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Abstract It has been known for several decades that

cyclic AMP (cAMP), a prototypical second messenger,

transducing the action of a variety of G-protein-coupled

receptor ligands, has potent immunosuppressive and anti-

inflammatory actions. These actions have been attributed in

part to the ability of cAMP-induced signals to interfere with

the function of the proinflammatory transcription factor

Nuclear Factor-kappaB (NF-jB). NF-jB plays a crucial

role in switching on the gene expression of a plethora of

inflammatory and immune mediators, and as such is one of

the master regulators of the immune response and a key

target for anti-inflammatory drug design. A number of

fundamental molecular mechanisms, contributing to the

overall inhibitory actions of cAMP on NF-jB function, are

well established. Paradoxically, recent reports indicate that

cAMP, via its main effector, the protein kinase A (PKA),

also promotes NF-jB activity. Indeed, cAMP actions

appear to be highly cell type- and context-dependent.

Importantly, several novel players in the cAMP/NF-jB

connection, which selectively direct cAMP action, have

been recently identified. These findings not only open up

exciting new research avenues but also reveal novel

opportunities for the design of more selective, NF-jB-tar-

geting, anti-inflammatory drugs.
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Introduction

The omnipresent second messenger 30-50-cyclic adenosine

monophosphate (cAMP) plays a key role in diverse cellular

processes, including energy metabolism, spermatogenesis

and steroidogenesis [1]. It was proposed a few decades ago

that cAMP is also an important modulator of immune cell

function [2]. A wealth of literature is indeed available on

the effects of cAMP-modulating agents, either physiolog-

ical or pharmacological, on multiple aspects of immune

function. The overall conclusion of these studies is that

cAMP mainly has an anti-inflammatory action, interfering

with both innate and adaptive immune responses at mul-

tiple levels [3–5].

The inflammatory response is a tightly regulated phys-

iological process, involving orchestrated expression of

inflammatory mediators. One of the master regulators of

inflammatory gene expression is the transcription factor

Nuclear Factor-kappa B (NF-jB) [6]. NF-jB binding to the

promoters of a plethora of inflammatory mediators is

instrumental in successful coordination of the immune

response. Nevertheless, excessive NF-jB activation is

associated with the onset and propagation of auto-immune

diseases and cancer. Therefore, NF-jB is among the ‘‘most

wanted’’ targets for therapeutical intervention. Side effects

associated with global inhibition of NF-jB have, however,

hampered the clinical use of synthetic NF-jB inhibitors,
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and the search for more selective modulators of NF-jB

action is still in progress [7, 8].

NF-jB activation has been extensively studied in cells

triggered with typical proinflammatory stimuli. Yet, in

physiological settings, cells are exposed to a multitude of

environmental signals that interact with the NF-jB cascade

and modulate the outcome of inflammation-associated

NF-jB activation. The second messenger cAMP is

involved in a plethora of cellular responses, making

interactions between this pathway and the NF-jB signaling

cascade highly relevant.

In this review, we will provide a concise report on the

‘‘anatomy’’of the cAMP and NF-jB signaling cascades.

Next, we will summarize the state of the art on cAMP/NF-

jB interactions, focusing on molecular mechanisms of

crosstalk. A more elaborate discussion of the most recent

reports on cAMP effects will focus on novel mechanisms

that might contribute to a better understanding of the cell

type specificity and gene selectivity of these cAMP effects.

Intracellular cAMP: synthesis and effectors

Physiological modulation of intracellular cAMP levels,

[cAMP]i, occurs in response to activation of G-protein-

coupled receptors (GPCRs), a large family of transmem-

brane receptors that sense a variety of extracellular signals

and transduce them to intracellular signals, hence modu-

lating a plethora of cellular responses [9–12]. According to

the classical paradigm of GPCR activation, the encounter of

GPCRs with their ligands induces a conformational change

that confers the receptor with guanine nucleotide exchange

factor (GEF) activity. Ligand-bound GPCRs next activate

associated heterotrimeric G-proteins by exchanging their

bound GDP for GTP, which induces detachment of the Ga
subunit from the b and c subunits. Several subtypes of Ga
proteins exist (Gas, Gai, Gaq/11, Ga12/13), which exert

different effects on intracellular signaling cascades. Briefly,

Gas and Gai proteins are connected with the cAMP sig-

naling cascade, whereas the Gaq/11 and Ga12/13 subunits

activate phospholipase C and small GTPases, respectively.

This description of the cascade of GPCR-induced signaling

events is tremendously oversimplified and, in recent years,

many sophisticated mechanisms fine-tuning GPCR signal-

ing have been reported [13], the discussion of which is,

however, beyond the scope of this review.

The Gas and Gai-coupled receptors that modulate

[cAMP]i can be triggered by very diverse ligands, including

hormones, neurotransmitters, chemokines, lipid mediators

and even micro-organisms. Active Gas and Gai proteins

respectively stimulate or inhibit the activity of the adenylyl

cyclases (ACs), the enzymes that catalyze the conversion

of ATP to cAMP. To date, ten known AC isoforms with

differential cell type-specific expression have been identi-

fied [14, 15]. Interestingly, the activity of adenylyl cyclases

is not only regulated via interaction with G-proteins but is

also modulated in response to growth factors, allowing

crosstalk between these pathways [16–18]. Intracellular

cAMP levels are furthermore regulated by phosphodies-

terases (PDEs), enzymes that catalyze the conversion of

cAMP to 50AMP. The PDEs consist of 11 distinct gene

families, which, like the ACs, are expressed in a tissue-

specific manner [19]. In short, [cAMP]i is balanced by the

opposing actions of adenylyl cyclases and phosphodiester-

ases. Besides the physiological GPCR ligands, multiple

pharmacological tools are available that allow modulation

of [cAMP]i. For instance, [cAMP]i can be altered directly

using cell permeable, often phosphodiesterase-resistant,

cAMP analogues or, indirectly, by more or less selective

activators or inhibitors of adenylyl cyclase or phosphodi-

esterase activity.

The most studied transducer of cAMP signals, the

cAMP-dependent protein kinase A (PKA), was identified

over 40 years ago [20]. Unactivated PKA resides in the

cytoplasm as an inactive tetrameric holoenzyme, which

dissociates into two free regulatory and two catalytic sub-

units upon binding of cAMP to the regulatory subunits. For

the catalytic PKA subunits, three isoforms, Ca, Cb and Cc,

have been described. The liberated active catalytic PKA

subunits can phosphorylate serine (ser) and threonine resi-

dues on substrate proteins, including the transcription factor

cAMP-response element binding protein (CREB) [21, 22].

