJ), or 

complete lack of (mps), GUSB expression, formation of aglycone curcumin in bone 

showed a dose-dependent relationship with GUSB expression, verifying the SL inhibition 

findings. In toto, these novel results demonstrate that there is sufficient GUSB activity in 

bone marrow to deconjugate the majority of curcumin-glucuronide distributing to bone, 

following consumption of curcumin equivalent to a reasonable human dose, and that this 

process is dependent on GUSB. 

Lastly, we determined whether these findings in mice are translatable to humans. 

A preliminary assessment found that GUSB activity was similar between human bone 

marrow plasma and unmatched peripheral plasma. While human bone marrow plasma 
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samples were hemolyzed, adjustment for hemoglobin inhibition of GUSB activity 

(~25%) did not wholly explain the lower than expected enzyme activity observed in 

human bone marrow plasma compared to peripheral plasma, given the large difference 

seen between mouse bone and peripheral plasma. It has been reported that aspirating 

large volumes (e.g., > 2 mL) of bone marrow can result in dilution with peripheral blood 

(e.g., nearly half peripheral blood in a 4 mL aspirate)403,414. Given that the human samples 

we purchased were gathered in ~100 mL batches, it is quite possible that they are 

extensively diluted by peripheral blood. Furthermore, the concentration of nucleated bone 

marrow cells is nearly 12-fold higher in needle biopsies compared to aspirates414, 

suggesting GUSB enzyme levels would also be 12-fold more concentrated in vivo. 

Altogether, this would suggest that GUSB levels in our human bone marrow samples 

could be 30-fold higher in vivo than we detect ex vivo, and therefore greater than levels 

found in circulation. Future studies will need to be performed on additional bone marrow 

samples, a tissue that is not as readily accessible as peripheral plasma, of smaller aspirate 

volumes or of core biopsies, and compared to matched peripheral plasma samples to 

confirm this dilution hypothesis. 

While it has been previously postulated that the biological effects of curcumin 

may require its deconjugation at sites of action, to our knowledge, this is the first 

demonstration of the capacity of bone marrow to metabolize curcumin, a compound of 

great medicinal interest58. 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 diseases, as well1,4,123,199,415,416, a 

hypothesis that will be explored in the next chapter. Additionally, within bone, optimal 
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conditions for GUSB-mediated deconjugation may vary with disease states. For example, 

the formation of multiple, highly acidic resorption pits by active osteoclasts417 during 

states of high turnover (i.e. bone development) or resorption (i.e. post-menopausal 

osteoporosis) could facilitate localized deconjugation within specific areas of the bone 

microenvironment, including metabolically active trabecular areas with high risk of 

fracture418. 

The microenvironment of bone, which has one of the highest GUSB activities of 

all organs assayed, appears to have a large capacity for GUSB-mediated deconjugation of 

a significant fraction of the curcumin-glucuronide that distributes to bone following oral 

curcumin administration, a transformation that appears to be required for anti-resorptive 

activity. This current demonstration of possible pharmacologic consequences of even 

partial deficiencies in GUSB, a highly polymorphic gene in humans112, in “activating” 

ingested curcumin serves as a reminder, in this era of personalized medicine, that just as 

an individual’s genetics can determine their response to pharmaceutical drugs, the same 

may be true when considering the metabolic fate and effects of medicinal natural 

products. These findings help reconcile prior in vivo evidence of bone protective effects 

of curcumin with its well-documented, rapid transformation into an inactive glucuronide 

conjugate, and may also help to explain turmeric’s traditional use to quell inflammation 

in tissues with inflammatory infiltrates that are rich in GUSB-expressing cells112,177.  
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3.6 Supplemental figures 

 
Figure 3S1. The capacity of spleen-derived GUSB to deconjugate curcumin-
glucuronide. A) GUSB activity in cell-associated ([intra]cellular) spleen fraction, and 
cell-free ([extra]cellular) spleen fraction from female 4-week C57BL/6J (n=3/group) B) 
Aglycone curcumin levels, expressed as % of total curcumin, after incubating total 
spleen, following a 15-minute saccharolactone (10 mM) pre-treatment, for 2 hours in 
sodium acetate buffer (50 mM, pH 5) after ex vivo addition of curcumin-glucuronide (0.5 
μM) using female 4-week C57BL/6J (n=3/group). C) Aglycone curcumin levels 
produced after incubating 10 μM curcumin-glucuronide in fresh media + 10% FBS + 1% 
pen/strep or spleen-conditioned media (CM), from female 4-week C57BL/6NJ, with or 
without SL (10 mM) for 2 hours at 37°C (n=4-8/group). Inset is a representative 
chromatogram. *** p < 0.001. Data expressed as mean ± SEM. 
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3.7 Supplemental methods 

 
Pharmacokinetic analysis of ex vivo curcumin-glucuronide by spleens 

To determine the deconjugation capacity of spleen supernatants or spleen cells 

(whole spleens were cut up with scissors in sodium acetate buffer) from untreated mice 

was resuspended in sodium acetate buffer (50 mM, pH 5) ± SL (10 mM), with incubation 

on ice for 2 hours after addition of curcumin-glucuronide (0.5 μM) to: 1) whole 

suspensions or 2) supernatant alone (cell-free fraction) obtained from immediate 

centrifugation of suspensions. Following incubations, supernatants were snap-frozen for 

later analysis. Curcumin-glucuronide deconjugation capacity of spleen was also 

determined at physiologic temperature and pH; spleen cells from untreated mice were 

resuspended and incubated in DMEM + 10% FBS + 1% pen/strep at 1x106 cells/ml for 2 

hours at 37°C and 5% CO2 to generate conditioned media. Aliquots (300 µl per well) of 

fresh vs conditioned media, centrifuged to remove cells, were then transferred to a 24 

well plate and incubated with curcumin-glucuronide (10 μM) ± saccharolactone (10 mM) 

for 2 hours at 37°C and 5% CO2. All samples were centrifuged prior to snap-freezing of 

supernatants for later analysis of aglycone and glucuronidated curcumin by LC/MS. 
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CHAPTER 4 

 

EFFECTS OF PRO-RESORPTIVE BONE MICROENVIRONMENTS ON SITE 

SPECIFIC DECONJUGATION/ACTIVATION OF BONE-PROTECTIVE 

DIETARY POLYPHENOLS 
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4.1 Abstract 

 During their lifetimes, nearly half of women and over 1 in 10 men will suffer 

from an osteoporotic fracture which are attributable to age-related processes (e.g., 

increase in pro-inflammatory senescent cells) and declines in sex hormones which lead to 

increased bone resorption and displacement of marrow hematopoietic cells by increased 

marrow adiposity. The master regulator of osteoclastogenesis, RANKL, underlies 

osteoporosis as well as focal resorptive disorders such as rheumatoid arthritis and 

osteolytic breast cancer bone metastases (BMETs). Curcuminoids, dietary bioactive 

polyphenols from the turmeric rhizome, have shown promise at protecting against bone 

loss in these disorders by targeting RANKL-stimulated osteoclastogenesis and TGFβ 

signaling in BMETs. Given that curcumin, the most abundant curcuminoid, circulates as 

an inactive pro-drug that bone marrow β-glucuronidase (GUSB) can deconjugate, we 

explored whether changes to the bone marrow microenvironment consequent to bone 

resorptive disorders might alter GUSB activity or curcumin metabolism. Despite reports 

that GUSB can be regulated by sex hormones, there were no differences in bone marrow 

GUSB activity or curcumin metabolism between sexes. Likewise bone marrow GUSB 

activity was retained across sexual and skeletal development in female mice, with no 

differences in formation of aglycone curcumin in bone, despite lower total curcumin in 

mature mice. In preclinical models of postmenopausal osteoporosis (OVX) or BMETs, 

displacement of GUSB expressing marrow by adipocytes or tumor cells, respectively, 

and increased bone resorption, did not significantly alter aglycone curcumin levels, 

despite higher total curcumin, in bone. The trabeculae-rich, proximal tibiae, a region of 

bone more often affected by bone resorptive disorders, had higher total curcumin than the 
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primarily cortical distal tibia, though this did not affect GUSB activity or levels of 

aglycone curcumin. Consistent with our prior findings that deglucuronidation is required 

for curcumin inhibition of TGFβ signaling in BMETs, direct inhibitory effects of 

curcumin, and two other dietary polyphenols with bone-protective bioactivity (resveratrol 

and quercetin), on RANKL-mediated osteoclastogenesis also required deglucuronidation, 

with bone marrow able to deconjugate these polyphenols under ex vivo conditions that 

stabilize aglycones in a β-glucuronidase-dependent manner (curcumin and resveratrol) 

and at both stabilizing and physiologic pH (quercetin). These findings suggest that the 

deglucuronidation capacity of bone is not altered by changes to the bone marrow milieu 

caused by bone resorptive disorders and other bone-protective dietary polyphenols that 

are abundantly glucuronidated in vivo must also be activated by β-glucuronidase. 
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4.2 Introduction 

Bone loss occurs in men and women with aging and is accelerated in women by 

menopause, such that 40% of women and 13% of men will develop osteoporotic fractures 

in their lifetimes419. Declining estrogen and testosterone levels contribute to age-related 

and menopausal bone loss, which is associated with an increase in marrow adiposity and 

reciprocal declines in bone marrow hematopoietic cells420,421. Increased numbers of 

senescent cells of myeloid and osteocyte lineage also contribute to age related bone 

loss422. Increased RANKL-stimulated osteoclast formation drives bone loss in these 

common disorders, as well as less common but devastating causes of focal osteolysis, 

including osteolytic bone metastases (BMETs) in women with breast cancer or joint 

destruction by the tumor like synovium in rheumatoid arthritis (RA)219,423,424. 

The turmeric derived polyphenols, curcuminoids, have been demonstrated to 

prevent bone loss in animal models of osteoporosis, rheumatoid arthritis and breast 

cancer bone metastases1,2,4. In vitro, curcumin blocks RANKL-stimulated osteoclast 

formation and TGFβ signaling pathways in bone metastatic breast cancer cells that drive 

osteolysis195,196,378,379, and has reported senolytic effects in non-bone cells425, suggesting 

possible benefits in treating human resorptive bone diseases. This conclusion is supported 

by recent evidence of improved BMD and reductions in biomarkers of bone resorption in 

women with post-menopausal osteoporosis treated with curcuminoids in combination 

with a bisphosphonate, as compared to bisphosphonate alone125. 

However, recent evidence from our laboratory suggests that the bone protective 

effects of curcuminoids, which primarily circulate as glucuronides, require enzymatic 

deconjugation to form the active aglycone (curcumin) within bone by β-glucuronidase 
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(GUSB)-expressing hematopoietic cells426. Because bone marrow hematopoietic cells are 

a primary source of GUSB128,129, an enzyme whose expression is regulated by sex 

steroids427–430, murine studies were undertaken to determine whether changes in the bone 

microenvironment associated with development, aging, menopause, or focal osteolysis 

led to alterations in GUSB expression, deconjugation capacity, or aglycone curcumin 

bioavailability within bone following oral curcumin administration. In addition, the 

ability of bone marrow to deconjugate other glucuronidated dietary polyphenols with 

bone protective effects, and GUSB-dependency of this action, was also determined to 

query the possible importance of GUSB in modulating bone responses to dietary 

polyphenols as a class of agents, many of which circulate as glucuronide conjugates. 

 

4.3 Materials and methods 

Materials  

Curcuminoids (#218580100, Fisher; 80.6% curcumin, 13.5% 

demethoxycurcumin, and 2.4% bisdemethoxycurcumin by weight) and curcumin-

glucuronide were purchased, with content/purity verified using LC/MS (see below)2,82 

and stock solutions were prepared in DMSO. Resveratrol (#R150000), resveratrol-3-

glucuronide (#R150015), quercetin dihydrate (#Q509500), and quercetin-3-glucuronide 

(#Q509510) were purchased from Toronto Research Chemicals, and stock solutions were 

prepared in DMSO. Primary antibodies recognizing GUSB (#ARP44234_T100, Aviva 

Systems Biology) and β-actin (#4968, Cell Signaling Technologies [CST]) were used in 

Western analyses with HRP secondary antibodies (#7074, CST). 4-methylumbelliferyl-

glucuronide (4-MUG; #M9130), d-saccharic acid 1,4-lactone monohydrate 
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(saccharolactone, #S0375), and RIPA lysis buffer (#R0278) were purchased from Sigma 

Aldrich. SuperSignal West Femto ECL (#34095) and RestorePlus stripping buffer 

(#46430) were purchased from ThermoFisher. Mini-PROTEAN TGX-PAGE gels 

(#4568046) were purchased from BioRad and PVDF membranes (#IPFL0010) from 

Millipore. 

 

Animals  

All animal procedures were approved by the University of Arizona Institutional 

Animal Care and Use Committee (IACUC). Wild type male or female C57BL/6J mice 

were obtained from Jackson labs (JAX strain 000664), with aged male mice acquired 

from the National Institute on Aging (NIH). Female C57BL/6J mice underwent 

ovariectomy (OVX) at JAX at 24 weeks of age, with experiments performed at 32 weeks 

(8 weeks post-OVX), as compared to age-matched controls. Female, 4-week-old athymic 

nude mice (Envigo) were inoculated with 1x105 bone-tropic MDA-SA cells via 

intracardiac injection and osteolytic lesions allowed to form in the hind legs (~3-4 

weeks). The presence of osteolytic lesions was confirmed, and bone-mineral density 

quantified, by radiography using an UltraFocus x-ray cabinet (Faxitron, Tucson, AZ). 

