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Abstract: Background: Turmeric (Curcuma longa L.) rhizomes, whose secondary metabolites
include polyphenols and terpenoids, have been used medicinally for millennia. However,
modern scientific inquiry has primarily focused on medicinal effects of turmeric’s polyphe-
nolic curcuminoids, including when evaluating turmeric use to maintain bone health.
Methods: Disease-specific biological effects of turmeric’s major secondary metabolites
(polyphenols and/or terpenoids), with or without associated turmeric rhizome-derived
polysaccharides, were determined in vivo using pre-clinical models of clinically relevant
resorptive bone diseases induced by different mechanisms. These included inflammatory
arthritis, cancer-driven osteolytic bone metastases, and hormone deficiency-driven post-
menopausal osteoporosis. Results: In the arthritis model, the safety profile of curcuminoids
alone was superior. However, curcuminoids and terpenoids each had anti-inflammatory
effects and prevented bone resorption, with polysaccharide-containing curcuminoid ex-
tracts having greater effect than curcuminoids alone. In the human osteolytic breast cancer
bone metastases model, curcuminoid extracts containing polysaccharides tended to yield
greater effects in reducing bone osteolysis and tumor progression than curcuminoids alone
or more complex extracts. In contrast, only purified curcuminoids prevented bone loss
in a post-menopausal osteoporosis model, while polysaccharide-containing curcuminoid
extracts were without effect. In vitro metabolite effects on disease-specific mechanistic path-
ways in synoviocytes, osteoclasts, or breast cancer cells were consistent with documented
in vivo outcomes and included differential metabolite-specific effects. Conclusions: In
summary, these findings suggest that turmeric’s potential medicinal musculoskeletal effects
are complex, pathway- and target-specific, and not limited to curcuminoids, with safety
concerns potentially limiting certain uses.

Keywords: turmeric; curcuminoids; curcumin; essential oils; polysaccharides; bone;
arthritis; osteoporosis; breast cancer; bone metastases

1. Introduction
Traditional ethnobotanical uses of certain plants for medicinal purposes still influence

their contemporary applications and scientific study today. Turmeric (Curcuma longa L.)
is one such botanical. While crude preparations of turmeric rhizome have been used for
millennia in Ayurvedic medicine for their anti-inflammatory properties [1], modern use
has primarily focused on turmeric’s polyphenols (curcuminoids), while largely exclud-
ing consideration of medicinal benefits of turmeric’s terpene-enriched essential oils [2–5].
Potential isolated or combined medicinal benefits of these two classes of secondary
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metabolites—either with or without other rhizome components, such as polysaccharides—
remain underexplored in scientific research and commercial formulations, particularly
regarding their potential additive or interactive effects. For example, while turmeric has
been one of the top-selling botanical dietary supplements in the United States for over
a decade, almost all commercially available products sold are specifically formulated
to only contain curcuminoid-enriched (curcuminoid-only) fractions extracted from the
rhizome [6]. More specifically, most products contain a mixture of structurally related
curcuminoids (≥95% curcuminoids), comprised of curcumin, demethoxycurcumin, and
bis-demethoxycurcumin, which are chemically difficult to isolate and may have distinct
biological effects [7], with evidence that less costly synthetic curcumin, rather than turmeric
rhizome-derived curcuminoids, may be incorporated into some commercial turmeric di-
etary supplements [6,8,9].

Polyphenolic curcuminoids and related diarylheptanoids, which are responsible for
turmeric’s orange color and are a focus of medicinal interest, comprise approximately
3–5% by weight of dried ground turmeric rhizomes [3]. Turmeric’s volatile essential oils
(TEOs), comprising 4% by weight of the rhizome, are a complex mixture of more than
80 hydrophobic terpenoids, including mono-, di-, and sesquiterpenes, whose major com-
ponents include ar-turmerone, α-turmerone, and β-turmerone [10–12]. Medicinal effects
of TEO, while much less frequently studied than curcuminoids, have been reported and
include properties similar to those reported for curcuminoids, including anti-inflammatory,
anti-cancer, and antioxidant effects [3,11,13–15]. In addition to these two distinct classes of
turmeric secondary metabolites, turmeric rhizome-derived polysaccharides (2% yield by
weight with aqueous extraction) have also been reported to have anti-inflammatory and
antioxidant properties [16,17].

Botanical dietary supplements, including turmeric supplements, are widely used in
the United States to promote musculoskeletal health [18,19]. In populations with a high
burden of bone disease, use of turmeric dietary supplements to promote bone health is
particularly prevalent, including individuals with rheumatoid arthritis (30%) and post-
menopausal breast cancer survivors (23%) [20]. However, clinical interest in turmeric
for musculoskeletal disorders has primarily concentrated on curcuminoids [2,5,21], with
musculoskeletal disorders representing 17% of curcuminoid-related clinical trials, second
only to studies focused on metabolic dysfunction (28%) [4].

To fill this knowledge gap, pre-clinical studies evaluating medicinal bone effects
of turmeric-derived secondary metabolites, in isolation or combination, with or with-
out polysaccharides, were undertaken. The in vivo effects of a crude turmeric extract
vs. secondary metabolite-enriched fractions (e.g., curcuminoids-only, with or without
polysaccharides, versus turmeric essential oil [TEO]-only) were determined and compared
in head-to-head pre-clinical studies modeling three different bone disorders that share a
common clinical manifestation (bone resorption), but, importantly, are driven by different
mechanisms. Specifically, the effects of complex turmeric extracts and/or fractions were
compared in pre-clinical models of (1) rheumatoid arthritis, an inflammatory disease, where
tumor-like growth of the inflamed joint synovium drives adjacent bone destruction [22];
(2) osteolytic breast cancer bone metastases, where tumor-adjacent bone resorption is tumor
driven [23]; and (3) ovariectomized rats, a Federal Drug Administration (FDA)-mandated
model in the United States for testing therapeutics targeting post-menopausal bone loss,
which is driven by systemic changes in reproductive hormones [24].
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2. Materials and Methods
2.1. Turmeric Extract Preparation and Analyses

All turmeric products studied here met the rigorous Natural Product Integrity guide-
lines set forth by the United States National Institutes of Health (NIH) National Center for
Complementary and Integrative Health [25], which reviewed and approved all turmeric
products described here. Dried turmeric rhizome powder or a commercial curcuminoid-
only product were purchased from San Francisco Herb and Natural Food (San Francisco,
CA, USA) or Fisher Scientific (ACROS Organics, Pittsburgh, PA, USA, “curcumin 98+%”,
no. 218580100), respectively. High-performance liquid chromatography (HPLC) analyses
guided fractionations and documented metabolite content (e.g., curcuminoids vs. ter-
penes) of each preparation prior to use, with detailed extraction and analytic methods as
previously described [11,26]. The extract polyphenol content is reported as total curcumi-
noids by weight, comprised of curcumin (64–79% of total curcuminoids), demethoxycur-
cumin (16–21%), and bis-demethoxycurcumin (5–15%). In brief, methanol extraction of the
dried rhizome was used to prepare a crude turmeric extract (9.5% yield) containing equal
parts curcuminoids (34%), essential oils (~33% sesquiterpenoids), and polysaccharides
(~33%). A turmeric essential oil (TEO) fraction, devoid of curcuminoids or polysaccha-
rides, was prepared by hexane extraction of the dried rhizome (3.7% yield). A TEO-free
curcuminoid-containing fraction (41%) that also contained polysaccharides (~59% polar
compounds) (CURC/POLAR extract) was prepared by methanol extraction of the hexane-
marc (3.1% yield). A commercial curcuminoids-only extract contained 94% curcuminoids
by HPLC, despite commercial description as 98+% curcumin (Fisher Scientific, Pittsburgh,
PA, USA). For head-to-head comparisons of turmeric preparations, in vivo treatments were
normalized to curcuminoid dose (mg/kg) or an equivalent by dose by weight of TEO. For
all experiments described here, extracts (vs. vehicle alone [dimethyl sulfoxide]) were ad-
ministered via intraperitoneal (IP) dosing route to eliminate possible matrix effects altering
oral metabolite absorption (e.g., effects of TEO and/or polysaccharides on curcuminoid
bioavailability), as has been described [27–32].

