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The nucleotide-binding oligomerization domain 1 (NOD1) protein is an intracellular receptor for breakdown products of
peptidoglycan (PGN), an essential bacterial cell wall component. NOD1 responds to γ-D-glutamyl-meso-diaminopimelic acid,
which is an epitope unique to PGN structures from all Gram-negative bacteria and certain Gram-positive bacteria. Upon
ligand recognition, NOD1 undergoes conformational changes and self-oligomerization mediated by the nucleotide-binding
NACHT domains, followed by the recruitment and activation of the serine threonine kinase receptor-interacting protein 2
leading to the activation of NF-κB and MAPK pathways and induction of inflammatory genes. Much of our knowledge is
derived from seminal studies using mice deficient in NOD1 and confirming an essential role for NOD1 in the host immune
response against gastrointestinal and respiratory pathogens. In addition, recent studies have revealed a role for intracellular
NOD1 receptors in the regulation of vascular inflammation and metabolism. This review will discuss our current
understanding of intracellular NOD1 receptors in host immunity and chronic inflammatory disorders with a focus on
cardiovascular diseases. Although therapeutic advances may have to wait until the complex interplay with pathogens, danger
signals, other pattern recognition receptors and overlapping metabolic pathways is further unravelled, the steadily growing
body of knowledge suggest that NOD1 antagonism might represent attractive candidate to reduce excessive inflammation
associated to intestinal, cardiovascular and metabolic diseases.

Abbreviations
BIRs, baculovirus inhibitor repeats; CARD, caspase recruitment domain; DAMPs, damage-associated molecular patterns;
ECs, endothelial cells; MDP, muramyl dipeptide; meso-DAP, γ-D-glutamyl-meso-diaminopimelic acid; NOD, nucleotide
oligomerization domain; PAMPs, pathogen-associated molecular patterns; PRRs, pattern recognition receptors; PYD,
pyrin domain; RIP2, receptor-interacting protein 2; TLRs, Toll-like receptors

The innate immune system has been regarded as the first line
of defence against invading pathogens. There has recently
been a dramatic increase in our knowledge of early pathogen
recognition. A number of germ-line receptors termed pattern
recognition receptors (PRRs) have been identified. These PRRs
specifically bind preserved molecular signatures, so-called
pathogen-associated molecular patterns (PAMPs), present on
invading bacteria, fungi and viruses. Four major subfamilies
of PRRs have been identified to date: Toll-like receptors
(TLRs), which are transmembrane proteins located at the cell
surface or in endosomes; nucleotide oligomerization domain

(NOD)-like receptors (NLRs), which are located in the cyto-
plasm; RIG-like receptors, which are also located intracellu-
larly and are primarily involved in antiviral responses; C-type
lectin receptors, which are characterized by the presence of a
carbohydrate-binding domain and include the mannose
receptor and surfactant proteins A and D.

Since the initial studies of Hoffmann and colleagues in
Drosophila (Lemaitre et al., 1997), our appreciation of the
complex roles of PRRS signalling in host immunity has
increased dramatically. It is now evident that PRRs can also
recognize damage-associated molecular patterns (DAMPs),
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which comprised non-infectious material that can cause
tissue damage (i.e. asbestos or silica), and endogenous
molecules, which are released during cellular injury (includ-
ing high-mobility group box 1, heat shock proteins, purine
metabolites or extracellular matrix fragments; Chen and
Nunez, 2010). Furthermore, we are increasingly aware that,
in addition to immune cells, structural cells of the CVS,
including endothelial cells (ECs) and vascular smooth
muscle cells, sense pathogens and danger signals directly
clearly contributing to the development of cardio-
vascular diseases including septic shock and atherosclerosis
(Jimenez et al., 2005; Cartwright et al., 2007a,b; Mitchell
et al., 2007).

In this review, we will discuss our current understanding
of intracellular NOD1 receptors in host immunity and
chronic inflammatory disorders with a focus on cardiovascu-
lar diseases. Examples of agonists and antagonists will be
provided to illustrate the potential utility of drugs targeting
innate immunity.

The NLR family

The NLRs represent a relatively new addition to the family of
PRRs. These are specialized intracellular proteins that act as
cytosolic pathogen sensors. Like the TLRs, the NLRs are evo-
lutionally conserved proteins. Homologues to the NLRs can
be found in plant biology where they play a crucial role in
host defence against bacteria and fungi (R genes). There are
23 identified NLRs in man and over 34 identified genes in
mice. The structure of NLRs is composed of three domains. A
variable N-terminal domain comprising of a caspase recruit-
ment domain (CARD), pyrin domain (PYD), acidic domain or
baculovirus inhibitor repeats (BIRs), a centrally located NOD,
and C-terminal leucine-rich repeats that allow pathogen
sensing. The NLRs are subdivided into groups according to
the variable N-terminal domain, that is, four groups for
CARD, PYD, BIR and acidic domains and an extra group for
N-terminal domains bearing no known homology (Ting et al.,
2008).