Mice were provided water and diet (NIH-31 7913, Teklad) ad libitum while maintained at 

the temperature and humidity-controlled University of Arizona central animal facility 

under a 14/10-hour light/dark cycle. 
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In vivo treatment for pharmacokinetic analyses  

Mice were administered curcuminoids (500 mg/kg in DMSO, 2.5 g human 

equivalent dose [HED]387) via oral gavage once for acute experiments or once daily (QD) 

for 7 days, or twice daily (BID, 12h apart) for 3 days. Blood and bone marrow were 

obtained under isoflurane anesthesia at approximate time of maximal reported 

concentration (30 minutes) after the final dose45,46. Blood was allowed to clot for 10 

minutes at room temperature and serum collected by centrifugation at 8,000 g for 10 

minutes prior to storage at -80oC. After animal sacrifice by cervical dislocation, bone 

marrow was collected, as previously described, by centrifugation of legs, stripped of soft 

tissue, at 10,000 g for 30 seconds389,426. In separate experiments, regional metabolism of 

curcumin was determined in tibiae harvested 30 minutes after oral gavage with 500 

mg/kg curcuminoids and specifically bisected into proximal 25% and distal 75% 

(measured from the tibial condyle to the ankle joint) fractions. Proximal and distal tibia 

(2 per sample) were centrifuged separately (10,000g for 30s) to harvest marrow from 

trabeculae-enriched vs cortical bone regions. Bone marrow pellets were resuspended in 

sodium acetate buffer (50 mM, pH 5) and incubated for 2 hours on ice, conditions 

previously demonstrated to “trap” (stabilize) aglycone curcumin formed ex vivo, in order 

to assess the capacity of bone to deconjugate glucuronidated polyphenol substrates 

distributing to bone following oral polyphenol treatment, with supernatants stored at -

80°C for later analysis. Prior experiments have demonstrated that the sum of curcumin 

metabolites present at the end of the ex vivo incubation approximates the curcumin-

glucuronide content in bone at time of harvest, as very little aglycone is detectable426, 

thus “total curcumin”, defined as the sum of aglycone curcumin plus curcumin-
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glucuronide present at the end of the ex vivo incubation, is a measure of initial substrate 

available for ex vivo deconjugation. The effects of a competitive inhibitor of GUSB, 

saccharolactone (SL) vs vehicle, on polyphenol metabolism was determined either: 1) in 

vivo, by pre-treatment of mice with SL (1 g/kg in saline by IP injection390) 1 hour prior to 

polyphenol administration, or 2) ex vivo, by addition of SL (10 mM) to the sodium 

acetate buffer prior to resuspension of marrow isolated from polyphenol treated mice or 

naïve marrow spiked ex vivo with polyphenol glucuronides. Aglycone and glucuronide 

conjugates of curcumin were later quantified, as indicated below, in serum or bone 

marrow supernatant by LC-MS. Metabolites of resveratrol and quercetin present in bone 

following oral administration were similarly quantitated by LC-MS, as described below. 

 

Ex vivo dietary polyphenol treatment for metabolism studies  

To determine the curcumin-glucuronide deconjugation capacity of MDA-SA 

breast cancer cells (2x105 cells/mL), bone marrow cells (8x105 cells/mL), or co-cultures 

of both under physiologic conditions, cells were resuspended in DMEM + 10% FBS + 

1% P/S and spiked with 10 μM of curcumin-glucuronide, with incubation at 37°C in w/ 

5% CO2 for 4 hours. To determine ex vivo deconjugation of glucuronidated dietary 

polyphenols with bone protective bioactivity, mouse bone marrow from 4-week-old, 

female C57BL/6J mice was resuspended in sodium acetate buffer (50 mM, pH 5) ± 

saccharolactone (10 mM) and spiked with 0.5 μM of either curcumin-glucuronide or 

resveratrol-3-glucuronide and incubated at 4°C for 2 hours. Deconjugation of quercetin-

3-glucuronide by mouse bone marrow from 20-month-old, male C57BL/6J mice was 

determined in sodium acetate buffer (50 mM, pH 5), incubated at 4°C for 2 hours, or 
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phosphate buffered saline (1x, pH 7), incubated at 4°C for 4 hours . All samples were 

centrifuged prior to snap-freezing of supernatants for later analysis of aglycone and 

glucuronidated curcumin, resveratrol, and quercetin by LC/MS. 

 

LC/MS determination of aglycone curcumin and curcumin-glucuronide  

Serum was acidified to pH 5 using HCl (1 M) and bone marrow supernatants were 

diluted in 20 mM sodium acetate pH 5 prior to loading on 30-mg Waters HLB 

(hydrophilic-lipophilic balance) cartridges, washing with water, and elution with 

methanol. Eluates were evaporated under a stream of nitrogen and dissolved in 

water/acetonitrile (50:50). Samples were sonicated and filtered before analysis. LC-MS 

analyses were performed using a Thermo Finnigan TSQ Vantage triple stage quadrupole 

mass spectrometer equipped with an electrospray interface operated in the positive ion 

mode. For chromatography a Waters Symmetry Shield C18 column (2.1 x 50 mm, 1.8 

µm) was eluted at room temperature 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/z 369 → 177, 

d6-curcumin m/z 375 → 180, curcumin-glucuronide m/z 545 → 369 and d6-curcumin-

glucuronide m/z 551 → 375. The limits of detection for curcumin and curcumin-

glucuronide were 14.9 nM and 2.9 nM, respectively. Aglycone curcumin, curcumin-

glucuronide or total curcumin (sum of aglycone and glucuronidated curcumin) content is 

expressed, as indicated, either as an absolute concentration or a percentage of total 

curcumin content. Absolute in vivo concentrations were adjusted to the original volume 
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of the marrow pellet (i.e., dilution of sample with sodium acetate buffer), utilizing pellet 

mass and assuming a tissue density of 1.06 g/ml. 

 

LC/MS determination of aglycone resveratrol and resveratrol metabolites 

To 100 μL serum, 10 μL of resveratrol or resveratrol-3-glucuronide calibration 

solution, made by serial dilution in methanol, was added and vortexed to mix431. 

Calibration standards were allowed to sit at room temperature, protected from light, for 

15 minutes to normalize plasma protein-resveratrol interactions. To each sample, 1.7 μL 

concentrated HCl was added and samples were vortexed to mix. Subsequently, 100 μL of 

methanol was added to precipitate plasma proteins, samples were vortexed to mix and 

centrifuged at 15,800 g for 10 minutes at 4°C. The supernatant was transferred to a clean 

tube and evaporated to dryness in a Speed-Vac. Dried samples were resuspended in 100 

μL 50% methanol, briefly sonicated and centrifuged at 15,800 g for 10 minutes at 4°C. 

The supernatant was transferred to autosampler vials for analysis. Injection volume was 

10 μL. Authentic samples are processed the same way, substituting 10 μL methanol for 

the 10 μL of calibration standard in the calibration samples. Analysis was performed on 

an Ultivo triple-quadrupole mass spectrometer system with a 1290 Infinity II autosampler 

and quaternary pump (Agilent) operated in electrospray negative MRM mode. 

Chromatographic separation of analyte(s) was performed using a gradient system on a 

Synergi Hydro-RP 2.5u 2X100mm HPLC column at a flow rate of 0.24 mL/min as 

follows: 80% 5mM ammonium acetate in H2O (NH4OAc) + 2% isopropanol (IPA) to 

20% methanol (MeOH) + 2% IPA for 6 minutes, 45% NH4OAc + IPA to 55% MeOH + 

IPA for 18.89 minutes, 5% NH4OAc + IPA to 95% MeOH + IPA for 22.78 minutes. The 
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MRM transitions were for resveratrol-3-glucuronide m/z 403.1 → 227 and 112.8 or for 

resveratrol m/z 227.1 → 185.1 and 143. The limits of detection for resveratrol and 

resveratrol-3-glucuronide were greater than 0.8 ng/mL. 

 

LC/MS determination of aglycone quercetin and quercetin metabolites 

Serum was acidified to pH 5 using HCl (1 M) and diluted in 20 mM ammonium 

acetate pH5, and bone marrow supernatants were diluted in 20 mM sodium acetate pH 5 

prior to loading on 30-mg Waters HLB (hydrophilic-lipophilic balance) cartridges, 

washing with water, and elution with methanol. Eluates were evaporated under a stream 

of nitrogen and dissolved in water/acetonitrile (50:50). LC-MS analyses were performed 

using a Thermo Finnigan TSQ Vantage triple stage quadrupole mass spectrometer 

equipped with an electrospray interface operated in the positive ion mode. For 

chromatography a Waters Symmetry Shield C18 column (2.1 x 50 mm, 1.8 µm) was 

eluted at room temperature with a gradient of acetonitrile in water/0.1% formic acid 

changed from 5% acetonitrile to 85% in 2 min and further increased to 95% in 1 min at a 

flow rate of 0.4 ml/min. The SRM transitions were for quercetin m/z 301.18 → 150.96, 

d3-quercetin m/z 304.12 → 150.86, quercetin-glucuronide m/z 477.37 → 300.83. 

 

GUSB-specific enzymatic activity assay  

Cell-associated GUSB-specific deconjugation activity was determined using 

standard enzymatic assay methods391,392,426. Briefly, to determine deconjugation activity, 

bone marrow was incubated for 30 minutes or plasma for 3 hours at 37°C in pH 5, 50 

mM sodium acetate buffer with the glucuronide of 4-methylumbelliferone [4-MU] before 
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reaction quenching and quantification of product formation in comparison to 4-MU 

standard curves using fluorescence (360nm/470nm, Ex/Em). Results were expressed per 

unit time and normalized, as indicated either to bone marrow volume (i.e., for 

comparison of bone marrow vs blood plasma concentrations)426 or protein content (i.e., 

for comparison of bone marrow vs tumor cell GUSB content). 

 

Western blots 

GUSB expression was determined by immunoblot of protein lysates isolated from 

bone marrow or MDA-SA cells as previously described382. Blots were probed with 

primary antibodies raised against GUSB or β-actin followed by HRP-conjugated 

secondary antibody. Expression was visualized by chemiluminescence. Blots were 

stripped and re-probed for house-keeping genes. Because housekeeping gene expression 

was tissue-specific, equal protein loading was also confirmed by visualization of total 

protein content, using BioRad Stain-Free labeling393,394. 

 

Statistical analysis  

All statistical analyses were performed using Prism software (v. 6.0h, GraphPad). 

Unless otherwise specified, values are presented as mean ± SEM. Significant differences 

were determined by t-test or one-way/two-way ANOVA with Tukey or Sidak post-hoc 

test, as appropriate. For metabolites, pair-wise comparisons were made for aglycone 

curcumin and total curcumin (aglycone curcumin + glucuronidated curcumin). Power 

analyses were performed using G*Power (v. 3.1)432. 
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4.4 Results 

 
4.4.1 Male and female mice have similar capacities to deconjugate curcumin-

glucuronide in bone 

In addition to well documented differences in drug metabolism between males 

and females433, the GUSB gene has androgen and estrogen-responsive regulatory 

elements106,107 and treatment with both hormones can regulate expression in various 

tissues434,435. Given this, sex differences in bone marrow curcumin metabolites, 

deconjugation capacity, and GUSB activity were assessed in skeletally mature mice of 

the same age (15 weeks) acutely administered 500 mg/kg curcumin (HED 2.5 g) by oral 

gavage436. Serum metabolite concentrations, comprising primarily curcumin-glucuronide, 

were identical in female vs male mice (Fig 4.1A). While total bone metabolite 

concentrations tended to be higher in female mice, reflecting higher curcumin-

glucuronide substrate levels in bone at time of harvest, this difference was not statistically 

significant and aglycone curcumin concentrations after ex vivo incubation were identical 

in males and females (Fig 4.1B). With n=10 for males and n=4 for females (14 total) and 

2 repeated measures (aglycone curcumin and total curcumin) ANOVA, pooled SD was 

0.617 for an effect size of 0.49 requiring 12 total mice. Experiment was adequately 

powered with 14 mice (α=0.05, power=0.8) to detect differences in total curcumin. 

Consistent with this evidence of a similar curcumin deconjugation capacity, GUSB 

activity in bone was also the same in male and female mice (Fig 4.1C).  
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Figure 4.1. The effect of sex on bone marrow GUSB activity and curcumin 
metabolism. Differences in curcumin metabolism in A) serum and B) bone marrow 
between male and female (n=4-10/group), 15-week C57BL/6J mice, 30 minutes 
following oral gavage with 500 mg/kg curcuminoids. Significance tested using a 2-way, 
between-factors ANOVA with Sidak post-hoc analysis. C) Effect of sex on β-
glucuronidase (GUSB) enzyme activity in 15-week C57BL/6J mice bone marrow (n=4-
10/group). Significance tested using an unpaired t-test. 
 
 
4.4.2 The curcumin-glucuronide deconjugation capacity of bone marrow was 

maintained during development and aging 

We next investigated the effects of development (sexual and skeletal) and of 

aging, which is associated with bone loss and increased marrow adiposity437 and has been 

reported to influence GUSB expression438, on curcumin metabolism. In female mice 

administered 500 mg/kg curcumin orally, serum levels of curcumin metabolites, which 

primarily circulated as curcumin-glucuronide, were the same across developmental 

stages, including sexually and skeletally immature 4 or 6-week-old mice and 15 or 31-

week-old mature adult mice (Fig 4.2A). In bone, total curcumin metabolite 

concentrations were significantly lower in mature (15 or 32 week) vs immature (4 or 6-

week-old) mice (Fig 4.2B). However, aglycone curcumin concentrations were 

statistically the same and reflective of a high capacity of marrow across all ages to 

deconjugate >40% of curcumin-glucuronide present in bone following oral curcumin 

administration. With n=15 for 4wk, n=4 for 6 and 15wk, and n=5 for 32 wk (28 total) and 
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2 repeated measures (aglycone curcumin and total curcumin) ANOVA, pooled SD was 

0.925 for an effect size of 0.50 requiring 16 total mice. Experiment was adequately 

powered with 28 mice (α=0.05, power=0.8) to detect differences in aglycone curcumin. 

Consistent with this similarly high deconjugation capacity, GUSB activity did not vary 

among females from 4 to 32 weeks of age (Fig. 4.2C). Interestingly, despite reports that 

GUSB expression may be altered with aging, GUSB activity in bone from aged 22 month 

old (90 week) male mice was actually higher than that in ~4 month old (15 week) mature 

adult mice (Fig. 4.2D). Altogether, this suggests that GUSB activity and the ability of 

bone marrow to deconjugate curcumin-glucuronide is retained across the life cycle, 

including in a setting of age-related bone loss.  

 
Figure 4.2. Effect of age on curcumin metabolism and GUSB activity in mouse bone 
marrow. Effect of age on curcumin metabolism in A) serum and B) bone marrow of 
female C57BL/6J mice, 30 minutes following oral gavage with 500 mg/kg curcuminoids 
(n=4-16/group). Significance tested using a 2-way, between-factors ANOVA with Sidak 
post-hoc analysis. * p < 0.05, ** p < 0.01, total curcumin (curcumin + curcumin-
glucuronide) vs 4wk or as specified. Age-dependency of bone marrow GUSB enzyme 
activity in C) female (n=4-16/group) or D) male (n=6-10/group) C57BL/6J mice. 
Significance tested using a 1-way ANOVA with Tukey’s post-hoc analysis or unpaired t-
test. * p < 0.05. 
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4.4.3 Curcumin-glucuronide deconjugation capacity of bone in a murine model of 

post-menopausal osteoporosis 

As anticipated439–441, bone density in trabeculae-enriched regions decreased (Fig 

4.3A) while bone marrow adiposity increased (Fig 4.3B,C) in hind limb long bones eight 

weeks following ovariectomy (OVX) of 24-week old female mice, as compared to naïve 

age-matched (32 week) controls. Serum curcumin metabolites levels were unchanged in 

OVX mice administered 500 mg/kg curcumin orally, as compared to controls (Fig. 4.3D). 

