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Rheumatoid arthritis (RA) is an autoimmune disease
characterized by synovial inflammation and articular damage.
Proinflammatory cytokines, antibodies, and matrix-degrading
enzymes orchestrate the pathogenic events in autoimmune
arthritis. Accordingly, these mediators of inflammation are the
targets of several anti-arthritic drugs. However, the prolonged
use of such drugs is associated with severe adverse reactions.
This limitation has necessitated the search for less toxic natural
plant products that possess anti-arthritic activity. Furthermore,
itis imperative that the mechanism of action of such products be
explored before they can be recommended for further preclini-
cal testing. Using the rat adjuvant-induced arthritis model of
human RA, we demonstrate that celastrol derived from Celas-
trus has potent anti-arthritic activity. This suppression of
arthritis is mediated via modulation of the key proinflammatory
cytokines (IL-17, IL-6, and IFN-v) in response to the disease-
related antigens, of the IL-6/IL-17-related transcription factor
STATS3, of antibodies directed against cyclic citrullinated pep-
tides and Bhsp65, and of the activity of matrix metalloprotei-
nase-9 and phospho-ERK. Most of the clinical and mechanistic
attributes of celastrol are similar to those of Celastrus extract.
Several studies have addressed the antitumor activity of celas-
trol. Our study highlights the anti-arthritic activity of Celastrus-
derived celastrol and the underlying mechanisms. These results
provide a strong rationale for further testing and validation of
the use of celastrol and the natural plant extract from Celastrus
as an adjunct (with conventional drugs) or alternative modality
for the treatment of RA.

Rheumatoid arthritis (RA)? is a chronic debilitating autoim-
mune disease affecting millions of people all over the world
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(1-3). Both cell-mediated and humoral immune reactions par-
ticipate in the pathogenesis of RA (1, 4). Several proinflamma-
tory cytokines secreted by immune cells, including TNF-q,
IL-1B, IL-15, IL-18, and IFN-+, have been shown to play a role
in the initiation and progression of RA (4, 5). Over the past
decade, a new subset of T helper cells producing IL-17 (Th17)
has become the focus of RA pathogenesis (6, 7). Induction of a
Th17 response involves IL-6 and TGF-f3, as well as the tran-
scription factors STAT3 and retinoid related orphan recep-
tor-yt (ROR-yt) (8, 9). In regard to the humoral response,
serum levels of anti-cyclic citrullinated protein/peptide (aCCP)
antibodies correlate well with the disease severity in RA
patients and serve as the specific autoantibody marker for the
diagnosis of RA (10, 11). In view of the above, modulation of the
proinflammatory cytokines and aCCP antibody levels is a
desired goal for the management of RA.

A variety of drugs are available for the treatment of RA.
These include corticosteroids, nonsteroidal anti-inflammatory
drugs, disease-modifying antirheumatic drugs, and biologics (1,
12). However, besides their high cost, the use of these drugs is
associated with severe adverse reactions (1, 12—15). Therefore,
adjunct/alternative treatments based on less toxic natural plant
products are eagerly been sought for RA and other disorders
(16-22). On the one hand, natural plant products have the
advantage of limited or no toxicity, but on the other hand, there
is skepticism about their use in part because of the lack of infor-
mation about their mechanism of action.

In this study, we describe the anti-arthritic activity and the
underlying mechanisms of the ethanol extract of Celastrus acu-
leatus Merrill (Celastrus) (23), a Chinese medicinal herb, and
celastrol, a bioactive component of Celastrus (23-26), using a
well established model of RA, adjuvant-induced arthritis (AA)
(27, 28). Most of the literature on celastrol is devoted to its
anticancer properties (29). In contrast, our study highlights the
anti-arthritic attribute of this compound and the immunologi-
cal and biochemical mechanisms involved in this activity. Our
results offer the scientific rationale for considering the preclin-
ical testing of Celastrus and celastrol in RA patients.

EXPERIMENTAL PROCEDURES
Animals
Male Lewis rats (LEW/Hsd, RT.1% 5—-6 weeks old, ~150—

200 g) were purchased from Harlan Sprague-Dawley (Indian-
apolis, IN) and housed in the vivarium of the University of
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Maryland School of Medicine. All experimental procedures on
these rats were performed following the guidelines of the Insti-
tutional Animal Care and Use Committee.

Celastrus Extract and Purified Celastrol

Celastrus—Ethanol extract of the roots and stem of C. acu-
leatus Merrill (Celastrus) was prepared as described previously
(23). Briefly, the roots and stem of this plant were dried, pow-
dered, and then extracted with 75% ethanol. The extract was
collected and re-extracted with 75% ethanol. The final extract
was concentrated and dried. The extract was subjected to
reverse-phase high performance liquid chromatography. The
three major groups of compounds, namely triterpenes (celas-
trol), flavonoids (epiafzelechin) and sesquiterpenes (orbiculin
F), were identified (23).

