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ABSTRACT The transcription factor NF-«B activates a
number of genes whose protein products are proinflamma-
tory. In quiescent cells, NF-kB exists in a latent form and is
activated via a signal-dependent proteolytic mechanism in
which the inhibitory protein IxB is degraded by the ubiquitin—
proteasome pathway. Consequently, inhibition of the protea-
some suppresses activation of NF-kB. This suppression should
therefore decrease transcription of many genes encoding
proinflammatory proteins and should ultimately have an
anti-inflammatory effect. To this end, a series of peptide
boronic acid inhibitors of the proteasome, exemplified herein
by PS-341, were developed. The proteasome is the large
multimeric protease that catalyzes the final proteolytic step of
the ubiquitin—proteasome pathway. PS-341, a potent, compet-
itive inhibitor of the proteasome, readily entered cells and
inhibited the activation of NF-kB and the subsequent tran-
scription of genes that are regulated by NF-«B. Significantly,
PS-341 displayed similar effects in vivo. Oral administration
of PS-341 had anti-inflammatory effects in a model of Strep-
tococcal cell wall-induced polyarthritis and liver inflamma-
tion in rats. The attenuation of inflammation in this model
was associated with an inhibition of IkBa degradation and
NF-kB-dependent gene expression. These experiments clearly
demonstrate that the ubiquitin—proteasome pathway and
NF-kB play important roles in regulating chronic inflamma-
tion and that, as predicted, proteasome inhibition has an
anti-inflammatory effect.

The pain, swelling, and tissue destruction that accompanies
inflammatory disease results from a cascade of events that is
initiated and propagated by the production of cytokines and
chemokines and the cell surface expression of cell adhesion
molecules (1). NF-«B is a key transcription factor that is
required for the expression of many of these proinflammatory
mediators (1).

NF-kB is a member of the Rel family of proteins and is
typically a heterodimer composed of p50 and p65 (RelA)
subunits (2). In quiescent cells, NF-«B resides in the cytosol in
latent form, bound to an inhibitor protein 1B (2). Stimulation
of these cells with various cytokines, lipopolysaccharide (LPS),
viruses, antigens, or oxidants triggers a series of signaling
events that ultimately leads to the phosphorylation and pro-
teolytic degradation of IkB and liberation of NF-«B (2, 3).
NF-kB then translocates into the nucleus, binds to specific
DNA sequences in the promoters of target genes, and stimu-
lates transcription. The protein products of these genes include
cytokines, chemokines, and cell adhesion molecules and to-
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gether play an important role in the immune and inflammatory
response by controlling leukocyte trafficking and activation (2,
4, 5). Significantly, many of these proinflammatory proteins
also are able to act in an autocrine or paracrine fashion to
further stimulate activation of NF-«B (1). If activation of
NF-«B is inhibited, production of this array of proinflamma-
tory molecules is predicted to be suppressed (2, 6-9). Thus,
inhibitors of NF-«kB activation should be anti-inflammatory.
To discover such inhibitors, we targeted the proteolytic system
responsible for the degradation of the inhibitor protein I«B.

Studies in several laboratories have now established that the
regulated proteolysis of IkB is mediated by the ubiquitin—
proteasome pathway of protein degradation (6, 10—12). This is
the principal pathway for intracellular protein turnover (13,
14) and for the degradation of important intracellular regu-
latory proteins, including cyclins (15), c-fos (16), c-jun (17),
and the tumor suppressor protein p53 (18). Protein substrates
that enter the ubiquitin-proteasome pathway are first
“marked” for degradation by their covalent ligation to poly-
ubiquitin chains. Ubiquitinated proteins are then recognized,
bound, and degraded by the 26S proteasome complex to small
peptides and monomeric ubiquitin (13, 14).

Degradation of certain proteins is subject to a further level
of regulation by phosphorylation, which targets the substrate
protein for recognition by specific ubiquitin-conjugating en-
zymes. For example, in the case of IkBa, a specific kinase first
phosphorylates Ser-32 and Ser-36 of IkBa in response to
various extracellular stimuli (10, 12, 19, 20). Phosphorylation
targets IkBa for ubiquitination, and the ubiquitinated IkBa is
then selectively recognized and degraded by the 26S protea-
some (10).

