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(Background: Arthritis is characterized by bone and cartilage destruction. Many conventional drugs suppress inflammation
but not bone damage. Hence, new therapeutic agents are sought.
Results: Celastrus and its bioactive component celastrol inhibit osteoclastogenesis by controlling its mediators and their

Conclusion: Celastrus/celastrol controls inflammation-driven bone resorption by regulating the osteoimmune cross-talk.
Significance: Celastrus and celastrol are promising adjuncts to conventional drugs for arthritis treatment.
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Rheumatoid arthritis (RA) is a chronic inflammatory disease
characterized by bone erosion and cartilage destruction in the
joints. Many of the conventional antiarthritic drugs are effective
in suppressing inflammation, but they do not offer protection
against bone damage. Furthermore, the prolonged use of these
drugs is associated with severe adverse reactions. Thus, new
therapeutic agents that can control both inflammation and bone
damage but with minimal side effects are sought. Celastrus is a
Chinese herb that has been used for centuries in folk medicine
for the treatment of various inflammatory diseases. However, its
utility for protection against inflammation-induced bone dam-
age in arthritis and the mechanisms involved therein have not
been examined. We tested celastrus and its bioactive compo-
nent celastrol for this attribute in the adjuvant-induced arthritis
model of RA. The treatment of arthritic rats with celastrus/
celastrol suppressed inflammatory arthritis and reduced bone
and cartilage damage in the joints as demonstrated by histology
and bone histomorphometry. The protective effects against
bone damage are mediated primarily via the inhibition of
defined mediators of osteoclastic bone remodeling (e.g. receptor
activator of nuclear factor-«B ligand (RANKL)), the deviation of
RANKL/osteoprotegerin ratio in favor of antiosteoclastic activ-
ity, and the reduction in osteoclast numbers. Furthermore, both
the upstream inducers (proinflammatory cytokines) and the down-
stream effectors (MMP-9) of the osteoclastogenic mediators were
altered. Thus, celastrus and celastrol controlled inflammation-in-
duced bone damage by modulating the osteoimmune cross-talk.
These natural products deserve further consideration and evalua-
tion as adjuncts to conventional therapy for RA.
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Rheumatoid arthritis (RA)? is a chronic inflammatory poly-
arthritis characterized by hyperproliferation of synovial cells,
infiltration of mononuclear cells into the synovium, destruction
of cartilage and bone, and disability (1-3). The synovial cellular
infiltrate consists of activated macrophages, T cells, and B cells,
which secrete proinflammatory cytokines and other mediators
of inflammation (2, 4, 5). In addition, activated synovial fibro-
blasts, chondrocytes, and osteoclasts contribute to the bone
and cartilage damage associated with inflammatory arthritis (1,
6). Over the past decade, it has increasingly been realized that
inflammation and immune activation can lead to bone damage
and that there is a cross-talk between the immune system and
the bone at cellular and molecular levels (“osteoimmunology”)
(7, 8). Various immunological and biochemical mediators,
including the proinflammatory cytokines, are known to
increase bone resorption (9 —14). In RA, there is a link between
inflammation and increased bone turnover (10, 13—15). Several
conventional drugs are available for treating RA (1, 3, 16). How-
ever, the effect of different therapeutic agents on inflammation
and bone damage may be uncoupled. Certain drugs can sup-
press inflammation effectively, but they fail to protect against
bone erosion (17, 18), whereas under other conditions, bone
erosion can halt, but inflammation may continue unabated
(19-22). In this context, it is essential to search for novel anti-
arthritic agents that can inhibit both inflammation and bone
damage in arthritis and to define their mechanisms of action.

Bone remodeling is a dynamic process involving a balance
between the formation of new bone by osteoblasts and the
resorption of the existing bone by osteoclasts (11, 23-25). This
balance is disturbed in RA, with bone resorption dominating

2 The abbreviations used are: RA, rheumatoid arthritis; AA, adjuvant-induced
arthritis; Mtb, heat-killed M. tuberculosis H37Ra; RANK, receptor activator of
nuclear factor-«xB; RANKL, RANK ligand; OPG, osteoprotegerin; OPN, osteo-
pontin; OCN, osteocalcin; TRAP, tartrate-resistant acid phosphatase; SIC,
synovium-infiltrating cells; MMP, matrix metalloproteinase; FLS, fibroblast-
like synoviocytes.
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over bone formation (10, 13-15). IL-17 is a major cytokine driv-
ing osteoclastogenesis leading to bone resorption (8, 12, 26).
IL-17 can induce the production of receptor activator of
nuclear factor -B ligand (RANKL) and various proinflamma-
tory cytokines, such as TNF-q, IL-183, IL-6, and granulocyte
macrophage colony-stimulating factor (GM-CSF) (8, 12, 26).
Preosteoblastic/stromal cells produce RANKL that binds to
RANK on monocytes/macrophages (preosteoclast) and pro-
motes the differentiation of preosteoclasts into mature oste-
oclasts, which function as bone-resorptive cells (9, 15, 24). On
the other hand, osteoblasts produce osteoprotegerin (OPG), a
decoy receptor for RANKL, and function as bone-forming cells
(6,15, 24). In fact, RANKL/OPG ratio is elevated in the synovial
tissue/fluid in patients with untreated RA (14). Other media-
tors, such as osteopontin (OPN), osteocalcin (OCN) and insu-
lin-like growth factor (IGF)-I also influence bone remodeling.
OPN is an extracellular matrix protein that is expressed in both
synovial cells and chondrocytes in RA, and it can mediate bone
resorption by osteoclasts (27). OCN is the most abundant non-
collagenous protein of bone, and it is an indicator of osteoblas-
tic activity (28). IGF-I plays an important role in modulating the
metabolism of bone and cartilage tissue by controlling both
osteoblast-osteoclast interaction and osteoclast formation (29).
Examination of the above-mentioned immunological and bio-
chemical mediators permits an assessment of the mechanistic
aspects of protection against bone damage by different thera-
peutic agents.

