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NF-kB comprises a family of inducible transcription
factors that serve as important regulators of the host
immune and inflammatory response. In addition,
NF-kB is also involved in protecting cells from under-
going apoptosis in response to DNA damage or
cytokine treatment. Stimulation of the NF-kB pathway
is mediated by diverse signal transduction cascades.
These signals activate the IkB kinases, IKKa and IKK[3,
which phosphorylate inhibitory proteins known as 1kB
to result in their ubiquitination and degradation by the
proteasome. The degradation of IkB results in the
translocation of NF-kB from the cytoplasm to the
nucleus where it activates the expression of specific cel-
lular genes. As we better understand the regulation of
the NF-kB pathway, the potential for inhibiting this
pathway has received attention. Agents that inhibit this
pathway, such as glucocorticoids and aspirin, can
reduce the inflammatory response, while other agents
such as dominant negative IKB proteins potentiate the
effects of chemotherapy and radiation therapy in the
treatment of cancer. Here, we discuss cellular genes and
disease states associated with activation of the NF-kB
pathway and consider therapeutic strategies to prevent
the prolonged activation of the NF-kB pathway.

NF-kB regulates host inflammatory and immune
responses (1-4) and cellular growth properties (5) by
increasing the expression of specific cellular genes.
These include genes encoding at least 27 different
cytokines and chemokines, receptors involved in
immune recognition such as members of the MHC,
proteins involved in antigen presentation, and recep-
tors required for neutrophil adhesion and migration
(2). Cytokines that are stimulated by NF-kB, such as IL-
1B and TNF-q, can also directly activate the NF-kB
pathway, thus establishing a positive autoregulatory
loop that can amplify the inflammatory response and
increase the duration of chronic inflammation.
NF-kB also stimulates the expression of enzymes
whose products contribute to the pathogenesis of the
inflammatory process, including the inducible form of

nitric oxide synthase (iNOS), which generates nitric
oxide (NO), and the inducible cyclooxygenase (COX-2),
which generates prostanoids (2). The NF-kB pathway
is likewise important in the control of the immune
response. It modulates B-lymphocyte survival, mito-
gen-dependent cell proliferation, and isotype switch-
ing, which lead to the differentiation of B lymphocytes
into plasma cells (3). In addition, NF-kB regulates IL-2
production, which increases the proliferation and dif-
ferentiation of T lymphocytes (2, 3). Thus, activation of
NF-kB leads to the induction of multiple genes that
regulate the immune and the inflammatory response.

In addition to activating the expression of genes
involved in the control of the immune and inflamma-
tory response, the NF-kB pathway is also a key media-
tor of genes involved in the control of the cellular pro-
liferation and apoptosis (5). Antiapoptotic genes that
are directly activated by NF-kB include the cellular
inhibitors of apoptosis (c-1AP1, c-1AP2, and I1XAP), the
TNF receptor-associated factors (TRAF1 and TRAF2),
the Bcl-2 homologue A1/Bfl-1, and IEX-IL (6, 7).

One of the best-studied pathways that activates apop-
tosis is induced following treatment of cells with
TNF-a. TNF-a treatment increases the expression of
TRAF1, TRAF2, c-lIAP1, and c-1AP2 (6). The overex-
pression of these proteins can protect RelA-deficient
cells, which are highly sensitive to TNF-a-induced
apoptosis, from cell death. These antiapoptotic pro-
teins block the activation of caspase-8, an initiator pro-
tease, involved at an early step in stimulating the apop-
totic pathway (6).

Members of the Bcl-2 family may be antiapoptotic, as
is the case with Bcl-2, Bel-xL, and A1/Bfl-1, or proapop-
totic, as with Bad, Bax, and Bcl-xS. NF-kB directly
induces expression of A1/Bf1-1 by binding to specific
sites in its promoter (8). The constitutive expression of
A1/Bfl-1 inhibits antigen receptor-induced apoptosis
in B lymphocytes derived from c-Rel-deficient mice,
suggesting that NF-kB activation of this protein plays
an important role in the B lymphocyte survival follow-
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ing lymphocyte activation (8). The chemotherapeutic
agent etoposide also increases NF-kB levels and there-
by induces A1/Bfl-1, which prevents cytochrome ¢
release from mitochondria and activation of caspase-3
(9). By increasing the expression of antiapoptotic cel-
lular proteins, NF-kB activation can thus reduce apop-
tosis in response to treatment with different
chemotherapeutic agents.