Taken together, it is clear that inhibitors of enzymes of the
ubiquitin—proteasome pathway should suppress the activation
of NF-«B by stabilizing the inhibitor I«B, thereby reducing
levels of multiple proinflammatory proteins and, ultimately,
providing therapeutic anti-inflammatory effects. From among
the enzymes of this pathway, we focused our initial drug
discovery efforts on the enzyme that catalyzes the final,
common step of the pathway, the proteasome.

The proteasome is highly conserved and may exist in
different forms in the cytosol of eukaryotic cells. At the core
of these forms is the 20S proteasome, a large (=700 kDa)
multi-subunit structure that possesses several peptidolytic
activities (21, 22). However, the 20S proteasome is unable to
degrade ubiquitinated proteins. The form of the proteasome
that can hydrolyze these substrates is the 26S proteasome, a
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species which forms in an ATP-dependent manner from
combination of one 20S particle with two 19S regulatory
complexes (21, 22).

Several investigators have recently shown that both aldehyde
inhibitors of the proteasome and the specific proteasome
inhibitor lactacystin can inhibit the degradation of IkB and
block the activation of NF-«B in cells (6, 10, 21, 23). In this
report, we describe the anti-inflammatory activity of a new
series of potent proteasome inhibitors. These inhibitors are
dipeptide boronic acids, exemplified herein by PS-341. We
show that PS-341 can enter mammalian cells and inhibit NF-«xB
activation and NF-«B-dependent gene expression. In addition,
because NF-kB-driven cytokine, cell adhesion molecule, and
enzyme expression have been implicated in the pathogenesis of
chronic arthritis (24, 25), we examined the effect of PS-341
treatment on the chronic polyarthritis and liver inflammation
induced by an i.p. injection of bacterial cell wall peptidoglycan/
polysaccharide (PG/PS) in vivo. We demonstrate that PS-341
is efficacious in this chronic rodent model of inflammation and
derives its biological activity through a mechanism involving
proteasome inhibition.

MATERIALS AND METHODS

Electrophoretic Mobility Shift Assay and Western Blot
Analysis. Primary human umbilical vein endothelial (HUVE)
cells (pooled, Cell Systems) were grown to confluence in 6-well
plates. Confluent monolayers were refed with growth medium
(Cell Systems) containing PS-341 or DMSO (0.1% final con-
centration) for a 1-hr preincubation. Tumor necrosis factor
(TNF)a (1,000 units/ml; 10 ng/ml) was then added for the
times indicated. The cells were washed with PBS, and whole
cell extracts were prepared and analyzed by Electrophoretic
mobility shift assay and Western blot for the presence of
NF-«B and IkBa, respectively, as previously described (6).
Western analysis of liver and synovial tissue also were per-
formed to measure IkBa and inducible NO synthase (iNOS)
protein levels.

Cell Surface Fluorescent Immunoassay. Primary HUVE
cells (pooled, Cell Systems) were prepared as described above
and preincubated with either PS-341 or DMSO for 1 hr. TNFa
(1,000 units/ml; 10 ng/ml) was then added for 4 or 15 hr. The
cells were then processed for fluorescent immunoassay as
described (26). E-Selectin, intercellular-adhesion molecule
(ICAM)-1, vascular cell adhesion molecule 1 (VCAM-1)
(Becton Dickinson), and endoglin (p96) (Tucker Collins and
Michael Gimbrone, Harvard Medical School) antibodies were
used as primary antibodies. A nonbinding IgG; antibody
(Becton Dickinson) was included in the assay as a control. The
results are expressed as the amount of fluorescence (minus the
background fluorescence using the control antibody) + SEM.

