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Role of Curcumin in Common Musculoskeletal
Disorders: a Review of Current Laboratory,
Translational, and Clinical Data
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The Indian spice turmeric, in which the active and dominant biomolecule is curcumin, has been demonstrated to have
significant medicinal properties, including anti-inflammatory and anti-neoplastic effects. This promise is potentially very
applicable to musculoskeletal disorders, which are common causes of physician visits worldwide. Research at the
laboratory, translational and clinical levels that supports the use of curcumin for various musculoskeletal disorders,
such as osteoarthritis, osteoporosis, musculocartilaginous disorders, and sarcoma is here in comprehensively
summarized. Though more phase I|-lll trials are clearly needed, thus far the existing data show that curcumin can
indeed potentially be useful in treatment of the hundreds of millions worldwide who are afflicted by these musculo-

skeletal disorders.
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Background
M usculoskeletal conditions are substantial causes of loss of
productivity and disability in all countries and econo-
mies. In the USA alone, an estimated 30% of American adults
are affected by joint pain, swelling or limitation of movement'.
In 2010, US-Americans made 63 million visits to office-based
orthopedic surgeons, a number that would likely be much
higher if visits to primary care physicians with musculoskeletal
issues were included®. Arthritis, osteoporosis, musculocar-
tilaginous injury and acute fractures are some of the common-
est reasons for US-Americans visiting orthopedic physicians’.
Additionally, although much rarer, orthopedic cancers are
important to consider because these musculoskeletal issues can
be fatal.

Non-operative management is the initial, if not primary
treatment modality, for the majority of musculoskeletal
complaints. The Centers for Disease Control have shown that
acetaminophen and non-steroidal anti-inflammatory drugs

(NSAIDs) are prescribed in half of orthopedic visits®. Use of
these medications is limited by adverse effects in the gastroin-
testinal tract and kidney that can decrease patient compliance.
For the much rarer orthopedic cancers, a combination of
surgery, radiotherapy, and chemotherapy are first-line treat-
ments. Chemoradiotherapy has numerous adverse effects
because of its effects on other rapidly dividing cells in the bone
marrow, skin and gastrointestinal tract. In light of the wide
variety of common musculoskeletal conditions, a low-cost and
efficacious pharmacologic compound with minimal side
effects would be an important tool in the arsenal of patients
and physicians alike.

Curcumin is an herbal compound that reportedly has
potential benefit in a variety of orthopedic issues ranging from
the common complaints to rarer sarcomas. The compound is
a yellow extract of turmeric, which has ties to the Indian
subcontinent where it has applications in customs, medicine,
religious rituals and cuisines. Curcumin’s numerous effects
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include decreasing concentrations of low-density lipoprotein
cholesterol, inhibiting platelet aggregation, reducing risk of
thrombosis and myocardial infarction, controlling blood
glucose, inhibiting HIV replication, protecting against cata-
racts and hepatoprotective effects®. It inhibits multiple pro-
cesses in inflammatory cell proliferation, invasion, and
angiogenesis, which gives it therapeutic potential in many
musculoskeletal disorders with a significant inflammatory
component. Moreover, it enhances natural cell apoptotic
mechanisms in cells, which is potentially useful for cancer
therapy. Curcumin effects these changes by interfering with
gene expression, protein kinases, transcription factors, and
enzymes involved in multiple steps of the nuclear factor
K-light-chain-enhancer of activated B-cells (NF-xB), activator
protein (AP)-1, and mitogen-activated protein kinase path-
ways, to name a few>®. This review article will summarize the
current available molecular, translational, and clinical research
on use of curcumin specifically for musculoskeletal disorders
such as arthritis, osteoporosis, musculocartilaginous disorders
and sarcoma.

Methods

e conducted a comprehensive search of published

English-language original research papers using the
PubMed database. Keywords included combinations of the fol-
lowing: curcumin, turmeric and diferuloylmethane; and the fol-
lowing: orthopedic, joint, muscle, bone, cartilage, tendon,
ligament, rheumatology, joint, sarcoma, osteoporosis and muscu-
loskeletal. We excluded commentaries, editorials and articles
that did not directly assess effects of curcumin. We completed
all searches by May 2015. With the aim of searching compre-
hensively yet prioritizing recent data, we primarily searched for
articles from 2000-2015 and, after screening for appropriate-
ness, sought to primarily include most data from 2005-2015 in
this review paper. Our searches resulted in 176 articles that met
the aforementioned criteria; after removing redundant articles
and articles with overlapping information, articles examining
effects beyond the scope of this review, and adding non-
curcumin-related articles for other citation purposes in this
review (e.g. basic epidemiological studies of osteoarthritis), we
have cited 85 articles.

