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NOD2 induces VCAM-1 and ET-1
gene expression via NF-κB in
human umbilical vein endothelial
cells with muramyl dipeptide
stimulation

Introduction

Cardiovascular diseases (CVDs) includ-
ing atherosclerosis are a major cause of
death and morbidity worldwide [1]. In
China, 45.0% of deaths in rural area and
42.6%ofdeaths inurbanareawere caused
by CVDs [2]. Although researchers have
made great advances in diagnostics and
therapy, CVDs still remain the leading
cause of death globally. Thus, it is urgent
to understand the potential molecular
and cellular mechanisms involved in the
pathological process of CVDs.

Innate immunity is the first barrier
to defend against infection which is also
associated with a number of sterile in-
flammatory conditions suchasCVDs [3].
Toll-like receptors (TLRs) and NOD-like
receptors (NLRs) are two main sensor
families in the innate immune system
to detect pathogen-associated molecular
patterns (PAMPs) and damage-associ-
ated molecular patterns (DAMPs) [4,
5]. NOD2 localized in the cytoplasm
was one of first receptors character-
ized in the NLRs family [6]. According
to research, NOD2 has recently been
reported to be a central regulator of
immune and inflammatory responses in
CVDs, such as atherosclerosis and cere-
bral ischemia/reperfusion injury [5, 7].
Muramyl dipeptide (MDP), a peptido-
glycan constituent of bothGram-positive

and Gram-negative bacteria, is a defined
cognate ligand of NOD2. Peptidogly-
can has been detected in atherosclerotic
plaques and likely derives from gut
microbiota [8]. Furthermore, NOD2
regulates microbiota communities in
the gut [9]. Thus, it is important and
necessary for us to study MDP-trig-
gered NOD2 innate immune responses
in CVDs.

CVDs develop due to a complex
interplay of inflammation and coagu-
lation, in which endothelial cells (ECs)
are considered to be a central regulator
[10, 11]. Endothelial injury leads to the
release of coagulation and inflammation
mediators, accelerating the adhesiveness
of leukocytes [11, 12]. Vascular cell
adhesion molecule-1 (VCAM-1) and
intercellular cell adhesion molecule-1
(ICAM-1), which are both members of
the immunoglobulin gene superfamily,
are overexpressed in the pathogenesis of
endothelialdysfunction[13]. VCAM-1is
capable ofmediatingmolecular adhesion
to ECs after induction of inflammatory
cytokines [14]. Numerous studies have
reported VCAM-1 and ICAM-1 serve
as markers of early atherosclerosis and
play a significant role in development of
atherosclerosis [15–18]. Furthermore,
it has been demonstrated that MDP
induces mRNA expression of ICAM-1
in ECs [8], but whether VCAM-1 ex-

pression could be affected by MDP is
not fully understood. ET-1 synthesized
and secreted by ECs has been recog-
nized as the most potent endogenous
vasoconstrictor [19]. It accelerates the
pathophysiologic progress of CVDs via
vasoconstriction. Studies have indi-
cated that atherosclerosis is aggravated
by the ET-1-triggered NF-κB signal-
ing pathway [20, 21]. Moreover, there
have been reports that lipopolysaccha-
rides (LPS), the principal component
of Gram-negative bacteria, dose-depen-
dently increase the release andexpression
levels of ET-l in HUVECs [22]. How-
ever, it remains unanswered whether
MDP leads to a change in VCAM-1
and ET-1 production in ECs. Since
NOD2 is the defined cognate ligand
receptor of MDP, triggered NF-κB-de-
pendent transcriptional activity in ECs
after MDP stimulation [23], suggested
NOD2 played a potential important role
in the ECs. Furthermore, we previously
proved MDP induced oxidative stress
through the NOD2/COX-2/NOX4 sig-
naling pathway in the HUVECs [6].
However, there was no direct evidence
whether NOD2 is involved in the pro-
duction of VCAM-1 and ET-1. Thus, in
this study, our goal was to investigate
the role and mechanism of NOD2 in
MDP-triggered VCAM-1 and ET-1 gene
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Table 1 Sequence of small interfering RNA(siRNA) sets for cell transfection