2.2. Animal Procedures

All animal procedures were conducted under Institutional Animal Care and Use Com-
mittee (IACUC) approved protocols, consistent with American Association for Laboratory
Animal Science guidelines [33]. Sample size (n = 4, 8, 10, or 12 for control, arthritis, bone
metastases, or osteoporosis models) was based on power analyses using prior primary
endpoint data for each model (joint inflammation, bone metastases size, and trabecular
bone loss, respectively), assuming a moderate effect size with α = 0.05 and β = 0.8 (G*Power
software v3.1) [34]. Animals were randomly allocated to groups, with order of manipu-
lations (e.g., tumor-cell injection) or treatments also randomized to minimize confounder
effects. Observers were blinded to treatment groups when assessing primary endpoints.
All animals were included for analyses, except for those eliminated for technical reasons
(e.g., anesthesia-related deaths or issues with intracardiac injections). For some endpoints,
experimental results from replicated experiments were combined.

For the rheumatoid arthritis model (Table 1), female Lewis rats (Inotiv, Indianapolis,
IN, USA) were administered peptidoglycan–polysaccharides (25 g rhamnose/gm body
weight) isolated from the sonicated cell wall of group A Streptococcus pyogenes (SCW, Lee
Laboratories, Grayson, GA, USA), via intraperitoneal (IP) injection (vs. vehicle [controls]) to
induce joint inflammation [11,26,35]. Treatments (IP) with indicated turmeric preparations
(or vehicle alone) were begun four days prior to SCW inoculation and continued daily for
8 days, then 5 days a week, until end of experiment (28 days post SCW inoculation). Data
are reported for rats treated with turmeric preparation dosed as indicated (curcuminoids:
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4, 23 or 48 mg/kg/d [human equivalent dose {HED} ≈ 40, 225, 465 mg/d [36]] or TEO:
28 or 56 mg/kg/d [HED ≈ 270 or 540 mg/d]). Joint inflammation attributable to SCW
joint deposition, which closely mimics the pathology of human rheumatoid arthritis [35,37],
was scored daily in each distal limb in a blinded manner as previously described and is
reported here for day 28 (experiment endpoint). Treatment effects on histologic granuloma
formation, a host response to hepatic SCW deposition, are also reported [35].

Table 1. In vivo models.

Disease Being
Modeled In Vivo Model Animal

In Vivo Turmeric Treatments

CURC CURC/POLAR TEO COMPLETE

Arthritis,
rheumatoid

SCW-induced
arthritis rat, female X X X X

Bone tumor,
osteolytic breast

cancer

Bone-disseminated
human breast

cancer cells
mouse, female X X X

Osteoporosis,
post-menopausal

OVX-induced
bone loss rat, female X X

(bone GUSB
levels, variable)

various mouse
strains

mouse,
female/male X

CURC, curcuminoids-only; CURC/POLAR, curcuminoids plus polar compounds; TEO, turmeric essential oil;
COMPLETE, contains curcuminoids, turmeric essential oils and polar compounds; SCW, streptococcal cell wall;
ovariectomy, OVX; β-glucuronidase, GUSB.

For the osteolytic bone metastases model (Table 1), four-week-old female athymic
nude mice (Inotiv, Lafayette, Indiana, USA) were inoculated in the left cardiac ventricle
with human MDA-MB-231 breast cancer cells (1 × 105 cells), as previously described [38,39].
In brief, beginning the day after tumor inoculation, mice were treated daily five days per
week (IP) with the turmeric extracts indicated (normalized to 50 mg curcuminoids/kg/d
[HED = 245 mg/d]) vs. vehicle alone. Mice were imaged radiographically (Digital Fax-
itron MS-20, Tucson, AZ, USA) at indicated times (weekly) to document osteolytic bone
metastases formation, with osteolytic lesion size analyzed by three blinded observers
using ImageJ 1.43u software (National Institutes of Health, Bethesda, MD, USA). In sep-
arate experiments, curcumin vs. curcumin glucuronide levels were assayed within bone
following intraperitoneal (IP) or oral treatment of mice with 100 or 500 mg/kg CURC, re-
spectively, with β-glucuronidase enzyme activity determined within bone in separate sets
of mice, comparing across mouse strains for β-glucuronidase (GUSB)-wild type (C57Bl/6),
GUSB-low (C3H/HeJ), and GUSB-null (C67Bl/6, mps/msp) mice [40].

For the rat ovariectomized (OVX) model (Table 1) of post-menopausal osteoporo-
sis [24,41], pair-fed, 3-month-old female Sprague–Dawley rats (Inotiv) were dosed IP daily
beginning on the day of surgery (OVX or sham) for two months with the indicated doses
of turmeric extracts (vs. vehicle alone), which were normalized to the curcuminoid content
(60 mg/kg/d, [HED 580 mg/d]).

As indicated, additional in vivo study endpoints included determination of circulating
white blood cell counts and hematocrits using a Hemavet 880 analyzer (CDC Technologies,
Oxford, CT, USA) or serum alanine aminotransferase (ALT) levels using an Endocheck
Plus Chemistry Analyzer (Hemagen Diagnostics, Columbia, MD, USA). C-reactive protein
levels in serum collected at end of experiment and stored at −80 ◦C were assayed without
prior freeze thaw using a commercial ELISA (catalog #557825, BD Biosciences, Franklin
Lakes, NJ, USA). Bone mineral density (BMD) of the distal 25% of excised hind limb
femurs for rat OVX or SCW models are reported from end of experiment using a Piximus
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densitometer (GE Lunar, Madison, WI, USA). Resorptive damage to bone microarchitecture
was documented in all models by micro-computerized tomography (microCT) (VivaCT 40,
Scanco, Basserdorf, Switzerland) using standard procedures.

2.3. Cell Culture Methods

Effects of turmeric extracts on human vascular endothelial cells were determined
using pooled human umbilical vein endothelial cells (HUVECs) purchased from Cascade
Biologics and treated, as previously described, with turmeric extracts beginning 1 h prior to
stimulation with tumor necrosis factor-alpha (TNFα 10 ng/mL) or media alone [42]. After
4 h of TNFα treatment, mRNA was harvested (n = 3 condition) for reverse transcription
polymerase chain (RT-PCR) analysis using standard methods. Human specific primers
for intercellular adhesion molecule-1 (ICAM-1) and an 18S primer (as an internal control;
Hs99999901_s1) obtained from Applied Biosystems (Foster City, CA, USA) were used to de-
termine gene expression with data analyzed using the comparative CT method as means of
relative quantitation of gene expression, normalized to the endogenous reference (18S RNA)
and relative to a calibrator, as described by the manufacturer (Applied Biosystems) [42].
Additionally, for analysis of turmeric extract effects on endothelial cell NF-κB activation,
nuclear protein was isolated from HUVECs treated for 4 h with turmeric extracts prior to
1 h of stimulation with TNFα (5 mg/mL) to determine nuclear p65 NF-κB protein levels by
Western analysis using a primary antibody directed against the p65 NF-κB protein (Cell
Signaling Technology, Danvers, MA, USA).

Human synovial fibroblasts previously isolated from subjects undergoing joint re-
placement surgery who were diagnosed with rheumatoid arthritis, as defined by the
American College of Rheumatology, were treated concurrently with interleukin-1 beta
(IL-1β, 30 ng/mL) and the indicated turmeric extract doses for 24 h. The parathyroid
hormone-related protein (PTHrP) or prostaglandin E2 (PGE2) content of the conditioned
media was assayed using a commercial radioimmunoassay (RIA, Nichols Institute, San
Juan Capistrano, CA, USA) or enzyme-linked immunosorbent assay (ELISA, R&D Systems,
Minneapolis, MN, USA), respectively [43]. Cell viability was unchanged by treatments,
as determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Promega, Madison, WI, USA). Transforming growth factor-beta (TGFβ, 5 ng/mL)-
stimulated PTHrP secretion was also assayed in protease-treated, conditioned media of
human breast cancer MDA-MB-231 cells using a commercial immunoradiometric PTHrP
assay (#DSL-8100, Beckman Coulter, Indianapolis, IN, USA) [38].

