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Abstract

Type 2 diabetes has a complex pathology that involves a chronic inflammatory state. Emerging evidence suggests a
link between the innate immune system receptor NOD4 (nucleotide-binding and oligomerization domain 1) and the
pathogenesis of diabetes, in monocytes and hepatic and adipose tissues. The aim of the present study was to
assess the role of NOD1 in the progression of diabetic cardiomyopathy. We have measured NOD21 protein in cardiac
tissue from Type 2 diabetic (db) mice. Heart and isolated cardiomyocytes from db mice revealed a significant
increase in NOD1, together with an up-regulation of nuclear factor kB (NF-«B) and increased apoptosis. Heart tissue
also exhibited an enhanced expression of pro-inflammatory cytokines. Selective NOD1 activation with
C4o-y-D-glutamyl-m-diaminopimelic acid (iEDAP) resulted in an increased NF-xB activation and apoptosis,
demonstrating the involvement of NOD1 both in wild-type and db mice. Moreover, HL-1 cardiomyocytes exposed to
elevated concentrations of glucose plus palmitate displayed an enhanced NF-«B activity and apoptotic profile, which
was prevented by silencing of NOD1 expression. To address this issue in human pathology, NOD1 expression was
evaluated in myocardium obtained from patients with Type 2 diabetes (T2DMH) and from normoglycaemic
individuals without cardiovascular histories (NH). We have found that NOD1 was expressed in both NH and T2DMH;
however, NOD1 expression was significantly pronounced in T2DMH. Furthermore, both the pro-inflammatory cytokine
tumour necrosis factor o (TNF-w) and the apoptosis mediator caspase-3 were up-regulated in T2DMH samples.
Taken together, our results define an active role for NOD1 in the heightened inflammatory environment associated
with both experimental and human diabetic cardiac disease.
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INTRODUCTION

Diabetes mellitus is the world’s fastest growing disease with high
rates of morbidity and mortality. A significant number of dia-
betic patients develop cardiomyopathy, mainly by presenting left
ventricular dysfunction independent of coronary artery disease
or hypertension. Diabetes is characterized by deregulated lipid
metabolism, insulin resistance, mitochondrial dysfunction and

disturbances in adipokine secretion and signalling [1]. Myocyte
loss and development of fibrosis contribute to the cardiac dys-
function observed in diabetic patients [1,2]. In addition, diabetes
is associated with a chronic inflammatory state characterized by
increased release of pro-inflammatory mediators [3—5]. In this
context, activation of the innate immune system not only medi-
ates the host response against pathogens, but can also contribute
to insulin resistance and diabetes progression [6-9]. Accordingly,

Abbreviations: CARD, caspase recruitment domain; COX2, cyclo-oxygenase 2; db mouse, Type 2 diabetic mouse; H&E, haemotoxylin and eosin; HFD, high-fat diet; IxB, inhibitor of
nuclear factor «B; IKK, inhibitor of nuclear factor xB kinase; iEDAR y-D-glutamyl-m-diaminopimelic acid; IL, interleukin; NF-«B, nuclear factor «B; NH, normoglycaemic individual(s)
without a cardiovascular history; NLR, nucleotide-binding and oligomerization domain-like receptor; NOD1, nucleotide-binding and oligomerization domain 1; NOS2, NO synthase 2;
RIP2, receptor-interacting protein 2; T2DMH, patient(s) with Type 2 diabetes; TLR, Toll-like receptor; TNF-«, tumour necrosis factor «; TUNEL, terminal
deoxynucleotidyltransferase-mediated dUTP nick-end labelling; wt mouse, wild-type mouse; X-IAR X-linked inhibitor of apoptosis.
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an increase of innate immune mediators such as Toll-like recept-
ors (TLRs) has been detected in monocytes isolated from Type 2
diabetic patients [10].

In addition to TLRs, the innate response includes a family
of cytoplasmic receptors that recognize components of micro-
organisms or abnormal/damaged host cells: the nucleotide-
binding and oligomerization domain-like receptors (NLRs) [11].
Currently, 22 members of the NLR family have been identi-
fied in humans [12-14]. Nucleotide and oligomerization do-
main 1 (NOD1) is an NLR subfamily member that, upon ac-
tivation, undergoes a conformational modification that allows
the recruitment and activation of the protein serine-threonine
kinase 2 [receptor-interacting protein 2 (RIP2)], resulting in nuc-
lear factor kB (NF-«B) activation and initiation of inflammat-
ory gene transcription. Dysregulation of NLR function has been
described in various diseases, including chronic inflammation,
autoimmunity and cancer pre-disposition [14,15]. Activation of
NODI1 signalling has been related to the progression of vascular
inflammation [16—19] and also to apoptosis [20,21]. Less inform-
ation is available on the role of NLR signalling in cardiac tissue;
however, we have reported previously that NOD1 is expressed
in the mouse heart, and NOD1 activation with the selective ag-
onist Cy,-y-D-glutamyl-m-diaminopimelic acid (referred to sub-
sequently as iIEDAP) induces cardiac fibrosis and apoptosis, and
also impairs cardiac function [22].

Interestingly, NOD1 has been detected in tissues involved dir-
ectly in glucose homoeostasis, such as liver, muscle and adipose
tissue [23]. Indeed, NOD1 agonists induce insulin resistance both
‘in vivo’ and ‘in vitro’ through alterations in glucose production
and clearance [7,24]. Recently, Shiny et al. [25] demonstrated that
monocytes obtained from patients with Type 2 diabetes (T2DMH)
have increased mRNA levels of NOD genes. To date, no data are
available concerning the role of NOD1 in the inflammatory re-
sponse in cardiac diseases, including those related to diabetes.
Thus, the objective of the present work was to assess the particip-
ation of NOD1 in cardiac inflammation linked to diabetes. On this
basis, we have determined NLR expression in hearts from db/db
mice (subsequently referred to as db), a rodent model for Type 2
diabetes. Moreover, to gain insight into human pathophysiology
of diabetes, we have assessed the presence of NOD1 in cardiac
tissue from T2DMH and in myocardium of normoglycaemic in-
dividuals without cardiovascular histories (NHs). Our results in-
dicate that the NOD1 pathway is up-regulated in myocardium in
both experimental and human diabetes and is associated with an
increased pro-inflammatory and apoptosis profile. Thus, NOD1
activation in the heart establishes a new paradigm for linking
NLRs to cardiac inflammation related to Type 2 diabetes.