However, total curcumin metabolite levels in bone were significantly (2.3-fold) higher in 

OVX vs control mice (Fig 4.3E). Algycone curcumin levels, were also increased in OVX 

mice, although this trend was not statistically significant. GUSB levels in bone, as 

predicted due to replacement of hematopoietic cells with adipose, were significantly 

lower in OVX mice (Fig. 4.3F). With n=4/group (8 total) and 2 repeated measures 

(aglycone and total curcumin) ANOVA, pooled SD was 0.757 for an effect size of 0.77 

requiring 8 total mice. Experiment was adequately powered with 8 mice (α=0.05, 

power=0.8) to detect differences in aglycone curcumin. However, GUSB activity in OVX 

mice was still suficient to deconjugate the higher levels of curcumin-glucuronide present 

in OVX bone following oral curcumin treatment. 
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Figure 4.3. The effect of ovariectomy on bone marrow GUSB activity and curcumin 
metabolism. A) Bone mineral density (BMD) of the proximal 25% of tibia and distal 
25% of femur, regions enriched with trabeculae where most bone loss occurs, 8 weeks 
post-OVX vs age matched (32 week) female C57BL/6J controls (n=5/group). 
Significance tested using a 2-way, between-factors ANOVA with Sidak post-hoc 
analysis. ** p < 0.01, *** p < 0.001 vs ctrl. B) H&E of distal femur marrow adiposity in 
control vs C) OVX, demonstrating change in marrow composition (increased adiposity). 
Metabolism of curcumin in D) serum or E) marrow of control or OVX mice 30 min 
following oral gavage with 500 mg/kg curcuminoids (n=5/group). Significance tested 
using a 2-way, between-factors ANOVA with Sidak post-hoc analysis. * p < 0.05 for 
total curcumin (curcumin + curcumin-glucuronide). F) GUSB enzyme activity in bone 
marrow of control or OVX mice (n=4/group). Significance tested using an unpaired t-test. 
** p < 0.01. 
 

4.4.4 Effect of focal osteolysis and bone metastatic tumors on curcumin-glucuronide 

metabolism  

Osteolytic breast cancer bone metastases alter the bone microenvironment by 

stimulating bone resorption and the release of bone matrix derived growth factors driving 

metastatic progression (e.g., TGFβ), decreasing pH, and displacing hematopoietic 

cells215,442,443. Therefore, the effects of an osteolytic, GUSB-negative breast cancer bone 

metastasis model (Fig. 4.4A-C), on curcumin bone metabolism was assessed in athymic 
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nude mice, whose bone marrow GUSB activity was similar to C57BL/6J mice (Fig. 4S1). 

Previously, in vivo curcumin treatment has been demonstrated to block bone metastases 

progression in female nude mice bearing MDA-SA bone metastases, a protective effect 

attributed both to inhibition of tumoral TGFβ signaling and direct inhibition of osteoclast 

formation3,5,195,196,198. Interestingly, the presence of a MDA-SA bone metastases resulted 

in markedly higher (2-fold) serum curcumin metabolite concentrations (primarily 

curcumin-glucuronide) in bone metastases-bearing mice vs control mice, both dosed with 

500 mg/kg curcumin (Fig. 4.4D). Likewise, there were significantly higher 

concentrations of total curcumin metabolites in tumor-bearing bones, suggesting 

curcumin-glucuronide levels at time of harvest of curcumin-treated mice were nearly 4-

fold higher in mice with bone metastases as compared to controls (Fig. 4.4E), and the 2-

fold higher circulating curcumin-glucuronide levels perfusing bone may have contributed 

to the 4-fold increase in total curcumin metabolites documented within bone. Higher 

concentrations of aglycone curcumin concentrations in bone were not statistically 

different, but the experiment was underpowered (with n=5/group [10 total] and 2 

repeated measures [aglcyone and total curcumin] ANOVA, pooled SD was 1.3716 for an 

effect size of 0.57 and would have needed 22 mice [α=0.05, power=0.8] to detect 

differences in aglycone curcumin) and thus the possibility of higher levels of curcumin in 

tumor-bearing bones cannot be ruled out. Additionally, ex vivo studies examining 

curcumin-glucuronide (10 μM) stability in the presence of cultured cells, suggests that 

MDA-SA tumor cells may have a stabilizing effect on curcumin-glucuronide under 

physiologic conditions (Fig. 4.4F) vs. deconjugating effect of marrow cells or 

autooxidation occurring with media alone (Fig. 3.3A), which may also have contributed 
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to higher total curcumin levels in the bones of curcumin-treated tumor-bearing mice. 

Consistent with the sustained capacity of tumor-bearing mice to deconjugate the majority 

of the higher levels of curcumin-glucuronide present in bone following oral 

administration, GUSB activity in bone marrow was preserved, and indeed tended to be 

slightly higher than control mice (Fig. 4.4G), a trend that did not achieve statistical 

significance. With n=5/group for an effect size of 1.033 requiring 32 mice (α=0.05, 

power=0.8) and was underpowered to detect differences in GUSB activity. 

     
Figure 4.4. Effect of MDA-SA bone metastases on curcumin metabolism and GUSB 
activity in circulation and bone. A) Radiographic image and B) H&E of an MDA-SA 
bone metastasis in the tibia of a female athymic nude mouse. C) GUSB activity and 
expression (inset) of C57BL/6J bone marrow and human MDA-SA breast cancer cells 
(n=3/group). Curcumin metabolites in D) serum and E) bone marrow of nude mice 
without (naïve) or with (BMET) MDA-SA tumors, 30 minutes following oral gavage 
with 500 mg/kg curcuminoids (n=4/group). Significance tested using a 2-way, between-
factors ANOVA with Sidak post-hoc analysis. * p < 0.05 for total curcumin (curcumin + 
curcumin-glucuronide). F) Ex vivo metabolism of curcumin-glucuronide (10 μM) by 
MDA-SA cells, C57BL/6J bone marrow, or co-cultures of both in physiologic media for 
4 hours (n=4/group). Significance tested using a 1-way, between-factors ANOVA with 
Tukey post-hoc analysis. **** p < 0.0001 vs media only or as specified. G) GUSB 
enzyme activity in bone marrow of naïve or MDA-SA tumor bearing (BMET) nude mice 
(n=5/group). Significance tested using an unpaired t-test. 
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4.4.5 Bone marrow has regional differences in GUSB expression and curcumin 

metabolites 

Because the trabeculae-enriched metaphyseal region of bone is more highly 

perfused with blood and is often a site of bone loss for systemic or focal resorptive 

disorders407,444, regional differences in curcumin metabolism was assessed in proximal 

(25%) trabeculae-enriched vs distal (75%) cortical-enriched tibiae (Fig. 4.5A). Total 

curcumin metabolite levels were 4.6-fold higher (p <0.01) in trabeculae-enriched 

proximal tibial compartments as compared to the distal tibia in mice treated orally with 

500 mg/kg curcumin, possibility reflective of greater delivery of curcumin-glucuronide to 

the metaphysis following oral curcumin administration. Aglycone curcumin levels also 

tended to be higher in the proximal tibiae, though this did not reach significance, and the 

deconjugation capacity of proximal vs distal tibiae appeared to be less, as measured by % 

deconjugated (% free curcumin) (Fig. 4.5B). With n=4/group (8 total) and 2 repeated 

measures (aglycone and total curcumin) ANOVA, pooled SD was 0.273 for an effect size 

of 1.05 requiring 6 total mice. Experiment was adequately powered with 8 mice (α=0.05, 

power=0.8) to detect differences in aglycone curcumin. None the less, GUSB activity, 

normalized to bone marrow volume, was the same in both compartments (Fig. 4.5C) as 

was cell density (Fig. 4.5D), suggesting the amount of GUSB activity was the rate 

limiting factor. 
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Figure 4.5. Differences in curcumin metabolism and GUSB activity in proximal vs 
distal tibia. Bone marrow was harvested from the tibia of female, 4wk C57BL/6J mice 
and partitioned into the A) proximal 25% ( trabeculae-enriched bone) or distal 75% 
(primarily cortical bone). B) Metabolism of endogenously delivered curcumin-
glucuronide metabolism in proximal vs distal bone marrow, 30 minutes following oral 
gavage with 500 mg/kg curcuminoids (n=4/group). Significance tested using a 2-way, 
between-factors ANOVA with Sidak post-hoc analysis. **** p < 0.0001 for total 
curcumin (curcumin + curcumin-glucuronide). C) Quantitation of GUSB activity and D) 
bone marrow cell density between proximal and distal tibia (n=4-5/group). Significance 
tested using a paired t-test. 
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4.4.6 Effect of chronic curcuminoid dosing on curcumin metabolism 

Because curcuminoid-enriched supplements are dosed chronically when used for 

medicinal purposes, curcumin metabolites levels in bone (and serum) were also assessed 

following chronic once or twice daily oral administration of 500 mg/kg curcumin to 4-7 

week female mice. Curcumin metabolite levels and the deconjugation capacity of bone 

was maintained with chronic dosing (Fig. 4.6). Consistent with our previous 

demonstration of an 8-hour half-life of curcumin-glucuronide in bone (vs 4h in serum) 

following a single acute dose426, total curcumin metabolite levels in bone were 

significantly higher in mice dosed twice daily (BID) with oral curcumin, equivalent to 

every 12 hours, as compared to daily dosing (QD), despite no significant differences in 

serum levels. Notably, chronic dosing did not alter the deconjugation capacity of bone 

marrow, as aglycone curcumin levels did not differ between treatment frequencies. 

 
Figure 4.6. Metabolism of curcumin in serum and bone marrow following chronic 
curcuminoid dosing. Curcumin metabolites were assayed in serum and bone marrow of 
4-7 week, female C57BL/6J following chronic treatment with curcuminoids by oral 
gavage (500 mg/kg) either once a day (QD) or twice daily (BID) for 3-7 days 
(n=4/group). Significance tested using a 2-way, between-factors ANOVA with Sidak 
post-hoc analysis. ** p < 0.01. 
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4.4.7 Bioactivity of aglycone vs glucuronidated polyphenols in blocking RANKL-

stimulated osteoclastogenesis and evidence for their GUSB mediated deconjugation in 

bone 

Having previously documented bioactivity of curcumin, but not curcumin-

glucuronide, in blocking TGFβ signaling in breast cancer cells forming TGFβ-dependent 

bone metastases382, a key mechanism driving focal osteolysis, we next assessed the effect 

of glucuronidation on curcumin’s well described ability to directly target osteoclasts, 

inhibiting RANKL signaling in osteoclasts and their progenitors1,2,445–447,121,122,124,194–198, a 

master-regulator of osteoclast differentiation and survival underlying all bone resorptive 

disorders191. Relative effects of aglycone vs glucuronidated polyphenols on RANKL-

stimulated osteoclastogenesis were also determined for quercetin and resveratrol, 

additional dietary polyphenols with bone protective effects whose primary circulating 

metabolites in vivo are also glucuronidated448–451. Nearly all curcumin-glucuronide (0.3 

μM) incubated ex vivo with bone marrow was converted to aglycone curcumin under 

aglycone stabilizing conditions, a process inhibited by saccharolactone (Fig. 4.7D), a 

competitive inhibitor of GUSB, verifying the GUSB-mediated capacity of bone marrow 

cells to deconjugate curcumin-glucuronide426. Aglycone curcumin inhibited RANKL-

simulated osteoclast formation in a concentration-dependent fashion (IC50: 3 μM) (Fig. 

4.7A). In contrast, curcumin-glucuronide was without effect or, at the highest 

concentration that was also higher than those documented in bone, statistically increased 

RANKL-induced osteoclastogenesis. Likewise, aglycone resveratrol or quercetin, two 

other bone-protective dietary polyphenols that are also known to inhibit RANKL-

mediated osteoclast formation445,447 and are abundantly glucuronidated in vivo448–451, 
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inhibited osteoclastogenesis in a concentration-dependent fashion (IC50 of 9 and 11 μM, 

respectively) while their glucuronides were without effect (Fig. 4.7B,C). Analogous to 

GUSB-mediated deconjugation of curcumin-glucuronide by bone marrow (Fig. 4.7D), 

resveratrol-3-glucuronide (R3G) was also deconjugated in a β-glucuronidase-dependent 

(i.e., saccharolactone inhibitable) manner during ex vivo incubation with bone marrow, 

demonstrating that bone also has the capacity to form bioactive, osteoclast-inhibiting 

aglycone resveratrol in situ from R3G (Fig. 4.7E). The lower concentrations of R3G 

remaining when GUSB deconjugation was inhibited were suggestive of possible 

alternative metabolic pathways; however further analyses eliminated the possibility that 

other metabolites of resveratrol, commonly detected in vivo, were present (i.e., 

resveratrol-4-glucuronide, resveratrol-disulfate, resveratrol-monosulfate, or mixed 

resveratrol-glucuronide-sulfate conjugates; data not shown). Quercetin-glucuronide was 

similarly deconjugated during ex vivo incubation with bone marrow under conditions 

analogous to those studied for curcumin and resveratrol, forming bioactive osteoclast-

inhibiting aglycone quercetin (Fig. 4.7F). Interestingly, a greater degree of quercetin-

glucuronide deconjugation occurred at neutral pH (aglycone quercetin as % of total) and 

resulted in higher levels of detectable metabolites, suggesting that aglycone quercetin 

may be stable under physiologic conditions. 
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Figure 4.7. Deconjugation of other bone-protective dietary polyphenols by bone 
marrow β-glucuronidase. RAW 264.7 cells were pre-treated with A) curcumin vs 
curcumin-glucuronide, B) resveratrol vs resveratrol-3-glucuronide (R3G), or C) quercetin 
vs quercetin-3- (Q3G) vs quercetin-7-glucuronide (Q7G) for 4 hours followed by 
RANKL (50 ng/mL) for 3 days to determine the effect of glucuronidation on anti-
osteoclastogenic activity of bone-protective dietary polyphenols. Multi-nucleated (>3), 
tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts were quantified by 
microscopy (n=4/time). Significance tested using a 2-way, between-factors ANOVA with 
Sidak post-hoc analysis. ** p < 0.01, **** p < 0.0001. D) Curcumin-glucuronide (0.5 
μM) or E) resveratrol-3-glucuronide (0.5 μM) were incubated with bone marrow, from 4-
week-old female C57BL/6J mice, in sodium acetate buffer (50 mM, pH 5) ex vivo for 2 
hours at 4°C with or without saccharolactone (10 mM) (n=3-5/group). F) quercetin-3-
glucuronide (3 μM) was incubated with bone marrow, from 20 month male C57BL/6J 
mice, in sodium acetate buffer (50 mM, pH 5) or phosphate buffered saline (1x, pH 7) ex 
vivo for 2 hours at 4°C (n=6/group). Significance tested using a 2-way, between-factors 
ANOVA with Sidak post-hoc analysis. * p< 0.05, **** p < 0.0001. Aglycone and 
glucuronides of curcumin, resveratrol, and quercetin were assayed in cell-free supernatant 
by LC/MS. 
 
