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Vascular inflammation is a common pathophysiological response to diverse cardiovascular disease processes, including atherosclerosis, myo-
cardial infarction, congestive heart failure, and aortic aneurysms/dissection. Inflammation is an ordered process initiated by vascular injury
that produces enhanced leucocyte adherence, chemotaxis, and finally activation in situ. This process is coordinated by local secretion of
adhesion molecules, chemotactic factors, and cytokines whose expression is the result of vascular injury-induced signal transduction net-
works. A wide variety of mediators of the vascular injury response have been identified; these factors include vasoactive peptides (angio-
tensin II, Ang II), CD40 ligands, oxidized cholesterol, and advanced glycation end-products. Downstream, the nuclear factor-kB (NF-kB)
transcription factor performs an important signal integration step, responding to mediators of vascular injury in a stimulus-dependent
and cell type-specific manner. The ultimate consequence of NF-kB signalling is the activation of inflammatory genes including adhesion mol-
ecules and chemotaxins. However, clinically, the hallmark of vascular NF-kB activation is the production of interleukin-6 (IL-6), whose local
role in vascular inflammation is relatively unknown. The recent elucidation for the role of the IL-6 signalling pathway in Ang II-induced vas-
cular inflammation as one that controls monocyte activation as well as its diverse signalling mechanism will be reviewed. These new discov-
eries further our understanding for the important role of the NF-kB–IL-6 signalling pathway in the process of vascular inflammation.
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1. Introduction
Vascular inflammation is observed to various degrees in a diverse
group of vascular diseases, including large vessel atherosclerosis, myo-
cardial infarction, congestive heart failure, and aortic aneurysm/dissec-
tions.1 –3 Pathologically, the hallmark of vascular inflammation is the
recruitment of circulating leucocytes, primarily monocytes, macro-
phages, and T lymphocytes, into the vascular wall. Mechanistically, cir-
culating leucocytes are recruited into vascular tissues through a
coordinated process of cellular adhesion, chemotaxis, and subsequent
leucocyte activation,4 initiated by non-specific vascular injury.2 This
recruitment process is primarily the result of coordinated expression
of vascular adhesion molecules, chemotactic factors, and cytokines.

Vascular inflammation can be a protective homeostatic mechanism
oriented towards lipoprotein particle opsonization and can be revers-
ible, such as transient ‘fatty streaks’ seen in humans. However, the
stable presence of activated monocyte–macrophage cells in the
vessel wall is pathogenic. Here, macrophages amplify oxidized LDL
or angiotensin II (Ang II)-induced reactive oxygen species (ROS)
stress, to produce a self-perpetuating cycle of endothelial dysfunction,

tissue remodelling, extracellular matrix degradation, enhanced reactiv-
ity to vasoactive- or inflammatory substances, and promotion of a
pro-thrombotic state.

Epidemiologically, vascular inflammation is detected by enhanced
circulating IL-6, a glycoprotein cytokine produced by the activated
inflammatory cells within the vessel wall. IL-6 production, in turn,
induces the expression of hepatic acute-phase reactants, including
C-reactive protein, g-fibrinogen, angiotensinogen, and others, some
of which are measured clinically to assess atherosclerotic risk.5

Although useful clinically as a cardiovascular risk indicator, the role
of IL-6 in the vasculature is only beginning to be understood.

A body of work has illuminated the central role of the nuclear
factor-kB (NF-kB) transcription factor as a signal integrator control-
ling the process of vascular inflammation. Responsive to vasoactive
peptides, oxidized LDL, activated CD40 receptor, monocyte released
cytokines, or advanced glycation end-products, activated NF-kB is
known to control two initial steps in the process of vascular inflam-
mation, namely leucocyte adherence and chemotaxis. Recent work
by our group has defined an additional role NF-kB plays in controlling
monocyte activation via the IL-6 pathway. These studies have
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provided the first evidence that IL-6 via the downstream signal trans-
ducer and activator of transcription 3 (STAT3) transcription effector
mediates local vascular monocyte activation and protection from
ROS-induced cellular stress. In addition to its known role in mediating
the systemic acute-phase response, the NF-kB–IL-6 signalling
pathway plays multiple roles in initiating and sustaining vascular
inflammation.

2. NF-kB regulatory pathways
and modules
NF-kB is a family of structurally related inducible transcription factors
known to be activated in the vessel wall in atherosclerosis, congestive
heart failure, and diabetes. In vascular cells, NF-kB activation is
mediated by diverse extracellular signals including Ang II, oxidized
LDL, CD40 ligand, advanced glycation end-products, and inflamma-
tory cytokines.1,6– 8 This feature makes NF-kB a diverse signalling inte-
grator of vascular injury.