However, PKA-independent actions of cAMP have been

described in several cell types, and evidence for the

importance of these PKA-independent pathways in the

immunomodulatory effects of cAMP is emerging. Although

in many cases the alternative cAMP effectors remain to be

identified, the guanine exchange proteins directly activated

by cAMP (EPAC-1 and EPAC-2) are possible effector

candidates [23, 24]. Upon binding of cAMP, the EPACs

elicit downstream responses via activation of the small Ras-

like GTPase Rap-1 and, moreover, they have recently been

implicated as regulators of monocyte and macrophage

function [25–27]. Finally, in specialized tissues such as

olfactory neurons, cAMP can directly activate cyclic

nucleotide-gated ion channels [28]. Importantly, in addition

to cell type-specific expression of PKA, AC and PDE iso-

forms, intracellular compartmentalization of PKA, ACs and

PDEs by A kinase anchoring proteins (AKAPs) adds an

extra dimension to the regulation of cAMP effect specificity

[29, 30]. It is indeed well accepted that AKAPs compart-

mentalize cAMP signals to discrete subcellular regions, by

tethering PKA and other cAMP regulators to particular

cellular organelles, creating ‘‘microdomains’’ of cAMP

pools within the cell. Figure 1 provides an illustration of the

above-described signaling cascades.
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The NF-jB signaling cascade

NF-jB is the generic name of a family of transcription

factors that functions as dimers and regulates genes

involved in immune, inflammatory and anti-apoptotic

responses [6, 31, 32]. The NF-jB proteins are sequestered

in the cytoplasm through physical interaction with IjB

(inhibitor of jB) family proteins. Today, eight IjB family

members are known: IjBa, IjBb, IjBc, IjBe, IjBf, Bcl-3,

p100 and p105, all characterized by the presence of ankyrin

repeats. Following stimulation with proinflammatory

cytokines, pathogen-associated molecular patterns

(PAMPs) or upon engagement of the antigen receptors of

B- and T-cells, the IjB kinase (IKK), a cytoplasmic kinase

complex, becomes activated and phosphorylates the IjB

molecules, leading to their subsequent degradation through

the ubiquitin–proteasome pathway. NF-jB dimers then

translocate to the nucleus where they can bind to jB

consensus sequences in the promoters of their target genes.

The NF-jB family consists of five members: p65 (RelA),

RelB, c-Rel, p50 and p52, which can act as homo- or

heterodimers. All NF-jB (or Rel) proteins are character-

ized by the presence of an N-terminal Rel homology

domain (RHD), which mediates dimerization, DNA bind-

ing and cytoplasmic retention via its interaction with an

IjB protein. Only the p65, c-Rel and RelB NF-jB subunits

contain the C-terminal activation domain (TAD) necessary

to activate target gene expression. The most abundant,

ubiquitously expressed, heterodimer is the p50/p65 com-

bination, which is also most commonly associated with the

regulation of inflammatory responses. Although it was

hypothesized that particular variations in jB consensus

sequences could convey selectivity via preferential DNA

binding of specific dimers, it appears NF-jB binds to jB

sites in a rather promiscuous fashion, indicating there must

be additional levels of control to explain its selectivity [33].

The IKK complex encompasses three known subunits:

two protein kinases (IKKa and IKKb) and a structural/

Fig. 1 The cAMP signaling cascade. Cyclic AMP is generated by

activation of adenylyl cyclases, which convert ATP to cAMP.

Physiologically, adenylyl cyclase activity is regulated by GPCRs that

are either coupled to Gs or Gi proteins, which respectively stimulate

and inhibit adenylyl cyclase activity. Several substances in addition

allow pharmacological modulation of adenylyl cyclase activity, such

as for instance cholera toxin, which stimulates adenylyl cyclase

activity via activating Gs, and forskolin which directly activates

adenylyl cyclases. [cAMP]i is, furthermore, negatively regulated by

phosphodiesterases which degrade cAMP to 50AMP. At the center of

the canonical cAMP signaling pathway is PKA (1). Briefly, cAMP

molecules bind the PKA regulatory subunits of the PKA holoenzyme,

which results in release of the two catalytic subunits that subsequently

translocate to the nucleus. In the nucleus, the catalytic subunits can

phosphorylate different substrates, the best known of which is the

transcription factor CREB. Phosphorylated CREB induces the

transcription of a plethora of genes harbouring CREB-responsive

elements. Alternatively, cAMP can bind to exchange proteins directly

activated by cAMP (EPACs) (2). This cascade results in the activation

of Rap1

Cyclic AMP: a selective modulator of NF-jB action 3825

123



regulatory subunit, called NF-jB essential modulator

(NEMO or IKKc). More recently, a so-called non-canoni-

cal pathway has been uncovered, which causes NF-jB

activation in response to a specific set of stimuli, including

B-cell activating factor (BAFF), lymphotoxin b (LTb) and

CD40 ligand (CD40L). In the canonical pathway, IjB

degradation is mediated by the IKKb kinase. The non-

canonical pathway instead depends on IKKa and specifi-

cally targets the p100 IjB family member, which

preferentially interacts with RelB in the cytoplasm. Fol-

lowing stimulation, p100 is partially degraded to generate

p52, thereby liberating p52/RelB NF-jB complexes, that

activate a subset of NF-jB-dependent target genes,

involved in lymphoid organ formation and B-cell matura-

tion [34].

Although activation of the IKK signalosome and con-

sequent modification and degradation of IjBs provides the

cytoplasmic switch for NF-jB activation in both the

canonical and non-canonical cascade, several additional

regulatory mechanisms have evolved to provide selectivity.

For instance, Rel subunits are subject to multiple post-

translational modifications (including phosphorylation,

acetylation, ubiquitinylation, sumoylation and nitrosyla-

tion), which regulate the transactivating ability and

stability of NF-jB complexes, as well as their affinity for

particular promoters [35]. NF-jB-dependent gene expres-

sion is furthermore regulated by context-dependent

interactions with other transcription factors and cofactors,

and by the accessibility of the jB binding sites in a given

promoter [36–39]. The integration of all regulatory mech-

anisms at promoters containing NF-jB-binding sites

ultimately determines the gene expression signature trig-

gered by a specific stimulus in a specific cell type. A

scheme of possible events leading to NF-jB-dependent

gene expression is presented in Fig. 2.