Streptococcal Antigen-Induced Arthritis. Chronic severe
erosive polyarthritis was induced in female Lewis rats (Harlan—
Sprague—Dawley) (135-145 g) by a single i.p. injection of group
A Streptococcal cell wall PG/PS (Lee Laboratories) at a dose
of 25 ug of rhamnose/gram bodyweight (27). Control animals
received saline alone. Rats were dosed once daily by oral
gavage (0.2 ml) for either 28 or 21 days beginning on day 0 or
day 7 after arthritis induction, respectively, with 0.3 mg/kg
PS-341in 0.5% methylcellulose (n = 7) or with methylcellulose
vehicle alone (n = 7). Saline-treated control animals did not
receive PS-341. Changes in rear paw volume were quantified
daily by plethysmography using a Buxco Edema Table (Buxco
Electronics, Sharon, CT). Joints also were scored daily for
symptoms of arthritis by using a standard scoring system
modified from Dabbagh et al. (28). Each joint could receive a
maximum score of 4 or a maximum score of 16 for each animal.
In addition, the appearance of liver and spleen nodules and
adhesions were noted and scored after completion of the study
at necropsy (day 28).
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Histological inspection of the joints also was performed at
necropsy. Joints from the hind paws were obtained and
decalcified in an extraction buffer [100 mM Tris/274 mM
disodium EDTA/7.5% polyvinylpyrrolidone (M, 40,000), pH
6.95] at 4°C for 21-28 days. After extraction, the tissues were
washed in PBS (154 mM NaCl/1.5 mM KH,PO4/2.7 mM
Na,HPO,, pH 7.2), fixed for 2-4 hr in 2.5% paraformaldehyde
in PBS, rinsed in PBS, dehydrated in graded ethanol series
(50-95% at 4°C), and embedded in Immunobed or JB-4 Plastic
(Polysciences). Serial sections were cut at 5 wm parallel to the
long axis of the joint and stained with Mallory’s trichrome stain
(Sigma).

NO Metabolite and Cytokine Measurements. The stable
decomposition products of NO, nitrate (NO37), and nitrite
(NOy ™) were quantified by first reducing all NO3;~ to NO,~ by
using Aspergillus nitrate reductase (Boehringer Mannheim)
followed by addition of the Griess reagent (29). Serum IL-1a/
was quantified by using the A375.S2 melanoma cell cytotox-
icity assay (30) and serum IL-6 was determined by using the
IL-6 dependent 7TD1 cell bioassay (31). Cell viability was
determined by using an MTT assay (32).

Statistical Analyses. Statistical differences were identified
by using one-way analysis of variance, and multiple compari-
sons were performed by using Newman Keuls’ post hoc
analysis.

RESULTS AND DISCUSSION

Peptide aldehydes based on calpain inhibitor I, Ac-Leu-Leu-
Norleu-H, constitute the first class of proteasome inhibitors
examined. One member of this series, MG-132 (Z-Leu-Leu-
Leu-H; Z = carbobenzoxoyl), is a 4-nM reversible inhibitor of
the chymotryptic activity of the proteasome, and it inhibits a
range of proteasome-dependent activities in cell culture (21,
33). Subsequently, the natural product lactacystin was shown
to be a selective, irreversible inhibitor of the proteasome (34).
In addition, chemical modifications revealed that peptide
boronic acids were also inhibitors of the proteasome. These
compounds are much more potent and more selective than
their corresponding aldehydes (21, 35). Furthermore, dipep-
tide boronic acids are reversible and are more stable than
lactacystin [Ty, in aqueous buffer of >3 mo and 13 min,
respectively (36)]. This increase in potency, selectivity, and
stability allowed us to develop a series of low molecular weight
dipeptide boronic acids, exemplified herein by PS-341 (Pyz-
Phe-boroLeu; Pyz, 2, 5-pyrazinecarboxylic acid).

PS-341 inhibits several activities of purified mammalian pro-
teasomes. The compound is a slow-binding inhibitor of the
chymotryptic activity of the 20S proteasome with an inhibitory
kinetic constant: K; = 6 X 10719 M (35, 37). Both the hydrolysis
of polypeptide substrates (e.g., insulin B chain and casein) by
the 20S proteasome and the hydrolysis of ubiquitinated pro-
teins by the 26S proteasome are inhibited by PS-341 (data not
shown). Importantly, these compounds are selective inhibitors
of the proteasome with only modest activity toward serine and
thiol proteases (395).