The principal NF-kB proteins include the DNA-binding subunits,
principally NF-kB1 and NF-kB2, that form heterodimeric partners
with the transcriptional activators, RelA, C-Rel, and RelB. In most
cell types, including endothelial cells, monocytes, and fibroblasts, inac-
tivated NF-kB complexes are retained in the cellular cytoplasm by
binding inhibitors of NF-kBs, IkBs, and ankryin repeat domain-
containing proteins that block nuclear translocation and inhibit DNA-
binding activity. These inhibitors include IkBa, -b, and -1 isoforms, as
well as the 100 kDa precursor of NF-kB2 (p100). Broadly, NF-kB
activation involves processes to induce nuclear translocation of dis-
tinct NF-kB heterodimeric pairs and activation of the transcriptional
activator subunit initiated via post-translational modification event
(phosphorylation). Mechanistic studies seeking to understand NF-kB
control have now defined two bipartite regulatory pathways, known
as the ‘canonical’ and ‘non-canonical’ pathways.9 The ‘canonical’ and
‘non-canonical’ pathways are distinguished by NF-kB subunits
induced to translocate into the nucleus, and the distinct regulatory
kinases involved.

An emerging concept is that each NF-kB pathway is composed of
linked, but distinct signalling ‘modules’, one of whose action is to
control NF-kB translocation and the second controls its activation.
Moreover, the kinases mediating these regulatory modules are both
stimulus- and cell type-specific. Predictably, inhibition of either the
translocation module or the transactivation module prevents NF-kB
from exerting its inflammatory or anti-apoptotic action. The canonical
and non-canonical NF-kB pathways and component modules will be
further discussed.

2.1 The canonical NF-kB pathway
The canonical NF-kB pathway is activated by monocyte-derived cyto-
kines of which tumour necrosis factor (TNFa) and IL-1 are proto-
types, and by Ang II stimulation. In target cells, the canonical
pathway controls nuclear translocation of cytoplasmic RelA, an
NF-kB family member sequestered in the cytoplasm by binding
IkBa. The rate-limiting step initiating IkBa proteolysis is the multisu-
bunit IkB kinase (IKK). Linked to RelA release is a transactivating sig-
nalling module producing RelA activation by site-specific Ser
phosphorylation. By virtue of their distinct structure, the regulatory
pathways activated by monokines and Ang II are described separately.

2.1.1 TNFa-induced canonical pathway
The extensively studied TNFa signalling pathway is used as an illustra-
tive case of a monokine-induced canonical NF-kB pathway (Figure 1).
Activated circulating or tissue-resident monocytes inducibly secrete
TNFa, a small protein that binds ubiquitously expressed TNF recep-
tor 1 (TNFR1), a high-affinity cell surface receptor that lacks intrinsic
kinase activity. To initiate signalling, TNFa binding induces TNFR1
trimerization in specialized lipid rafts, where induced recruitment
of cytoplasmic signal adapters occurs; this signalling complex includes
the TNFR-associated death domain, TNF receptor-associated factors
(TRAF)-2, -5, and -6, receptor-interacting protein (RIP), mitogen/ERK
kinase kinase (MEKK)-3, TGFb kinase, and others.10 Current work
suggests that an important mechanism for inducible submembranous
complex formation is mediated by specific Lys-63-linked ubiquityla-
tion of TRAFs and RIP1.11,12 The major committed step in NF-kB
canonical pathway activation is activation of the IKK ‘signalsome’, a
multisubunit kinase complex whose core composition includes the
two highly homologous serine–threonine kinases, IKKa and -b, and
a regulatory subunit, IKKg.13 Gene knockout studies have shown
that IKKb is the major effector IkBa kinase, and IKKa is largely dispen-
sible for the canonical pathway.14 The catalytic activity of IKKb is regu-
lated in the signalsome by IKKg, an essential adapter subunit that
organizes the assembly of IKKs into the activated high molecular
weight complex,15 binds ubiquitylated signalling adapters,16 and
recruits the IkBa inhibitor into the activated IKK complex.17

In the cytosol, the active IKK signalsome phosphorylates the NH2-
terminal regulatory domain of NF-kB-complexed IkBa on Ser resi-
dues 32 and 36, thereby targeting IkBa for proteolytic destruction.
Consequently, IkBa degradation releases NF-kB to rapidly translocate
into the nucleus; these subunits are primarily NF-kB1.RelA heterodi-
mers. The current work has shown that the NF-kB translocation acti-
vates the synthesis of negative feedback regulators that terminate its
signal; these regulators include IkB inhibitor itself, whose resynthesis
recaptures NF-kB in the cytoplasm, and TNFAIP3/A20, a member
of a deubiquitylation complex that removes Lys-63 from IKK-
regulating signalling adapters to terminate NF-kB signalling [see
Skaug et al.11 for further discussion].