The best studied NLRs are NOD1 and NOD2, which rec-
ognize breakdown products of peptidoglycan (PGN), an
essential bacterial cell wall component. NOD1 responds to
γ-D-glutamyl-meso-diaminopimelic acid (meso-DAP), which
is an epitope unique to PGN structures from all Gram-
negative bacteria and certain Gram-positive bacteria
(Chamaillard et al., 2003; Girardin et al., 2003). In contrast,
NOD2 is activated by muramyl dipeptide (MDP), a PGN
motif present in Gram-negative and Gram-positive bacteria
(McDonald et al., 2005). Evidence for NOD1/2 stimuli that
are not related to pathogens are scarce. To date, the best
characterized of the NLRs that responds to DAMPs is the
NLRP3 inflammasome, which is responsible for the activation
of caspase 1 and 8 and cleavage of pro-IL1b and IL-18 on their
biologically active forms (McGettrick and O’Neill, 2013).
However, recent reports suggest that NOD1 receptors may
also be activated by potential DAMPs and they will be dis-
cussed below.

NOD1 is ubiquitous, whereas NOD2 expression pattern
seems to be more restricted to immune cells (Bertin et al.,
1999; Ogura et al., 2001; Shaw et al., 2008). Interestingly, the

expression pattern of the NOD receptors alone does not
predict function, as experiments in our own group and
others have shown. For example, administration of a specific
NOD1 agonist to rats induced specific effects in vascular
tissues despite the ubiquitous expression of the receptor
(Cartwright et al., 2007b; Nishio et al., 2011). The relative
importance of NOD signalling in structural versus haemat-
opoietic cells remains to be elucidated although the lack of
profound immunosuppression in NOD 1/2 knockout mice
may suggest a lesser role in ‘professional’ immune cells (Stroo
et al., 2012).

The earliest research that can be linked to NOD signalling
involved studies on immunoactive acrylopeptides similar in
structure to bacterial PGN. FK156 was the first such peptide
extracted from fermentation broths of Streptomyces violaceus
and other Streptomyces species (Gotoh et al., 1982). Screening
of synthetic derivatives identified FK565 as a peptide with
antibacterial properties (Yokota et al., 1983) and strong
immune priming and anti-tumour effects (Inamura et al.,
1985). Both FK156 and FK565 are indeed DAP-containing
tetrapeptide muropeptides but it was only later that NOD1
was identified as the receptor via which these DAP-
containing peptides signal. With the discovery of meso-DAP
as the structure recognized by NOD1, investigators have
studied the effects of related proteins on professional
immune cells and other cell types and have started to eluci-
date the signalling pathways activated by NOD1 receptors
(Strober et al., 2006; Shaw et al., 2008; Correa et al., 2012).
Upon ligand recognition, NOD1 and NOD2 undergo confor-
mational changes and self-oligomerization mediated by their
centrally located NACHT (Koonin and Aravind, 2000), fol-
lowed by the recruitment and activation of the serine threo-
nine kinase receptor-interacting protein 2 (RIP2; Figure 1).
The exact role of the kinase activity of RIP2 is not fully
understood but in vitro and in vivo studies with RIP2 null
mutations show an inability to activate NF-κB in response to
NOD stimulation (Kobayashi et al., 2002; Park et al., 2007).
Activated RIP2 binds and activates NF-κB essential modulator
(NEMO). The subsequent degradation of the NF-κB inhibitor
α releases NF-κB and allows it to translocate to the nucleus to
initiate transcription of target genes. Recent studies have
demonstrated that K63-linked regulatory ubiquitination of
RICK is essential for the recruitment of TGF-β-activated
kinase, a kinase required for the activation of NF-κB and
MAPK pathways (Kumar et al., 2009) and induction of
inflammatory genes such as IL-6, CXCL8 or macrophage
inflammatory protein-2 (MIP-2) (Chamaillard et al., 2003;
Buchholz and Stephens, 2008).