 
4.5 Discussion 

Given the known differences in drug metabolism between the sexes, it is notable 

that GUSB expression can be regulated by sex hormones107,400, with reported 
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downregulation in the uteri of estrogen-deficient ovariectomized mice that is rescued by 

estrogen treatment430, and higher levels in the serum of human males compared to 

females452. Despite these reports in other organs, skeletally and sexually mature (15-

week-old) mice did not display significant differences in GUSB activity of bone marrow, 

a tissue not frequently included in analyses of enzyme activity118–120. As a consequence of 

this similar GUSB activity between sexes, male and female mice displayed no difference 

in metabolism of curcumin in circulation, nor were there differences in bone marrow 

metabolites. However, there was a slight but non-significant trend towards more total 

curcumin in bone marrow of female mice, and given the similar deconjugation activity, 

suggests there instead may be sex differences in retention or distribution, possibly due to 

differences in vascularization, of curcumin-glucuronide substrate in bone.  

In addition to reported sex differences in GUSB expression, changes during 

development (e.g., levels of sex steroids) and during aging, including increased marrow 

adiposity displacing GUSB-expressing hematopoietic cells453, could alter curcumin 

metabolism in bone. Though there were no observed differences in curcumin metabolism 

in the serum of sexually and skeletally immature young mice vs adult mature mice, the 

latter did have significantly lower total curcumin in bone; however, importantly, there 

were no significant differences in aglycone curcumin levels. Since bone marrow GUSB 

activity was retained from adolescence (4-weeks) through mature adulthood (32-weeks) 

for female mice, this suggests that these changes to total curcumin in bone were not 

mediating by differences in enzymatic deconjugation. Interestingly, geriatric male mice 

had significantly more bone marrow GUSB activity than their mature adult counterparts, 

consistent with GUSB reportedly being upregulated in the retinal epithelium of older 
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adults438. Although bone marrow GUSB activity in aged (vs young) mice, analogous to 

older humans (>60 years)454, was slightly higher and aged mouse bone marrow retained 

the ability to deconjugation the majority of exogenously delivered quercetin-glucuronide 

ex vivo, the in vivo delivery of substrate to bone was not directly tested. 

Pathological bone conditions can also alter the bone marrow microenvironment. 

Osteoporosis follows the loss of estrogen signaling during menopause, which has tissue-

specific effects on GUSB expression430,455, and is accompanied by an increase in bone 

marrow adiposity456. Similarly, breast cancer bone metastases invade the marrow space 

and, like OVX-induced marrow adiposity, eventually displace GUSB-expressing 

hematopoietic cells. This increase in marrow fat was recapitulated in the mouse model of 

ovariectomy (OVX)-induced osteoporosis, and was associated with less bone marrow 

GUSB activity, consistent with displacement of GUSB-expression hematopoietic cells. 

However, GUSB activity in the bone metastasis model non-significantly trended higher 

in tumor bearing marrow. Given that MDA-SA cells have no detectable GUSB activity, 

this could instead be due to the recruitment of GUSB-expressing activated inflammatory 

immune cells (e.g., tumor associated macrophages/neutrophils457), that compensate for 

the displacement of hematopoietic cells by the metastasis, a naturally occuring 

phenomena already being investigated for the targeting of tumors with chemotherapeutic 

glucuronide pro-drugs96. Since bone marrow was demonstrated to promote oxidative 

metabolism of both aglycone and glucuronidated curcumin (Fig. 3.3A,D), displacement 

of marrow in the OVX model by adipose as well as by bone metastatic tumor, which 

actually stabilized curcumin-glucuronide (Fig. 4.4F),  could reduce direct oxidation of 

curcumin-glucuronide to BCP-glucuronide, consistent with both the OVX and BMET 
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model having significantly more total curcumin bone (i.e., curcumin-glucuronide 

substrate at start of ex vivo incubation). In toto, these novel findings suggest curcumin 

may still be able to exert bone-protective effects, following GUSB-mediated 

deconjugation, in bone resorptive disorders. 

Given that osteoclast-mediated resorption underlies all bone resorptive disorders, 

it is notable that curcumin inhibited RANKL-stimulated osteoclastogenesis in a 

concentration-dependent manner, as has been previously described1,2,121,122,124,194–198, and 

at concentrations an order of magnitude lower than required to inhibit breast cancer cell 

TGFβ signaling. However, curcumin-glucuronide was without effect at expected in vivo 

concentrations (i.e., 1-3 μM), a novel finding that complements my earlier discovery that 

curcumin, and not curcumin-glucuronide, inhibited TGFβ-stimulated secretion of pro-

osteolytic factors driving bone metastasis progression. Other dietary polyphenols (e.g., 

resveratrol and quercetin) are also reported to block RANKL-stimulated 

osteoclastogenesis445,447, but also undergo extensive glucuronidation in vivo448,450,458,459, 

suggesting that these compounds may too have to be “activated” in bone by 

deglucuronidation for bone-protective effects. In support of this idea, the most common 

glucuronides of resveratrol and quercetin had no appreciable effects on RANKL-induced 

osteoclastogenesis, while the aglycones demonstrated concentration-dependent inhibition. 

Consistent with this lack of in vitro glucuronide bioactivity and despite reported in vivo 

bioactivity of the parent compounds446,460,461, bone marrow also had the capacity to 

deconjugate exogenously delivered resveratrol-3-glucuronide in a β-glucuronidase-

dependent manner, analogous to curcumin-glucuronide, and that deconjugation of 

exogenous quercetin-3-glucuronide occurs at both stabilizing and extracellular 
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physiologic pH, suggesting deconjugation may also occur in vivo. While curcumin has 

also demonstrated in vitro inhibition of TGFβ-stimulated secretion of pro-osteolytic 

factors from bone metastatic breast cancer cells382, this occurred at concentrations an 

order of magnitude higher than levels seen in vivo. Despite this, curcumin still protected 

against in vivo osteolytic breast cancer bone metastasis progression3, suggesting that, in 

addition to anti-osteoclast effects, there may be areas of focal deconjugation (e.g., 

adjacent to GUSB-expressing inflammatory cells recruited to the BMET) resulting in 

regions of elevated aglycone curcumin concentration.  

In fact, trabeculae-enriched tibial epiphyses and metaphyses, regions of greater 

bone resorption, had significantly higher levels of total curcumin compared to distal 

tibiae comprising mostly cortical bone, consistent with higher blood flow in the proximal 

region462, and thus delivery of curcumin-glucuronide substrate. However, GUSB activity 

was similar between these compartments, which was also reflected in the similar 

aglycone curcumin concentrations following incubation of bone marrow under aglycone 

stabilizing conditions (pH 5, 4°C). Additionally, although equivalent to those inhibiting 

in vitro osteoclastogenesis, aglycone curcumin levels were still an order of magnitude 

lower than reported for tumor anti-TGFβ effects, even with chronic dosing (once or twice 

daily), which did not interfere with deglucuronidation. However, ex vivo conditions 

assessing deconjugation capacity, optimized for aglycone stability, were suboptimal for 

GUSB activity relative to those occurring in vivo, and may underestimate in vivo activity 

2 to 7-fold, for extra vs intracellular (lysosomal) pH. Likewise, the current method for 

adjusting curcumin metabolites in bone marrow averages concentrations over the entire 

bone marrow volume, while evidence suggests deconjugation occurs extracellularly (Fig. 
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3.8B,C)120,161,426. Therefore concentrations are likely 10-fold higher based on the fraction 

of bone marrow comprised by non-intracellular space (i.e., interstitial and vascular 

volumes)463,464. 

To summarize, bone marrow retained its capacity to deconjugate curcumin-

glucuronide to the bioactive aglycone under conditions present across skeletal and sexual 

maturation and during bone resorptive disorders. While aglycone curcumin levels were 

similar between healthy and altered marrow milieus, it is notable that total curcumin was 

elevated under conditions of increased bone resorption (e.g., ovariectomy and bone 

metastases), suggesting the bone microenvironment in these resorptive disorders actually 

allowed for accumulation of curcumin-glucuronide substrate, which could subsequently 

be deconjugated to bone-protective aglycone curcumin. The requirement for 

deglucuronidation in mediating the anti-osteoclast activity of quercetin and resveratrol 

suggests this may be a universal phenomena for activation of all bone-protective dietary 

polyphenols. In toto, these findings suggest that the ability of curcuminoids to treat bone 

resorptive disorders is retained despite alterations to the bone marrow microenvironment. 
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4.6 Supplemental figures 

 
Figure 4S1. Bone marrow GUSB activity in wild-type immunocompetent C57BL/6J 
vs immunocompromised athymic nude mice. GUSB activity in bone marrow from 
female, 4-week-old C57BL/6J vs athymic nude mice (n=5-21/group), normalized to in 
vivo marrow volume and expressed relative to C57BL/6J with significance determined 
by Student’s t-test (p > 0.05, ns). 
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CHAPTER 5 

 

EFFECTS OF CURCUMINOIDS ON TGFβ SIGNALING IN BONE 

METASTATIC BREAST CANCER CELLS AND THE ROLE OF OXIDATIVE 

METABOLITES  
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5.1 Abstract 

Turmeric-derived curcuminoids can inhibit TGFβ signaling, an important 

signaling pathway in the progression of osteolytic breast cancer bone metastases. 

However, the exact mechanism for this inhibitory activity was unclear. These studies 

revealed that curcuminoids inhibited expression of TGFβR2 and Smad2, both members 

of the canonical TGFβ pathway, while activating p38 and JNK MAPKs, members of the 

non-canonical TGFβpathway, in a TGFβ ligand-independent manner across a panel of 

human and murine breast cancer cell lines that form TGFβ-dependent bone metastases. 

Consistent with reported crosstalk between these pathways, which can alter TGFβ-

dependent gene expression, JNK phosphorylated Smad2 in the linker region. However, 

inhibition of JNK did not reverse curcumin-induced reductions in TGFβR2, Smad2, or 

TGFβ-stimulated PTHrP secretion, precluding Smad-MAPK crosstalk as a mechanism 

for curcuminoid inhibition of TGFβ signaling. Curcuminoids decreased membrane 

associated TGFβR2, including plasma membrane TGFβR2 where ligand-receptor 

interaction occurs, which could affect downstream phosphorylation of Smad2. Inhibition 

of both clathrin coated-pit formation (involved in Smad signaling and receptor recycling) 

or lipid raft-mediated signaling (involved in MAPK activation and the receptor 

degradation) did not prevent curcuminoid-induced TGFβR2 loss or effects on Smad2 

signaling. Furthermore, an examination of TGFβR2 and Smad2 half-lives and blockade 

of lysosomal or proteasomal degradative pathways suggested that curcuminoids do not 

increase internalization and degradation of these targets and instead inhibited TGFβ 

signaling through effects on protein expression. Consistent with this, curcuminoids 

appeared to inhibit specific expression of TGFβR2 and Smad2 primarily at the synthesis 
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level, an affect that was targeted rather than a global inhibition. Finally, these effects 

appeared to be mediated through two different phases: 1) an early phase where curcumin 

exerts effects with and without undergoing oxidative metabolism, and 2) a later phase 

where all effects were dependent on oxidative metabolism. These results, that were 

uniform across multiple triple-negative breast cancer (TNBC) cell lines, for which there 

is a paucity of treatments, suggests curcuminoids may have clinical relevancy in the 

treatment of TGFβ-dependent TNBCs. 
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5.2 Introduction 

 Most women with advanced breast cancer develop osteolytic bone metastases, 

which are essentially incurable and lead to skeletal related events that reduce the quality 

of life in the final months to years of survival, including bone pain, pathologic fracture, 

compression of the spinal cord, and hypercalcemia of malignancy330,331,465. Osteolysis in 

breast cancer bone metastases (BMET) appears to be driven by tumor cell secretion of 

pro-osteolytic proteins in response to growth factors released from the bone matrix by 

osteoclast activity215,307. These pro-osteolytic factors then induce osteoclastogenesis and 

subsequent release of more bone-derived factors in a feed forward loop. Transforming 

growth factor β (TGFβ) is one of the most well-studied bone-derived factors implicated 

in this “vicious cycle” of bone destruction366,466. Over 75% of clinical breast cancer bone 

metastases in one series of clinical samples stained positive for phosphorylated Smad2 

(pSmad2), the activated form of a canonical TGFβ signaling pathway protein, suggestive 

of tumoral Smad-dependent TGFβ signaling within bone239. Furthermore, parathyroid 

hormone related protein (PTHrP), a pro-osteolytic factor induced by Smad-mediated 

TGFβ signaling in bone-metastatic human breast cancer cells, is expressed in nearly 

100% of clinical breast cancer bone metastases, as compared to only a subset of primary 

tumors and a minority (< 18%) of non-bone metastases, again suggestive of an important 

clinical role of Smad-dependent TGFβ signaling in breast cancer BMET 

progression228,310–315. 

 Further evidence supporting a role for Smad-dependent TGFβ signaling in the 

pathogenesis of osteolytic breast cancer BMET comes from pre-clinical breast cancer 

BMET models where: 1) the aggressive bone-tropic phenotype of human breast cancer 
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clones identified by in vivo selection is dependent on their constitutive overexpression of 

TGFβ-regulated genes that remained responsive to further induction by Smad-dependent 

TGFβ signaling (human MDA-1833 and hMDA-2287 cells)232,237–239; 2) the in vivo 

dependence of osteolytic bone metastases formed by a human breast cancer cell line on 

Smad-mediated tumoral secretion of PTHrP in response to bone-derived TGFβ 

stimulation (hMDA-SA cells)229,233–236; and 3) evidence of Smad signaling 

(phosphorylated Smad2) at the tumor/bone interface in bone metastases formed by 

murine breast cancer cells secreting TGFβ-inducible PTHrP (murine 4T1 cells)246.  

Given this important role of TGFβ signaling in BMET progression, it is therefore 

notable that curcuminoids, dietary polyphenols isolated from the turmeric rhizome 

(Curcuma longa L.), have been previously reported by our laboratory to block TGFβ-

inducible Smad signaling (phosphorylation of the C-terminus of receptor-regulated R-

Smads [Smad2 and Smad3]) and TGFβ-inducible PTHrP secretion from MDA-SA cells, 

and to inhibit MDA-SA osteolytic bone metastasis progression in vivo3,5. Moreover, 

curcuminoids uniformly blocked TGFβ-induced phosphorylation of Smad2/3 in all tested 

breast cancer cell lines forming TGFβ-dependent BMET in vivo (MDA-SA, 1833, 2287, 

4T1), suggesting a possible a common mechanism of Smad signaling inhibition and bone 

protection by curcuminoids in breast cancer bone metastases382. 

Current experiments were thus initiated to elucidate the mechanism(s) by which 

curcuminoids block canonical Smad-mediated TGFβ signaling in breast cancer that are 

known to form Smad-mediated, TGFβ-dependent bone metastases in vivo.  These studies 

included an assessment of curcuminoid effects on MAPK signaling pathways as well. 

MAPK signaling pathways (p38, JNK, or ERK), the best described of non-canonical 
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TGFβ signaling pathways280, also make independent contributions to TGFβ-dependent 

expression of genes required for breast cancer metastatic progression within bone229. 