In addition to these activities against purified proteasomes,
PS-341 can enter cells and inhibit proteasome-mediated intra-
cellular proteolysis. Importantly, PS-341 inhibits the TNFa-
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stimulated activation of NF-«kB in primary HUVE cells by
blocking the degradation of the inhibitor IkBa (Fig. 1 A and
B). PS-341 inhibits NF-«B activation with an ICsg of ~0.5 uM.
PS-341 does not block the phosphorylation of IkBa, because
the phosphorylated form of IkBa can be detected in the
presence of drug (Fig. 14). Similar results also were observed
in HeLa cells (data not shown).

Because PS-341 inhibits NF-kB activation, we next examined
whether it could suppress the expression of genes whose
transcription is regulated by NF-«B. It has been shown that
NF-«B is required for the inducible expression of various cell
adhesion molecules and cytokines (2, 4, 5, 26). In addition, the
proteasome inhibitors MG-132 and lactacystin have been
shown to inhibit the activation of NF-kB and the expression of
cell adhesion molecules and cytokines in cultured cells (21, 23,
26, 33). In Fig. 2, we demonstrate that PS-341 inhibits TNFa-
induced expression of the cell surface adhesion molecules
E-Selectin, ICAM-1, and VCAM-1 on HU VE cells. VCAM-1
is especially sensitive to PS-341 with an ICs, value that is <10
nM. Northern blot analysis demonstrates that this inhibition is
at the level of gene expression (data not shown). No cytotox-
icity was observed with PS-341 at the concentrations used in
the experiment (not shown). As a control, PS-341 had no effect
on the expression of the NF-kB-independent, constitutively
expressed, cell surface protein endoglin (p96; a low affinity
transforming growth factor (TGF) type B receptor) (26).
Consistent with the inhibition of cell adhesion molecule ex-
pression, PS-341 inhibits adhesion of human monocytic U937
cells to TNFa-activated HUVE cells (not shown).

Interestingly, the concentration of PS-341 that completely
suppresses adhesion molecule expression (Fig. 2) is ~10-fold
lower than that needed to inhibit NF-kB DNA binding (Fig.
1A4). This observation has been observed before and is dis-
cussed extensively by Read et al. (26). A threshold level of
active NF-«kB is probably required for optimal cell adhesion
molecule expression and because NF-«B works with other
transcription factors to stimulate adhesion molecule expres-
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F1G6. 2. PS-341 inhibits the expression of cell adhesion molecules on
HUVE cells. HUVE cells were pretreated with different concentra-
tions of PS-341 for 1 hr. TNFa (1,000 units/ml; 10 ng/ml) was then
added for 4 hr (4 and B) or 15 hr (C). E-Selectin, ICAM-1, and
VCAM-1 cell surface expression was measured by fluorescent immu-
noassay as described in Materials and Methods.

sion, a small decrease in the level of activated NF-«B can lead
to a profound change in the level of gene transcription (26).

PS-341 also inhibits the production of cytokines whose
transcription is NF-«B dependent. For example, IL-2 and IL-6
production by phorbol 12-myristate 13-acetate/ionomycin-
stimulated Jurkat T cells and LPS-stimulated whole blood,
respectively, were inhibited by PS-341 (ICsp ~0.1 uM) (data
not shown). This inhibition is at the level of gene expression
(not shown). Among the transcription factors that regulate
IL-2 gene expression, which include NF-AT, AP-1, NF-«B, and
Oct-1, only NF-«B activation is inhibited by PS-341 (Z. Chen
and L. Parent, unpublished observations). We have not exam-
ined the effect of PS-341 on other transcription factors in-
volved in the inflammatory response (e.g., STAT proteins),
however aldehyde proteasome inhibitors do not have an effect
on STAT1 activation (6).