In vivo, the infected organism is exposed to multiple
PAMPs and the resulting immune response is likely to
depend on a complex interplay between differentially acti-
vated PRRs. This raises interesting questions as to how the
respective PRRs may interact in biological systems when
co-stimulated by their relevant PAMPs. Perhaps the best
example of cooperation between TLR and NLR signalling is
that of NLRP3-mediated inflammasome activation to release
the cytokine IL-1β where initial activation of TLR and/or
NOD2 signalling produce pro-IL-1β, but release of the
mature cytokine requires a second signal directly activating
the NLRP3 inflammasome (Kanneganti et al., 2007). NOD1/2
signalling itself has not been demonstrated via inflam-
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masomes but there are well-characterized examples of TLR
and NOD interaction. For example, NOD1 and NOD2 ago-
nists significantly enhance TLR-induced cytokine secretion
in monocytes (Yang et al., 2001; van Heel et al., 2005;
Uehara et al., 2005) or dendritic cells (Tada et al., 2005).
Similarly, signalling via the viral PRR, TLR3, has been dem-
onstrated to enhance the lethality of subsequent bacterial
infection in mice in a NOD1/2- and RIP2-dependent fashion
(Kim et al., 2011), therefore providing a potential mecha-
nism by which prior activation of certain PRRs may influ-
ence subsequent infections. In addition, experiments in
wild-type and NOD1/2 knockout macrophages illustrated
the potential crosstalk between NOD receptors (Kim et al.,
2008). Wild-type macrophages pre-stimulated with a combi-
nation of LPS (TLR4 agonist) and MDP (NOD2 agonist) were
rendered hyporesponsive to subsequent challenge with
pathogenic bacteria and this bacterial tolerance was
impaired in NOD2 null macrophages and abolished in
NOD1/NOD2 double knockout macrophages. Interestingly,
the authors also showed cross-tolerization between NOD1
and NOD2 ligands in wild-type macrophages, whereas
responses to NOD1 ligands were intensified in NOD2 null
cells pre-stimulated with LPS and MDP. As described above,
the signalling pathways downstream of NOD1 and NOD2
converge on the signalling kinase RIP2 thus representing an
interesting modulator of synergistic or inhibitory interaction
between both receptors. Hopefully as mechanisms of inter-
action between TLR and NLR signalling pathways become
clear, the functional relevance of multiple PRR activation
will emerge. This of course is potentially of great importance
if we seek to therapeutically target NOD receptors with phar-
macological inhibitors in the future.

NOD1 and host defence

Role of NOD1 in the regulation of pulmonary
innate immunity
A number of studies have demonstrated a role for NOD1 in
pulmonary innate immune responses. A critical role for
NOD1 in the host responses during lung infections with
Chlamydia pneumonia (Opitz et al., 2005), Pseudomonas aerugi-
nosa (Travassos et al., 2005) and other intracellular bacteria
such as Listeria monocytogenes (Opitz et al., 2006) or Shigella
flexneri (Girardin et al., 2001) has been described. For
instance, the respiratory pathogen C. pneumonia activates
human ECs via NOD1 (Opitz et al., 2005). Accordingly,
NOD1- and RIP2-knockout mice infected with C. pneumonia
showed delayed bacterial clearance and delayed neutrophil
recruitment to the lungs with evidence for impaired NO and
cytokine production. At later phase of infection, however,
knockout mice developed more severe and chronic lung
inflammation, which led to increased mortality (Shimada
et al., 2009). In contrast, NOD2 is probably the main NLR
involved in Mycobacterium tuberculosis infection (Ferwerda
et al., 2005), whereas both receptors mediate host responses
during Streptococcus pneumoniae (Opitz et al., 2004) and
Legionella pneumophila (Berrington et al., 2010) infections.
However, the study by Berrington et al. reveals that activation
of these receptors apparently modulates the in vivo pulmo-
nary response to L. pneumophila differently. Thus, the authors
found decreased levels of proinflammatory cytokines,
impaired neutrophil recruitment to the alveolar space and
impaired bacterial clearance in NOD1-deficient mice as
compared to wild-type mice. In contrast, increased lung

