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Abstract. — Musculoskeletal disorders (MSD)
are a collection of degenerative conditions im-
pacting the body’s bones, joints, muscles, ten-
dons, ligaments, and nerves. MSDs affect ap-
proximately 1.71 billion individuals worldwide
and are a significant cause of disability. Cur-
cumin is a polyphenolic compound with anti-in-
flammatory, antioxidant, and antitumor proper-
ties. In this review, we will discuss the research
progress of structural analogs, derivatives, and
nanomaterials that can improve the bioavailabil-
ity of this natural drug. Curcumin may potential-
ly retard the progression of osteoporosis, osteo-
arthritis, and rheumatoid arthritis. These effects
may be related to curcumin’s targeting of multi-
ple signalling pathways.
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Introduction

Musculoskeletal disorders (MSD) are a group
of degenerative conditions that affect the body’s
bones, joints, muscles, tendons, ligaments, and
nerves. They result in extensive pain and in-
flammatory alterations restricting mobility, dex-
terity, and overall function. Multiple sclerosis is
a significant cause of disability. Approximately
1.71 billion individuals worldwide suffer from
MSD, with 441 million afflicted in high-income
countries'; this places a significant burden on
healthcare systems. Osteoarthritis, rheumatoid
arthritis (RA), fibromyalgia, sports injuries, and
osteoporosis are the most prevalent MSDs, with
health management, physiotherapy, medication,
and surgery serving as their primary treat-
ments. The purpose of health management is to

prevent the onset and progression of disease. It
includes regular exercise, a healthy diet, quitting
smoking, and avoiding repetitive strain inju-
ries. Hot and cold packs, electrical stimulation,
ultrasound, and strength training are used in
physiotherapy to reduce pain and inflamma-
tion and enhance motor function®. Nonsteroidal
anti-inflammatory medications (NSAIDs) such
as ibuprofen and naproxen, muscle relaxants,
opioids, and corticosteroids can effectively al-
leviate MSD symptoms. However, they have
significant side effects (e.g., gastrointestinal dis-
tress)’, so there is an urgent need to discover a
safe and effective alternative drug that reduces
the incidence of adverse events*.

Curcumin was discovered for the first time
in India and Southeast Asia in the nineteenth
century. It is a polyphenolic compound isolated
from the rootstock of some Zingiberaceae and
Araceae family plants’, with minimal toxicity
and high tolerance. Curcumin has the chemi-
cal formula C, H, O,, and its chemical structure
and derivatives are depicted in Figure 1. It is a
symmetrical molecule with o-methoxyphenol on
either side and a seven-carbon keto-enol structure
comprising two a and B-unsaturated carbonyl
groups connected in the middle®. o and B-un-
saturated carbonyl groups are Michael receptors
that undergo nucleophilic addition and enhance
antitumor effects’. The structure of curcumin
also contains three active sites that can under-
go oxidation by electron transfer and hydrogen
abstraction, scavenging reactive oxygen species
(ROS) and providing antioxidant activity®. Fur-
ther studies®!> of this polyphenolic compound
have shown a variety of pharmacological effects
such as antibacterial®, immunomodulation’®, anti-
oxidant'’, anti-angiogenic'!, anti-inflammatory'?,
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Figure 1. Chemical structures of curcumin and its derivatives.

analgesic”, chondroprotection', antitumor', the
latter six of these bioactivities have the potential
for the treatment of MSD.

In this review, we describe the current cur-
cumin preparations, recapitulate the evidence on
the protective effects of curcumin against muscu-
loskeletal disorders in animals and humans, and
explain the mechanisms of action of curcumin in
the regulation of the musculoskeletal system.

Curcumin

Curcumin has extremely high safety as a drug.
In the study by Ryan et al'®, adult oral adminis-
tration of curcumin at 6,000 mg/day for 7 weeks
showed no toxic effects. Increasing the single oral
dose of curcumin to 10,000 mg or 12,000 mg,
which far exceeded the medicinal dose, resulted
in mild headache and diarrhea in subjects’. Al-
though the human body has good tolerance to
curcumin, there are still some potential drawbacks
that need to be considered: direct contact with the
skin produces type 1 hypersensitivity reactions',
interference with iron absorption by chelation with
iron", poor water solubility, low bioavailability,

and inadequate curcumin concentrations in blood
and tissues that are rapidly metabolized and elim-
inated, regardless of the route of administration.
After intravenous injection of 10 mg/kg curcumin
into rats, the maximum concentration in serum
was only 0.36 pg/mL; after oral administration
of 1.0 g/kg curcumin for 15 minutes, the con-
centration in rats’ plasma was only 0.13 pg /mL,
reaching a maximum concentration of 0.22 pg/mL
after 1 hour. After 6 hours, it was undetectable in
plasma. After intraperitoneal injection of 0.1 g/kg
curcumin for 1 hour, it was discovered that there
were significant differences in the distribution of
curcumin in the organs, with the most extensive
distribution in the intestine (117 pg/ml), followed
by the kidney, blood, and liver, and a very low
concentration in the brain (0.4 p g/ml)®. In one
human study?, the maximal detectable concentra-
tion of curcumin in the blood was only 11.1 nmol/
mL when 3.6 g of curcumin was taken orally.
Consequently, enhancing the water solubility and
bioavailability of curcumin will be an important
future research topic, in order to achieve this goal,
curcumin’s structural analogs and derivatives, cur-
cumin B-cyclodextrin inclusion complex, curcum-
in phospholipid complex, curcumin nanoparticles,
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and liposomal curcumin have been developed suc-
cessively to address these issues.

Curcumin Structural Analogues
and Derivatives

Tetrahydrocurcumin (THC)

Curcumin’s metabolite, THC, is a white, odor-
less substance devoid of a,pB-unsaturated car-
bonyl. Curcumin endures a reduction reaction
during cellular metabolism. It is first converted
to dihydro curcumin, then to THC, and finally,
the conjugated bond in its seven-carbon chain is
removed?.

THC has several potential health benefits, in-
cluding reducing oxidative stress, insulin sensi-
tivity, and inflammation. It can aid in preventing
neurodegenerative diseases such as Alzheimer’s
and Parkinson’s and has anticancer properties®.
THC has vigorous antioxidant activity. Somparn
et al** proved that THC has a more muscular
2,2-Diphenyl-1-picrylhydrazyl (DPPH¢) scaveng-
ing activity than curcumin. It inhibits the perox-
idation of linoleic acid and the hemolysis of red
blood cells induced by free radicals. Manjunatha
et al*® demonstrated that THC has a free radi-
cal scavenging activity of (79.8-86%) at lower
concentrations (10-15 ppm), thereby protecting
cells from free radical-induced damage. THC
has also been studied for its potential benefits
for cutaneous health. Xu et al*® found that THC
can ameliorate UV-induced skin aging via an-
ti-inflammation, improvement of the extracellular
matrix, and inhibition of melanogenesis. These
effects may aid in reducing hyperpigmentation,
diminishing age spots, and lightening the skin.
THC has also been shown?’ to increase collagen
and elastin to enhance skin elasticity, so its use as
a new plant ingredient in the cosmetics industry
is extremely promising.

Encouragingly, THC can also prevent aging
and prolong life. Kitani et al*® fed mice with food
supplemented with 0.2% THC, and the result was
that the mice lived 11.7% longer than the control
group. This may be related to THC increasing
Sirtuin 2 (Sirt2)/forkhead box O1 (FOXO) signal
transduction. When utilizing FOXO-null mutant
flies, their lifetime was not increased?. Inflam-
mation is considered to be a contributing factor
to many chronic diseases. Some studies® have
shown that THC may be more effective than cur-
cumin in reducing inflammation. It inhibits the
activity of the cytokines cyclooxygenase (COX-1/
COX-2), tumor necrosis factor (TNF-a), inter-

leukin (IL), leukotrienes (LT) and lipoxygenase
(LOX), which LT is a group of inflammatory
mediators produced by the metabolism of arachi-
donic acid (AA) via the 5-LOX pathway. LOX in-
hibitors such as zileuton are presently utilized to
treat glucocorticoid-insensitive childhood asth-
ma. THC has a potent LOX inhibitory effect at 1
ug/mL and, therefore, has the potential to be used
as a LOX inhibitor for asthma and is superior to
curcumin.

THC has a higher performance than curcumin
in some pharmacological properties. Compared
to curcumin, THC is more stable, degrades more
slowly, is more soluble in water and is more read-
ily absorbed: its half-lives in cell culture media
and plasma are 813 and 232 minutes, which are
substantially longer than curcumin’s 186 and 111
minutes®. In mice treated by oral gavage, intra-
muscular injection, and intraperitoneal injection,
the plasma level of free tetrahydrocurcumin was
also significantly higher in the THC group than in
the curcumin group*2.