Rheumatoid arthritis is associated with the up-regulation of
a variety of proinflammatory mediators such as TNFa (38),
IL-1 (39), IL-6 (40), iNOS (41), and endothelial cell adhesion
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Fi1G. 1. (A) PS-341 inhibits the activation of NF-«kB in TNFa-treated HUVE cells. Different concentrations of PS-341 were added to HUVE
cells (lanes 3-6) 1 hr before treating with TNFea (1,000 units/ml; 10 ng/ml) for 30 min. In lanes 1 and 2, the cells were pretreated with the inhibitor
diluent DMSO. TNFa was added to the cells in lanes 2-6. Electrophoretic mobility shift assay was performed as described in Materials and Methods.
NS is a nonspecific DNA-binding complex. (B) PS-341 inhibits the degradation of IkBa in TNFa-treated HUVE cells. HU VE cells were pretreated
with PS-341 (5 uM) for 1 hr before the addition of TNFea (1,000 units/ml; 10 ng/ml) for different periods of time. IkBa protein levels were measured
by Western analysis as described in Materials and Methods. *, phosphorylated IkBa.
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molecules, including VCAM-1 (42). As described above, the
expression of these gene products are regulated by NF-«B (2).
Moreover, immunolocalization studies have demonstrated nu-
clear translocation of NF-kB, which is indicative of IxB
degradation, in the vascular endothelium and type A synovial
lining cells in synovial tissue from patients with rheumatoid
arthritis (24). Inhibitors of NF-«B would therefore be expected
to block the expression of proinflammatory mediators and to
have an anti-inflammatory effect.

We have shown that PS-341 inhibits the activation of NF-«xB
and the expression of proinflammatory cytokines and cell
adhesion molecules in vitro (Figs. 1 and 2). In addition, we
recently reported that peptide boronic acid proteasome inhib-
itors are active in vivo and can inhibit the inflammation
associated with antigen-induced colitis in rats (43). Conse-
quently, we investigated the anti-inflammatory properties of
PS-341 in an animal model of rheumatoid arthritis.

In this arthritis model, the disease is initiated by an i.p.
injection of group A Streptococcal cell wall (PG/PS) into
female Lewis rats (27, 44, 45). Typically, this model exhibits a
peripheral and symmetrical, biphasic polyarthritis with cycles
of exacerbated recurrence and remission and is clinically and
histologically similar to rheumatoid arthritis (27). An acute T
cell-independent arthritis develops within 24-48 hr, which
persists for 4-5 days, and then partially resolves. This acute,
neutrophil-predominant, inflammatory response is then fol-
lowed by a spontaneously reactivating chronic inflammation at
approximately day 15, which develops into a chronic T cell-
dependent, progressive, erosive synovitis. In addition to poly-
arthritis, this PG/PS model also induces chronic granuloma-
tous inflammation of the liver and spleen.

In the first experiment, rats were dosed daily with 0.3 mg/kg
PS-341 by oral gavage for 28 days with the first dose admin-
istered on the day of the PG/PS injection. During the 28 days,
inflammation was measured subjectively as the Total Arthritic
Index, which is a score based on redness, swelling, and
deformity of the joint and is similar to the scoring system used
in the clinic (28). The results from such an experiment are
shown in Fig. 34 and demonstrate that PS-341 attenuates the
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FiG. 3. PS-341 suppresses PG/PS-induced polyarthritis in rats.
Polyarthritis was induced in female Lewis rats by a single i.p. injection
of PG/PS. Rats were dosed once daily by oral gavage for 28 (4) or 22
(B) days with 0.3 mg/kg PS-341 in 0.5% methylcellulose (O) or with
methylcellulose vehicle alone (®). (B) PS-341 was first administered
7 days after the initial PG/PS injection. The Total Arthritis Index was
scored daily according to a validated assessment protocol described in
Materials and Methods. Each point in A and B represents mean = SEM
(n="17).

Proc. Natl. Acad. Sci. USA 95 (1998)

acute phase and markedly inhibits the chronic phase of the
inflammatory response.