Figure 1
NOD1 signalling via RIP2. Recognition of meso-DAP (iE-DAP) through LRR domains activates the NOD1 protein, which then associates with RIP2
via CARD–CARD interactions. Subsequent K63-linked polyubiquitination at K209 in RIP2 allows for recruitment of the TAK1/TAK1-binding protein
(TAB1, 2, 3) complex, which leads to interaction with the NF-κB inhibitor NEMO and release of NF-κB to initiate gene transcription. TAK1 is also
required for the activation of the MAPK pathways. K47 and K209, lysine residues at RIP2; KD, kinase domain; LRR, leucine-rich repeat; TAK1,
TGF-β-activated kinase. Adapted from Hasegawa et al., 2008.
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neutrophils and proinflammatory cytokines were seen in the
NOD2-deficient mice. Furthermore, the lungs of both NOD1-
and NOD2-deficient mice had significantly increased proin-
flammatory cytokine levels at later stages of infection
(Berrington et al., 2010). However, recent evidence suggests a
more complex role of NOD1 in the regulation of pulmonary
innate immunity. Thus, a recent study has identified NOD1
as the strategy employed by Klebsiella pneumoniae to counter-
act host defence inflammatory responses (Regueiro et al.,
2010). Likewise, the respiratory syncytial virus inhibits NOD1
gene expression in macrophages (Senft et al., 2009) thereby
representing an interesting mechanism potentially underly-
ing viral-induced secondary bacterial infection. In contrast,
Kim and colleagues have shown that murine norovirus infec-
tion promotes bacterial superinfection and lethality via
up-regulation of NOD1 and NOD2 pathways (Kim et al.,
2011), which could suggest a clear beneficial role of NOD1/2
inhibition. Finally, NOD1 has also been implicated in non-
infectious lung inflammatory disease. Thus, oxidant stress
induced by either cigarette smoke extract or hydrogen perox-
ide primed human monocytes for stimulation with TLR and
NOD1/2 agonists (Paul-Clark et al., 2008). In addition, Hysi
and colleagues reported association of an insertion-deletion
polymorphism in NOD1 (ND(1)+32656) with IgE variation
and with a greater than fivefold increased risk of childhood
asthma (Hysi et al., 2005). The same mutation was also impli-
cated in the development of inflammatory bowel disease
(McGovern et al., 2005).

Role of NOD1 in the regulation of intestinal
innate immunity
The intestinal lumen is exposed to a large concentration of
commensal bacteria that express a wide array of PAMPs but
the organism has developed mechanisms to avoid innate
recognition and harmful inflammatory responses at intesti-
nal sites, including low expression levels of functional TLRs
(4, 5 and 6, 17) and expression of molecules that inhibit TLR
signalling (Abreu et al., 2005). How the host intestinal epi-
thelium detects invasive bacteria while avoiding recognition
of symbiotic bacteria is not well understood. However,
increasing evidence suggest that NOD1 may be a relevant
player in the recognition of invasive bacteria by intestinal
epithelial (Girardin et al., 2001; Chamaillard et al., 2004; Kim
et al., 2004).

NOD1 is expressed in macrophages and epithelial cells,
including those lining the intestinal mucosa and its expres-
sion is induced by IFN-γ in intestinal epithelial cells
(Hisamatsu et al., 2003). Oral PGN activates intestinal mast
cells and induces diarrhoea in mice in a dose-dependent
manner, which is inhibited by blockade of NOD1 signalling,
providing potential therapeutic significance (Feng et al.,
2007). In addition, intestinal epithelial cell lines have shown
increased sensitivity to NOD1 ligands as compared to mac-
rophages, dendritic cells or splenocytes (Masumoto et al.,
2006). Thus, NOD1 has been associated during the last 10
years to an effective host response against a wide range of
bacterial pathogens that infect the gastrointestinal tract
including enteroinvasive Escherichia coli (Kim et al., 2004;
Chaouche-Drider et al., 2009), Helycobacter pylori (Viala et al.,
2004), Listeria monocytogenes (O’Connell et al., 2005), S. flex-
neri (Girardin et al., 2001; Fukazawa et al., 2008), Campylobac-

ter jejuni (Zilbauer et al., 2007), Vibrio cholera (Chatterjee and
Chaudhuri, 2013), Clostridium difficile (Hasegawa et al., 2011),
Helicobacter pylori (van Heel et al., 2005; Eckmann, 2006) and
Salmonella colitis (Hasegawa et al., 2011). Moreover, dietary
fatty acids are also known to modulate immune responses
and intestinal epithelial cells, as major absorptive sites, are
exposed to a relatively higher concentration of fatty acids
during each meal. Although the molecular mechanisms by
which fatty acids cause inflammation and insulin resistance
are not fully understood, it has been demonstrated that
NOD1 can be activated by saturated fatty acids in human
intestinal epithelial HCT116 cells (Zhao et al., 2007). All these
studies suggest that NOD1 can modulate inflammation and
mediate efficient clearance of bacteria from the mucosal
tissue during both infectious and non-infectious intestinal
pathologies. Indeed, both single NOD1 and double NOD1/
NOD2 knockout mice display increased intestinal permeabil-
ity and increased susceptibility to colitis (Stroo et al., 2012)
and inflammation-induced colon tumorigenesis (Chen et al.,
2008). Thus, preliminary data suggest that carriage of the
NOD1 G796A mutation increases the susceptibility of gastric
epithelial cells for intestinal metaplasia and atrophy when
infected by certain H. pylori strains (Kara et al., 2010). The
diminished epithelial chemokine production observed in
NOD1 knockout mice is thought to compromise cell recruit-
ment and thereby host defence against the bacteria. More
recently, a role for NOD1 in the development of gut immu-
nity has also been identified, particularly in the development
of isolated lymphoid follicles (Bouskra et al., 2008). During
the last few years, a broader role for the microbiota as a major
modulator of systemic immunity has been proposed. In this
regard, recognition of PGN from the microbiota by NOD1 has
been shown to enhance systemic innate immunity (Clarke
et al., 2010) suggesting also a role for NOD1 in priming sys-
temic innate defences. Finally, an interesting study recently
published suggests that the gut microbiota can selectively
activate mucosal endothelial and mesenchymal cells to
promote specific angiogenic responses in a TLR- and NLR-
dependent fashion. This innate immunity-mediated response
may expand the mucosal microvascular network, foster
immune cell recruitment and contribute to chronic intestinal
inflammation (Schirbel et al., 2012).

