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Resolution of inflammation:
Intracellular feedback loops in the endothelium
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Summary
Timely termination of the inflammatory reaction is equally im-
portant as its elicitation, since a persistent or exaggerated re-
sponse may lead to detrimental effects in the affected tissues and
organs. Therefore, and in accordance with the complex and
highly coordinated activation phase, negative regulatory mech-
anisms have evolved which function on multiple levels to ensure
the appropriate termination of the inflammatory response.This
review will focus on the mechanisms that are operative in en-
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dothelial cells to shut down the activity of specific signaling path-
ways and transcription factors that have been activated in re-
sponse to pro-inflammatory mediators, and provide evidence
that the stage for resolution is set already early in the activation
phase of the inflammatory response. The elucidation of these
feedback mechanisms is of importance for the understanding of
acute versus chronic inflammation, and for novel strategies for
therapeutic intervention.
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Introduction
Inflammation, a response to traumatic, toxic, infectious, is-
chaemic, or autoimmune injury, was characterized already ap-
proximately 2000 years ago by the four cardinal signs rubor,
tumor, calor, and dolor by the Roman Celsus. Virchow added the
fifth sign, functio laesa. Since then, our understanding of the in-
flammatory response has extended deeply into the cellular and
molecular levels, but these early depiction remains still valid.
Equally legitimate remains Galan´s view of inflammation as an
originally “beneficial response” (1) that, only when exaggerated,
turns detrimental. Chronic inflammation is today considered a
hallmark of many diseases, including diseases affecting the skin
(psoriasis, eczema), intestine (Crohn´s disease, ulcerative coli-
tis), central nervous system (Alzheimer, multiple sclerosis),
rheumatoid arthritis, asthma, arteriosclerosis, preeclampsia and
juvenile diabetes (2–6).

The inflammatory response comprises a complex interplay
between different cells (such as endothelial cells, neutrophils,
monocytes), cytokines (including chemoattractants and growth
factors), cell adhesion molecules, as well as low-molecular
weight mediators (e.g. prostaglandins, leukotriens, phospholi-

pids). As such, also its resolution has to occur on different levels.
A recent series of reviews (“Dampening Inflammation”[7]), has
given an illustrative overview over the events that take place dur-
ing the switch from the initiation to the resolution phase of the in-
flammatory response. Briefly, switches occur both on the level of
proinflammatory mediators, e.g. from prostaglandins and leuco-
triens to anti-inflammatory lipoxins and products of the omega-
3-polyunsaturates fatty acids (resolvins and protectins), and on
the cellular level, from the initial invasion by granulocytes, their
apoptosis, and subsequent clearance by monocytes. The latter
also secrete anti-inflammatory and reparative mediators, e.g.
transforming growth factor(TGF)-β, and the episode is com-
pleted by their exit through the lymphatic system (8).

The endothelium is one of the central players in the inflam-
matory reaction, as it forms a barrier between the blood stream
containing immune cells and the underlying tissue where, e.g. an
infection takes place. Evidently, everything that is exchanged be-
tween these two compartments needs to pass through the en-
dothelium. It has become common knowledge that in the regu-
lation of these processes endothelial cells (EC) are not just pass-
ive bystanders but play a very active part. In response to pro-in-
flammatory mediators, EC express genes encoding cytokines,
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growth factors and chemokines (e.g. interleukin[IL]-1, IL-6,
IL-8, granulocyte-macrophage colony-stimulating factor,
monocyte chemoattractant protein-1, RANTES), and cell ad-
hesion molecules (e.g. E-selectin, intercellular adhesion mol-
ecule-1, vascular cell adhesion molecule[VCAM]-1) that me-
diate the chemoattraction, tethering, rolling, adhesion and trans-
migration of immune cells at the respective site. The response
can be tuned by additional factors, such as the angiopoietin sys-
tem recently described in this regard (9). Moreover, it is impor-
tant to note that pro-inflammatory stimulation evokes responses
that exceed the inflammatory response per se, and include ex-
pression of genes associated with aspects of apoptosis/survival
(A20, A1, inhibitor of apoptosis protein family members), co-
agulation (tissue factor, plasminogen activator inhibitor-1), pro-
liferation, migration/cell and tissue dynamics, metabolic
changes, and others (e.g. inducible nitric oxide synthase, matrix
metalloproteinases, pentraxins) (10–12).