Significantly, PS-341 is equally efficacious when therapeu-
tically administered after the onset of arthritis. Oral adminis-
tration of PS-341 beginning 7 days after PG/PS injection
significantly attenuated the progression of chronic polyarthri-
tis (Fig. 3B). Animals receiving PS-341 from day 7-28 showed
a significant inhibition in the Total Arthritis Index, which
continued throughout the experimental period. These changes
in arthritic indices were mirrored by comparable inhibition of
the PG/PS-induced increase in average hind paw volume (ml),
or joint swelling, on day 28. The average hind paw volume of
the vehicle-treated, PG/PS- and PS-341-treated, PG/PS rats
was 1.32 = 0.10 ml and 0.41 = 0.06 ml, respectively. In addition,
after an initial reduction in body weight during the acute
inflammatory episode, PS-341-treated animals gained signif-
icantly more body weight than vehicle-treated arthritic animals
(data not shown), indicating that this dose of PS-341 is
well-tolerated and not toxic. The increased bodyweight also is
probably due to the fact that the animals could access their
food more readily because joint swelling was much less in the
PS-341-treated rats. Furthermore, treatment of the arthritic
rats with PS-341 (0.3 mg/kg) significantly reduced 20S pro-
teasome activity in circulating leukocytes, 4 hr after treatment,
by ~55% when compared with animals receiving methylcel-
lulose vehicle only (data not shown). This result demonstrates
that PS-341 is inhibiting its biochemical target, the protea-
some, in vivo.

Histological examination of the joints obtained from the day
7-28, drug-treated (PS-341) animals revealed major differ-
ences in joint pathology when compared with joints from
vehicle-treated arthritic animals and the saline controls (Fig.
4). We found that PG/PS induces massive synovial thickening
and pannus formation over the surface of the articular carti-
lage with extensive inflammatory cell infiltrate and edema.
This outcome was accompanied by cartilage destruction and
subchondral bone erosion. Bone erosion was also evident in
the medullary sinuses of the subchondral bone (Fig. 4B).
Importantly, treatment with PS-341 attenuated the cellular
infiltration and joint degradation induced by PG/PS (Fig. 4C).
Pannus formation was still evident in the joints from PS-341-
treated animals; however, the extensive cellular infiltrate
observed in the vehicle-treated arthritic rats was diminished
considerably. In the presence of PS-341, degradation of the
articular cartilage was minimal and confined mainly to the
surface. The extensive subchondral bone erosion seen at the
articular surface and in the medullary canals also was markedly
attenuated.

The chronic phase of PG/PS-induced arthritis is associated
with an increase in NF-«kB dependent proinflammatory cyto-
kine production and cell adhesion molecule expression. A
significant increase in serum IL-1, IL-6, and also nitrate and
nitrite levels were observed in the PG/PS-treated animals (Fig.
5). IL-6 and NO metabolites were inhibited by PS-341 treat-
ment (0.3 mg/kg/day, days 7-28). PS-341 treatment did not
however inhibit the production of serum IL-1 (Fig. 5). The
reason for this lack of inhibition is unknown because the IL-13
gene has NF-«kB-binding sites in its promoter (46). Interest-
ingly, recent in vitro experiments have shown that LPS-induced
TNFa production is blocked by the aldehyde proteasome
inhibitor calpain inhibitor I, whereas the inhibition of LPS-
stimulated IL-18 production is weak (47). It may be possible
that different cell types, stimuli, and Rel family members in
conjunction with other transcription factors, all play an im-
portant role in ultimately determining what is necessary for
optimal transcription of these genes.

The PG/PS-induced polyarthritis that is observed in this
model is accompanied by formation of granulomatous lesions
of both the liver and spleen. At the experimental endpoint, the
effect of PS-341 on both liver and spleen inflammation was
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FiG. 4. Effect of PS-341 on PG/PS-induced alterations in the
histologic appearance of the joint, 4 weeks after the induction of
arthritis. (4) Normal saline control. Typical appearance of the artic-
ular cartilage (c), the subchondral bone (b), and the synovial villus and
membrane (8). (B) Arthritic joint (vehicle-treated, PG/PS). Dramatic
expansion and development of the synovial membrane and synovial
villi into the erosive pannus (p), which is associated with the degra-
dation of the articular cartilage (c) and subchondral bone (b). Inflam-
matory cell infiltration (arrows) is evident in the pannus and in the
medullary canals (m) of the subchondral bone. Cellular infiltrate and
fibrin (i) is seen in the articular space. (C) PS-341- (0.3 mg/kg/day)
treated, PG/PS-induced arthritis. The pannus (p) remains present with
the synovial membrane(s) thickened but exhibits a marked reduction
in the number of inflammatory cells. Degradation of the articular
cartilage (c) is attenuated and confined to the cartilage surface
(arrow). Little or no erosion of the subchondral bone (b) is apparent,
and there is minimal erosive activity and inflammatory cell infiltration
in the medullary canals (m) of the subchondral bone. (Magnification,
X20; scale bar, 50 um).