In summary, evidence accumulating during recent years
identify NOD1 as an important receptor involved in innate
host defence against gastrointestinal pathogens and in the
regulation of inflammatory responses, suggesting that further
insights into their physiological functions may yield new
pharmacological strategies for treating intestinal inflamma-
tory conditions (Hruz and Eckmann, 2008; Chen and Nunez,
2009).

Role of NOD1 in cancer
In 2002, it was estimated that 18% of cancers worldwide were
attributable to infectious agents (Parkin, 2006), particularly
gastric (H. pylori), liver (hepatitis B and C viruses) and cervix
(human papillomavirus) cancers.

NOD1 receptors may have an impact in cancer risk
because, in addition to H. pylori, other potentially carcino-
genic infectious agents are sensed by NOD1 receptors such as
C. pneumonia (a possible risk factor for lung cancer) or enter-
opathogenic E. coli and S. flexneri (associated to colorectal
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cancer). However, whether activation of NOD1 receptors may
have a beneficial effect by protecting the host against these
invading microorganisms or may indeed promote carcino-
genesis is far from being elucidated. As discussed earlier,
NOD1 knockout mice seem to display increased susceptibility
to inflammation-induced colon tumorigenesis (Chen et al.,
2008). However, two independent studies have found
increased levels of NOD1 receptors in gastric tumour tissues,
when compared with paired non-tumour samples (Allison
et al., 2013), whereas no differences were found between
normal and tumour prostatic tissues (Kang et al., 2012). Simi-
larly, studies looking for association of NOD1/CARD4 gene
polymorphism and cancer risk have yielded contradictory
results as recently reviewed (Kutikhin, 2011). Thus, prelimi-
nary data suggested that carriage of the NOD1 G796A muta-
tion increases the susceptibility of gastric epithelial cells for
intestinal metaplasia and atrophy when infected by certain
H. pylori strains (Kara et al., 2010), but these findings have not
been corroborated in later studies (Kupcinskas et al., 2011).

NOD1 and cardiovascular diseases

The vasculature plays a prominent role in the inflammatory
response through vasodilatation and the trafficking of leuco-
cytes to sites of infection. However, excessive vascular inflam-
mation may result in deleterious effects on the host
exemplified by septic shock, acute lung injury and in a more
chronic setting, atherosclerosis. While specialized immune
cells such as the macrophage have predominantly been used
to study PRR responses, it is clear that blood vessels them-
selves can sense pathogens and danger signals clearly con-
tributing to the development of cardiovascular diseases
including septic shock and atherosclerosis (Jimenez et al.,
2005; Cartwright et al., 2007a,b; Mitchell et al., 2007).

Role of NOD1 in septic shock
Sepsis represents a systemic inflammatory response to infec-
tion. Severe sepsis is associated with multi-organ dysfunction
and may progress to septic shock with hypotension, vascular
dysfunction and a high mortality rate of up to 50% (Martin
et al., 2009). Management is exclusively supportive and the
lack of approved pharmacological therapy reflects major defi-
ciencies in our understanding of the pathogenesis of sepsis/
septic shock. A large number of treatments have failed to
improve survival, including glucocorticosteroids (Patel and
Balk, 2011) or activated protein C (Marti-Carvajal et al.,
2008). Indeed, despite initial promising clinical outcome
data, activated protein C has now been withdrawn from
clinical practice because of poor efficacy (Mitka, 2011).