Demethoxycurcumin (DMC] and
Bisdesmethoxycurcumin (BDMC)

DMC and BDMC are two of the three curcum-
in species extracted from turmeric, accounting
for 4.5% and 25.8%, respectively®*. Compared to
curcumin, DMC lacks only the methoxy group
attached to the benzene ring, resulting in more
excellent stability at physiological pH?**. Although
DMC has provided antitumor®, anti-inflammato-
ry activity, and neuroprotection® and is beneficial
in MSDY, there is no comparative research data
to prove whether the pharmacological actions of
DMC and BDMC are superior to those of cur-
cumin®®. Nonetheless, certain pharmacological
properties of DMC and BDMC surpass those of
curcumin.

DMC possesses potent antioxidant activity, and
DMC and BDMC neutralize free radicals in lipid
peroxidation much more effectively than curcum-
in. However, in chemical systems, curcumin is
more effective than DMC and BDMC at scaveng-
ing free radicals**. Curcumin’s anti-inflammatory
activity depends on the presence of methoxy in its
molecule®. Guo et al*® demonstrated that the an-
ti-inflammatory properties of DMC and BDMC
were attributed to the inhibition of nuclear factor
kappa-B (NF-kB) activity triggered by inhibition
of inducible nitric oxide synthase (iNOS) and
COX-2. At the same concentration, all effects
of DMC were superior to those of BDMC, and
methoxy enhanced the anti-inflammatory effect
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of DMC. Sheu et al* used DMC to treat carotid
artery injury in rats and demonstrated that DMC
downregulated the phosphoinositide 3-kinase
(PK13)/protein kinase B (AKT) pathway, thereby
inhibiting the migration of vascular smooth mus-
cle cells (VSMC) and the formation of neointima
after vascular injury, and is more potent than oth-
er curcuminoids. In terms of antifungal activity,
Akter et al** determined the DMC content of tur-
meric plants and compared its antifungal activity
against Fusarium Solani Sensu Lato (FSSL). An-
tifungal activity increased with increasing DMC
content in various species of turmeric, according
to the results.

Curcumin Complex

Curcumin Gyclodextrin (CD) inclusion complex

CD is a glucose-containing cyclic oligosaccha-
ride. The a-1,4 glycosidic bonds between the glu-
cose units are not in a direct line; they are at an
angle to each other and form a cone shape, which
gives cyclodextrins their ring shape. CD has
both hydrophilic and lipophilic exterior cavities.
Encapsulating drug molecules in cyclodextrin
cavities can increase their water solubility and
absorption in vivo®. The most common cyclodex-
trins are a-CD, B-CD and y-CD, which contain
six, seven and eight glucose units, respectively.
The number of glucose units in a cyclodextrin
molecule determines its cavity size and, conse-
quently, its ability to form inclusion complexes
with different types of molecules**. The power
of cyclodextrins to increase the solubility of cur-
cumin in the order of hydroxypropyl (HP-B-CD)>
Methyl-B-cyclodextrin(M-f-CD)>B-CD>y-CD*.
Zheng et al*® experimentally verified that the sol-
ubility of curcumin-HP-B-CD in H,O, HCI (pH

1.2) and phosphate buffered solution (PBS) (pH
6.8) was 63.5, 60.1 and 52.9 times higher than that
of natural curcumin, respectively, and the con-
centration in the brains of male mice increased
by 38.7 times. The oral bioavailability ratio in rats
was increased by 2.8-fold®.

Curcumin phospholipid complex

Curcumin phospholipid complexes are manu-
factured by combining curcumin and phospho-
lipids in a 1:1 ratio via the solvent evaporation
method, the mechanical dispersion method, the
supercritical fluid process, etc. Typically, the
combined phospholipid is phosphatidylcholine®’.
Phospholipids are amphiphilic molecules with
a hydrophilic polar head containing nitrogen
or phosphorus and a hydrophobic (lipophilic)
lengthy hydrocarbon-based chain. Curcumin
usually binds to the head of the phospholipid, po-
sitioning the water-labile -diketone moiety into
the lipid bilayer and shielding it from hydrolytic
retro-Claisen fragmentation, the primary mech-
anism of degradation in water*®. The non-polar
tail of the phospholipid creates a bilayer around
the complex. This structure provides a protective
barrier that facilitates the uptake and transport
of curcumin across the cell membrane®. Cuomo
et al* demonstrated in a human study that the
total absorption of curcumin lecithin formulation
(Meriva) was approximately 29 times higher than
that of natural curcumin. Liu et al®*® demonstrat-
ed that the maximum plasma drug concentra-
tion of curcumin phospholipid complex in rats
was C__=600.93 ng/ml, peak time T =2.33 h,
and the area under the drug-time curve AUC
,=8772.57 (ng min/ml), while the sum of cur-
cumin and tetrahydrocurcumin was C__ =266.70
ng/ml, T =1.62 h, AUC0-00=2,609.04; thus, the
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Figure 2. Curcumin complex.
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phospholipid complex of curcumin significantly
increased the bioavailability of curcumin in rats.
Figure 2 shows curcumin cyclodextrin inclusion
complex and curcumin phospholipid complex.

Nano Curcumin

Curcumin-loaded liposomes

Liposomes are spherical vesicle structures
composed of lipid bilayers. The hydrophilic head
faces outward towards the aquatic environment,
and the hydrophobic tails face inward towards
each other. In addition to the lipid bilayer, lipo-
somes contain encapsulated water compartments,
so hydrophilic and hydrophobic drugs can be
encapsulated in these nanocarriers. Hydrophil-
ic drugs are encapsulated in the middle, and
lipophilic drugs are encapsulated in the lipid
layer’'. Improved biodegradability and biocom-
patibility, low toxicity, high durability, increased
dissolution rate, controlled release/delivery, and
the ability to target single cells are some of the
pharmacological properties of liposomes®>. The
diameter of curcumin liposomes ranges between
25 nm and 1,000 nm, depending on the meth-
od of preparation used. The solvent injection
method is utilized for the preparation of small
unilamellar vesicles, reversed-phase evaporation
for the preparation of giant unilamellar vesicles,
thin-film dispersion and freeze-thaw method for
the preparation of multilamellar vesicles, and
the double emulsion method for the preparation
of multivesicular liposomes®. Finally, curcumin
liposomes with high encapsulation efficiency and
excellent stability were produced.

Chen et al** selected soybean phospholip-
ids (SPC), egg yolk phospholipids, and hydro-
genated soybean phospholipids to formulate
curcumin-loaded liposomes (Nanjing, Jiangsu
Province, China). An in vitro skin penetration
study’* showed that curcumin-loaded SPC li-
posomes (C-SPC-L) most significantly promot-
ed drug penetration and deposition, inhibiting
B16BL6 melanoma cell proliferation the most
among the three loaded liposomes. In 2020,
Wu et al® produced curcumin liposomes using
bovine milk and krill phospholipid (Ningbo,
Jiangsu Province, China), with particle size and
zeta potential of 163.1 + 6.42 nm, -26.7 mv and
212.2 £ 4.1 nm, -15.23 mv. Compared with the
two, bovine milk phospholipid liposomes were
more stable under severe storage conditions,
while krill phospholipid liposomes were more
bioavailable. Moreover, they possessed compa-

rable antioxidant and anti-hyperglycemic prop-
erties®. In treating various malignancies, lipo-
somal curcumin improves efficacy and tumor
targeting, reduces overall systemic toxicity,
and is simple to administer>°.

Curcumin nanoparticles

Curcumin nanoparticles are tiny particles small-
er than 1,000 nm, which can improve the solubility
and stability of curcumin, and enhance its absorp-
tion and distribution in the body. Methods for
preparing curcumin nanoparticles include ionic
gelation, self-assembly, and antisolvent precipita-
tion methods*®. The ionic gelation technology is a
method for synthesizing nanoparticles by utilizing
electrostatic interactions between different ions,
and chitosan is typically a polymer used with
this technology. Chitosan cation (R-NH3+) and
sodium triphosphate anion (phosphate ion) are
mixed with the polymer to create a structure re-
sembling conventional gel*’. In 2022, Tian et al*®
synthesized berberine-curcumin self-assembled
submicron particles (Beijing, China). They com-
bined berberine and curcumin, and by high-speed
stirring in the acidic solution, berberine became
positively charged. In contrast, due to the phenolic
hydroxyl group in the curcumin molecular struc-
ture, it became negatively charged in the aqueous
solution and precipitated slowly. During the pre-
cipitation process, berberine and curcumin attract
and interact with each other through electrostatic
attraction, w - 7 stacking, and hydrophobic forc-
es, resulting in two-dimensional crystal twinning,
and mutual rotation through hydrophobic forces,
forming a sphere with a three-dimensional struc-
ture’®. The working principle of liquid antioxidant
precipitation is that when curcumin and aqueous
antisolvent are mixed in the solution containing
an organic solvent, a supersaturation effect oc-
curs, and the adsorption of compound molecules
leads to the nucleation and further growth of par-
ticles”. These methods combine curcumin with
other substances, such as polymers, to generate
nanoparticles of a particular size and shape. Po-
ly (lactide-co-glycolide acid) (PLGA), chitosan,
metal, and mesoporous silica nanoparticles are the
dominant carriers for curcumin nanoparticles®.

