
479

Korean J Physiol Pharmacol
Vol 19: 479－484, November, 2015
http://dx.doi.org/10.4196/kjpp.2015.19.6.479

pISSN 1226-4512
eISSN 2093-3827

ABBREVIATIONS: ApoE, Apolipoprotein E; CARD15, caspase recrui-
tment domain-containing protein; hnRNP A1, heterogeneous nucleo-
ribonuclear protein A1; LRRs, leucine-rich repeats; MDP, muramyl 
dipeptide; MyD88, myeloid differentiation primary response gene 88; 
NACHT, NAIP (neuronal apoptosis inhibitos protein), C2TA (MHC 
class 2 transcription activator), HET-E (incompatibility locus protein 
from Podospora anserine) and TP1 (telomerase-associated protein); 
NLRs family, NOD-like receptors family; NLRC2, NOD-like receptor 
with a CARD; NOD, nucleotide-binding and oligomerization domain; 
PAMP, pathogen-associated molecular patterns; PGE2, Prostaglan-
din E2; PGN, peptidoglycan; RIP2, receptor-interacting serine/threo-
nine-protein kinase 2; PRPs, Pattern Recognition Proteins; TLRs, 
Toll-like receptors.

Received May 28, 2015, Revised August 13, 2015, 
Accepted August 14, 2015

Corresponding to: Ha-Jeong Kim, Department of Physiology, Cell 
and Matrix Research Institute, BK21 Plus KNU Biomedical Con-
vergence Program, Tumor Heterogeneity and Network (THEN) Re-
search Center, School of Medicine, Kyungpook National University, 
N358, 680 Gukchaebosang-ro, Jung-gu, Daegu 41944, Korea. (Tel) 
82-53-420-4811, (Fax) 82-53-424-3349, (E-mail) kimhajeong@knu.ac.kr

This is an Open Access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http:// 

creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial 
use, distribution, and reproduction in any medium, provided the original work 
is properly cited.
Copyright ⓒ Korean J Physiol Pharmacol

Role of Nucleotide-binding and Oligomerization Domain 2 Protein 
(NOD2) in the Development of Atherosclerosis

Ha-Jeong Kim

Department of Physiology, Cell and Matrix Research Institute, BK21 Plus KNU Biomedical Convergence Program, Tumor Heterogeneity 
and Network (THEN) Research Center, School of Medicine, Kyungpook National University, Daegu 41944, Korea

  NOD2 (nucleotide-binding and oligomerization domain 2) was initially reported as a susceptibility 
gene for Crohn’s disease, with several studies focused on elucidating its molecular mechanism in the 
progression of Crohn’s disease. We now know that NOD2 is an intracellular bacterial sensing receptor, 
and that MDP-mediated NOD2 activation drives inflammatory signaling. Various mutations in NOD2 
have been reported, with NOD2 loss of function being associated with the development of Crohn’s 
disease and other autoimmune diseases. These results suggest that NOD2 not only has an immune 
stimulatory function, but also an immune regulatory function. Atherosclerosis is a chronic inflam-
matory disease of the arterial wall; its pathologic progression is highly dependent on the immune 
balance. This immune balance is regulated by infiltrating monocytes and macrophages, both of which 
express NOD2. These findings indicate a potential role of NOD2 in atherosclerosis. The purpose of 
this review is to outline the known roles of NOD2 signaling in the pathogenesis of atherosclerosis.
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NUCLEOTIDE BINDING AND 
OLIGOMERIZATION DOMAIN 2 

PROTEIN (NOD2)