Mechanisms of NF-jB modulation by cAMP

NF-jB was originally identified as a transcription factor

regulating the expression of the j immunoglobulin light

chain in B lymphocytes [40]. As a consequence, the two

earliest studies undertaken to assess the effect of cAMP on

NF-jB function were performed in the 70Z/3 pre-B cell

line [41, 42]. Even in these two early studies, using a

straightforward mode of [cAMP]i elevation by means of

membrane-permeable cAMP analogues, conflicting results

were obtained. Whereas one group found that cAMP could

induce NF-jB binding to the j light chain enhancer and

activated a jB reporter gene [42], the other group found no

effect of cAMP by itself and reported that cAMP instead

inhibits early IL-1b-induced NF-jB, but stimulates late

phase NF-jB activation [41]. Many other groups later

assessed the effect of pharmacological elevation of

[cAMP]i by means of permeable cAMP analogues, aden-

ylyl cyclase activators or phosphodiesterase inhibitors on

NF-jB activity in different cell types, using different

NF-jB activators and different readouts of NF-jB activa-

tion (Table 1). In addition, there is an extensive literature

on modulation of (putative) NF-jB-dependent responses

by GPCR agonists, some of which might work by modu-

lating [cAMP]i (reviewed in [43]). Although most studies

report inhibition of NF-jB activity by cAMP-inducing

stimuli, as apparent from Table 1, several papers have, in

contrast, found that cAMP positively affects NF-jB

activity or that it does not interfere with NF-jB activation.

Cyclic AMP modulates NF-jB when activated by typical

stimuli, such as proinflammatory cytokines, B-and T-cell

activators, PAMPs, and oxidative stress, but also upon

triggering of NF-jB by less common activators such as

amyloidogenic peptides, thrombin and high glucose.

Whereas Table 1 indicates that cAMP inhibits NF-jB

largely irrespective of the NF-jB triggering stimulus, a few

studies reported stimulus-specific effects of cAMP. For

instance, in HUVECs, cAMP inhibited TNF-a-activated

NF-jB, but had no effect on NF-jB induced by high glu-

cose [44]. In another example, in human pancreatic cancer

cells, cAMP inhibited the activation of NF-jB by LPS and

IL-1b, but did not affect PMA-triggered NF-jB [45].

Furthermore, cAMP was reported to inhibit CD3-, but not

PMA/A23187-induced NF-jB in T cells [46]. Several other

studies, however, did find inhibition of NF-jB in PMA/

A23187-activated T cells [47–50], exemplifying the con-

tradictory findings in literature.

Only a few studies have reported positive effects of

cAMP on NF-jB activity which became apparent only

after prolonged treatment with proinflammatory stimuli

[41, 51] and these effects were probably indirect. More-

over, most positive effects of cAMP were reported in cells

that were not exposed to typical NF-jB triggers [42, 52–

62]. Interestingly, in one of these studies, it was shown that

the positive effect on NF-jB was not mediated by the

prototypical cAMP effector PKA, but instead was depen-

dent on EPAC activation [53]. Although it is tempting to

speculate that differential effects of cAMP could be the

result of preferential activation of PKA or EPAC, to date

there is very little evidence supporting this theory.

Interactions between cAMP and NF-jB cascades have

been described in various cell types, including, among

others, diverse leukocyte subsets, fibroblasts, epithelial and

endothelial cells, smooth muscle cells and brain cells

(Table 1). Some studies have reported cell type-specific

effects of cAMP. For instance, cAMP inhibited NF-jB in

3T3 fibroblasts, whereas it induced NF-jB in brown adi-

pocytes [63]. Recently, it was also reported that cAMP

enhances TNF-a-induced NF-jB activity in breast cancer
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cells, whereas it inhibited NF-jB in HEK293 cells [64].

However, inspection of Table 1 does not allow the corre-

lation of effects of cAMP only with particular cell types, as

positive and negative effects of cAMP have been described

in all tissue types. A more systematic analysis investigating

cAMP effects in a given cell type subjected to different

NF-jB-activating stimuli or in different cell types treated

with the same NF-jB stimulus, which is currently lacking,

would be required to allow straightforward conclusions

regarding the cell type and stimulus specificity of cAMP/

NF-jB crosstalk.

Multiple mechanisms have been proposed to explain

how cAMP-mediated signals interfere with the NF-jB

signaling cascade. Here, we will summarize the reported

mechanisms of molecular crosstalk and discuss current

controversies in the literature.

Effects of cAMP on IKK activation and cellular IjB

levels

As mentioned in ‘‘The NF-jB signaling cascade’’, IKK

activation is the initial ‘‘switch’’ for triggering NF-jB acti-

vation. To our knowledge, the literature does not report on

cAMP effects on non-canonical NF-jB activation, which is

quite remarkable considering the important role of this

cascade in B cells, wherein cAMP/NF-jB crosstalk was

initially reported. Hence, all effects described below prob-

ably concern IKKb [65]. Neumann et al. [50] were the first to

Fig. 2 The NF-jB signaling cascade. The NF-jB signaling cascade

is initiated at the cell membrane and depends on the IKK complex,

which, in addition to its c regulatory subunit, contains two catalytic

subunits, IKKa and IKKb. The canonical NF-jB pathway is triggered

by binding of pathogen-associated molecular patterns, cytokines or

antigen to their cognate receptors. This leads to phosphorylation and

consequent activation of IKKb, which in turn phosphorylates IjB,

leading to its ubiquitination and subsequent proteasomal degradation.

IjB degradation exposes the nuclear localization signal of the NF-jB

p65 subunit, allowing the NF-jB dimer to translocate to the nucleus,

where it can switch on the transcription of its target genes, including

among others cytokines, chemokines, enzymes and adhesion

molecules involved in orchestrating the inflammatory response. The

non-canonical pathway is initiated by extracellular stimuli involved in

B-cell maturation and lymphoid organogenesis and depends on IKKa,

which is activated by the NF-jB-inducing kinase (NIK). Active IKKa
preferentially phosphorylates the p100 IjB family protein, which

sequesters RelB in the cytoplasm. Once phosphorylated, p100 is

partially degraded to p52 in the ubiquitin–proteasome pathway,

allowing translocation of the p52-RelB NF-jB dimer to the nucleus.

The p52-RelB NF-jB complex induces the transcription of a distinct

set of NF-jB target genes, including chemokines, cytokines and other

genes involved in lymphocyte function and lymphoid organogenesis
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Table 1 Inventory of reportsa describing effects of cAMP on NF-jB function

Cell type cAMP stimulus NF-jB stimulus Effect on NF-

jB

Ref.