PLGA is a commonly used polymer in nano-
medicine, and its degradation products are lactic
acid and hydroxyacetic acid, both of which are
byproducts of human metabolic pathways and
are, therefore, non-toxic. In addition, PLGA ac-
celerates hydrolysis at acidic and alkaline pH, an
antitumor property, as PLGA is more stable under
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physiological conditions (pH 7.4). In contrast, in
tumor tissue (pH 5.5), degradation is accelerated
to facilitate the release of antitumor drugs®!. Peng
et al®* formulated curcumin PLGA nanoparti-
cles and treated osteosarcoma cells at 2 pg/ml
concentration for 24 hours. Fluorescence in the
cytoplasm and nucleus increased under fluores-
cence microscopy, indicating that the amount of
curcumin internalized into cells increased. This
is due to nanoparticles’ ability to enter cells via
endocytosis, whereas isolated curcumin can only
enter cells via passive diffusion®.

Chitosan is a linear polysaccharide produced
by the deacetylation of chitin and it consists
of glucosamine and N-acetyl glucosamine units
linked by B-1,4 linkages. It is a natural polysac-
charide containing cations with a high safety
profile®. Positively charged curcumin chitosan
nanoparticles (CUR-CS-NP) have electrostatic
interactions with negatively charged mucus gly-
coproteins, which prolong the contact duration
between CUR-CS-NP and the colon mucus mem-
brane. Compared to unbound curcumin, colon
cancer cells absorb more CUR-CS-NP, and the
effect of inhibiting cell viability is more robust®.

Metal nanoparticles, as inorganic materials,
have superior stability, high surface area and po-
rosity, better drug loading capacity, bioavailabil-
ity, drug release controllability, and resistance to
most organic solvents compared to organic com-
pounds®. Common materials include gold, silver,
titanium, zinc, and iron, among others. Some
metal oxides, such as TiO,, ZnO, and CuO, are
negatively charged and capable of combining with
curcumin, while also biodegradable and, there-
fore, relatively harmless for mammals®. Song et
al” modified silver nanoparticles with curcumin
(Wuhan, Hubei, Chian) to produce silver/cur-
cumin nanoparticles (cAgNPs). Comparatively to
conventional silver nanoparticles, cAgNPs attach
to the surfaces of Bacillus subtilis and Escherich-
ia coli, producing a local high Ag+ environment
while generating more reactive oxygen species
under the synergistic effect of curcumin, result-
ing in membrane damage and increased bacterial
mortality. This not only addresses the problem
of curcumin’s poor absorption but also combines
the antibacterial effects of curcumin and silver
nanoparticles®’. Dey and Sreenivasan®® covalently
conjugated curcumin onto the surface of gold
nanoparticles (AuNPs) aided by a water-soluble
polymer via a succinate linker (New Delhi, In-
dia) to produce curcumin succinate polymer gold
nanoparticles (Ccm-SA-P1-AuNPs). Due to the

polyethylene glycol backbone of the Ccm-SA-P1-
AuNPs molecule, the negatively charged Ccm-
SA-P1AuNPs can largely avoid protein adsorp-
tion, thereby extending the duration for systemic
circulation of the drug and enhancing its water
solubility. Compared with free curcumin, Ccm-
SA-P1-AuNPs have more significant cytotoxicity
towards glioma cancer cells®®.

Mesoporous silica nanoparticles (MSN) as
nanocarriers have properties such as many pores, a
wide surface area, and an adjustable pore structure
morphology. Functionalizing silica nanoparticles
with different coating agents can better control the
load®. Bollu et al” synthesized two different sili-
ca-based (MSU-2 and MCM-41) curcumin-loaded
mesoporous materials, V3 and V6 (Tarnaka, Hy-
derabad, India). In contrast to other silica-loaded
curcuminoids, V3 and V6 release curcumin slowly
and continuously under physiological conditions
(pH = 7.4) and are more biocompatible in the Chi-
nese hamster ovary cell line, while reducing the
anti-apoptotic proteins epidermal growth factor
receptor (EGFR) and B-cell lymphoma-2 (BCL-
2), increasing reactive oxygen species (ROS) and
subsequently exhibiting significant cytotoxicity in
cancer cells”. In the study by Pamukcu et al”
(Izmir, Turkey), curcumin was loaded onto hyper-
branched polyethyleneimine-grafted mesoporous
silica nanoparticles (F-MSN-PEI/Cur). F-MSN-
PEI/Cur has more potent antimicrobial properties
than pure curcumin; it reduces the total biomass in
the biofilm matrix, inhibits biofilm formation, and
eliminates immature biofilms. F-MSN PEI/Cur at
25 pg/ml can significantly reduce the cell viability
of Staphylococcus aureus; at a maximal concen-
tration of 400 pg/ml, only 20% of cell viability
remained’. Figure 3 shows the curcumin-loaded
liposomes, curcumin-chitosan nanoparticles, and
curcumin-loaded MSN.

The Effects of Curcumin
on Osteoporosis

Effects of Curcumin on Osteoporosis in
Animal Studies

Osteoporosis is a metabolic bone disease char-
acterized by decreased bone mass and deterio-
ration of the microarchitecture of bone tissue,
leading to increased bone fragility and fracture
risk”. Long-term steroid medication, hormonal
changes and inadequate dietary intake are the
most common causes of osteoporosis™. Primary
osteoporosis is associated with estrogen deficien-
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cy, and the decline in estrogen levels in women
during menopause, or the decrease in estrogen
and androgen levels in later years in men, can lead
to a loss of bone mass and strength, resulting in
osteoporosis”. Patients with secondary osteopo-
rosis typically suffer from diabetes or long-term
glucocorticoid (GC) administration, which pro-
motes osteoclast formation and accelerates bone
degradation and loss™. Consequently, ovariectomy
(OVA) or glucocorticoids are animal models’ most
prevalent methods for inducing osteoporosis.

To investigate the osteoprotective properties
of curcumin, Chen et al’® used dexamethasone
(DEX) subcutaneously for 60 days to induce
osteoporosis in rats. Subsequently, curcumin ad-
ministration (100 mg/kg) for two months resulted
in a significant increase in bone mineral densi-
ty (BMD), bone alkaline phosphatase (B-ALP)
and bone mechanical strength (ultimate load and
stiffness of bone), a decrease in carboxy-terminal
telopeptide (CTX) reduced, and an improvement
in the microstructure of bone trabeculae™. To fur-
ther investigate the role of curcumin in primary
osteoporosis, Kim et al’”” administered curcumin
(9.5 mg/kg) by gavage through an esophageal
cannula to mice after OVA, and after 8 weeks,
compared with the control group, they showed
significant higher femoral bone trabecular vol-
ume ratio (BV/TV), trabecular number (Tb. N),
and femoral bone mineral density, as well as a
reduction in serum collagen-type 1 fragments,
which promoted bone resorption’”’. Another study
by French et al”® found that ovariectomy alone de-
creased vertebral mineral content, bone mineral
content, decreased vertebral spine BMD and in-
creased osteocalcin and CTX levels in rats. When
curcumin was administered to de-ovulated rats,
these conditions were reversed, along with an
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increase in femur size, resulting in an increase in
femur compressive strength, producing beneficial
alterations in osteoporotic bone turnover changes
and an increase in bone strength’®.

In addition, Liang et al” studied the effects of
curcumin on the biomechanical properties and
microstructural enhancements of bone using a
diabetic rat model. A high-sugar, high-fat diet
and streptozotocin were used to induce diabetes
in rodents, who were then treated with curcumin
(110 mg/kg) for eight weeks. The results demon-
strated a decrease in blood lipids (total cholester-
ol, triglycerides, and low-density lipoprotein) and
fasting glucose levels, as well as significant im-
provements in maximal load, fracture load, elastic
load and bone stiffness coefficients in the femur,
and repair of bone trabecular microarchitecture in
rats”. Yang et al”® discovered that curcumin may
be an effective treatment for post-Alzheimer’s os-
teoporosis. As a model for investigating osteoporo-
sis, they chose transgenic mice (APP/PS1 mice) ex-
pressing a familial Alzheimer’s disease (AD)-as-
sociated mutant human gene and orally adminis-
tered curcumin (600 ppm) for three months. The
analysis of bone histomorphometry revealed an
increase in BMD, BV/TV, Tb. N, trabecular thick-
ness (Tb. Th), and connectivity density (Conn.D),
while trabecular separation (Tb. Sp) decreased.
Simultaneously, the morphology of the proximal
tibial metaphysis and shaft enhanced, and cortical
thickness increased significantly’. Various animal
models™ have demonstrated the effects of curcum-
in combined with other compounds. In a study,
Partoazar and Goudarzi™ created phosphatidylser-
ine liposomes containing curcumin (PSLs-Cur)
and induced osteoporosis in rats with methylpred-
nisolone (MP) by administering PSLs-Cur (25 mg/
kg) orally for three weeks. Compared to phospha-
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tidylserine or curcumin alone, oral administration
of PSL-Cur markedly improved serum markers
(osteocalcin, B-ALP, Ca, and P) and bone mechan-
ical strength. The PSL-Cur group also demon-
strated a significant increase in the thickness and
volume of cortical and trabecular bone mass; the
thickness of the diaphysis and the bone marrow
cavity also healed significantly™.