Celastrus aculeatus Merr. (celastrus) is a traditional Chinese
herbal medicine that has been used in China for centuries for
the treatment of various inflammatory diseases (30, 32). Celas-
trus belongs to the family Celastraceae, and celastrol represents
one of the bioactive components of celastrus (30 -33). We have
previously reported that both celastrus and celastrol have anti-
inflammatory activity and can reduce the severity of clinical
arthritis in the rat adjuvant-induced arthritis (AA) model of
human RA (30, 32). In the present study, we investigated the
influence of celastrus/celastrol on bone damage in arthritic
joints of rats with AA and examined the mechanisms involved
in the inhibition of inflammation-mediated bone remodeling.
Our results indicate that celastrus/celastrol reduced bone
destruction in the joints of arthritic rats. This outcome was
mediated primarily via reduction of the key mediators of oste-
oclastogenesis, via altering their ratio in favor of antiosteoclas-
tic activity, and via suppression of the key upstream inducers as
well as downstream effectors of the osteoclastogenic mediators.
Our results validate celastrus and celastrol as promising antiar-
thritic agents that should be further tested in RA patients for
their utility as adjuncts to conventional drugs for the treatment
of inflammation and bone damage.

EXPERIMENTAL PROCEDURES
Animals

Lewis (LEW/SsNHsd) (RT.1") rats, male, 5— 6 weeks old, were
purchased from Harlan Sprague-Dawley (Indianapolis, IN) and
then maintained in the animal care facility of the University of
Maryland (Baltimore, MD). All experimental procedures per-
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formed on these rats were in accordance with the guidelines of
the Institutional Animal Care and Use Committee.

Preparation of Celastrus and Celastrol

Celastrus—The ethanol extract of C. aculeatus Merr. (celas-
trus) was prepared as described previously (30, 32). Briefly,
roots and stem of celastrus were dried, powdered, and then
extracted with 75% ethanol. The resulting extract was concen-
trated and then subjected to reverse-phase high performance
liquid chromatography as well as identification of the three
major groups of compounds, namely triterpenes (celastrol), fla-
vonoids (epiafzelechin), and sesquiterpenes (orbiculin F) (30,
32).

Celastrol—Celastrol is one of the bioactive components of
celastrus (30). Purified celastrol ((98,13,143,20a)-3-hydroxy-
9,13-dimethyl-2-0x0-24,25,26-trinoroleana-1(10),3,5,7-tetraen-
29-oic acid), M, = 450.6) isolated from Celastrus scandens was
purchased from Calbiochem. A stock solution of celastrol (20
mg in 0.6 ml of dimethyl sulfoxide (DMSO) (Sigma-Aldrich))
was prepared and frozen at —20°C in small aliquots until
needed (30). The dose of celastrol (1 mg/kg) used in vivo in this
study was based on that used in our previous study (30). Celas-
trol stock was diluted in PBS, and PBS-DMSO (1.2%) served as
its control. For simplicity, throughout this work we refer to
celastrol-DMSO and PBS-DMSO as celastrol and PBS,
respectively.

Induction and Evaluation of AA

Lewis rats were immunized subcutaneously at the base of the
tail with 1 mg/rat heat-killed Mycobacterium tuberculosis
H37Ra (Mtb) (Difco) in 200 ul of mineral oil (Sigma-Aldrich).
These rats were assessed for the signs of arthritis from the onset
(day 9) to the peak (day 18) phase of the disease, and the severity
of arthritis was graded on the basis of erythema and swelling of
the paws as described previously (34, 35). The maximum
arthritic score per rat was obtained by adding the score of indi-
vidual paws.

Treatment of Arthritic Rats with Celastrus Extract or Purified
Celastrol

A cohort of Lewis rats was randomly divided into four groups
following the onset of arthritis on day 9 after Mtb injection. One
group of rats (experimental group) received daily 3 g/kg of
celastrus extract (30, 32), which was finely powdered and sus-
pended in 2 ml of water using a pestle and mortar and then fed
to rats by gavage (FNC-16-3, Kant Scientific Corp., Torrington,
CT) beginning on day 9 after Mtb injection and then continued
up to the peak phase of arthritis, day 18. On the corresponding
days, the control group received water (vehicle) by gavage.
Another experimental group was treated with celastrol (1
mg/kg/day) administered intraperitoneally (30). For this, the
stock solution of celastrol was diluted in PBS (6 ul of stock in
500 ul of PBS/rat) and injected into rats from day 9 to day 18 as
described in our previous study (30). The corresponding con-
trol group received the vehicle, DMSO (1.2%) in PBS. Thereaf-
ter, all rats were evaluated regularly for the severity of arthritis.
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Histological Examination of Hind Paws of Rats

