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Highly bioavailable curcumin powder suppresses articular
cartilage damage in rats with mono-iodoacetate (MIA)-induced
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Abstract This study was performed to investigate the
effects of highly bioavailable curcumin as Theracurmin®
(TC) in rats with monosodium iodoacetate (MIA)-induced
osteoarthritis (OA). Seventy-seven male Wistar rats were
divided into six groups: normal, negative control (MIA
only), positive control (Cerebrex), and three experimental
groups treated with 500, 1300, or 2600 mg/kg of TC for
5 weeks. MIA injection-induced OA caused 30% weight-
bearing imbalance whereas weight bearing imbalance was
significantly improved in the TC groups. Mankin scores
revealed TC treatment had significantly ameliorated carti-
lage damage and chondrocyte decrease. The expressions of
nitrotyrosine, tumor necrosis factor-o, phosphorylated
nuclear factor kappa B cells, and cleaved caspase-3 were
markedly increased in rat with MIA-induced OA, but the
TC-treated groups exhibited a significant reduction in the
number of immunoreactive cells in a dose-dependent
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manner. In conclusion, administration of TC contributes to
the anti-arthritic effect in rat with MIA-induced OA.
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Introduction

Osteoarthritis (OA) is an age-related degenerative disease
causing the most common joint disorders. Symptomatic
knee OA occurs globally in 10% of men and 18% of
women over 60 years of age (Nelson, 2018), and in an
estimated 22.6% of the elderly population in Korea (Lee,
2014). It is characterized by an increase in cartilage
degradation, the disappearance of the normal skeletal
structure, cartilage damage, and ligament stiffness (Watt,
2018). This joint degeneration in OA is mainly due to
inflammation, although the extent of the inflammation is
lower compared to rheumatoid arthritis (RA). A patient
with early OA exhibits significantly higher immunohisto-
logical measures of inflammation, such as tumor necrosis
factor alpha (TNF-a), interleukin 1 beta (IL-1f), nuclear
factor kappa B cells (NF-kB), and cyclooxygenase 2
(COX-2) in synovial tissue (Watt, 2018). Another study by
Sohn et al. (2012) showed that 108 proteins including Gce-
globulin, and alpha 1- and alpha 2-microglobulins were
differentially expressed in the synovial fluid of osteoar-
thritic patients compared to normal patients. Moreover,
these proteins can promote the secretion of inflammatory
cytokines associated with chondrolysis and the breakdown
of the extracellular matrix.

Although targeted medication for osteroarthritis has not
been developed, analgesics, anti-inflammatory drugs and
non-steroidal anti-inflammatory drugs (NSAID) are widely
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used. Currently, treatment of osteoarthritis is mainly
through agents such as acetaminophen, ibuprofen,
nabumetone, cyclooxygenase-2 (COX-2) selective inhi-
bitor, and tramadol (Hochberg et al., 2012). However,
NSAID have common side effects including gastrointesti-
nal toxicity, cardiovascular adverse effect, and nephrotox-
icity and COX-2 inhibitors have cardio-nephrotoxic
adverse effects (Bjarnason, 2013). In addition, long-term
use or abuse can cause side effects of the digestive system
and the blood coagulation mechanism, and may result in
immunoresistance, which may worsen the arthritis.
Therefore, it is important to develop natural materials that
inhibit cartilage degradation with better safety.