MATERIALS AND METHODS

Ethics

All experiments on humans and mice were performed with the
approval of the Consejo Superior de Investigaciones Cientificas
(CSIC) and the La Paz Hospital human ethics and animal policy
and welfare (Ref. DGG28079-37-A) following recommendations
of the Spanish and European guidelines (2010/63/EU).

Animal model

The leptin-receptor-deficient db mice were used as a rodent model
for obesity and Type 2 diabetes; db/+ (subsequently referred to
as wt) mice were used as a wild-type group.

Chemicals
iEDAP was from InvivoGen and was used to selectively activate
NODI. Staurosporine was purchased from Calbiochem.

Cell isolation

Ventricular cardiomyocytes were isolated from control (wt) and
diabetic (db) mice using a standard enzymatic digestion as de-
scribed previously [26].

HL-1 culture

HL-1 cells were seeded in a fibronectin/gelatin (1 mg/ml
and 0.02%) coating matrix. Cells were maintained with
Claycomb medium (A.T.C.C.) supplemented with 10% FBS,
2 mmol/l L-glutamine, 0.1 mmol/l noradrenaline and 1% peni-
cillin/streptomycin. Cells were grown at 37°C in an atmosphere
of 5% CO,. Glucose plus palmitate supplementation was added
to 1% of acid-free BSA fraction V in Claycomb medium.

NOD1 siRNA silencing

A specific siRNA (sense: 5'-CCGUCUCACGGUUAUCAGALt-
3’; antisense: 5'-UCUGAUAACCGUGAGACGGct-3"; Ambion)
was used to silence the expression of the NOD1 gene; an equi-
valent scrambled sequence served as a control. HL-1 cells were
transfected with 100 nM of siRNA using Lipofectamine™ 2000
(Invitrogen). The degree of NOD1 knockdown was determined
by a fluorescein conjugate control of siRNA and by Western
blot analysis at 24 h and 48 h after transfection. The transfec-
tion efficiency of the siRNAs was 70-80 %. Transfection with a
scrambled siRNA did not modify the NOD1 levels in vehicle and
glucose plus palmitate-treated cells.

Glucose and palmitate supplementation and drug
treatment

Palmitate stock solution was prepared in DMSO. Controls cells
were treated with vehicle (BSA and DMSO). Glucose, palmitate
and actinomycin D were from Sigma.

Preparation of total protein cell extracts

Tissues/cells were homogenized using a handheld blender in lysis
buffer [50 mmol/l Tris/HCI (pH 7.0), 320 mmol/l sucrose and
1 mmol/I DTT plus a complete protease and phosphatase inhibitor
solution (Sigma)]. The homogenate was centrifuged at 13 000 g
for 10 min at 4°C, and supernatants were frozen and stored at
— 80°C for Western blot analysis. Protein concentrations were
determined by the Bradford assay (Bio-Rad).

Preparation of nuclear and cytosolic protein
extracts for p65 analysis

Cardiac tissue was homogenized by 10s sonication at 4°C
in homogenization cytosolic buffer [10 mmol/l Hepes (pH 8),
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10 mmol/l KCI, 1 mmol/l EDTA, 1 mmol/l EGTA and 0.5%
Nonidet P40]. Tissue pieces were vortex-mixed and centrifuged
at 12 000 g for 30 min. Supernatant was taken as the cytosolic
fraction. The pellet was re-suspended in 50 ul of ice-cold nuc-
lear buffer [20 mmol/l Hepes (pH 8), 0.4 mmol/l NaCl, 1 mmol/l
EDTA, 1 mmol/l EGTA and 20 % glycerol] and vortex-mixed at
4°C for 30 min. After centrifugation (12 000 g at4°C for 20 min),
the supernatant (nuclear fraction) was collected. All buffers con-
tained a protease and phosphatase inhibitor cocktail (Sigma).

Western blot analysis

Equal amounts of protein (20-80 ug) were separated by
SDS/PAGE (10-12 % gel). Proteins were size fractionated, trans-
ferred on to a Hybond-P membrane (GE Healthcare) and, after
blocking with 5% non-fat dry milk, incubated with the corres-
ponding antibodies. The blots were developed by the ECL pro-
tocol (GE Healthcare), and different exposure times were per-
formed for each blot with a charge-coupled device camera in
a luminescent image analyser (Molecular Imager, Bio-Rad) to
ensure the linearity of the band intensities. Values of densito-
metry were determined using Quantity One software (Bio-Rad).
Antibodies against NOD1, phospho-RIP2, RIP2, phospho-IKK
(inhibitor of nuclear factor «B kinase), IKK, phospho-Ix Ba (in-
hibitor of nuclear factor B «), Ik Ba, NOS2 (NO synthase 2),
COX2 (cyclo-oxygenase 2), p65, caspase-3, BAX and X-IAP
(X-linked inhibitor of apoptosis) were purchased from the Santa
Cruz Biotechnology or the Cell Signaling Technology. An anti-
[human NOD1 (hNOD1)] antibody was purchased from R&D
Systems.

RNA isolation and reverse transcription-PCR

RNA was extracted from cells using TRI Reagent® solution
(Ambion) and 1 ug was reverse-transcribed into cDNA using
the Transcriptor first strand cDNA synthesis kit (Roche).
Then, real-time PCR was performed with this template cDNA
adding FastStart Universal SYBR Green Master (Roche) and
the specific primers in a MyIQ thermocycler (Bio-Rad). Each
sample was run in duplicate and was normalized to 18S
RNA. The replicates were then averaged and fold induction
was determined by AAC;-based fold-change calculations.
Primers sequence were the following tumour necrosis factor o
(TNF-«) forward: 5'-CATCTTCTCAAAATTCGAGTGACAA-
3; reverse: 5-TGGGAGTAGACAAGGTACAACCC-3'; IL
(interleukin)-18 forward: 5'-GAAGCTGTGGCAGCTACCTG-
3’; reverse: 5'-GAAAAGAAGGTGCTCATGTCC-3’; IL-6 for-
ward: 5-CTGCAAGAGACTTCCATCCAGTT-3'; reverse:
5'-GAAGTAGGGAAGGCCGTGG-3'; 18S forward: 5-GC-
AATTATTCCCCATGAACGA-3'; reverse: 5'-AAAGGGAG-
GGACTTAATCAA-3'.