Importantly, crosstalk between these two signaling pathways may also be critical in 

determining cellular responses to TGFβ, with net effects being attributable to the relative 

contributions of canonical Smad vs. non-canonical MAPK signaling. For example, TGFβ 

signal transduction is modulated by the relative distribution of plasma membrane TGFβ 

receptors into SARA-associated clathrin-coated pits, which internalize to form 

endosomes promoting Smad2/3 signaling, vs lipid rafts, which are associated with the 

Smad-signaling inhibitor, Smad7, and mediate TGFβ induction of MAPK signaling. 

MAPK signaling also modulates Smad signaling in a complex, context specific fashion; 

for example, MAPK-dependent phosphorylation of the linker region of the receptor-

regulated (R)-Smads can alter Smad trafficking282.  

Given the opposing roles of TGFβ in cancer progression, being protective early 

but driving progression later (e.g., BMET)249,253,254, it is notable that curcumin-

glucuronide, the primary circulating metabolite of curcumin in vivo, lacks anti-TGFβ 

bioactivity but may be metabolized within bone to form the bioactive aglycone382, 

allowing for specific targeting of tumoral TGFβ signaling in metastases while sparing 

systemic TGFβ activity. Still unknown, however, and also to be explored here, is whether 

aglycone curcumin and/or reactive intermediates known to be formed by oxidative 

metabolism of curcuminoids are ultimately responsible for inhibiting breast cancer TGFβ 

signaling76–78. 
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5.3 Materials and methods 

Materials  

 Two related human MDA-MB-231 human breast cancer cell lines, bone tropic 

MDA-SA cells and MDA-SA cells overexpressing TGFβR2 lacking the cytoplasmic 

domain (“TGFβR2Δcyt”)229, were kindly provided by Dr. Theresa Guise, Indiana 

University233,234. Two MDA-MB-231-derived bone tropic cell lines identified by in vivo 

selection for their aggressive bone phenotype and TGFβ gene signature (MDA-1833 and 

MDA-2287) were a kind gift of Dr. Joan Massagué, Sloan-Kettering232. All human cell 

lines were authenticated using short tandem repeat profiling by the University of Arizona 

Genetics Core368. Bone-tropic murine 4T1 cells, frequently used to model breast cancer 

bone metastases in immunocompetent mice243,244,246,247,369, were obtained directly from 

American Type Culture Collection (#CRL-2539, ATCC) and used within 10 passages. 

Bone-tropic murine 4T1.2 cells isolated from bones of mice inoculated with 4T1 cells 

were a kind gift of Dr. Robin Anderson, Peter MacCallum Cancer Centre, AUS318. The 

chemical content of commercially obtained curcuminoids (#218580100, Fisher; 80.6% 

curcumin, 13.5% demethoxycurcumin, and 2.4% bisdemethoxycurcumin by weight) was 

verified using standard methods (see below)2,82 with stock solutions prepared in DMSO. 

PVV8 and dimethylcurcumin were synthesized as previously described78,467. Cells were 

stimulated, as indicated, with recombinant human TGFβ1 (#240-B, R&D Systems) or 

recombinant mouse receptor activator of NFkB ligand (RANKL, #462-TEC, R&D 

Systems). N-acetylcysteine (NAC, #A1540914) and nystatin (#J6048606) were 

purchased from Alfa Aesar. Cycloheximide (CHX, #C7698), Pitstop 2 (#SML1169), 

okadaic acid (OA, #459620), tunicamycin (TM, #5045700001), chloroquine (CQ, 
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#C6628), and MG132 (#474791) were purchased from Millipore-Sigma. The MAPK 

inhibitors SP600125 (#S1077) and SB202190 (#S1460) were purchased from 

Selleckchem. Mini-PROTEAN TGX-PAGE gels (#4568046) were purchased from 

BioRad and PVDF membranes (#IPFL0010) from Millipore. 

 

Cell culture 

Cells were cultured in DMEM (#10-013-CV, Corning) supplemented with 10% FBS 

(#S11150, Atlanta Biologicals) and 1% penicillin/streptomycin (#15140, ThermoFisher). 

For analysis of curcuminoid effects on TGFβ signaling, cells were pretreated with vehicle 

(DMSO) or the indicated concentrations of curcuminoids followed by TGFβ1 (5 ng/ml) 

(or media alone) for specified times prior to isolation of whole cell lysates for Western 

analyses. Whole cell lysates were isolated from cells using RIPA buffer (#R0278, 

Millipore-Sigma), total membrane proteins were isolated from cells using the 

ProteoExtract Native Membrane Protein extraction kit (#444810, Millipore-Sigma), and 

plasma membrane proteins were isolated using the Pierce Cell Surface Isolation Kit 

(#89881, ThermoFisher), according to the manufacturers’ protocol. For analysis of 

effects on TGFβ-induced PTHrP secretion, cells plated in 24-well plates at 1x105 

cells/well were pre-incubated with varying doses of curcuminoids, DiMeC, PVV8, or 

vehicle for 4 hours prior to addition of TGFβ1 (5 ng/ml) for 24 hours. Conditioned media 

was stored at -80°C after addition of protease inhibitors (#P8340, Sigma) and secreted 

PTHrP was assayed using a commercial immunoradiometric assay (#DSL-8100, 

Beckman Coulter). 
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Protein degradation and synthesis 

 To determine the effect of curcuminoids on protein degradation, cells were treated 

with cycloheximide (50 μg/mL) with or without curcuminoids (30 μM) for up to 48 

hours. Protein degradation pathways were also blocked by pre-treatment with 

chloroquine (40 μM) or MG132 (10 μM) for 2 hours followed by curcuminoids (30 μM) 

for 4 or 16 hours. Protein synthesis studies were performed in MDA-SA cells by pre-

treating with cycloheximide (50 μg/mL) for 24 hours to inhibit de novo protein synthesis 

and deplete endogenous protein levels followed by treatment with fresh media or 

curcuminoids (30 μM) for up to 24 hours.  

 

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 PVDF membranes (Millipore-

Sigma), 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 antibodies directed against Smad2 (#5339), pSmad2 

(S465/467, #3108), Smad3 (#9523), pSmad3 (S423/425, #9520), Smad2/3 (#8685), 

SARA (#13285), pSmad2-L (S245/250/255, #3104), Smad4 (#38454), JNK (#9252), p-

JNK (T183/Y185, #4668), p38 (#8690), p-p38 (T180/Y182), ERK1/2 (#4695), p-ERK1/2 

(T202/Y204, #4370), eIF2α (#5324), p-eIF2α (S51, #3398), ATF-4 (#11815), CHOP 

(#5554), TGFβR2 (#79424), Na,K-ATPase (#3010), β-actin (#4967, Cell Signaling 

Technology [CST]), Smad7 (#42-0400, ThermoFisher), TGFβR1 (#ab31013, Abcam), 
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TGFβR2 (#ab184948, Abcam), or ETS-1 (#sc-350, Santa Cruz) followed by HRP-

conjugated secondary antibody (#7074, Cell Signaling Technology). TGFβR2 

glycosylation was determined following treatment with PNGase F (#P0704, New 

England Biolabs) according to the manufacturer’s protocol. Blots were visualized with 

SuperSignal West Femto ECL substrate (#34095, ThermoFisher). Densitometry was 

performed in ImageJ (v2.0.0, NIH). 

 

Real-time quantitative PCR 

 Whole cell lysates were harvested after treatments using TRI-reagent (#T9424, 

Millipore-Sigma) according to the manufacturers protocol, RNA concentration quantified 

on a Nanodrop 1000, and cDNA synthesized using BioRad iScript kit (#170-8890). Real-

time quantitative PCR (qPCR) was performed on a Roche LightCycler 96 system using 

BioRad iQ Supermix (#170-8860) and TaqMan primers against Smad2 

(#Hs00183425_m1), TGFβR2 (#Hs00234253_m1), and 18S (#Hs9999901_s1, Thermo 

Fisher). Data was analyzed as previously described468. Briefly, cycle thresholds (Ct) 

values were normalized to an endogenous housekeeping control (18S RNA) and then 

expressed relative to vehicle control at specified times according to the 2-ΔΔCt method. 

 

Statistical analysis 

 Statistical analyses were performed using Prism v6.0h software (GraphPad, San 

Diego, CA) with data expressed as mean ± SEM. Half-maximal inhibitory concentrations 

(IC50) were determined by analyzing concentration-response data using a four-parameter 
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logistic equation. Significant differences were determined by t-test or one-way/two-way 

ANOVA with post-hoc test, as appropriate. 

 
5.4 Results 

5.4.1 Effect of curcuminoids on Smad and MAPK signaling pathways in breast cancer 

cell lines that form TGFß-dependent BMET 

Curcuminoids inhibited TGFβ-stimulated phosphorylation of Smad2 and Smad3 

in a concentration dependent fashion in MDA-SA breast cancer cells, whose in vivo bone 

metastases are dependent on TGFβ induction of PTHrP (Fig. 5.1A). Curcumin inhibition 

of Smad2 phosphorylation by TGFβ, which peaked at 1h and persisted for at least 12 

hours (Fig. 5.1B) required >4 hours of curcuminoid exposure (Fig. 5.1C) and was 

associated with lower levels of TGFβ-stimulated phospho-Smad2 (pSmad2) (Fig. 5.1C). 

Curcuminoid inhibition of Smad2/3 phosphorylation by TGFβ could not be 

attributed to decreases in SARA, a scaffolding protein that stabilizes receptor 

phosphorylated R-Smads in early endosomes internalized via clathrin-coated pits274, nor 

increases in Smad7, a protein that inhibits Smad2/3 phosphorylation (Fig. 5.1A). There 

was also no evidence of enhanced dephosphorylation of the R-Smads by curcuminoids; 

pre-treatment with the protein phosphatase inhibitor, okadaic acid (OA) – which targets 

PP1/2A, a TGFβR1 and Smad2/3 phosphatase469 – did not alter curcuminoid inhibition of 

TGFβ-stimulated Smad2/3 phosphorylation (Fig. 5S1). 

 Smad4, required for initiation of gene transcription by activated Smad2/3 

complexes (e.g., PTHrP in MDA-SA cells) (Fig. 5.1A), was not decreased and therefore 

did not appear to contribute to curcuminoids inhibition of TGFβ-inducible PTHrP in 

these cells3,5,382. Also unchanged by curcuminoid treatment were ETS-1 levels, a 
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transcription factor reported to be required for Smad-dependent promotion of PTHrP 

gene expression by MDA-MB-231 cells, which was constitutively active230 (Fig. 5.1A). 

 In contrast, and as previously noted382, lower levels of constitutive Smad2/3, an 

effect that also occurred late (>4h), were notably associated with decreased pSmad2/3 

levels in TGFβ-stimulated MDA-SA cells (Fig. 5.1A,C). This inhibitory effect of 

curcuminoids on constitutive Smad2/3 levels and associated decrease in pSmad2/3 levels 

following TGFβ-stimulation was reproduced in all TGFβ-dependent, bone-metastatic 

breast cancer cell lines studied (1833, 2287, 4T1) (Fig. 5S2). We have previously 

reported that the ratio of pSmad2/Smad2 was reduced in response to curcuminoid 

treatment in all TGFβ-dependent breast cancer cell lines, suggesting that reduced 

phosphorylation was not entirely attributable to lower Smad protein levels, although this 

difference was only statistically significant in MDA-SA cells382. Thus, aggregate data 

suggests that curcuminoid-induced changes in the fate of constitutive Smad proteins, 

independent of ligand binding, could contribute to abrogation of Smad signaling in 

TGFβ-stimulated bone-tropic breast cancer cells.  

 Notably, in all cell lines tested, this curcuminoid-induced change in 

pSmad2/Smad2 levels was preceded by profound curcuminoid-induced effects on TGFβ 

receptor 2 (TGFβR2) and MAPK signaling (Fig. 5.1A-D). In MDA-SA cells, 

curcuminoids caused an early (4h), profound and persistent (16 h) decrease in TGFβR2 

protein levels (but not TGFβR1) independent of TGFβ treatment (Fig. 5.1B,C). Due to 

TGFβR2 presenting as bands of multiple molecular weights on Western blot, 

corresponding to multiple glycosylated products previously reported, we used two 

different anti-TGFβR2 antibodies that demonstrated collapse of these bands into an 
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anticipated ~60 kDa protein470 following deglycosylation (Fig. 5S3). This early and 

persistent decrease of TGFβR2 was associated with activation of MAPK signaling 

pathways in curcuminoid-treated bone tropic breast cancer cells. More specifically, in 

MDA-SA cells, while ERK signaling was constitutively active and unaltered by 

curcuminoids and/or TGFβ (Fig 5S4), p38 MAPK signaling (phosphorylation of p38), 

which is known to be induced by TGFβ in MDA-SA cells and contribute to osteolytic 

gene expression3,229, was activated independently by curcuminoid treatment, as was JNK 

signaling, a pathway unaltered by TGFβ. (Fig 51.B,C). These curcuminoid-induced 

changes (TGFβ-independent decreases in TGFβR2 associated with activation of JNK and 

p38 MAPK signaling) were also documented in the entire panel of breast cancer cell lines 

forming TGFβ-dependent BMET in vivo, with the exception of JNK signaling in human 

MDA-2287 cells, which was constitutively active and unaltered by curcuminoid 

treatment (Fig. 5.1D).  
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Figure 5.1. Curcuminoids decrease TGFβR2 while activating p38 and JNK. A) 
Western blot analysis of MDA-SA cells treated with a curcuminoid dose-response for 
16h followed by 1h of concurrent TGFβ (5 ng/mL). B) Western blot of concurrent TGFβ 
(5 ng/mL) time-course in MDA-SA cells following a 4h of curcuminoid (30 μM) pre-
treatment. C) Time-dependent effects of curcuminoid (30 μM) treatment on MDA-SA 
cells followed by 1h of concurrent TGFβ by Western blot. Treatment diagrams with times 
(hours) designated with arrows, curcumin treatment by white bars, and TGFβ treatment 
by black bars. Representative of n=2 replicates. D) Western blot of MDA-1833, MDA-
2287, and 4T1 cells pre-treated with curcuminoids (30 μM) for 16h followed by 1h of 
concurrent TGFβ. 
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5.4.2 Effect of curcuminoid-activated MAPKs (p38 and JNK) on Smad-dependent 

TGFβ signaling 

  Having documented curcuminoid-specific activation of JNK signaling, which can 

alter Smad-signaling via the phosphorylation of serine residues in the linker region of 

Smad2/3 (Smad2/3-L)282,288,293, curcuminoid effects on phosphorylation of Smad2-L 

(pSmad2-L) were next assessed. Curcuminoid treatment induced phosphorylation of 

Smad-L in TGFβ naïve cells, an effect that was evident after 4 hours of treatment (Fig. 