Curcumin is a yellow natural polyphenol compound
extracted from the roots of Curcuma longa (Zingiberaceae)
belonging to the ginger family. It is mainly distributed in
India and Southeast Asia and is traditionally used in food,
coloring matter, and traditional medicine. Many studies
have reported that curcumin has a variety of effects such as
antioxidant, anti-inflammatory, and anti-carcinogenic
(Panahi et al., 2015; Sharma et al., 2001). Especially in the
mechanism, curcumin increases the phosphorylation and
DNA-binding activity of nuclear factor erythroid 2-related
factor 2 (Nrf2), a transcription factor regulating the
antioxidant response (Cui et al., 2016). However, cur-
cumin’s natural form cannot often achieve its optimum
therapeutic effectiveness in vivo or in human studies due to
its low solubility and poor gastrointestinal absorption
(Sharma et al., 2001; Yang et al., 2007). After ingestion,
curcumin, its metabolites such as curcumin glucuronide,
curcumin sulfate, and hexahydrocurcumin have rarely been
detected in blood or urine (Sharma et al., 2001). An animal
study in rats has revealed that a single oral dose of 500 mg/
kg curcumin resulted in a maximum serum concentration
of 0.06 pg/mL at 41.7 min, which is equivalent to an oral
bioavailability of 1% (Yang et al., 2007). Various methods
for increasing the bioabsorbability of curcumin have been
carried out with a form of curcumin microparticulate
(200-600 nm) through high pressure homogenization
(Wan et al., 2012) and liquid-type liposomes, which
enabled more than five times higher absorption in an ani-
mal model (Takahashi et al., 2009). Sasaki et al. (2011)
reported curcumin absorption rate by Theracurmin® (TC),
in which curcumin was micronized through wet milling
followed by high pressure homogenizing, was around 27
times as high as that by curcumin powder.

In recent years, studies on the usefulness of highly
concentrated curcumin form such as nanoparticles and
liposomes have been carried out on diabetes (El-Far et al.,
2017) and prostate cancer (Feng et al., 2017). Trivedi et al.
(2017) also reported the immunomodulatory potential of a
nanocurcumin-based formulation, which could be used
against various inflammatory disorders such as allergies,
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asthma, and autoimmune diseases. For OA, nanoparticles
encapsulating curcumin suppressed mRNA expression of
pro-inflammatory mediators IL.-13 and TNF-o and slowed
OA disease progression in mouse model (Zhang et al.,
2016). Niazvand et al. (2017) also reported that curcumin-
loaded poly lactic-co-glycolic acid nanoparticles prevented
the structural changes of articular cartilage in monosodium
iodoacetate (MIA) model of OA in rats. In case of TC, the
highly bioavailable curcumin, TC containing 180 mg/day
of curcumin showed modest potential for treatment of
human knee osteoarthritis (Nakagawa et al., 2014). How-
ever, there was no significant change in the disease
assessment score determined by Japanese Knee
Osteoarthritis Measure between the treatment and the pla-
cebo group. A large sample size and a longer duration of
treatment were warranted to validate the findings of the
study. Additionally, to the best of our knowledge, the
therapeutic effects of this compound and its effects on the
molecular mechanisms of OA have not been investigated
in vivo. Therefore, in the present study, we investigated the
anti-osteoarthritic effects of highly bioavailable curcumin
and its underlying mechanism in rats with MIA-induced
OA.

Materials and methods
Preparation of curcumin

The test material TC (kindly provided by Theravalues,
Tokyo, Japan) had a curcumin content of 300 mg/g and
was prepared by mixing gum ghatii, maltose, citric acid,
and dextrin. Turmeric raw material (Curcuma longa L.)
was extracted with hexane and acetone. Then the solvent
was filtered and concentrated to obtain the turmeric oleo-
resin curcumin. Gum ghatti, maltose, citric acid, and dex-
trin were dissolved in water, and the primary obtained
turmeric oleoresin curcumin was added, mixed, and
ground. The mixture was filtered, dried through a spray
dryer, and final powdered.

Animals

Seven-week-old male Wistar rats were purchased from
Chungang Inc. (Seoul, Korea). The animals were provided
with food and water ad libitum and four of them were
housed per polycarbonate cage at 23 £ 3 °C under a 12 h
light/12 h dark photoperiod. Experiments were performed
according to the guidelines for the animal care and use of
laboratory animal protocols approved by the Institutional
Animal Care and Research Advisory Committee of
Kyunggi Bio Center, Suwon, Korea (IRB number:
2016-06-0004). During the study period, there were no
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abnormal symptoms or deaths from the administration of
the test substance and there were no significant changes in
body weight, so it was concluded that the test substance did
not cause weight change or general symptoms.