NF-kB also acts in the control of the cell cycle, which
is a critical element in determining the degree of cellu-
lar apoptosis and proliferation. NF-kB activates the
expression of cyclin D1, a positive regulator of G1-to-
S-phase progression, by direct binding to multiple sites
in its promoter (10). Inhibition of NF-kB activation can
reduce cyclin D1 activity and subsequent phosphory-
lation of the retinoblastoma protein to result in
delayed cell cycle progression. This impaired cell cycle
progression can be rescued by ectopic expression of
cyclin D1 (11). Thus, the suppression of apoptosis
induced by NF-kB involves the regulation of multiple
genes involved in different aspects of growth control.

Activation of the NF-kB pathway is involved in the
pathogenesis of chronic inflammatory diseases, such
as asthma, rheumatoid arthritis (see Tak and Firestein,
this Perspective series, ref. 12), and inflammatory bowel
disease. In addition, altered NF-kB regulation may be
involved in other diseases such as atherosclerosis (see
Collins and Cybulsky, this series, ref. 13) and
Alzheimer’s disease (see Mattson and Camandola, this
series, ref. 14), in which the inflammatory response is
at least partially involved. Finally, abnormalities in the
NF-kB pathway are also frequently seen in a variety of
human cancers.

Several lines of evidence suggest that NF-kB activation
of cytokine genes is an important contributor to the
pathogenesis of asthma, which is characterized by the
infiltration of inflammatory cells and the dysregulation
of many cytokines and chemokines in the lung (15).
Likewise, activation of the NF-kB pathway also likely
plays arole in the pathogenesis of rheumatoid arthritis.
Cytokines, such as TNF-a, that activate NF-kB are ele-
vated in the synovial fluid of patients with rheumatoid
arthritis and contribute to the chronic inflammatory
changes and synovial hyperplasia seen in the joints of
these patients (16). The administration of antibodies
directed against TNF-a or a truncated TNF-a receptor
that binds to TNF-a can markedly improve the symp-
toms of patients with rheumatoid arthritis.

Increases in the production of proinflammatory
cytokines by both lymphocytes and macrophages has
also been implicated in the pathogenesis of inflamma-
tory bowel diseases, including Crohn’s disease and
ulcerative colitis (17). NF-kB activation is seen in
mucosal biopsy specimens from patients with active
Crohn'’s disease and ulcerative colitis. Treatment of

patients with inflammatory bowel diseases with
steroids decreases NF-KB activity in biopsy specimens
and reduces clinical symptoms. These results suggest
that stimulation of the NF-kB pathway may be
involved in the enhanced inflammatory response asso-
ciated with these diseases.

Atherosclerosis is triggered by numerous insults to the
endothelium and smooth muscle of the damaged vessel
wall (18). A large number of growth factors, cytokines,
and chemokines released from endothelial cells, smooth
muscle, macrophages, and lymphocytes are involved in
this chronic inflammatory and fibroproliferative process
(18). NF-kB regulation of genes involved in the inflam-
matory response and in the control of cellular prolifera-
tion likely plays an important role in the initiation and
progression of atherosclerosis.

Finally, abnormalities in the regulation of the NF-kB
pathway may be involved in the pathogenesis of
Alzheimer’s disease. For example, NF-kB immunoreac-
tivity is found predominantly in and around early neu-
ritic plaque types in Alzheimer’s disease, whereas
mature plaque types show vastly reduced NF-kB activ-
ity (19). Thus, NF-kB activation may be involved in the
initiation of neuritic plagues and neuronal apoptosis
during the early phases of Alzheimer’s disease. These
data suggest that activation of the NF-kB pathway may
play a role in a number of diseases that have an inflam-
matory component involved in their pathogenesis.