Celastrol—Celastrol ((98,13,143,20c)-3-hydroxy-9,13-d-
imethyl-2-0x0-24,25,26-trinoroleana-1(10),3,5,7-tetraen-29-
oic acid), M, = 450.6) is one of the bioactive components of
Celastrus. Purified celastrol isolated from Celastrus scandens
was purchased from Calbiochem.

Antigens

Heat-killed Mycobacterium tuberculosis H37Ra (Mtb) was
obtained from Difco (Detroit, MI). Bhsp65 (mycobacterial
heat shock protein 65) was prepared by transforming
BL21(DE3)pLysS cells (Novagen, Madison, WI) with the
pET23b-GroEL2 vector (Colorado State University, Fort Col-
lins, CO) (30). Ovalbumin and keyhole limpet hemocyanin
were obtained from Sigma.

Induction and Evaluation of AA

Mtb was ground to a powder form and suspended in mineral
oil (Sigma). Lewis rats were immunized subcutaneously with
200 ul of Mtb suspension (1.5 mg/rat) at the base of the tail.
Following immunization, these rats were observed regularly for
erythema, swelling, and induration in each paw. The severity of
arthritis was graded on a scale of 0—4 as described previously
(27, 28). The maximum attainable arthritic score per paw was 4
and per rat was 16. In a typical disease course of AA in Lewis
rats, four different phases are evident: incubation, onset, peak,
and recovery.

Treatment of Arthritic Lewis Rats with Celastrus
Extract/Celastrol

Celastrus—Celastrus extract was finely suspended in water
using a mortar and pestle and fed to Lewis rats (3 g/kg of body
weight in a 2-ml volume) daily using a gavage needle (FNC-
16-3, Kant Scientific Corp., Torrington, CT). Celastrus feeding
was started from the onset of AA and then continued uninter-
rupted for the entire duration of the observation period. The
control rats received vehicle (water). All rats were graded reg-
ularly for the severity of arthritis following Mtb challenge.

Celastrol—A stock solution of celastrol (20 mg in 0.6 ml of
dimethyl sulfoxide (DMSO; Sigma) was prepared and frozen at
—20°C in small aliquots until needed, following the method
described previously (31, 32). The dose of celastrol (1 mg/kg)
used in vivo in our study matched that used previously in dif-
ferent (non-arthritic) model systems (31, 32). The stock solu-
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tion of celastrol was diluted in PBS (6-ul stock in 500 ul of
PBS/rat) and injected intraperitoneally. Celastrol was adminis-
tered daily to Mtb-challenged rats starting from the onset of AA
and then continued uninterrupted for the entire duration of the
observation period. The control rats received the vehicle,
DMSO (1.2%), in PBS. All rats were observed and graded regu-
larly for the signs of arthritis.

Preparation of Lymph Node Cells (LNC) and Their
Restimulation with Bhsp65 for Cytokine Testing

LNC of Rats Treated with Celastrus/Celastrol—Mtb-immu-
nized Lewis rats treated with either Celastrus/celastrol or vehi-
cle only were killed on day 19 of the disease course, and their
draining lymph nodes (para-aortic, inguinal, and popliteal)
were harvested. Thereafter, a single cell suspension of LNC was
prepared, and the cells were washed three times with Hanks’
balanced salt solution (Invitrogen). These LNC were cultured
(5 X 10° cells/well) in a flat-bottomed 96-well plate in HL-1
serum-free medium (Ventrex Laboratories, Portland, ME) sup-
plemented with 2 mm L-glutamine, 100 units/ml penicillin G
sodium, and 100 ug/ml streptomycin sulfate in an atmosphere
of 95% air and 5% CO, (33). The cells were restimulated with
Bhsp65 for 24 h. The specificity of the cytokine response
induced by Bhsp65 was tested by showing the lack of response
of Mtb-primed LNC to a control antigen, keyhole limpet hemo-
cyanin (supplemental Fig. 1).

LNC Treated with Celastrol in Vitro—LNC were prepared
from an untreated rat on day 19 after Mtb challenge. These cells
were restimulated with Bhsp65 for 24 h in the presence or
absence of different concentrations (0.05 and 0.1 um) of celas-
trol. The dosage of celastrol used for the in vitro treatment of
LNC was optimized such that there was no significant effect on
cell viability as measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (supplemental Fig. 2). LNC
tolerated celastrol up to 0.5 um without any effect on their via-
bility. However, increasing the concentration of celastrol from
0.5 to 1 or 2 uM resulted in a decrease in percent viability of
LNC to <60%.