Induction of OA with MIA injection
and administration with TC

Rats were randomly assigned to one of the six groups as
follows: normal (injection of saline, n = 12); negative
control (injection of 1.0 mg MIA, n=13); MIA
(1.0 mg) + TC (500 mg/kg/day, n = 13, TC-500); MIA
(1.0 mg) + TC (1300 mg/kg/day, n = 13, TC-1300); MIA
(1.0 mg) + TC (2600 mg/kg/day, n = 13, TC-2600); MIA
(1.0 mg) + Celebrex (100 mg/kg/day, n = 13, positive
control). They acclimatized for seven days with the basal
diet. On day 7, MIA (Sigma-Aldrich, St. Louis, MO, USA)
was injected in a 1 mL syringe at a dose of 50 pL (60 mg/
mL) in the right knee joint to induce OA. After injection of
MIA, each experimental group was administered orally
with either saline, 500, 1300 or 2600 mg/kg TC, 100 mg/
kg Celebrex (Pfizer, Inc., New York, NY, USA) once daily
for 5 weeks.

Percent weight bearing on right hind paw

Changes in weight distribution between the left and right
hind paws were determined using incapacitance testers
(Stoelting Co., Wood Dale, IL, USA) on days 8, 14, 21, 28,
and 35 after administration of TC. Rats were placed in an
angled plexiglas chamber so that each hind limb was
positioned on a separate force plate. The rats were allowed
to acclimate to the apparatus and when stationary, readings
were taken. The downward force (measured in grams)
applied by each hind limb was assessed and averaged over
a three second period (each data point was the average of
three readings). For weight bearing measurements, the
percent weight (in grams) borne on the right hind paw was
determined using

Percent weight bearing
= [right hind weight/(left hind weight
+right hind weight)] x 100

Assessment of pain behavior and joint thickness
measurement

Nociceptive testing was performed using an esthesiometer
(BIO-EVF4, Bioseb®, Paris, France), which is an auto-
mated version of the von Frey hair assessment procedure,
before the MIA injection (Day 6) and on given days after
MIA injection. After 6, 13, 20, 27, and 34 days of TC

administration, the animals were placed on a metal mesh
surface in an acrylic chamber in a temperature-controlled
room and allowed to rest for 15 min before testing. A touch
stimulator unit was oriented beneath each animal, and
when the instrument was activated, a fine plastic monofil-
ament advanced at a constant speed and touched the paw in
the proximal metatarsal region. The filament exerted a
gradual increasing force on the plantar surface, starting
below the threshold of detection and increasing until the
stimulus became painful, which was indicated by the
removal of its paw. The force required to elicit a paw
withdrawal reflex was recorded automatically and mea-
sured in g.

The thickness of the knee joint was measured once a
week using digital calipers after TC administration.

Histopathological examination of the joints

Histological changes were assessed to confirm the effects
of TC on cartilage degeneration in the knee joints of the
rats with MIA-induced OA. After the sacrifice of a rat at
5 weeks, each knee joint was resected, fixed in 10% for-
malin (Sigma-Aldrich, St. Louis, MO, USA) for 24 h at
4 °C, and then decalcified with 5% hydrochloric acid
(Sigma-Aldrich, St. Louis, MO, USA) for 4 days at 4 °C.
After decalcification, the specimens were embedded in
paraffin and sections were stained with hematoxylin and
eosin, and safranin-O staining was performed for cartilage
testing of the joints. All of the stained slides were histo-
logically evaluated and statistically graded on a scale of
0-12 according to a modified Mankin scoring system (Choi
et al., 2015). The surface was scored on a scale of 0-3,
where 0 =normal, 1 =irregular surface, 2 = fibrilla-
tion/vacuoles, and 3 = blisters and erosion. Cellular
abnormalities were scored on a scale of 0-3, where
0 = normal, 1 = small decrease in chondrocytes, 2 = large
decrease in chondrocytes, and 3 = no cells. Clone/osteo-
phyte formation was scored on a scale of 0-3, where
0 = normal, 1 = occasional duos, 2 = duos or trios, and
3 = multiple nested cells. Staining with safranin-O for
cartilage was scored on a scale of 0-3, where 0 = normal,
1 = small decrease in color, 2 = large decrease in color,
and 3 =no color. Histopathological examination items
were mean osteophyte numbers (osteophytes, osteophytes/
mm? of synovial cavity), mean osteophyte diameter (os-
teophyte diameter, pm/osteophyte), remaining articular
cartilage percentage (%/knee joint), mean synovial mem-
brane (SM) epithelial thickness (um/SM), and mean num-
ber of inflammatory cells that had infiltrated the SM (cell/
mm? of SM). The same professor of clinical pathology
performed the entire histological evaluation using a com-
puter based automated image analyzer (iSolution FL ver
9.1, IMT i-solution Inc., Vancouver, Canada).
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Immunohistochemical analysis