The hind paws were harvested from rats on day 18 after Mtb
immunization and immersed for 9 days in Cal-Ex decalcifying
solution CS510-1D (Fisher). Thereafter, the paws were
immersed in 70% ethanol for 5 days and then embedded in
paraffin, sectioned serially using a microtome, and mounted on
microscope slides. Then the sections were stained either with
hematoxylin and eosin (H&E) (Histology Core, University of
Maryland School of Medicine, Baltimore, MD) (36, 37) or with
safranin-O; the latter staining was performed following minor
modifications to the method described elsewhere (38). (Safra-
nin-O stain is taken up by the intact cartilage.) Histopatholog-
ical changes in the joints like synovial hyperplasia, pannus for-
mation, and cartilage and bone damage were observed under a
microscope (Nikon Eclipse E800 Microscope, Nikon Industries
Inc. Melville, NY) using the Spot Imaging Software (Diagnostic
Instruments Inc., Sterling Heights, MI), and digital images were
obtained (36).

Tartrate-resistant Acid Phosphatase (TRAP) Staining

The unstained, mounted microtome sections of the hind
paws (as described above) were dehydrated in graded concen-
trations of ethanol and xylene and fixed for 2 min using 3.7%
formaldehyde. After washing with deionized water, the sections
were incubated in the reaction mixture (acid phosphatase, leu-
kocyte (TRAP) kit; Sigma-Aldrich) at 37 °C in a humid and
light-protected incubator for 1 h as directed by the manufac-
turer. Thereafter, the sections were washed three times with
distilled water, counterstained with hematoxylin, and observed
under a microscope using the Spot Imaging Software, and dig-
ital images were obtained.

Bone Histomorphometry

Bone histomorphometry was performed on the hind paw
sections using the Osteomeasure bone histomorphometry sys-
tem (Osteometrix, Atlanta, GA) linked to a Nikon Eclipse 50i
inverted microscope and a Sony CCD video camera (39). His-
tomorphometric parameters follow the recommended nomen-
clature of the American Society for Bone and Mineral Research
(40). The analyses were performed on serial transverse sections
through the talus (# = 4). Bone volume versus total tissue vol-
ume (BV/TV), the number of osteoclasts per tissue area
(N.Oc/T Ar), active resorption per bone surface area (Oc.S/BS),
and the number of osteoclasts per bone perimeter (N.Oc/B.Pm)
were assessed (see Fig. 2).

Radiographic Assessment of Arthritis in Hind Paws of Rats

The severity of AA was assessed blindly on day 18 by radiog-
raphy. High resolution digital radiographs (40 kV, 12 s) of hind
limbs were performed on rats under ketamine-xylazine anes-
thesia with a Faxitron Digital x-ray system (Faxitron X-Ray,
Lincolnshire, IL) (39).

Preparation of Synovium-infiltrating Cells (SIC), Their
Restimulation with Mtb, and Testing for Mediators of Bone
Damage

Hind paws of Mtb-immunized rats were harvested on day 18,
and SIC (total SIC) were collected by opening the hind paw
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(ankle) joint using a sterile surgical blade (35). These SIC were
washed 3—4 times with Hanks’ Balanced Salt Solution and then
were cultured for 90 min in a 12-well plate using DMEM sup-
plemented with 5% fetal bovine serum (FBS), 2 mm L-glutamine,
100 units/ml penicillin G sodium, and 100 ug/ml streptomycin
sulfate. The non-adherent cells were removed by washing the
culture dish with Hanks’ Balanced Salt Solution. The remaining
cells (adherent SIC) were restimulated for 24 h with Mtb soni-
cate (10 ug/ml) in DMEM containing 5% FBS, and culture
supernatant was collected and tested for cytokine protein
expression by a multiplex assay in the Cytokine Core Facility
(University of Maryland, Baltimore, MD) using the Luminex
100™ analyzer (Luminex Corp., Austin, TX).

Culture of MC3T3-E1 Cells, Their Treatment with Celastrol in
Vitro, and Testing for Mediators of Bone Damage