Within this overall picture of the inflammatory response, one
important point is the view that “the beginning programs the
end”, i.e. that already at an early phase of the inflammatory re-
sponse, the stage for its resolution is set. This route to ter-
mination appears to be an active process, as opposed to a simple
cessation due to e.g. consumption of crucial components. This
view seems to hold true also for the events taking place in the en-
dothelium: Among the plethora of pro-inflammatory genes that
are expressed in response to mediators such as IL-1, tumor ne-
crosis factor-α (TNFα) or lipopolysaccharide (LPS), a substan-
tial number with inhibitory function is up-regulated (11).The na-
ture of these genes suggest that they specifically inhibit certain
transcription factors, signaling pathways, and the associated cel-
lular functions. This review will focus on these inhibitory mech-
anisms that are operative (mostly) on the level of gene expression
in endothelial cells.

NF-κB signaling and feedback mechanisms
The analysis of genes that are expressed in EC in response to pro-
inflammatory mediators such as IL-1, TNFα, and LPS has re-
vealed that the vast majority is regulated through NF-κB. After
binding to their respective receptors, signals are propagated first
through the recruitment of receptor-specific cytoplasmic signal-
ing proteins (such as receptor-interacting proteins [RIP]), TNFα
receptor (TNFR) associated factors (TRAF) –1 and –2 for the
TNFRs, TRAF6 for IL-1 receptor, and TRAF6 and myeloid dif-
ferentiation factor 88 (MyD88) for the Toll-like receptors
(TLRs), to different mitogen activated protein (MAP) kinases
(e.g. MEKK1, -2, -3, TAK1), and further to the NF-κB signaling
complex. At this protein complex, consisting mainly of the in-
hibitor of NF-κB (IκB) kinases (IKK) -1 and -2, as well as the
non-catalytic subunit IKKγ (NEMO), these different signaling
pathways converge and proceed on a common track towards
phosphorylation by the IKKs of IκBα, the predominant inhibitor
of NF-κB. The latter forms a complex with NF-κB, thereby re-
taining the transcription factor in the cytoplasm. Phosphory-
lation of IκBα occurs on two serine residues, Ser 32 and 36, fol-
lowed by recognition by the β-TrCP-like component of an E3
ubiquitin ligase complex (Skp1/Cul1/ROC1/F-box protein
FWD1), ubiquitination and degradation via the 26S proteasome

(13). Thereby the nuclear localization signal in NF-κB becomes
exposed, allowing its translocation to the nucleus. An alternative
pathway originates from e.g. the lymphotoxin-β receptor and in-
volves NF-κB-inducing kinase (NIK) and IKK-1, leading to the
proteolytic degradation of p105, the precursor of the NF-
κB1/p50 subunit. In addition, phosphorylation of NF-κB/RelA
on several residues mainly in the transactivation domain has
been demonstrated to be essential for its activity (for reviews, see
[10, 14–16]).

Feedback on the level of gene expression
The first described feedback circuit in the NF-κB system is the
NF-κB-dependent resynthesis of IκBα that follows its proteo-
lytic degradation. Newly synthesized IκBα can lead to the disen-
gagement of NF-κB from its DNA binding site and shutdown of
the transcription factor´s activity (17). We and others have dem-
onstrated that ectopic expression of IκBα, e.g. using recom-
binant adenoviral vectors, leads to inhibition of a broad spectrum
of inflammatory responses in EC, as characterized by down-
regulation of IL-1, IL-6, IL-8, VCAM-1, pro-coagulant activity
(18), as well as monocyte adhesion and transmigration (19).
Using animal models (of restenosis), we could also demonstrate
the relevance of this finding in vivo (20, 21). The same adenovi-
ral constructs were also shown to be effective in other settings,
including rheumatoid arthritis, airway inflammation (22, 23),
and postinfarct remodeling in the heart (24). These experiments
support the notion that in a situation where the introduction of
genetic material is possible (e.g. balloon angioplasty, or the gen-
etic engineering of xenografts), the ectopic expression of a feed-
back mediator could be utilized to prevent at least parts of the in-
flammatory response of the endothelium.