In addition to a role in the pathogenesis of diseases
characterized by increases in the host immune and
inflammatory response, constitutive activation of the
NF-kB pathway has also been implicated in the patho-
genesis of some human cancers. Abnormalities in the
regulation of the NF-kB pathway are frequently seen in
a variety of human malignancies including leukemias,
lymphomas, and solid tumors (20). These abnormali-
ties result in constitutively high levels of NF-kB in the
nucleus of a variety of tumors including breast, ovari-
an, prostate, and colon cancers. The majority of these
changes are likely due to alterations in regulatory pro-
teins that activate signaling pathways that lead to acti-
vation of the NF-kB pathway. However, mutations that
inactivate the IkB proteins in addition to amplification
and rearrangements of genes encoding NF-kB family
members can result in the enhanced nuclear levels of
NF-kB seen in some tumors.

Activation of the NF-kB pathway requires a number of
discrete steps. It is important to review this pathway in
order to better understand how different agents can
prevent the activation of this pathway. The NF-kB pro-
teins comprise a family of proteins that share a
300-amino acid domain that is designated the Rel
homology domain (1, 4). The Rel homology domain
mediates the DNA binding, dimerization, and nuclear
transport of the NF-kB proteins. In addition to the Rel
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homology domain, the NF-kB family members c-Rel,
RelB, and p65 also contain a transactivation domain.
The NF-kB family members p50 and p52, which are
derived from the inactive precursors p105 and p100,
respectively, possess DNA binding and dimerization
properties but not strong transactivation domains. It is
the differential expression of these proteins, their abili-
ty to heterodimerize with different family members, and
the interaction of these proteins with different compo-
nents of the transcription apparatus that contribute to
the diverse effects of activating the NF-kB pathway.

In unstimulated cells, NF-kB proteins are localized in
the cytoplasm, associated with a family of inhibitor
proteins known as IkB (IkBa, IkBp, IkBg) (1, 4). The
IKB proteins contain several distinct domains, includ-
ing ankyrin repeats that are critical for IKB interactions
with NF-kB, an NH-terminal regulatory domain that
is a target for the inducible phosphorylation and sub-
sequent ubiquitination of IkB, and a COOH-terminal
PEST domain that is important in regulating IkB
turnover. The IkB proteins bind to NF-kB and block
their nuclear localization signal. A variety of stimuli
including cytokines such as TNF-a and IL-1, phorbol
esters, LPS, viral infection, the human T-cell leukemia
virus type 1-transforming protein Tax, ultraviolet radi-
ation, and free radicals result in the degradation of IkB
and the nuclear translocation of NF-kB (2).

The phosphorylation of the IKB proteins is a key
step involved in the regulation of Rel/NF-kB com-
plexes. The phosphorylation of the IkB proteins is
mediated by IkB kinases (IKKs) (21), whose activity is
strongly induced by activators of the NF-kB pathway
(1, 4). IKK activity is present in a high-molecular-
weight complex containing at least two kinase sub-
units, IKKa and IKK[, and the associated modulato-
ry protein, IKKy or NEMO (21). The IKKs have 52%
amino acid identity and a similar structural organiza-
tion, which includes kinase, leucine zipper, and helix-
loop-helix domains. These kinases are able to form
both homo- and heterodimers. Biochemical analysis
and gene disruption studies of the IKK genes in mice
indicate that IKK[ is the critical kinase involved in
activating the NF-kB pathway, while IKKa likely plays
an accessory role (21). However, both IKKa and IKK[3
are essential genes for mouse viability. The activated
IKK complex phosphorylates the IKB proteins on two
closely spaced serine residues in the amino terminus
of these proteins (1, 4). Phosphorylation of IkB leads
to its ubiquitination on two amino-terminal lysine
residues by the E3 ubiquitin ligase complex, thus tar-
geting it for degradation by the 26S proteasome (21).
Freed of their association with the IkB subunits, the
NF-kB proteins translocate to the nucleus, where they
bind to specific elements in the promoter regions of
target genes to activate gene expression.