Recent work by our lab and others has shown that the NF-kB
‘translocation module’ resulting in phosphorylation-induced IkBa
degradation is required, but not sufficient for target gene activation.18

Additionally, a separable, NF-kB ‘activation module’ is also required
for target gene activation. This latter pathway is mediated by intra-
cellular ROS functioning as a second messenger species to induce
RelA phosphorylation on Ser residue 276. This pathway is dependent
on the catalytic subunit of protein kinase A (PKAc), a kinase that
co-purifies with IkBa and is activated by TNFa.18,19 Because inhibition
of ROS formation or short-interfering RNA (siRNA)-mediated PKAc
knockdown prevents TNFa-induced RelA Ser-276 phosphorylation
without affecting its nuclear translocation, the ROS-PKAc transcrip-
tional activation module is separate from the translocation module
and also necessary for NF-kB-dependent gene expression. The
kinases controlling the activation module are highly stimulus-
dependent—e.g. in IL-1 signalling, Ser-276 activation is initiated by a
PI3K pathway, and in RNA virus infection, Ser-276 phosphorylation
is mediated by the mitogen and stress-related kinase-1.20

The consequences of RelA Ser-276 phosphorylation are to reduce
intermolecular NH2- and COOH-terminal interactions. This allows
RelA to complex with the p300/CBP coactivator, an event that
results RelA acetylation,18,19,21 stable association with endogenous
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chromatin targets,18 and complex formation with the cyclin-dependent
kinase 9 (CDK9)–cyclin T1 transcriptional elongation complex.21 This
latter association allows chromatin-associated RelA to induce phos-
phorylation of Ser-2 of the RNA polymerase II (Pol II) COOH-terminal
domain, licensing Pol II to produce fully elongated transcripts.22

Upon activation, NF-kB induces the expression of molecules whose
function broadly in the cascade of leucocyte recruitment, including vas-
cular adhesion molecules intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1 (VCAM-1) as well as monocyte
chemotaxis, including monocyte chemotactic protein-1 (MCP-1) and
granulocyte-macrophage colony-stimulating factor (GM-CSF).23 In this
manner, the monokine-induced canonical activation pathway is com-
posed of the two linked regulatory modules mediated by the
IKK-IkBa and the ROS-PKAc-RelA Ser-276 kinase modules that
impact vascular inflammation (Figure 1).

2.1.2 The Ang II-induced canonical pathway
The potent vasopressor peptide, Ang II, activates NF-kB via the high-
affinity type 1 angiotensin receptor (AT1A) in vascular tissues and
hepatocytes in a heterotrimeric G protein-dependent manner.24,25

The G protein-dependent signals activate phospholipase Cb to gener-
ate rises in inositol trisphosphate and diacylglycerol, which increase
intracellular calcium and activate typical protein kinase C (PKC) iso-
forms. In addition, the RhoA GTPase is activated by GDP–GTP
exchange factors, isoprenylation by geranylgeranyl pyrophosphate

and membrane translocation to affect cytoskeletal rearrangement,
ROS production, and intracellular signalling.26 Although initially the
Ang II signalling pathway was thought to induce the canonical
pathway, detailed studies have shown that the Ang II-induced
pathway is quite distinct from that induced by TNFa (Figure 1).

Work in hepatocytes has shown that activated PKC phosphorylates
a tissue-specific member of the membrane associated guanylate-
kinase superfamily of scaffolding proteins, known as CARMA3.27

Phospho-CARMA3 forms a complex with two other proteins:
Bcl10, an intermediate bridging factor, and mucosa-associated lym-
phoid tissue lymphoma translocation 1 (MALT1). The oligomeric
CARMA3.Bcl10.MALT1 complex is referred to as the ‘CBM signal-
some’, an acronym for its major protein components.28 In its activated
form, MALT1 of the CBM complex induces Lys-63-linked ubiquityla-
tion of IKK and cleaves the IKK inhibitory TNFAIP3/A20 molecule, a
protein complex involved in deubiquitylation of Lys-63-linked
TRAF6, RIP1, and IKKg.29 Together, these two actions result in
accumulation of the activated Lys-63-linked TRAF6, RIP1, and IKKg
proteins, producing activation of NF-kB translocation by degradation
of IkBa through the mechanisms described for TNFa above.