All knee joint paraffin blocks were serially re-sectioned as
3 pm-thick, individually. Immunoreactivities for NT, TNF-
o, cleaved caspase-3, and phosphorylated NF-xB on the
femur and tibia AC, and SM were considered using purified
primary antibodies with avidin—biotin—peroxidase complex
(ABC) and peroxidase substrate kit (Vector Labs, Burlin-
game, CA, USA), respectively. Briefly, endogenous per-
oxidase activity was blocked by incubation in methanol
and 0.3% H,0, for 30 min, and non-specific binding of
immunoglobulin was blocked with normal horse serum
blocking solution for 1 h in humidity chamber after epitope
retrievals by pretreatment of trypsin (Sigma-Aldrich, St.
Louis, MO, USA) and 2 N HCI as previously described
(Choi et al., 2015). Primary antisera were treated for
overnight at 4 °C in humidity chamber, and then incubated
with biotinylated universal secondary antibody and ABC
reagents for 1 h at room temperature in humidity chamber.
Finally, sections were reacted with peroxidase substrate kit
for 3 min at room temperature. All sections were rinse in
0.01 M PBS for 3 times, between each step. To observe
more detail immunohistopathological changes, the mean
numbers of immunoreactive cells on the tibia and femur
AC, and also on SM were calculated using a computer
based automated image analyzer (iSolution FL ver 9.1,
IMT i-solution Inc., Vancouver, Canada) under a light
microscope (Model Eclipse 801, Nikon, Tokyo, Japan).

Statistical analysis

Data are expressed as mean =+ standard error (SE) for each
group. The differences between the groups were examined
for statistical significance using one-way ANOVA or Stu-
dent ¢ test with IBM SPSS statistics 22 (Armonk, NY,
USA). A value of p < 0.05 was considered as significant.

Results and discussion
TC ameliorated the MIA-induced knee pains in rats

MIA-induced OA is primarily remarked in the weight-
bearing joint, and the changes in % weight distribution
were signified as an index of joint discomfort. As for
percent weight bearing, a statistically significant reduction
was observed in the negative control compared to the
normal (p < 0.01, Fig. 1A). Percentage weight bearing was
significantly increased in the TC-1300 (p < 0.01) and TC-
2600 (p < 0.05) compared to negative control. A statisti-
cally significant % weight bearing increase was observed at
1, 2, 3, 4, and 5 weeks in the positive control (p < 0.01).
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Mechanical sensitivity was measured by von Frey test,
which is also represented as biomarker of knee pain. In the
von Frey hair assessment test, the paw withdrawal thresh-
old (PWT) were prolonged in rats given oral TC (TC-1300
or TC-2600) compared to the negative control (Fig. 1B).
Furthermore, a statistically significant increase in PWT was
observed in the TC-2600 from 3 to 5 weeks (p < 0.05 and
p < 0.01, respectively) and in the positive control between
4 and 5 weeks (p <0.05 and p < 0.01, respectively).
These results demonstrate the anti-nociceptive property of
TC.

As shown in Fig. 1C, knee joint thickness in the nega-
tive control increased significantly after an intra-articular
injection of MIA as compared with the normal from week 1
to week 5. However, TC treatment significantly reduced
the joint thickness at 4 weeks (p < 0.01) in the TC-2600
compared to the negative control. There was no statistically
significant change in the other test substance-administered
groups. A statistically significant decrease in joint thick-
ness was observed in the positive control at 4 and 5 weeks
(p < 0.01). Articular inflammation directly affects joint
edema, which is related to increase joint thickness (Dias
et al., 2017).