Osteoarthritis
O steoarthritis (OA) is a progressive, degenerative disease of
joints involving the articular cartilage, subchondral bone,
and synovium; joints in the fingers, hips, knees, and spine are
most frequently affected’. In 2005, OA affected 13.9% of adults
aged 25 years and older and 33.6% of adults aged over 65 years
in the USA®. OA is associated with substantial morbidity and
economic costs. OA of the knee is one of the five leading causes
of disability among non-institutionalized adults’. Job-related
costs of OA are $3.4 to $13.2 billion per year, and in 2009,
hospital expenditures for total knee and hip replacements were
estimated to be $28.5 billion and $13.7 billion, respectively'®'".
Despite the high prevalence, morbidity, and healthcare
costs of OA, current treatments cannot stop disease progres-

CURCUMIN FOR MUSCULOSKELETAL DISORDERS

sion. The major classes of drugs currently used include acet-
aminophen, NSAIDs and intra-articular glucocorticoids. The
primary benefit of acetaminophen for OA patients is its anal-
gesic effect; this drug does not control the inflammatory
process. However, NSAIDs and glucocorticoids do have anti-
inflammatory properties. NSAIDs reversibly inhibit the cyclo-
oxygenase (COX) enzymes, COX-1 and COX-2. COX-2
inhibition reduces production of prostaglandins (PG), includ-
ing PGE2 and PGI2, which contribute to inflammation by
promoting vasodilation and increasing vascular permeability.
Glucocorticoids exert their anti-inflammatory effects primar-
ily by inhibiting key transcriptional factors such as AP-1 and
NF-«B, which are responsible for production of a number of
cytokines including interleukin (IL)-1f, IL-2, IL-6 and IL-8".

Laboratory Data

Curcumin has notable advantages over NSAIDs and glucocor-
ticoids. Unlike NSAIDs, curcumin selectively inhibits COX-2
but not COX-1". By inhibiting COX-1, NSAIDs reduce secre-
tion of the protective mucus layer in the stomach and can cause
clinically apparent adverse gastrointestinal effects such as
peptic ulcers and subsequent risk of bleeding and perforation.
The adverse gastrointestinal effects are especially significant for
OA patients because these patients are often on lifelong treat-
ment, which can result in a compounding of gastrointestinal
mucosal damage. The absence of adverse gastrointestinal
effects with curcumin treatment could be particularly benefi-
cial in patients with history of ulcers and/or in those taking
oral or subcutaneous anticoagulants. Regarding glucocorti-
coids, curcumin’s suppression of matrix metalloproteinases
(MMPs) that normally degrade the extracellular matrix
(ECM) may clinically mean greater protection of the ECM and
less abrupt catabolism of the joints’ mesenchymal matrix'.
Whether this results in clinically greater preservation of joint
micro- (and macro-) architecture remains to be seen.

Recent evidence from several in vitro studies suggests
that curcumin is an effective therapeutic option for OA
because it targets a number of pathways that are central to
disease pathogenesis. First, curcumin can mitigate the inflam-
matory process by decreasing synthesis of inflammatory
mediators such as IL-6, IL-8 and PGE2". Furthermore,
curcumin reduces amounts of PGs, leukotrienes and
thromboxanes through inhibition of phospholipase A,,
cyclooxygenase-2 and 5-lipooxygenase'®"”. Second, curcumin
can inhibit proliferation of synoviocytes, which are responsible
for producing the inflammatory mediators that result in tissue
destruction in subjects with OA'®', Third, curcumin can
reduce reactive oxygen and nitrogen species formation in
neutrophils'®?!; reactive oxygen and nitrogen species can lead
to cartilage degradation and depolymerization of hyaluronan,
which can eventually lead to joint erosion*”. Fourth,
curcumin possesses anti-catabolic activity. MMPs secreted by
chondrocytes in response to IL-1f and oncostatin M catabolize
the ECM in joints*. By inhibiting the AP-1 pathway and
NF-kB activation, curcumin suppresses gene expression of a
number of MMPs such as MMP-1, MMP-3, MMP-9 and
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MMP-13, preserving the integrity of the joint matrix'>** 2.

Thus, curcumin’s potential for treatment of OA is supported
by its action at the biochemical, molecular and cellular levels.
These encouraging data have prompted translational and clini-
cal studies as discussed subsequently.

Translational Data

Translational studies in animals have corroborated the benefi-
cial effects of curcumin in OA. A study in mice with collagen-
induced arthritis by Moon et al. showed that following
intraperitoneal injection of curcumin every other day for 2
weeks, proliferation of splenic T cells, expression of tumor
necrosis factor (TNF)-o and IL-1P in the ankle joint, and
serum immunoglobulin concentrations were downregulated
compared with non-curcumin-treated mice®. Another study
by Colitti et al. compared transcriptomes in peripheral white
blood cells in OA-affected dogs prior to and following treat-
ment with curcumin or NSAIDs?. Following oral treatment
with curcumin in a phytosome preparation (CurcuVET;
Thorne Research, Dover, ID, USA) for 20 days, a variety of
anti-inflammatory changes were noted, including decreased
macrophage proliferation, decreased IL-18 and TNF-o pro-
duction, and inhibition of the inflammatory transcription
factor NF-kB**. Furthermore, some of the aforementioned
endpoints were affected only by curcumin and not by NSAIDs,
suggesting that curcumin acts on more inflammatory path-
ways than do NSAIDs alone. Another key point of these
reports is that the administration of curcumin can decrease
inflammatory molecule levels in the synovium in vivo. Though
the blood supply to joints and tendons/ligaments is not as
liberal as to muscle or bone, the presence of decreased amounts
of ILs in joints indicates that downstream targets of curcumin
are indeed being affected at the appropriate locations (i.e., the
locations of disease pathology).