A number of studies support the notion that PGN is a
contributing factor in the development of sepsis. Thus, PGN
has been shown to induce the release of inflammatory
cytokines in vitro (Myhre et al., 2006) and to cause organ
injury, organ inflammation and systemic inflammation alone
(Wang et al., 2004) or in synergy with lipoteichoic acid or LPS
in vivo (De Kimpe et al., 1995; Wray et al., 2001). Most
notably, some investigators noted that the biological
response to PGN was enhanced by sonication (Rosenthal and
Dziarski, 1994; Wang et al., 2004). Similarly, in vitro studies

have confirmed that although NOD1 agonists seem to be
relatively weak inducers of inflammatory responses in some
cells, NOD1 activation may synergize with TLR signalling to
orchestrate immune responses. Thus, NOD1 stimulation has
been shown to induce cytokine release, production of anti-
bacterial peptides and to promote autophagia in dendritic
cells, macrophages, monocytes (Chamaillard et al., 2003;
Fritz et al., 2005; Tada et al., 2005; Uehara et al., 2005), ECs
(Moreno et al., 2010; Gatheral et al., 2012) or epithelial cells
(Kim et al., 2004; Uehara et al., 2007) in vitro. In vivo, admin-
istration of the NOD1 agonist KF1B induced chemokine pro-
duction and neutrophil recruitment (Masumoto et al., 2006),
whereas the NOD1 agonist FK565 reproduced the cardiovas-
cular and organ failure associated with septic shock
(Cartwright et al., 2007b). Intriguingly, despite the profound
induction of vascular shock seen with FK565, there was little
impact on neutrophil ingress into the lung compared to LPS
suggesting a predominant vascular effect of the NOD1 ligand.
Indeed, NOD1 agonists are sensed directly by rodent and
human vascular cells in culture (i.e. endothelial and smooth
muscle cells; Moreno et al., 2010; Gatheral et al., 2012) and by
whole blood vessels in vitro (Cartwright et al., 2007b; Nishio
et al., 2011). Furthermore, NOD1/2 double knockout are pro-
tected against sepsis-induced acute renal disease (Stroo et al.,
2012) and renal ischaemia reperfusion (I/R) injury (Shigeoka
et al., 2010), thereby suggesting that endogenous damage
signals released (i.e. DAMPs) during I/R injury are also sensed
by NOD1/2. Thus, increasing evidence suggest that therapeu-
tic targeting of NOD1 might be useful for the treatment of
vascular complications derived from both infectious- and
non-infectious-related multiorgan failure.

Role of NOD1 in atherosclerosis
In addition to sepsis and shock, pathogen-sensing pathways
are also now implicated in more chronic forms of cardiovas-
cular disease including atherosclerosis. Atherosclerosis is a
multifactorial disease of large- and medium-sized arteries
caused by deposition of fatty materials and fibrous elements
within the intima of the vessel wall over years. Considerable
evidence supports the early involvement of the monocyte/
macrophage, the most prominent cellular component of the
innate immune response, during atherogenesis. Symptoms
become apparent acutely in the late stages of the disease,
when plaque formation, vascular remodelling and luminal
obstruction results in diminished oxygen supply to target
organs.

As a chronic inflammatory condition, atherosclerosis is
associated with the presence of conventional cardiovascular
risk factors such as hypercholesterolaemia, hypertension, dia-
betes, smoking and genetic factors. However, the incidence of
atherosclerosis is not fully explained by these risk factors
(Katz and Shannon, 2006) and infectious agents have been
suggested to contribute to the development of atherosclero-
sis. Indeed, various infectious agents have been identified in
atheroma including C. pneumoniae, Cytomegalovirus, Herpes
simplex virus, Epstein–Barr virus, HIV, H. pylori and hepatitis B
and C (Libby et al., 1996; Epstein et al., 1999; Saikku, 2000;
Espinola-Klein et al., 2002; Laberge et al., 2005). Due to the
number of seroepidemiological and animal studies linking
especially C. pneumoniae infection to the development of
chronic vascular lesions and coronary heart disease, it was
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anticipated that Chlamydia infections might be a treatable
risk factor for coronary heart disease. However the failure of
antibiotic trials (Andraws et al., 2005) and the experimental
data reporting that atherogenesis is not altered in mice held
in germ-free environment (Wright et al., 2000) has prompted
many researchers to criticize the ‘infection hypothesis’ of
atherosclerosis. However, despite these criticisms, a number
of recent reports support the notion that innate immune
receptors might be involved in this inflammatory process.
Thus, the atherogenic potential of PRRs has gained increasing
attention during the last few years. Activation of the innate
immune systems by PAMPs and DAMPs (such as cholesterol
crystals, saturated fatty acids or oxidized low density lipopro-
teins) represents an attractive candidate as potential athero-
genic stimuli as they are well-established promoters of the
three key processes of atherosclerosis (EC activation, mono-
cyte adhesion and foam cell formation) and retain their prop-
erties independently of bacterial viability (Frantz et al., 2007;
Erridge, 2008). Thus, several PAMPs including PGN, LPS and
bacterial DNA have been identified as constituents of human
atheroma (Erridge, 2008). Specifically, PGN has been found in
macrophage-rich atherosclerotic plaques associated with an
inflammatory unstable phenotype (Laman et al., 2002) and a
clinical study found lower systemic IgM-specific antibody
levels against PG in atherosclerotic patients compared to
control patients (Nijhuis et al., 2004). More recently, this
group has extended these findings by demonstrating an
increased expression in human atherosclerotic lesions of the
intracellular receptors for PGN breakdown products, NOD1
and NOD2. In this study, NOD1 expression was associated
with the presence of smooth muscle cells and macrophages,
whereas NOD2 was found in macrophages within inflamma-
tory areas and in ECs (Nijhuis, 2006).