Preparation of Spleen Adherent Cells (SAC) and Their
Restimulation with Mtb for Cytokine Testing

SAC of Rats Treated with Celastrus/Celastrol—Spleens were
harvested from experimental/control rats on day 19 of the dis-
ease course. A single cell suspension of spleen cells was pre-
pared as described above for LNC. These spleen cells were
placed in a 6-well plate (Corning, Corning, NY) at 37 °C in
RPMI 1640 medium supplemented with 5% FBS, 2 mMm L-glu-
tamine, 100 units/ml penicillin G sodium, and 100 ug/ml strep-
tomycin sulfate. After 90 min, the non-adherent cells were
removed by washing, yielding the SAC (27). These SAC (1.5—
2.0 X 10° cells/well) were restimulated with sonicated Mtb (10
pg/ml) for 6 h. The specificity of the cytokine response induced
by Mtb was tested by showing the lack of response of the SAC to
a control antigen, ovalbumin (supplemental Fig. 1).

SAC Treated with Celastrol in Vitro—SAC from untreated
arthritic rats were restimulated for 6 h with sonicated Mtb in
the presence or absence of different concentrations (0.05 and
0.1 uMm) of celastrol.
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Measurement of Cytokine mRNA Expression in LNC and SAC
Using Quantitative RT-PCR

RNA was isolated from LNC and SAC using TRIzol reagent
(Invitrogen), and then cDNA was prepared from RNA using an
iScript cDNA synthesis kit (Bio-Rad). The cDNA prepared was
amplified in an ABI PRISM 7900HT cycler (Applied Biosys-
tems, Foster City, CA) by quantitative RT-PCR using SYBR
Green PCR Master Mix (Applied Biosystems) and appropriate
primers (33). The primers for the detection of mRNAs for dif-
ferent cytokines and hypoxanthine-guanine phosphoribosyl-
transferase were designed using the Primer Express 2.0 Pro-
gram (Applied Biosystems) and synthesized at the Biopolymer
Genomics Core Facility of the University of Maryland School of
Medicine. The mRNA levels of specific genes were normalized
to those of the hypoxanthine-guanine phosphoribosyltrans-
ferase gene, and the relative gene expression levels were deter-
mined (33). The results are expressed as -fold increase.

Testing the Effect of Celastrus/Celastrol on Cytokine-related
Transcription Factors by Western Blotting

LNC of Rats Treated with Celastrus/Celastrol—LNC ob-
tained from Lewis rats treated with either Celastrus/celastrol or
the corresponding vehicle were restimulated with antigen for
24 h in a 6-well plate. These cells were lysed using cell lysis
buffer (Cell Signaling Technology, Danvers, MA) and then cen-
trifuged at 16,000 X g for 10 min. The protein concentration of
the lysate supernatant was measured using a BCA protein assay
kit (Pierce). The proteins (20 ug) in the lysate supernatant were
separated by SDS-PAGE (4-20%). Thereafter, the proteins
were transferred onto a PVDF membrane. The membrane was
first blocked with 5% milk in Tris-buffered saline containing
0.05% Tween, followed by probing with anti-phospho-STAT3
(pSTATS3) or anti-ROR-vyt antibodies (Abcam and Cell Signal-
ing Technology) and then with secondary anti-rabbit antibody
(Pierce) (33). The membrane probed with anti-pSTAT3 was
reprobed with an antibody against total STAT3 (Santa Cruz
Biotechnology, Santa Cruz, CA). GAPDH was used as a protein
loading control. Protein bands were visualized with SuperSig-
nal West Dura chemiluminescent detection reagents (Pierce)
following the manufacturer’s directions.

LNC of Rats Treated with Celastrol in Vitro—To study the in
vitro effect of celastrol on pSTAT3 and ROR-yt, LNC obtained
from Mtb-immunized Lewis rats were restimulated for 24 h
with antigen in the presence or absence of celastrol. Cell lysates
were used to study the level of STAT3 and ROR-yt using West-
ern blotting as described above.