5.S5), persisted for 16 hours (Fig. 5.2A) and appeared additive with stimulatory effects of 

TGFβ at both times (Fig. 5.2A,B and Fig. 5.S5). Curcuminoid-induced phosphorylation 

of Smad2-L occurred downstream to JNK activation, as inhibition of JNK, but not p38, 

activity reversed curcuminoid-induced Smad2 linker-region phosphorylation (Fig. 5.2C). 

While nuclear trafficking of R-Smads can be altered by Smad linker region 

phosphorylation282, JNK-mediated phosphorylation of Smad2-L did not appear 

responsible for curcuminoid inhibition TGFβ-stimulated gene expression; pre-treatment 

with a JNK inhibitor, which suppressed constitutive but not TGFβ-inducible PTHrP 

secretion in MDA-SA cells, did not prevent curcuminoid inhibition of TGFβ-inducible 

PTHrP, a gene driving in vivo metastatic progression (Fig. 5.2D). 

Early and persistent induction of p38 MAPK and JNK signaling by the 

curcuminoids, including JNK-mediated phosphorylation of Smad linker region, also did 

not appear to mediate concurrent inhibitory effects on TGFβR2 protein levels, nor later 

curcuminoid-induced decreases in Smad2 and TGFβ-simulated pSmad2, as pretreatment 

with JNK or p38 inhibitors was without effect on these endpoints (Fig. 5.2C). Efficacy of 

these inhibitors in blocking their respective pathways was confirmed by documenting 
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inhibition of c-JUN and apparent disruption of negative feedback loops (constitutive 

activation of p38 with p38 inhibition and constitutive activation of JNK with JNK 

inhibition) (Fig. 5S6) 

 

Figure 5.2. Curcumin-induced JNK activation mediates phosphorylation of Smad2-
L, but is not involved in Smad2 and TGFβR2 inhibition or TGFβ-stimulated gene 
expression. A) Western blot of Smad2 phosphorylation at the C-terminal (pSmad2) or 
linker-region (pSmad2-L) after 16h of curcuminoids (30 μM) followed by 1h of 
concurrent TGFβ (5 ng/mL). Representative of n=3 blots. B) Quantification of Smad2 
linker region phosphorylation densitometry (n=3). Significance tested using a 1-way 
ANOVA with Tukey post-hoc analysis. C) Effect of 3h pre-treatment with p38 inhibitor, 
SB202190 (10 μM), and JNK inhibitor, SP600125 (25 μM), on curcumin-induced (30 
μM for 16h) changes to TGFβ (5 ng/mL for 1h) signaling. Representative of n=2 blots. 
D) PTHrP immunoradioassay of MDA-SA conditioned media after treatment with 
vehicle or SP600125 (25 μM) for 1h followed by 4 hours of concurrent curcuminoids (30 
μM), and then 24h of concurrent TGFβ (5 ng/mL) (n=3-8/group). Significance tested 
using a 2-way, between factors ANOVA with Sidak post-hoc analysis. ** p < 0.01, *** p 
< 0.001 vs media control (within inhibitor treatment) or as specified. 
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5.4.3 Effect of curcuminoids on TGFβR2 membrane localization and endocytic 

degradation 

 Due to the notable decrease in total cellular TGFβR2 levels induced by 

curcuminoid treatment in all TGFβ-dependent bone metastatic breast cancer cells studied, 

and the importance of complex TGFβR2 trafficking pathways in modulating TGFβ 

cellular responses, curcuminoid effects on TGFβR2 localization and internalization were 

assessed. In agreement with prior reports471, the majority of TGFβR2 protein was present 

in the membrane-associated cellular protein fraction (vs. soluble protein fraction) (Fig 

5.3A). TGFβ stimulation slightly reduced membrane-associated TGFβR2 levels within 1 

hour of stimulation, consistent with internalization and termination of signaling281, while 

curcuminoids markedly reduced TGFβR2 levels in both compartments following 4 hours 

of curcuminoid treatment, independent of TGFβ stimulation. R-Smads (Smad2/3) and 

MAPK (JNK and p38) proteins, in contrast, were primarily located in the soluble, 

cytosolic fraction, confirming fractionation efficacy, with expression levels inhibited 

(Smad and pSmad) or induced (p-p38 and p-JNK) by curcuminoid treatment, consistent 

with whole cell lysate findings. When plasma membrane associated proteins were 

specifically isolated (vs intracellular [membrane or cytosolic] proteins), curcuminoids 

again reduced TGFβR2 protein levels in both fractions and inhibitory effects appeared 

most profound in the plasma membrane (Fig 5.3B). Because internalization of plasma 

membrane TGFβR2, which undergoes constant recycling even in the absence of 

ligand304, obviously plays a key role in TGFβ signal transduction via clathrin-coated pit-

mediated endocytosis (favoring Smad signaling and receptor recycling) or lipid rafts 

(favoring MAPK signaling and receptor degradation)471, and inhibitors of one pathway 
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favor receptor redistribution and signaling via the other274, the ability of inhibitors of each 

of these internalization processes to block the curcuminoid-mediated decrease in 

TGFßR2 levels were assessed. Treatment with nystatin, which disrupts lipid rapids, 

and/or Pitstop, which prevents clathrin-coated pit internalization, did not reverse early 

(Fig 5.3.C) or late (Fig. 5.3D) curcuminoid-induced decreases on TGFβR2. Interestingly, 

nystatin disruption of lipid rafts, which are required for TGFβ-stimulated activation of 

MAPK281, partially blocked curcuminoid-induced, ligand-independent phosphorylation of 

JNK, but not p38 (Fig 5.3.C), and increased TGFβR2 while inhibiting JNK activation and 

Smad2-L phosphorylation (Fig. 5S7). Treatment with Pitstop to block clathrin-mediated 

endocytosis, which propagates Smad-dependent TGFβ signaling281, dampened but did not 

prevent TGFβ-stimulated Smad2 phosphorylation, consistent with internalization 

enhancing signaling rather than be required274,275. Because extra- and intracellular 

domains of TGFβR2 influence receptor partitioning (extracellular domain directing 

towards lipid rafts472), formation of active TGFβR1/2 complexes (cytoplasmic domain 

activates TGFR1229,233), and internalization (cytoplasmic domain mediates ligand 

independent clathrin-coated pit internalization)472–474, we assessed the effect of a 

dominant-negative TGFβR2 with a truncated cytoplasmic region (“TGFβR2Δcyt”), 

which can bind TGFβ and complex with, but not activate TGFβR1233,475. Compared to 

wild-type MDA-SA cells, TGFβR2Δcyt cells had less, but detectable, TGFβ-stimulated 

Smad2/3 phosphorylation, likely due to remaining wild-type TGFβR2 expression (Fig. 

5.3E). However, curcumin still inhibited TGFβ-stimulated pSmad2/3 in TGFβR2Δcyt 

cells, suggesting that the cytoplasmic domain of TGFβR2 is not essential for curcumin’s 

effects on Smad-dependent TGFβ signaling (Fig 5.3.E). In contrast, it appears that 
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curcuminoid-induced, ligand-independent activation of JNK was dependent on the 

presence of an intact TGFβR2, as overexpression of TGFβR2Δcyt prevented curcuminoid 

activation of JNK. The lack of a functional cytoplasmic region led to constitutive 

activation of p38, thus mitigating curcuminoid induction of this pathway (Fig 5.3.E). 

Despite the partially retained capacity of TGFβ to phosphorylate Smad2 in TGFβR2Δcyt 

cells, the lack of a cytoplasmic domain abrogated TGFβ-stimulated secretion of PTHrP 

(Fig. 5.3F). Consequently, while the profound decrease in TGFβR2 levels mediated by 

curcuminoids includes a significant and early decrease in plasma membrane associated 

TGFβR2, these curcuminoid mediated changes do not appear to be mediated by 

alterations in receptor internalization. While curcuminoid-induction of JNK MAPK 

signaling is also not responsible for curcuminoid effects on TGFβR2 or Smad signaling, 

it is intriguing that curcuminoid induction of JNK appears to be mediated via lipid rafts 

and may involve ligand-independent TGFβR2 signaling. 
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 Figure 5.3. Curcuminoids decrease plasma-membrane associated TGFβR2 and is 
not reversed by inhibition of membrane trafficking. A) Effect of 4h curcuminoid (30 
μM) pre-treatment followed by 1h of concurrent TGFβ (5 ng/mL) on TGFβ signaling 
proteins in the total membrane vs soluble cell fractions of MDA-SA cells. n=1 blots. B) 
Western blot analysis of plasma membrane localization of TGFβ signaling in MDA-SA 
cells treated with curcuminoids (30 μM) for 4h (n=1). Effect of inhibiting lipid raft-
dependent (nystatin, 50 μg/mL) and/or clathrin-dependent (Pitstop 2, 20 μM) endocytosis 
for 1h followed by C) 4h of concurrent curcuminoids (n=2) or D) 16h of concurrent 
curcuminoids (30 μM) and 1h of concurrent TGFβ (5 ng/mL) on TGFβ signaling in 
MDA-SA cells (n=1). E) Western blot of MDA-SA and TGFβR2Δcyt pre-treated with 
curcuminoids (30 μM) for 16h followed by 1h of concurrent TGFβ. Intervening but 
unrelated data omitted from blot (n=1). F) PTHrP secretion from MDA-SA and MDA-
TGFβR2Δcyt pre-treated with curcuminoids (30 μM) for 4h followed by 24h of 
concurrent TGFβ (n=4/group). Significance tested using a 2-way, between-factors, 
ANOVA with Sidak post-hoc analyses. * p < 0.05, **** p < 0.0001 vs control or as 
specified. 
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5.4.4 Effect of curcuminoids on TGFβR2 and Smad2 degradation and synthesis 

 Having demonstrated that blockade of endocytic pathways that could enhance 

receptor degradation did not alter curcuminoid-induced reductions in TGFβR2, 

experiments were undertaken to evaluate more broadly the possibility that curcuminoids 

could be reducing TGFβR2 (and Smad2) protein levels by stimulating their degradation. 

To determine curcuminoid effects on protein half-life, cycloheximide chase experiments 

were performed in MDA-SA cells with or without concurrent addition of curcuminoids. 

The 2 hour half-life of TGFβR2 in control cells, which agrees with previous estimates476, 

was not altered by curcuminoid treatment (Fig. 5.4A,B). Consistent with this, blockade of 

either proteasomal or lysosomal degradation pathways also did not reverse the inhibitory 

effects of curcuminoids on TGFβR2 levels (Fig. 5.4C), suggesting curcuminoid-mediated 

decreases in TGFβR2 are not attributable to protein degradation. Results of 

cycloheximide chase experiments evaluating curcuminoid induced reductions in Smad2 

levels are less clear; The half-life for Smad2, which was much longer than that for 

TGFβR2 (14.5 hours) tended to be shorter in curcumin treated cells (8.1 hours), although 

this difference was not statistically significant (Fig. 5.4A,B). Similar to TGFβR2, 

blockade of proteasomal and lysosomal degradation pathways did not reverse later (16h) 

curcuminoid-induced decreases in Smad protein levels (Figure 5S8), however both 

chloroquine and MG-132 were cytotoxic to cells during this longer treatment duration 

making these results harder to interpret. The possibility that curcuminoid-mediated 

decreases in TGFβR2 or Smad2 were caused by inhibition of protein synthesis were next 

queried by examining curcuminoid effects on protein expression in cells pre-treated with 

cycloheximide. TGFβR2 and Smad2 (and Smad3) protein synthesis rates appeared to be 
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lower in curcuminoid-treated cells, a trend that only reached statistical significance for 

Smad2 (Fig. 5.4D,E).  

Since curcuminoids have been reported to activate the integrated stress response 

(ISR)477–479, which can inhibit global protein translation via phosphorylation of eIF2α, a 

central regulator of the ISR480, we explored a possible role of this pathway in 

curcuminoid inhibition of TGFβR2 and Smad2 synthesis. Curcuminoids induced 

phosphorylation of eIF2α in MDA-SA cells and subsequent expression of the ISR 

effector gene ATF-4 (Fig 5.4G). However, a chemical inhibitor of ISR, ISRIB, which 

reversed the effects of p-eIF2α and abolished curcumin induction of ATF-4, did not alter 

curcuminoid suppression of TGFβR2 or Smad2 protein levels. ISR induction via 

treatment of MDA-SA cells with tunicamycin also had no effect on TGFβR2 or Smad 2 

protein levels (Fig. 5S9). In contrast to the absence of support for p-eIF2α suppression of 

TGFβR2 or Smad2 protein translation, mRNA levels for both TGFβR2 and Smad2 were 

inhibited both early (4h) and late (16h) in curcuminoid-treated cells, suggesting decreased 

transcription, although this trend did not reach statistical significance for Smad2 (n = 3). 

Thus the totality of the data suggest that early and persistent suppression of TGFβR2 

levels, a protein with a very short half-life, may be driven by lower rates of transcription 

in curcuminoid treated cells, while the mechanistic underpinning of later and less marked 

decreases in Smad2, a protein with a much longer half-life, may be more nuanced and 

result from curcuminoid effects on both degradation, as suggested by the non-significant 

decrease in half-life of curcumin-treated Smad2 protein, and synthesis. 
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Figure 5.4. Effect of curcuminoids on TGFβR2 and Smad2 degradation and 
synthesis. A) Representative western blot quantifying the time-dependent effects of 
curcuminoids (30 μM) with concurrent CHX treatment (50 μg/mL) on degradation rates 
of TGFβR2 and Smad2/3 with B) quantification by densitometry (n=3-4/group). C) 
Effect of curcuminoid (30 μM for 4h) treatment following 2h pre-treatment with the 
proteasome inhibitor, MG132 (10 μM), or lysosomal degradation inhibitor, chloroquine 
(CQ, 40 μM), on inhibition of TGFβ signaling (n=1). D) Effect of curcuminoids (30 μM) 
treatment following 24h of CHX (50 μg/mL) on synthesis rates of TGFβR2 and Smad2/3 
by Western blot with E) quantification by densitometry (n=4/group). Significance tested 
using a 2-way, between-factors, ANOVA with Sidak post-hoc analysis. * p < 0.05. F) 
Quantification of TGFβ signaling in MDA-SA cells following 4 or 16h of curcuminoid 
(30 μM) treatment using qPCR (n=3/group). Significance tested using a 1-way ANOVA 
with Tukey post-hoc analysis. * p < 0.05, *** p < 0.001. G) Western blot analysis of 
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MDA-SA cells following pre-treatment with ISRIB (200 nM), a p-eIF2α inhibitor, for 1h 
followed by 4 or 16h of curcuminoids (30 μM) (n=1).  
 

5.4.5 Possible role for oxidative metabolites of curcumin in blocking TGFβ signaling 

Curcumin is unstable under physiologic conditions and can oxidize to form 

reactive intermediate compounds capable of adducting to proteins and thus altering their 

function (e.g., inhibition of human DNA topoisomerase II and NF-κB activation77,78). 