Although the CBM signalsome plays a major role in the NF-kB
translocation module in hepatocytes, the definition of a second Ang
II-induced signalling module was discovered in experiments from
our lab on vascular smooth muscle cells (VSMCs), where inactive
NF-kB isoforms could be identified in unstimulated cells, and no

Figure 1 NF-kB activation pathways. Schematic view of the canonical (left) and non-canonical (right) NF-kB activation pathways. The canonical
pathway is activated by activated TNF receptor via the IKK signalsome, composed of the catalytic kinases IKKa and -b, and the regulatory subunit
IKKg. Activated IKK is responsible for NF-kB translocation by proteolysis of the IkBa inhibitor. NF-kB activation is mediated by the PKAc phosphory-
lating Ser residue 276 of the RelA subunit. In contrast, Ang II activates the canonical pathway by inducing the Carma3.Bcl10.MALT1 complex, known as
the ‘CBM signalsome’ upstream of IKK. Activated IKK liberates NF-kB for translocation. NF-kB activation is mediated by the RhoA-NIK signalling
pathway converging on phosphorylation of RelA on Ser residue 536. The non-canonical pathway is controlled by the IKK complex composed of
IKKa and NIK. Activated IKKa.NIK phosphorylates the COOH terminus of 100 kDa precursor of NF-kB2 DNA-binding subunit. Liberated
NF-kB2 associates with RelA (forming the cross-talk pathway), and RelB, with the latter complex activating CCL19 and other unique genes. IKK,
IkB kinase; TNF, tumour necrosis factor; NIK, NF-kB-inducing kinase; PKAc, catalytic subunit of protein kinase A; Pol II, RNA polymerase II.
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significant changes in NF-kB abundance was observed in response to
Ang II stimulation.30 Instead, we found that Ang II stimulation rapidly
induces Ser phosphorylation of RelA at residue 536, a site located in
its COOH-terminal transactivating domain, without significantly
affecting Ser-276 phosphorylation.30 We further found that Ser-536
phosphorylation was mediated upstream by RhoA, since Ser-536
Rel formation was blocked by either adenoviral-mediated expression
of dominant-negative RhoA (RhoA-Thr17Asn) or treatment with the
specific irreversible RhoA inhibitor, the exoenzyme C3 from Clostri-
dium botulinum. Ang II-inducible phospho-Ser-536 RelA was required
for IL-6 activation because C3 toxin treatment or expression of
RhoA-Thr17Asn also blocked Ang II-induced IL-6 expression.

Interestingly, phospho-Ser-536 RelA is a form of RelA that is free
from IkBa inhibition, and this pool of phospho-Ser-536 RelA indepen-
dently recycles through the nucleus,31 where it is in hyperdynamic
exchange with chromatin-associated NF-kB.32 The effect of Ang II,
then, is to increase the relative abundance of phospho-Ser-536
RelA in the nucleoplasmic pool. To confirm this phenomenon, appli-
cation of chromatin immunoprecipitation assays in Ang II-stimulated
VSMCs showed that no significant changes in total RelA binding
could be observed on the native IL-6 promoter, but Ang II induced
an increase in fractional binding of phospho-Ser-536 RelA to the
IL-6 promoter at times coincident with IL-6 expression. In this way,
Ang II induces NF-kB/RelA activation in VSMCs without significantly
changing its total nuclear abundance. We also observed enhanced
phospho-Ser-536 RelA formation in the aortae of rats chronically
infused with Ang II, establishing relevance to vascular signalling.33

Interestingly, this RelA activation pathway was also found to be oper-
ative in hepatocytes, indicating its broad involvement in signalling.33

Our work has further defined the identity of the RelA Ser-536
kinase. Currently, it is thought that the primary Ser-536 kinases are
IKKb and the NF-kB-inducing kinase (NIK)/MEKK14. Because Ang II
only weakly induces IKKb, we investigated the role of NIK in Ang
II-induced RelA transactivation. Either expressing a dominant-negative
NIK or inhibiting NIK expression using siRNA-mediated knockdown
inhibited Ang II-induced Ser-536 phosphorylation and NF-kB-
dependent transcription.33 To further show that its actions are at
least partly independent of the NF-kB translocation module, we
found that NIK induces the activity of the RelA transactivation
domain-1 and -2 in constitutively nuclear RelA proteins.