Activation of the NF-kB pathway can result from
stimulation by a variety of different signal transduction

pathways. Although IKK is a key regulator of the NF-
KB pathway, ubiquitination of IkB and its subsequent
degradation by the proteasome are also required for
NF-kB activation. Furthermore, the differential nuclear
translocation of members of the NF-kB family and the
specific phosphorylation of these proteins are also
involved in the ability of the NF-kB proteins to activate
gene expression. Given the diverse processes involved
in activating the NF-kB pathway, it is not surprising
that a number of different inhibitors can prevent acti-
vation of this pathway. In the following sections, we
discuss the mechanisms by which these inhibitors alter
the NF-kB pathway in inflammatory states and cancer.

The first evidence that the NF-kB pathway could be
specifically inhibited came from studies of IkBa
mutants (1, 4). Signal-induced phosphorylation and
degradation of cytoplasmic IkBa is required for NF-kB
pathway activation. However, an IkBa protein with
mutations at serine residues 32 and 36 is not subject to
phosphorylation by IKK and is not degraded by the
proteasome. This IkBa mutant or super-repressor has
a dominant negative phenotype because it sequesters
NF-kB in the cytoplasm and thus prevents the induc-
tion of specific NF-kB target genes.

Blocking the NF-kB pathway by the IkBa super-
repressor enhances the sensitivity of cells to apoptosis-
inducing stimuli. For example, TNF-a treatment of cells
induces the NF-kB pathway and results in cellular apop-
tosis (22, 23). Since NF-kB protects cells from undergo-
ing apoptosis, blocking this pathway enhances apopto-
sis. The expression of the IkBa super-repressor
enhances sensitivity to TNF-a-induced apoptosis in
Jurkat cells, which are otherwise relatively resistant to
apoptosis (22, 23). The migration of phosphatidylserine
from the inner to the outer leaflet of plasma membrane,
which is an early event in apoptosis, is also markedly
increased in TNF-a-treated Jurkat cells expressing the
IkBa super-repressor (23). The expression of this IkBa
protein in the human fibrosarcoma cells also enhances
their sensitivity to apoptotic killing by ionizing radia-
tion or the chemotherapeutic agent daunorubicin, each
of which are able to activate the NF-kB pathway (22). In
contrast, the IKBa super-repressor does not have any
effect on preventing apoptosis induced by the kinase
inhibitor staurosporine, which induces cell death in an
NF-kB-independent manner. These results indicate
that the IKBa super-repressor can enhance cell killing
by blocking the NF-kB pathway.

The adenoviral delivery of the Ik Ba super-repressor to
chemoresistant tumors in mice sensitizes these cells to
undergo apoptosis in response to treatment with either
TNF-a or the chemotherapeutic agent CPT-11, result-
ing in tumor regression (ref. 24; see also Baldwin, this
Perspective series, ref. 25). The IkBa super-repressor also
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suppresses constitutive and TNF-a-induced NF-kB
activity in human head and neck carcinoma cells in tis-
sue culture and reduces the growth of such tumorsin
SCID mice (24). These results suggest that the IkBa
super-repressor inhibits the expression of NF-
kB-dependent genes, which can enhance the growth of
squamous cell carcinomas. Thus, NF-kB has an impor-
tant role in the regulation of cellular proliferation, and
inhibition of the NF-kB pathway may enhance the effi-
cacy of cancer chemotherapy.

Glucocorticoids, such as dexamethasone and pred-
nisone, are widely used for their anti-inflammatory
and immunosuppressive properties. These agents
interact with the steroid receptor to downregulate the
expression of specific genes that regulate the inflam-
matory process. There are several proposed mecha-
nisms to explain the inhibitory effects of glucocorti-
coids on the NF-kB pathway.