Further supporting a role for NOD1, Opitz and colleagues
reported that NOD1 receptors are essential for an intracellu-
larly triggered prolonged and profound activation of ECs by
intracellular Chlamydia (Opitz et al., 2005). In addition,
chronic administration of selective NOD1 ligands induces
coronary arteritis and valvulitis in mice (Nishio et al., 2011).
However, this site-specific vascular inflammation was appar-
ently not related to NOD1 expression levels but appeared to
be due to a site-specific production of chemokine/cytokine by
respective vascular structures. Whether these vascular-
targeted effects can be explained by differences in the expres-
sion levels of certain molecules involved in NOD1 signalling
pathway remains to be determined.

Finally, early evidence suggest a role for NOD1 receptors
in myocardial diseases. Fernandez-Velasco et al. (2012) have
recently confirmed that NOD1 receptors are not just
expressed and functional in immune or vascular cells, but are
also readily detectable in both cardiac myocytes and cardiac
fibroblasts. Activation of NOD1 receptors induced apoptotic
pathways in isolated adult murine cardiomyocytes and pro-
moted activation of pro-fibrotic mediators (such as TGF-β
pathway) in cardiac fibroblasts. Furthermore, the specific
agonist C12-ieDAP induced cardiac dysfunction characterized
by a decreased ejection fraction and increased cardiac fibrosis
and cardiomyocyte apoptosis (Fernandez-Velasco et al.,
2012). Although a previous report (El Mokhtari et al., 2006)
failed to identify significant associations between coronary
heart disease and the functional CARD4 mutations ND1

+32656, rs2075822 and rs2907748 (linked to inflammatory
bowel disease and asthma), these new findings suggesting a
contribution of NOD1 to some cardiac diseases with a proin-
flammatory background such as heart failure warrants further
investigation.

NOD1 and metabolic diseases

Insulin resistance is a major defect underlying the develop-
ment of type 2 diabetes and is a central component of the
metabolic syndrome, a constellation of abnormalities includ-
ing obesity, hypertension, glucose intolerance and dyslipi-
demia. Insulin resistance results from a complex interplay
between nutrient overload, systemic fatty acids excess,
inflammation of the adipose tissue, endoplasmic reticulum
and oxidative stress and hypoxia of the adipose tissue
(Hotamisligil, 2006). Because NOD1 can be found in glucose-
metabolizing tissues, including muscle cells (Moreno et al.,
2010), liver and adipose (Dharancy et al., 2009), there is a
potential that NOD1 in these cells may act as a sensor for
intracellular fats and lead to impaired insulin sensitivity.
Accordingly, stimulation of NOD1 with synthetic ligands
(FK565 or Tri-DAP) has been shown to induce proinflamma-
tory cytokine secretion and impaired insulin-stimulated
glucose uptake directly in adipocytes and hepatocytes in vitro
(Schertzer et al., 2011; Zhao et al., 2011). Furthermore, in the
key paper published by Schertzer et al. (2011), the authors
compared responses in both wild-type control mice and
NOD1/2 double gene knockout mice, which had been fed a
high-fat diet (HFD) and subsequently exposed to NOD
ligands. These authors showed that NOD1/2 double knock-
out mice were protected from HFD-induced inflammation,
lipid accumulation and peripheral insulin intolerance. Fur-
thermore, NOD1 ligands induced peripheral and hepatic
insulin resistance within 6 h in wild-type (with NOD2 having
a much smaller effect) but not genetically deficient mice.
Although NOD1 ligands elicited only minor changes in cir-
culating proinflammatory mediators, they were shown to
cause inflammation in adipose tissue and insulin resistance in
muscle and hepatic tissues. In this regard, the study by Zhao
et al. previously discussed showing that saturated fatty acids
are able to activate NOD1 receptors in human intestinal epi-
thelial cells (Zhao et al., 2007) might provide an insight on
the molecular mechanisms by which HFD may cause inflam-
mation and insulin resistance. However, in contrast to the
direct actions previously reported by NOD1 ligands on adi-
pocytes and hepatocytes, skeletal muscle cells in culture only
became insulin resistant when exposed to NOD2 ligand
(Tamrakar et al., 2010). These findings point to important
differences in NOD protein activation between muscle and
adipose cells.