MC3T3-E1 cells (mouse calvaria origin) (ATCC, Manassas,
VA) were obtained from the laboratory of one of us (J.P.S.) and
cultured in a-MEM containing 10% FBS, 2 mm glutamine, 100
units/ml penicillin G sodium, and 100 pg/ml streptomycin sul-
fate at 37 °C in a humidified atmosphere of 95% air and 5% CO.,,.
These cells were seeded in a 12-well plate (1 X 10° cells/well)
and grown to 80% confluence, and then the culture medium
was replaced by fresh medium. Then the cells were stimulated
for 24 h with IL-17 (100 ng/ml) in the presence or absence of
different concentrations of celastrol. The concentration of
celastrol used was determined after testing the cytotoxic action
of celastrol on MC3T3-E1 cells (supplemental Fig. 5), and it
matched that used for other cell types in our previous study
(30). From one set of cells, the culture supernatant was col-
lected and tested for cytokine protein levels using a multiplex
assay. From another set of cells, total RNA was isolated using
TRIzol reagent (Invitrogen), and then cDNA was prepared
from RNA using the iScript cDNA synthesis kit (Bio-Rad). The
c¢DNA was used for analysis of mRNA expression for M-CSF1.
The appropriate primers were designed using the Primer
Express 2.0 program (Applied Biosystems, Foster City, CA) and
synthesized at the Genomics-Biopolymer Core Facility (Uni-
versity of Maryland, Baltimore, MD). The ¢cDNA prepared
above was amplified in an ABI Prism 7900HT cycler (Applied
Biosystems) by quantitative RT-PCR using SYBR Green PCR
Master Mix (Applied Biosystems). The mRNA level of the
M-CSF1 gene was normalized to the hypoxanthine-guanine
phosphoribosyltransferase gene, and the relative gene expres-
sion levels were determined and expressed as “relative
message.”

Preparation of Fibroblast-like Synoviocytes (FLS), Their
Restimulation with IL-1f3 in Presence/Absence of Celastrol in
Vitro, and Testing for Matrix Metalloproteinase (MMP) Activity

SIC were collected from arthritic rats as described above and
cultured in DMEM supplemented with 10% FBS, 2 mMm L-glu-
tamine, 100 units/ml penicillin G sodium, and 100 pg/ml strep-
tomycin sulfate. After overnight incubation, the culture
medium was replaced with fresh medium to remove non-ad-
herent cells. Thereafter, the remaining adherent cells were split
after they reached confluence, and cells in passage 2 were stim-
ulated for 24 h with IL-18 (10 ng/ml) in serum-free medium in
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the presence or absence of different concentrations (0.1 and 0.3
uM) of celastrol based on our earlier study (30). Then, the
supernatant was collected and analyzed for MMP activity as
described below.

Culture of RAW 264.7 Cells and Their Treatment with Celastrol
in Vitro

Murine macrophage RAW 264.7 cells (mouse leukemic
monocyte macrophage cell line) (ATCC) were cultured in
DMEM containing 10% FBS, 2 mm glutamine, 100 units/ml
penicillin G sodium, and 100 ug/ml streptomycin sulfate at
37 °C in a humidified atmosphere of 95% air and 5% CO,. For
osteoclast differentiation (41), cells were seeded in a 24-well
plate and grown to 80% confluence in a-MEM containing 100
ng/ml RANKL for 5 days in the presence or absence of different
concentrations of celastrol that was not cytotoxic for these cells
(supplemental Fig. 5). Cell culture medium was changed every 2
days for 5 days. On day 5, culture supernatant was collected and
analyzed for MMP activity.

Determination of MMP Activity

A zymogram assay was performed (34, 35) to determine the
MMP activity in the serum and culture supernatants of cells
(SIC, FLS, and RAW 264.7) collected after in vivo or in vitro
treatment with celastrol as described above. Briefly, serum/su-
pernatant sample was loaded onto a gelatin-coated, precast
polyacrylamide gel (Bio-Rad). Standard MMP-9 and MMP-2
(Sigma) were used as positive controls. Electrophoresis was car-
ried out under SDS-nonreducing conditions at constant volt-
age. Triton X-100 (2.5%) was added to the gel and incubated at
room temperature for 1-2 h to remove SDS. The gel was
washed three to four times with water to remove Triton X-100
and then incubated overnight at 37 °C in a developing buffer
(Tris-HCI, pH 7.4) containing 5 mm CaCl,, 0.2 M NaCl, and
0.02% Brij 35. Thereafter, the gel was stained with Coomassie
Brilliant Blue R-250. The MMP activity was visualized and
scanned after destaining. The intensity of bands was quanti-
tated by densitometry using Image] software (W.S. Rasband,
National Institutes of Health, Bethesda, MD).

Statistics

The data were expressed as mean * S.E. Student’s ¢ test and
analysis of variance were used to assess the significance of dif-
ferences using GraphPad Prism version 4.0. A p value of < 0.05
was considered significant.

RESULTS

Celastrus/Celastrol Suppresses Inflammation and Tissue
Damage in Joints of Arthritic Rats—Arthritic Lewis rats were
fed daily with celastrus (in water, by gavage) or injected intra-
peritoneally with celastrol (in 1.2% DMSO) beginning at the
onset (day 9) of AA and then continued up to the peak phase
(day 18) of the disease. The corresponding control rats received
water by gavage or PBS-DMSO intraperitoneally, respectively.
On day 18, the hind paws of rats were subjected to radiological
examination. There was a significant reduction in the severity
of clinical arthritis (supplemental Fig. 1), as well as both the
inflamed soft tissue around the joints and bone damage in celas-
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trus/celastrol-treated rats compared with control rats (Fig. 1,
A-D and I-L). Further, histological examination revealed sig-
nificant reduction of pannus formation, synovial mononuclear
cell infiltration, and bone and cartilage destruction in celastrus/
celastrol-treated rats compared with controls (Fig. 1, E-H and
M-P).