The anti-apoptotic gene A20 represents another example.
A20 is a NF-κB-inducible gene in EC (25), and when over-
expressed, it inhibits NF-κB activation and pro-inflammatory
gene expression (26). A20 encodes a protein with dual function
in regard to ubiquitination: First, it acts as a deubiquitinating
enzyme to remove the activating K63-linked ubiquitin chains
from RIP1, and second, it catalyzes the attachment of K48-linked
ubiquitin, thereby targeting RIP1 for proteosomal degradation
(27). Furthermore, it inhibits NF-κB activation on the level of the
IKKs by deubiquitinating IKKγ involving A20-binding inhibitor
of NF-κB (ABIN-1), which physically links A20 to IKKγ (28).

A20 is not the only deubiquitinating enzyme that controls
NF-κB signaling. The tumor suppressor CYLD, the loss of
which causes a benign human syndrome called cylindromatosis
(29), specifically removes K63-linked polyubiquitin chains from
TRAF2, –6, and IKKγ (30–32). Expression of CYLD itself is in-
duced by proinflammatory stimuli (TNFα, IL-1, bacteria) and is
NF-κB dependent (33). In addition to its positive regulation on
the transcriptional level, the deubiquitinating function of CYLD
is in turn suppressed by phosphorylation, which involves the
IKKs (34).

SINK (35) is a member of a small protein family that shares
features of serine/threonine kinases; however, it contains only
five of the 12 subdomains found in most protein kinases and
lacks a conserved ATP-binding site. This suggests that it may act
as a dominant-negative molecule. Indeed, SINK has been found
to interact with the p65 subunit of NF-κB and to inhibit its
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cAMP-dependent protein kinase-mediated phosphorylation that
is required for transactivation. Another homologue, SINK-
homolgous serine/threonine kinase, serves a similar function
(36). SINK is TNFα-inducible, at least in human embryonic kid-
ney 293 cells, and it remains to be tested whether it, or other
members of its family such as C8FW, are operative in EC.

Regulation of IKK activity
The activity of the IKK complex is regulated through distinct
phosphorylation events. Phosphorylation of two residues in the
activation loop is necessary for IKK activity. However, at later
stages additional phosphorylation in the helix-loop-helix (HLH)
domain occurs, preventing interaction of the HLH with the kinase
domain, an event necessary for IKK activity (37). Therefore, a
series of regulatory phosphorylations first activates, and then ter-
minates IKK activity. However, whereas the activating phos-
phorylation is thought to occur by auto- or cross-phosphorylation
within the IKK complex, it is presently unknown how and by
which kinases the inhibitory phosphorylation takes place.

Generation of anti-inflammatory mediators
NF-κB-dependent expression of cyclooxygenase-2 (COX-2;
prostaglandin synthase 2) leads to the generation of pro-inflam-
matory prostaglandins, mainly prostaglandin E. At later stages
COX-2 directs the synthesis of anti-inflammatory cyclopente-
none prostaglandins. These molecules, e.g. 15dPGJ2, inhibit the
activity of IKK2 through modification of a critical cysteine resi-
due in the activation loop, suggesting a role for these mediators
in the resolution of inflammation (38). However, the mech-
anisms that mediate the switch in the synthesis from pro- to anti-
inflammatory prostaglandins by COX-2 remain to be estab-
lished.