Cell death and viability detection

For detection and quantification of apoptosis, the terminal
deoxynucleotidyltransferase-mediated dUTP nick-end labelling
(TUNEL) commercial kit for cell death detection (Roche) was
used. The cell survival assay relies on the capacity of cells to re-
duce MTT (Calbiochem) to a coloured formazan in metabolically
active cells. Cardiomyocytes from both wt and db mice suspended
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Table 1
subjects
HbA,., glycated haemoglobin; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; ns, not significant.

Comparison of the biochemical data from human

Parameter NH (n=5) T2DMH (n=6) P value
Age (years) 41.4+78 72+23 P<0.01
Weight (kg) 71.24+3.3 81.9+16.9 ns

Glucose (mg/dl) 84.5+3.2 164.6+20.5 P<0.01
HDL-cholesterol (mg/dl) 545+2.0 30.2+38 P<0.01
LDL-cholesterol (mg/dl) 111.7+1.2 163.2+45.5 ns

LDL/HDL-cholesterol ratio 2.7+0.4 4.1+0.6 P <0.05
HbA1¢ (%) 44+0.1 6.9+0.7 P <0.05

in storage solution were incubated for 2 h with 0.5 mg/ml MTT
in the dark at 37°C, and then 100 1 of 50 % dimethylformamide
in 20% SDS (pH 4.7) was added. Absorbance was measured at
595 nm. All assays were performed in triplicate.

Human specimens

Myocardial samples from six T2DMH and five NH were obtained
during autopsy procedure at the La Paz Hospital. Human cardiac
samples were taken during the forensic autopsy (post-mortem
time <48 h). Post-mortem time was defined as the estimated
time from death to autopsy. Cardiac tissues were processed rap-
idly to avoid possible deleterious changes at the cellular level.
Full informed written consent was obtained from the family
of all donors. Biochemical data of all subjects are included in
Table 1. Gross and histopathological study of hearts from NH
and T2DMH did not show any acute myocardial lesions. For his-
topathological procedures, tissues were processed by fixing in
4% buffered formalin and embedded in paraffin wax. The dia-
betic complications registered in the autopsy history included a
patient who suffered an ictus and other individual who had acute
kidney failure.

Immunohistochemistry

Serial 5-um-thick transverse sections of left ventricular cardiac
tissue were mounted on glass slides and allowed to dry. Sections
were stained with haemotoxylin and eosin (H&E) or deparaffin-
ized, unmasked and peroxidase-blocked by incubating in 0.1%
H,0,; diluted in methanol, blocked in 1% BSA and 5% NGS
(normal goat serum) in TBS for 2 h and then exposed to anti-
NOD1 (1:100 dilution; R&D Systems), -TNF-« (1:400 dilution;
Abcam) or -caspase-3 (1:100 dilution; Cell Signaling) antibody
overnight at 4°C. Antibodies were labelled with a biotinylated
streptavidin-biotin method and visualized with diaminobenzid-
ine. Slides were then counter-stained with haematoxylin before
being dehydrated, cleared and mounted. Photographs were taken
with a microscope (Olympus CX40).

Statistics
Data are presented as means + S.E.M. Statistical significance
was assessed using a Student’s 7 test or ANOVA, followed by the
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Bonferroni’s test when appropriate. Differences with values of
P < 0.05 were considered statistically significant.

RESULTS

Expression of NOD1 in the myocardium of diabetic
mice

As previous evidence suggests that NOD1 can participate in
diabetes [7,27-29], we have evaluated the expression of NOD1
in the myocardium of a transgenic db mouse model. db mice
manifest several indicators common to patients with Type 2 dia-
betes, including obesity, hyperglycaemia, hyperinsulinaemia and
depressed cardiac function [30-33]. Accordingly, db mice were
significantly heavier than their wt counterparts and had increased
blood concentrations of glucose and insulin (Supplementary
Figure S1 at http://www.clinsci.org/cs/127/cs1270665add.htm).
NOD1 protein expression, detected by Western blot analysis, was
found in cardiac tissue from both db mice and corresponding wt
mice; however, expression was significantly greater in db mice
(Figure 1A, P < 0.01 compared with wt mice). Together with el-
evated NODI levels, cardiac tissue from db mice also exhibited
an increase in the phosphorylation of the NOD1 adapter RIP2 that
leads to NF-« B activation [34], demonstrated by increased levels
of phospho-IKK/IKK and phospho-l« Ba/IxBa (Figure 1A) and
nuclear enrichment of p65 (Figure 1A, right panel). Interestingly,
hearts from db mice also contained elevated levels of NOS2
and COX2, consistent with NF-« B activation (Figure 1B). These
changes were also accompanied by significant increases in the
levels of the pro-inflammatory cytokines TNF-«, IL-6 and IL-18
in hearts from db mice relative to wt mice (Figure 1B).

To validate these results in a second diabetes model, we
have determined NOD1 expression in cardiac tissue from mice
subjected to a high-fat diet (HFD) to provoke obesity. Pre-
dictably, mice fed on the HFD for 12 weeks were signific-
antly heavier than chow-fed littermates and had significantly
greater levels of serum glucose and insulin (Supplementary
Figure S2 at http://www.clinsci.org/cs/127/cs1270665add.htm).
Notably, HFD-fed mice also demonstrated increased expression
of NODI in heart tissue compared with chow-fed littermates
(Supplementary Figure S2). Thus, in two independent models
of hyperglycaemia, NODI1 protein is elevated in cardiac tissue.