Turmeric extract effects on osteoclast (Oc) formation were determined using primary
rat bone marrow monocytes obtained from the femora of 3-month-old female Sprague–
Dawley rats under aseptic conditions, which were treated with receptor activator of nuclear
factor-κB ligand (RANKL, 50 ng/mL; R&D Systems) and macrophage colony-stimulating
factor (M-CSF, 50 ng/mL; R&D Systems) to stimulate osteoclastogenesis and co-treated with
indicated turmeric extract concentrations (or vehicle). Cells were fixed on d 5 prior to stain-
ing for tartrate-resistant acid phosphatase (TRAP; Sigma-Aldrich, Burlington, MA, USA)
activity to visualize osteoclast cells [43]. TRAP+ multinucleated (>3) cells were counted in
each well, with data expressed as total number of osteoclasts per well (mean ± SEM), or as
% of control. In osteoclastogenesis studies using a murine macrophage osteoclast precursor
(RAW 264.7), cells were pre-incubated with botanical treatments for 4 h prior to RANK-L
(50 ng/mL) treatment to stimulate osteoclastogenesis [44], with TRAP+ multinucleated OC
counted 5 days post-start of RANKL treatment, as described above. To determine turmeric
effects on NF-κB activation in Oc precursors, nuclear protein was extracted after one hour
of RAW 264.7 cell RANKL treatment using a commercial kit (Panomics, Fremont, CA, USA)
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and assayed for nuclear factor kappa B (NF-κB) p50 binding activity using a commercially
available ELISA (#70-515, Millipore, Temecula, CA, USA).

2.4. Statistical Analyses

All statistical analyses were performed using Prism 10 software (GraphPad, San
Diego, CA, USA), with values presented as mean ± SEM. Statistical significance was
determined as appropriate using one- or two-way analysis of variance (ANOVA) with
post-hoc testing or other indicated analyses (e.g., linear regression). Data presented in
radar plots depict statistically significant effects of treatments in blocking arthritis-induced
effects, as determined by one-way ANOVA across treatment groups (control, turmeric,
arthritis, and arthritis + turmeric).

3. Results
3.1. Characterization of Turmeric Extracts for In Vivo Testing in Bone Resorption Models

Experimentally prepared turmeric extracts isolated from dried turmeric rhizomes were
characterized for turmeric metabolite content and stability prior to use in bone resorption
models (Figure 1). Dosing of turmeric preparations across models was normalized to
curcuminoid content (or an equivalent dose by weight of TEO), comparing: (1) a crude
(“COMPLETE”) extract containing both secondary metabolites (curcuminoids 33.7% by
weight; TEO, ~33%) and polar (e.g., polysaccharide) materials (~33%); (2) a TEO-only
fraction (“TEO”); (3) an extract, devoid of TEO, containing only curcuminoids (40.6%) and
polar materials (“CURC/POLAR”); or (4) a curcuminoid enriched (94%) product (“CURC”)
devoid of other metabolites. Extracts, normalized to metabolite content, were tested for
effects on bone resorption in three pre-clinical bone disease models where osteoclast-
mediated resorption of trabecular bone, driven by different mechanisms, is a hallmark,
including (Figure 2) (1) rheumatoid arthritis (Figure 2A); (2) osteolytic breast cancer bone
metastases (Figure 2B); and (3) post-menopausal osteoporosis (Figure 2C). Given evidence
that TEO and/or polysaccharides can significantly alter CURC oral bioavailability [27–32],
all extracts were normalized to metabolite dose and administered IP for comparison of
pharmacodynamic effects of normalized turmeric metabolites doses across models and
across extracts of varying complexity.

. (1) 
(3) (2) 

(4) 

Figure 1. Isolation scheme for turmeric extracts tested in vivo. A (1) crude turmeric extract (COM-
PLETE) containing approximately equal parts curcuminoids (34% by HPLC), terpene-enriched
essential oils, or polar components, including polysaccharides, was isolated by methanol extraction



Metabolites 2025, 15, 266 7 of 18

of dried turmeric rhizomes. A (2) turmeric essential oil (TEO) fraction, and (3) TEO-free fraction
containing curcuminoids (41% by HPLC) and polar compounds (CURC/POLAR) were isolated
by hexane extraction or methanol extraction of the hexane marc, respectively. Lastly, (4) a “98%”
curcuminoids-only (94% by HPLC) commercial product was purchased.

A B Normal SCW-induced Normal C Osteolytic Normal OVX-induced 
Arthritis Bone Metastases osteoporosis 

~ 

Figure 2. Representative three-dimensional or cross sectional micro-CT images of hind limb bone
loss (vs. controls) from each of the three bone resorption models, including (A) periarticular loss
of trabecular bone and cortical bone damage in rats with inflammatory SCW-induced arthritis,
which mimics the inflammatory joint pathology of rheumatoid arthritis; (B) focal osteolytic hind
limb bone destruction associated with progression of bone-metastatic human breast cancer cells
in a mouse model; and (C) trabecular bone loss in ovariectomized (OVX) rats, a model of post-
menopausal osteoporosis.

3.2. Turmeric Metabolite Effects in an Inflammatory Rheumatoid Arthritis Model

Anti-inflammatory effects of each of the four turmeric extract in a rheumatoid arthritis
model, some of which have been reported previously for isolated extracts [11,26,43], are
compared here in radar plots summarizing statistically significant outcomes, with clinically
beneficial effects to the right and adverse effects on the left (Figure 3A). While most com-
mercial turmeric products sold in the United States only contain purified curcuminoids
(CURC) [6], this extract was the least effective in blocking joint inflammation, as compared
to the more chemically complex curcuminoid-containing extracts (CURC/POLAR, COM-
PLETE) or TEO alone. Notably, each of turmeric’s secondary metabolites had significant
anti-arthritic effects, with the benefits of TEO-only extracts exceeding that of CURC-only.
However, TEO-only extracts and more complex curcuminoid-containing extracts (COM-
PLETE or CURC/POLAR) had less favorable safety profiles (vs. CURC only), including
increased mortality, prevalence of abnormal liver function and/or inhibition of granu-
loma formation, a protective host response for certain chronic infectious diseases (e.g.,
tuberculosis), where quiescent infections can be reactivated when granuloma formation is
suppressed [45]. Key to these studies, turmeric extract effects on periarticular bone loss
(Figure 3B, top panel [distal femoral BMD]) were dose- and extract-dependent, with each
extract demonstrating statistically significant, beneficial effects in preventing inflammation-
driven bone resorption. Notably, effects of each turmeric metabolite or extract on bone
destruction in the RA model closely mirrored their effects in reducing joint inflammation
(Figure 3B, bottom panel).

Certain treatment responses in the RA model were metabolite-specific (Figure 3A).
For example, polysaccharide-containing extracts had the most pronounced (adverse) effect
on granuloma formation, while only curcuminoid-containing extracts prevented disease-
related anemia, with increased efficacy in preventing leukocytosis. In contrast, TEO-
containing extracts were notable for their unique ability to reduce circulating C-reactive
protein (CRP) levels, which are used clinically to monitor RA disease activity [46]. The
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reason for the lack of correlation for a given extract between anti-inflammatory effects on
joints and levels of CRP, an acute phase reactant also associated with cardiovascular disease
risk [46,47], is unclear.
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Figure 3. Turmeric treatment effects in SCW-induced arthritis. (A) Radar plots summarize statistically
significant effects (p < 0.05 by one-way ANOVA) of each turmeric extract in the SCW-model. Data are
expressed as % inhibition of SCW-induced changes (vs. controls), or in the case of abnormal liver
function or mortality, % prevalence with n = 8–53/group. Adverse effects are listed to the left and
beneficial effects to the right of each plot. Results graphed represent the highest extract dose tested,
where anti-arthritic effects plateaued for each extract (CURC 23 mg/kg; CURC/POLAR 48 mg/kg
curcuminoids; TEO 56 mg/kg; COMPLETE 48 mg/kg curcuminoids). (B) Dose-dependent turmeric
extract effects on arthritis-induced loss of proximal femoral bone mineral density (BMD) (upper
panel) are compared to dose dependent effects on joint inflammation (lower panel). Turmeric extract
doses are as indicated, with only a single dose of COMPLETE extract tested (48 mg/kg/d).