Lymphocytes

70Z/3 BrcAMP, forskolin None ? [42]

70Z/3 Bt2cAMP IL-1a -(early)/?(late) [41]

DT-40, m mast cells Forskolin/IBMX, adenosine Anti-IgM, IgE - [85]

NALM-6 8-CPT-cAMP Doxorubicin ? [138]

SP-B21 Bt2cAMP, PGE2 Anti-CD3, PMA/A23187 -/=b [46]

EL4.E1 Forskolin PMA/A23187 - [139]

EL4 Forskolin PMA/A23187 - [47]

2B4 Forskolin, VIP/PACAP Anti-CD3 - [91]

Reh Forskolin Irradiation ? [94]

Jurkat, m T cells Forskolin PGE2 PMA/A23187 - [50]

Jurkat, h T cells Bt2cAMP, rolipram Anti-CD3, PMA/A23187 - [49]

Jurkat, HeLa, HEK293 BrcAMP, Bt2cAMP, forskolin TNF-a, IL-1b - [89]

H T cells Bt2cAMP, pentoxyfilline, rolipram Anti-CD3, PMA/A23187 - [48]

Monocytes/macrophages

Raw264.7 BrcAMP None = [140]

Raw264.7 Forskolin, VIP/PACAP LPS - [135]

Raw264.7 Bt2cAMP None ? [52]

Raw264.7 Forskolin, VIP/PACAP LPS - [131]

Raw264.7 Forskolin, a-MSH LPS/IFN-c - [141]

Raw264.7 Forskolin, VIP/PACAP LPS - [70]

Raw264.7 Bt2cAMP LPS - [142]

Raw264.7 8-CPT-cAMP None ? [53]

Raw264.7 Rolipram LPS - [143]

Raw264.7 BrcAMP LPS = [90]

Raw264.7 BrcAMP LPS = [137]

J774 Bt2cAMP, forskolin, CT, PGE2 None ? [54]

J774 Bt2cAMP None ? [56]

THP-1, HUVEC Bt2cAMP, forskolin TNF-a - [88]

THP-1 Forskolin, VIP/PACAP LPS - [132]

THP-1 Bt2cAMP, forskolin Amyloidogenic peptides - [69]

THP-1 Forskolin, VIP LPS, TNF-a - [133]

HL60, THP-1, PBMCs Bt2cAMP, BrcAMP None ? [55]

U937 Bt2cAMP, hCG TNF-a - [144]

H monocytes Bt2cAMP, forskolin LPS = [145]

R Kuppfer cells Forskolin LPS - [93]

Other leukocytes

M erythroleukemia cells BrcAMP, forskolin None ?(late) [57]

HMC-1, M mast cells Bt2cAMP, a-MSH LPS - [146]

DT-40, M mast cells Forskolin/IBMX, adenosine Anti-IgM, IgE - [85]

H PBMCs Pentoxyfylline LPS - [73]

M BMDCs Bt2cAMP, forskolin, PGI2 LPS - [147]

Pleural lavage cells Rolipram (in vivo) OVA (in vivo) - [121]

Pleural lavage cells Rolipram (in vivo) LPS (in vivo) - [148]

Fibroblasts

3T3 BrcAMP, forskolin None ? [58]

3T3 Bt2cAMP, forskolin LPS/TNF-a/IFN-c - [63]
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Table 1 continued

Cell type cAMP stimulus NF-jB stimulus Effect on NF-

jB

Ref.

Rat-1 Forskolin, CT, isoproterenol TNF-a - [120]

M cardiac fibroblasts Forskolin, pentoxyfylline, isoproterenol None ? [59]

Epithelial cells

DLD-1 BrcAMP, forskolin IL-1b/TNF-a/IFN-c ? [149]

HeLa Bt2cAMP, hCG TNF-a - [144]

HeLa BrcAMP, Bt2cAMP, forskolin TNF-a, IL-1b - [89]

Caco-2 BrcAMP IL-1b ? [150]

R type II alveolar epithelial cells Selective PDE inhibitors LPS -/?c [151]

MCF-7 Bt2cAMP, hCG TNF-a - [152]

MDA-MB231 Bt2cAMP TNF-a ? [64]

A549 BrcAMP, 8-Sp-cAMPS, CGRP IL-1b - [74]

BEAS-2B Forskolin, b2-AR agonists IL-1b, IL-1b/histamine - [153]

Endothelial cells

HUVECs Forskolin IL-1b - [154]

THP-1, HUVEC Bt2cAMP, forskolin TNF-a - [88]

HUVEC Cilostazol TNF-a - [155]

HUVEC Forskolin Thrombin - [119]

HUVECs Forskolin, adiponectin TNF-a, high glucose -/=b [44]

HAECs Bt2cAMP, adiponectin TNF-a - [68]

Smooth muscle cells (SMCs)

R coronary smooth muscle cells BrcAMP, forskolin LPS = [156]

H ASMs Forskolin, PGE2 TNF-a = [157]

R VSMCs Pentoxyfylline IL-1b ? [158]

R VSMCs PDE3 inhibition TNF-a - [159]

H ASMs Forskolin, b2-AR agonists IL-1b = [160]

R aorta, R VSMCs Cilostazol (PDEIII inhibitor, in vitro and in vivo) LPS - [161]

Brain cells (glia/neuronal)

M microglia Forskolin, VIP/PACAP LPS, TNF-a - [130]

BV-2 Bt2cAMP LPS - [162]

SH-SY5Y Forskolin, Gas expression H202 - [77]

R Shwann cells Bt2cAMP, forskolin None ? [60]

Other cell types

HEK293 BrcAMP, Bt2cAMP, forskolin TNF-a, IL-1b - [89]

HEK293 Bt2cAMP TNF-a -/?b [64]

M glomerular mesangial cells BrcAMP, forskolin PGE2 TNF-a, IgG, superoxide

anion

- [163]

M mesangial cells BrcAMP LPS, IL-1b - [164]

CaCOV3 Bt2cAMP, hCG TNF-a - [144]

CHO Forskolin, rolipram, adenosine None - [165]

MIA PaCa-2 Forskolin LPS, IL-1b, PMA -/=b [166]

MIA PaCa-2 Bt2cAMP, forskolin IL-1b - [45]

R hepatocytes Bt2cAMP, glucagon IL-1b/TNF-a/IFN-c - [167]

R hepatocytes Bt2cAMP IL-1b/IFN-c ? [82]

HepG2 Bt2cAMP IL-1b - [168]

Liver Olprinone (PDEIII inhibitor, in vivo) Ischemia/reperfusion

(in vivo)

- [169]

M ileum Olprinone (in vivo) Ischemia/reperfusion

(in vivo)

- [81]
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propose that inhibition of NF-jB in activated T cells by the

adenylyl cyclase activator forskolin or prostaglandin E2

(PGE2) was the result of elevation of intracellular IjB levels

by cAMP. Since then, this mechanism has been reported in a

variety of cell types, using different stimuli to activate both

NF-jB and cAMP signaling cascades [44, 45, 66–85].