Work using non-denaturing coimmunoprecipitation assays has
yielded the intriguing finding that RelA forms an inducible nuclear
complex with NIK in response to Ang II stimulation.33 The function
and mechanism of the NIK.RelA complex in Ang II-induced vascular
inflammation will require further exploration.

Taken together, the relative contributions of the Ang II-induced
‘transactivation modules’ and the ‘translocation modules’ are cell
type-dependent. In VSMCs, where inactive NF-kB is constitutively
nuclear, the predominant signalling event is the activation of the
NF-kB transactivation module mediated by RhoA-NIK; conversely,
in hepatocytes where NF-kB is primarily sequestered in the cyto-
plasm, both the translocation (CBM signalsome) and transactivation
modules (RhoA-NIK) are required for Ang II induction.

2.2 The non-canonical (and cross-talk)
NF-kB activation pathways
The non-canonical pathway is activated by diverse signals, B
cell-activating factor (BAFF), lymphotoxin b (LTb) and RNA viral

infection.34 Although genetic knockouts of this pathway indicate
that the non-canonical pathway plays a major role in development
of the immune system, recent work has also shown that vascular
pro-inflammatory factors, such as platelet-derived CD154 or LTb
activates the non-canonical pathway.35–37 The hallmark of non-
canonical pathway activation is the inducible processing of the
NF-kB2 p100 precursor into its mature 52 kDa DNA-binding form
(NF-kB2) and liberation of sequestered NF-kB complexes.9 Here,
p100 processing is mediated by IKKa-mediated phosphorylation at
two Ser residues in the p100 COOH terminus, targeting the
complex for limited proteasomal-mediated degradation.38

Neither IKKb nor IKKg, key regulators of the canonical pathway, is
required for signalling in the non-canonical pathway. Instead, IKKa
activation is required, and its activation is absolutely NIK-dependent
(Figure 1). Here, NIK serves both as a rate-limiting upstream activator
that phosphorylates IKKa and serves a docking site to recruit both
p100 NF-kB2 and IKKa into a complex.38 In unstimulated cells, intra-
cellular NIK abundance is very low, and hormone induction of NIK is
mediated by post-translational stabilization. This constitutively active
degradation process is the result of NIK binding a complex of TRAF
isoforms, including TRAF- 2, -3, and associated cIAP ubiquitin
ligases.39 Activation of the BAFF receptor induces TRAF3 degradation,
resulting in stabilization of NIK, its oligomerization, and autoactivation
by threonine phosphorylation.40 The effect of Ang II on TRAF iso-
forms has not yet been investigated.

Originally, it was thought that non-canonical pathway only releases
RelB.NF-kB2, a complex known to have distinct DNA-binding specificity
from the canonical RelA.NF-kB1 complex. In particular, RelB.NF-kB2
selectively controls EBV-induced molecule 1 chemokine ligand 1 (ELC/
CCL19), stromal cell-derived factor, and BAFF, genes important in
lymph node organogenesis and the immune response.41 Recent work
has indicated that non-canonical pathway also releases p100-sequestered
RelA.NF-kB1 complexes.36 This is termed the ‘cross-talk’ pathway
because a canonical RelA.NF-kB1 DNA-binding complex is released as
a consequence of activating the non-canonical NIK-IKKa kinases. The
discovery that the RelA.NF-kB1 complex is downstream of the non-
canonical pathway is important because it makes the cross-talk
pathway a potential mediator of vascular inflammation by its ability to
activate cytokines and adhesion molecules.

The significance of the non-canonical pathway and its role in chronic
vascular inflammation are relatively unknown, although unbiased pro-
teomics studies identified NIK up-regulation in diabetic nephropathy
and may indicate that non-canonical pathway activation may play a sig-
nificant role in diabetic nephropathy.42 Apart from the distinct regulat-
ory kinases, we know that the relative activation kinetics of the
canonical and non-canonical NF-kB activation pathways are quite dis-
tinct; e.g. the non-canonical pathway is activated much more slowly
than the canonical pathway in response to LTb.36 The significance of
the interplay between these two pathways and their relative contri-
butions in vascular inflammation will need to be further explored.