Testing the Culture Supernatant of Celastrol-treated Synovial
Fibroblasts (Rat Fibroblast-like Synoviocytes)

Synovial fibroblasts (rat fibroblast-like synoviocytes) were
cultured as described previously (33), and the cells in passage 4
were incubated in serum-free medium in a 6-well plate (2 X 10°
cells/well). These cells were stimulated for 24 h with Mtb (10
pg/ml) in the presence or absence of different concentrations of
celastrol. The culture supernatant was collected and used to
analyze matrix metalloproteinases (MMPs), IL-6, and VEGF by
ELISA (Cytokine Core Facility, University of Maryland School
of Medicine).
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Gelatin Zymogram Assay for the Detection of MMP Activity

MMP activity in the culture supernatants of synovial fibro-
blasts (rat fibroblast-like synoviocytes) stimulated with Mtb in
the presence or absence of celastrol was determined using a
gelatin zymogram assay as described previously (34). Briefly,
culture supernatants were loaded onto a gelatin-coated precast
polyacrylamide gel (Bio-Rad) and subjected to SDS-PAGE
under nonreducing conditions. SDS was removed to renature
the gel by incubation with 2.5% Triton X-100 for 1-2 h, fol-
lowed by three to four washings with water. The gel was then
incubated overnight at 37 °C in Tris-HCl buffer (pH 7.4) con-
taining CaCl,, NaCl, and Brij 35. The gel was stained with Coo-
massie Brilliant Blue R-250 to visualize MMP activity.

Testing the Effect of Celastrol on Cell Signaling by Western
Blotting

To study the effect of celastrol on signaling events, synovial
fibroblasts (HFLS-RA (human fibroblast-like synoviocytes-
rheumatoid arthritis), Cell Applications, Inc., San Diego, CA)
were incubated for 6 h in serum-free DMEM, followed by stim-
ulation with IL-18 in the presence or absence of celastrol for 30
min. Cells were lysed in cell lysis buffer as described above and
processed for Western blot analysis using rabbit polyclonal
antibodies specific for phospho-p38, phospho-ERK (pERK),
and phospho-JNK (Cell Signaling Technology). The membrane
was reprobed with antibody against total p38, ERK, and JNK.
GAPDH was used as a protein loading control. Protein bands
were visualized with SuperSignal West Dura chemiluminescent
detection reagents following the manufacturer’s directions.

Assays for Measuring Serum Levels of aCCP and anti-Bhsp65
Antibodies

Control and test groups of Lewis rats were bled from the tail
1 day before Mtb immunization (day —1) and once a week (days
7,14, 21, and 28) thereafter. Sera were separated and stored at
—80 °C until used. The levels of serum aCCP antibodies were
determined using commercial kits (CCP3 IgG ELISA Kkit,
INOVA Diagnostics, Inc., San Diego, CA) with a minor modi-
fication of the procedure. Sera (diluted 1:75) were added to
wells coated with CCP and incubated at room temperature for
1 h. The wells were then washed thoroughly with washing
buffer, followed by the addition to the wells of HRP-conjugated
mouse anti-rat total Ig (1:1500) as the second antibody. The
plate was incubated for 45 min at room temperature. After
washing, color was developed, and the absorbance was read.
Negative and positive controls for quality control as well as a
5-point standard curve for quantitation were also included in
the assay. The results are expressed as unit values correspond-
ing to 1:100 serum dilution following the manufacturer’s
instructions. An aCCP antibody level equal to or higher than 20
units was considered a positive response. The assay for antibod-
ies against Bhsp65 was performed as described previously (30).
HRP-conjugated mouse anti-rat total Ig was used as a second-
ary antibody (1:1500) in this assay.

Statistics

Two-way analysis of variance with the Bonferroni post-test
was carried out for in vivo clinical experiments. Student’s £ test
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was used to analyze cytokine mRNA expression data. A p value
<0.05 was considered as significant.

RESULTS

Celastrus Extract and Celastrol Suppress AA in Lewis Rats—
A group each of Mtb-immunized Lewis rats was fed daily with
Celastrus extract or injected intraperitoneally with celastrol
starting at the onset of AA and then continued for 25 days. The
control rats received water orally or PBS/DMSO (1.2%) intra-
peritoneally. Both experimental groups of rats showed signifi-
cant reduction in the severity of AA compared with the control
rats (p < 0.05) (Fig. 1, A—D). The mean arthritic scores of Celas-
trus-fed and control rats at the peak phase of the disease course
were 1.6 and 5.9, respectively (Fig. 14). In comparison, celas-
trol-treated and control rats displayed mean arthritic score of
<1.0and 6.2, respectively (Fig. 1B). The anti-arthritic activity of
Celastrus and celastrol was further confirmed by histological
examination of the hind paws (Fig. 1, E and F). Synovial mono-
nuclear cell infiltration, pannus formation, and cartilage and
bone destruction were significantly reduced in the joints of
Celastrus- and celastrol-treated rats compared with the respec-
tive control rats. These results show that both Celastrus and its
bioactive component, celastrol, have anti-arthritic activity and
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FIGURE 1. Suppression of AA in Lewis rats by Celastrus extract/celastrol. Mtb-immunized Lewis rats were treated with Celastrus extract (n = 6 per group)
(A) or celastrol in DMSO (n = 4 per group) (B) beginning at the onset of the disease. The control rats received water or PBS/DMSO. All rats were scored regularly
for the severity of arthritis. Photographs of the hind paws of a representative Lewis rat from each group on day 18 after Mtb immunization are shown in Cand
D. Also shown are the sections of hematoxylin/eosin-stained hind paws (E and F). B, bone; C, cartilage; JS, joint space; P, pannus. The arrow indicates mononu-
clear cell infiltrates. *, p < 0.05 when comparing experimental and control groups from days 12 to 22 (A) and from days 14 to 25 (B).

otl

that the suppression effect of celastrol is much more pro-
nounced than that of Celastrus extract.