Target siRNA Sense (5′–3′) Antisense (5′–3′)

Scramble UCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

NOD2 GCCUGAUGUUGGUCACAAGAAT UUCUUGACCAACAUCAGGCTT

Table 2 List of primer sets for SYBR-Green-based real-time reverse transcription (qRT) PCR

Target
gene

Forward primer (5′–3′) Reverse primer (5′–3′)

VCAM-1 GGGAAGATGGTCGTGATCCTT TCTGGGGTGGTCTCGATTTTA

ET-1 AAGGCAACAGACCGTGAAAAT CGACCTGGTTTGTCTTAGGTG

GAPDH CTGGGCTACACTGAGCACC AAGTGGTCGTTGAGGGCAAT

Fig. 19Gene ex-
pression levels of
VCAM-1 (a) andET-1
(b) were promoted
byMDP inHUVECs.
HUVECswere cul-
turedwithMDP for
12h at an indicated
dose of 10μg/mL.
ThemRNA expres-
sion of VCAM-1 and
ET-1 in HUVECswas
detected via qPCR.
*P< 0.05, **P< 0.01
and ***P< 0.001,
vs. control. VCAM-1
vascular cell adhe-
sionmolecule-1,
ET-1 endothelin-1,
HUVEChumanum-
bilical veinendothe-
lial cells,MDPmu-
ramyl dipeptide,
qPCR quantitative
polymerase chain
reaction

expression in primary human umbilical
vein endothelial cells (HUVECs).

Materials andmethods

Cell culture and stimulation

The cell line of HUVECs was purchased
from ScienCell Research Laboratories
(Carlsbad, CA, USA) which provides

a variety of normal human and ani-
mal cells for the research community.
Briefly, the HUVECs were cultured
with endothelial cell medium (ECM,
ScienCell Research Labs, Carlsbad, CA,
USA) supplementedwith 5% fetal bovine
serum, 1% penicillin–streptomycin, and
1% endothelial cell growth supplement
(ECGS) at 37 °C with 5% CO2.

Reagents

MDP (53678-77-6, InvivoGen, San
Diego, CA, USA) was used at a final
concentration of 10 μg/mL. Pyrrolidine
dithiocarbamate (PDTC) was obtained
from Beyotime Biotechnology (Shang-
hai, China).

Small interfering RNA and cell
transfection

Scrambled control small interferingRNA
(siRNA) and NOD2 siRNA were pur-
chased from Sangon Biotech Co. Ltd.
(Shanghai, China). The sequences of
NOD2-targeted siRNA and non-tar-
geted siRNA are listed in . Table 1. The
HUVECs were seeded in a 6-well plate
at a density of 4× 105 cells per well
and cultured overnight to 70% conflu-
ence. Scrambled control siRNA and
NOD2 siRNA were transfected into the
HUVECs at a final dose of 50nM diluted
in the ECMmediumwithout fetal bovine
serum by Lipofectamine 2000 reagent
(Invitrogen, Waltham, MA, USA), fol-
lowing the manufacturer’s instructions.

RNA extraction and real-time
reverse transcription (qRT) PCR

Total RNA was extracted from HUVECs
usingtrizolreagent(Invitrogen,Waltham,
MA, USA). RT-PCR was implemented
by a prime script RT reagent kit (Takara,
Dalian, China) according to the manu-
facturer’s instruction. The mRNA levels
of VCAM-1 and ET-1 were measured by
qRT-PCR using SYBR premix ex taq II
(Takara, Dalian, China) on a Bio-Rad
iCycler system (BioRad, Hercules, CA,
USA). The 2–ΔΔCT method was adopted
to determine the relative expression of
target genes. The specific primers for
qRT-PCRare listed in. Table2. GAPDH
was used as the housekeeping gene.