The first mechanism is consistent with a role for
glucocorticoids in inducing expression of IkBa to
enhance the cytosolic retention of NF-kB (26, 27).
Dexamethasone induces the synthesis of IkBa mRNA
in glucocorticoid receptor-expressing Jurkat cells (26)
and in monocytic cells (27), increasing the level of
IkBa and resulting in the cytoplasmic retention of
p65. The majority of newly synthesized IkBa induced
by dexamethasone is associated with p65 in pre-exist-
ing NF-kB complexes (27). Glucocorticoid-mediated
inhibition of NF-kB DNA binding is blocked by the
addition of cycloheximide, an inhibitor of protein
synthesis. Taken together, these results demonstrate
that the rapid degradation of IKBa protein seen in
response to either TNF-a or phorbol ester treatment
of cells can be compensated by dexamethasone-
induced synthesis of IkBa. NF-kB is thus maintained
in an inactive cytoplasmic complex so that the expres-
sion of genes involved in the pathogenesis of the
immune response is reduced.

However, other mechanisms are also likely involved
in glucocorticoid-mediated repression of the NF-kB
pathway. For example, dexamethasone can repress IL-
6 expression and p65-dependent transactivation in
murine endothelial fibroblasts without changing IkB
protein levels or NF-kB DNA-binding activity (28).
Similarly, in primary endothelial cells, dexamethasone
reduces NF-kB-mediated transcriptional activity
without altering IkB protein levels or the nuclear
translocation of NF-kB. These results indicate that in
certain cell types the downmodulation of NF-
KB-directed gene expression by glucocorticoids is due
to other mechanisms. For example, direct protein-pro-
tein interactions between the activated glucocorticoid
receptor and NF-kB can also prevent activation of this
pathway (28, 29). Protein crosslinking and coim-

munoprecipitation studies demonstrate a physical
association between the activated glucocorticoid
receptor and the p65 subunit of NF-kB.

Competition between NF-kB and the glucocorticoid
receptor for limiting amounts of the coactivators
CREB-binding protein (CBP) and steroid receptor coac-
tivator-1 (SRC-1) has also been proposed to explain glu-
cocorticoid-mediated inhibition of NF-kB (30). These
coactivators bind to both p65 and the glucocorticoid
receptor and are critical for the transactivation proper-
ties of both of these proteins. Cotransfection assays
demonstrate that the expression of increasing amounts
of coactivators counteracts glucocorticoid-mediated
repression of the NF-kB pathway. These results impli-
cate coactivators in the antagonistic interaction
between the glucocorticoid receptor and p65. However,
a recent study demonstrates that glucocorticoid-medi-
ated repression of NF-kB activity occurs irrespective of
coactivator levels (31), suggesting that glucocorticoid
repression of p65 transactivation is specifically deter-
mined by the context of the TATA box relative to the kB
binding sites in different promoters. Thus, it is possible
that the glucocorticoid receptor directly disrupts p65
interactions with the basal transcription machinery, by
direct interactions either with p65 or with components
of the basal transcription complex.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
widely used in the treatment of chronic inflammatory
states. In addition, these agents induce the regression of
adenomatous polyps of the colon and prevent the devel-
opment of colon cancer. The most commonly accepted
theory to account for the inhibitory effects of these
agents on the inflammatory response and the preven-
tion of colon cancer holds that NSAIDs inhibit COX
activity to prevent prostaglandin synthesis (32). Howev-
er, other reports suggest that additional mechanisms are
involved in the actions of these agents (33-35).

Aspirin and sodium salicylate are examples of anti-
inflammatory agents for which the molecular target is,
at least in part, NF-kB. At concentrations measured in
the serum of patients treated with these agents for
chronic inflammatory conditions, both aspirin and sal-
icylate inhibit activation of the NF-kB pathway
(33-35). These agents suppress TNF-o—-induced mRNA
synthesis of adhesion molecules and surface expression
of VCAM-1 and ICAM-1 in endothelial cells (33). This
inhibition of the NF-kB pathway in endothelial cells
prevents transendothelial migration of neutrophils,
suggesting that the clinical importance of high-dose
salicylates as anti-inflammatory agents is at least par-
tially due to blocking NF-kB activation to inhibit
leukocyte recruitment (33).