Celastrus/Celastrol Reduces Bone Loss and Osteoclast Num-
ber in Arthritic Lewis Rats—To further validate the protective
effect of celastrus and celastrol on the inflammation mediated
bone degradation in arthritic rats, we examined the subchon-
dral bone loss and osteoclast numbers in the talus of the hind
paw joints of the experimental and control rats (Fig. 2, A, B, G,
and H, and supplemental Figs. 2 and 3). Treatment with celas-
trus/celastrol significantly reduced the subchondral bone loss
and preserved the bone volume up to 58% (celastrus) and 81%
(celastrol) compared with the respective controls (whose
counts were adjusted to 100%) (Fig. 2, C and /). Histomorpho-
metric analysis of TRAP-stained joint sections revealed that the
number of osteoclasts was reduced to 36% or 2.2% following
treatment with celastrus or celastrol, respectively, compared
with that of controls (Fig. 2, D and J). The corresponding
decrease in active resorption surfaces was 3.5- or 26.2-fold (Fig.
2, E and K), and the reduction in osteoclast number/bone
perimeter was 69% or 98% after treatment with celastrus or
celastrol, respectively, when compared with controls (Fig. 2, F
and L).

Celastrus/Celastrol Regulates Critical Immune Mediators of
Bone Remodeling in Arthritic Rats—To address the mecha-
nisms underlying the observed effects of celastrus/celastrol on
bone remodeling, we determined the effect of these natural
products on the immune mediators of inflammation-induced
bone damage (RANKL, OPG, OCN, GM-CSF, IGF, and OPN)
in experimental and control rats. These mediators were mea-
sured in culture supernatants of SIC restimulated with soni-
cated, heat-killed M. tuberculosis H37Ra (Mtb sonicate) (Fig. 3)
and in sera of the rats (Fig. 4 and supplemental Fig. 4).

In SIC (Fig. 3), there was a significant (p < 0.05) decrease in
all of the above-mentioned immune mediators tested in celas-
trus-treated rats compared with the control rats (Fig. 3, left)
except for OCN, which was unchanged. Overall, similar results
were obtained in celastrol-treated rats (Fig. 3, right), except that
the level of OPG did not change significantly. Further, the
RANKL/OPG ratio was significantly reduced following celas-
trol treatment but not after celastrus treatment. Nevertheless,
RANKL was reduced in the celastrus-treated group. Taken
together, celastrus/celastrol treatment altered the RANKL/
OPG ratio in favor of antiosteoclastic activity and inhibited
osteoclastogenic mediators of bone remodeling, namely
RANKL, GM-CSFE, M-CSE, OPN, and IGF-1 in the target organ,
the joints.

In serum, celastrol-treated rats (Fig. 4) showed a significant
decrease in serum levels of RANKL, RANKL/OPG ratio, and
GM-CSE, coupled with a significant increase in OPG and OCN
levels in comparison with the controls. In comparison, celas-
trus-treated rats (supplemental Fig. 4) showed a significant
decrease in RANKL and RANKL/OPG ratio without any
change in OPG level, but an increase in OCN level compared
with the controls. However, there was no change in other medi-
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Celastrus Celastrol
A B

Ol gt T AN K s
FIGURE 1. Celastrus/celastrol attenuates arthritic inflammation and joint damage in Lewis rats. One group each (n = 8 per group) of Mtb-immunized
Lewis rats was fed either water (vehicle; A, C, E, and G) or celastrus (3 g/kg; B, D, F, and H) (left), whereas another group of each was injected intraperitoneally with
either PBS (control; /, K, M, and O) or celastrol (1 mg/kg; J, L, N, and P) (right) beginning at the onset of AA and then continued through day 18 after Mtb injection.
Animals were euthanized on day 18, and their hind limbs were harvested, followed by embedding and processing for bone histology. The top first (frontal view;
A, B, I, and J) and second (lateral view; C, D, K, and L) panels show representative radiographs of limbs. The third panel (E, F, M, and N) depicts representative
micrographs of H&E-stained histological sections of the hind paw joints showing the pannus containing the mononuclear cell infiltrate (i), the joint space (ii),
and the bone mass (iii). The bottom panel (G, H, O, and P) depicts safranin-O-stained sections showing the extent of cartilage damage (a). (Celastrol was
dissolved in 1.2% DMSO, and PBS-DMSO (1.2%) served as its control, but for simplicity, we have referred to these entities as celastrol and PBS, respectively.)
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FIGURE 2. Celastrus/celastrol reduces bone resorption and osteoclast numbers in arthritic rats. A group each (n = 8 per group) of Mtb-immunized Lewis
rats was fed either water (vehicle; A) or celastrus (3 g/kg; B) (left), whereas another group of each was injected intraperitoneally with either PBS (control; G) or
celastrol (1 mg/kg; H) (right) as described in the legend to Fig. 1. Animals were euthanized on day 18, and their hind limbs were harvested, followed by
embedding and processing for TRAP staining and bone histomorphometry. A, B, G, and H, representative micrographs of the stained histological sections
showing TRAP-positive cells (20X); Cand /, bone volume versus total tissue volume (BV/TV); D and J, the number of osteoclasts per tissue area (N.Oc/T Ar); Eand
K, active resorption per bone surface area (Oc.5/BS); F and L, the number of osteoclasts per bone perimeter (N.Oc/B.Pm).*,p < 0.05, comparing experimental and
control groups. Error bars, S.E.
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FIGURE 3. Celastrus/celastrol regulates bone remodeling-related immune mediators in the joints of arthritic rats. SIC were harvested on day 18 from
Mtb-immunized rats (n = 4 per group) treated with celastrus/water (left) or celastrol/PBS (right) as described in the legend to Fig. 1, and then these cells were
restimulated for 24 h with Mtb sonicate (10 ng/ml). The levels of the indicated mediators were measured in culture supernatants of SIC using a multiplex assay,
and the results were expressed as pg/ml. *, p < 0.05, comparing experimental and control samples. Error bars, S.E.
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FIGURE 4. Celastrol reduces the serum levels of the immune mediators of
bone remodeling in arthritic rats. Serum was collected on day 18 from
Mtb-immunized rats treated intraperitoneally with PBS (open bars) or celas-
trol (filled bars) as described in the legend to Fig. 1, and the levels of the
indicated mediators were measured using a multiplex assay. The results were
expressed as pg/ml. ¥, p < 0.05, comparing experimental and control sam-
ples. Error bars, S.E.