Statistics

All of the experiments were performed
in triplicate. Data were expressed as
mean± SEM and analyzed with the stu-
dent’s t-test using GraphPad Prism 5.01
software. A value of P< 0.05 was consid-
ered statistically significant.
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Abstract
Objectives. Endothelial dysfunction is
involved in various aspects of vascular biology
and different stages of cardiovascular diseases
(CVDs). Nucleotide-binding oligomerization
domain-containing protein (NOD) 2, a pivotal
innate immune receptor for muramyl dipep-
tide (MDP), has been reported to be a central
regulator in CVDs. Previously, we reported
that NOD2 played a leading role in MDP-
triggered oxidative stress in endothelial cells
(ECs). However, whether NOD2 participates
in the regulatory mechanism of vascular
cell adhesion molecule-1 (VCAM-1) and
endothelin-1 (ET-1) expression was not
elucidated.

Methods. Human umbilical vein endothelial
cells (HUVECs) were stimulatedwith MDP for
12h. mRNA expression of VCAM-1 and ET-1
was detected using real time polymerase
chain reaction (PCR). Scrambled control small
interfering RNA (siRNA) and NOD2 siRNA were
transfected into HUVECs using Lipofectamine
2000 reagent (Invitrogen, Waltham,MA, USA).
Furthermore, pyrrolidine dithiocarbamatewas
adopted to investigate the effect of nuclear
factor κB (NF-κB) on NOD2-mediated VCAM-1
and ET-1 gene expression in MDP-treated
HUVECs.
Results. Data showed that MDP significantly
increased VCAM-1 and ET-1 mRNA expression,

which was dependent on NOD2. In addition,
NF-κB inhibition suppressed NOD2-mediated
gene expression of VCAM-1 and ET-1.
Conclusion. Collectively, we confirmed NOD2
aggravated VCAM-1 and ET-1 gene expression
through NF-κB in HUVECs treatedwith MDP.

Keywords
Nucleotide-Binding Oligomerization Domain-
Containing Protein 2 (NOD2) · Vascular
cell adhesion molecule-1 · Endothelin-1 ·
Endothelial dysfunction · Cardiovascular
diseases

NOD2 induziert VCAM-1- und ET-1-Genexpression über NF-κB inmenschlichen
Nabelvenenendothelzellen mit Muramyldipeptid-Stimulation

Zusammenfassung
Zielsetzungen. Eine endotheliale Dysfunktion
ist an vielfältigen Aspekten der Gefäßbiologie
und an unterschiedlichen Stadien von Herz-
Kreislauf-Erkrankungen (CVDs) beteiligt.
NOD2 („nucleotide-binding oligomeri-
zation domain-containing protein“), ein
entscheidender angeborener Immunrezeptor
für Muramyldipeptid (MDP), wurde als
zentraler Regulator bei Herz-Kreislauf-
Erkrankungen beschrieben. In früheren
Veröffentlichungen haben wir dargelegt,
dass NOD2 eine wesentliche Funktion beim
MDP-getriggerten oxidativen Stress in
Endothelzellen (ECs) hat. Ob NOD2 jedoch am
Regulationsmechanismusder Expression von
VCAM-1 („vascular cell adhesion molecule-1“)

und ET-1 („endothelin-1“) beteiligt ist, ließ
sich nicht eindeutig klären.
Methoden. Humane Nabelvenenendothel-
zellen (HUVECs) wurden 12 h lang mit MDP
stimuliert.Wir konnten die mRNA-Expression
von VCAM-1 und ET-1 mittels Real-time-PCR
(Polymerasekettenreaktion) nachweisen.
„Scrambled control“ siRNA („small interfering
RNA“) und NOD2-siRNAwurdenmit Lipofecta-
mine 2000-Reagenz (Invitrogen, Waltham/MA,
USA) in HUVECs transfiziert. Ferner wurde
Pyrrolidindithiocarbamat eingesetzt, um die
Wirkung des nukleären Faktors κB (NF-κB)
auf die NOD2-vermittelte VCAM-1- und ET-
1-Genexpression in MDP-vorbehandelten
HUVECs zu untersuchen.