While curcuminoid altered identical targets in all TGFβ-dependent breast cancer cells 

studied, the apparent multiplicity of its effects lends credence to the postulate that 

reactive intermediates formed during oxidative metabolism may be responsible for multi-

targeted bioactivity of curcumin76–78. Therefore, the possible role of oxidative metabolites 

of curcumin in mediating effects documented here for Smad and MAPK signaling 

pathways in TGFβ-dependent breast cancer cells was explored in MDA-SA cells, which 

can promote oxidation of curcumin as evidenced by BCP formation (Fig. 5S10). Pre-

treatment of MDA-SA cells with N-acetylcysteine (NAC) – a precursor of glutathione, 

which scavenges and neutralizes curcumin-derived reactive metabolites76,373 – reversed 

all changes induced by curcuminoids at 16 hours, normalizing TGFβR2 and Smad2 

levels, restoring TGFβ-induced pSmad levels, and preventing curcuminoid activation of 

MAPK signaling (Fig 5.5A). All early curcuminoid effects were also reversed by NAC, 

with the notable exception of early decreases in TGFβR2 (Fig. 5.5B). To further test this 

postulate, curcuminoid effects on signaling pathways and TGFβ inducible gene 

expression were compared to those of curcumin derivatives that either can or cannot 

undergo oxidation78. Both curcuminoids, that undergo oxidation in vitro, and DiMeC, a 

derivative that cannot be directly oxidized but was converted back to oxidizable curcumin 
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by MDA-SA cells via demethylation (Fig. 5S11), stimulated JNK and p38 

phosphorylation at 4 hours, an effect that was inhibited by NAC and consistent with 

mediation via oxidative intermediates, while the non-oxidizable derivative, PVV8, was 

without effect (Fig. 5.5B). At early treatment times (Fig. 5.5B), NAC slightly decreased 

TGFβR2 levels in control cells, reversed curcuminoid and DiMeC activation of JNK and 

p38, but had no inhibitory (or additive) effect on reductions in TGFβR2 levels induced by 

curcuminoids or DiMeC. Non-oxidizable PVV8 did not change TGFβR2 or MAPK, 

while curcuminoids and DiMeC, did decrease TGFβR2 in a non NAC-inhibitable 

fashion, suggesting that these early TGFβR2 changes were due to curcumin and/or 

DiMeC (the role of the latter parent compound is unclear since MDA-SA cells can 

convert DiMeC to curcumin), rather than oxidative metabolites. Since it is possible that 

differences in their chemical structures (Fig. 5.5C) might contribute to the difference in 

TGFβR2 effects, the relevance of parent compounds vs oxidative metabolites in blocking 

TGFβ-stimulated gene expression was queried by comparing the concentration dependent 

effects of these three compounds on TGFβ-stimulated PTHrP secretion. Only compounds 

capable of producing oxidative metabolites inhibited TGFβ-stimulated PTHrP secretion, 

while PPV8 was without effect (Fig. 5.6D). Together, these data suggest that, with the 

exception of early decreases in TGFβR2, oxidative metabolites of curcumin mediate all 

documented effects on Smad and MAPK signaling pathways documented in MDA-SA 

cells, as well as all other TGFβ-dependent breast cancer cells studied. Moreover, the net 

effect of these oxidative intermediate-dependent processes is likely responsible for 

blockade of TGFβ-dependent signaling. Given the ability of curcumin to induce early 

decreases in TGFβR2, a mechanistic role of early decreases in TGFβR2 mediated by 
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curcumin rather than its metabolites, may also contribute to inhibition of TGFβ-signal 

transduction in these bone metastatic cells. 

Figure 5.5. TGFβ signaling is inhibited through both oxidative and non-oxidative 
events. A) Western blot of MDA-SA cells pre-treated for 1h with N-acetylcysteine 
(NAC, 10 mM) followed by 16h of concurrent curcuminoids (30 μM) and then 1h of 
concurrent TGFβ (5 ng/mL). B) Effect of 1h NAC pre-treatment followed by 30 μM of 
curcuminoids, DiMeC, or PVV8 for 4h on TGFβ signaling by Western blot. C) 
Structures of curcumin, dimethylcurcumin (DiMeC, an oxidizable derivative), and PVV8 
(a non-oxidizable derivative). D) TGFβ-stimulated PTHrP secretion from MDA-SA cells 
pretreated for 4h with curcuminoids, DiMeC, or PVV8 followed by 24h of concurrent 
TGFβ (5 ng/mL) by radioimmunoassay. 
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5.5 Discussion 

Although our lab has previously described the inhibitory effects of turmeric-

derived curcuminoids on TGFβ signaling3,5,382, thought to be an important regulator of 

osteolytic bone metastasis progression481, the exact mechanism by which this occurs was 

unknown. In this study, we found that curcuminoids specifically decreased TGFβR2, 

decreased constitutive Smad2/3, and inhibited TGFβ-phosphorylated Smad2/3. These 

reductions in TGFβR2 and (p)Smad2/3 were associated with activation of MAPKs (p38 

and JNK), with both TGFβ and MAPK pathways being important for TGFβ-stimulated 

secretion of the pro-osteolytic factor PTHrP229. These findings universally occurred in all 

cell lines that also form TGFβ-dependent osteolytic lesions in vivo. The above data 

suggested that changes to MAPK and TGFβR2 might be responsible for the suppression 

of Smad2/3 phosphorylation, which is central to conveying TGFβ-initiated Smad 

signaling to the nucleus. MAPK can phosphorylate R-Smads in the linker region, leading 

to altered signaling dynamics and TGFβ-induced gene expression286,287,482. While 

inhibition of JNK did partially reverse curcuminoid-induced phosphorylation of the 

Smad2 linker region, this did not prevent downstream inhibition of curcuminoids on 

TGFβ-stimulated PTHrP secretion. This suggested, at least in MDA-SA cells, 

curcuminoid activation of JNK did not mediate the inhibitory effects on TGFβ signaling. 

Localization of TGFβR2 at the cell surface is essential for binding of the TGFβ 

ligand and initiation of signaling471. Thus, the notable loss of plasma and total membrane 

associated TGFβR2 could have been contributed to the observed reductions in TGFβ-

stimulated Smad2/3 phosphorylation. Even though plasma membrane TGFβR2 is 

constantly recycled via clathrin-mediated endocytosis, even in the absence of ligand, 
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neither blockade of clathrin-coated pits or disruption of lipid-rafts, an alternative pathway 

associated with degradation of the receptor, were able to restore TGFβR2 levels in 

curcuminoid treated cells. This suggested that curcuminoids were not upregulating 

internalization of membrane proteins to decrease TGFβR2 levels. Given that these studies 

did not specifically focus on membrane proteins, instead assessing whole cell lysates, it is 

not certain whether disruption of clathrin- or lipid raft-mediated pathways by 

curcuminoids altered the amount of TGFβR2 in the membrane. The lipid-raft signaling 

pathway is often cited as the initiator of MAPK signaling471. Consistent with its ability to 

induce fusion of lipid raft domains38, curcumin increased JNK MAPK signaling in a lipid 

raft-dependent (nystatin-reversible) process. Interestingly, while p38 was activated by 

curcuminoids both in the presence and absence of TGFβ, this was not reversed by 

blockade of lipid raft or clathrin-mediated signaling, suggesting that curcuminoids 

activate p38 independent of TGFβR2. Overall, results suggest that JNK activation by 

curcumin was dependent on lipid rafts and cytoplasmic domains of TGFβR2 located 

within these rafts472,483, invoking the possibility that curcumin induced changes in lipid 

rafts would result in activation of JNK via ligand-independent activation of TGFβR1/2 

complexes within these domains.  

Given that blockade of clathrin- and lipid-raft signaling did not reverse 

curcuminoids effects on TGFβ signaling, we next evaluated the relative contributions of 

decreased protein production or increased degradation to curcuminoid lowering of 

TGFβR2 and Smad2 levels. Curcumin treatment did not lead to changes in degradation 

rates for TGFβR2, thought its effects on Smad2 suggested increased degradation might 

be involved. Yet, blockade of both lysosomal and proteasomal pathways did not reverse 
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curcumin-induced changes in either TGFβR2 or Smad2, suggesting that increased 

degradation is not likely responsible for curcuminoids’ effects on TGFβ signaling. 

However, given the half-lives for TGFβR2 (2h) and Smad2 (8h), inhibition of protein 

synthesis does align with the observed drop in TGFβR2 levels within 4h, and Smad2 

within 10h, of curcuminoid treatment. Since curcuminoids did not increase protein 

degradation, this leaves effects on synthesis as the next obvious mechanism. Consistent 

with this, curcuminoids inhibited expression of both TGFβR2, primarily at the 

transcriptional level, and Smad2, primarily at the translational level. However, given the 

2h half-life of TGFβR2, one would have expected protein levels to return to normal 

within the 24h experimental window, suggesting that the suppression of protein synthesis 

for 24h may have detrimentally altered these cells. Further studies should confirm 

optimal CHX chase conditions to confirm the role of protein synthesis in curcuminoids 

effects on TGFβ signaling. Curcumin also activated eIF2α, the central regulator of the 

integrated stress response (ISR) and master regulator of protein translation480, consistent 

with other reports477, but inhibition of this pathway did not reverse curcuminoid-mediated 

decreases in TGFβR2 or Smad2. Since only TGFβR2 and Smads are changed following 

curcumin treatment, this provides strong evidence that curcumin’s effects are targeted 

rather than global, and consistent with the eIF2α not mediating curcumin’s effects.  

 Lastly, we investigated the requirement that curcumin must undergo oxidative 

metabolism to mediate our observed effects on TGFβ signaling. In vitro, curcumin forms 

reactive intermediates, such as a quinone methide and spiroepoxide, that can adduct to 

cellular proteins, such as IΚΚβ of NF-κB signaling78 and DNA topoisomerase II77, 

altering their function. Interestingly, pretreatment with N-acetylcysteine (NAC)78,82,373, 
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which neutralizes reactive curcumin metabolites, inhibited all late effects of 

curcuminoids against TGFβ signaling, including decreased TGFβR2, decreased Smad2 

and pSmad2, and activated MAPK. Furthermore, only derivatives of curcuminoids that 

could undergo oxidative metabolism were able to induce the same changes and inhibit 

TGFβ-stimulated PTHrP. However, NAC was unable to prevent the early decrease in 

TGFβR2 following treatment with curcumin and DiMeC, an oxidizable derivative, 

suggesting that early changes to TGFβR2 were not mediated by oxidative metabolites. 

Given that oxidation appears to be required for some of curcumin’s bioactivity, its 

notable that both bone marrow and MDA-SA tumor cells can oxidize curcumin, allowing 

for local activation of curcumin to its reactive intermediates (Fig. 3.3D and Fig. 5S10). 

 Curcumin has been reported to inhibit TGFβ signaling and abate progression of 

osteolytic lesions in pre-clinical models of breast cancer bone metastasis. These studies 

shed new light on curcumin’s mechanism of action for pleiotropic inhibition of TGFβ 

signaling and suggest that curcumin is acting in a targeted fashion to affect specific 

proteins/pathways rather than exerting global effects. Moreover, we elucidated the 

requirement for curcumin to undergo oxidative metabolism for most of these anti-TGFβ 

effects, with the bone metastasis microenvironment conducive to this biotransformation. 

Not explored were possible effects of curcumin-induced, Smad-MAPK crosstalk on the 

regulation of other pro-osteolytic genes in breast cancer cells that form TGFβ-dependent 

bone metastases or the effect of curcuminoids on other non-canonical TGFβ pathways, 

such as cyclin-dependent kinases (CDKs), PI3K/Akt, or Rho GTPases that can also have 

cross-talk with Smad signaling276. Given that there are so few treatments for ER- breast 

cancers484, the uniformity of these findings across a panel triple-negative breast cancer 
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cell lines suggest curcuminoids may have clinical relevancy for the prevention or 

treatment of TGFβ-dependent osteolytic BMETs, particularly in light of evidence that 

curcumin is not systemically active but rather targeted to bone due to inactivation by 

glucuronidation and elevated GUSB deconjugation expression/activity in bone.  

 

 
Figure 5.6. Overview of curcumin’s effects on TGFβ signaling. Curcumin inhibits 
(denoted by red negative sign) constitutive expression and TGFβ-stimulated 
phosphorylation of Smad2 in an oxidative-dependent and -independent manner. The early 
inhibitory effect of curcumin on TGFβR2 were not dependent on oxidation of curcumin 
while later effects were dependent on oxidation. This has the ultimate effect of inhibiting 
TGFβ-stimulated secretion of PTHrP. These effects of curcumin on Smad2 and TGFβR2 
are likely due to decreased synthesis. Curcumin can also induced (green positive sign) 
JNK phosphorylation in a manner dependent on localization of TGFβR2 (with a 
functional cytoplasmic domain) to lipid rafts and required oxidation of curcumin. 
Similarly, curcumin induced phosphorylation of p38 through an unknown mechanism 
that was also dependent on curcumin oxidation. 
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5.6 Supplemental figures 

 
Figure 5S1: Effect of phosphatase inhibition on curcuminoid bioactivity. Inhibition 
of MDA-SA protein phosphatase, PP1/2A, with okadaic acid (OA, 10 nM), followed by 
16h of concurrent curcumin (30 μM) and then 1h of concurrent TGFβ (5 ng/mL) on 
inhibition of TGFβ-stimulated Smad2/3 phosphorylation by Western blot 
 
 
 

 
Figure 5S2. Effect of curcuminoids on constitutive expression and TGFβ-stimulated 
phosphorylation of Smad2 in other breast cancer cell lines that form TGFβ-
dependent osteolytic lesions. Cell lines were treated with curcuminoids (30 μM) for 16 
hours followed by 1h of concurrent TGFβ (5 ng/mL). 
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Figure 5S3. Glycosylation of TGFβR2. Western blot analysis of TGFβR2 with or 
without curcuminoid (30 μM for 4h) treatment. Samples were treated with or without 
PNGase F to remove N-linked glycosylation. Arrows indicate upper and lower bounds 
for TGFβR2 molecular weights.  
 

 

 
Figure 5S4. Curcuminoid activation of MAPK in MDA-SA cells. Western blot 
analysis of MDA-SA cells following curcuminoid (30 μM for 16h) treatment and then 1h 
of concurrent TGFβ (5 ng/mL). Representative of n>3 blots. 
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Figure 5S5: Early phosphorylation of Smad2 linker region. Western blot analysis of 
Smad2 linker region phosphorylation in MDA-SA cells following 4h pretreatment with 
or without curcuminoids (30 μM) followed by 1h of concurrent TGFβ (5 ng/mL). 
Representative of n>3 blots. 
 