Inhibition of IL-17, IFN-v, and IL-6 Responses in Arthritic
Rats Treated with Celastrus Extract/Celastrol—The draining
LNC were harvested from Celastrus/celastrol-treated rats and
then restimulated in vitro with the disease-related antigen
Bhsp65. The expression of cytokines in LNC was measured by
quantitative RT-PCR. There was a significant decrease (p <
0.05) in the expression of IL-17 mRNA in Celastrus/celastrol-
treated rats compared with their respective controls (Fig. 2, A
and C). The expression of IL-17 mRNA was decreased by 3.4-
fold in Celastrus-treated rats and 3.7-fold in celastrol-treated
rats compared with the respective control groups. Similarly, the
IFN-y mRNA level was significantly reduced (p < 0.05) in celas-
trol-treated rats. However, the decline in the IFN-y mRNA
level in Celastrus-treated rats was not significant. Furthermore,
neither Celastrus nor celastrol had any measurable effect on the
expression of IL-10.

In parallel, SAC obtained from Celastrus/celastrol-treated
rats were stimulated with sonicated Mtb, and the cytokine
expression was measured. IL-6 mRNA expression in rats
treated with Celastrus or celastrol was decreased by 2.8- or
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FIGURE 2. Cytokine expression in LNC and SAC of Lewis rats treated with Celastrus extract/celastrol. The draining LNC from Mtb-immunized rats treated
with Celastrus extract or celastrol were harvested on day 19 and restimulated in vitro for 24 h with Bhsp65 (5 ng/ml; n = 3 each) (A and C). SAC from the same
rats were restimulated in vitro for 6 h with sonicated Mtb (10 ug/ml; n = 3 each) (Band D). LNC/SAC of control groups of rats were processed in the same manner.
The cytokine mRNA expression in these cells was quantified by quantitative RT-PCR. Results are expressed as -fold over medium after normalization to
hypoxanthine-guanine phosphoribosyltransferase. *, p < 0.05 when comparing experimental and control samples.

7.3-fold, respectively, compared with their respective controls
(Fig. 2, Band D). However, no significant change was observed
in the expression of IL-23 and IL-27. These results show that
both Celastrus and celastrol inhibit the expression of critical
cytokines related to arthritis, namely IL-17, IFN-v, and IL-6.

Celastrol Treatment of LNC in Vitro Suppresses Antigen
(Bhsp65)-induced IL-17 and IFN-y—To examine the effect of
celastrol on the expression of cytokines in LNC in vitro, LNC
were stimulated with Bhsp65 in the presence or absence of
celastrol, and the cytokine expression was then measured.
Celastrol decreased Bhsp65-induced expression of IL-17
mRNA by 2.1- and 2.5-fold when tested at concentrations of
0.05 and 0.1 um, respectively (p < 0.05) (Fig. 3A). Similarly, the
IEN-y mRNA level was reduced by 13.9- and 23.2-fold, respec-
tively (p < 0.05). However, no significant change in the levels of
IL-10 mRNA expression was observed. We also studied the
effect of celastrol on the expression of cytokines in SAC in vitro.
The cytokine expression was measured after stimulating SAC
with sonicated Mtb in the presence or absence of celastrol. The
results show that celastrol significantly decreases Mtb-induced
expression of IL-6 and IL-27 mRNAs in SAC (Fig. 3B).
Although there was a minor increase in the levels of IL-23 at 0.1
M celastrol, the change was not significant.