  The nucleotide binding and oligomerization domain 2 pro-
tein (NOD2) is a member of the nucleotide-binding and oli-
gomerization domain (NOD)-like receptor (NLR) family. It 
is also known as caspase recruitment domain-containing 
protein 15 (CARD15) and nucleotide-binding oligomeriza-
tion domain (NOD)-like receptor with a CARD (NLRC2). 
The NOD2 gene is located on chromosome 16q12-21, and 
encoded by the CARD5 gene. However how to regulate the 
expression of NOD2 is not studied [1].
  The NOD2 protein consists of two N-terminal caspase re-
cruitment domains (CARD), a central nucleotide-binding 
domain (NBD; also known as a NOD domain), and a series 
of C-terminal leucine-rich repeats (LRPs). The LRP is sim-
ilar to the repeats found in Toll-like receptors (TLRs), and 
senses muramyl dipeptide (MDP), a component of Gram- 

positive bacterial peptidoglycan [2]. Recognition of MDP by 
NOD2 triggers a conformational change in NOD2. NBD- 
mediated oligomerization of NOD2 is induced by ATP 
binding. The NBD domain contains a NACHT domain, 
winged helix and superhelical subdomains, which mediate 
NOD2 oligomerization [3-5]. NOD2 oligomerization promo-
tes the recruitment of receptor-interacting serine/threo-
nine-protein kinase 2 (RIP2). Homotypic CARD-CARD in-
teractions provide a large signaling platform to interact 
with RIP2 [6].
  NOD2 is an intracellular bacterial-derived MDP sensing 
receptor, and is expressed in various cell subsets, partic-
ularly myeloid cells. NOD2-MDP interaction triggers innate 
immune responses. Alteration of these innate immune re-
sponses can result in several chronic inflammatory dis-
eases, including Crohn’s disease [2,7,8]. 118 NOD2 gene 
variants or polymorphisms have been reported [4]. The first 
report on NOD2 addressed the association of NOD2 var-
iants with Crohn’s disease [9], therefore, extensive studies 
have focused on the role of NOD2 with inflammatory bowel 
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disease. The association of NOD2 with other diseases has 
been extensively studied and reviewed [3,5,9-13].
  The three NOD2 gene mutations, the arginine to trypto-
phan conversion at amino acid residue 702 (R702W), the 
glycine to arginine change at 908 (G908R), and the frame 
shift-stop codon mutation at 1007 (1007fs), are commonly 
reported. Because G908R and 1007fs mutants are located 
in the LRP domain, these mutants cannot effectively recog-
nize of microbial components, thus preventing NOD2 dime-
rization. Because the R702W mutant is located in the NBD 
domain, this mutant results in defective oligomerization. 
Downstream signaling of NOD2 is impaired by these muta-
tions. These three mutants confer susceptibility to Crohn’s 
disease rather than ulcerative colitis [4,11,14,15]. The asso-
ciation of various NOD2 gene mutations with several other 
rheumatic diseases has been studied in depth. However, the 
association of these three common variants and rheumatoid 
disease has not been demonstrated [4]. Only one study re-
ported an association between R702W and psoriatic arthri-
tis [16]. The association of NOD2 variants and athero-
sclerosis has not been shown. Only two reports regarding 
NOD2 and atherosclerosis were published in 2013 [17,18]. 
This review focuses on NOD2 immune regulation and the 
role of NOD2 in the pathogenesis of atherosclerosis.

ATHEROSCLEROSIS

  Atherosclerosis is the most common pathological process 
of coronary artery and cerebrovascular disease, which, col-
lectively, are the primary cause of sudden death worldwide 
[19]. Atherosclerosis is strongly associated with hyper-
cholesterolaemia, hypertension, diabetes, smoking and ge-
netic factors. Atherosclerosis begins with lipid deposition 
on the vessel wall and the alteration of endothelium hemo-
static functions. 
  Such changes in endothelium hemostatic function pro-
mote inflammatory responses, including increased expres-
sion of adhesion molecules on endothelial cell, which leads 
to leukocytes penetration. Penetration of monocytes/macro-
phages into the intima of arteries is an important process 
in atherogenesis [20]. Reportedly, others inflammatory 
cells, including lymphocytes and mast cells, also contribute 
to plaque progression. The architectural changes in the in-
tima characterize plaque formation. Atherosclerotic plaque 
is comprised of the necrotic core, calcified regions, accumu-
lated modified lipids, and fibrous cap [21].
  Atheroma progression is mediated by the production of 
inflammatory cells, such as vasoactive mediators, cyto-
kines, and proteinases. Two major complications of athero-
sclerosis, plaque rupture and thrombosis, are regulated by 
inflammatory cells. Plaque rupture is caused by the dis-
ruption of fibrous cap integrity, which is mediated by ma-
trix degrading enzymes from inflammatory cells; thrombo-
sis is generally mediated by procoagulant molecules, such 
as tissue factor, but is also mediated by inflammatory cells. 
These points demonstrate that atherosclerosis is a chronic 
and multifactorial inflammatory disease and that disease 
progression is modulated by monocytes and macrophages, 
which are major players in innate immunity [21,22].