In the negative group, the joint thickness was signifi-
cantly increased, the weight bearing and PWT were sig-
nificantly decreased compared with the control, and the
MIA-induced osteoarthritis model was confirmed in this
study. In addition, TC significantly ameliorated the MIA-
induced knee pains in rats, the thickness of joint was sig-
nificantly inhibited in TC-2600 and positive control.

TC reduced the articular damage in rats with MIA-
induced OA

Mankin score of the rat knee joint tissues was presented in
Table 1. There was a statistically significant increase in
Mankin score in the negative control compared to the
normal, which showed decreased articular cartilage surface
damage, chondrocyte decrease, and proliferative clone/os-
teophyte formation (p < 0.01). There was a statistically
significant decrease (p < 0.01) in osteophyte number and
diameter, residual synovial thickness, number of inflam-
matory cells, and residual articular cartilage ratio compared
with the normal. Mankin scores of articular cartilage sur-
face damage, chondrocyte reduction, and proliferative
clone/osteophyte were significantly decreased in the TC-
1300 and TC-2600 (p < 0.05 and p < 0.01, respectively).
The number of osteophytes and the average diameter of the
remaining cartilage and synovial membrane of the femur
and tibia, the thickness of the synovial membrane, the
number of infiltrated inflammatory cells, and the number of
osteophytes and their average diameter were also signifi-
cantly improved in the TC-administered groups (p < 0.05).
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Fig. 1 Percent weight bearing
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A significant decrease in Mankin score and significant
increases in femoral and tibial remnant cartilage, the
thickness of the synovial membrane, and the number of
infiltrated inflammatory cells were observed in the positive
control compared to the negative control (p < 0.05 or
p < 0.01). There was no statistically significant decrease in
osteophyte count and mean diameter measurement in the
positive control compared with the negative control.

Weeks

In this experiment, the results of histopathological
examination were noticeably improved by oral treatment of
all three different dose levels of TC, and cartilage surface
damage dramatically inhibited by oral treatment of positive
control, Celebrex 100 mg/kg, which is a prescription drug.
Overall, Theracurmin® 500 mg/kg showed favorable inhi-
bitory effects against MIA-induced increases of Mankin
scores and decreases of remaining AC percentages as
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Table 1 Mankin score of the rat knee joint tissues

Groups Mankin scoring systems

Surface Hypocellularity Clone/osteophyte Stain intensity Totalized final

Max = 3) (Max = 3) (Max = 3) (Max = 3) score (Max = 12)
Normal® 0.17 £ 0.11%* 0.17 £ 0.11%* 0.25 £+ 0.13** 0.25 £ 0.13** 0.83 £ 0.27**
Negative control® 277 £ 0.12 246 £ 0.14 238 £ 0.18 2.62 £ 0.14 10.23 + 0.44
TC-500° 238 £ 0.14 2.15 £0.10 1.69 £ 0.17F 238 £ 0.14 8.62 £ 0.40*
TC-1300° 2.15 £ 0.15%7 1.69 £ 0.17" 1.77 £ 0.17% 1.85 +£ 0.19" 7.46 £+ 0.48%"
TC-2600" 2.15 £ 0.15% 1.92 £+ 0.18* 1.38 £ 0.14*" 1.92 £ 0.18%" 7.38 £ 0.38+
Positive control® 223 £0.17F 1.92 £+ 0.18* 1.77 £ 0.20* 246 £ 0.14 8.38 £ 0.49*

**Significantly different between normal and negative control (p < 0.01)

*Significantly different from negative control (p < 0.05)
**+Significantly different from negative control (p < 0.01)

“Data were statistically analyzed using ANOVA and Student ¢ test methods and the results expressed as mean + standard error (SE).

®Normal: saline, 20 mL/kg/day, n = 12

“Negative control group: MIA, 20 mL/kg/day, n = 13
9TC-500: Theracurmin® (TC) 500 mg/kg/day, n = 13
°TC-1300: TC 1300 mg/kg/day, n = 13

fTC-2600: TC 2600 mg/kg/day, n = 13

€Positive control: Celebrex 100 mg/kg/day, n = 13

comparable to Celebrex 100 mg/kg, in this observation.
These results demonstrate that TC has the effect of
reducing the pain of OA caused by MIA, and thus a pos-
itive chondroprotective effect in the MIA-induced OA rat
model.