3. The NF-kB–IL-6 signalling
pathway
The ‘outside-in’ model for vascular injury2 states that the recruitment
of circulating leucocytes is a coordinated process initially occurring in
the vascular adventitia consisting of discrete steps of adhesion, che-
motaxis, and cellular activation (Figure 2). Adhesion is a process
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mediated by cell surface presentation of VCAM-1/CD106, E-selectin,
and ICAM, whereas chemotaxis is mediated by secretion of chemo-
tactic cytokines (MCP-1 and GM-CSF) or elastin degradation pro-
ducts. Mentioned earlier, VCAM-1, ICAM, MCP-1, and GM-CSF are
all downstream of the NF-kB signalling pathway; through expression
of these adhesion molecules and chemotaxins, NF-kB signalling
enhances cellular infiltration of the vessel wall.

One of the most highly induced NF-kB-dependent cytokines is IL-6,
a pleiotropic glycoprotein secreted by multiple vascular cell types,
including macrophages, lymphocytes, fibroblasts, endothelial cells,
and smooth muscle cells. Quantitative analysis of inducible IL-6 pro-
duction in a rodent model of Ang II infusion has yielded the interesting
finding that the aortic adventitia is the greatest source of IL-6
secretion,43 a site where the majority of monocytes are found.
These data and others are consistent with the ‘outside-in’ hypothesis
of vascular inflammation.2,44

4. Local vascular effects of
inducible IL-6 signalling
Because of the stress responsiveness of the NF-kB signal integrator,
IL-6 secretion is up-regulated in response to Ang II, cytokines, ROS
stress, and vascular injury.6,43 Downstream, IL-6 signals responsive

cells via the Jak-STAT3 pathway. The role of the IL-6–STAT3 signal-
ling in inducing the hepatic acute-phase response is well established;45

however, the local role of IL-6 signalling in vascular inflammation has
not been. In recently published work, we have made progress in
understanding its local vascular role in a mouse model of Ang
II-induced aortic aneurysms.

4.1 Monocyte/macrophage activation
In a rodent module of subcutaneous Ang II infusion, Ang II induces
‘outside-in’ aortic inflammation, with marked adventitial expansion
and IL-6 secretion, followed by aortic remodelling, aneurysms, and
dissections.3 Using a method for flow cytometric quantitation of
aortic cellular constituents, we found that Ang II induces recruitment
of CCR2+ CD14hiCD11bhiF4/802 macrophages into ‘hot spots’ in the
ascending and supra-renal sections of the aorta. These areas of
enhanced adventitial monocyte recruitment coincide with regions of
enhanced ROS formation and represented the primary sites for sub-
sequent development of aortic aneurysms and dissections in this
model.

To determine the role of IL-6, similar studies were performed in
IL-62/2 mice, where a significantly reduced rate of aortic dissections
was found. Analysis of the monocyte activation markers showed that
the monocytes were CD14loCD11blo F4/80+. These data indicate
that the loss of the F4/80 marker was Ang II- and IL-6-dependent

Figure 2 Overview of NF-kB–IL-6 in the major regulated steps in vascular inflammation. A variety of pro-inflammatory agonists activate resident
VSMCs, fibroblasts, and endothelial cells via the NF-kB transcription factor, including TNF, local and systemic Ang II production, and CD40 ligands,
sCD40 and CD145, advanced glycation end-products, and oxidized LDL. Downstream, activated NF-kB coordinates the expression of monocyte
adhesion proteins, including VCAM-1 and ICAM-1. Circulating monocytes enter the vessel wall either from ‘inside-out’ via endothelial cell interaction,
or from ‘outside-in’ via the adventitial vaso vasorum.2 Monocyte chemotaxis is controlled by NF-kB-inducing expression of MCP-1, GM-CSF, and
other chemokines. Monocyte activation is controlled by local IL-6 production. IL-6 acts through trans-signalling and trans-membrane signalling
result in monocyte activation (MMP expression) and ROS resistance. Enhanced monocytic interaction with adventitial fibroblasts produce an ampli-
fication loop, enhancing MCP-1 and IL-6 production. Activated monocyte/macrophages oxidize cholesterol, release ROS, and matrix metalloprotei-
nases to produce ECM remodelling that contribute to vascular pathology.
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and a hallmark of monocyte activation. Importantly, aortic monocytes
from Ang II-stimulated wild-type mice were positive for phospho-Tyr
STAT3, but not those isolated from an IL-62/2 background, indicating
that IL-6 signalling was required for monocyte activation in the vascu-
lar wall. These data indicate that the Jak-STAT3 pathway induced by
Ang II and mediated by IL-6 is involved in the monocyte activation
step of vascular inflammation.3