NOD2-MEDIATED INNATE IMMUNITY IN 
ATHEROSCLEROSIS

  Innate immunity is the first line of host defense against 
pathogens. PRPs (Pattern Recognition Proteins) recognize 
common pathogen components known as pathogen-asso-
ciated molecular patterns (PAMPs or microorganism asso-
ciated molecular patterns, MAMPs). At least 50 PRPs have 
been reported in the mammalian system, and are calssified 
in to three groups: Toll-like receptors (TLRs), retinoic acid 
inducible gene I (RIG-I)-like receptors (RLRs), and nucleo-
tide-binding oligomerization domain (NOD)-like receptors 
(NLRs). NOD2 belongs to the NLR family.
  Microorganisms are known to aggravate atherosclerosis. 
Various microbial agents have been reported in atheroma 
plaque, including C. pneumonia, H. pylori, Herpes simplex 
virus, Epstein-Barr virus, Porphyromonas gingivalis, etc 
[23-28]. However, antibiotics do not attenuate disease se-
verity [29], and atherosclerosis is not altered in the ex-
perimental germ-free environment [30]. These experimen-
tal evidences suggest that microorganisms do not contrib-
ute to the development of atherosclerosis. However, it has 
been reported that TLR signaling mediates atherogenesis. 
TLRs initiate innate immune responses by sensing mi-
crobes on the myeloid cell surface. PAMPs recognition by 
TLR induces the myeloid differentiation primary response 
gene 88 (MyD88) activation, which then promotes NF-κB 
nuclear translocation via signaling cascades. In Apolipopro-
tein E (ApoE) and MyD88 double deficient mice or ApoE 
and TLR2/TLR4 double-deficient mice, atherosclerotic pla-
que formation and macrophage recruitment is reduced [31]. 
The effect of TLR1, TLR3, and TLR6 in atherogenesis is 
not clear, and that of TLR5, TLR8, and TLR9 is unknown. 
Taken together, these points suggest that atherosclerosis 
development is characterized by heterogeneous and com-
plex immune balance.
  NOD2 mediates bacterial clearance in myeloid cell cyto-
plasm and regulates innate immune responses [5,7,8,13]. 
NOD2 deficient mice are susceptible to bacterial infection, 
including S. aureus [32], C. pneumonia [33], H. pylori [34], 
and B. anthracis [35]. This susceptibility is due to the de-
creased proinflammatory cytokine production and leuko-
cyte recruitment [35]. MDP, the ligand of NOD2 as de-
scribed above, present in atherosclerotic plaque [36]. Taken 
together, we hypothesize that NOD2 may play some role 
as an immune regulator in atherosclerotic plaque.
  It is reported that ApoE and NOD2 double-deficient mice 
are more susceptible to atherosclerosis [18]. Total serum 
cholesterol levels, serum inflammatory cytokine levels, leu-
kocyte infiltration, and atherosclerotic plaque are elevated 
in ApoE and NOD2 double-deficient mice than ApoE defi-
cient mice. Atherosclerosis development is enhanced by P. 
gingivalis infection, and this enhancement is more pro-
nounced in ApoE and NOD2 double-deficient mice. When 
MDP is used to activate NOD2, serum inflammatory cyto-
kine levels are decreased in ApoE deficient mice [18]. These 
results suggest that NOD2 has anti-inflammatory and an-
ti-atherogenic effects. This is in contrast to TLRs, even 
though both NOD2 and TLRs are bacterial sensing re-
ceptors that initiate innate immune responses. However, 
the molecular mechanism of NOD2-mediated inflammatory 
regulation is not known. In this review, we will discuss a 
potential common signaling pathway that is both triggered 
by NOD2 and involved in atherosclerosis.
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NF-κB SIGNALING, NOD2 AND 
ATHEROSCLEROSIS