Given that cardiac apoptosis participates in the pathogenesis
of diabetes [2], and a direct relationship between NOD1 activation
and apoptosis induction has been previously established [20,21],
we next questioned whether NOD1 activation was responsible for
cardiomyocyte apoptosis. Thus, TUNEL assays were performed
on cardiac tissue, and we have measured activated caspase-3, X-
IAP and BAX protein in db and wt mice. In contrast with tissue
from wt mice, ventricular tissue from db mice contained higher
levels of the pro-apoptotic proteins caspase-3 and BAX and lower
levels of the anti-apoptotic mediator X-IAP (Figure 1C). A similar
result was obtained by TUNEL staining (Figure 1D), showing a
greater degree of DNA fragmentation in cardiac tissue from db
mice (7.7 = 4.1 % of TUNEL-positive cells in db mice compared
with 0.9 + 1.0% in wt mice).

Cardiomyocytes isolated from hearts of db mice
exhibit NOD1 activation and increased apoptosis
To assess whether the pathological changes observed in the hearts
of db mice were related to changes at the level of the cardiomyo-
cyte, we have isolated cardiomyocytes from hearts of db and wt
mice and analysed the expression of NOD1. Immunostaining of
cardiomyocytes from wt and db mice revealed intense NOD1
reactivity in cardiomyocytes from db mice and reduced stain-
ing in cells from wt mice (Figure 2A). Similarly, Western blot
analysis demonstrated a 3-fold increase in NOD1 expression in
cardiomyocytes from db mice relative to controls (Figure 2B).
In addition, NF-«B activation and expression of the COX2 tar-
get gene was also significantly greater in cardiomyocytes isolated
from hearts of db mice (Figure 2B). Furthermore, cardiomyocytes
isolated from hearts of db mice were more apoptotic, measured
as the number of TUNEL-positive cells (Figure 2C), and their vi-
ability was reduced, as determined by an MTT assay (Figure 2D).
Consequently, cardiomyocytes from db mice had greater levels of
the pro-apoptotic proteins caspase-3 and BAX, together with re-
duced levels of the anti-apoptotic protein X-IAP (Figure 2E). Fi-
nally, to assess whether cardiomyocytes from db mice were more
sensitive to cell death/apoptosis, we have treated cardiomyocytes
from both db and wt mice with the alkaloid staurosporine to
induce apoptosis. Interestingly, staurosporine-induced apoptosis
was maximal in cells isolated from hearts of db mice, and they
also exhibited the greatest loss in cell viability (Supplementary
Figure S3 at http://www.clinsci.org/cs/127/cs1270665add.htm).

Selective stimulation of NOD1 induces activation of
NF-«B and apoptosis

Given the results described above, we next investigated whether
specific activation of NOD1 would lead to a similar inflammat-
ory profile and activation of apoptosis in mice. To do this, we
have taken advantage of the selective NOD1 agonist iEDAP
[35,36]. wt and db mice were treated daily with an intraperi-
toneal injection of iEDAP (5 ug/g of body weight), or vehicle,
over a 2-week period, and hearts were examined for activation
of NOD1. Western blot analysis of heart tissue demonstrated
that, compared with control mice, wt mice injected with iEDAP
exhibited a statistically significant increase in both phospho-
IKK/IKK and phospho-IxBa/I«k Ba expression and the NF-«B
target genes NOS2 and COX2 (Supplementary Figure S4A at
http://www.clinsci.org/cs/127/cs1270665add.htm) to levels com-
parable with those found in db mice. In addition, iEDAP treatment
of db mice further increased the expression of these inflammat-
ory markers (Supplementary Figure S4A). As anticipated, ana-
lysis of TUNEL-positive nuclei in treated and non-treated mice
revealed that NOD1 activation by iEDAP increased the number
of apoptotic cells in heart tissue compared with vehicle-treated
animals (Supplementary Figure S4B). This was accentuated in
iEDAP-treated db mice. Finally, analysis of pro-apoptotic protein
expression mirrored the TUNEL analysis (Supplementary Figure
S4C) and showed that iEDAP treatment up-regulates caspase-3
and BAX, while reducing X-IAP. Collectively, these results rein-
force our findings in db mice and indicate that NOD1 stimulation
is associated with increased apoptosis and inflammatory gene
activation.
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Cardiac expression of NOD1, NF-«B and apoptotic pathways are enhanced in db mice

(A) Left panel shows representative immunoblots of NOD1, phospho-RIP2, RIP2, phospho-IKK, IKK, phospho-lxBa, NOS2
and COX2 in hearts from wt and db mice. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization.
Central panel shows histograms representing the mean + S.E.M. values, expressed as a percentage compared with wt
mice (100 %); n=4-6 animals. Right panel shows a representative example of p65 distribution in cytosolic and nuclear
fractions in the wt and db groups. (B) Fold induction of cardiac expression of TNF-«, IL-6 and IL-13 in hearts from db
mice (shaded) relative to wt mice (white). (C) Left panel shows representative immunoblots of activated caspase-3, BAX
and X-IAP obtained from heart tissue of wt and db mice and the corresponding densitometry (right panel, n=4). GAPDH
was used for normalization of loading. (D) Representative images of TUNEL (green) and DAPI (blue) staining in cardiac
tissue sections of db and wt mice (x40, 5 um/slide). Mean + S.E.M. values of TUNEL-positive cells have been added to
the images. Light transmission of TUNEL preparations point to cardiomyocytes as the main apoptotic phenotype involved.
Data are expressed as means + S.E.M. compared with wt mice (100 %). *P < 0.05, **P < 0.01 and **P < 0.001 compared
with wt mice.
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High concentrations of palmitate and glucose
induce the up-regulation of NOD1 and apoptotic
signalling in HL-1 cells

In an attempt to mimic the diabetes-like pathological micro-
environment found in vivo, we have used the HL-1 cardi-

omyocyte cell line, exposed these cells to high concentra-
tions of glucose plus palmitate (lipid-induced insulin resist-
ance model) for 48 h and assessed changes to the NOD1 sig-
nalling pathway. As expected, exposure of HL-1 cells to gluc-
ose plus palmitate resulted in lipid accumulation together with