Recently, Yin et al. found that the inhibitory effects of
aspirin and sodium salicylate result from the specific

The Journal of Clinical Investigation |

January 2001 |

Volume 107 | Number 2



inhibition of ATP-binding to IKK[( (34). Thus, IKK[3-
dependent phosphorylation of IkBa is markedly
reduced, preventing its degradation by the proteasome
and activation of the NF-kB pathway. In contrast, con-
centrations of indomethacin that inhibit COX activity
and result in potent anti-inflammatory responses do
not prevent activation of the NF-kB pathway (33, 34).
Hence, the effects of aspirin and sodium salicylate on
inhibiting the NF-kB pathway appear to be independ-
ent of their ability to block COXs.

Sulfasalazine is an anti-inflammatory agent that is
used in the management of inflammatory bowel disease
and rheumatoid arthritis. It combines a nonsteroidal
anti-inflammatory moiety (5-aminosalicylic acid; 5-ASA)
and an antibacterial moiety (sulfapyridine). After oral
administration, about 70% of sulfasalazine is degraded
by colonic bacteria to 5-ASA and sulfapyridine. Treat-
ment of colonic epithelial cells with sulfasalazine, but
not 5-ASA or sulfapyridine, inhibits NF-kB activation
induced by treatment with either TNF-a, LPS, or phor-
bol ester (36). The inhibition of the NF-kB pathway by
sulfasalazine is associated with suppression of IKBa
phosphorylation and its subsequent degradation.
Although the exact role of sulfapyridine in inhibiting
NF-kB remains unclear, sulfasalazine appears to owe
part of its therapeutic effect to 5-ASA-mediated sup-
pression of NF-kB activation. Interestingly, a related
aminosalicylate derivative with anti-inflammatory prop-
erties, mesalamine, prevents IL-1-mediated stimulation
of p65 phosphorylation without inhibiting IKBa degra-
dation (37). Thus, nonsteroidal anti-inflammatory
agents may inhibit the NF-kB pathway at multiple steps.

Sulindac is a nonsteroidal anti-inflammatory agent
that is structurally related to indomethacin. In the
colon, sulindac is converted by bacteria to the metabo-
lites sulindac sulfide, which blocks prostaglandin syn-
thesis by nonselective inhibition of COX-1 and COX-2,
and sulindac sulfone, which has no such inhibitory
effect. Nevertheless, sulindac and both of these
metabolites can inhibit activation of the NF-kB path-
way by inhibiting IKK activity (35). In addition, sulin-
dac and aspirin induce apoptosis in HCT-15 cells, a
colon carcinoma cell line that is defective in the gener-
ation of prostaglandins (35). These results suggest that
inhibition of the NF-kB pathway may be involved in
the anti-inflammatory as well as the growth inhibitory
properties of certain NSAIDs.

Cyclosporin A (CsA) and tacrolimus (FK-506) are
immunosuppressive agents used in organ transplan-
tation to prevent graft-versus-host disease. These
agents, in a complex with the cellular protein
cyclophilin, inhibit the activity of calcineurin, a calci-
um- and calmodulin-dependent serine/threonine
phosphatase, to result in the inhibition of cell activa-

tion. Calcineurin is required for activation of the tran-
scription factor NF-AT, which binds to the IL2 pro-
moter and is critical for regulating IL-2 expression in
T lymphocytes. In addition, calcineurin can activate
the NF-kB pathway (38). In Jurkat cells, transfection
of an expression vector containing a Ca2*-independent
calcineurin protein results in increased DNA binding
and transactivation by NF-kB. Hence, FK-506 and CsA
inhibition of calcineurin activity can prevent NF-kB
activation under specific conditions.