Similarly, an independent study revealed that early onset
of HFD-induced hyperglycaemia was characterized by an
increased bacterial translocation from intestine towards mes-
enteric adipose tissue and blood, which was dependent on
NOD1, CD14 and Myd88, but not NOD2 (Amar et al., 2011).

Further supporting a role for NOD genes in dietary fat-
induced inflammatory responses and insulin resistance, a
recent study has linked the Glu266Lys polymorphism in the
NOD1 gene between dietary saturated fatty acid intake and
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insulin sensitivity, despite a lack of correlation with other
classical biomarkers of the metabolic syndrome (including
waist circumference, triglycerides, high density lipoproteins,
glucose, systolic and diastolic blood pressure; Cuda et al.,
2012). In summary, recent evidence illustrate the complex
relationship between systems of immune defence and meta-
bolic regulation but may also offer exciting new therapeutic
avenues in type 2 diabetes.

Concluding remarks

The discovery of PRRs as the sentinels of the innate immune
system and regulators of adaptive immunity has presented
the opportunity to develop new therapies to combat inflam-
matory and infectious disease (Paul-Clark et al., 2012).
Indeed, research in this field is attractive for drug develop-
ment and has already led to the development of specific
therapies such as Imiquimod for the treatment of basal cell
carcinoma.

Although NLR are still a relatively new addition to this
research field, it is appealing to postulate based on the
recent advances within this research field that modulation
of specific NOD1 responses could be beneficial for the treat-
ment of acute infections and relevant inflammatory dis-
eases. Because one of the main functions of NLRs is to help
to fight against microbial infection, the first potential appli-
cation of these receptors includes the treatment of acute
infections. Prior to the discovery of Toll-like or NLRs,
pharmacologists have exploited the modulation of these
receptors. Indeed, the vaccine adjuvant complete Freund’s
adjuvant developed as early as 1937 is indeed a mixed cock-
tail of TLR, NOD1 and NOD2 agonists. FK565 represents the
first synthetic NOD1 agonist employed in research with
potent immune boosting and anti-tumour effects. Following
the discovery of ie-DAP as the minimal structure able to
stimulate NOD1, additional commercial NOD1 agonists
have been developed with improved cell membrane perme-
ability and increased potency (i.e. C12-ie-DAP).

The increasing evidence associating NOD1 signalling with
a number of conditions associated to chronic inflammation
reviewed herein is unravelling the antagonism of this intra-
cellular receptor as an attractive candidate to help reducing
excessive inflammation during infection and chronic inflam-
matory diseases. Current pharmacological strategies pursuing
NOD1 blockade include direct targeting of NOD1 proteins by
small-molecule drugs, such as Noditinib-1 (Correa et al.,
2011; Khan et al., 2011) or GSK’217 (Gatheral et al., 2012),
and specific signalling pathway inhibitors, particularly RIP2
inhibitors such as the recently described inhibitor GSK’214
(Gatheral et al., 2012). It is however important to consider
the extensive crosstalk between NOD receptors and other
PRRs as exemplified by synergistic interaction with TLRs as
discussed earlier. Thus, therapeutic manipulation of NOD1
receptor signalling might have unforeseen consequences on
alternative inflammatory pathways. Moreover, as new endog-
enous DAMPs activating NOD1 receptors are unveiled,
further studies will be needed to understand how they may be
modulated for the benefit of the host.

In conclusion, although this is a new research field and
years of experimental and clinical studies lie ahead, the

results discussed in this review suggest that the most prom-
ising and clear use for NOD1 agonists is as adjuvants for the
treatment of microbial infections that do not respond well to
antibiotics. Although therapeutic advances may have to wait
until the complex interplay with pathogens, danger signals,
other PRR and overlapping metabolic pathways is further
unravelled, the steadily growing body of knowledge suggest
that NOD1 antagonists might represent attractive candidates
to reduce excessive inflammation associated to intestinal,
cardiovascular and metabolic diseases (Figure 2).
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