© The Authors Journal compilation © 2014 Biochemical Society 669
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Figure 2 Cardiomyocytes isolated from db mice overexpress NOD1 and exhibit sustained activation of NF-<B and apop-
tosis pathways
(A) Confocal microscopy images of a representative cardiomyocyte isolated from the heart of a wt and db mouse stained for
NOD1. (B) Immunoblot analysis of NOD1 signalling. Left panel shows representative blots of NOD1, phospho-RIP2/RIP2,
phospho-IKK/IKK, phospho-lkBa/lkBa and COX2 from isolated cardiomyocytes of wt and db mice. Right panel shows the
means + S.E.M. (n =4 cell preparations) expressed as a percentage compared with wt mice (100 %). (C) Representative
TUNEL assay of cardiomyocytes from wt and db mice (green staining is TUNEL positive nuclei; blue corresponds to DAPI
nuclei staining). Means + S.E.M. are represented in (D); right panel shows cell viability measured by MTT (n = 4-6 assays
per condition). (E) Representative immunoblots of activated caspase-3, BAX and X-IAP in isolated cardiomyocytes from
hearts of wt and db mice. Means + S.E.M. are expressed as a percentage of wt mice (100 %).*P < 0.05 and **P < 0.001
compared with wt mice (n =4 cell preparations).

impairment of insulin signalling (Supplementary Figure S5 at phosphorylation and NOS2 induction were increased similarly
http://www.clinsci.org/cs/127/cs1270665add.htm). In addition, upon treatment (Figure 3B). Notably, siRNA silencing of NOD1
HL-1 cells treated with glucose and palmitate showed increased decreased the activation of downstream targets, including RIP2
expression of NOD1, as measured by immunofluorescence (Fig- and NOS2, in HL-1 cells exposed to glucose and palmitate
ure 3A) and Western blot analysis (Figure 3B). Moreover, RIP2 (Figure 3B). Importantly, exposure of HL-1 cardiomyocytes
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separately to glucose or palmitate failed to induce changes in
NODI1 expression (results not shown). The addition of glucose
plus palmitate to HL-1 cells also promoted the activation of pro-
apoptotic pathways, increasing activated caspase-3 and decreas-
ing the anti-apoptotic protein X-IAP (Figure 3C). Significantly,
activation of apoptosis was prevented in cardiomyocytes silenced
for NOD1 expression (Figure 3C). Importantly, NODI silencing
did not affect pro-inflammatory and pro-apoptotic pathways un-
der basal conditions (results not shown). To determine whether
high glucose/fatty acid treatment up-regulated NOD]1 at the tran-
scriptional level, we have treated HL-1 cells as before together
with a selective inhibitor of transcription (actinomycin D). Res-
ults revealed that the addition of actinomycin D prevented NOD1
up-regulation induced by the high glucose/fatty acids adminis-
tration (Figure 3D), demonstrating that the increase in NOD1
expression occurs at the level of transcription.

NOD1 is overexpressed in the myocardium of
diabetic patients

Having demonstrated the activation of NODI1 in diabetic mur-
ine myocardium, we next sought to identify whether a similar
situation occurred in human pathology. To this end, we have
measured NODI protein expression in myocardium samples of
left ventricle from T2DMH and NH. Table 1 gives the human
biochemical data from the patients. Representative immunohis-
tochemistry images of NOD1 expression in a sample from an
NH and T2DMH are shown in Figure 4. Transversal sections
were stained with H&E to distinguish the underlying histology
(Figures 4a and 4b). NOD1 expression was marked signific-
antly in both transversal (Figures 4c and 4d) and longitudinal
(Figures 4e and 4f) sections of T2DMH compared with NH.
Importantly, no background staining was observed when us-
ing only the secondary antibody (Supplementary Figure S6 at
http://www.clinsci.org/cs/127/cs1270665add.htm). In addition,
immunofluorescence analysis showed that NOD1 protein expres-
sion in T2DMH was increased significantly (1.9 + 0.1 arbitrary
units in T2DMH compared with 1.1 £ 0.1 arbitrary units in NH;
P < 0.01; Supplementary Figure S7 at http://www.clinsci.org/cs/
127/cs1270665add.htm). Consistent with our in vitro experi-
ments, immunohistochemical analysis suggested NOD1 over-
expression in the cardiomyocyte population, defined as easily
identifiable rod-shaped cells in longitudinal sections (Figures 4e
and 4f, and Supplementary Figure S7). Furthermore, sections
of hearts from T2DMH showed increased staining for the pro-
inflammatory cytokine TNF-« (Figure 5A) together with a higher
percentage of cells stained positively for caspase-3, compared
with sections of hearts from NH (1.7 +0.2%o of caspase-3-
positive cells in T2DMH compared with 0.0 + 0.0 %o found in
NH; P < 0.01, Figure 5B).

DISCUSSION

In the present report, we have demonstrated that the myocardium
from mouse models of diabetes and human myocardium of pa-
tients with Type 2 diabetes overexpress the receptor of the innate
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immune system NODI1. This up-regulation occurred in cardio-
myocytes and was associated with an increased apoptotic profile.

During their lifetime, humans are confronted frequently with
pathogens. To resolve an infectious process, the innate immune
system uses a complex signalling network to modulate the del-
icate balance between stimulation and inhibition of host immune
responses. Imbalances in the innate immunity system promote
chronic inflammatory and autoimmune processes that can po-
tentially participate in the onset of several pathologies including
diabetes [7,37]. In this context, it has been proposed that some
mediators of the innate immune response might contribute to
ongoing obesity-associated insulin resistance, indicating a con-
nection between innate immunity and metabolic regulation. Both
TLRs and NLRs, the most prominent mediators of the innate
immune system, participate in coronary heart disease, myocar-
dial infarction and diabetes [5,8,38-40]. NOD1, a member of the
NLR family, has been associated with the induction of chronic in-
flammatory disorders, such as atopic eczema and asthma [41,42].
These examples underscore the importance of this receptor in the
regulation of the immune response [43,44], including NF-«B ac-
tivation, cytokine production and induction of apoptosis [45,46].
At the vascular level, NOD proteins can mediate several inflam-
matory responses [16,17]. However, despite the marked progress
in understanding the role of NLR/NOD signalling in host de-
fence, their contribution to inflammatory cardiac disorders re-
mains poorly characterized [47].