Effects of Curcumin on Osteoporosis in
Human Studies

There are fewer studies on the effects of curcum-
in on humans with osteoporosis, but several studies
have examined its effects on human bone health.
Kheiridoost et al®® enrolled 120 postmenopausal
women aged 50 to 65 with primary osteoporosis or
osteopenia in a randomized controlled trial with tri-
ple blinding. The subjects were randomly assigned
to receive a placebo, 80 mg of curcumin nanopar-
ticles (CUR group), 1,000 mg of Nigella sativa oil
(NS group), or 80 mg of nanomicelle curcumin plus
1,000 mg of Nigella sativa oil (CUR-NS group) for
six months. The results showed an improvement
in BMD and a significant reduction in Alkaline
Phosphatase (ALP) in the CUR-NS group, with
no significant differences in renal and hepatic bio-
markers (urea, alanine aminotransferase, aspartate
aminotransferase), and the combination was more
effective and safer than treatment alone®.

Similar results were obtained in another trial by
Riva et al”®, in which the administration of 1,000 mg
of curcumin orally for 6 months led to considerable
increases in BMD in the subjects’ heel, little finger,
and upper jaw. In the same year, Hatefi et al*' con-
ducted an oral trial with a higher dose of curcumin
to investigate the effect of curcumin on bone loss
in spinal cord injury patients. One hundred patients
with spinal cord injuries were enrolled, and the
intervention group received curcumin (110 mg/kg)
for six months. Comparing pre- and post-study
bone conversion parameters, carboxy-terminal te-
lopeptide of type I collagen (sCTx) and procollagen
type I N-terminal propeptide (PINP) were reduced
in the curcumin group®. In conclusion, curcumin
improves BMD in osteoporosis from all causes and
has a good safety profile.

The Molecular Role of Curcumin in
the Prevention of Osteoporosis

Curcumin regulates the production
of osteoblasts

Osteoblasts are essential for the formation and
maintenance of bone tissue. In healthy bones, os-

teoblast and osteoclast activity is strictly controlled
to maintain a balance between bone formation and
resorption®?. In osteoporosis, however, the number
and activity of osteoblasts are diminished, and the
rate of bone resorption by osteoclasts exceeds the
rate of bone formation by osteoblasts, resulting in
a loss of bone mass and bone strength®. During os-
teoblastogenesis, MSCs first undergo osteogenesis
and become preosteoblasts. After that, the pre-os-
teoblasts undergo osteogenesis, during which cel-
lular ALP activity (a marker of early osteoblast
differentiation) and osteocalcin (OC) expression (a
marker of late osteoblast cell differentiation) will
be significantly enhanced, ultimately resulting in
mineralization of the cellular matrix. During this
process, the expression of osteoblast genes such
as Runt-related transcription factor 2 (Runx2) and
collagen, type 1,1 (CollAl) will be substantially
increased®. The classical Wnt/Frizzled/B-cetenin
signalling pathway has also been shown® to play an
essential role in osteoblast proliferation and differ-
entiation. Low-density lipoprotein receptor-related
protein 5 (LRPS5) interacts with frizzled receptors
and transduces signals via Wnt ligands, resulting
in constitutively activated LRP5 mutations that
can lead to increased bone density. Meanwhile,
B-linked protein can act synergistically with bone
morphogenetic protein 2 (BMP2) to promote os-
teoblast differentiation and bone formation.

Chen et al*® utilized DEX to inhibit the pro-
liferative capacity of osteoblasts, and treatment
with curcumin led to significant upregulation of
the expression levels of ALP, CollAl, osteonec-
tin, Runx2 and osteocalcin, as well as the reacti-
vation of the Wnt signalling pathway inhibited by
DEX?®®. In addition, curcumin inhibits osteoblast
apoptosis regulation by decreasing the ratio of
apoptosis-related proteins BCL2 associated X
(Bax)/BCL-2, Cysteinyl aspartate-specific pro-
teinase-3 (caspase-3) and cleaved Poly ADP-ri-
bose polymerase (PARP) levels and activating
Dex-induced extracellular signal-regulated ki-
nase (ERK) signalling in osteoblasts’™. In another
study by Li et al®*, curcumin (0.25 uM) inhibit-
ed endogenous ROS production and attenuated
H,0O,-induced oxidative stress and apoptosis in
osteoblasts by activating the Glycogen synthase
kinase-3 beta (GSK3B)/ Nuclear factor eryth-
roid 2-related factor 2 (Nrf2) signalling pathway.
Two other studies®”®*® have combined curcumin
and Fructus Ligustri Lucidi (FLL) and hyal-
uronic acid-modified curcumin and alendronate
(ALN) nanoparticles for co-delivery. The find-
ings demonstrate that co-administration signifi-
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cantly promoted the proliferation, differentiation
and mineralization of the pre-osteoblast cell line
(MC3T3-El) cells compared to curcumin admin-
istration alone. This resulted in increased expres-
sion of bone morphogenetic proteins Runx2 and
osteocalcin, as well as increased collagen depo-
sition, which ultimately led to increased bone
formation®,

Curcumin regulates osteoclast production

Osteoclasts are multinucleated bone-resorbing
cells that are formed by the fusion of monocytes/
macrophages differentiated from bone marrow he-
matopoietic stem cells. It is present in stressed
and injured bone tissue that requires remodeling.
Osteoclast formation is dependent on the expres-
sion of monocyte/macrophage colony-stimulating
factor (M-CSF) and TNF receptor superfamily
members [receptor activator of nuclear factor-B
ligand (RANKL) and osteoprotegerin (OPG)]. Os-
teoblasts express M-CSF constitutively, whereas
RANKUL is induced by bone resorption-stimulating
factors such as hormones, growth factors, or cyto-
kines. M-CSF binds to colony-stimulating factor-1
receptors (c-Fms) on osteoclast precursors and
induces osteoclast precursor differentiation into
mature osteoclasts®. RANKL is a transmembrane
glycoprotein expressed on the surface of bone
stromal cells. Osteoclast precursor cells express
NF-kB receptor activator (RANK), and RANKL
interacts with RANK and leads to the recruitment
of TNF receptor-associated factor (TRAF). The
sequential recruitment of RANK to TRAF6 and
NF-kB-inducible kinase results in the activation of
NF-xB, and TRAF2 recruitment results in the ac-
tivation of c-Jun N-terminal kinase (JNK), which
promotes osteoclastogenesis and stimulates bone
resorption by osteoclasts®. In addition, M-CSF
and RANKL play a crucial role in osteoclast dif-
ferentiation and bone resorption by inducing the
MAPK pathway and stimulating the expression
of downstream molecules such as a nuclear factor
of activated T cells 1 (NFATcl), tartrate-resistant
acid phosphatase (TRAP), c-fos, and Cathepsin
K®. OPG inhibits osteoclastogenesis by inhibiting
the interaction between RANKL and RANK, and
parathyroid hormone and prostaglandin E, (PGE,)
cause an increase in RANKL and a decrease in
OPG in osteoblasts®.

Bone marrow stromal cells (BMSC) and bone
marrow-derived macrophages (BMMs) are the
precursor cells of osteoclasts. Oh et al*® found that
curcumin (4 uM) effectively reduced RANKL ex-
pression in ILla-stimulated BMSCs and inhibited
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osteoclast formation. Gold nanoparticles (GNPs)
have previously been reported to inhibit the for-
mation of osteoclasts’’. To investigate the effect
of curcumin nano preparations on osteoclast gen-
esis, Heo et al? prepared B-cyclodextrin-coupled
GNPs to form inclusion complexes with curcum-
in (CUR-CGNPs). They found that CUR-CGNPs
substantially decreased osteoclast differentiation
markers in BMMs, including c-fos, NFATcl tar-
trate-resistant acid phosphatase (TRAP), and os-
teoclast-associated receptor (OSCAR) mRNA ex-
pression, compared to curcumin and GNP groups.
In addition, CUR-CGNPs inhibit RANKL expres-
sion, thereby decreasing RANKL-induced F-actin
ring formation and bone resorption activity®. In
a recent study, Yang et al®® coupled curcumin
and poly amidoamine dendrimers (PADs) with
hexachlorocyclotriphosphonitrile (HCCP) to form
stable and homogeneous curcumin-loaded nano-
spheres (HCCP-Cur-PAD, HCP-NPs). It has been
demonstrated that HCP-NPs can enter lysosomes
via endocytosis. After entering BMMs cells, HCP-
NPs were released and diffused to the nucleus.
This resulted in decreased expression of RANKL
and c-fos, NFATcl, TRAP, and actin ring, thereby
inhibiting osteoclast formation. Simultaneously,
the osteoclast-associated genes histonectin K and
matrix metalloproteinase 9 (MMPY) inhibited os-
teoclast bone resorption®.