TEO vs. CURC effects on RA-relevant human cell lines in vitro were examined to
expand translational significance, revealing additional target-specific differential effects
of these two secondary metabolites (Figure 4). Because of the high burden of vascular
inflammation and associated cardiovascular disease (CVD) in RA, effects of CURC vs. TEO
on tumor necrosis factor-alpha (TNFα)-driven activation of human vascular endothelial
cells were explored (Figure 4A). In contrast to TEO-only blockade of CRP, CURC (but not
TEO) blocked TNFα-stimulated activation of human endothelial cells (e.g., increased ICAM
in HUVECs) (Figure 4A, left panel), an effect likely mediated by CURC-specific inhibition
of nuclear factor kappa B (NF-kB) activation (Figure 4A, right panel).

Because inflammatory mediators secreted from the tumor-like synovium in RA joints
drive bone destruction in this disease, effects of CURC vs. TEO on human RA synoviocyte
IL-1β-stimulated secretion of the bone-destroying parathyroid hormone-related protein
(PTHrP) or prostagalandin-E2 (PGE2) were also examined [35,48–50]. Consistent with their
isolated in vivo anti-inflammatory joint effects, each metabolite (curcuminoids or TEO) also
blocked secretion of both bone destruction mediators in a dose-dependent fashion with a
similar IC50 for PTHrP (Figure 4B, left panel) and greater TEO potency for PGE2 inhibition
(Figure 4B, right panel).
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Figure 4. Effects of CURC vs. TEO on human vascular endothelial or synovial cells. (A) TNFα-
induced ICAM gene expression in human umbilical vein endothelial cells (HUVEC), as determined
by RT-PCR (n = 3/group) (left panel), was inhibited by 1 h pre-treatment with CURC (25 ug/mL)
but not TEO (25 ug/mL). TNFα-induced activation of NF-κB in HUVECs, as determined by Western
analysis of nuclear NF-κB p65 protein levels (right panel), was also inhibited by 4 h of pre-treatment
with CURC (10 ug/mL) but not TEO (10 ug/mL). ** p < 0.01, vs. TNFα-stimulated; *** p < 0.001,
CURC vs. TEO. ns = not significant. (B) In primary cultures of human synoviocytes isolated from
rheumatoid arthritis joints treated concurrently with IL-1β and the indicated doses of CURC or
TEO, secretion of bone-destroying PTHrP (left panel) or PGE2 (right panel) were both significantly
inhibited in a dose dependent fashion by each of turmeric’s secondary metabolites.

Effects of both turmeric metabolites on RANKL-driven, bone-resorbing osteoclast (Oc)
formation, a final cellular pathway driving bone loss in all resorptive bone diseases [51,52],
were examined in vitro. Each secondary metabolite blocked RANKL-stimulated Oc forma-
tion from Oc precursors (Figure 5A), with additive effects in combination. Similar effects
on Oc formation were noted when RANKL-stimulated primary bone cultures were treated
(Figure 5B), with the COMPLETE extract yielding the most potent effects (lower IC50).
Because NF-κB signaling is one pathway driving RANKL-stimulated Oc formation [52],
metabolite effects of RANKL-stimulated NF-κB activation in Oc precursors were also ex-
amined. Consistent with HUVEC findings, CURC, but not TEO, reduced NF-κB activation
in Oc precursors in response to RANKL stimulation (Figure 5C), suggesting blockade of
osteoclast formation by TEO occurs via a different mechanism.

3.3. Turmeric Metabolite Effects in an Osteolytic Breast Cancer Bone Metastases Model

Focal bone loss driven by the inflammatory tumor-like synovium in RA and tumor-
driven osteolysis in bone-metastatic breast cancer share some common characteristics,
including a key role for parathyroid hormone-related protein (PTHrP) secretion from
tumor-(like) masses in both processes, which drives RANKL production, and thus osteo-
cyte (Oc) formation and focal bone resorption [49,53]. Because CURC and TEO inhibited
IL-1β-stimulated PTHrP from human rheumatoid synoviocytes, secondary metabolite ef-
fects on PTHrP secretion from human breast cancer cells were examined. Interestingly, only
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curcuminoid-containing extracts (Figure 6A) inhibited TGFβ-stimulated PTHrP secretion
from human breast cancer cells that form TGFβ-dependent, PTHrP-driven osteolytic bone
metastases (BMET) in vivo [38]. However, given the evidence that CURC and TEO each
blocked RANKL-stimulated osteoclast formation (Figure 5), which occurs downstream
of PTHrP, the comparative in vivo effects of curcuminoid-containing extracts of varying
complexity on osteolytic BMET formation in the breast cancer model were examined.
Interestingly, curcuminoid-containing extracts of any complexity (Figure 6B, CURC vs.
CURC/POLAR; Figure 6C, CURC/POLAR vs. COMPLETE) significantly reduced pro-
gression of osteolytic breast cancer lesions. While differences in head-to-head experiments
between extracts were not significantly different, increased extract complexity tended to
track with greater treatment benefits, with curcuminoid-only extracts containing polysac-
charides (CURC/POLAR) tending to have the greatest inhibitory effect (Figure 6B,C).
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Figure 5. Direct turmeric metabolite effects on osteoclast formation. (A) Effects of CURC vs. TEO (4 h
pre-treatment) on RANK-L (50 ng/mL)-induced osteoclast formation from RAW 264.7 macrophage
cells with results expressed as the number of multinuclear TRAP+ osteoclasts formed per well
(n = 4–5 per treatment). * p < 0.01 TEO vs. TEO + CURC; ** p < 0.01 CURC vs. control; **** p < 0.0001
TEO vs. control. (B) Dose-dependent turmeric extract effects on RANKL-stimulated multinuclear
TRAP+ osteoclast formation in primary bone marrow cultures (n = 4–5/treatment expressed as % of
untreated control). (C) Effect of CURC vs. TEO (4 h pre-treatment) on nuclear p50 NF-κB protein
levels, as determined by ELISA, one hour after RANK-L (50 ng/mL) stimulation of RAW 264.7 cells
(n = 3–7/group) vs. RANKL-only treated controls, where nuclear p50 NF-κB levels increased 2.7-fold
(p < 0.01). * p < 0.05 CURC vs. control. ** p < 0.01 CURC vs. TEO. ns = not significant.
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Figure 6. Effects of turmeric metabolites on bone-tropic human breast cancer cells in vitro and in vivo.
(A) Human MDA-MB-231 cells (n = 4–8/group) were pre-treated in vitro with the indicated doses of
turmeric extracts for 4 h prior to stimulation with TGFβ (5 ng/mL) for 24 h with conditioned media
then assayed for the PTHrP content (n = 4–8/group). Half maximal inhibitory concentrations were
determined using a four-parameter logistic equation. (B) Effects of CURC vs. CURC/POLAR extracts
(50 mg/kg curcuminoids) on osteolytic breast cancer bone metastases formation was determined ra-
diographically in female nude mice inoculated with MDA-MB-231 cells (vs. vehicle-treated controls)
when mice were treated with turmeric extracts five days per week until the end of experiment. (C) Ef-
fects of CURC/POLAR vs. COMPLETE extract on osteolytic breast cancer bone metastases formation
was similarly determined in a separate similarly designed experiment. Difference between treatments
were determined by two-way ANOVA (n = 10/group). * p < 0.05; ** p < 0.01. ns = not significant.
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3.4. Turmeric Metabolite Effects in a Post-Menopausal Osteoporosis Model

Lastly, given its wide significance for our aging population, effects of the
two curcuminoid-only extracts with the best safety profiles (CURC, CURC/POLAR) were
compared in a standard model of post-menopausal osteoporosis where bone loss, as in
the other models, is Oc driven, albeit mechanistically distinct due to systemic changes in
ambient levels of reproductive hormone (e.g., loss of estrogen) [54]. Here, in contradistinc-
tion to the tendency for more complex extracts to yield greater benefits in preventing bone
destruction in focal inflammation- or cancer-driven models of bone loss, the curcuminoid-
only extract (CURC) similar in composition to most commercially available products in the
US yielded a significant benefit in preventing bone loss, as determined by bone mineral
density (Figure 7A) or microarchitectural examination of the trabecular bone compartment
(Figure 7B), while the more complex CURC/POLAR extract was without effect.
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Figure 7. Effect of curcuminoid-containing turmeric extracts on bone loss in OVX rats. Ovariec-
tomized (OVX) rats were treated daily with turmeric extracts (60 mg/kg curcuminoids) vs. ve-
hicle beginning on the day of surgery and followed for 2 months to determine extract effects on
OVX-induced bone loss (vehicle-treated OVX vs. sham controls). (A) Bone mineral density (BMD)
of the trabeculae-enriched distal 25% of the femur, determined by DXA, is reported (n = 18–26).
(B) Specific treatment effect on trabecular bone loss were determined by micro-CT analysis of the
trabecular bone compartment (trabecular bone volume per total volume [BV/TV]) of the distal femur
(n = 4/group). Differences between treatments were determined by one-way ANOVA. * p < 0.05;
** p < 0.01, **** p < 0.0001. ns = not significant.