Ergebnisse. Die Befunde zeigten, dass MDP
die von NOD2 abhängige VCAM-1- und ET-1-
mRNA-Expression signifikant erhöhte. Darüber
hinaus supprimerte die NF-κB-Inhibition die
NOD2-vermittelte Genexpression von VCAM-1
und ET-1.
Schlussfolgerung. Insgesamt bestätigtenwir
die durch NOD2 beeinträchtigteVCAM-1- und
ET-1-Genexpression mittels NF-κB in mit MDP
vorbehandelten HUVECs.

Schlüsselwörter
Nucleotide-Binding Oligomerization Domain-
Containing Protein 2 (NOD2) · Vaskuläres
Zelladhäsionsmolekül-1 · Endothelin-1 ·
Endotheliale Dysfunktion · Kardiovaskuläre
Erkrankungen

Results

MDP up-regulated mRNA
expression levels of VCAM-1 and
ET-1

In order to examine the effect of MDP in
ECs, we treated HUVECs with MDP for
12hat a concentrationof10 μg/mL.From
the experimental data shown in . Fig. 1,
both VCAM-1 and ET-1 mRNA expres-
sion were significantly up-regulated by
MDP, especially VCAM-1. The mRNA

expression level ofVCAM-1 in theMDP-
treatedgroupwasmore thantwiceashigh
as the control group. These data suggest
that NOD2, the MDP specific receptor,
might play an important role inVCAM-1
and ET-1 gene expression in HUVECs.

NOD2 gene silence inhibited
VCAM-1 and ET-1 gene expression
in MDP-treated HUVECs

To assess the exact function of NOD2 in
the MDP-induced increase of VCAM-1

and ET-1 mRNA levels, NOD2-siRNA
was transfected intoHUVECswith Lipo-
fectamine 2000 regent according to the
manufacturer’s instructions. Our results
showed that there was no statistical dif-
ference between the two groups regard-
ing NOD2 siRNA or NOD2 siRNA with
MDP stimulation, based on the gene ex-
pression of VCAM-1 and ET-1 (. Fig. 2).
After NOD2 knockdown, VCAM-1 and
ET-1geneexpressionwereboth inhibited
in MDP-treated HUVECs. Thus, it con-
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Fig. 28NOD2 inhibition suppressedmRNAexpression of VCAM-1 (a) and ET-1 (b) inMDP-treated
HUVECs. Scrambled siRNAandNOD2 siRNA respectivelywere transferred intoHUVECs. VCAM-1 and
ET-1mRNAexpressionwere determinedby qPCR. *P< 0.05, **P< 0.01 and ***P< 0.001, vs. control.
NOD2 nucleotide-binding oligomerization domain-containing protein 2, VCAM-1 vascular cell ad-
hesionmolecule-1, ET-1 endothelin-1, siRNA small interfering RNA,HUVEChumanumbilical vein en-
dothelial cells,MDPmuramyl dipeptide, qPCRquantitative polymerase chain reaction

firmed that NOD2 plays a critical role in
VCAM-1 and ET-1 gene up-regulation.

VCAM-1 and ET-1 mRNA
expression levels down-regulated
by PDTC in MDP-treated HUVECs

NF-κB plays a regulatory role in immune
response and participates in inflamma-
tory cytokine production [24, 25]. It
was reported that LPS enhances expres-
sion of VCAM-1 via the NF-κB signal-
ing pathway in HUVECs [8]. Further-
more, ET-1 expression was up-regulated
byNF-κBinLPS-treatedECs[22]. There-
fore, we speculated that MDP induces

VCAM-1 and ET-1 gene expression via
NF-κB. Next, the HUVECs were pre-
incubated with PDTC, which is a spe-
cific inhibitor of NF-κB, for 2h before
MDP stimulation. Results indicated that
therewas a significantdifference between
the two conditions (. Fig. 3). Compared
to the MDP group, mRNA expression
of VCAM-1 and ET-1 were dramatically
suppressed in MDP-cultured HUVECs
treated with PDTC. Taken together, it
was noted that NF-κB is a critical me-
diator in NOD2-triggered VCAM-1 and
ET-1 gene overexpression in HUVECs
(. Fig. 4).