ators following celastrus/celastrol treatment. In summary,
celastrus/celastrol treatment reduced serum levels of RANKL
as well as the RANKL/OPG ratio but increased OCN levels.
Celastrol Regulates Mediators of Bone Turnover in Preosteo-
blastic (MC3T3-E1) Cells in Vitro—We studied the effect of
celastrol in vitro on M-CSF1 production by preosteoblastic
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MC3T3-E1 cells treated with IL-17. Celastrol suppressed the
IL-17-induced expression of M-CSF mRNA (Fig. 5). In regard
to protein expression, there was an increase in OPG levels in the
face of unchanged RANKL levels, resulting in a decrease in
RANKL/OPG ratio in cells treated with celastrol (Fig. 5). In
addition, there was a significant decrease in IL-6 levels. These
results support the above-mentioned changes observed in vivo
in celastrol-treated arthritic rats.

Celastrus/Celastrol Treatment of Arthritic Rats Inhibits Key
Proinflammatory Cytokines Involved in Bone Damage—The
osteoclastogenic proinflammatory cytokines (IL-17, IL-6,
IL-1B, TNF-q, and IL-18) are critical mediators that stimulate
the production of various immune mediators of bone remodel-
ing mentioned above. To gain more insight into the cytokine
mediators upstream of the bone-remodeling mediators, we
examined the cytokine production in SIC that were harvested
from celastrus/celastrol-treated or control rats and then
restimulated in vitro for 24 h with Mtb sonicate. The celastrus-
treated group showed a significant decrease in all cytokines
tested except for TNF-a, which showed an unexpected increase
(Fig. 6, left). Further, in the celastrol-treated group, all of the
cytokines tested were significantly suppressed in SIC (Fig. 6,
right). In contrast, there was no significant change in serum
cytokine levels in either group compared with controls (data
not shown).

Celastrus/Celastrol Suppresses MMP-9 Enzyme Activity in
SIC and Serum of Arthritic Rats and in FLS and RAW 264.7
Cells in Vitro—MMPs play an important role in cartilage and
bone destruction in arthritic joints (42). Therefore, we evalu-
ated MMP activity in SIC and serum collected from celastrus/
celastrol-treated and control rats (Fig. 7, top) as well as in vitro
using FLS stimulated with IL-18 (10 ng/ml), and RAW 264.7
cells stimulated with RANKL (100 ng/ml) (Fig. 7, bottom). SIC
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FIGURE 5. Celastrol alters the expression of the mediators of bone remod-
eling in MC3T3 cells in vitro. MC3T3 cells were stimulated with IL-17 (100
ng/ml) after attaining 80% confluence. Prior to stimulation with IL-17, cells
were treated with or without celastrol (0.1 and 0.3 um). After 24 h, the cells
were harvested, and the total RNA was prepared and tested by quantitative
RT-PCR for M-CSF mRNA expression. Values were normalized to the respec-
tive hypoxanthine-guanine phosphoribosyltransferase mRNA levels, and the
results are expressed as “relative message” (rm). In parallel, the culture super-
natant was collected after 24 h from another set of cells, and the levels of
RANKL, OPG, and IL-6 were measured using a multiplex assay. The results
were expressed as pg/ml. ¥, p < 0.05, comparing experimental and control
samples. Error bars, S.E.

were restimulated with sonicated Mtb for 24 h, and their cul-
ture supernatants were tested for MMP activity using a gelatin
zymogram assay. Treatment with celastrus caused a 1.6-fold
decrease in MMP-9 activity in SIC but without much change in
serum. In comparison, celastrol treatment caused a 2.6- and
1.3-fold suppression in the activity of MMP-9 in SIC and serum,
respectively. In contrast, there was no consistent change in the
activity of MMP-2. The in vivo suppression of MMP-9 activity
by celastrol was supported by in vitro testing of FLS and RAW
264.7 cells. Celastrol suppressed both IL-13-induced MMP-9
in FLS and RANKL-induced MMP-9 in RAW 264.7 cells in a
dose-dependent manner.