Conversely, dopamine signaling via the Gi-coupled D4

receptor inhibited IjB expression, probably by reducing

[cAMP]i [86], indicating that it is a mechanism that can act

in two directions. Whereas the augmentation of cellular IjB

levels by cAMP inducers appears to be a common mecha-

nism, some groups did not find cAMP-mediated effects at

this level of the NF-jB signaling cascade [87–90]. It should

be noted, however, that many investigators did not perform a

kinetic analysis of IjB expression levels, which might

confound some of the conclusions. In fact, only a few studies

have reported rapid inhibition of IjB degradation due to

blocking of IKK activity by cAMP [44, 67, 71, 85, 91]. In

one study, it was shown that the neurotransmitter serotonin,

via the cAMP-inducing 5HT1 receptor, could induce PP2A

phosphatase activity, which in turn led to IjB dephospho-

rylation and inhibition of its degradation [92]. This

observation indicates that effects on IjB phosphorylation do

not necessarily reflect cAMP-mediated targeting of the IKK

kinase. Most studies, however, did not find effects of cAMP

at the level of early stimulus-induced IjB degradation, but

instead reported enhanced levels of resynthesized IjB [45,

66, 83]. In a few studies, both mechanisms were operative

[69, 93]. The mechanisms at the basis of the elevated

expression of resynthesized IjB remain largely unresolved.

There is some evidence that cAMP enhances IjB resynthesis

at the transcriptional level [45, 93]. Other studies rather

indicated that increased IjB levels are the result of stabil-

ization at the protein level, but where precisely cAMP

intersects the IjB degradation cascade (i.e. via interfering

with IjB ubiquitinylation, or by decreasing proteasomal

activity) was not addressed [66, 69]. Interestingly, in J774

murine macrophages, cAMP activated IKK, resulting in

NF-jB activation instead of inhibition [56]. The cAMP

effects on IKK activity were inhibited by the PKA inhibitor

H89. However, cAMP also induced protein kinase C (PKC)

activity in this study, which might explain the discrepant

results. Activation of IKK by cAMP was recently also

demonstrated in acute lymphoblastic leukemia cells [94].

The fact that the role of cAMP is often supported solely by

the use of pharmacological cAMP/PKA activators/inhibi-

tors, the selectivity of which is disputable, is indeed an

important obstacle in the interpretation of many of the

reported studies [95, 96]. For instance, in the case of H89,

the most widely used PKA inhibitor, it is well established

that it also targets other kinases, such as the mitogen- and

stress-activated kinase-1 (MSK-1), which happens to be an

important regulator of NF-jB activity [97].

Posttranslational modification of Rel proteins induced

by cAMP

The prototypical cAMP effector kinase is PKA. In the

canonical PKA activation pathway cAMP binds to the

regulatory units of the cytosolic PKA tetramer (R2C2),

which induces an allosteric change that leads to release of

the catalytic subunits. Posttranslational modification of

NF-jB by PKA was first described by Zhong et al. [98].

Interestingly, in this study, PKA was activated in a non-

canonical fashion that did not involve cAMP. Rather, it

was proposed that a subpool of PKA-C, independent of its

regulatory subunits, resides in the cytoplasm in complex

with IjB and NF-jB. Activation of this NF-jB-associated

Table 1 continued

Cell type cAMP stimulus NF-jB stimulus Effect on NF-

jB

Ref.

FRTL-5 Forskolin, FSH TNF-a ? [51]

H type II pneumonocytes Bt2cAMP None, IL-1a ? [61]

R brown adipocytes Bt2cAMP, forskolin LPS/TNF-a/IFN-c ? [63]

B16F10 IBMX, forskolin, a-MSH TNF-a - [76]

HaCaT Bt2cAMP, forskolin TNF-a/IFN-c - [118]

H synovial cells (from RA patients) Cilostazol None - [80]

H chondrocytes Forskolin, PGE2 None ? [62]

BrcAMP 8-bromo-cAMP, Bt2cAMP N6,O20-dibutyryl cAMP, H human, M mouse, R rat

- Inhibition, ? stimulation, = no effect
a Reports in which a role for cAMP was postulated (i.e. studies describing effects of ligation of GPCRs, presumably modulating cAMP), but not

experimentally demonstrated have not been included
b Effect depending on NF-jB stimulus
c Effect depending on PDE isoform targeted
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PKA-C did not depend on cAMP, but required LPS-

induced activation of IKK and concomitant degradation of

IjB to release the PKA catalytic unit. Importantly, LPS-

activated PKA phosphorylated the p65 subunit at its ser

276 residue and this phosphorylation was later reported to

be important for the recruitment of the CREB-binding

protein (CBP) transcriptional co-activator, which is

instrumental for turning on NF-jB-dependent transcription

[99]. This cAMP-independent mode of PKA activation has

been reported since then by many other groups, in several

other cell types, subjected to a variety of NF-jjB-acti-

vating stimuli [100–105].

However, several recent studies have reported phos-

phorylation of p65 at its ser 276 residue in different cell

types by cAMP agonists, indicating that cAMP-induced

PKA might also target the p65 ser 276 residue, thus

enhancing NF-jB transactivation ability [60, 64, 90]. We

have also investigated cAMP-dependent phosphorylation

of the p65 ser 276 residue upon treatment of different cell

types using different cAMP inducers, but were unable to

demonstrate phosphorylation of this residue using the

currently available phosphospecific anti-phospho-p65 ser

276 antibodies [83, 106]. Importantly, as cAMP-mediated

activation of PKA is dependent on the PKA regulatory

subunits, it is highly likely that cAMP-dependent phos-

phorylation of p65 does not proceed via the non-canonical

mechanism described by Zhong et al. [98], but will require

alternative mechanisms to orchestrate the encounter of the

PKA catalytic subunit with p65.