Celastrus and Celastrol Modulate the Expression of pSTAT3
and ROR-vyt Induced by the Disease-related Antigen—As
described above, both Celastrus and celastrol suppress IL-17
and IEN-vy ex vivo as well as in vitro. To further validate sup-
pression of the IL-17 response, LNC from Celastrus/celastrol-
treated and control rats were cultured in the presence or
absence of Bhsp65, and the expression of two Thl7-related
transcription factors (pSTAT3 and ROR-yt) was measured
(Fig. 4A). Celastrus/celastrol-treated rats showed reduced
expression of Bhsp65-induced pSTAT3 compared with their
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FIGURE 3. Cytokine expression in LNC and SAC treated with celastrol in
vitro. LNC harvested from a Lewis rat on day 19 after Mtb challenge were
restimulated in vitro for 24 h with Bhsp65 (A), and SAC from the same rats were
restimulated in vitro for 6 h with sonicated Mtb (B) in the presence or absence
of celastrol (0.05 or 0.1 um). The cytokine mRNA expression in these cells was
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p < 0.05 versus Bhsp65/Mtb alone.
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FIGURE 4. Effect of Celastrus extract/celastrol on cytokine-related tran-
scription factors. A, LNC from Mtb-immunized rats treated with Celastrus
extract/celastrol or the vehicle (water or PBS/DMSO) were harvested on day
19 of AA and restimulated in vitro for 24 h with or without Bhsp65. B, LNC were
treated as described in the legend to Fig. 3A. Lysates from these cells were
prepared, and the levels of pSTAT3 and ROR-yt were analyzed by Western
blotting. GAPDH served as the control. The intensity of the bands was quan-
tified by densitometric analysis and normalized against the appropriate con-
trols. The results of a representative experiment from a set of three indepen-
dent experiments are shown.

respective controls. A similar pattern was observed with LNC
cultured without Bhsp65, showing the ex vivo expression pro-
file of LNC. In the case of ROR-vt, the reduction was observed
in LNC restimulated with Bhsp65 but not in unstimulated LNC
from Celastrus-treated rats. The effect was less marked in the
celastrol-treated group. Similar results were obtained when the
effect of celastrol on LNC was tested in vitro (Fig. 4B).

Celastrol Treatment of Synovial Fibroblasts in Vitro Selec-
tively Suppresses the Secretion of IL-6 and MMP-9 and Inhibits
PERK—We further examined the effect of celastrol on the
secretion of mediators of inflammation and tissue damage by
rat fibroblast-like synoviocytes obtained from arthritic joints of
Lewis rats. Celastrol significantly suppressed Mtb-induced IL-6
production in a concentration-dependent manner (Fig. 5A4).
However, there was no significant change in the levels of the
angiogenic factor VEGEF. In addition, celastrol inhibited the
secretion of MMP-9 induced by Mtb, whereas, the activity of
pro-MMP-2 and MMP-2 was unaltered by Mtb as well as celas-
trol (Fig. 5B). Interestingly, celastrol reduced the levels of pERK
(Fig. 5C). However, the levels of phosphorylated p38 and JNK
remained unaltered (supplemental Fig. 3).

Anti-Bhsp65 and aCCP Antibody Response in Celastrus/
Celastrol-treated Rats—All arthritic rats produced antibodies
to Bhsp65 (Fig. 64). Celastrol-treated rats had reduced levels of
anti-Bhsp65 antibodies after treatment (on days 14, 21, and 28)
compared with the control rats. However, no detectable change
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FIGURE 5. Celastrol modulates the production of mediators of inflamma-
tion and tissue damage by synovial fibroblasts. Synovial fibroblasts were
stimulated for 24 h with sonicated Mtb (10 pg/ml) in the presence or absence
of celastrol (0.05 or 0.1 um). Culture supernatants from these cells were ana-
lyzed for IL-6 and VEGF (n = 3 each) (A) and MMP-9 and MMP-2 activity (B). The
graph in B represents the normalized units following densitometric analysis.
Synovial fibroblasts were stimulated with IL-13 in the presence or absence of
celastrol, and the levels of pERK and total ERK were determined by Western
blotting (C). The results shown in B and C are from a representative experi-
ment each from a set of two to three independent experiments.

in the level of anti-Bhsp65 antibodies was observed in Celas-
trus-fed rats compared with water-fed rats.

In a recent study, we showed that Lewis rats with AA but not
naive rats develop aCCP antibodies during the natural course of
the disease (35). The level of aCCP antibodies correlates with
the disease severity, thus serving as a reliable biomarker for
disease activity. In this study, we observed that arthritic Lewis
rats but not unimmunized Lewis rats developed aCCP antibod-
ies (Fig. 6B). However, the level of aCCP antibodies was signif-
icantly reduced (p < 0.05) on days 21 and 28 in celastrol-in-
jected rats compared with control rats. In contrast, the aCCP
antibody level was unchanged in Celastrus-fed rats compared
with water-fed control rats.

DISCUSSION

In this study based on an experimental model of autoimmune
arthritis (the AA model), we have described the mechanisms
underlying the anti-arthritic activity of C. aculeatus Merrill
(23) and celastrol, one of the bioactive components of Celastrus
(23-26). Most of the studies on celastrol are based on its anti-
tumor activity (29). Our study has unraveled the immunologi-
cal basis of the anti-arthritic property of this naturally occur-
ring plant compound.