Recent studies point to a direct relationship between NOD
proteins and diabetes. In this respect, some studies have reported
that NOD proteins participate in insulin resistance and inflammat-
ory responses in hepatocytes from diabetic mice [7]. Cross-talk
between diabetes-related inflammation and NOD1 activity ap-
pears to be a relevant physiopathological condition in some tar-
get tissues, such as the heart. In addition, other pro-inflammatory
mediators have been considered as a bridge between metabol-
ism and the immune system. This is the case with TLRs, which
are additional pattern-recognition receptors implicated in insulin
resistance. Accordingly, TLR4 has been proposed as an immune
receptor that can alter metabolism [9] and can recognize not only
exogenous but also endogenous ligands, for example modified
low-density lipoprotein (LDL) [38], an established cardiovascu-
lar risk factor for Type 2 diabetes linked to obesity.

In the present report, we have demonstrated that cardiac tissue
from mice with Type 2 diabetes expresses higher levels of NOD1,
together with increased production of pro-inflammatory cy-
tokines including TNF-«, IL-18 and IL-6. Supporting these find-
ings, other studies have described that NOD1 activation promotes
insulin resistance in adipocytes and hepatocytes [7,24,27,28].
Moreover, monocytes isolated from patients with Type 2 diabetes
have higher expression of NOD1 compared with normoglycaemic
individuals [25]. Furthermore, Schertzer et al. [7] have demon-
strated in a model of Type 2 diabetes induced by an HFD that the
absence of NOD protects against lipid accumulation and insulin
resistance. Collectively, these observations support the involve-
ment of NOD1 in metabolic disorders.

Regarding the mechanism responsible for activation of
NOD1 in the heart of db mice, a plausible explanation might be
that NOD1 is activated by fatty acids. This notion is supported by
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HL-1 cardiomyocytes incubated with high doses of glucose and palmitate promote NOD1 pathway activation

(A) Representative immunostaining of NOD1 obtained in HL-1 cardiomyocytes incubated 48 h with vehicle (Veh.) or
with 50 mmol/I glucose plus 200 umol/l palmitate (G + P); a negative control of each example is shown in the inset.
Mean fluorescence values + S.E.M. in arbitrary units are inserted in the images. (B) Representative blots of NOD1,
phospho-RIP2/RIP2 and NOS2 obtained in HL-1 cells treated with Veh., G+ P or G+ P + siRNA of NOD1 (G + P + siRNA).
(C) Left panel shows representative blot of activated caspase-3 and X-IAP obtained in Veh., G+ P and G + P + siRNA-treated
cells. (D) Representative blot of three different experiments representing NOD1 expression in HL-1 cells treated with Veh.,
G+PorG+P+0.1 ug/mlactinomycin D (G + P + Ac). Means + S.E.M. (n = 3-5) are expressed as a percentage compared
with wt mice (100 %). *P < 0.05, **P < 0.01 and **P < 0.001 compared with Veh.

our findings in cardiomyocytes treated with high concentrations
of glucose and palmitate. This environment leads to transcrip-
tional up-regulation of NODI1, together with activation of down-
stream signalling. Importantly, this activation was abrogated by
siRNA silencing of NODI (Figure 3). Indeed, Zhao et al. [48]
showed that increased lipid metabolites, associated with Type 2
diabetes, can be detected by NOD proteins, and, more recently,
Cuda et al. [28] described that the Glu266Lys polymorphism

in the NODI gene affects the relationship between nutritional
saturated fatty acid intake and insulin sensitivity.

Up-regulation of NODI1 oligomerization through its
nucleotide-binding domain results in activation of different path-
ways, of which the best characterized is NF-«B [23]. Our data
show that NF-«B is activated in cardiac tissue of db mice
(Figure 1). The sustained up-regulation of the NOD1/NF-«B
axis observed in the hearts of db mice correlates with NLR
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Figure 4
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NOD1 is up-regulated in cardiac tissue from Type 2 diabetic patients

Representative H&E-stained slides of hearts from NH (a) and T2DMH (b) (x10). (c—e) Immunohistochemistry staining
demonstrating that NOD1 is overexpressed in both transversal (¢, d, x10; insert x40) as well as longitudinal (e, f, x40)
myocardial sections of hearts from T2DMH relative to NH. Bar=100 pm.

activation in isolated cells. Thus, our results provide evidence
of functional activation of the classical NF-«B pathway, includ-
ing phosphorylation of IKK, and the expression of target genes
such as COX2 and NOS2. NF-«B activation induced by NOD1
is the result of an interaction between the caspase recruitment
domain (CARD) of NODI and the equivalent CARD of RIP2
[23], a kinase that specifically amplifies downstream signalling
from NOD proteins but not from other TLRs [49-51]. The pre-
cise function of this kinase is not fully elucidated, but studies
with genetic mouse models suggest that RIP2 activity is required
for an appropriate innate immune response promoted via NOD
receptors [52]. We have demonstrated that RIP2 is activated in
both the hearts and cardiomyocytes of db mice, corroborating

the pathway activation of this NLR in the cardiac milieu in our
models.