FK-506 and CsA act by distinct mechanisms to inhib-
it the NF-kB pathway (38-41). CsA serves as a non-
competitive inhibitor of the chymotrypsin-like activity
of the 20S proteasome and thus prevents IkBa degra-
dation and activation of the NF-kB pathway. This
agent inhibits proteasome activity in vitro and sup-
presses LPS-induced IkB degradation in murine
macrophages by stabilizing the ubiquitinated forms of
IkBa (38). This finding suggests that a target of CsAin
inhibiting the NF-kB pathway is the protease activity
of the proteasome rather than kinases or ubiquitin lig-
ases that regulate the signal-induced phosphorylation
and ubiquitination of IKB, respectively. Similar results
are seen in Jurkat cells, as well as human and mouse pri-
mary T lymphocytes, where CsA interferes with the
degradation of IkBa following phorbol-ester and ion-
omycin stimulation without altering IkBa phosphory-
lation (39). The proteolytic processing of the NF-kB
precursor p105, which also requires the 26S protea-
some complex, is not affected by CsA treatment (40).

FK-506 appears to act by a different mechanism to
inhibit the NF-kB pathway (41), specifically blocking
translocation of c-Rel from the cytoplasm to the nucle-
us. FK-506 blocks both antigen receptor-induced and
phorbol ester and ionomycin-induced c-Rel nuclear
translocation in both B and T cells; neither RelB induc-
tion nor p50 expression is altered by FK-506 treatment
(41). Furthermore, FK-506 suppresses c-Rel-induced
transactivation of the gene for the IL-2 receptor a-
chain. Coexpression of a constitutively active cal-
cineurin activates expression from this gene, suggest-
ing that a calcineurin-dependent pathway is involved
in c-Rel activation. Thus, a portion of the immuno-
suppressive effects of FK-506 may result from inhibi-
tion of c-Rel translocation to result in decreased expres-
sion of both IL-2 and its receptor.

NF-kB regulates the expression of a variety of genes
involved in the immune and inflammatory responses,
including COX-2. COX-1 is constitutively expressed
in most tissues, whereas COX-2 is an inducible
enzyme whose expression is enhanced in response to
inflammatory stimuli. COX-2 directs the synthesis of
anti-inflammatory cyclopentenone prostaglandins
(cyPGs), which are involved in the resolution phase of
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inflammation. CyPGs act as intracellular regulators
of inflammatory and immune responses as well as cel-
lular proliferation.

Two roles of cyPGs in regulation of the NF-kB path-
way have been proposed (42, 43). First, cyPGs have
been suggested to exert their anti-inflammatory activ-
ity through the activation of PPARy, a member of
the nuclear receptor superfamily. 15-deoxy-Al214
prostaglandin J, (15dPGJ;; bioactive prostaglandin
D, metabolite) binds and activates PPARy, and in
activated macrophages, 15dPGJ; inhibits the expres-
sion of gelatinase B and NOS and other NF-kB-regu-
lated genes in a PPARy-dependent manner (42).

Other groups have demonstrated that cyPGs them-
selves can directly inhibit NF-kB activity (43). The
cyPG metabolite PGA; inhibits TNF-a-induced
phosphorylation of IkBa, NF-kB DNA binding, and
NF-kB transactivation in Jurkat lymphoma cells. A
recent study indicates that PGA; and 15dPGJ, direct-
ly inhibit the IKK[ activity (43). The inhibition of
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Figure 1

Inhibition of the NF-kB pathway. A schematic illustrating the steps
involved in the activation of the NF-kB pathway. Numerous drugs, natu-
ral products, and normal or recombinant proteins can act at several of
these steps to interfere with NF-kB activation.
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IKK activity by cyPGs is due to modification of a
cysteine residue in the activation loop of IKK[. As
NF-kB regulates COX-2 synthesis, the inhibition of
NF-kB transactivation by cyPGs may be part of a neg-
ative feedback loop that contributes to resolution of
inflammation.