TC reduced the expression of nitrotyrosine
and TNF-a in rats with MIA-induced OA

Nitrotyrosine (NT) is a product of tyrosine nitration
mediated by reactive nitrogen species such as the perox-
ynitrite anion and nitrogen dioxide. Oxidative damage and
nitration of cartilage is associated with misfolding and
aggregation of proteoglycan—collagen network surrounding
chondrocytes and matrix degradation (Hardin et al., 2015),
which is identified as an indicator or marker of cell dam-
age. NT immunohistochemical evaluation was shown in
Fig. 2. NT expression, which indicates oxidative damage,
was markedly increased in the rats with MIA-induced OA
(p < 0.01), and treatment with TC reduced the expression
of NT in the femur articular cartilage, tibial articular car-
tilage, and synovial membrane (p < 0.01). In the positive
control, a significant decrease in the number of immune
response cells was observed in the femoral and tibial
articular cartilage and synovial membrane (p < 0.01).
Increased protein nitration of cartilage has long been
reported as damaging in the joint (Kaur and Halliwel,
1994; Richardot et al., 2009). Moreover, there have been
few studies on protein nitration in the early stages of OA.
Ahmed et al. (2016) reported that nitrated amino acid
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levels provided a plasma-based biochemical test of rela-
tively high sensitivity and specificity for the early stage of
arthritic disease. Our results showed that NT was highly
expressed in MIA-induced rats, but TC treatment signifi-
cantly ameliorated their expression in the femoral and tibial
articular cartilage and synovial membrane.

TNF-a is produced mostly by macrophages and, alone
or in combination with other cytokines or chemokines,
recruits inflammatory cells such as B and T cells and
neutrophils, and induces production of cytokines,
chemokines, matrix metalloproteinases, or receptor acti-
vator of NF-kB ligand. TNF-o have been shown to pro-
inflammatory signals triggering events and many studies
have reported that increased activities of TNF-o in human
OA cartilage as well as experimental animal models of OA
(Chin, 2016). TNF-a is also known to be produced by
arthritis synovium and is persistently elevated after knee
joint injury (Watt, 2018). In addition, murine experimental
arthritis is attenuated in TNF-a-deficient mice (Ji et al.,
2002) and neutralization of TNF-o ameliorates murine
collagen-induced arthritis (Williams et al., 1992). Our
results showed that the number of chondrocytes stained
positive for TNF-o increased in the MIA-induced OA
cartilage (Fig. 3A, B). These TNF-o-positive chondrocytes
were significantly lower in the TC-treated groups than in
the negative control (p < 0.01). In the positive control, a
significant decrease in the number of immune response
cells was observed in the femoral and tibial articular car-
tilage and synovial membrane (p < 0.01).
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Fig. 2 Nitrotyrosine
immunohistochemical staining
(A) and immunolabeled cell
numbers (B) of the rat knee joint
tissues. **Significantly different
between normal and negative
control (p < 0.01).
++Significantly different from
negative control (p < 0.01).
Normal (saline, 20 mL/kg/day),
negative control (monosodium
iodoacetate (MIA), 20 mL/
kg/day), TC-500 (Theracurmin®
(TC) 500 mg/kg/day,), TC-1300
(TC 1300 mg/kg/day), TC-2600
(TC 2600 mg/kg/day), and
positive control (Celebrex

100 mg/kg/day). AC, Articular
cartilage; SM, Synovial
membrane. Scale bars = 40 pm
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Fig. 3 TNF-a
immunohistochemical staining
(A) and immunolabeled cells
(B) of the rat knee joint tissues.
**Significantly different
between normal and negative
control (p < 0.01).
++Significantly different from
negative control (p < 0.01).
Normal (saline, 20 mL/kg/day),
negative control [monosodium
iodoacetate (MIA), 20 mL/
kg/day], TC-500 [Theracurmin®
(TC) 500 mg/kg/day], TC-1300
(TC 1300 mg/kg/day), TC-2600
(TC 2600 mg/kg/day), and
positive control (Celebrex