A novel study by Liang et al*’, the C-C motif
chemokine ligand 3 (CCL3) family are highly
expressed in BMMs and serve a crucial role in os-
teoclast migration and differentiation. Subsequent
in vitro and in vivo studies” demonstrated that
curcumin (25 uM) inhibited CCL3-induced osteo-
clast migration. Oral administration of curcumin
(200 mg/kg/d for 4 weeks) significantly suppressed
CCL3 serum levels in OVX mice, demonstrating
that curcumin blocks the migration of BMMs
and ultimately inhibits the formation of mature
osteoclasts by decreasing the production of CCL3.
These studies show the potential of curcumin to
contribute to the prevention of osteoporosis. Table
I summarizes the effects of curcumin on bone loss
in animal, human and in vitro studies.

The effects of Curcumin
on Osteoarthritis

Effects of Curcumin on Osteoarthritis in
Animal Studies

The osteoarthritis pathology is characterized
by focal loss of articular cartilage, subchon-
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Table I. The effects of curcumin on bone loss in animal, human and in vitro studies.

Cell culture

Bone marrow-derived macrophages

Curcumin (25 uM)

Type of study Type of model Treatment, dose and duration Findings Reference
Animal Glucocorticoid-induced osteoporotic rats Curcumin (100 mg/kg) - oral, 2 months ultimate BMD1, B-ALP1, Chen et al’
load?, stiffness?, trabecular thicknesst, CTX|

Animal Ovariectomy-induced osteoporotic mice Curcumin (9.5 mg/Kg) - gavage, 8 weeks BMD1, BV/TV 1, Tb.N.1, Kim et al”?
Gpx1, RANKL|, NFAT2|,
ERK|, JNK{, p38]

Animal Ovariectomy-induced osteoporotic rats Curcumin (1.5-15 mg/kg) - oral, 2 months Bone mineral content?, spine French et al™®
BMD?1, osteocalcin|,CTX|

Animal Diabetes-induced osteoporosis rats Curcumin (110 mg/Kg) - gavage, 8 weeks Total cholesterol|, triglyceride|,  Liang et al”
low-density lipoprotein|
maximum loadf, breaking
load?, elastic load?, bone
rigidity coefficient?, TGFp11,
TPRIf, TRIIT, Smad2/31

Animal APP/PSI transgenic mice Curcumin (600 ppm) - oral, 3 months BMD71, BV/TV1,Tb.N1, Yang et al”
Tb.Tht, Conn.DT, Tb.Sp|

Animal Methylprednisolone-induced osteoporotic rats  PSLs-Cur (25 mg/kg) Bone strengtht, osteocalcinf, Partoazar and
Tb.Th1, B-ALPY, Caf, OPG?, Goudarzi™
RANKL|

Human 120 postmenopausal osteoporosis women CUR-NS (80 mg+1,000 mg) - oral, 6 months BMD1, ALP| Kheiridoost et al*®

Human 57 healthy low bone density adults Curcumin (1,000 mg) - oral, 6 months Bone mineral density with Riva et al”
heelf, small finger?, upper
jaw densitiest

Human 100 Patients with Spinal Cord Injury Curcumin (110 mg/kg) - oral, 6 months BMD1, sCTx|, PINP|, ALP?, Hatefi et al®!

Cell culture Osteoblasts Curcumin (2 uM) CollAlf, Runx21,osteocalcint, Chen et al*
osteonectinf, wnt{, LRP51

Cell culture Osteoblasts Curcumin (2 uM) Bax|, Bcl-21, caspase 3|, PARP|  Chen et al™

Cell culture MC3T3-E1 cells Curcumin (0.25 pM) ALP1, CollAlf, Runx21, Lietal*4
osteonectinf, p-GSK3p1,
Nrf21, Ros|,

Cell culture MC3T3-E1 cells Cur (50 pg)+FLL (70 pg) Calcium depositionf, Runx2t, Bukhari et al*’
ALPTBMP-21

Cell culture MC3T3-El1 cells HA-ALN/CUR-NPs Runx21, BMP-2,0steocalcin, Dong et al*®
collagen depositiont

Cell culture BMSC and whole bone marrow cells Curcumin (4 pM) RANKL] Oh et al®

Cell culture Bone marrow-derived macrophages CUR-CGNPs (10 uM) c-fos|, NFATc1|, TRAP|, Heo et al*!
OSCAR|,RANKL|

Cell culture Bone marrow-derived macrophages HCP-NPs (5-20 pg/ml) RANKL], c-fos|, NFATcl|, Yang et al*

TRAP|, Cathepsin K|, MMP9]
CCL3|

Liang et al*?
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dral bone changes, and osteophyte formation,
resulting in degenerative joint pain, stiffness,
and limited range of motion. Because articular
cartilage depends solely on its resident cells, the
chondrocytes, for the maintenance of the extra-
cellular matrix, impaired chondrocyte function
and apoptosis are the most important pathogenic
mechanisms in osteoarthritis®*. The Osteoarthri-
tis Research Society International (OARSI)* de-
vised the Mankin scoring system to classify the
severity of osteoarthritic cartilage lesions. The
evaluation consists of four categories: cartilage
structure, chondrocyte periphery staining, spatial
arrangement, and background staining intensity.
The sum of the ratings for each type yields a total
score between 0 (normal) and 14 (severe osteo-
arthritis). Curcumin has been shown’® in animal
models of osteoarthritis to mitigate osteoarthritis
symptoms substantially. Jin et al®® established
a knee osteoarthritis model in rats with mono-
iodoacetate (MIA). After intravenous adminis-
tration with 0.5% curcumin, the Mankin score
of osteoarthritis rats was reduced, improving
cartilage degeneration. Zhang and Zeng®’ treat-
ment of osteoarthritis mice with intraperitoneal
injections of curcumin (200 mg/kg) resulted in
decreased Mangin scores, knee diameter, expres-
sion of synovial fluid inflammatory biomarkers
IL-1B, IL-6 and TNF-0, pain reductions, and
increased paw reduction thresholds. Guan et al®®
used MIA to induce an experimental knee os-
teoarthritis (KOA) model in rats. After 2 weeks
of oral treatment with 20 mg/kg curcumin and
100 mg/kg chondroitin sulfate, the knee joint’s
diameter decreased, the articular cartilage recov-
ery improved, and synovial thickness reduced.
The injured knee joint could be bent, and the
edema reduced. Meanwhile, curcumin treatment
also significantly increased superoxide dismutase
(SOD) activity, downregulated MMP3 and car-
tilage oligomeric matrix protein (COMP) lev-
els, and inhibited Toll-like receptors (TLR4) and
COX-2 expression.

In addition, Feng et al*® established a rat anterior
cruciate ligament transection (ACLT) osteoarthritis
model by surgery, followed by intraperitoneal injec-
tion of curcumin (50 mg/kg and 150 mg/kg) once
daily for 8 weeks. The results showed that curcumin
treatment reversed cartilage surface sclerosis and
knee joint gap narrowing in a dose-dependent man-
ner, improved chondrocyte and proteoglycan loss in
ACLT rats, reduced apoptosis levels and inhibited
osteoarthritis progression.

However, curcumin’s water solubility and bio-
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availability are weak. Kang et al'” designed an
acid-activatable curcumin polymer (ACP) that
can rapidly release curcumin under acidic condi-
tions in order to enhance the therapeutic efficacy
of curcumin. Compared to the same concentra-
tion of natural curcumin, ACP micelles treatment
resulted in smooth joint surfaces, the structural
integrity of cartilage, robust expression of proteo-
glycan, aggrecan, and collagen, as well as more
pronounced inhibition of TNF-a and IL-6f. Chen
et al' loaded curcumin into small extracellular
vesicles (SEV-CUR) and injected 10 uL (1 x 10° p/
mL) of sEV-CUR every two weeks into the right
knee cavity of ACLT-induced osteoarthritis ani-
mals. Mice treated with ACLT for four weeks had
lower Mankin scores, indicating decreased syno-
vial inflammation, oxidative stress, chondrocyte
apoptosis, and osteoarthritis-related pain.