Interestingly, we further found that MCP-1 expression was reduced
in IL-6 knockout mice and that IL-6 expression was reduced in MCP-1
knockout mice, suggesting an important cross-amplication pathway. In
vitro, we have found that leucocyte–fibroblast interaction in the aortic
adventitia potentiates IL-6 production, inducing local monocyte
recruitment and activation, thereby promoting MCP-1 secretion, vas-
cular inflammation, ECM remodelling, and aortic destabilization.3

These findings suggest that a local IL-6-MCP-1 amplification loop
underlies Ang II-induced vascular inflammation, where co-regulation
of MCP-1 enhances monocyte chemotaxis, and IL-6 mediates their
direct activation. Further work will be required to understand the
role of IL-6 in macrophage recruitment and activation in other
types of vascular diseases.

4.2 Protection from ROS-induced
cell injury
Enhanced vascular ROS production is a hallmark of Ang II stimulation,
thrombin formation, and LDL oxidation; ROS may contribute to
endothelial dysfunction seen in vascular inflammation46– 48 or may
functioning as a second messenger. For example, ROS activates Ras
by cysteine oxidation,49 potentiates cytokine-induced RelA Ser-276
phosphorylation via a PKAc pathway,18 or induce cellular apoptosis.

In addition to its role in potentiating an activated monocyte pheno-
type, IL-6 signalling via STAT3 may also play an important role in pro-
tection from ROS-induced apoptosis. This phenomenon was first
suggested by experiments where expression of activated STAT3,
STAT3-C, protects against Fas-mediated liver injury in the mouse.50

This group showed that STAT3-C up-regulated expression of FLICE
inhibitor protein, Bcl-xL, Bcl-2, and redox-associated protein redox
factor-1 (Ref-1), and down-regulated expression of pro-apoptotic
FLICE and caspase-3. These data strongly indicate that IL-6 acts at
several points in the apoptotic pathway to protect against oxidant
injury-induced cell death. More work will be required to determine
the role of IL-6–STAT3 signalling in local protection against ROS-
induced vascular injury.

5. IL-6 signalling mechanisms
IL-6 is the prototype for one of the most pleiotropic of mammalian
cytokine families, a family that includes IL-11, oncostatin M,
cardiotrophin-1, ciliary neurotrophic factor, cardiotrophin-like cyto-
kine, leukaemia inhibitory factor, and IL-27p28.51 These proteins
signal by binding a unique a-receptor subunit on the cell surface
responsible for ligand binding that associates with a shared 130 kDa
glycoprotein (gp130) b-subunit responsible for signal transduction.
Two distinct pathways for vascular IL-6 signal transduction have
been defined, discussed below.

5.1 Membrane/‘classic’ IL-6 signalling
The classic mechanism for IL-6 signalling involves its binding to cell
surface-attached IL-6 receptor a-subunits (IL-6Ra), an event that

triggers their association with the gp130 b-subunit, inducing gp130
homodimerization, and subsequent formation of a hexameric
IL-6.IL-6Ra.gp130 high-affinity complex.52 Receptor ligation induces
conformational changes in the gp130 cytoplasmic domain, an event
that brings the Jak tyrosine kinases into close proximity. This molecu-
lar interaction results in trans-autophosphorylation of Jak153 and
gp130 phosphorylation on the docking sites for the STAT. Although
IL-6.IL-6Ra.gp130 signals through several pathways including the
Ras-ERK-MAPK cascade,53,54 the STAT pathway is the one that
appears to play a major role in vascular inflammation. Jak1 induces
Tyr phosphorylation of STAT isoforms-1 and -3, inducing homo-
and heterodimerization, and nuclear translocation to enhance target
gene transcription.55

5.2 IL-6 trans-signalling
Interestingly, endothelial cells and VSMCs do not normally express
high levels of IL-6R, making it difficult to understand how these
cells could be responsive to IL-6. Recently, it has been appreciated
that the IL-6 response can be mediated by a phenomenon termed
‘trans-signalling’.56 This mechanism is mediated by the presence of a
soluble IL-6Ra that binds free IL-6. Upon IL-6 binding, the soluble
IL-6–IL-6Ra complex can associate with ubiquitous gp130 on a cell
type, expanding the repertoire of IL-6 responsive cells to include
endothelial cells and VSMCs.56 We know that sIL-6Ra is produced
via ectodomain shedding by a disintegrin and metalloproteinases
(ADAMs)-17 and -10, proteases activated by the presence of
inflammation.