 

 
Figure 5S6: Confirmation of JNK and p38 inhibition. Effect of 3h pre-treatment with 
p38 inhibitor, SB202190 (10 μM), and JNK inhibitor, SP600125 (25 μM), on curcumin-
induced (30 μM for 16h) changes to TGFβ (5 ng/mL for 1h) signaling. Representative of 
n=1 blots. 
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Figure 5S7. Nystatin increases TGFβR2 while inhibiting JNK activation and 
Smad2-L phosphorylation. Western blot analysis of MDA-SA cells pre-treated with 
nystatin (50 μg/mL) for 1h followed by curcuminoids (30 μM) for 4 hours. 
Representative of n=2 blots. 
 
 

 

Figure 5S8. Effect of degradative pathway inhibitors on the late effects of 
curcuminoids on Smad signaling. Western blot analysis of MDA-SA cells pretreated 
with the lysosomal inhibitor chloroquine (CQ, 40 μM) or the proteasomal inhibitor MG-
132 (10 μM) for 3h followed by 16h of concurrent curcuminoids (30 μM). Representative 
of n=1 blots. 
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Figure 5S9: Effect of tunicamycin and curcuminoids on integrated stress response. 
Effect of the ER-stress inducer, tunicamycin (TM, 2 μg/mL) or curcuminoid (30 μM) 
treatment (4 or 16h) on eIF2α phosphorylation, expression of integrated stress response 
markers, ATF-4 and CHOP, and TGFβ signaling. Representative of n=1 blots. 
 

 

Figure 5S10: Oxidation of curcumin by MDA-SA cells. MDA-SA cells were incubated 
with aglycone curcumin (10 μM) for 4 hours at 37°C in media. Curcumin and its stable 
end product of oxidative metabolism, bicyclopentadione (BCP) were analyzed by LC/MS 
(n=8/group). Significance tested with a paired t-test. **** p < 0.0001. 
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Figure 5S11. Demethylation of dimethylcurcumin to curcumin by MDA-SA cells. 
Dimethylcurcumin (DiMeCurc) at X μM was incubated with MDA-SA cells for 0 or 24 
hours in media (DMEM + 10% FBS + 1% P/S) and then DiMeCurc, methylcurcumin 
(MeCurc) and curcumin were assayed by LC/MS. 
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FINAL DISCUSSION 
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6.1 Discussion of major findings, their implications, and opportunities for further 

research 

There are over 55 million Americans living bone resorptive disorders, including 

age-related bone loss, osteoporosis, rheumatoid arthritis, and bone metastases485–487, 

which share a central dependency on osteoclast-mediated bone destruction. 

Approximately 1 in 8 women will develop breast cancer in their lifetime and of these488, 

1/3 of will have clinically silent micrometastases in their bones at the time of primary 

diagnosis216, a period where anti-resorptive medications are not consistently 

administered325,329, leading to clinically overt bone metastases that greatly decrease 

patients’ quality of life. Curcuminoids have shown promise at inhibiting progression of 

bone resorptive disorders in preclinical models of osteoporosis, rheumatoid arthritis, and 

breast cancer bone metastases1–4,197. However, because curcuminoids circulate primarily 

as the glucuronide conjugate, posited to be inactive, it has been hypothesized that 

curcumin’s in vivo effects are due to local deconjugation at sites of action (e.g., bone)58,70. 

These studies demonstrate that glucuronidation inhibits the bone-protective effects of 

curcumin (e.g., anti-osteoclastogenesis and anti-TGFβ signaling in bone metastases 

activity) and provide the first evidence that 1) curcumin-glucuronide deconjugation 

occurs in a normal organ (i.e., bone) and 2) that GUSB mediates this conversion. 

Furthermore, other bone-protective dietary polyphenols (e.g., resveratrol and quercetin) 

that are abundantly glucuronidated, and subsequently inactivated, in vivo were also 

deconjugated by bone marrow, suggesting this is a universal necessity for bone protective 

dietary polyphenols. The similar formation of aglycone curcumin despite differences in 

curcumin-glucuronide substrate concentrations suggested that the deconjugation reaction 
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is GUSB enzyme limited, but a 66% decrease in GUSB activity (e.g., HeJ and mps 

heterozygotes) was sufficient to significantly decrease aglycone curcumin formation in 

bone marrow. These findings also suggest that deconjugation could occur in other tissues. 

However, lower levels of GUSB in other organs suggest resulting aglycone curcumin 

concentrations would also be lower, due to evidence of enzyme levels being the rate-

limiting factor, reducing local curcumin activity. As an extension of this, trying to target 

other tissues (e.g., lung tumor) with a glucuronide pro-drug (e.g., curcumin, 

chemotherapy, etc.) might instead be deconjugated primarily in bone marrow due to 

higher GUSB activity and thus not actually be tumor specific. Furthermore, if the 

aglycone is cytotoxic to bone marrow, then there is risk of adverse effects (i.e., 

neutropenia. Though, this could also open the door to treatment of leukemias, multiple 

myeloma, or other bone marrow derived cancers. 

Given that GUSB levels vary widely in humans (up to 10-fold) and that 

deconjugation of curcumin-glucuronide appears to be enzyme-limited, do individuals 

with GUSB phenotypes that are low, albeit sufficient to avert development of Sly 

Syndrome, have less deconjugation and thus fewer health benefits. Or on the contrary, do 

individuals with high (or low)-GUSB phenotypes have increased negative side effects, 

due to more free curcumin, such as previously reported hepatoxicity associated with 

curcumin ingestion489,490. This could be assessed pre-clinically by testing the GUSB-

dependency of bone protective effects of curcumin in models of bone loss such as those 

studied here, in epidemiologic studies examining associations between serum GUSB 

levels (which correlated with bone levels in mice) with postulated dietary polyphenol 
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benefits (e.g., increased muscle and bone mass), or in clinical interventional studies 

examining polyphenol efficacy in clinical trials stratified by serum GUSB phenotype. 

GUSB appeared to be rate-limiting in the bones of mice treated with a 2.5g 

human equivalent dose of curcuminoids, which was similar to commonly recommended 

doses of turmeric dietary supplements7. Furthermore, circulating levels of curcumin 

delivered to bone are dependent on many factors. For example, rates of conjugation can 

vary and would effect glucuronide substrate delivery and need for deconjugation (e.g., 

low levels of UGT1A1 , an enzyme responsible for curcumin conjugation491, in Gilbert’s 

Syndrome, which affects up to 7% of the population)492. In mice lacking GUSB activity, 

serum aglycone and glucuronidated curcumin levels were 2 and 3-fold higher, 

respectively, than WT mice suggesting interactions between glucuronidation enzymes or 

excretion mechanisms. Likewise, serum levels of curcumin-glucuronide were higher in 

mice bearing bone metastases for reasons that were unclear. 

Of particular importance was the finding that changes to the bone marrow 

microenvironment accompanying systemic or focal resorptive disorders did not adversely 

affect the capacity of bone to deconjugate curcumin-glucuronide. Similarly, GUSB 

activity was maintained across the lifespan and any trending difference in diseases states 

(e.g., old age, OVX, BMETs) appeared to be modest (<30% difference) and did not 

translate into significant differences in the capacity of bone to deglucuronidate curcumin. 

Notably, differences in bone marrow curcumin-glucuronide concentrations were 

observed, with decreasing levels with age and increasing levels following OVX, both 

unrelated to changes in serum concentrations. On the contrary, increases in bone marrow 

curcumin-glucuronide in mice bearing bone metastases or mice lacking GUSB expression 
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(KO mice) were observed consequent to elevated serum levels. However, independent of 

circulating levels of curcumin metabolites, rates of deconjugation and stability (both of 

which appeared to be increased in bone with a half-life double that of serum) could also 

be contributing factors. Pharmacokinetic data confirmed the possible clinical utility of 

protecting bone with curcumin-glucuronide, which perfused bone for at least 24 hours 

after an acute dose of curcumin, with curcumin-glucuronide remaining detectable in bone 

throughout and with a longer half-life. Chronic pharmacokinetic studies demonstrated 

that twice daily (vs once daily) dose of curcumin was a more appropriate dosing regimen 

given the 8h half-life in bone, confirming the ability of bone to deconjugate curcumin-

glucuronide, which is not altered by persistence of curcumin-glucuronide substrate. One 

potential weakness of this data was that all GUSB measures were performed on cell-

associated GUSB, which, while reflective of total or secreted GUSB in bone marrow 

from wild-type C57BL/6J and C3H/HeJ mice, may change with diseases state. This 

means that disease state or development does affect cellular expression of GUSB but 

does not reveal whether secretion of GUSB into the extracellular space (where 

deconjugation is posited to occur) is affected. It is possible that more GUSB is secreted 

during states of increased inflammation120 (e.g., bone resorptive disorders493,494). 

Consistent with this, people with rheumatoid arthritis have higher levels of circulating 

GUSB177. 

While these studies provide evidence that deconjugation is required for the 

bioactivity of curcumin in vivo, they also suggest that oxidation of aglycone curcumin is 

needed for most of the anti-TGFβ signaling and anti-osteoclastogenesis (data not shown) 

effects, with reactive intermediates likely being responsible for curcumin’s bioactivity. 
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Although the reactive oxidative end product, bicyclopentadione (BCP) is detected with in 

vitro incubations of curcumin (with or without bone marrow), BCP is not readily 

detectable in vivo and thus may not be the best measure of curcumin oxidation. Rather, 

detection of curcumin adducts (e.g., to proteins or cellular antioxidants [glutathione]) 

would be provide more definitive evidence of both curcumin oxidation as well as a 

mechanism for curcumin alteration of protein function. Furthermore, while oxidative 

intermediates were responsible for effects on multiple pathways, TGFβ data suggests 

these effects are not indiscriminate as the TGFβ pathway targets were limited in number 

(only TGFβR2 and Smad2/3 were changed) and effects were maintained across 5 breast 

cancer cell lines of human and murine origin.  

 Curcumin’s ability to decrease TGFβR2 and Smad2 proteins appeared to be due 

to decreased protein synthesis, though exactly how curcumin mediates this process has 

yet to be elucidated. Little is known about the regulated synthesis of these proteins, with 

most data relating to changes in degradation and location due to ligand-dependent and -

independent receptor trafficking281. Interestingly, there is some data that TGFβR2 

expression can be decreased by microRNAs495, with some of curcumin’s effects also 

attributed to alteration of microRNA levels496. Changes in degradation and localization, 

seen as early as 4 hours after curcumin treatment, did not appear to be responsible for 

decreased TGFβR2 levels. However, given the 2 hour half-life of TGFβR2, the decreased 

synthesis could clearly account for these observed changes. It is still unclear why TGFβ-

stimulated Smad2 phosphorylation was unchanged following 4 hours of curcumin 

treatment, despite a significant decrease in TGFβR2. It is possible, though unlikely, that 

Smad2 could be phosphorylated by an alternate TGFβ Superfamily pathway (e.g., 
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activins)497, because TGFβ would have to induce secretion of these ligands and 

subsequent activation of Smad2 phosphorylation within 1 hour. Furthermore, while 2 of 3 

anti-TGFβR2 antibodies showed curcumin-induced decreases, the Abcam ab186838 

antibody had little change in a larger ~100 kDa protein , following curcumin treatment, 

that may correspond to an isoform of TGFβR2 with an additional 26 amino acids in the 

extracellular region, that could remain available on the cell surface to bind TGFβ and 

lead to subsequent Smad2 phosphorylation498. 

 Although curcumin-induced activation (phosphorylation) of JNK, resulting in 

phosphorylation of Smad2 in the linker region, did not seem to alter Smad-dependent 

gene expression when using PTHrP as a readout in MDA-SA cells, the possibility cannot 

be completely eliminated that curcumin-mediated activation of MAPK has effects on 

other TGFβ-dependent genes or in other cell lines. However, the mechanism by which 

curcumin induced JNK phosphorylation provided intriguing information about possible 

effects of curcumin on non-canonical TGFβ signaling in the tested panel of breast cancer 

cells. The activation of JNK by curcumin was dependent on lipid rafts and required a 

functional cytoplasmic domain for TGFβR2. Curcumin activation of MAPK also required 

oxidative metabolites, occurred early (4h) and persisted for the duration of experimental 

conditions, and led to phosphorylation of Smad2 in the linker region. Since the majority 

of TGFβR2 is present in lipid rafts472 and curcumin is known to intercalate into 

membranes and alter lipid raft signaling499, one can speculate that oxidation of curcumin 

distributing into lipid rafts may adduct to proteins  leading to changes in protein 

conformation (e.g., TGFβR1/2 complexes) such that these complexes can activate JNK in 

the absence of TGFβ binding. Because receptor degradation, which occurs primarily via 
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lipid raft internalization, did not appear to be increased in curcumin-treated cells, it is 

possible that lipid raft-associated, TGFβR2-activation of JNK by curcumin does not 

require receptor internalization. Since JNK activation by TGFβ involves interactions of 

lipid raft TGFβR1/2 complexes with TRAF6276, an examination of curcumin effects on 

TRAF6 may be an area for future study. 

 Curcumin has duals role at inhibiting osteoclastogenesis and tumoral TGFβ 

signaling in bone metastases. However, there is no data supporting curcumin 

preferentially targeting one over the other in vivo, though osteoclast number is definitely 

reduced in vivo3. The estimate concentrations of aglycone curcumin in bone, when 

averaged over the entire bone marrow, may be sufficient for osteoclast inhibition (given 

the lower IC50, and when averaged over the extracellular (ignoring volume attributable to 

cells), curcumin concentrations may be sufficient to reach the higher IC50 required for 

TGFβ signaling inhibition. In addition, gradients of aglycone curcumin formation are 

likely, both due to substrate delivery (supported by the regional metabolite data) and 

GUSB activity (e.g., published data suggesting quercetin is deconjugation extracellularly 

near cell membrance by cell-secreted GUSB120). It is also notable that the deconjugation 

capacity of bone assayed here is likely an underestimate since the “trapping” conditions 

(4°C, pH 5) optimal for stability of the aglycone were not reflective of in vivo 

extracellular or intracellular GUSB conditions with respect to pH or temperature. If 

TGFβ inhibition does occur in bone due to local deconjugation, this could be a major 

benefit given concerns about the beneficial role of TGFβ in healthy tissues and early 

carcinogenesis256. Thus, curcumin effects would be targeted to bone and limit off-target 
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effects. Similarly, this strategy could be used to deliver drugs that are TGFβ inhibitors 

(e.g., glucuronide conjugates). 

 In summary, these studies have shown that glucuronidation of curcumin (in 

addition to quercetin and resveratrol) is a bio-inactivating event in the context of bone 

protection (e.g., anti-osteoclast and tumor anti-TGFβ effects). Bone marrow displayed a 

large capacity to deconjugate inactive curcumin-glucuronide to the active aglycone in a 

GUSB-dependent manner, allowing for site-specific activity. This deglucuronidation was 

maintained during development and with perturbations to bone marrow from bone 

resorptive disorders. Finally, curcumin appeared to inhibit tumoral TGFβ signaling 

through both oxidative-dependent and -independent mechanisms. 
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