Signal-induced phosphorylation and ubiquitination
of IkB and its degradation by the 26S proteasome
precede NF-kB nuclear translocation. Inhibitors of
proteasome function reduce the degradation of IkB
to prevent activation of the NF-kB pathway (1, 4). A
variety of peptide aldehydes, including MG101,
MG132, and MG115, make up one class of agents
that inhibit the protease activity of the proteasome.
Proteasome inhibitors of another class, including lac-
tacystin, block protein degradation activity by acy-
lating a threonine residue in one of the key protea-
some subunits. Finally, a group of boronic acid
peptides, including PS-341, are extremely potent
inhibitors of proteasome function (44). Recently, PS-
341 has shown promise as an adjunct to cancer
chemotherapy by inhibiting activation of the NF-kB
pathway. It is also possible that inhibitors of the
ubiquitin ligase that mediates IkB ubiquitination
may be a useful target in preventing proteasome
degradation of IkB. Thus, a variety of potential
inhibitors of proteasome function may have a role
interrupting the NF-kB pathway.

Flavonoids are naturally occurring phenolic com-
pounds, found in plants, that exhibit a variety of biolog-
ical activities, including suppression of inflammation,
cancer chemoprevention, and protection from vascular
disease. Several reports suggest that the properties of the
flavonoids quercetin, resveratrol, and myricetin may be
mediated through downregulation of the NF-kB path-
way (45, 46). For example, resveratrol, which is found in
red wine, can inhibit NF-kB activity and induce apopto-
sis in transformed cells, which may contribute to the
ability of red wine to reduce mortality from coronary
heart diseases and certain cancers (46). Resveratrol has
strong inhibitory effects on iINOS expression and NO
generation in activated macrophages (45). Treatment of
macrophages with this compound blocks LPS-induced
phosphorylation and degradation of IkBa to decrease
NF-kB DNA binding activity, suggesting that its anti-
inflammatory effects may be due at least in part to the
inhibition of NF-kB-dependent NO synthesis (45). The
inhibitory effects of resveratrol and the flavonoid
myricetin on activation of the NF-kB pathway correlate
with their ability to reduce IKK activity (46). Thus sever-
al of the biological activities of flavonoids may be medi-
ated by their inhibition of the NF-kB pathway.
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A better understanding of the regulation of the NF-kB
pathway may provide opportunities for the develop-
ment of new treatments to inhibit prolonged activa-
tion of this pathway. As shown in Figure 1, NF-kB is
an obvious target for new types of treatment to block
the inflammatory response in instances where this
process becomes chronic or dysregulated. A variety of
widely used anti-inflammatory agents inhibit the NF-
KB pathway, at least in part, as one of their targets. One
concern about inhibiting several of these components
of the NF-kB pathway is the specificity of such drugs.
For example, the proteasome which is responsible for
IKB degradation has many other important functions.
Thus, inhibition of proteasome activity could poten-
tially cause severe side effects. It may also not be feasi-
ble to block the NF-kB pathway for prolonged periods,
since NF-kB plays an important role in the mainte-
nance of host defense responses. The prolonged
expression in the liver of a degradation-resistant IkB
super-repressor protein in transgenic mice indicates
that inhibition of NF-kB activity can occur without
liver dysfunction, although the animals were more sus-
ceptible to bacterial infection (47). However, short
term treatment with specific inhibitors of IKK activi-
ty might reduce such potential side effects. It is possi-
ble that specific inhibitors of IKK activity may provide
a new class of anti-inflammatory and anticancer
agents or of adjunct therapeutics to enhance the effi-
cacy of other cancer therapies (see Baldwin, this Per-
spective series, ref. 25).

Although the maintenance of appropriate levels of NF-
KB activity is a critical factor in achieving normal cellu-
lar proliferation, constitutive NF-kB activation is likely
involved in the enhanced growth properties seen in a
variety of cancers. The potential applications of inhibi-
tion of the NF-kB pathway in cancer chemotherapy are
in their early stages. However, such approaches offer the
promise of enhancing the efficacy of cancer chemother-
apy and reducing abnormal cytokine production, which
may contribute to the growth of certain tumors.
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