Effects of Curcumin on Osteoarthritis
in Human Studies

Regarding the effect of curcumin on knee
osteoarthritis pain, Lopresti et al'®* designed a
randomized, double-blind, placebo-controlled
study. This study enrolled 101 patients between
the ages of 45 and 70 with KOA, activity-related
knee pain, and morning stiffness lasting less than
30 minutes. These subjects were divided into
treatment and placebo groups and received 500
mg of standardized curcumin extract (Curcugen®,
Perth, WA 6150, Australia) or a placebo twice
per day for eight weeks. Curcumin significantly
decreased the Knee Injury and Osteoarthritis
Outcome Score (KOOS) compared to the placebo
and demonstrated greater improvement than the
placebo in the timed up-and-go test, the 6-minute
walk test, and the Japanese Orthopaedic Associa-
tion Score for Osteoarthritic Knees (JOA), as well
as reducing the use of pain medication in 37%
of subjects'®. Henrotin et al'® conducted another
study in which 150 patients aged 45 to 80 years
with primary osteoarthritis diagnosed according
to the American College of Rheumatology (ACR)
clinical radiology criteria were divided into three
groups: the bio-optimized Curcuma longa extract
(B-0oCL) low-dose group, the B-oCL high dose
group and the placebo group. Efficacy analyses
showed that serum levels of the global assessment
of disease activity (PGADA) and the osteoarthri-
tis biomarker sColl2-1 were reduced in patients
treated with curcumin, and a daily intake of 186.6
mg/day of BCL reduced knee pain in patients
with symptomatic osteoarthritis of the knee'®.
The following year in Iran, Atabaki et al'® re-
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cruited 30 osteoarthritis patients (aged 40-55
years) based on ACR criteria. They were divided
into two groups: one received 80 mg of Sinacur-
cumin® (Mashhad, Iran), and the other group
received a placebo. After three months, the treat-
ment group demonstrated a significant reduction
in knee pain, the visual analog scale (VAS), C-re-
active protein (CRP), cluster of differentiation 4
(CD4) and CDS8 T cell frequencies, Thl17 cell and
B cell frequencies, and a significant increase in
Treg cells compared to the placebo group. The
authors speculated that the immunomodulatory
effects of curcumin on T and B cell numbers and
function might be beneficial for patients with
osteoarthritis'®.

The Molecular Role of Curcumin in the
Prevention of Osteoarthritis

Inhibits the formation of inflammatory
factors IL-18 and TNF

Local joint injury caused by trauma or overuse
permits the release of inflammatory factors as a
cause of osteoarthritis!®>. Among these cytokines,
IL-1B and TNF are the most important; IL-1p is
associated with cartilage degeneration, whereas
TNF promotes the inflammatory response. Pa-
tients with osteoarthritis have elevated levels of
IL-1B and TNF in their synovial fluid, synovi-
al membrane, subchondral bone, and cartilage,
which inhibits the synthesis and expression of
proteoglycan, link protein, and type II collagen
in their chondrocytes'’. In chondrocytes, IL-1B
induces typically nuclear translocation of NF-
kB'"”. NF-kB is a family of dimeric transcription
factors that are indispensable for coordinating
inflammatory responses and innate and adap-
tive immunity. NF-kB is typically activated by
classical signalling pathways to generate NF-xB
dimers, which, in conjunction with TNF, Toll-like
receptors (TLR), etc., recruit the kB inhibitor
kinase (IKK) complex and result in the activa-
tion of the IKK complex. Activation of the IKK
complex results in the ubiquitination and protea-
some-dependent degradation of the inhibitor of
NF-kB (IkB), releasing NF-xB into the nucleus
and activating downstream gene transcription'®,
and subsequently mediates inflammatory effects.

Csaki et al'’ treated IL-1B-induced human
chondrocytes with 50 uM curcumin or 50 uM
resveratrol and showed decreased expression
of Cox-2, MMP-3, MMP-9, vascular endothe-
lial growth factor (VEGF) and the regulatory
death-associated protein cysteine-aspartic pro-

tease 3 (caspase3) and increased expression of
SRY-Box Transcription Factor 9 (Sox-9), which
is essential for cartilage matrix gene expres-
sion. Curcumin treatment alone completely in-
hibited IL-1B-induced IKK activation; resveratrol
blocked the degradation and ubiquitination of
IxBo, a natural inhibitor of NF-xB'”. Buhrmann
et al'” cultivated chondrocytes into 3D-alginate,
placed in an in-vivo-like osteoarthritic environ-
ment model and treated with different concentra-
tions of curcumin. Elevated expression of Sox-9,
which in turn inhibited the NF-xB pathway, led to
a decrease in osteoarthritic environment-related
catabolic factors (MMP-9, Cox-2, caspase 3), in-
creased chondrocyte survival-related factors (col-
lagen II, Bl-integrin, and CSPG), thereby protect-
ing human chondrocytes'”. Recently, sEV-CUR
was manufactured by Xu et al'®" which increased
the number of mice chondrocytes and extracel-
lular matrix synthesis-related marker aggrecan
proteoglycan in vitro. It inhibited the expression
of chondrocyte catabolic markers aggrecanase
(ADAMTSS) and MMP13, inflammatory factors
(IL-1B and TNFa), exerting a powerful protec-
tive effect against osteoarthritis'®'. In addition,
Wang et al'® formulated hyaluronic acid/chi-
tosan nanoparticles (HA/cNPs) for the delivery
of curcumin and determined that a drug dosage
of 38.44% was optimal. Using HA/cNP (30 pg/
ml) effectively reversed joint surface injury and
promoted chondrocyte proliferation in rats with
arthritis by decreasing MMP-1 and MMP-13 pro-
tein levels and IkBa phosphorylation'’.

Regulation of chondrocyte apoptosis
through caspase 3 expression

Apoptosis is a genetically controlled process
of programmed cell death that is essential for
removing damaged or unwanted cells from the
body and controlling cell proliferation. Caspase
3 is a cysteine protease that, once activated,
cleaves many cellular substrates, including
structural proteins such as actin and laminin,
as well as proteins involved in DNA repair and
cell survival, leading to terminal cell death''.
Caspases are activated mainly by extrinsic and
intrinsic pathways. The extrinsic pathway binds
to death receptors on the cell surface through
death ligands (e.g., TNF-o and Fas ligands),
allowing the recruitment of caspase § and acti-
vation of downstream caspase 3. The intrinsic
pathway, also known as the mitochondrial path-
way, consists of DNA damage, oxidative stress,
and oncogene activation that inhibits the BCL-
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2 anti-apoptotic gene and activates the BAX
pro-apoptotic gene, which increases the perme-
ability of the outer mitochondrial membrane and
subsequently releases cytochrome ¢ from the
mitochondria into the cytoplasm, where it binds
to Apaf-1 and forms the apoptosome, activating
caspase 9 and caspase 3 to cause apoptosis!'?.

Zhao et al'®® used sodium nitroprusside (SNP)
to induce apoptosis in rabbit chondrocytes and
investigated the anti-apoptotic effect of curcum-
in (0-20 pM). Curcumin reversed SNP-induced
chondrocyte apoptosis and NO production, de-
creased the expression of caspase 3, BCL/Bax
and loss of mitochondrial membrane potential
(AYm), and increased the expression of colla-
gen II in rabbit chondrocytes'”. In osteoarthritis
induced by anterior cruciate ligament transec-
tion (ACLT) surgery in rats, immunoreactivity of
MMP-3, caspase 3, vascular endothelial growth
factor (VEGF) and Runt-related transcription
factor 2 (RUNX2) was significantly increased
in the articular cartilage region. An intra-artic-
ular injection of 20-40uM chemically modified
curcumin (CMC2.24) can reverse these trends
and chondrocyte apoptosis by inhibiting the NF-
kB/hypoxia-inducible factor (Hif-2a) axis'*. In
addition to this, Xu et al'”, developed small
extracellular vesicles containing curcumin (SEV-
CUR). In ACLT-induced mice and Tert-butyl
hydroperoxide (TBHP)-induced chondrocytes,
sEV-CUR had greater anti-apoptotic effects than
free curcumin and sEV. Moreover, the protein
expression of MMP-13, the oxidative stress mark-
er 8-OHdG, a disintegrin and metalloproteinase
with thrombospondin motifs 5 (ADAMTS-5) and
caspase 3 were significantly reduced after sEV-
CUR treatment''.

Overall, these findings demonstrate the poten-
tial of curcumin to modulate articular cartilage
degradation and apoptosis to treat osteoarthritis.
Table II summarizes the effects of curcumin on
osteoarthritis in vivo and in vitro studies.

The Effects of Curcumin on RA

Effects of Curcumin on RA in
Animal Studies

RA is a common chronic autoimmune disease
characterized by inflammation and joint dam-
age due to a breakdown in self-tolerance that
causes the immune system to attack the syno-
vial membranes of the joints'®. For rheumatoid
arthritis, Dai et al''® treated rats with bovine
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type II collagen to induce arthritis. After 21
days, curcumin (200 mg/kg) was administered
by gavage daily for three weeks. The rats showed
reduced hind paw edema volume and decreased
arthritis scores, and histopathology showed that
inflammatory cell infiltration and synovial hy-
perplasia were suppressed!'s. The following year,
Wang et al'” induced an attack of arthritis in
rats reinjecting bovine type II collagen seven
days after the initial injection and observed a
significant improvement in joint edema, bone/
chondral destruction, synovial hyperplasia and
vascular opacity formation after ten days of oral
administration of curcumin (200 mg/kg)"". To
overcome the low oral bioavailability of cur-
cumin, Zheng et al'® formulated curcumin into
oil-water nanoemulsions (CM-NS) with a diame-
ter of 150 nm, and by treating Freund’s complete
adjuvant-induced arthritic rats with oral CM-NS
(50 mg/kg) for 2 consecutive weeks, the levels
of TNF-a and IL-1p in synovial fluid and serum
were significantly decreased, and the intense in-
flammatory cell dip consisting of lymphocyte
plasma cells, macrophages and neutrophils, was
improved considerably'®. Since anti-inflamma-
tion and joint lubrication are required to treat
RA, Fan et al'”® constructed a novel anti-RA drug
consisting of hyaluronic acid/curcumin (HA/Cur)
nanomicelles with a diameter of 164 nm. HA/Cur
nanomicelles (336 g/mL) injected intra-articular-
ly into the ankle joint of rats with type II colla-
gen-induced arthritis improved joint surface blur-
ring and soft tissue enlargement, decreased foot
edema, and protected cartilage from R A-induced
damage by substantially reducing the coefficient
of friction between cartilage surfaces thanks to
hyaluronic acid'”.