Discussion

Although research into NOD2-mediated
innate immune responses in the patho-
genesis of inflammatory diseases has re-
cently made great progress, our research
providesnewinsightsonNOD2inCVDs.
Vascular endothelium cells are now ac-
knowledged to be a major regulator of
vascular homeostasis [26, 27]. ECs dys-
function is a significant marker of CVDs
[28]. In the present study, we revealed
thatMDP,which is regardedasanagonist
of NOD2, induced mRNA expression of
VCAM-1 and ET-1 through NF-κB in
the HUVECs.

The innate immune response has been
reported to be definitely involved in the
chronic inflammation ofCVDs [5, 6, 29].
NOD2 which belongs to the NOD-like
receptor family is an important mediator
in the innate immune system. Growing
evidence has confirmed that NOD2 ac-
tivation triggers the caspase recruitment
domain (CARD) and then induces the
NF-κB signaling pathway in inflamma-
tory diseases [3, 5, 30]. Compared with
the low expression of NOD2 in healthy
arteries, its abundance in lesions signifies
that the activity of human atherosclero-
sis is associated with enhanced NOD2-
mediated innate immunity [5]. A previ-
ous study noted that NOD2 is minimally
expressed and readily induced by proin-
flammatory cytokines in ECs [23]. It
indicated that NOD2 is a potential target
for themodulationof vascular inflamma-
tion. However, there is still doubt of how
NOD2 is activated in ECs. An emerging
view has been that the gut microbiota
is likely the source of peptidoglycans in
atherosclerosis. Bacterial phylotypes in
atherosclerotic plaques are common to
gut microbiota [8]. In several reports,
peptidoglycans in vulnerable atheroscle-
rotic plaqueswere foundmore often than
in stable plaques [5], while MDP, known
as a component of most bacterial pepti-
doglycan, is the only specific ligand for
NOD2. Thus, we suggested that MDP
might trigger the NOD2 signal pathway
in ECs. Moreover, NOD2 plays an im-
portant role in the balance of gut micro-
biota communities [9]. Based on these
studies, our goal was to mainly focus on
the mechanism of NOD2-induced ex-
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Fig. 39 PDTC
suppressed the
mRNA expression of
VCAM-1 (a) andET-1
(b) inMDP-treated
HUVECs. HUVECs
were pretreated
with PDTC at
a concentration
of 100μM for 2h,
and then stimu-
latedwithMDPfor
12h. qPCRwas per-
formedtodetect the
mRNA expression of
VCAM-1 and ET-1.
*P< 0.05, **P< 0.01
and ***P< 0.001,
vs. control. PDTC
pyrrolidine dithio-
carbamate,VCAM-1
vascular cell adhe-
sionmolecule-1,
ET-1 endothelin-1,
HUVEChuman
umbilical vein en-
dothelial cells,MDP
muramyl dipeptide,
qPCR quantitative
polymerase chain
reaction

Fig. 48 Schematic representation showing theNOD2 signaling pathway in HUVECs. MDP stimula-
tionpromotedgeneexpressionofVCAM-1andET-1 inendothelial cells.VCAM-1vascularcell adhesion
molecule-1, ET-1 endothelin-1,HUVEChumanumbilical vein endothelial cells,MDPmuramyl dipep-
tide, qPCRquantitative polymerase chain reaction,NF-κBnuclear factor κB

pression of ET-1 and VCAM-1 rather
than other pro-oxidant cytokines.