Lewis rats immunized with Mtb (controls) developed severe
AA, whereas rats similarly immunized with Mtb but then
treated with celastrol beginning at the onset of AA were signif-
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FIGURE 6. Celastrol treatment modulates anti-Bhsp65 and aCCP antibody responses in arthritic rats. Serum levels of anti-Bhsp65 total Ig (A) and aCCP
total Ig (B) in Celastrus-treated (upper panel) and celastrol-treated (lower panel) rats. In A and B, the mean values of each group are indicated by horizontal lines
(n = 6-7 per group for anti-Bhsp65 antibody, and n = 4 per group for aCCP antibody. *, p < 0.05; **, p < 0.01; ***, <0.001).

icantly protected against arthritis. Celastrol was much more
efficient in suppressing AA than the natural plant extract
(Celastrus extract) apparently due to the higher molar amount
of celastrol in the pure preparation compared with the natural
extract. The objective of this experiment was to show that a
defined compound (celastrol) derived from the plant Celastrus
has anti-arthritic activity, as does the natural plant extract. This
information provided us the rationale for examining the mech-
anism of action of celastrol, which then could be extrapolated to
that of the natural Celastrus extract. As such, it is difficult to
perform advanced mechanistic and specificity of action studies
using a crude plant extract, which is sparingly soluble and pos-
sesses multiple components. These limitations can be over-
come by using a purified soluble component such as celastrol
that possesses the disease-modulating attribute of the natural
plant extract. In our previous study, we showed the arthritis-
protective effect of Celastrus using a preventive regimen (feed-
ing Celastrus before onset of AA) (21). In this study, we have
tested celastrol compared with Celastrus using a therapeutic
regimen (after onset of AA) and examined the mechanisms
involved in a comprehensive manner.

The pathogenesis of autoimmune arthritis involves both cel-
lular and humoral immune responses (1, 4). CD4™" T cells and
macrophages infiltrating into the joint tissue and the synovial
fibroblasts represent the critical cellular mediators of inflam-
matory arthritis. These cells secrete cytokines (e.g. IL-17, IL-6,
and IFN-vy) and biochemical mediators such as MMPs, which
initiate and propagate arthritic inflammation and tissue dam-
age (4,5, 36). IL-17 is produced by Th17 cells, which are distinct
from the IEN-y-producing Th1 cells (6, 8). ROR-yt induces the
differentiation of Th17 cells, whereas STAT3 plays an impor-
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tant role in IL-17 production (6, 8, 9). In the above context, we
hypothesized that the anti-arthritic activity of Celastrus/celas-
trolinvolves the down-modulation of the major immunological
and biochemical mediators of inflammatory arthritis. In fact, as
described below, our results fully supported this proposition.
The draining LNC of Mtb-immunized Lewis rats treated
with Celastrus or celastrol showed a significantly reduced
expression of IL-17 and IL-6 (in addition, IFN-vy in the case of
celastrol) in response to the disease-related antigen Bhsp65, but
without much effect on the anti-inflammatory cytokine IL-10.
The inhibition of IL-17 and IL-6 expression was further sup-
ported by significantly reduced expression of pPSTAT3. The rel-
ative lack of effect on ROR-yt suggested that Celastrus/celas-
trol had a major effect on the activity of existing Th17 cells
rather than on the differentiation of naive T cells into Th17
cells. Furthermore, it has been shown that IL-6 can induce the
phosphorylation of STAT3 in certain cell lines (37). In this
regard, it is likely that the reduced pSTAT3 observed in our
study might be attributable both to a direct effect of celastrol on
STATS3 and to an indirect effect via reduced IL-6 expression.
The precise mechanisms involved remain to be tested. Besides
the T cell-derived cytokines, the SAC obtained from Celastrus/
celastrol-treated rats showed a significantly reduced expression
of IL-6. Furthermore, the results regarding the expression of
cytokines and the corresponding transcription factors in the
LNC or SAC from Lewis rats treated with Celastrus/celastrol
were corroborated by parallel sets of in vitro experiments in
which the same cell type obtained from Mtb-immunized rats
(but not treated in vivo with Celastrus/celastrol) was treated in
vitro with celastrol in the presence of the appropriate antigen
(Bhsp65 or sonicated Mtb). Taken together, these results show
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that Celastrus/celastrol reduced the levels of proinflammatory
cytokines without enhancing the expression of anti-inflamma-
tory cytokines. The relative increase in anti-inflammatory cyto-
kines was achieved only indirectly by shifting the balance of
pro- versus anti-inflammatory cytokines compared with that in
the control rats.