Whether it is cAMP-dependent or not, several obser-

vations suggest PKA-dependent activation of NF-jB might

have physiological relevance. For instance, it was pro-

posed that blocking of PKA-dependent p65 ser 276

phosphorylation is exploited by the human adenovirus

E1A-12 as an immune evasion mechanism [107]. A model

has also been suggested in which the glucocorticoid

receptor (GR) represses NF-jB p65 by sequestering PKA-

Ca, hence preventing PKA-induced p65 phosphorylation

[108]. The importance of the p65 ser276 phosphorylation

event is furthermore supported by a recent study, showing

that knock-in mice, expressing NF-jB p65 with a phosp-

homimetic mutation of ser 276, were characterized by a

severe systemic hyperinflammatory phenotype, due to

exaggerated TNF-a production [109]. Nevertheless, phos-

phorylation of ser 276 of p65 was shown to be important

for the expression of only a subset of NF-jB target genes

[110, 111].

Although most studies have reported an NF-jB-acti-

vating function for p65 ser 276 phosphorylation, this

phosphorylation instead promotes the formation of p65/

relB heterodimers in TNF-stimulated mouse embryonic

fibroblasts (MEFs), ultimately leading to inhibition of RelB

DNA binding and consequently reduced expression of

RelB target genes [112]. Whether cAMP and PKA are

involved in this mechanism remains to be investigated.

Recently, a small molecule inhibitor of p65 ser 276 phos-

phorylation was described, which could be a promising

lead for development of novel, selective NF-jB inhibitors

[113].

Interestingly, one group reported that PKA-Ca does not

phosphorylate p65 at ser 276, but instead activates NF-jB

by phosphorylating the p65 C-terminal TAD [89]. PKA-Ca
has also been shown to be involved in a TGF-b-induced

acetylation of p65, which is also associated with enhanced

transactivation. This modification would require a preced-

ing phosphorylation at ser 276, thus allowing docking of

CBP/p300, that in turn could acetylate NF-jB p65 at lysine

221 [114, 115]. In addition to PKA-Ca, PKA-Cb has also

been shown to stimulate NF-jB transcriptional activity, by

phosphorylating the c-Rel subunit [116]. It is, however,

undetermined whether cAMP inducers can mimick this

effect.

The idea that cAMP and/or PKA would enhance NF-jB

transactivation via posttranslational modification of Rel

proteins appears to be in conflict with the widely available

indications that cAMP mainly inhibits NF-jB activation.

Indeed, cAMP has been shown to block the MEKK/JNK

cascade [47], the p38 MAPK [117–120] and PI3 K [121],

which all stimulate NF-jB transactivation. In line with

these findings, PKA also mediates modifications of other

NF-jB subunits that are associated with transcriptional

repression. For instance, PKA-Ca was reported to phos-

phorylate p50 at its ser 337 residue (which is homologous

to the p65 ser 276 residue) [107, 122], and this phosphor-

ylation was required for DNA binding of the p50

homodimer, which functions as a repressor complex [122].

In a recent study, it was shown that, in Raw264.7 macro-

phage-like cells, cAMP-activated PKA also phosphorylates

the p105 Rel protein at ser 940 which thus inhibited deg-

radation of p105 to p50, concomitantly reducing TNF-a
expression. Interestingly, p105 has been shown to interact

with the A kinase-anchoring protein AKAP 95 and this

interaction was instrumental for mediating the inhibitory

effects of cAMP [90].

A possible explanation for the seemingly conflicting

effects of cAMP/PKA on NF-jB activation could lie in the

existence of different PKA pools, with distinct subcellular

localization and different functions, depending on the

composition of the multiprotein complexes of which they

are a part. It is indeed well known that the specificity of PKA

action, like that of many other signaling enzymes, is regu-

lated at the molecular level by scaffolding, anchoring, and

adaptor proteins. Clearly, further research will be required to

elucidate the mechanisms that determine in which direction

PKA, albeit in a cAMP-dependent or -independent manner,

modulates NF-jB activity. Interestingly, a tip of the iceberg
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was recently revealed in a publication by Gao et al., showing

that the nuclear PKA scaffolding protein AKIP-1 (A kinase-

interacting protein 1) promotes PKA-dependent p65 ser 276

phosphorylation and nuclear retention of p65, by preferen-

tially targeting PKA to p65-containing promoters [123].

Importantly, they subsequently demonstrated that PKA

positively affects p65 transactivation in cells expressing

high levels of AKIP-1, whereas PKA oppositely inhibited

NF-jB activity in cells containing low levels of AKIP-1,

suggesting AKIP-1 functions as a molecular switch deter-

mining whether PKA positively or negatively affects NF-jB

activity [64].

Effects of cAMP on NF-jB dimer composition

The composition of the NF-jB complex that interacts with

a given promoter is an important determinant of the out-

come of NF-jB promoter binding. For instance, NF-jB

dimers that contain only Rel proteins lacking a TAD, such

as the p50-p50 homodimer, often repress gene transcription

[124]. Remarkably, very few studies have addressed the

effect of cAMP on the composition of the NF-jB dimer. It

was shown that the complement protein C1q, by activating

the cAMP/PKA pathway, induced the formation of p50

homodimers in peripheral blood mononuclear cells

(PBMCs), concomitantly reducing NF-jB transactivation

[125]. Cyclic AMP also enhanced the formation of p50

homodimers in LPS-treated Raw264.7 macrophages [90].

In accordance with these findings, PKA promoted p50

homodimer binding to DNA by phosphorylating the p50

ser 337 residue [122]. In another study, cAMP induced

binding of the p50-RelB heterodimer to an intronic

enhancer of the c-myb proto-oncogene, concomitantly

enhancing c-myb expression and dedifferentiation [57].

Finally, it has also been postulated that PKA-mediated

phosphorylation of p65 at ser 276 preferentially induces

p65 homodimer formation, and that these homodimers

selectively activate a subset of NF-jB-dependent genes,

including TNF-a [99, 109, 126].

Effects of cAMP on NF-jB-containing enhanceosomes

Efficient transcriptional activation by NF-jB requires the

formation of so-called enhanceosomes, containing multiple

coactivators and corepressors, other transcription factors

and components of the basal transcription machinery [127].

The formation of enhanceosomes at NF-jB target pro-

moters is instrumental in allowing combinatorial control

and selectivity in NF-jB-induced gene expression patterns

[36]. In this context, a competitive mechanism between the

cAMP/PKA-activated transcription factor CREB and

NF-jB for binding to limiting amounts of the transcrip-

tional co-activator CBP has often been proposed to account

for inhibitory effects of cAMP on NF-jB activity [128].