3.5. Disease-Independent, Host Variables Impacting Turmeric Metabolite Bone Protection

Possible host-specific effects driving in vivo bone responses to turmeric metabolites
were also examined. Specifically, since curcuminoids are glucuronidated by the liver upon
ingestion and primarily circulate in vivo as glucuronides [40], bioactivity of CURC vs.
CURC-glucuronide when targeting cellular responses relevant to bone resorption were
assessed. Curcumin-glucuronides, in contrast to inhibitory effects of CURC, had no effect
on PTHrP secretion from human breast cancer cells (Figure 8A, left panel) or on RANK-
L-stimulated Oc formation (Figure 8A, right panel). Importantly, however, while inactive
CURC glucuronides are the primary metabolite perfusing mouse bone following oral (or
IP) CURC treatment [40], β-glucuronidase (GUSB), a deconjugating enzyme present at high
levels within the bone microenvironment, was able to reverse this process in situ, such that
local bioactive CURC levels in bone correlated with local GUSB enzyme activity across
mouse strains with variable GUSB expression (Figure 8B).
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Figure 8. Bioactivity and bone-specific deconjugation of curcumin-glucuronide. (A) Comparison
of CURC vs. curcumin-glucuronide (CURC-glucuronide) effects on TGFβ-stimulated secretion of
PTHrP from human MBD-MB-231 breast cancer cells (left) (n = 4–16/group), or RANKL-stimulated
osteoclast formation by RAW 264.7 osteoclast precursors cells (right) (n = 4/group). Differences
were determined by one-way ANOVA. * p < 0.05; **** p < 0.0001. ns = not significant. (B) Curcumin
metabolite levels in bone marrow isolated from CURC-treated mice are compared for C57BL/6
mice expressing wild type β-glucuronidase (GUSB); GUSB-low C3H/HeJ mice, or GUSB-knock out
(GUSB−/−) mice. Mice were treated with 100 mg/kg IP CURC or 500 mg/kg oral CURC, which yield
similar circulating curcumin metabolite levels, 97–99% of which are glucuronidated [40]. Aglycone
(unconjugated) curcumin levels within bone marrow, reported as % of total curcuminoids (curcumin
+ glucuronidated curcumin), are compared to bone marrow GUSB activity (reported as % of wild
type C57BL/6 mice) assayed in a separate set of mice (n = 3–5/group). Association was analyzed by
linear regression.

4. Discussion
Ethnobotanical use of medicinal plants has directed modern drug discovery, whose

usual goal is to identify a single active principle [55], with isolation of morphine from
opium (Papaver somniferum L.) for analgesia being a classic early example [56,57]. However,
it is now understood that opium-derived alkaloids, such as the smooth muscle relaxant
papaverine, can also contribute to pain-relieving properties of traditional opium prepa-
rations in certain disease contexts [58]. Thus, any modern, drug-like use of an isolated
plant secondary metabolite likely overlooks certain benefits (as well as potential risks) that
may accrue from the use of more traditional, complex plant formulations. At the same
time, modern pharmacokinetic and pharmacodynamic concepts can readily explain addi-
tive, synergistic, and/or antagonistic pharmacodynamic effects of bioactive plant-derived
principles when used in combination in a particular health or disease setting [59].

Findings from the studies presented here demonstrate that these same principles apply
to traditional vs. modern use of turmeric. In use since 2100 BC, traditional turmeric prepara-
tions are clearly chemically complex, contrasting with modern use, where turmeric-derived
polyphenols are a focus, as reflected by the curcuminoid-only content of most commercial
turmeric dietary supplements in the United States [6]. However, the studies presented here
uniquely demonstrate (vs. prior bone-focused studies in which curcuminoid-only extracts
were solely studied [2,4,5,21]) that each of turmeric’s secondary metabolites can affect dis-
ease outcomes in bone resorptive diseases, with net effects dependent on the mechanistic
basis of the bone resorptive disease, which can also be complex and multifactorial.

Comparison of the isolated or combined pharmacodynamic effects of turmeric’s
two classes of secondary metabolites across resorptive bone diseases with distinct mech-
anistic drivers yielded intriguing results. For example, purified curcuminoid were the
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least effective in blocking bone resorption driven by either adjacent focal inflammation
(rheumatoid arthritis model) or adjacent tumors (breast cancer bone metastases model).
Instead, and consistent with possible synergistic pharmacodynamic effects in vivo, CURC
(with greater effect in combination with polysaccharides) or TEO each blocked bone loss
in the arthritis model when administered in isolation. In vitro studies provided evidence
of possible multifactorial targets for each metabolite, some of which were disease specific.
CURC and TEO each blocked RANKL-mediated osteoclast formation, albeit by possibly
different mechanisms since only CURC blocked RANKL-stimulated NF-κB. In contrast,
CURC vs. TEO effects on PTHrP secretion, which drives bone loss in both the arthritis
and breast cancer models, varied by cell type (human synoviocyte vs. breast cancer cells)
and/or stimulus (IL-1β vs. TGFβ), as both blocked IL-1ß stimulated PTHrP secretion
from synoviocytes while only CURC-containing extracts blocked TGFβ-stimulated PTHrP
secretion from breast cancer cells. While not examined in this study, evidence indicates that
oxidized curcumin metabolites may mediate some of curcumin’s biological effects [60], such
as inhibiting the activation of NF-kB, a key mediator of inflammation [61], via formation of
a covalent protein adducts [62]. Thus, potential distinct biological effects of CURC versus
TEOs may be dictated, in part, by their bioactive metabolites.

The benefits of CURC-only, but not CURC/POLAR extracts, in preventing bone loss
in the post-menopausal osteoporosis model clearly diverged from benefits documented
for complex extracts in preventing inflammation- and cancer-induced bone loss. Distinct
underlying mechanisms may explain these differences, as for example, systemic bone
loss in the OVX model occurs secondary to changes in reproductive hormones (which
polysaccharides could, theoretically, further antagonize), while prevention of focal bone
loss by turmeric extracts in the arthritis model clearly tracked with suppression of adjacent
joint inflammation. Findings across all three bone models, however, clearly demonstrated
that CURC-only preparations that are significantly similar to those sold commercially, while
not necessarily the most potent product, did significantly prevent bone loss in every model,
with an increase in adverse effects when TEO and/or polar compounds were present,
possibility limiting clinical utility.

While bone resorption was the primary focus of these comparative studies, also
of clinical interest were metabolite effects on inflammation-driven vascular endothelial
activation and elevated CRP levels in the RA model, both of which are risk factors for
cardiovascular (CV) disease [46,63], which occurs more frequently in individuals with
RA [64]. Interestingly, only TEO reduced CRP levels in the RA model, while CURC was the
sole metabolite preventing cytokine-mediated NF-κB activation and ICAM induction in
vascular endothelial cells, suggesting possible benefits in CV-risk reduction using turmeric
metabolites in combination. However, the precise clinical significance of these findings
is not clear since (1) oral (vs. IP) TEO treatment in the RA model may be less efficacious
in reducing inflammation [11] and (2) CRP elevations, while they are used clinically to
follow RA disease activity in humans [65], are less dramatically altered in rodent models of
inflammation [47].