  MDP-NOD2 interaction triggers homotypic dimerization 
via CARD-CARD binding; this dimerization follows RIP2 
recruitment and activation. In a step-wise fashion, RIP2 
activates NF-κB, and AP-1 by TAK1 (TGF-β activated kin-
ase 1) complex, and NEMO, p38, JNK and ERK MAPK 
pathway [3-6]. This results in the expression of several in-
flammatory cytokines, including TNF-α, IL-6, IL-8, CC- 
chemokine ligand 2 (CCL2), and CXC-chemokine ligand 2 
(CXCL 2). These cytokines induce the recruitment and pri-
ming of innate immune cells, including neutrophils and 
monocytes [37]. It has also been reported that NOD2 signal-
ing inhibits activation of TLR2-induced c-Rel, an NF-κB 
subunit; TLR2-induced c-Rel activation is enhanced in 
NOD2 deficient mice [38]. The crosstalk between TLR4 and 
NOD2 is also reported. MDP-NOD2 signal inhibits TLR4- 
LPS induced IL-12 synthesis [39]. These observations sug-
gest that NOD2 works as both a positive and negative regu-
lator of NF-κB activation. The molecular mechanism of this 
ambivalent property of NOD2 is not clear, and may depend 
on microenvironmental conditions or activation context.
  In experiments with ApoE and MyD88 double-deficient 
mice, the inhibition of TLR2- or TLR4- induced p65 NF-κB 
activation decreases atherosclerosis. However, inhibition of 
NF-κB activation by deletion of I-κB kinase 2 (IKK2), 
which is essential for NF-κB activation, in macrophages, 
increases atherosclerosis in LDL receptor deficient mice 
[40]. It is contradictory that both TNF-α, a pro-inflam-
matory cytokine, and IL-10, an anti-inflammatory cytokine, 
production are decreased in IKK2-deleted macrophages. 
These results suggest that pro- and anti-inflammatory bal-
ance is important to control the development of atheros-
clerosis. Taken together, we hypothesize that NOD2 works 
as a key player to regulate immune balance in atherosclero-
sis according to microenvironmental conditions. Understan-
ding of NOD2 regulatory signaling in atherosclerosis may 
lead us towards the development of atherosclerosis treat-
ment.

IL-10 AND NOD2 IN ATHEROSCLEROSIS

  IL-10 is produced by macrophages, T cells, and B cells, 
and is associated with the differentiation of Th2 and Treg 
cells, therefore, it works as a broad-spectrum inflammation 
inhibitor [41]. Administration of IL-10 delays atherosclero-
sis development, and IL-10 and ApoE double deficient mice 
are more susceptible to atherosclerosis. It is clear that IL- 
10 has anti-atherogenic properties [22].
  MDP-NOD2 activation alone cannot induce the IL-10 pro-
duction from myeloid cells. However, co-stimulation with 
PGN (peptidoglycan, TLR2 ligand), but not LPS (TLR4 li-
gand), induces IL-10 secretion. In this pathway, IL-10 tran-
scription is regulated by phosphorylation of heterogeneous 
nucleoribonuclear protein A1 (hnRNP A1), and p38 MAPK 
[42]. It is also reported that the three major NOD2 mu-
tants, particularly 1007fs, inhibit IL-10 transcription fol-
lowing TLR2 activation. Crohn’s disease patients carrying 
the 1007fs mutant have impaired hnRNP A1 phosphoyla-
tion, and IL-10 secretion. IL-10 impairment may cause un-
controlled chronic inflammatory disease. Normal MDP- 
NOD2 signal cannot inhibit IL-10 production followed by 
TLR2 stimulation, but 1007fs patients have IL-10 pro-