This model was initially reported by Parry et al., who found

that, in human monocytes and endothelial cells, cAMP

inhibited NF-jB-dependent gene expression without

affecting NF-jB nuclear translocation [129]. Since then,

other groups have reported this cofactor competition model

in different cellular systems. Using a variety of methods

(overexpression studies, co-immunoprecipitation, DNA-

affinity purification), it was shown that cAMP/PKA stim-

ulation enhanced the formation of CREB/CBP complexes

at the expense of NF-jB/CBP complexes [70, 71, 91,

129–134]. Cyclic-AMP-activated PKA not only reduced

the association of p65 with CBP but also blocked the

interaction of p65 with the TATA-binding protein (TBP), a

component of the basal transcriptional machinery [132,

133]. In contrast, in J774 macrophage cells, cAMP treat-

ment enhanced the interaction of NF-jB and CBP [56].

Additionally, we have recently demonstrated, using chro-

matin immunoprecipitation (ChIP), that cAMP-activated

CREB and TNF-a-activated NF-jB, cooperatively recrui-

ted CBP to the endogenous Interleukin-6 (IL-6) promoter in

human astrocytes, thus promoting synergistic gene expres-

sion. Moreover, this effect was gene-selective, as TNF-

induced IL-8 expression was inhibited by cAMP. We would

therefore like to nuance the generality of the current CREB/

NF-jB competition model and, instead, propose a model in

which CREB and NF-jB antagonism or cooperativity for

cofactor recruitment can occur, depending on the promoter

context. A possible explanation for this promoter selectivity

could be the presence of and relative distance between

CREB and NF-jB sites in a given promoter. When these

sites lie in close proximity (e.g., in the IL-6 promoter)

cooperative cofactor recruitment would be preferred over

antagonism. Further studies, involving transcriptome anal-

ysis combined with ChIP-on-chip or ChIP-sequencing will,

however, be required to support this hypothesis.

Cyclic AMP not only affects NF-jB-dependent gene

expression by modifying NF-jB’s association with cofac-

tors but also affects the recruitment of other transcription

factors to jB-containing gene promoters. For instance, in

Raw264.7 and THP-1 cells, cAMP induced the exchange of

LPS-induced c-jun for CREB at the TNF-a promoter

cAMP-response element (CRE) [135], which resulted in

reduced TNF-a expression. Another study reported that, in

the TNF-a promoter, a composite CRE/jB response ele-

ment is present, which binds CREB, c-jun and NF-jB

(p65-p50) in LPS-stimulated cells. The cAMP inducer

calcitonin gene-related peptide (CGRP) induced the bind-

ing of the inducible cAMP early repressor (ICER) protein

to this composite CRE/jB response element, reducing

TNF-a transcription. Interestingly, the CCL4 promoter

contained a similar composite element and, like TNF-a
gene expression, CCL4 transcription was inhibited by
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CGRP [136]. Alternatively, at the IL-12p40 promoter Ets-2

site, combined treatment with LPS and IFN-c induced the

binding of a complex, containing Ets-2, c-Rel and IRF-1.

Cyclic AMP elevation by either vasoactive intestinal

peptide (VIP) or pituitary adenylate cyclase-activating

peptide (PACAP) removed c-Rel and IRF-1 from this

complex, concomitantly reducing IL-12p40 expression

[131].

Table 2 Summary of reported

effects of cAMP on NF-jB

target gene expression

- Inhibition, ? stimulation, =

no effect
a At the EPO promoter, NF-jB

exceptionally acts as a

transcriptional repressor

NF-jB target gene Effect on jB target

gene expression

Ref.

Cytokines

IL-1a - [147]

IL-1b - [81]

? [80, 162]

IL-2 - [48, 50, 139]

IL-6 - [80, 147, 169]

? [51, 56, 59, 62, 83, 150, 153, 157, 164, 170]

= [137, 160, 162]

IL-12 - [131, 137, 147]

TNF-a - [48, 49, 69, 73, 80, 81, 90, 132, 135, 137, 142,

143, 145, 147, 156, 162, 169]

M-CSF - [45, 166]

G-CSF ? [90]

GM-CSF - [160]

IFN-b - [137]

IL-10 ? [90, 137, 162]

Chemokines

RANTES - [157]

MIP-1a - [70, 90, 147]

MIP-1b - [70]

MIP-2 - [70]

KC - [70]

IL-8 - [83, 133, 160]

? [153]

TARC/CCL17 - [118]

MDC/CCL2 - [118]

MCP-1 - [74, 147, 159]

Adhesion molecules

E-selectin - [154]

P-selectin - [81]

VCAM-1 - [83, 155, 159]

ICAM-1 - [81, 83, 119, 160, 169]

Enzymes

COX-2 ? [83]

iNOS - [63, 93, 161, 167]

? [52, 56, 58, 63, 158]

= [162]

Others

Bak - [77]

FasL - [91]

Erythropietin ?a [168]

Thymosin b4 - [76]

IgGj light chain ? [41, 42]

IL-1RA ? [162]

Cyclic AMP: a selective modulator of NF-jB action 3833

123



Finally, it has recently been shown that cAMP induces

the expression of the c-Fos transcription factor, which in

turn interacts with NF-jB p65, thereby reducing p65

recruitment to the TNF-a promoter. This observation pro-

vided a mechanistic basis for the inhibition of LPS-induced

TNF-a expression by cAMP in bone marrow-derived

dendritic cells (BMDCs) [137]. Interestingly, c-Fos was

shown to interact with NF-jB in a selective manner,

removing p65 from the TNF-a but not from the IL-6 gene

promoter. The authors proposed that this promoter selec-

tivity was the result of preferential association of c-Fos

with p65 homodimers, the NF-jB dimer assumed to be

responsible for TNF-a expression, whereas it did not

interfere with DNA-binding of the p50–p65 heterodimer,

which is the predominant NF-jB complex associating with

the IL-6 promoter.

Obviously, the repertoire of actions via which cAMP-

dependent signals can affect enhanceosome composition at

selected promoters is far from clear. All studies performed to

date have assessed the composition of the NF-jB-containing

enhanceosomes by gel shift analysis, DNA-affinity purifi-

cation or ChIP, and these techniques are all hampered by

researcher expectancy-introduced bias as well as the avail-

ability of antibodies. Future experiments, in which DNA

affinity purification is combined with sophisticated modern

proteomics, might, however, reveal novel cAMP-dependent

alterations in NF-jB enhanceosome composition.