Apoptotic events have been implicated in the diabetic process
[53], although the precise mechanism(s) remain unknown. NLR
proteins harbour functions beyond those engaged with the innate
immune response, including the regulation of cell death [23,54].
Our previous work established that NOD1 activation induces ap-
optosis in the heart and in isolated cardiomyocytes [22]. In the
present study, we have shown that both cardiac tissue and isolated
cardiomyocytes from db mice display a prominent pro-apoptotic
profile, exhibiting a greater degree of DNA fragmentation com-
pared with wt mice. Furthermore, pro-apoptotic mediators, such
as activated caspase-3 and BAX, were increased, whereas cell

© The Authors Journal compilation © 2014 Biochemical Society

673



P. Prieto and others

Figure 5

TNF-« and caspase-3 are up-regulated in myocardium of Type 2 diabetic individuals

(A) Myocardial longitudinal sections of hearts from NH and T2DMH were stained with an antibody to TNF-« (x40); images
from transversal sections are inserted in each photomicrograph. (B) Myocardial sections from NH and T2DMH were stained
with an antibody to caspase-3 (x40). Caspase-3 staining in both transversal (b) and longitudinal (d) sections of T2DMH
shows a high expression of this mediator compared with NH (a, ¢).

viability and the anti-apoptotic protein X-IAP were reduced in
cardiac tissue and cardiomyocytes from db mice. These results
were validated in the HL-1 cardiomyocyte cell line. HL-1 cells
treated with high concentrations of glucose plus palmitate dis-
played a pro-apoptotic profile, which was lost upon NOD1 silen-
cing. This relationship between NODI activation and caspase-
dependent apoptosis is well established by several groups, in-
cluding ours [20,21,23]. Indeed, the CARD of NLR proteins can
interact with the homologous CARD of caspases, triggering an
induction of apoptosis. Reinforcing these results, treatment of db
mice with a selective agonist of NOD1 induces both NF-«B and

apoptosis pathways (Supplementary Figure S4), demonstrating
the sensitivity of the db model to apoptosis induction by specific
NOD1 stimulation.

In an attempt to connect our murine data to human patho-
logy, we have analysed NODI protein in cardiac tissue from
T2DMH and NH. Immunohistochemistry and immunofluores-
cence demonstrated that T2DMH samples exhibited greater
NODI expression than NH; this increase was detected notably
in cardiomyocytes. Furthermore, levels of the pro-inflammatory
cytokine TNF-o were also enhanced in T2DMH compared with
NH. Finally, consistent with our results, in the db mice model, the
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T2DMH group also showed increased levels of the pro-apoptotic
mediator caspase-3. To the best of our knowledge, this is the
first demonstration of NLR activity in the human heart. In this
context, other mediators of the innate immune system, such as
TLR4, are increased in human failing myocardium [55], support-
ing the idea of cross-talk between innate immune mediators and
cardiovascular disease.

During the last decade, the role of the inflammatory response
during the onset of diabetes and potential inhibition of inflam-
matory mediators as alternative or complementary strategies for
the management of this disease has received increased attention
[56]. Moreover, some evidence supports the idea that chronic
inflammation can be a consequence of an inability to shut down
the inflammatory response. This is supported by studies demon-
strating spontaneous inflammatory events in patients and animals
with particular mutated or disrupted genes. Importantly, some of
these genes encode proteins which are known to be highly pro-
inflammatory, such as the transcription factor NF-«B, emphas-
izing the complexity of immune regulation. Although further
studies will be required to address the specific role of NODI1 in
diabetic cardiomyopathy, the present report uncovers a new im-
mune player in the heightened inflammatory response in both
human and murine diabetic diseases.

CLINICAL PERSPECTIVES

® NODI activity is associated with many pro-inflammatory con-
ditions; however, little is known regarding its contribution to
cardiovascular pathologies.

® Qur data in animal models and in patients provide strong
evidence for an association between Type 2 diabetes and over-
expression of NOD1 in cardiac tissue. In addition, we have
provided functional evidence, which links the up-regulation
of NODI to its activation and contribution to chronic low-
grade inflammation in the heart.

® [Inhibitors of NODI are potential therapeutics for diseases
with an inflammatory component. The present study identi-
fies relevant targets to assess their potential efficacy in the
management of cardiac dysfunction in Type 2 diabetes. Un-
ravelling the therapeutic value of pharmacological inhibitors
of NOD1 might provide additional tools for the assessment of
cardiac dysfunction associated with up-regulation of NOD1.
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MATERIALS AND METHODS

HFD feeding

For the high-fat diet (HFD) exeriments, 4-week-old C57BL/6J
male mice (wt) weighing 16—18 g were housed under a 12/12-h
light—dark cycle in a temperature-controlled room (22 °C), with
standard food and water available ad libitum. Mice were divided
into two groups of similar average body weight, housed four
per cage and assigned to either a control regular chow diet or a
42% HFD (TD. 88137, Harlan Laboratories). Body weight and
food intake were monitored once per week. After 12 weeks of
treatment, mice were killed, and heart tissues were snap-frozen
in liquid nitrogen and stored at — 80°C.

Glucose and insulin determination

Plasma glucose was measured in a Reflotron plus (Roche). Insulin
was quantified with the Rat/Mouse Insulin 96-Well Plate Assay
Kit.

Immunofiuorescence staining

HL-1 cells were seeded on to sterile eight-well Chamber Slides
(Falcon) and fixed with 2 % paraformaldehyde for 10 min. Cells
were permeabilized in ice-cold methanol and incubated with 3 %
BSA for 30 min. After incubation with a rabbit antibody against
glucose transporter 4 (GLUT-4) (1:500 dilution; Abcam) at 4°C
overnight, cells were washed with PBS followed by incubation
with Alexa Fluor® 488-conjugated goat anti-rabbit secondary an-
tibody (1:500 dilution; Molecular Probes) for 1 h at room temper-
ature. Coverslips were mounted in Prolong Gold antifade reagent
(Molecular Probes) and examined using a Leica TCS SPS5 spec-
tral confocal microscope. Alexa Fluor® fluorescence was excited
using the 488 nm line of an argon laser and emission collected
through a band-pass filter (505-530 nm). DAPI fluorescence was
excited using a mercury lamp (band-pass 365/12) and emissions

1These authors contributed equally to the study.

collected through a band-pass filter (480-520 nm). Fluorescence
intensity measurements were performed using ImageJ software
(NTH).