Extract-specific inhibition of granuloma formation in the inflammation model, which
is also a PTHrP-dependent process [35], was also of potential clinical relevance. While in-
hibitory effects of CURC vs. TEO in blocking PTHrP release from rheumatoid synoviocytes
were similar in vitro, only TEO-containing turmeric extracts, or CURC extracts containing
polysaccharides, inhibited granuloma formation in vivo, possibly suggestive of mecha-
nism(s) unrelated to PTHrP blockade. In any case, because granuloma formation can be a
beneficial host response with certain chronic infections [45], CURC-only may have a better
safety profile in these settings due to its lack of effect on host granulomatous responses.
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One limitation of these studies is the use of female rodents in all models to study
turmeric metabolite bone effects. However, this design was driven by the significant
clinical burden of these diseases in women, who are also more frequent dietary supplement
users [19], and, interestingly, also appear to have greater curcuminoid bioavailability, as
compared to men [66,67].

In summary, these studies suggest that additive bone protective effects of multiple
turmeric metabolites are possible and can be mediated by curcuminoids, terpenes, and/or
polysaccharides. Net bone effects of any complex turmeric product are likely attributable
to the multiplicity of pharmacodynamic targets for a given metabolite, as well as inter-
acting effects of different metabolites, both of which are disease specific. Although it
is not addressed here but is relevant for clinical use, the effects of chemically complex
turmeric products in the clinical setting may also be altered by pharmacokinetic metabolite
interactions, as terpenes and polysaccharides can both be harnessed to alter curcuminoid
bioavailability. Lastly, because curcuminoids, like many other dietary polyphenols, circu-
late in vivo as inactive glucuronidated “pro-drugs” [68], medicinal effects of this secondary
turmeric metabolite are also likely host-dependent, requiring enzymatic bioactivation by
β-glucuronidase (GUSB) [40], which interestingly is present at very high levels in bone [40]
and in RA (vs. normal) joints [69], and, conversely, whose absence is associated with
increased joint inflammation [70]. Emerging evidence also suggests that GUSB activity
may correlate with musculoskeletal health in post-menopausal breast cancer survivors [71],
a population that, as with RA sufferers, suffers from accelerated frailty [72,73] and also
reports a high prevalence of turmeric use [20]. While ancient in its usage, our understand-
ing of the underpinnings of turmeric’s medicinal effects, and thus its potential benefits for
modern use, in some ways remains in its infancy.

5. Conclusions
Turmeric’s bone protective effects are not limited to the curcuminoids, with both sec-

ondary metabolites, and also rhizome-derived polysaccharides, having additional and/or
additive bone protective effects that appeared disease- and cell target-specific. Thus, it
is possible that some medicinal bone benefits of traditional turmeric preparations may
be lost with modern usage, which is curcuminoid-focused. However, it is notable that
curcuminoid-only products analogous to many commercial turmeric dietary supplements,
while not always the most potent in vivo and also lacking in biological effect for certain
cellular targets, still offered significant bone protection across all bone disease models. For
evidence-based clinical use, additional carefully designed clinical trials will be required.

Author Contributions: Conceptualization, J.L.F., B.N.T., A.G.K. and L.E.W.; methodology, J.B.F.,
A.G.K. and L.E.W.; validation, J.B.F., A.G.K. and L.E.W.; formal Analysis, J.L.F., A.G.K., L.E.W. and
J.B.F.; investigation, A.G.K., L.E.W. and J.B.F.; resources, J.L.F. and B.N.T.; data curation, J.L.F. and
J.B.F.; writing—original draft preparation, L.E.W. and J.L.F.; writing—review and editing, J.L.F.,
B.N.T., A.G.K., L.E.W. and J.B.F.; supervision, J.L.F.; project administration, J.L.F. and B.N.T.; funding
acquisition, J.L.F., B.N.T., L.E.W. and A.G.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Institutes of Health, including F31AT004875 to
L.E.W., F31AT009938 to A.G.K., P50AT000474 to B.N.T. and J.L.F., and R21AT003614, R21AT003614-
02S2, R21AT005145, R21AR078424, and R01CA174926 to J.L.F.

Institutional Review Board Statement: The rodent studies described here were performed in strict
accordance with the American Association for Laboratory Animal Science [33] and were approved
by the Institutional Animal Care and Use Committee (IACUC) of the University of Arizona, with
multiple renewals across each model-specific approval (arthritis model #03-159, first approved
12 December 2003; breast cancer bone metastases and GUSB studies #08-149, first approved 21 March



Metabolites 2025, 15, 266 15 of 18

2012; and OVX-induced bone loss #06-056, first approved 7 April 2006). Approved IACUC protocols
specifically addressed plans to reduce pain, suffering, and distress. Because joint inflammation and
bone metastases size were primary experimental endpoints, in very rare cases where these expected
outcomes led to unanticipated pain and suffering, animals were sacrificed according to approved
IACUC protocols prior to the end of the experimental period.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study, which are a compilation of findings
across multiple projects, are available on request from the corresponding author.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References
1. Velayudhan, K.C.; Dikshit, N.; Nizar, M.A. Ethnobotany of turmeric (Curcuma longa L.). Indian. J. Tradit. Knowl. 2012, 11, 607–614.
2. Paultre, K.; Cade, W.; Hernandez, D.; Reynolds, J.; Greif, D.; Best, T.M. Therapeutic effects of turmeric or curcumin extract on

pain and function for individuals with knee osteoarthritis: A systematic review. BMJ Open Sport. Exerc. Med. 2021, 7, e000935.
[CrossRef] [PubMed]

3. Cozmin, M.; Lungu, I.I.; Gutu, C.; Stefanache, A.; Duceac, L.D.; S, oltuzu, B.D.; Damir, D.; Calin, G.; Bogdan Goroftei, E.R.;
Grierosu, C.; et al. Turmeric: From spice to cure. A review of the anti-cancer, radioprotective and anti-inflammatory effects of
turmeric sourced compounds. Front. Nutr. 2024, 11, 1399888. [CrossRef]

4. Panknin, T.M.; Howe, C.L.; Hauer, M.; Bucchireddigari, B.; Rossi, A.M.; Funk, J.L. Curcumin Supplementation and Human
Disease: A Scoping Review of Clinical Trials. Int. J. Mol. Sci. 2023, 24, 4476. [CrossRef]

5. Pourhabibi-Zarandi, F.; Shojaei-Zarghani, S.; Rafraf, M. Curcumin and rheumatoid arthritis: A systematic review of literature. Int.
J. Clin. Pract. 2021, 75, e14280. [CrossRef]

6. Skiba, M.B.; Luis, P.B.; Alfafara, C.; Billheimer, D.; Schneider, C.; Funk, J.L. Curcuminoid Content and Safety-Related Markers of
Quality of Turmeric Dietary Supplements Sold in an Urban Retail Marketplace in the United States. Mol. Nutr. Food Res. 2018,
62, e1800143. [CrossRef]

7. Hsu, K.Y.; Ho, C.T.; Pan, M.H. The therapeutic potential of curcumin and its related substances in turmeric: From raw material
selection to application strategies. J. Food Drug Anal. 2023, 31, 194–211. [CrossRef]

8. You, H.; Gershon, H.; Goren, F.; Xue, F.; Kantowski, T.; Monheit, L. Analytical strategies to determine the labelling accuracy and
economically-motivated adulteration of “natural” dietary supplements in the marketplace: Turmeric case study. Food Chem. 2022,
370, 131007. [CrossRef]

9. Girme, A.; Saste, G.; Balasubramaniam, A.K.; Pawar, S.; Ghule, C.; Hingorani, L. Assessment of Curcuma longa extract for
adulteration with synthetic curcumin by analytical investigations. J. Pharm. Biomed. Anal. 2020, 191, 113603. [CrossRef]

10. Dosoky, N.S.; Setzer, W.N. Chemical Composition and Biological Activities of Essential Oils of Curcuma Species. Nutrients 2018,
10, 1196. [CrossRef]