Clinical Data

The few published clinical studies assessing treatment of OA
with curcumin have shown promising results. A randomized,
double-blind, placebo-controlled trial from Iran showed
curcuminoid-receiving patients had significantly lower scores
on the Western Ontario and McMaster Universities Osteoar-
thritis Index (WOMAC) and Lequesne’s pain functional index
than patients receiving a placebo. WOMAC scores more spe-
cifically reflect changes in pain, physical function and stiff-
ness’’. Two studies by Belcaro ef al. have demonstrated the
clinical efficacy and safety of Meriva (Thorne Research), a
phosphatidylcholine complex with curcumin that is designed
to enhance the latter’s oral bioavailability’. The first study,
which was a short-term product registry study, showed that the
group receiving Meriva had improvements in pain sensation,
joint stiffness and physical function according to their
WOMAC scores®. The second study aimed to assess the long-
term efficacy and safety of Meriva in subjects with OA. In this
study, subjects in both the control group, which was defined as
the “best available treatment” and treatment group, which was
the “best available treatment plus Meriva” could medicate with
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NSAIDs during the study to control their pain if needed. These
authors found that the treatment group had improvements in
pain, stiffness and physical function according to their
WOMAC scores, improved Karnofsky performance scores, and
statistically significant reductions in serum concentrations of
sCD40L, IL-1B, IL-6 and sV cell adhesion molecule-1 and in
erythrocyte sedimentation rate*. Additionally, the treatment
group had a 63.4% decrease in use of NSAIDs and painkillers
compared with 8% in the control group and a 63.5% decrease
in management costs compared with 3.7% in the control
group. Together with previous studies showing that curcumin
acts on more inflammatory pathways than does NSAIDs, this
study confirmed clinically that curcumin can be substituted for
NSAIDs, which is a potential boon for patients who are intol-
erant of NSAIDs because of adverse gastrointestinal and renal
effects or simply wish to take more natural medications.

Both the trial in Iran and the Meriva study showed
improvements in pain and physical scores; however, only the
Meriva study showed improvements in stiffness scores on the
WOMAC scale. One possible explanation for this discrepancy
is that the larger sample size in the Meriva study (n = 50 for
treatment and n = 50 for control) compared with the study in
Iran (n = 27 for treatment and » = 26 for placebo) could have
more accurately captured the effects of the cucurmin-based
product. Another possible explanation is that the oral
bioavailability of curcumin administered with Meriva is
greater. These two studies used different strategies to
enhance bioavailability. In the Iranian study, curcumin was
co-administered with piperine, whereas in Meriva curcumin is
complexed with a phospholipid. The successes of these clinical
trials prompts the question of how much clinical benefit is
obtained by conjugating curcumin with bioavailability-
enhancing formulations. It would certainly change physician
management if it was proved that curcumin given alone
confers a significantly smaller clinical benefit in subjects with
OA than bioavailability-enhancing formulations.

The positive outcomes of the clinical trials suggest that
curcumin is an effective therapeutic agent for OA. Future
studies should investigate combinations of curcumin with
other drugs such as glucocorticoids or NSAIDs. As mentioned
above, mechanisms of action studied in vitro suggest that glu-
cocorticoids and curcumin may have a synergistic effect. Addi-
tionally, alternative mechanisms for enhancing curcumin
bioavailability should be considered. These could includes
co-administration with other substances, complexing
curcumin with other molecules, making chemical modifica-
tions that do not reduce the intended clinical effects and using
alternative routes of administration such as intra-articular
injection or sublingual administration. Measuring serum or
synovial fluid concentrations of curcumin and correlating
these with clinical outcomes would also be fruitful.

Additionally, future patient research should seek to
ascertain whether curcumin can prevent the development of
OA or whether it simply inhibits progression. To this end,
curcumin would ideally be tested not only in patients with OA
but also in symptom-free subjects at high risk of developing
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OA (e.g. with risk factors such as obesity). It is hence important
to begin questioning which stage(s) of OA curcumin benefits,
and specifically at which stage maximal symptomatic benefit is
attained. Other key future goals should be to delineate the
patient characteristics associated with most benefits from
prophylactic curcumin administration and to determine
whether certain OA risk factors (e.g. diabetes mellitus, other
rheumatological diseases) are more able to be modified by
prophylactic curcumin therapy than others.

Osteoporosis
B one growth and destruction are physiologic processes. An
equilibrium is established between osteoclasts, which
resorb bone, and osteoblasts, which build bone. In osteoporo-
sis, this equilibrium is disturbed because of inadequate peak
bone mass, excessive bone resorption or inadequate formation
of new bone during remodeling. The pathogenesis involves the
final common pathway that leads to increased osteoclast
activation-ligand for the receptor activator of NF-xB
(RANKL), which is expressed by osteoblasts and interacts with
RANK to activate differentiation of progenitors into osteo-
clasts and maintain osteoclast function. This pathway is nor-
mally antagonized by osteoprotegerin, which is a decoy
receptor. The Wnt signaling pathway also antagonizes this
process by playing a crucial role in osteoblast growth and
differentiation, this role involving an interaction between
the canonical B-catenin pathway and bone morphogenic
protein-2. Of note, specific defects in the production or activity
of local and systemic growth factors such as insulin-like
growth factor-1 and transforming growth factor-f can con-
tribute to impaired bone formation. Nitric oxide (NO) may
inhibit bone resorption, possibly through osteoprotegerin
interaction, whereas PGE, predominantly stimulates bone
turnover”.