Determining the relative contributions of IL-6 membrane vs. trans-
signalling has been made possible by the application of a soluble gp130
that competitively inhibits IL-6 trans-signalling without affecting mem-
brane signalling. In one study, soluble recombinant gp130 inhibited
Ang II-dependent hypertension in a rodent model, but not vascular
hypertrophy and STAT3 activation,57 indicating these latter responses
mediated through IL-6 membrane signalling. Transgenic overexpres-
sion of soluble gp130 inhibited mononuclear inflammation, indicating
that this process was mediated by the IL-6 trans-signalling mechan-
ism.58 Together, these data indicate that IL-6 trans-signalling is an
important mechanism mediating IL-6’s effects on vascular
inflammation.

5.3 Mechanisms of IL-6–STAT3
transactivation
Activated nuclear STAT3 controls the expression of genes important
in tissue remodelling (ColA1, fibronectin), cell growth (cyclin D1, and
c-myc), and the hepatic acute-phase response (angiotensinogen, C-
reactive protein, and g-fibrinogen).59 Although it is well-established
that STAT3 activation requires specific tyrosine phosphorylation,
mediated by Jaks, more recent studies indicate the requirement of
additional protein interactions mediated by protein acetylation.

Recent studies have shown that STAT activity is modulated by
co-factor interaction. Upon nuclear entry, STAT3 associates with
the p300/CBP coactivator, an enhancer protein with intrinsic
histone acetyltranferase activity which is able to open chromatin
structure, allowing other chromatin-modifying proteins to bind to
DNA and activate transcription.55 Stable p300/CBP association
requires both the NH2-terminal modulatory domain and the COOH-
terminal transactivation domain of STAT3. Studies from our labora-
tory first described two novel inducible acetylation sites on the
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STAT3 NH2 terminus at Lys-49 and -87 that are required to stabilize
interaction with the p300/CBP complex. This activity is produced by
the acetylated (Ac) STAT3 NH2 terminus binding to the p300 bromo-
domain.60 As a result, the AcSTAT3.p300 complex stably associates
with target chromatin and modifies nucleosomal histones, allowing
for enhanced target gene expression. Others have found that
STAT3 acetylation on its COOH-terminal region at Lys-685 is critical
for stable dimer formation and DNA-binding activity, making acety-
lation a critical step in STAT3 signalling.61

We have recently discovered that STAT3 also regulates downstream
gene expression by also promoting transcription elongation.59 This
function is realized by an additional inducible interaction between
STAT3 and the CDK9.CcnT1 complex. STAT association with
CDK9.CcnT1and recruitment to target genes result in COOH-terminal
phosphorylation of RNA Pol II. Phosphorylated Pol II then produces
full-length mRNA transcripts. Importantly, we have found that it is poss-
ible to modulate the systemic inflammatory response mediated by the
NF-kB–IL-6–STAT3 pathway by inhibiting CDK9.59 These findings may
suggest additional mechanisms to modulate vascular inflammation
clinically, with some of the cyclin-dependent kinase inhibitors being in
late-stage clinical trials.62

6. Summary and perspectives
In this review, I have illustrated the multiple pathways of inflammatory
responses mediated by the NF-kB transcription factor (summarized
in Figure 2). Dissection of these pathways is more than an academic
exercise, because this knowledge allows for interruption of this
important stress responsive signalling integrator having identified
key regulators whose inhibition would not interfere with its normal
roles in adaptive immunity and anti-apoptosis. One of its important
targets in vascular inflammation is IL-6 expression. Despite IL-6’s
properties as being one of the most highly induced adventitial cyto-
kines and used clinically as an indicator of significant vascular inflam-
mation, its contribution to vascular inflammation has been
essentially unknown. Using a mouse model of Ang II infusion, some
of the local roles of IL-6 are beginning to be understood; these
studies suggest a role in monocyte activation and potentially a role
in protection from ROS-induced cell stress. We now know that
IL-6 signals by classic membrane receptor or trans-signalling mechan-
isms that converge on the STAT3 transcription factor. Investigation
into the biochemistry of STAT3 activation has led to the discovery
of novel post-translational modifications and association with cyclin
kinase-containing coactivators required for activity; these discoveries
may also be targets for anti-vascular inflammatory therapies. These
studies underscore the central relevance and mechanisms for the
NF-kB–IL-6–STAT3 signalling pathway in mediating vascular
inflammation.
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