11. Funk, J.L.; Frye, J.B.; Oyarzo, J.N.; Zhang, H.; Timmermann, B.N. Anti-arthritic effects and toxicity of the essential oils of turmeric
(Curcuma longa L.). J. Agric. Food Chem. 2010, 58, 842–849. [CrossRef] [PubMed]

12. Dosoky, N.S.; Satyal, P.; Setzer, W.N. Variations in the Volatile Compositions of Curcuma Species. Foods 2019, 8, 53. [CrossRef]
13. Kieliszek, M.; Edris, A.; Kot, A.M.; Piwowarek, K. Biological Activity of Some Aromatic Plants and Their Metabolites, with an

Emphasis on Health-Promoting Properties. Molecules 2020, 25, 2478. [CrossRef]
14. Nishiyama, T.; Mae, T.; Kishida, H.; Tsukagawa, M.; Mimaki, Y.; Kuroda, M.; Sashida, Y.; Takahashi, K.; Kawada, T.; Nakagawa,

K.; et al. Curcuminoids and sesquiterpenoids in turmeric (Curcuma longa L.) suppress an increase in blood glucose level in type 2
diabetic KK-Ay mice. J. Agric. Food Chem. 2005, 53, 959–963. [CrossRef]

15. Orellana-Paucar, A.M. Turmeric Essential Oil Constituents as Potential Drug Candidates: A Comprehensive Overview of Their
Individual Bioactivities. Molecules 2024, 29, 4210. [CrossRef] [PubMed]

16. Zhu, Z.; Chen, J.; Chen, Y.; Ma, Y.; Yang, Q.; Fan, Y.; Fu, C.; Limsila, B.; Li, R.; Liao, W. Extraction, structural characterization and
antioxidant activity of turmeric polysaccharides. LWT 2022, 154, 112805. [CrossRef]

17. Zhu, Z.; Luo, Y.; Lin, L.; Gao, T.; Yang, Q.; Fan, Y.; Wang, S.; Fu, C.; Liao, W. Modulating Effects of Turmeric Polysaccharides on
Immune Response and Gut Microbiota in Cyclophosphamide-Treated Mice. J. Agric. Food Chem. 2024, 72, 3469–3482. [CrossRef]

18. Clarke, T.C.; Nahin, R.L.; Barnes, P.M.; Stussman, B.J. Use of Complementary Health Approaches for Musculoskeletal Pain
Disorders Among Adults: United States, 2012. Natl. Health Stat. Rep. 2016, 1–12.

19. Dickinson, A.; Blatman, J.; El-Dash, N.; Franco, J.C. Consumer usage and reasons for using dietary supplements: Report of a
series of surveys. J. Am. Coll. Nutr. 2014, 33, 176–182. [CrossRef]

https://doi.org/10.1136/bmjsem-2020-000935
https://www.ncbi.nlm.nih.gov/pubmed/33500785
https://doi.org/10.3389/fnut.2024.1399888
https://doi.org/10.3390/ijms24054476
https://doi.org/10.1111/ijcp.14280
https://doi.org/10.1002/mnfr.201800143
https://doi.org/10.38212/2224-6614.3454
https://doi.org/10.1016/j.foodchem.2021.131007
https://doi.org/10.1016/j.jpba.2020.113603
https://doi.org/10.3390/nu10091196
https://doi.org/10.1021/jf9027206
https://www.ncbi.nlm.nih.gov/pubmed/20025215
https://doi.org/10.3390/foods8020053
https://doi.org/10.3390/molecules25112478
https://doi.org/10.1021/jf0483873
https://doi.org/10.3390/molecules29174210
https://www.ncbi.nlm.nih.gov/pubmed/39275058
https://doi.org/10.1016/j.lwt.2021.112805
https://doi.org/10.1021/acs.jafc.3c05590
https://doi.org/10.1080/07315724.2013.875423


Metabolites 2025, 15, 266 16 of 18

20. Hauer, M.; Rossi, A.M.; Wertheim, B.C.; Kleppel, H.B.; Bea, J.W.; Funk, J.L. Dietary Supplement Use in Women Diagnosed with
Breast Cancer. J. Nutr. 2023, 153, 301–311. [CrossRef]

21. Khanizadeh, F.; Rahmani, A.; Asadollahi, K.; Ahmadi, M.R.H. Combination therapy of curcumin and alendronate modulates
bone turnover markers and enhances bone mineral density in postmenopausal women with osteoporosis. Arch. Endocrinol. Metab.
2018, 62, 438–445. [CrossRef] [PubMed]

22. Han, P.; Liu, X.; He, J.; Han, L.; Li, J. Overview of mechanisms and novel therapies on rheumatoid arthritis from a cellular
perspective. Front. Immunol. 2024, 15, 1461756. [CrossRef]

23. Pang, L.; Gan, C.; Xu, J.; Jia, Y.; Chai, J.; Huang, R.; Li, A.; Ge, H.; Yu, S.; Cheng, H. Bone Metastasis of Breast Cancer: Molecular
Mechanisms and Therapeutic Strategies. Cancers 2022, 14, 5727. [CrossRef] [PubMed]

24. Osteoporosis: Nonclinical Evaluation of Drugs Intended for Treatment Guidance for Industry. Available online: https://www.
fda.gov/media/129899/download (accessed on 28 March 2025).

25. Kuszak, A.J.; Hopp, D.C.; Williamson, J.S.; Betz, J.M.; Sorkin, B.C. Approaches by the US National Institutes of Health to support
rigorous scientific research on dietary supplements and natural products. Drug Test. Anal. 2016, 8, 413–417. [CrossRef] [PubMed]

26. Funk, J.L.; Oyarzo, J.N.; Frye, J.B.; Chen, G.; Lantz, R.C.; Jolad, S.D.; Sólyom, A.M.; Timmermann, B.N. Turmeric extracts
containing curcuminoids prevent experimental rheumatoid arthritis. J. Nat. Prod. 2006, 69, 351–355. [CrossRef]

27. Antony, B.; Merina, B.; Iyer, V.S.; Judy, N.; Lennertz, K.; Joyal, S. A Pilot Cross-Over Study to Evaluate Human Oral Bioavailability
of BCM-95CG (Biocurcumax), A Novel Bioenhanced Preparation of Curcumin. Indian J. Pharm. Sci. 2008, 70, 445–449. [CrossRef]

28. Yue, G.G.; Cheng, S.W.; Yu, H.; Xu, Z.S.; Lee, J.K.; Hon, P.M.; Lee, M.Y.; Kennelly, E.J.; Deng, G.; Yeung, S.K.; et al. The role of
turmerones on curcumin transportation and P-glycoprotein activities in intestinal Caco-2 cells. J. Med. Food 2012, 15, 242–252.
[CrossRef]

29. Hegde, M.; Girisa, S.; BharathwajChetty, B.; Vishwa, R.; Kunnumakkara, A.B. Curcumin Formulations for Better Bioavailability:
What We Learned from Clinical Trials Thus Far? ACS Omega 2023, 8, 10713–10746. [CrossRef]

30. Nasef, N.A.; Loveday, S.M.; Golding, M.; Martins, R.N.; Shah, T.M.; Clarke, M.; Coad, J.; Moughan, P.J.; Garg, M.L.; Singh, H.
Food matrix and co-presence of turmeric compounds influence bioavailability of curcumin in healthy humans. Food Funct. 2019,
10, 4584–4592. [CrossRef]

31. Panda, S.K.; Nirvanashetty, S.; Missamma, M.; Jackson-Michel, S. The enhanced bioavailability of free curcumin and bioactive-
metabolite tetrahydrocurcumin from a dispersible, oleoresin-based turmeric formulation. Medicine 2021, 100, e26601. [CrossRef]

32. Tabanelli, R.; Brogi, S.; Calderone, V. Improving Curcumin Bioavailability: Current Strategies and Future Perspectives. Pharmaceu-
tics 2021, 13, 1715. [CrossRef] [PubMed]

33. AALAS position statement on the humane care and use of laboratory animals. Comp. Med. 2007, 57, 413.
34. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,

and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]
35. Funk, J.L.; Chen, J.; Downey, K.J.; Davee, S.M.; Stafford, G. Blockade of parathyroid hormone-related protein prevents joint

destruction and granuloma formation in streptococcal cell wall-induced arthritis. Arthritis Rheum. 2003, 48, 1721–1731. [CrossRef]
36. Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic. Clin. Pharm. 2016, 7, 27–31.