Inhibition of NF-AT
The transcription factor nuclear factor of activated T cells (NF-
AT) is expressed, besides in its name-giving cell type, also in EC
(39). Its activation involves the calcineurin signaling pathway
and results in nuclear translocation of the transcription factor.
Down Syndrome Critical Region 1 (DSCR1; calcipressin-1) is
an inhibitor of the calcineurin signaling pathway and is induced
in EC in response to both inflammatory and angiogenic stimu-
lation, resulting in inhibition of NF-AT (40). Therefore, its indu-
cible expression parallels the situation on the NF-κB/IκBα regu-
latory circuit, and can be predicted to shut down specifically
those genes that are dependent on NF-AT, including the associ-
ated biological responses. Candidate genes include VCAM-1,
intercellular adhesion molecule-1and tissue factor, which can be
regulated both by NF-AT and NF-κB (39, 41, 42).

Feedback on the level of mRNA stability
Zinc finger protein 36 (Zfp36) is expressed in EC in response to
inflammatory mediators, as well as in many other cell types fol-
lowing a broad range of stimuli. Zfp36 has been demonstrated to
increase mRNA decay through binding to AU-rich elements
(AUUUA) in the 3´-region of many short-lived mRNAs, result-
ing in their (probably indirect) deadenlyation and degradation.
Examples for published target mRNAs that are expressed in EC
include TNFα, granulocyte-macrophage colony-stimulating
factor, COX-2, as well as Zfp36 itself (43–45).Additional targets
have been identified in fibroblasts (46). In support of its func-
tion, a polymorphism has been found in its coding region that is
significantly associated with rheumatoid arthritis (47). Phos-
phorylation of Zfp36 by the kinase MK2 (which is in turn acti-

Figure 1: Examples of cognate and po-
tential negative feedback mechanisms in
endothelial cells: Following stimulation with
pro-inflammatory agents, signaling pathways in-
cluding, among others, NF-κB and MAP kinase
pathways are activated (dotted lines) that lead
to the expression of both pro- and anti-inflam-
matory genes. The latter (solid lines) act as
feedback inhibitors towards these pathways,
and exert their action on different levels.
Examples include inhibition on the level of gene
expression (by ATF3), direct inhibition of a
transcription factor (through IκBα, SINK),
inhibition of signaling pathways (DUSPs,
DSCR1, SOCS1, CYLD, A20), generation of
inhibitory prostaglandins (via COX-2), recep-
tor modification/recycling (ARTS1, EHD) and
mRNA destabilization (Zfp36).
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vated by p38) increases its stability and its binding to 14–3–3
proteins (48). Further, Zfp36 action depends on its (indirect) as-
sociation with a specific microRNA, miR-16 (49), which con-
tains sequence-complementarity to AU-rich elements. This
opens an emerging aspect of EC research, namely the role of
microRNAs in the regulation of the inflammatory response.

TLR signaling
The nine cognate TLRs recognize a wide range of pathogen-de-
rived products (e.g. LPS, methylated DNA, single-stranded
RNA, Zymosan). They initiate an innate immune response based
on molecular patterns, representing an evolutionary ancient and
very early line of defense. Elicited signals include the activation
of NF-κB and expression of interferons. TLR signaling is initi-
ated by dimerization of TLRs, followed by the recruitment of
adaptor molecules such as MyD88, Toll-IL1 receptor (TIR) do-
main-containing adaptor, MyD88 adaptor-like protein, the sub-
sequent association of IL-1 receptor associated kinases
(IRAK-1, -4), and the further transduction of the signal via
TRAF6 and the TAK1 (TGF-β activated kinase 1)/TAB (acti-
vator of TAK1) complex to NF-κB. Both MyD88 dependent and
-independent pathways have been identified (for review, see
[50]).

For two of these signaling components, inhibitory versions
have been identified which are induced by LPS and thus fulfill
the requirements for negative feedback mediators: IRAK-M is a
kinase-deficient homologue of IRAK-1 (51), and IRAK-2c en-
codes a splice variant of IRAK-2 (52). Both interfere with bind-
ing, phosphorylation, or dissociation of the functional IRAKs
within the cytoplasmic TLR complex. MyD88s (a short form of
MyD88) lacks the so-called “interdomain”, and inhibits the abil-
ity of IRAK-4 to phosphorylate IRAK-1, most likely trough pre-
vention of MyD88-IRAK-4 interaction (53) (see Fig. 1).