Effects of Curcumin on RA in
Human Studies

Curcumin has had limited human studies but
still shows great potential in the prevention and
treatment of RA in humans. Amalraj et al'* de-
signed a randomized, double-blind, double-dose,
placebo-controlled study in which 36 RA pa-
tients with a mean age between 35 and 40 years
were enrolled. These subjects were randomly
assigned in a ratio of 1:1:1 to receive capsules
containing 250 mg low-dose curcumin, 500 mg
high-dose curcumin, or 500 mg placebo twice
daily. After three months, the visual analog scale
(VAS) and disease activity score 28 (DAS28)
were significantly improved in the low and high-
dose curcumin treatment groups, the values of
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Table Il. Effects of curcumin on osteoarthritis in animal, human and in vitro studies.

Caspase 3|, Bax|, MMP-13|

Type of study Type of model Treatment, dose and duration Findings Reference
Animal MIA induced osteoarthritic rats Curcumin (0.5%) - i.a. injection, once Mankin scores|, OARSI scores, Jin et al®”
cartilage degeneration| MMP-13|,
COL-IIT, PINK11, p621, Beclinlf,
LC3B?
Animal Anterior cruciate ligament transection rats Curcumin (50 or 150 mg/kg) - i.p. injection, 8 weeks  Caspase3|, CHOP| Feng K et al®
Animal MIA induced osteoarthritic rats Curcumin (200 mg/kg) - i.p. injection, 2 weeks Mankin scores|, knee swelling|, Zhang and
knee diameter|, knee pain|, Zeng?®
inflammatory biomarkers (IL-6,
IL-18, TNF-a)|, TLR4|, NF-kB|
Animal MIA induced osteoarthritic mice ACP (2.5 or 5 mg/kg) - i.m. injection, 4 weeks Proteoglycant, aggrecant, collagenf, Kang et al*
TNF-al, IL-1B] Xu et al'®
Animal ACLT induced osteoarthritic mice SsEV CUR (10 pL) - intra-articular injections, 4 weeks Mankin scores|, 8-OHdG/,
caspase3|, aggrecanf, collagen II7,
Animal MIA induced osteoarthritic rats Curcumin (20 mg/kg) chondroitin sulfate Mankin Scores|, knee diameter], Guan et al’’
(100 mg/kg) — oral, 2 weeks knee space|, thickness of the
synovium?, collagen 111, SOD|,
MMP-3|, TLR4|, cox-2], p-p65/p65]
Human 101 adults with knee osteoarthritis Curcuminoids extract (500 mg) - oral, 8 weeks KOOS Knee Pain Subscale Score|, Lopresti et al'"!
knee pain ratings|, JOA score?
Human 150 adults with knee osteoarthritis B-0CL (22 or 2x3 capsule/day) - oral, 3 months sColl2-1|, PGADA |, knee pain| Henrotin et al'®
Human 30 adults with knee osteoarthritis Sinacurcumin (80 mg) — oral, 3 months VAS|, CRP|, CD4+ and CD8+ Atabaki et al'®
T cells|, Th17 cells|, B cells|,
Treg cellst
Cell culture IL-1B-stimulated rat articular chondrocytes Curcumin (10 pM) ROS|, Ca2+|, IL-1B},Aymt, Jin et al®
intercellular ATP levelsf, PINK171,
Parkint
Cell culture Tert-Butyl hydroperoxide-induced rat Curcumin (20 pM) Caspase3|, PARP|, CHOP|, Feng et al®®
articular chondrocytes GRP78|, ATF4|, p-PERK/PERK,
p-elF2a/elF2a|, Bel21, SIRT1T
Cell culture TBHP-induced mice articular chondrocytes SsEV-CUR (1x10° p/mL) Aggrecant, collagen, ADAMTSS|, Xuetal'®
MMP13|, IL-1B|, TNFa
Cell culture IL-1B-stimulated human articular chondrocytes Curcumin (50 uM) or resveratrol (50 pM), Bcl21, BelxLt, TRAF1Y,
Curcumin (50 uM) and resveratrol (50 pM), caspase-3|, Cox-2|, MMP-3|, Csaki et al'
MMP-9|, VEGF|, IKK activation|,
collagen IIf, Sox-971,
Cell culture 3D-chondrocytes in osteoarthritic environment  Curcumin (1,2,5,10 uM) Sox91, collagen 111, Bl-integirnf, Buhrmann et al'®
CSPGT, MMP-9|, Cox-2|,
Caspase 3]
Cell culture IL-1B-stimulated rat articular chondrocytes HA/cNP (30 pg/ml) collagen 111, I-kBat, MMP-1|, Wang et al'®
MMP-13]
Cell culture SNP-stimulated rabbit articular chondrocytes Curcumin (0-20 pM) A¥Ym?, Bcl21, collagen 111, Zhao et al'
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C-reactive protein (CRP), erythrocyte sedimen-
tation rate (ESR), and rheumatoid factor (RF)
were decreased, and there was a statistically
significant improvement in joint swelling and
joint tenderness'?’. The following year, Javadi
et al?! divided 65 RA patients into two groups
and gave each group capsules containing either
curcumin nanomicelles (40 mg) or a placebo.
After the intervention, the within-group DAS-28,
Tender joint count (TJC) and swollen joint count
(SJC) in the curcumin nanomicelle and placebo
groups decreased significantly compared to the
baseline'”. In 2010, Stavropoulos-Kalinoglou et
al'? found that obesity is associated with an in-
creased risk of developing RA, with obese RA
patients exhibiting greater inflammatory activity
and a lower quality of life. Pourhabibi-Zarandi
et al'” enrolled 48 women with RA between
20 and 70 years in a randomized, double-blind,
placebo-controlled clinical trial. Subjects were
treated with curcumin (500 mg once daily) for
eight weeks. In addition to decreased CRP and
ESR, the homeostatic model assessment for in-
sulin resistance (HOMA-IR), triglyceride, and
adiposity index decreased significantly. Curcum-
in consumption may be an effective strategy for
women with RA to modulate metabolic factors,
inflammation, and adiposity'?.

The Molecular Role of Curcumin in the
Prevention of RA

The initial histological features of RA are
characterized by synovial epithelium hyperpla-
sia, excessive angiogenesis, and the accumulation
of mononuclear cells in the synovium'**. Normal
synovium contains mesenchymal-derived fibro-
blast-like synoviocytes (FLS) and macrophages.
Macrophages are central effectors of synovitis by
releasing cytokines (e.g., TNF-a and IL), reactive
oxygen intermediates, nitrogen intermediates,
prostaglandins and matrix-degrading enzymes
production, phagocytosis and presentation of an-
tigens'?’. In rheumatoid arthritis, the membrane
lining expands. FLS presents a semi-autonomous
phenotype characterized by promoting the ex-
pression of disease-related cytokines and chemo-
kines, adhesion molecules, and MMPs, leading to
local cartilage destruction and chronic inflamma-
tion of the synovium'?,

To investigate the anti-RA potential of cur-
cumin, Xu et al'*’ designed an in vivo and in vitro
study to observe the effects of curcumin on a
mouse model of collagen-induced arthritis (CIA)
and primary RA fibroblast-like synoviocytes
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(RA-FLS). We found that curcumin (50 pM) re-
versed TNF-a-induced RA-FLS proliferation and
induced cell apoptosis. Secondly, curcumin in-
hibits cell migration and invasion by reducing the
expression of MMP-2 and MMP-9 proteins. In in
vivo experiments, curcumin bound to AKT1 and
inactivated the phosphoinositide 3-kinase (PI3K)/
protein kinase B (AKT) pathway, reducing the
concentrations of TNF-a, IL-6 and IL-17 in the
synovial tissue of CIA mice and improving RA
progression'”’. Similar results were obtained in a
study by Park et al'**, where curcumin inhibited
COX-2 and prostaglandin E, and caused apopto-
sis of RA-FLS by decreasing BCL-2 expression
and increasing BAX, caspase-3, caspase-9 ex-
pression'?*. Recently, Manca et al'*® loaded cur-
cumin in hyaluronan-immobilized phospholipid
vesicles called hyalurosomes. In in vitro experi-
ments, curcumin-loaded hyalurosomes were able
to downregulate the cellular inhibitor of apopto-
sis proteins (cIAP1) and cIAP2 while causing a
decrease in IL-6 and IL-15 and ROS production
to treat anti-rheumatoid arthritis'?®. In the same
year, to study the toxicity and anti-inflamma-
tory mechanisms of curcumin on macrophages
in synovial membranes, Yan et al'® combined
prednisolone (PD) with curcumin and human
serum albumin (HSA) in the nanoparticle system
(N-PD/CU) to treat activated macrophages, and
demonstrated that proinflammatory cytokines
(TNF-a, IL-1B, IL-6, IL-10) were significantly
inhibited and the release of anti-inflammatory
IL-10 was increased'®’.