100 mg/kg/day). AC, Articular
cartilage; SM, Synovial
membrane. Scale bars = 40 pm
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TC decreased the expression of NF-kB in rats
with MIA-induced OA

NF-kB signaling pathway can be activated by ROS or
inflammatory mediators (Roman-Blas and Jimenez, 2006)
and has crucial roles in inflammation, immunity, cell pro-
liferation, and apoptosis. It plays a prominent role in the
catabolism of the articular cartilage following stimulation
with pro-inflammatory cytokines. Therefore, an increasing
number of NF-xB inhibitors including anti-inflammatory
drugs and anti-oxidant drugs have been reported (Roman-
Blas and Jimenez, 2006). In our study, NF-xB expression
was shown in Fig. 4. Phosphorylated NF-kB expression
increased after MIA injection (p < 0.01), whereas treat-
ment with TC ameliorated this in the TC-treated groups
(» <0.05 or p<0.01). There was a dose-dependent
decrease in the number of immune response cells in the
femoral and tibial articular cartilage and synovial mem-
brane (p < 0.05 or p < 0.01). In the positive control, a
significant decrease in the number of immune response
cells was observed in the femoral and tibial articular car-
tilage and synovial membrane (p < 0.01). Therefore, TC
has been shown to inhibit the expression of NF-kB in the
rat knee joint tissue and TC has been shown to act as an
NF-kB inhibitor.

TC decreased the expression of cleaved-caspase 3
in rats with MIA-induced OA

The expression of cleaved caspase-3 was increased in the
osteoarthritic joint (Fig. 5, p < 0.01). Treatment with TC
after MIA injection abrogated the elevated expression in a
dose-dependent manner (p < 0.01). In the positive control,
a significant decrease in the number of immune response
cells was observed in the femoral and tibial articular car-
tilage and synovial membrane (p < 0.01). Chondrocyte
apoptosis has also been associated with OA, in which the
maintenance of cells and cell apoptosis serves an important
role in the regulation of the cellular pathology process.
Especially, caspase-3 is an executioner caspase causing cell
death. Suppression of caspase-3, inferring apoptotic inac-
tivation, may also be among the causes of cell growth.
MIA-induced chondrocyte apoptosis, which is mechanism
of cartilage degradation, was recently reported (Jiang et al.,
2013). In the present study, the expression of cleaved
caspase-3 was increased in the negative control, which was
suppressed by TC treatment.

OA is a progressive joint disease caused by cartilage
damage, often referred to as degenerative joint disease.
Inflammation and oxidative stress plays a central role in
OA pathology (Watt, 2018). Many medications have been
developed for the treatment of OA that act as antioxidants
and anti-inflammatories, but side effects have been

reported simultaneously (Bjarnason, 2013). As for cur-
cumin, which has both anti-inflammatory and antioxidant
properties, this natural agent has been reported as curative.
In a study conducted in patients with metabolic syndrome,
serum levels of inflammatory cytokines such as TNF-o, IL-
6, TGF-B, and monocyte chemoattractant protein-1 were
significantly decreased with a treatment of curcumin
(Panahi et al., 2016). Induced macrophage foam cell for-
mation and oxidative damage were weakened after treat-
ment with curcumin powder (Soltani et al., 2017). TNF-a
as mediator of inflammation plays an important role in OA
progression (Chin, 2016). Our result also showed that TC
ameliorated the TNF-a expression in an OA animal model,
which means TC could be a therapeutic candidate to
modulate inflammation.

Continuous and low-grade oxidative stress to cells and
matrix contribute to OA pathogenesis (Moon et al., 2014).
Recent clinical study reported that vitamin E is an effective
antioxidant that can improve clinical symptoms and reduce
oxidative stress conditions in patients with late-stage knee
osteoarthritis (Tantavisut et al., 2017). Therefore, reducing
oxidative stress could be a therapeutic strategy to inhibit
cartilage degeneration. Another study has suggested that
NT is implicated in OA progression (Lee et al., 2015) and
animal studies showed that nitric oxide donor significantly
increased subchondral bone sclerosis during subchondral
remodeling suggesting that oxidative stress could con-
tribute to pain generation in OA (Moon et al., 2014). Our
study showed that TC treatment could significantly reduce
the express of NT in rat knee joint tissues. The results
suggest that TC could be a therapeutic candidate to control
progression of pathophysiology in early stages of OA.