Another example of feedback regulation within the TLR sig-
naling pathway is ST2, a membrane protein that can also be ex-
pressed in a soluble form (ST2L and sST2, respectively) depend-
ing on alternative splicing. ST2 is upregulated by inflammatory
cytokines and LPS (54); however, its activity is not regulated on
the level of gene expression but trough mobilization from intra-
cellular storage sites. ST2L inhibits IL-1, TLR2, -4, and -9, but
not TLR3-mediated NF-κB activation by sequestration of
MyD88 and MyD88 adaptor-like (MAL) through its TIR do-
main, leaving the MyD88 independent pathway unaffected.

Suppressor of cytokine signaling (SOCS)1 is a member of
the suppressor of cytokine signaling family. It is LPS- and CpG-
inducible in macrophages, and IL-1 inducible in EC, and it ap-
pears to be a powerful inhibitor of the inflammatory response on
several levels, including signal transducer and activator of tran-
scription (STAT), NF-κB, p38 and c-Jun N-terminal kinase
(JNK) signaling pathways. SOCS1-deficient mice die within
three weeks of birth due to multiorgan inflammation depending
on interferon-γ signaling (55). Recently, a new target of
SOCS1-mediated negative regulation was described: the rapid
proteasome-dependent degradation of MAL, which is involved
inTLR2 andTLR4 signaling, was found to depend on the E3 ubi-
quitin ligase activity of SOCS1 (56).

In addition to its negative action onTNFα-induced signaling,
A20 also inhibits the transcription factor interferon regulatory
factor-3 (IRF-3), which plays a critical role upon TLR3 or TLR4
stimulation. A20 interacts with the IRF-3 kinases NAK/TBK1
and IKK-i/IKKε, suppressing IRF-3 activation and interferon-
stimulated response element (ISRE) dependent transcription
(57).

Very recently, a novel self-regulatory mechanism in the
MyD88-dependent TLR pathways was identified: the activating
transcription factor(ATF)-3, so far not implicated in inflamma-
tory responses, was found to be induced by LPS and in turn to in-

Table 1: IL-1 inducible genes in human umbilical vein endothe-
lial cells with inhibitory function (from Mayer et al. [11]; data
deposited in the GEO section of the NCBI data base under the
accession nr. GDS649). Abbreviations: IκB, inhibitor of NF-κB (69);
Zfp36 (TTP): zinc finger protein 36/tristetraproline (43); DSCR1: down-
syndrome critical region 1 (40); C8FW (TRIB1): tribbles homologue
1(drosophila) (61); Etr101 (pip92): early TPA response (62); DUSP: dual-
specificity phosphatase (59); EHD1: EH domain containing protein 1
(63); TNFRSF11B: TNF super family receptor member 11b (64); OTAP-C
(SLCO1B1): solute carrier organic anion transporter family member 1B1
(65); TCF8: transcription factor 8 (66); GG2–1 (TNFAIP8): TNFα-in-
duced protein 8 (67); TBX3: T-box 3 (68); ADAMTS1: ADAM metallo-
peptidase with thrombospondin type 1 motif (69); TNFSF15 (TL1): TNF
(ligand) superfamily member 15 (70); Jag1: jagged 1 (Alagille syndrome)
(71).

Gene Function

IκB inhibitor of NF-κB

A20 inhibitor of NF-κB, inhibitor of apoptosis

Zfp36/TTP destabilization of specific ARE-containing mRNAs

DSCR1 inhibitor of NF-AT

C8FW homologue of SINK and SHIK (involved in NF-κB p65
transactivation)

EHD1 endosomal sorting, recycling of GF receptors (?)

TNFRSF11B osteoprotegerin, soluble decoy receptor for RANKL

OATP-C Na-independent transport of prostaglandin E2, thromboxane
B2, leukotriene C3, leukotriene E4 (clearence of proinflam-
matory mediators?)