Laboratory Data

Curcumin can improve multiple aspects of bone health in
subjects with osteoporosis by acting on multiple steps in
the activation and differentiation of osteoclasts, improving
mineral density and mechanical properties. Mechanisms that
have been proposed include inhibition of NF-xB, RANKL, NO
production, generation of reactive oxygen species and inflam-
matory cytokine synthesis®*. Through these mechanisms,
curcumin can decrease osteoclast number, differentiation and
activation. This makes curcumin an attractive means of shift-
ing the balance between osteoblast and osteoclast activity in
selected patients with an imbalance, such as those with osteo-
porosis. The next question now being investigated in animal
studies is whether the changes in chemical mediators and
osteoclast—osteoblast balance seen in the laboratory are mani-
fested in gross improvements in indicators of bone health,
physical strength and functional mobility.

Translational Data
Translational research studies have demonstrated that
curcumin administration can lead to improvements in indica-
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tors of bone health and mechanical properties of bone and
favorable changes in the structure of the bony matrix. They
have shown that curcumin administration can reverse osteo-
porotic change, as indicated by achieving bone mineral density
less than 2.5 standard deviations below the mean peak bone
mass as measured by dual-energy X-ray absorptiometry. In
one study, administration of oral curcumin to mice led to
increases in trabecular bone mass in metaphyses and improved
bone mineral density. The same study showed that curcumin
was able to reverse the reduced osteoblast counts, increased
osteoclast counts and increased eroded surface area in oopho-
rectomized rats*. In non-oophorectomized rats (with normal
estrogen concentrations), curcumin decreased serum estradiol
concentrations and slightly increased cancellous bone forma-
tion. However, the authors also noted that curcumin slightly
improved some bone histomorphometric variables, but did
not improve bone mineralization or mechanical properties in
oophorectomized rats with low estrogen concentrations®.
Thus, the precise relationship between curcumin and estrogen,
which is ambiguous at present, needs to be better elucidated.
Further translational research should also investigate whether
slight structural modifications to curcumin may enable it
to further improve bone structural and mechanical properties
by an estrogen-independent mechanism. Moreover, future
research should also assess the effect on bone health of
co-administering curcumin with an estrogen agonist or selec-
tive agonist. Taken together, answering such questions could
help to assess more fully whether pre- and post-menopausal
women at risk of osteoporosis should be treated differently if
taking curcumin supplements.

Clinical Data

There are very few clinical studies in humans investigating
curcumin’s effects on osteoporosis. Because osteoporosis is
asymptomatic and does not directly lead to mortality, clinical
research may need to focus on fracture risk. Osteoporosis
increases risk of fractures, which can cause debilitating symp-
toms and indirectly increase risk of mortality. Pilot clinical trial
designs, for example, could start with simple administration of
curcumin to a cohort of healthy or high-risk patients and
measure bone density radiologically after prolonged adminis-
tration of curcumin.

Cartilaginous Disease

Ithough injuries to cartilage, menisci, tendons and liga-

ments are common reasons for patients visiting orthope-
dic surgeons, the role of curcumin in these areas has not been
well studied. Research, although scarce, has primarily focused
on tendons and ligaments. The pathogenesis of tendinitis and
tendinopathy involves the same inflammatory mediators:
IL-1PB and NF-kB. Curcumin can suppress these processes in
human tenocytes in vitro*. Nevertheless, the effectiveness of
curcumin for treating injuries to these tissues needs to be
evaluated, even at the cellular and molecular levels. For liga-
ments specifically, co-administration with other agents, such as
growth factors, may be beneficial. While curcumin may not
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have specific benefits in treating cartilage, meniscus, tendon
and ligament injuries, its analgesic and anti-inflammatory
properties may facilitate post-operative repairs of these tissues.
Injury to ligaments such as the anterior cruciate and medial
collateral ligaments, and to menisci, have the potential for very
high-volume trials given the ubiquitousness of such injuries in
sports medicine. It is important to consider delivery of
curcumin in vivo to these tissues. Because of their tenuous
blood supply, oral administration might not be effective. Other
options like intra-articular injection could be considered.
Additionally, trials comparing intra-articular administration
of curcumin with steroid injections are warranted, as are trials
examining the optimal time course of curcumin treatment
during the often-lengthy rehabilitation for some ligament
tears; functional tests measuring strength and kinetic variables
such as hop testing are common outcome measures that can be
simply assessed. Additionally, it may be of interest to quantitate
use of NSAIDs and other medications, especially in light of the
often-aggressive orthopedic rehabilitation for cartilaginous
injuries.