[CrossRef]
37. Wang, S.X.; Cherian, A.; Dumitriu, M.; Grynpas, M.D.; Carran, J.; Wainman, D.; Anastassiades, T. Disease modifying effects of

N-butyryl glucosamine in a streptococcal cell wall induced arthritis model in rats. J. Rheumatol. 2007, 34, 712–720.
38. Wright, L.E.; Frye, J.B.; Lukefahr, A.L.; Timmermann, B.N.; Mohammad, K.S.; Guise, T.A.; Funk, J.L. Curcuminoids block TGF-β

signaling in human breast cancer cells and limit osteolysis in a murine model of breast cancer bone metastasis. J. Nat. Prod. 2013,
76, 316–321. [CrossRef]

39. Regan, J.N.; Trivedi, T.; Guise, T.A.; Waning, D.L. The Role of TGFbeta in Bone-Muscle Crosstalk. Curr. Osteoporos. Rep. 2017, 15,
18–23. [CrossRef]

40. Kunihiro, A.G.; Luis, P.B.; Brickey, J.A.; Frye, J.B.; Chow, H.S.; Schneider, C.; Funk, J.L. Beta-Glucuronidase Catalyzes Deconjuga-
tion and Activation of Curcumin-Glucuronide in Bone. J. Nat. Prod. 2019, 82, 500–509. [CrossRef]

41. Wright, L.E.; Frye, J.B.; Timmermann, B.N.; Funk, J.L. Protection of trabecular bone in ovariectomized rats by turmeric (Curcuma
longa L.) is dependent on extract composition. J. Agric. Food Chem. 2010, 58, 9498–9504. [CrossRef]

42. Funk, J.L.; Frye, J.B.; Davis-Gorman, G.; Spera, A.L.; Bernas, M.J.; Witte, M.H.; Weinand, M.E.; Timmermann, B.N.; McDonagh,
P.F.; Ritter, L. Curcuminoids limit neutrophil-mediated reperfusion injury in experimental stroke by targeting the endothelium.
Microcirculation 2013, 20, 544–554. [CrossRef] [PubMed]

43. Funk, J.L.; Frye, J.B.; Oyarzo, J.N.; Kuscuoglu, N.; Wilson, J.; McCaffrey, G.; Stafford, G.; Chen, G.; Lantz, R.C.; Jolad, S.D.; et al.
Efficacy and mechanism of action of turmeric supplements in the treatment of experimental arthritis. Arthritis Rheum. 2006,
54, 3452–3464. [CrossRef]

44. Collin-Osdoby, P.; Yu, X.; Zheng, H.; Osdoby, P. RANKL-mediated osteoclast formation from murine RAW 264.7 cells. Methods
Mol. Med. 2003, 80, 153–166. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tjnut.2022.12.007
https://doi.org/10.20945/2359-3997000000060
https://www.ncbi.nlm.nih.gov/pubmed/30304108
https://doi.org/10.3389/fimmu.2024.1461756
https://doi.org/10.3390/cancers14235727
https://www.ncbi.nlm.nih.gov/pubmed/36497209
https://www.fda.gov/media/129899/download
https://www.fda.gov/media/129899/download
https://doi.org/10.1002/dta.1931
https://www.ncbi.nlm.nih.gov/pubmed/26768111
https://doi.org/10.1021/np050327j
https://doi.org/10.4103/0250-474X.44591
https://doi.org/10.1089/jmf.2011.1845
https://doi.org/10.1021/acsomega.2c07326
https://doi.org/10.1039/C9FO01063G
https://doi.org/10.1097/MD.0000000000026601
https://doi.org/10.3390/pharmaceutics13101715
https://www.ncbi.nlm.nih.gov/pubmed/34684008
https://doi.org/10.3758/bf03193146
https://www.ncbi.nlm.nih.gov/pubmed/17695343
https://doi.org/10.1002/art.10985
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1021/np300663v
https://doi.org/10.1007/s11914-017-0344-5
https://doi.org/10.1021/acs.jnatprod.8b00873
https://doi.org/10.1021/jf101873f
https://doi.org/10.1111/micc.12054
https://www.ncbi.nlm.nih.gov/pubmed/23464666
https://doi.org/10.1002/art.22180
https://doi.org/10.1385/1-59259-366-6:153
https://www.ncbi.nlm.nih.gov/pubmed/12728717


Metabolites 2025, 15, 266 17 of 18

45. Silva, D.; Silva, M.V.D.; Barros, C.C.O.; Alexandre, P.B.D.; Timóteo, R.P.; Catarino, J.S.; Sales-Campos, H.; Machado, J.R.; Rodrigues,
D.B.R.; Oliveira, C.J.; et al. TNF-α blockade impairs in vitro tuberculous granuloma formation and down modulate Th1, Th17
and Treg cytokines. PLoS ONE 2018, 13, e0194430. [CrossRef]

46. Vázquez-Del Mercado, M.; Nuñez-Atahualpa, L.; Figueroa-Sánchez, M.; Gómez-Bañuelos, E.; Rocha-Muñoz, A.D.; Martín-
Márquez, B.T.; Corona-Sanchez, E.G.; Martínez-García, E.A.; Macias-Reyes, H.; Gonzalez-Lopez, L.; et al. Serum Levels of
Anticyclic Citrullinated Peptide Antibodies, Interleukin-6, Tumor Necrosis Factor-α, and C-Reactive Protein Are Associated with
Increased Carotid Intima-Media Thickness: A Cross-Sectional Analysis of a Cohort of Rheumatoid Arthritis Patients without
Cardiovascular Risk Factors. BioMed Res. Int. 2015, 2015, 342649.

47. Zhou, H.H.; Tang, Y.L.; Xu, T.H.; Cheng, B. C-reactive protein: Structure, function, regulation, and role in clinical diseases. Front.
Immunol. 2024, 15, 1425168. [CrossRef]

48. McCoy, J.M.; Wicks, J.R.; Audoly, L.P. The role of prostaglandin E2 receptors in the pathogenesis of rheumatoid arthritis. J. Clin.
Investig. 2002, 110, 651–658. [CrossRef]

49. Goldring, S.R.; Gravallese, E.M. Pathogenesis of bone lesions in rheumatoid arthritis. Curr. Rheumatol. Rep. 2002, 4, 226–231.
[CrossRef]

50. Yoshida, T.; Sakamoto, H.; Horiuchi, T.; Yamamoto, S.; Suematsu, A.; Oda, H.; Koshihara, Y. Involvement of prostaglandin E(2) in
interleukin-1alpha-induced parathyroid hormone-related peptide production in synovial fibroblasts of patients with rheumatoid
arthritis. J. Clin. Endocrinol. Metab. 2001, 86, 3272–3278. [CrossRef]

51. Elson, A.; Anuj, A.; Barnea-Zohar, M.; Reuven, N. The origins and formation of bone-resorbing osteoclasts. Bone 2022, 164, 116538.
[CrossRef]

52. Yasuda, H. Discovery of the RANKL/RANK/OPG system. J. Bone Miner. Metab. 2021, 39, 2–11. [CrossRef] [PubMed]
53. Johnson, R.W.; Rhoades, J.; Martin, T.J. Parathyroid hormone-related protein in breast cancer bone metastasis. Vitam. Horm. 2022,

120, 215–230. [CrossRef]
54. Eastell, R.; O’Neill, T.W.; Hofbauer, L.C.; Langdahl, B.; Reid, I.R.; Gold, D.T.; Cummings, S.R. Postmenopausal osteoporosis. Nat.

Rev. Dis. Primers 2016, 2, 16069. [CrossRef] [PubMed]
55. Beutler, J.A. Natural Products as a Foundation for Drug Discovery. Curr. Protoc. Pharmacol. 2019, 86, e67. [CrossRef]
56. Butnariu, M.; Quispe, C.; Herrera-Bravo, J.; Pentea, M.; Sarac, I.; Küşümler, A.S.; Özçelik, B.; Painuli, S.; Semwal, P.; Imran, M.;
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