In Table 2, we have summarized the reported effects of

cAMP on the expression of selected NF-jB target genes.

As evident from the Table, the expression of several pro-

totypical NF-jB target genes, such as, for instance, TNF-a
and ICAM-1, appears to be consistently inhibited by

cAMP, whereas the effects on other target genes, such as

IL-6 and iNOS, are less straightforward. The variability in

the reported effects probably reflects the different model

systems used and further illustrates the importance of cell

type and stimulus specific parameters in determining the

outcome of cAMP/NF-jB crosstalk.

Concluding remarks

As evident from the summarized literature, the cAMP-

PKA pathway interacts at multiple levels with the NF-jB

cascade and the outcome of these interactions at the level

of NF-jB-dependent gene expression can be either positive

(Fig. 3) or negative (Fig. 4). A recurrent theme in cAMP/

NF-jB crosstalk studies is the cell type specificity of many

mechanisms. Even when the outcome of [cAMP]i eleva-

tion is ultimately the same, very different mechanisms

might be at play. On the one hand, some studies explain

the inhibitory effects of cAMP on NF-jB function merely

by cytoplasmic regulatory mechanisms, that lead to a

global inhibition of the NF-jB cascade, due to enhanced

A

C

B

Fig. 3 Mechanisms explaining positive effects of cAMP on NF-jB

activity. a cAMP activates PKA, which phosphorylates p65 at its ser

276 residue, leading to enhanced NF-jB transactivation. b At

promoters, containing CREB and NF-jB responsive elements in

close proximity, both transcription factors co-operatively recruit the

CBP co-activator, leading to enhanced NF-jB-dependent gene

expression. c In cells expressing AKIP-1, cAMP-activated PKA is

targeted to NF-jB-dependent promoters, where it phosphorylates p65

at ser 276, leading to recruitment of CBP and enhanced transcrip-

tional activation. In cells that do not express AKIP-1, PKA

preferentially phosphorylates CREB, leading to competition between

CREB and NF-jB for CBP and consequently reduced NF-jB-

dependent gene expression (see also Fig. 4b). For more detailed

information and references related to the mechanisms presented here,

we refer to the text ‘‘Mechanisms of NF-jB modulation by cAMP’’
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IjB action preventing NF-jB to migrate to the nucleus. On

the other hand, other studies do not find any effects of

cAMP on canonical NF-jB activation, but rather report

nuclear ‘‘fine tuning’’ interference of cAMP effectors, that

is operative only at selected promoters. Currently, there is

no theory that allows reconciling both models, but it could

be speculated that the PKA scaffolding proteins, which

regulate the intracellular compartmentalization of PKA, as

well as of AC and PDE isoforms, might play a noteworthy

role.

Nearly all studies reporting positive effects of cAMP on

NF-jB action involve PKA-dependent phosphorylation of

the p65 Rel protein at ser 276, leading to the subsequent

recruitment of CBP. How this observation can be recon-

ciled with the reported PKA-mediated inhibition of NF-jB

activity has puzzled many researchers in the field.

Recently, the AKIP1 PKA-interacting protein has been

appointed the role of molecular switch, determining whe-

ther cAMP positively or negatively affects NF-jB activity.

Although this field is still in its infancy, further studies on

how PKA-interacting and -anchoring proteins are involved

in interconnecting the cAMP and NF-jB signaling cas-

cades will undoubtedly shed light on at least some of the

most intriguing questions in this field of study. Importantly,

whereas to date all information on the formation of NF-jB/

PKA complexes comes from biochemical analyses or

microscopical evaluation of fixed cells, major break-

throughs in resolving the spatiotemporal interaction of

NF-jB family members with components of the cAMP

signaling cascade can be expected from studies using state-

of-the art live cell imaging technologies.

Finally, it was formerly assumed that cAMP has a

negative effect on the expression of inflammatory media-

tors. Recent studies, however, indicate cAMP and its main

effector PKA instead influence NF-jB-dependent gene

expression in a selective manner. Selectivity is probably

associated with the particular architecture of certain

jB-dependent gene promoters and involves complex

combinatorial control depending on enhanceosome com-

position. Although recent studies have provided some

insight into how cAMP accomplishes this selectivity, a

systematic analysis is currently lacking and will require

more integrated systems biology approaches. For example,

combining transcriptome analysis with ChIP-sequencing

could reveal how effects of cAMP on the NF-jB-depen-

dent gene expression signature correlate with recruitment

of CREB and/or NF-jB to gene promoters, and might

identify gene networks and promoter sequences prone to

cAMP/NF-jB coregulation.

A

B

C

D

E

Fig. 4 Mechanisms explaining negative effects of cAMP on NF-jB

activity. a cAMP inhibits NF-jB activity by elevating cytoplasmic

levels of IjB via: 1 inducing CREB-mediated transcription of the IjB

gene, 2 blocking IKKb activity, hence preventing IjB degradation,

and 3 enhancing IjB levels by interfering with IjB ubiquitinylation

and/or subsequent proteasomal degradation. b cAMP and NF-jB both

depend on the limiting cofactor CBP for transcriptional activation of

their respective target genes. As elevated [cAMP]i leads to the

phosphorylation of CREB, and phosphorylated CREB has a higher

affinity for CBP than NF-jB, CBP will preferentially associate with

active CREB, enhancing CREB-dependent transcription at the cost of

NF-jB-dependent transcription. c cAMP induces the exchange of

transactivating NF-jB complexes (i.e. p50–p65) for repressive

complexes (i.e. p50–p50). d At certain NF-jB promoters containing

CREB responsive elements (i.e. the TNF-a promoter), cAMP induces

replacement of transactivating CREB-c-jun complexes at the CRE by

repressive CREB-ICER complexes, leading to transcriptional inhibi-

tion. e cAMP induces the expression of c-Fos which prevents p65

homodimers from binding to their cognate responsive elements,

leading to inhibited transcription of a subset of NF-jB target genes.

For more detailed information and references related to the mecha-

nisms presented here, we refer to the text ‘‘Mechanisms of NF-jB

modulation by cAMP’’

b
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In summary, although a number of paradoxes concern-

ing cAMP/NF-jB crosstalk remain unsolved to date, and in

particular the basis of selectivity of cAMP action warrants

further research, we believe cAMP-modulating therapeu-

tical strategies might hold promise for treatment of

inflammatory disorders.
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