Skeletal Muscle Pathology

Laboratory Data

Initial studies of curcumin’s ability to treat skeletal muscle
atrophy have been inconclusive. Atrophy of skeletal muscle
has a number of different causes and it appears that
curcumin’s beneficial effect is dependent on the cause.
Curcumin appears to prevent sepsis-induced muscle wasting
by inhibiting NF-xB and p38 kinase activity, oxygen radical
scavenging, and induction of a heat response; however, all of
these mechanisms are not necessarily used”. While some
studies have shown that curcumin exhibits protective effects
against muscle wasting, the study described below did not
show positive outcomes for treating atrophy induced by pro-
longed unloading, which is clinically seen in paralyzed
patients or those with immobilized limb(s) following a frac-
ture. The study showed that mice whose hindlimb muscles
had been unloaded for 11 days, lost 51%—53% of soleus
muscle weight and cross-sectional area relative to freely-
ambulating controls®. It is known that NF-kB activity
increases following hindlimb unloading, leading to skeletal
muscle breakdown®. Because curcumin inhibits NF-kB, it was
postulated that curcumin could prevent atrophy. However,
curcumin neither reduced NF-xB activity nor prevented
atrophy. One possible reason is suggested by a prior study in
which unloading-induced NF-xB activation seemed not to be
triggered by the classical pathway, which is known to be the
dominant target of curcumin inhibition®. The finding that
curcumin reduced NF-kB activity in peripheral tissues in the
ambulatory animals further supports this possibility.

It is not clear why curcumin’s efficacy in preventing
skeletal muscle atrophy is variable. One possibility is that dif-
ferent underlying conditions such as sepsis, cancer and pro-
longed unloading elicit different molecular pathways, all of
which converge on the common outcome of muscle atrophy. If

CURCUMIN FOR MUSCULOSKELETAL DISORDERS

this is the case, the molecular mechanisms that induce atrophy
in each condition need to be further characterized. Another
possibility is that the amount of curcumin in the muscle may
impact its efficacy and the specific molecular pathways it
inhibits. Measurement of amounts of curcumin in skeletal
muscle and changes in efficacy with alternative routes of
administration, such as i.m. injection, should be considered.
Taken together, the available studies in muscle atrophy suggest
that curcumin treatment is beneficial in certain cases, the
nature of which is as yet undetermined.

Translational Data

Curcumin appears to improve exercise-induced muscle fiber
damage, inflammation and muscle soreness. Davis et al.
studied changes in running performance and molecular
markers of inflammation and muscle damage in mice follow-
ing uphill and downhill running, with or without curcumin
administration. They found that oral administration of
curcumin to mice for 3 days prior to exercise reduced fatigue,
increased subsequent running distance, reduced plasma cre-
atine kinase concentrations, and blunted increases in IL-1[3,
IL-6 and TNF-o in the soleus muscle following downbhill
running only. The greatest improvement was seen in downhill
running, possibly because eccentric contractions have been
shown to produce the most damage and delayed-onset muscle
soreness”.

These data show that curcumin is potentially an effective
agent for clinically reducing muscle soreness and improving
recovery times following intense exercise. Curcumin use for
this indication may be especially beneficial for athletes and
military personnel, who are at higher risk of this type of
muscle injury. These individuals may be able to take curcumin
prophylactically prior to exercise to enhance recovery and
prevent excessive damage. Curcumin may also be a much
better long-term solution for pain and inflammation reduc-
tion than NSAIDs, because of the aforementioned adverse
effects of the latter. Clinical studies should follow to determine
whether similar improvements occur in humans. Though
i.m. injections may not be feasible after every exercise
period, similar studies in humans could be devised. Pre-
administration of oral curcumin prior to intensive exercise and
measuring subsequent pain/soreness could be an appropriate
first step in determining curcumin’s clinical efficacy in post-
exercise recovery.

Curcumin has anti-diabetic properties that have also
been found to modulate the glucose involved in the energy
balance of skeletal muscle cells. This is relevant in that previous
studies have established that chronic inflammation plays an
important role in metabolic disorders®. Moreover, skeletal
muscle is responsible for more than 75% of energy disposal™.
Curcumin increases insulin sensitivity by basal translocation of
glucose transporter-4 and has been said to have potential in
treating diabetes®. Curcumin has objectively been found to
decrease blood glucose concentrations and diabetes-induced
complications such as diabetic retinopathy in rats. Together,
these data suggest that curcumin may function synergistically
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with exercise and anti-diabetic agents in managing diabetes. It
is not difficult to envision a simple human study involving
administration of curcumin with a diet and exercise regimen
and periodically measuring blood glucose concentrations and
hemoglobin A1C at certain intervals.

Sarcoma

major common mechanism in the spread of cancer and

increasing of the disease burden is loss of cell cycle check-
points and apoptotic mechanisms. The cell cycle progresses
when phase-specific cyclins bind to cyclin-dependent kinase
proteins. Tumor suppressor proteins such as p53 and Rb serve
as checkpoints that prevent automatic progression of the cell
cycle. When healthy cells undergo transformation into cancer-
ous cells, apoptosis is the mechanism that destroys them. In the
intrinsic pathway of apoptosis, changes in proportions of anti-
apoptotic factors, such as B-cell lymphoma 2 regulator protein,
and pro-apoptotic factors, such as Bax, lead to increased mito-
chondrial permeability and release of cytochrome C. In the
extrinsic pathway, Fas-L binds to Fas-R to form a multi-protein
death-inducing signaling complex. In both cases, caspases are
end-effectors of the process™. Curcumin has been shown to be
effective in multiple steps of this process, increasing apoptosis
in cancerous cells.