Immunohistochemistry of human samples

Samples were deparaffinized and then blocked by incubation for
60 min at room temperature with TBS, at pH 7.6, containing
10% goat serum and 1.5% BSA. Sections were then incubated
overnight at 4°C with an anti-NODI antibody followed by three
5-min washes with TBS. Bound primary antibody was detected
by incubation for 45 min with biotinylated horse anti-goat sec-
ondary antibody (1:50 dilution; Vector Laboratories), followed
by three 5-min washes with TBS and then incubation for 30 min
with streptavidin conjugated to Alexa Fluor® 488 (1:1000 dilu-
tion; Molecular Probes). Slides were washed again three times in
TBS, rinsed once briefly in water and mounted under a coverslip
with VectaShield mounting medium with DAPI (Vector Laborat-
ories). Samples were visualized by epifluorescence microscopy.
Epifluorescence microscopy was performed on a Leica AF6000
by using a x20 dry objective lens. Emission/excitation filters
for DAPI and Alexa Fluor® 488 were used. A sample with no
primary antibody was always included to control for background
generated by the secondary antibody.

Quantification of lipid incorporation by HL-1 cells

Accumulation of lipid by HL-1 cells was determined using the
lipophilic Nile Red fluorescent dye. Cells were incubated for
48 h with 50 mmol/l glucose and 200 pmol/l palmitic acid. HL-1
cells were trypsinized and centrifuged for 5 min at 200 g at 4°C.
Cell pellets were re-suspended and fixed with 2% paraformal-
dehyde at 4°C. For flow cytometry, cells were sedimented as
described above, re-suspended in PBS with a final Nile Red con-
centration of 0.4 ug/ml (30 min). Fluorescence emission was

Correspondence: Dr Maria Ferndndez-Velasco (email mvelasco@iib.uam.es or maria.fernandez@idipaz.es) or Professor Lisardo Bosca (email Ibosca@iib.uam.es).
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Figure S1 Body weight and plasma levels of glucose and insulin in db mice
Body weight (A), glucose (B) and insulin (C) plasma levels obtained in db mice. Data are expressed as means + S.E.M.
of the percentage of the corresponding wt mice (100 %). ***P < 0.001 compared with their corresponding wt mice.
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Figure S2 NOD1 protein expression, body weight, and plasma levels of glucose and insulin obtained in HFD-treated mice
Representative immunoblot and average data of NOD1/GAPDH expression obtained in cardiac tissue of wt mice and
HFD-fed mice (A). Body weight (B), and glucose (C) and insulin (D) plasma levels obtained in HFD-fed mice for 12 weeks.
Data are expressed as means + S.E.M. of the percentage of the corresponding wt mice (100%). *P < 0.05 and **P <

0.001 compared with the corresponding wt.

detected between 564 nm and 604 nm with band-pass filter using
FACScan flow cytometer (FC-500 Becton Dickinson). Data ana-
lysis was presented using forward scatter (FSC) compared with

fluorescence, where the percentage of lipid accumulation was
calculated on the basis of the cells stained with high fluorescence
values.
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Figure S3 Staurosporine induces apoptosis in isolated native cardiomyocytes
Staurosporine (100 ng/ml) decreases cell viability (left panel) and increases the TUNEL-positive nuclei (right panel) in
cardiomyocytes from wt and db mice. Data are expressed as means + S.E.M. of the percentage of the corresponding wt
mice (100 %); n=3-5 animals per condition. *P < 0.05 compared with wt mice; ¥P < 0.05 compared with db mice.
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Figure S4 Selective stimulation of NOD1 induces NF-«B and ap-
optotic pathway activation

Animals received intraperitoneal iEDAP (5 ug/g of body weight; iE), a
selective agonist of NOD1, or vehicle. After 2 weeks of treatment up-reg-
ulation of phospho-RIP2/RIP2, phospho-IKK/IKK, phospho-lkBe/lkBa,
NOS2 and COX2 proteins were observed in hearts from wt and db mice
(A). IE administration also promoted an increase in the number of TUN-
EL-positive nuclei (B), caspase-3 and BAX levels, and a decrease in
X-IAP protein levels (C). Data are expressed as means + S.E.M. com-
pared with the corresponding wt mice (100 %). *P < 0.05 compared with
wt mice; 4P < 0.05 compared with db mice; n = 4-6 animals.
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Figure S5
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HL-1 cells incubated with palmitate and glucose reveal changes in insulin signalling and lipid accumulation
(A) Nile Red fluorescence staining demonstrates lipid incorporation in HL-1 cells incubated for 48 h with 50 mmol/I
glucose and 200 umol/I palmitate. Left panel shows an example obtained in vehicle-treated cells (Veh.) and the right
panel illustrates an example obtained in cells incubated with glucose and palmitate (G+P). The mean values have
been added to the Figure (n = 3). (B) Representative immunoblots of phospho-Akt/Akt, phospho-InsulinR/InsulinR (insulin
receptor) and GAPDH from cells treated for 48 h with Veh. or with 50 mmol/I glucose and 200 pmol/I palmitate (G + P)
and treated with insulin (100 nmol/I) for 5 min prior to collection. Insulin failed to phosphorylate both the Akt and InsulinR
in G + P-treated cells. Representative immunoblots from three different experiments. (C) Immunofluorescence of GLUT-4 in
HL-1 cells incubated with 50 mmol/I glucose and 200 pumol/I palmitate (G + P) for 48 h and treated with insulin (100
nmol/I) for 5 min. Vehicle-treated cells (Veh.) incubated with insulin for 5 min showed a prominent GLUT-4 transmembrane
localization (arrows) compared with vehicle-treated cells under basal conditions (left panel). G + P-treated cells incubated
with insulin did not show GLUT-4 transmembrane localization, suggesting that G + P-treatment induces an impairment in
insulin-induced glucose transporter localization.
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Figure S6 Negative control for NOD1 immunohistochemistry staining
Longitudinal heart section incubated with a mouse IgG instead of the primary antibody for NOD1. Scale =100 um.

Figure S7 NOD1 is up-regulated in the myocardium of T2DMH
Myocardial sections of NH and T2DMH were stained with a NOD1 antibody (x40). Bright-field phase-contrast images are
shown in panels (a) and (b). NOD1 staining revealed high expression of this NLR in T2DMH compared with NH (e, d).
Negative controls obtained for each sample are shown in the insets.
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