duction impairment followed the strong TLR2 stimulation. 
It can say that 1007fs mutants gain of this IL-10 inhibitory 
functions [42].
  ApoE deficient mice challenged with MDP produce more 
IL-10 and have less atherosclerotic lesion. ApoE and NOD2 
double-deficient mice produce more IL-10, despite having 
large atherosclerotic lesions. Based on the impairment of 
IL-10 production in 1007fs mutant patients, it is possible 
that the 1007fs mutant may show a gain of function to in-
hibit IL-10 suggesting that patients with the 1007fs NOD2 
mutant may be more susceptible to atherosclerosis. Al-
though this has not been reported, it has been shown that 
inflammatory bowel disease patients have a greater risk 
of developing atherosclerosis [43,44].

PGE2 AND NOD2 IN ATHEROSCLEROSIS

  Prostaglandin E2 (PGE2) is an inflammatory lipid mole-
cule in the eicosanoid family, the synthesis of which is ini-
tiated by the release of arachidonic acid (AA) from mem-
brane glycerophospholipids through cytosolic phospholipase 
A2a. PGE2 synthesis depends on the activity of cyclooxy-
genase-1, cyclooxygenase-2, and PGE2 synthases (PGESs). 
It has been reported that TLR4 activation in macrophages 
drives PGE2 production by the upregulation of cyclooxy-
genase-2 through the NF-κB pathway, and that PGE2 has 
a proinflammtory role [45]. However, the effect of PGE2 in 
atherosclerosis is still controversial. C-reactive protein 
(CRP) which inhibits PGE2 expression increase in athero-
sclerotic plaque; PPAR-γ induces PGE2 expression, also in-
creases in atherosclerotic plaque. PGE2 can modulate plate-
lets adhesion on atherosclerotic plaque, however, PGE2 re-
ceptor antagonists does not modulate atherosclerosis [46]. 
Considering these results, it is possible that PGE2 can play 
different roles, either anti- or pro-atherogenic, depending 
on the disease state.
  NOD2 is highly expressed in atherosclerotic lesions and 
PGE2 is upregulated by MDP treatment in ex vivo cultured 
human carotid atherosclerotic plaque [17]. These results in-
dicate that enhanced NOD2-mediated PGE2 signaling is in-
volved in atherogenesis. PGE2 has both proinflammatory 
and anti-inflammatory effects depending on cell types and 
its receptor subtypes, suggesting that the function of NOD2 
in atherosclerosis is ambivalent. From these reports, the 
question remains, as to how NOD2 regulates this immune 
balance, and what confers susceptibility against some di-
seases.
  MDP induces inflammation and a vulnerable plaque phe-
notype [36], and PGE2 production [17]. PGE2 mediates pla-
telet aggregation on ruptured plaque [46]. This suggests 
that the effect of MDP-NOD2 signal may be more important 
on vulnerable plaque formation not whole atherosclerosis 
pathogenesis. Because the most critical and fatal event in 
atherosclerosis is vulnerable plaque rupture, understan-
ding this mechanism will provide new insights to predict 
and treat atherosclerosis and its complications.