Laboratory Data

Several studies in osteosarcoma have reported molecular evi-
dence that supports enhancement of apoptosis by curcumin.
Chang et al. showed that high concentrations of curcumin
increase the concentration of reactive oxygen species, induce
release of cytochrome C, activate the end-effector caspase-3
and decrease expression of cyclins and cyclin-dependent
kinases®. Another study added to these findings by demon-
strating that curcumin promotes cleavage of specific
procaspases, expression of the proapoptotic factors Fas, Bax
and p53, expression of the DNA repair protein poly-ADP-
ribose polymerase and downregulation of the antiapoptotic
proteins Bid and B-cell lymphoma 2 regulator protein®. Taken
together, these findings show that curcumin works on all of
the major steps that mediate apoptosis. Curcumin decreases
expression of cyclins that promote advancement in the cell
cycle, increases the ratio of pro-apoptotic to anti-apoptotic
proteins and activates proteases that mediate apoptosis.

This evidence has been supplemented with evidence of
apoptosis on microscopy, real-time changes in mitochondrial
membrane concentrations and assessments of the percentage
of cells in each phase of the cell cycle. A study by Jin et al. used
microscopy to assess cell shrinkage, nuclear fragmentation,
apoptotic body formation and DNA fragmentation in the pres-
ence of curcumin. A block at G,/S phase was noted, 56.3% of
cells being in G; in the curcumin group as compared with
33.7% in the control group®. Similar findings were reported by
Lee etal, who added that increasing concentrations of
curcumin led to a more pronounced block at G,/M phases than
at Gi/S”®. These studies suggest that cell cycle arrest—
fundamental inhibition of which is intimately involved in
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carcinogenesis—can be reinstated at several different phases by
curcumin. Given that pharmacologic anti-cancer agents that
affect the cell cycle are currently being developed, it could
be useful to observe any additive or synergistic effects of
curcumin.

However, for curcumin to be truly beneficial, it must
have selective cytotoxicity for osteosarcoma cells as compared
to healthy human osteoblast cells. Indeed, for concentrations
between 5-25pumol/L in 200 uL cell solution, one report
seemed to indicate that this is indeed the case. At a dose of
5 umol/L curcumin, osteosarcoma cell density decreased by a
factor of 0.6 times, whereas there was no statistically significant
decrease in numbers of healthy human osteoblast cells. At the
higher concentration of 10 pmol/L curcumin, osteosarcoma
cell density decreased 5.3-fold, still without any statistically
significant decrease in numbers of healthy human osteoblast
cells®. This fact is especially important because osteosarcoma
is a cancer of childhood and adolescence. Effective therapy
would ideally target the rapidly proliferating cancerous cells
and not the rapidly proliferating osteoblast cells that are
involved in healthy bone growth in children.

Further research has shown that slight modifications to
the structure of curcumin can create compounds that are 6.5 to
60 times as potent in inhibiting Wnt in the Wnt/ catenin
pathway of osteosarcoma®’. Fossey et al. demonstrated that the
curcumin analog FLLL32 is more efficient than cucurmin itself
at inhibiting the protein STAT3, and thus inducing apoptosis,
in osteosarcoma cells®>*. Ravindran et al. investigated whether
chemical alterations in the hydroxyl, methoxy and phenyl
groups of curcumin altered the activity of the compound, and
found that various chemical manipulations did enhance
curcumin’s anti-inflammatory activity and increase its anti-
proliferative activity®. This is particularly interesting from a
standpoint of anti-cancer drug design; though plants are the
source of many common drugs, many currently available
drugs have been chemically modified to render them more
potent and/or specific for the target molecule of interest.
Hence, as further information on this molecule is gleaned, it is
certainly possible that candidate pharmacologic analogs of
curcumin may prove to increase potency as well as other char-
acteristics. This could in turn influence patient outcomes if
traditional curcumin doses are translated to pharmacologic
doses for human therapy.

While osteosarcoma remains the best studied malignant
bone tumor, there are also data that support curcumin for
Ewing sarcoma and chondrosarcoma. In Ewing sarcoma cell
lines, 4 umol/L of curcumin reportedly reduces cell viability by
51% and 8 umol/L of curcumin reduces cell viability by 77%,
suggesting a dose-dependent response which could be worth
exploiting pharmacologically®. Regarding Ewing sarcoma, in
the pathogenesis of which p53 mutation plays a role, curcumin
can increase the radiosensitivity of this cancer (radiosensi-
tivity is discussed below)*. Additionally, curcumin has been
observed to selectively induce apoptosis in chondrosarcoma
cells through the extrinsic death receptor pathway®. While
there is still a need for much more research evaluating



228

ORTHOPAEDIC SURGERY
VoLUME 7 - NUMBER 3 - AuGusT, 2015

curcumin in other tumors, there are data to support beneficial
effects of curcumin in all three malignant bone tumors.