Apart from clinical benefits of TC, the pathophysio-
logical mechanism underlying OA remained uncertain in
this study. However, TC suppressed the phosphorylation of
NF-xB proteins and reduced OA related markers such as
NT, TNF-a, and cleaved caspase-3. Interestingly, Roman-
Blas and Jimenez (2006) reported that NF-xB signaling
pathways mediate critical events in the inflammatory
response by chondrocytes, leading to progressive extra-
cellular matrix damage and cartilage destruction. More-
over, Marcu et al. (2010) focused that NF-xB signaling in
OA chondrocytes contributes to cartilage degeneration in
OA by affecting a number of downstream processes, which
particularly in response to extrinsic stress and inflamma-
tory signals. Altogether, TC has a diverse effect on OA
related biomarker, and may be an effective treatment of
NF-kB activation. The inhibition of NF-kB expression
could be thought of as affecting other biomarker and it help
to ameliorate MIA-induced osteoarthritic pain and damage.
However, further studies on the NF-xB signal pathway are
needed.
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Fig. 4 Phosphorylated NF-xB ( A) Femur AC

Tibia AC

immunohistochemical staining -
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numbers (B) of the rat knee joint

tissues. **Significantly different .
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++Significantly different from T

Negative control (p < 0.01). >
Normal (saline, 20 mL/kg/day),
negative control [monosodium
iodoacetate (MIA), 20 mL/
kg/day], TC-500 [Theracurmin®
(TC) 500 mg/kg/day], TC-1300
(TC 1300 mg/kg/day), TC-2600
(TC 2600 mg/kg/day), and
positive control (Celebrex

100 mg/kg/day). AC, Articular
cartilage; SM, Synovial
membrane. Scale bars = 40 pm
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In conclusion, 5 weeks of repeated oral administration
of TC in the MIA-induced OA rat model incurred chon-
droprotective effects such as percent weight bearing
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Normal = Negative control
mTC-500 m TC-1300
mTC-2600 Positive control

Tibia AC SM

increase, joint thickness reduction, PWT increase, and
histopathological OA improvement. As for Mankin score
and immunohistopathological observation, Theracurmin®
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immunohistochemical staining (4) FemurAC : Tibia AC M -
(A) and immunolabeled cel‘l ‘ ” - J)‘:. s E N F
numbers (B) of the rat knee joint ’ i Y Ly
tissues. **Significantly different > \ TR A
between Normal and Negative ‘ Y N iy
control (p < 0.01). ; , I s P i T
++Significantly different from —_ —_— - _"_""j Normal
negative control (p < 0.01). Nt AN & h 3y WL
Normal (saline, 20 mL/kg/day), o R = i SR " N
negative control [monosodium R ¥ el B pd R Mg
iodoacetate (MIA), 20 mL/ " ) i D ;) . = oy
kg/day], TC-500 [Theracurmin® .- RS 4 4 ’ .= Negative
(TC) 500 mg/kg/day], TC-1300 P — t et S B TR DS  control
(TC 1300 mg/kg/day), TC-2600 g 7 WA
(TC 2600 mg/kg/day), and . \
positive control (Celebrex | ’
100 mg/kg/day). AC articular ‘ o
cartilage, SM synovial - ¢ : ¥od 't
membrane. Scale bars = 40 um /) Al ‘ S+ TC-500
»
e s S —  TC-1300
It ) - 2
B e — " 1C2600
U YT
‘ Positive
e NG e = control
(B)
300
< Normal = Negative control
E 250 - = TC-500 = TC-1300
= ETC-2600 Positive control
= 200
=
=
3
§ 150
=3
S
£ 100
Y
2
g 50
=
o
0

500 mg/kg showed similar effects to Celebrex 100 mg/kg.
Therefore, we consider that TC has wide potential as a
general food and biomedical medicinal material that incurs

preventive medical aspects toward OA.
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analysis.
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