MMPs represent one of the major groups of tissue-degrading
enzymes in the course of inflammatory arthritis (36, 38). In this
regard, we examined the effect of celastrol on the activity of two
members of the MMP family, MMP-9 and MMP-2, in synovial
fibroblasts stimulated by Mtb in vitro. Our results show that
Mtb stimulated MMP-9 activity. These results are similar to
those of others showing the induction of MMP-9 in macro-
phages following mycobacterial infection (39). Furthermore,
we observed that celastrol had an inhibitory effect on MMP-9
but not MMP-2 activity. At present, we do not know the precise
reasons for this differential effect on MMP-9 over MMP-2.
Also, it is not clear if the effect of celastrol on MMP-9 is a direct
effect or an indirect effect via the inhibition of IL-6. As clear
from our results, celastrol treatment of Mtb-stimulated syno-
vial fibroblasts reduced not only MMP-9 activity but also IL-6
production. IL-6 is known to attract phagocytes to the site of
infection as well as to regulate the production and activity of
MMPs (40). Furthermore, a linear correlation between the level
of IL-6 and MMP-9 activity under inflammatory conditions
such as wound healing has been reported by other investigators
(40). Therefore, it is logical to invoke the celastrol-mediated
suppression of IL-6 as one of the factors leading to the inhibi-
tion of MMP-9 activity. MMP-9 has been shown to be a critical
matrix-degrading enzyme under inflammatory conditions, and
itisinvolved in cellular migration and tissue remodeling (36, 38,
40). Therefore, the inhibition of MMP-9 by celastrol in vitro
explains in part the limited tissue damage in the joints of Celas-
trus/celastrol-treated rats compared with control rats. In addi-
tion to reducing MMP-9 and IL-6, the anti-inflammatory activ-
ity of celastrol involved a significant reduction in pERK levels.
However, the levels of both phosphorylated p38 and JNK were
not affected much. Our results of celastrol-induced reduction
of pERK are supported by those from other studies conducted
on cell lines (41, 42).

Besides the cell-mediated immune effector mechanisms,
antibodies also play an important role in the pathogenesis of
arthritis (1, 11). Studies in RA patients (1, 10, 11) and animal
models of arthritis (43) have revealed the pathogenic effects of
antibodies. Antibodies against type II collagen (43, 44) and glu-
cose-6-phosphate isomerase (45) are examples of pathogenic
antibodies as revealed in mice with collagen-induced arthritis
and K/BXN mice, respectively. Over the past decade, aCCP
antibodies have been the major focus of attention in regard to
the pathogenesis of arthritis (1, 10, 11). The aCCP antibodies
show a strong correlation with smoking, and they serve as a
reliable biomarker for the diagnosis of RA. In a recent study, we
have shown that Lewis rats with AA develop aCCP antibodies
during the natural course of the disease and that the levels of
these antibodies correlated well with disease severity (35).
Therefore, in this study, we examined the effect of Celastrus/
celastrol treatment of Lewis rats on the levels of aCCP antibod-
ies. Our results show that celastrol-treated rats had significantly
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reduced levels of aCCP antibodies compared with control rats,
whereas Celastrus-treated and control rats had comparable lev-
els of aCCP antibodies. A similar pattern of response was
observed for anti-Bhsp65 antibodies in the Celastrus- versus
celastrol-treated rats. These results suggest that although both
Celastrus extract and celastrol suppressed arthritis signifi-
cantly, significant reduction in aCCP and anti-Bhsp65 antibod-
ies was observed only in the case of the latter. These results may
be interpreted to mean that a drastic reduction in disease sever-
ity is accompanied by this change in antibody response. Alter-
natively, the inhibitory effect on antibody response may be a
property of celastrol alone, and this effect may be counterbal-
anced by other constituents in Celastrus extract. Regardless,
these results demonstrate that celastrol has a notable influence
on the humoral immune response against the disease-related
antigen (Bhsp65) and against citrullinated proteins whose iden-
tity in AA remains unknown. It is plausible that Bhsp65 may be
among the citrullinated proteins in arthritic Lewis rats and that
a subset of aCCP antibodies may be directed against citrulli-
nated Bhsp65.

In summary, our results show that both Celastrus and celas-
trol attenuate the severity of ongoing AA and suppress the pro-
inflammatory cytokine (e.g. IL-17 and IL-6) response to the dis-
ease-related antigen Bhsp65. In addition, both these products
significantly suppress serum levels of aCCP antibodies as well as
MMP-9 activity. We injected celastrol into rats intraperitone-
ally, but the same product is effective (against airway inflamma-
tion) when delivered to mice orally (44). This has relevance
for translational studies. We believe that our results would form
the foundation for the preclinical testing of Celastrus and celas-
trol in RA patients.
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