Translational Data

The most common cancer of bone is a metastasis from another
organ; curcumin has also been beneficial for bone metastases.
The curcumin analog UBS-109 reportedly prevents metastasis-
induced bone loss by stimulating bone mineralization and
suppressing osteoclastogenesis in mice that have been injected
with metastatic cells®®. Thamake ef al. co-encapsulated
curcumin and the proteasome inhibitor bortezomib (which
is now used in humans in selected circumstances) in
alendronate-coated poly-lactic-co-glycolic acid particles as
therapeutic agents targeting metastatic breast cancer. Although
curcumin significant inhibited osteoclastogenic activity, there
was no synergism in the anti-osteoclastogenic activity of
curcumin and bortezomib, suggesting these agents have differ-
ent molecular pathways of action®. In prostate cancer,
curcumin can reportedly block CC motif ligand-2-mediated
effects on invasion, adhesion and motility to prevent metasta-
sis to bone”. Curcumin inhibits the ligand-stimulated
autophosphorylation of epidermal growth factor and colony
stimulating factor receptors that are crucially involved in the
development of osteomimetic properties in the C4-2B prostate
cancer cell line’!. Data on metastatic cancer suggest that
though curcumin has not been proven to provide a cure (and
may not be), it is possible that the particular tropism of some
cancers to metastasize to bone could be decreased; further-
more, if cancer has invaded bone, curcumin may decrease
osteoclast activation (see previous discussion of osteoclast
inhibition) and bone destruction, which could translate to
improvement in cancer-related pain and decrease the risks of
pathologic fracture.

A particularly important aspect of sarcoma treatment
with curcumin involves its interaction with radiotherapy
and/or chemotherapy. One of the most commonly used che-
motherapeutic drugs for sarcomas, doxorubicin, has been
shown to synergize with curcumin in liver cancer cells’’. Fur-
thermore, the most common serious adverse effect of doxoru-
bicin, cardiac toxicity, is also reportedly attenuated by
curcumin’. Additionally, curcumin has been postulated to act
as a radioprotector of normal organs and a radiosensitizer for
multiple tumor types™. Specifically, in Ewing sarcoma,
curcumin enhances radiocytotoxicity®, which in clinical terms
means that there is an overlooked aspect of use of curcumin in
conjunction with other therapies for multiple cancer types;
namely, whether a cancer’s therapeutic index (the delicate
balance between tumor cell death and normal tissue cell death)
is increased. Normally, higher doses of chemoradiation for a
given tumor mean increased killing of both tumor and normal
tissue cells. With further research on chemoradioprotection
and chemoradiosensitization mediated by curcumin, the in
vitro models of increasing chemoradiosensitization for tumors
and decreasing chemoradioprotection of normal tissue could
be validated, thus enabling maximizing of the therapeutic
index.

CURCUMIN FOR MUSCULOSKELETAL DISORDERS

Lastly, whether curcumin can act on cancer cells that are
resistant to drugs—so-called “multidrug resistant cancers”—is
an emerging area of oncological medicine. It has been postu-
lated that the presence of multidrug resistant cancers could
explain a lack or no response of tumors in general to chemo-
therapy; this phenomenon may be related to expression of the
P-glycoprotein efflux transporter, which pumps chemothera-
peutic drugs out of cancer cells”. Indeed, important recent
data have revealed that curcumin can downregulate and
inhibit this transporter both in vitro and in vivo’. Though the
data need to be corroborated by other research, this result is a
tantalizing example of the curcumin’s incredible untapped
potential. Heretofore, very little progress has been made on
therapy for multidrug resistant cancers; however, with more
data the use of curcumin could potentially open up an entire
new frontier on any pathology involving multidrug resistance,
possibly including autoimmune rheumatic diseases’”.

Practical Considerations
To better understand curcumin’s pharmacologic potential,
it is important to consider pharmacokinetic factors such
as half-life, minimal effective concentration and potential
toxic effects. The liver is the major organ in which curcumin
is metabolised, the byproducts being glucuronides of
tetrahydrocurcumin and hexahydrocurcumin. There are not
enough data to fully ascertain whether these metabolites are
more or less active than curcumin. Curcumin concentrations
can decrease quickly, reaching unquantifiable levels 3-6 hours
after feeding®. Future data to consider, particularly for bring-
ing curcumin into clinical trials, include dose-response rela-
tionships, synergy with other compounds and vehicles for drug
delivery.

Dose-response animal studies in osteoporosis suggest
that higher concentrations of curcumin have better effects.
One study has shown that, in ovariectomized rats, high doses
of curcumin (50 mg/kg) lead to greater increases in bone
mineral and cortical bone mineral densities in the fourth
lumbar vertebra 4 weeks after surgery than low dose curcumin
(10 mg/kg). High dose curcumin was associated with greater
mechanical strength than in controls, whereas low dose
curcumin was not’®, It is appropriate to question how much
this difference is due to bioavailability and how much related
to efficacy. Studies have showed that in humans, curcumin
doses of 8000-12,000 mg/day for many months are well-
tolerated with essentially no adverse effects”. We therefore rec-
ommend that clinical trials testing curcumin escalate the doses
liberally to determine what dose achieves maximal benefit with
minimal adverse effects.