DISCUSSION

In this study, we have shown that celastrus/celastrol is effec-
tive in suppressing inflammation as well as bone erosion in rats
with AA. In addition, we have elucidated the mechanisms
underlying the antiresorptive effect of celastrus/celastrol on
bones in the joints of arthritic rats. Compared with controls,
celastrus/celastrol-treated arthritic rats showed marked reduc-
tion in the severity of clinical arthritis as well as pannus forma-
tion and mononuclear cell infiltration in the synovial tissue
of the joints. Further analysis by bone histomorphometry
showed that there was an increase in bone volume coupled with
areduction in osteoclast numbers in celastrus/celastrol-treated
versus control rats. As discussed below, this protection against
bone damage is mediated via modulation of the mediators of
inflammation-induced bone damage.

Regulation of bone resorption by osteoclasts is essentially
mediated via the RANKL/RANK/OPG system (8, 9, 11, 24, 43).
We observed that celastrus/celastrol-treated rats had a
decrease in serum RANKL levels along with a reduction in
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RANKL/OPG ratio compared with the control rats. Further,
both celastrus and celastrol suppressed the expression of
RANKL in SIC in vivo. However, in MC3T3 cells in vitro, OPG
level was reduced without much change in RANKL level.
Accordingly, the RANKL/OPG ratio was reduced following
treatment with celastrus and celastrol. A reduction in RANKL
production and the consequent decreased activation of RANK
in turn inhibited osteoclastogenesis and bone resorption.
Moreover, decreased RANKL/OPG ratio both locally and sys-
temically shows that celastrol/celastrus restores the imbalance
of RANKL/OPG production in AA. As far as other mediators of
bone damage besides RANKL are concerned, we observed that
celastrus/celastrol treatment caused a marked reduction in
the three osteoclastic mediators produced by SIC, namely GM-
CSF, IGF, and OPN. Furthermore, OCN, which is required for
osteoblastic activity, was increased in sera but not SIC super-
nates. Thus, overall, celastrus and celastrol shifted the balance
of mediators of bone remodeling in favor of antiosteoclastic
activity.

Proinflammatory cytokines, such as IL-17, IL-6, TNF-q, IL-1,
and IL-18, are modulators of osteoclastogenesis (8, 12, 26, 44,
45). These cytokines can induce the production of RANKL.
Furthermore, the differentiation of osteoclasts is dependent on
RANKL as well as M-CSF (46). In fact, M-CSF is the key mole-
cule required for the survival of osteoclasts. IL-17 also can
induce the expression of M-CSF in osteoblast-like cells and
thus influence osteoclastogenesis (47). Our results show that
celastrus/celastrol treatment leads to a marked reduction in the
levels of proinflammatory cytokines in SIC (except for TNF-«
in the celastrus-treated group) when compared with controls.
The precise reasons for and impact of increased TNF-« in
celastrus-treated rats are not yet clear. Celastrus extract has
multiple components besides celastrol. In this regard, we pro-
pose that one or more of these other components might induce
enhanced TNF-a production. Further, despite increased
TNEF-c, the severity of arthritis in these rats was reduced,
apparently due to a significant reduction in IL-17. Overall, the
inhibition of proinflammatory cytokine production by celas-
trus/celastrol parallels the reduction in RANKL and other oste-
oclastogenic mediators. On the basis of these results, we sug-
gest that these natural products suppress RANKL production
in part via targeting the proinflammatory cytokines that are
upstream of RANKL in the osteoclastogenic pathway.

Another physiological modulator of RANKL activity is
MMP-9, which has been shown to play an important role in
bone remodeling (48). For example, MMP-9 activity is involved
in the promotion of RANKL-induced osteoclastogenesis inde-
pendent of NFATc1 signaling (48). Furthermore, IL-13 can
stimulate FLS/osteoclasts and chondrocytes to produce MMPs
that degrade cartilage (45). Our results show that celastrol
blocks the production of both IL-18 and IL-1B-induced
MMP-9. In addition, celastrol inhibited RANKL-induced
MMP-9. Collectively, our results show that celastrol inhibited
bone damage in part via down-regulating MMP-9, which rep-
resents an effector molecule downstream of RANKL in the
osteoclastogenic pathway. Similar results have been reported
using a different natural product, Genistein, an isoflavone (49).
Genistein down-regulated RANKL production and MMP-9
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FIGURE 6. Celastrus/celastrol controls the production of proinflammatory cytokines in the joints of arthritic rats. SIC were harvested on day 18 from
groups of Mtb-immunized rats (n = 4 per group) treated with celastrus/water (left) or celastrol/PBS (right) and then restimulated in vitro for 24 h with or without
Mtb sonicate (10 ng/ml). The levels of different cytokines in culture supernatants were measured using a multiplex assay, and the results were expressed as
pg/ml. *, p < 0.05, comparing experimental and control samples. Error bars, S.E.
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FIGURE 7. The effect of celastrus/celastrol treatment on MMP activity in defined cells and sera. SIC and sera were harvested on day 18 from Mtb-
immunized rats treated with celastrus (top left) or celastrol (top right) (n = 4 each) as described in the legend to Fig. 1. Then the SIC were restimulated in vitro
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264.7 cells (bottom right) were stimulated with RANKL (100 ng/ml) for 5 days in the presence or absence of celastrol. Thereafter, culture supernatants of these
cells were collected and analyzed for MMP activity. The results are representative of two independent experiments.
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activity and inhibited osteoclast formation, resulting in the
inhibition of osteoclastic bone resorption and bone metastasis
in cancer (49).