TCF8 transcriptional repressor (for IL-2 in T cells)

GG2–1 negative regulator of T cell signaling

TBX3 transcriptional repressor (in development)

ADAMTS1 disintegrin, metalloproteinase, anti-angiogeneic properties

TNFSF15 inhibits EC proliferation

Jag1 activates notch signaling, thereby represses EC proliferation
via Rb

Etr101 inhibitor of several signaling pathways

DUSP1 dual-specificity phosphatase, inhibits MAPKs

DUSP5 dual-specificity phosphatase, inhibits MAPKs

SOCS1 suppressor of cytokine signaling (JAK-STAT, TLR pathways)

RGS7 regulator of G-protein signaling

ARTS-1 aminopeptidase regulator, promotes TNFR1 ectodomain
shedding
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hibit LPS-induced NF-κB-dependent gene expression by associ-
ation with the histone deacetylase histone deacetylase-1 (58).

MAP kinase activation
Besides NF-κB, inflammatory stimulation also activates distinct
mitogen activated protein kinase (MAPK) signaling pathways,
leading to the activation of transcription factors that often coop-
erate with NF-κB. MAPK signaling pathways represent three-
tiered kinase cascades consisting of a MAPK, a MAPKK (MEK
or MAP2K), and a MAPKKK (MEKK or MAP3K) that, to-
gether with their activators and scaffolds, form a tightly con-
trolled network. The three most important MAPK pathways in
the context of inflammation are extracellular regulating kinase
(ERK), JNK, and p38.

Dual-specificity phosphatases (DUSPs) are important regu-
lators of MAPK activity through dephosphorylation of the threo-
nine-X-tyrosine motif, and also control of their subcellular local-
ization. Ten human DUSPs have been identified so far and con-
stitute three subfamilies according to their substrate specificity
and cellular localization. At present, the physiological functions
of DUSPs are mostly unknown. A negative feedback control has
been described for DUSP-1 (MAP kinase phosphatase-1, MAP
kinase phosphatase-1), acting on p38 and JNK. DUSP-1 is tran-
scriptionally regulated by LPS in alveolar macrophages (59), and
also in EC (Table 1). However, the precise contribution of this
and other DUSPs such as DUSP-5 in the negative feedback con-
trol of the inflammatory response has to be further investigated.

Additional genetic regulators
Besides these partially well-characterized mechanisms, Table 1
summarizes the results of screening expression profiling data
(human umbilical vein endothelial cells stimulated with IL-1)
(11) for inducible genes with inhibitory potential. In addition to
those that have been described above, it reveals inhibitors that
were previously described mostly in the context of other cells or
stimuli, and that act on many different levels; their regulated ex-
pression in EC suggests that they fulfill similar functions in this
cell type.

Concluding remarks
Two main conclusions can be drawn from the nature and kinetics
of expression of genes with inhibitory potential that are express-

ed upon pro-inflammatory stimulation in EC: First, several feed-
back mechanisms are initiated already within the first hours of
the inflammatory episode, supporting the concept of “the begin-
ning programs the end”. Second, the identity of these genes show
that these feedback mechanisms occur on many different regula-
tory levels, ranging from receptors (ectodomain shedding, endo-
somal sorting) to signaling pathways, transcription factors, and
to mRNA stability (Table 1). Whether the downregulation of in-
dividual regulatory pathways in EC is associated with distinct
biological functions remains to be demonstrated. It may be
speculated that the biological implication of this scenario could
be the ability for a cell to fine-tune the inflammatory response
and adapt it in quality and quantity in accordance to the context
of the specific patho-physiological situation.

At present, many of these feedback mechanisms have been
found on the level of gene expression, probably due to the experi-
mental approaches that have been taken. However, as the use of
proteomics and other -omics are becoming increasingly popular,
it can be expected that our knowledge will proceed further to-
wards the contribution of protein modifications such as phos-
phorylation/dephosphorylation, ubiquitination, changes in lipid
profiles, or the role of microRNAs in the process of resolution of
inflammation. This knowledge should be helpful for the under-
standing of the molecular mechanisms that regulate the inflam-
matory response, including acute versus chronic, and the design
of therapeutic strategies to interfere with these processes.
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