VCAM-1, which functions as the me-
diatorof immunecellsmigration, is ama-
jor member in the immunoglobulin su-
perfamily of adhesion molecules [31].
ET-1 produced by vascular ECs is an
amino acid vasoconstrictor peptide and
is mainly expressed in the cardiovascular
system [32]. It has been demonstrated
that ET-1 overexpression leads to vas-
cular oxidative stress and inflammation,
which significantly contributes to devel-
opment of atherosclerosis [32–34]. Our
results showed that mRNA expression
levels of VCAM-1 and ET-1 are up-regu-
lated in HUVECs cultured withMDP for
12h, which suggests thatNOD2 invascu-
lar endotheliummight be a potential reg-
ulatorinadhesionmoleculesandET-1ex-
pression. Since VCAM-1 and ICAM-1
are both endothelial adhesion molecules
in the Ig gene superfamily, this is consis-
tentwith the report that lowexpressionof
NOD2 enabled ECs to express ICAM-1
in response to MDP [8]. In support of
our suggestion, we also investigated the
role ofNOD2 inMDP-inducedVCAM-1
and ET-1 expression. The data illustrate
thatNOD2 indeedmediates the gene lev-
els of VCAM-1 and ET-1 in HUVECs
stimulated with MDP. As cells lack-
ing NOD2 showed little VCAM-1 and
ET-1 gene expression, we speculated it
might be supplemented by other sig-
naling pathways. Furthermore, because
there was no significant difference be-
tweenthe twoNOD2-knockdowngroups
withMDP stimulation or without, it sug-
gested that NOD2 is one of the most
critical inducers.

Nevertheless, it still remains un-
known how NOD2 mediates VCAM-1
and ET-1 overexpression. Coinciden-
tally, we noticed that NOD2-mediates
IL-6, IL-8, and VCAM-1 expression in
the Porphyromonas gingivalis-induced
NF-κB signaling pathway [35]. Previous
studies indicated that NOD2 induces
NF-κB-dependent transcriptional ac-
tivity in HUVECs [23]. NF-κB is an
important modulator of ET-1 produc-
tion in the ECs [36]. In addition, NF-
κB participates in the inflammatory sig-
naling pathways in CVDs, leading to
the increase of VCAM-1 expression and
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monocyte adhesion [37, 38]. Therefore,
we investigated whether NF-κB was in-
volved in MDP-induced VCAM-1 and
ET-1 gene overexpression in HUVECs.
As expected, our results from this in-
vestigation showed that mRNA levels
of VCAM-1 and ET-1 are suppressed
by PDTC which serves as a NF-kB
inhibitor in HUVECs stimulated with
MDP. These investigations are in accor-
dance with the report that the expression
levels of VCAM-1 and ET-1 are up-reg-
ulated after LPS treatment [39]. Thus,
we confirmed that NF-κB plays a pivotal
role in the NOD2-mediated VCAM-1
and ET-1 gene expression in HUVECs.

Overall, this study concentrated on
NOD2-mediated VCAM-1 and ET-1
gene expression in ECs, thus, contribut-
ing to our understanding of the innate
immune mechanism of ECs. However,
since protein levels reveal the regulatory
mechanism more accurately and rigor-
ously, it would be more informative and
convincing if the protein expression data
of VCAM-1 and ET-1 were provided. As
significant exploration of NOD2 in the
pathological process of ECs is needed,
we will be conducting these protein
experiments in the future.

Conclusion

WeconfirmedthatMDPstimulationtrig-
geredmRNAoverexpressionofVCAM-1
and ET-1 in HUVECs. Although NOD2
expression in theECswas low, itwasa sig-
nificantmodulator inVCAM-1 andET-1
mRNA expression. Furthermore, NOD2
mediated VCAM-1 and ET-1 gene ex-
pression via NF-κB in HUVECs treated
with MDP.
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