Taken together, the celastrus/celastrol-induced changes in
the target organ (joints) in our study included the altered
RANKL/OPG ratio in favor of OPG, the inhibition of osteoclas-
togenic mediators of bone remodeling (namely RANKL, GM-
CSF, M-CSF, OPN, and IGF-1), and the suppression of
proinflammatory cytokines (IL-1, IL-6, IL-17, and IL-18) and
matrix-degrading enzyme (MMP-9) that promote bone dam-
age. In comparison, changes in circulating (in serum) mediators
of bone remodeling included the inhibition of RANKL as well as
RANKL/OPG ratio but increased OCN levels. There was a
slight reduction in MMP-9 activity following celastrol treat-
ment but no effect after celastrus treatment. Further analysis of
serum cytokines in celastrus/celastrol-treated rats versus con-
trols showed no significant changes (data not shown). Thus, the
study of joint-infiltrating cells and synovial fibroblasts revealed
a much more comprehensive picture of the mechanism of
action of celastrus/celastrol than that revealed by the circulat-
ing levels of the same mediators. These results highlight the
significance of studying target organ biological processes in
arthritis to unravel the mechanistic aspects of protection
against bone damage by natural or synthetic products.

Other investigators have reported the beneficial effects of
natural products against osteoclastogenesis and bone loss. For
example, green tea has been shown to synergize with a-calcidol
in affording protection against inflammation-induced bone
loss in rats, and this effect was attributable to a reduction in
TNE-a production as well as oxidative stress damage and
inflammation (50, 51). Epigallocatechin gallate, a bioactive
component of green tea, has been reported to inhibit IL-6, a
critical proinflammatory cytokine involved in inflammation
and bone damage in arthritis (52). Epigallocatechin gallate has
also been shown to inhibit the formation and differentiation of
osteoclasts via inhibition of MMPs (53). In another study, cur-
cumin (from turmeric) was shown to inhibit overiectomy-in-
duced bone loss by reducing osteoclastogenesis and impaired
RANKL signaling (54). Other investigators have shown that sili-
binin, a flavonolignan, suppressed the induction of TRAP and
cathepsin K as well as the activity of MMP-9 via perturbing the
TNF receptor-associated factor 6 (TRAF6)-c-Src signaling
pathways (41). While supporting the above studies, our report
is the first to demonstrate the protective effect of celastrus/
celastrol on bone damage in vivo in arthritic animals, and this
effect is mediated via inhibition of RANKL and MMP-9.

Celastrol had mostly been credited for its anti-tumor activity
(55-60) until the publication of our report describing that
celastrus-derived celastrol had a beneficial effect against
inflammatory autoimmune arthritis (as tested in the AA model)
(30). Accordingly, most reports on the mechanism of action of
celastrol were derived from studies performed in tumor models
(55, 56, 58 —60). In this context, our results showing the bone
damage-protective effects of celastrus/celastrol in the AA
model are supported by those of studies examining the effects
of celastrol in tumor models. For example, celastrol was shown
to suppress the osteolytic bone metastasis associated with
experimentally induced breast cancer (61); celastrol suppressed
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trabecular bone loss and reduced the number and size of osteo-
lytic bone lesions in rats (61). Furthermore, celastrol inhibited
RANKL-induced signaling in osteoclasts, caused osteoclast
apoptosis, and inhibited osteoclast formation (62). Taken
together, the results of the studies performed in the AA model
and the tumor models are complementary and supportive of
each other. Considering that the pathophysiological milieu in
an arthritic joint is quite different from that of a tumor site, it is
remarkable that celastrol can afford protection against bone
damage/bone loss in both of these settings. We suggest that the
beneficial effect of celastrol in these two distinct yet related
disease conditions is attributable in part to the fact that (a)
inflammation is a component not only of autoimmune pathol-
ogy but also of tumorigenesis (7, 63), and (b) the biochemical
and immunological mediators of inflammation and bone dam-
age are shared (the “osteoimmune cross-talk,” or “osteoimmu-
nology”) (7, 8).

In summary, we demonstrate here that celastrus/celastrol
inhibited inflammation-induced bone damage in arthritic rats
by modulating the osteoimmune cross-talk. This modulation is
composed primarily of (a) the inhibition of key proinflamma-
tory cytokines (produced by the immune cells), which stimulate
RANKL production and increase RANKL/OPG ratio, eventu-
ally leading to osteoclastogenesis; (b) the inhibition of the level/
activity of matrix-degrading enzyme (MMP-9), which is the
downstream effector biomolecule produced by proinflamma-
tory cytokines as well as RANKL; and (c) the effect on the above
two sets of mediators, resulting in the reduction of osteoclast
numbers. We suggest that celastrus and celastrol are promising
agents for use for the concurrent treatment of inflammation
and bone damage associated with arthritis. Furthermore, these
natural products should be evaluated in clinical studies for their
use as adjuncts to conventional drugs for the treatment of RA.
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