examined. Therapeutic administration of PS-341 blocked the
formation of PG/PS-induced lesions in the liver, but had a
much weaker effect on splenic inflammation (data not shown).
The reasons for the lack of effect of PS-341 in the spleen is not
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Fic. 5. Effect of PS-341 on PG/PS-induced IL-1, IL-6, and NO
metabolite production. PS-341 was administered orally at a dose of 0.3
mg/kg/day beginning 7 days after the induction of arthritis and
continuing through day 28. IL-1, IL-6, and NO metabolites were
measured on day 28 as described in Materials and Methods. Each bar
represents mean = SEM; *, P < 0.05 compared with saline-treated
controls; §, P < 0.05 compared with vehicle-treated, PG/PS rats.

known at the present time. Significantly, we found enhanced
levels of inducible iNOS protein (Fig. 64), and iNOS and
VCAM-1 mRNA (not shown) in liver tissue from vehicle-
treated arthritic rats, which was abolished by treatment with
PS-341. The expression of these gene products is regulated by
NF-«kB (41, 42). Similar results were also observed for iNOS
protein expression in synovial tissue (data not shown).

These observations suggest that PS-341 is inhibiting proin-
flammatory mediators by blocking the degradation of IkB and
the subsequent activation of NF-«B. To examine this directly,
we measured the levels of IkBa protein in liver tissue from
control, vehicle-treated, and PS-341-treated animals. The data
presented in Fig. 6B demonstrates that PG/PS-induced in-
flammation of the liver (day 28) is accompanied by a decrease
in the amount of IkBa protein. Significantly, this decrease is
inhibited in animals treated with PS-341. Thus, the proteasome
inhibitor PS-341 stabilizes the IkBa protein in vivo.

In summary, we have developed a class of potent and
selective inhibitors of the 26S proteasome. Previous studies
have demonstrated that lactacystin and peptide aldehyde
inhibitors of the proteasome block the activation of NF-«B in
cell culture (6, 10, 21, 23). We show that the proteasome
inhibitor PS-341 prevents the activation of NF-«kB and has
significant anti-inflammatory properties in an in vivo model of
disease. Thus, NF-«B is a critical regulator of the inflamma-
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FIG. 6. (4) PS-341 inhibits iNOS protein expression in PG/PS-
treated rats. Western blot analysis of iNOS was performed on extracts
from liver tissue samples from control (n = 1); vehicle-treated, PG/PS
(n = 2); and PS-341-treated (0.3 mg/kg/day, days 7-28), PG/PS rats
(n = 2). Tissue samples were prepared at the time of sacrifice on day
28. Equal amounts of protein (75 ug) were loaded in each lane. (B)
Effect of PS-341 on liver I«kBa protein levels in PG/PS-treated rats.
Western blot analysis of IkBa was performed on extracts from liver
tissue samples from control (n = 1); vehicle-treated, PG/PS (n = 2);
and PS-341-treated (0.3 mg/kg/day, days 7-28), PG/PS rats (n = 2).
Liver samples were prepared at the time of sacrifice on day 28. Equal
amounts of protein (100 ug) were loaded in each lane.
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tory response in vivo. Moreover, proteasome inhibitors such as
PS-341 also may prevent cell cycle progression in vivo by
blocking the temporal degradation of key cell cycle regulatory
proteins (15). Because synovial hyperproliferation and T cell
clonal expansion play a role in arthritis, PS-341 also may
function to block this proliferation, thereby affecting inflam-
mation and joint function. In any case, the ubiquitin—
proteasome pathway represents an important drug discovery
target for the treatment of inflammatory diseases.
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