It is also important to consider curcumin’s relationships
with other agents. For example, in osteoporosis curcumin and
the bisphosphonate alendronate reportedly have a synergistic
antiresorptive effect on bone remodeling and improvement in
bone mechanical strength®. Another study showed a synergis-
tic effect of adding curcumin to etidronate in ovariectomized
rats®'. These studies show that curcumin’s benefit in osteopo-
rosis is not additive, but multiplicative. Cucurmin can have
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tremendous benefit when used as a stand-alone agent, but even
more when combined with other medications.

There are also many considerations regarding
curcumin’s absorption and metabolism that are important
when considering the clinical use of curcumin. One major
impediment is bioavailability—serum concentrations are
extremely low, especially if curcumin is taken orally. In one
animal study, 10 mg/kg i.v. curcumin in rats resulted in a
plasma concentration of 0.36 pg/mL, whereas an oral dose 50
times higher resulted in a plasma concentration six times lower
at 0.06 ug/mL*. Though intravenous curcumin has not been
tested extensively in humans, there is currently no reason to
believe that i.v. administration of purified curcumin would be
detrimental. Other options based on the structure of curcumin
suggest that bioavailability increases if curcumin is in a lipo-
philic milieu, such as that provided by micelles, liposomes and
phospholipid complexes™. Hence, many clinicians instructing
their patients to take curcumin suggest mixing it with oil or a
lipophilic substance, these agents often being ingested as com-
ponents of normal meals.
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Areas that are currently being explored with the aim of
improving curcumin bioavailability include co-administration
of adjuvants that block curcumin degradation, modulation of
the route and mechanism of curcumin administration and
novel delivery strategies. Piperine, an adjuvant inhibitor of
hepatic and intestinal glucuronidation, has been shown to
increase bioavailability by 2000%™. In addition to liposomes,
micelles and phospholipid complexes, nanoparticles are also
currently being explored®. Researchers have demonstrated
that sustained drug release occurs when curcumin is embed-
ded in calcium sulfate hemihydrate based bone graft substi-
tutes®, which could be important for surgical options in which
bone grafts are used (this approach may decrease postoperative
inflammation and fibrosis).

It is easily apparent that foremost, there is a need
for clinical trials of curcumin in humans. This raises several
key questions of whom to treat for various conditions:
whether cucurmin trials should be limited to patients with
diseases or whether prophylaxis should also be investigated
(although clinical outcomes may be more difficult to assess
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Fig. 1 Diagrammatic representation of the major inflammatory and apoptotic pathways inhibited at various steps by curcumin. Red arrows
indicate inhibition and black arrows indicate stimulation. Reproduced with permission from Terlikowska et al.8% AKT, serine/threonine-specific
protein kinase; transcriptional factor; BclxL, B-cell lymphoma-extra large antiapoptotic protein; c-fos, c-fos protein, proto-oncogen; c-jun, cjun
protein, proto-oncogene; EGFR, epidermal growth factor receptor; ERK, extracellular-signal-regulated kinases; FasR, death receptor; FasL, type-Il
transmembrane protein; IAP, inhibitor of apoptosis protein family; IxB, inhibitor of kB; JAK, Janus kinase; JNK, c-jun N-terminal kinases; MEKP1,

mitogen-activated protein kinase 1; NADH, reduced nicotinamide adenine dinucleotide; NADPH, reduced nicotinamide adenine dinucleotide

phosphate; p38 MAPK, p38 mitogen-activated protein kinases; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PKC, protein kinase C;

PPAR, peroxisome proliferator-activated receptor; Rac, subfamily of the Rho family of GTPases; Raf, Raf family kinases; Ras, Ras family kinases;
STAT, signal transducer and activator of transcription protein family; TGFBR, transforming growth factor B receptor; tPA, tissue plasminogen

activator.
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with prophylactic treatments). Dosing questions always
remain, especially whether daily megadoses should be taken in
certain circumstances, or lower doses at regular intervals. The
main barrier to use of curcumin in the clinic is the lack of
clinical data; however, some clinicians use them empirically,
given they have minimal adverse effects. We sincerely encour-
age clinicians to not only assess curcumin in clinical trials, but
also to recommend oral curcumin taken with lipophilic foods
empirically to a variety of patients and assess their responses.
Thus, we could continue to move forward in treatment of
certain diseases for which there is no good therapy, let alone
cure.

CURCUMIN FOR MUSCULOSKELETAL DISORDERS

Conclusions
Curcumin is extremely useful for a large number of mus-
culoskeletal pathologies. Cellular and molecular data have
been very encouraging and led to important translational
studies in animals that have proven that curcumin does indeed
have in vivo salubrious effects. The clinical trials that have been
performed for certain conditions such as OA have also been
fruitful; however, trials for other musculoskeletal conditions
lag behind (Fig. 1). Buoyed by positive and encouraging data,
we sincerely hope that future studies on human subjects and
drug delivery will lead to curcumin being used clinically more
often for both common and serious ailments.
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