T CELL MEDIATE IMMUNITY AND 
NOD2 IN ATHEROSCLEROSIS

  Atherosclerosis is a chronic inflammatory disease, with 
both innate and adaptive immune responses contributing 
to disease initiation and progression. It has been demon-
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strated that Foxp3＋ expressing Treg cells have a protective 
effect against atherosclerosis. Similarly, IL-10 or TGF-β, 
which is important for Treg differentiation, has an an-
ti-atherogenic effect. ApoE deficient mice have less Treg 
cells than control mice [38,47]. Treg cells are known to in-
hibit T cell activation and maintain immune balance, there-
by modulating disease progression. Th1 response is known 
as a pro-atherogenic process by producing proinflammatory 
cytokines, such as IFN-γ, and IL-6, and regulating anti-
body production from B cells. IFN-γ injection induces pla-
que growth, and IFN-γ or and IFN-γ receptor deficient 
mice have smaller atherosclerotic plaques [48]. The Th2 im-
mune effect in atherosclerosis is still controversial. Severe 
hypercholesterolemia in ApoE deficient mice induces a 
switch in the Th2 immune response; however, IL-4 pro-
duction does not prevent the development of atheroscle-
rosis. IL-17 production is increased in Ldlr or ApoE defi-
cient mice fed a Western diet to develop atherosclerosis. 
ApoE and IL-17 double-deficient mice are less susceptible 
to atherosclerosis. These results suggest that Th17 im-
munity is pro-atherogenic [48].
  As an intracellular receptor against microbes, NOD2 me-
diates innate immune response. In contrast, NOD signaling 
does not strongly induce co-stimulatory molecule expression 
on DCs. Whereas TLRs primarily induce a Th1 immune re-
sponse, NOD2 promotes a Th2 immune response. Indeed, 
NOD2 actually inhibits the TLR2 induced Th1 immune 
response. Secretion of IL-12, a major cytokine that induces 
Th1 differentiation from macrophages, by PGN treatment 
is reduced by MDP co stimulation [38]. These results sug-
gest that NOD2 may shift the immune balance to Th2 from 
Th1, thus causing the anti-atherogenic Th2 immune re-
sponse. NOD2 also regulates Th17 cell responses. NOD2 
signaling affects the production of IL-23, an important cyto-
kine for Th17 differentiation, from dendritic cells by miR-29 
upregulation [5,49]. In regards to atherosclerosis, it is pos-
sible that NOD2 reduction of the Th17 immune response 
in atheroma plaque contributes to its anti-atherogenic 
effect. 

DISCUSSION

  Systemic immune network balance determines athero-
sclerosis progression, but the mechanism is not clear.
  The Amar group reported that atherosclerosis develop-
ment is increased when NOD2 signaling is impaired [18]. 
It is similar that the 1007fs mutant disrupts TLR2 signal-
ing, even though downstream signaling through RIP2 is 
impaired. Further studies are required to address the asso-
ciation of the gain of function (inhibit TLR2 signal) of 
1007fs, or other mutants, with atherosclerosis development. 
The Yan group reported that MDP mediated innate im-
mune signaling induces PGE2 production in atherosclerotic 
plaque [17]. Can NOD2 signaling mediate the vulnerable 
plaque formation? If NOD2 induces the vulnerable plaque 
formation, it will work as pro-atherogenic. However, it is 
not consistent with the study on NOD2 deficient mice as 
it shows the anti-atherogenic effect. These findings lead the 
question what is the role of NOD2 in atherosclerosis.
  118 NOD2 variants have been associated with various 
diseases, including Crohn’s disease and other rheumatoid 
diseases [4]. Many genes conferring susceptibility to athero-
sclerosis also have been reported [50]. However, the genetic 
association of NOD2 variants with atherosclerosis has not 

been reported until recently. The risk of atherosclerosis de-
velopment is higher in inflammatory bowel disease patients 
[43,44]. Based on these data, it is possible that a relation-
ship exists between NOD2 mutation and atherosclerosis 
development.
  There are 22 known NLRs in humans [12], all sharing 
a domain structures. Particularly, NOD1 has a similar 
structure to NOD2; NOD1 has only one CARD domain, 
while NOD2 has two. NOD1 is widely expressed in whole 
tissue, NOD2 expression is limited to myeloid cells, kerati-
nocytes, and epithelial cells of intestine, lung, and oral cav-
ities [3,51-55]. Only one paper reported on NOD1 and athe-
rosclerosis in 2015; administration of the NOD1 ligand, 
FK565, to ApoE deficient mice accelerated atherosclerosis 
development [56]. NOD2 has quite different effects, leading 
to the question of what causes such differences.
  In this review, we discussed the possible role of NOD2 
signaling in atherosclerosis pathogenesis; we also summar-
ized two recent studies revealing the relationship between 
NOD2 and atherosclerosis. Based on these reported events, 
several questions are raised here. Undoubtedly, elucidating 
these questions will provide new insights into the mecha-
nisms of host defense and the pathogenesis of inflammatory 
diseases.
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