These results suggest that curcumin has po-
tential for the treatment of rheumatoid arthritis.
Table III summarizes the effects of curcumin on
RA in vivo and in vitro studies.

Discussion

This article reviews curcumin as a drug for
treating musculoskeletal disorders, as well as
structural analogs, derivatives, and nanocarrier
pharmaceuticals that enhance their bioavailabil-
ity and water solubility. Tetrahydrocurcumin, a
metabolite of curcumin in which the alpha- and
beta-unsaturated carbonyl groups have been re-
moved, is more soluble in water than curcumin
and has twice the half-life of curcumin in plasma.
DMC lacks a methoxy group and, as a result, has
less antioxidant activity than curcumin, but this
does not prevent it from having potent antifungal
activity. Cyclodextrins have a hydrophilic exteri-
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Table Ill. Effects of curcumin on RA in animal, human and in vitro studies.

Type of study Type of model Treatment, dose and duration Findings Reference
Animal Bovine type II collagen induced RA rats Curcumin (200 mg/kg) gavage, 3 weeks Inflammatory cell infiltration |, synovial Dai et al'’®
hyperplasia|, hind pawedema volume|,
arthritic scores|, Aktl|, mTOR |, p70S6K |,
IL-1B|, TNF-a|, MMP-1|, MMP-3|,
Animal Collagen-induced arthritis rats Curcumin (100 or 200 mg/kg) - oral, 10 days Arthritis scores|, edema|, bone/cartilage Wang et al''®
destruction|, synovial hyperplasia|,
pannus formation|, TNF-a|, IL-17], IL-1B|
Animal Freund’s adjuvant-induced arthritis rats CM-NS (50 mg/kg) - oral, 2 weeks Arthritis scores| paw swelling|, NF-xB|, Zheng et al'’
TNF-al, IL-1B]
Animal Collagen-induced arthritis rats HA/Cur nanomicelles (336 pg/ml) - i.a. injection Paw edema, swelling of soft tissue|, Fan et al'®
friction coefficient|, VEGF|
Human 36 adults with RA Curcuminoids (250 mg, 500 mg) - oral, 12 weeks Swollen joints|, tender joints|, VAS|,
DAS28|, CRP|, ESR|, RF| Amalraj et al'?
Human 65 adults with RA Curcumin nanomicelle (40 mg) - oral, 12 weeks DAS28|, TIC|, SIC| Javadi et al'?
Human 48 women with RA Sinacurcumin (500 mg) — oral, 8 weeks ESR|, CRP|, HOMA-IR |, triglyceride|, Pourhabibi-
Obesity index |, Zarandi et al'??
Cell culture Human RA-FLS Curcumin (50 uM) TNF-al, IL-17], IL-6)MMP-2|, Xu et al'?
MMP-9|, p-PI3K/PI3K |, p-AKT/AKT|
Cell culture Human RA-FLS Curcumin (25-100 uM) COX-2|, prostaglandin E2|, Bcl-2|, Park et al'>
BAXY, caspase-31, caspase-91
Cell culture Human RA-FLS Curcumin loaded hyalurosomes IAP1},IAP2|,IL-6],IL-15], ROS| Manca et al'?’
Cell culture Macrophages N-PD/CU TNF-a/|, IL-1B}, IL-6], IL-101 Yan et al'?®
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or and a lipophilic cavity, and the encapsulation
of curcumin molecules in the cyclodextrin cavity
results in an increase of 60-fold in water solubili-
ty and 2.8-fold in bioavailability ratio. Curcumin
is typically bonded to the head of the phospholip-
id in the curcumin phospholipid complex, thereby
localizing the water-instable B-diketone fraction
within the lipid bilayer. This structure provides
a protective barrier that facilitates the uptake and
transport of curcumin across the cell membrane,
allowing the curcumin phospholipid complex to
be assimilated 29 times more in the human body
than natural curcumin.

Curcumin nanoparticles are typically less than
1,000 nm in size and comprise liposomes, PLGA,
chitosan, metal and mesoporous silica particles.
Liposomes are spherical vesicle structures con-
sisting of lipid bilayers. The hydrophilic heads
face outwards towards the aqueous environment,
the hydrophobic tails face inwards towards each
other, and the cysts contain encapsulated wa-
ter compartments in the center. Curcumin is
encapsulated in the lipid layer, enhancing its
efficacy and targeting. The degradation products
of PLGA, lactic acid and hydroxyacetic acid are
by-products of the human metabolic pathway and
have non-toxicity. Also, PLGA particles are more
stable under physiological conditions (pH 7.4),
whereas hydrolysis is accelerated in tumor tissue
(pH 5.5), allowing curcumin to be delivered to
cells via endocytosis. By binding to negatively
charged histones with the positive charge it con-
veys, chitosan can prolong the duration of action
of curcumin. Together, silver nanoparticles and
curcumin can sterilize and enhance the cytotox-
icity against tumor cells in a synergistic manner.
As a nanocarrier, mesoporous silica nanoparticles
(MSN) have numerous pores, a wide surface
area, and a morphology-adjustable pore struc-
ture. By functionalized silica nanoparticles with
various coating agents, the dosage can be more
precisely controlled, and Cur-MSN can release
curcumin slowly and continuously under physio-
logical conditions.

Numerous studies on curcumin have demon-
strated that it can potentially treat skeletal mus-
cle disorders via various mechanisms. Curcumin
prevents bone loss in osteoporosis by increasing
the production of osteoblasts and osteoprote-
gerin and decreasing osteoclasts via Runx2,
RANK/RANKL. In animal models of ova-
riectomy, glucocorticoid, and diabetes-induced
osteoporosis, curcumin significantly increased
bone density and enhanced the microstructure
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of bone trabeculae to increase bone mechanical
strength. Curcumin treatment for osteoarthritis
can reduce the inflammatory factors IL-1p and
TNF in the joint cavity by inhibiting the NF-xB
pathway, slow the degradation of cartilage and
extracellular matrix, and inhibit chondrocyte
apoptosis by decreasing apoptotic genes such
as BAX, caspase-3, and caspase-9. Curcumin
alleviates RA by inhibiting the proliferation and
invasion of mesenchymal-derived fibroblast-like
synovial cells (FLS), thereby reducing synovial
proliferation and angiogenesis, and also inhibits
the progression of the disease by modulating the
accumulation of monocytes in the synovium and
reducing the release of inflammatory factors. In
addition, curcumin slows down the inflamma-
tory response by decreasing the production of
ROS, which in turn protects beneficial skeletal
osteoblasts and chondrocytes.

According to a summary of animal stud-
ies™>8% Curcumin can ameliorate osteoporosis
by modulating RUNX2, Wnt/B-catenin, GSK3-
Nrf2, RANKL, NF-«xB, and MAPK signalling
pathways. It also affects NF-xB, RUNX2, and
PI3K/AKT to treat arthritis and rheumatoid ar-
thritis''*!?*, However, there are very few human
studies on curcumin, with the majority of studies
involving small numbers of patients, significant
individual differences, and approximately the
same dose for subjects of varying weights. Lab-
oratory tests on subjects are also more limited,
generally limited to blood sampling and CT ex-
aminations to analyze inflammatory factors and
bone. It is also challenging to assess the safety of
curcumin in humans; therefore, additional exten-
sive animal studies are required to investigate the
signalling pathways through which curcumin acts
and the therapeutic effects of curcumin nanoma-
terials on musculoskeletal disorders.

Conclusions

In curcumin nanomedicine, compared to nat-
ural curcumin, the solubility of the drug is in-
creased exponentially. In MSD, curcumin pro-
motes the production of osteoblasts and osteopro-
tegerin and reduces osteoclasts through Runx2,
RANKVRANKL to treat osteoporosis. In os-
teoarthritis, curcumin reduces the production of
inflammatory factors IL-1p and TNF in the joint
cavity and slows down cartilage apoptosis and
extracellular matrix degradation by inhibiting
apoptotic genes such as NF-xB pathway, BAX,
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caspase-3, caspase-9. Meanwhile, curcumin in-
hibits the proliferation and invasion of FLS, re-
duces synovial proliferation and angiogenesis,
and slows down the progression of RA by regu-
lating the accumulation of monocytes in the sy-
novium and reducing the release of inflammatory
factors.
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