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ARTICLE INFO ABSTRACT

Keywords: Chronic inflammation contributes to obesity mediated metabolic disturbances, including insulin resistance.
Nod1l Obesity is associated with altered microbial load in metabolic tissues that can contribute to metabolic in-

Lipolysis ) flammation. Different bacterial components such as, LPS, peptidoglycans have been shown to underpin meta-
Inflammation bolic disturbances through interaction with host innate immune receptors. Activation of Nucleotide-binding
Kl(;:t;;rtr;rsnumty oligomerization domain-containing protein 1 (Nod1) with specific peptidoglycan moieties promotes insulin

resistance, inflammation and lipolysis in adipocytes. However, it was not clear how Nod1-mediated lipolysis and
inflammation is linked. Here, we tested if Nod1-mediated lipolysis caused accumulation of lipid intermediates
and promoted cell autonomous inflammation in adipocytes. We showed that Nod1-mediated lipolysis caused
accumulation of diacylglycerol (DAG) and activation of PKC§ in 3T3-L1 adipocytes, which was prevented with a
Nod1 inhibitor. Nod1-activated PKC8 caused downstream stimulation of IRAK1/4 and was associated with in-
creased expression of proinflammatory cytokines such as, IL-1f, IL-18, IL-6, TNFa and MCP-1. Pharmacological
inhibition or siRNA mediated knockdown of IRAK1/4 attenuated Nod1-mediated activation of NF-kB, JNK, and
the expression of proinflammatory cytokines. These results reveal that Nod1-mediated lipolysis promoted ac-
cumulation of DAG, which engaged PKC8 and IRAK1/4 to augment inflammation in 3T3-L1 adipocytes.

1. Introduction

Obesity is a major contributing factor to the rising incidence of type-
2 diabetes and metabolic syndrome. Obesity is associated with low-
grade, chronic inflammation. Compartmentalized immune response in
metabolic tissues participates in some aspects of metabolic defects
during obesity, including insulin resistance, hyperlipidemia, and he-
patic steatosis [1-5]. Adipose tissue captures some of the nutrient ex-
cess during obesity and the resultant adipose tissue expansion is asso-
ciated with increased inflammation and augmented lipolysis in
adipocytes. The source of inflammation in specific tissues during obe-
sity is still poorly defined. Obesity is associated with altered taxonomy
and predicted function of the intestinal microbial composition [6].
There is evidence of metabolic disease factors such as age, dysglycemia

and diet influencing microbial load and amount of specific bacterial
components that penetrating into metabolic tissues [7-9]. Recognition
of these microbial cues by pathogen sensing system can contribute to
obesity-induced inflammation [10,11]. Pattern recognition receptors
(PRRs) of the innate immune system are part of pathogen sensing
system that recognize the pathogen-associated molecular patterns
(PAMPs) and activate signaling cascades leading to propagation of in-
flammatory response [12].

Two prominent families of PRRs are membrane-anchored Toll-like
receptors (TLRs) that predominantly recognize pathogen derived insults
in extracellular or endosomal compartments, and cytosolic nucleotide
oligomerization domain-like receptors (NLRs) that sense intracellular
pathogen derived insults and perturbations associated with stress re-
sponse or tissue damage [12]. Nodl and Nod2 are best characterized
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members of NLR family that are intracellular sensors for bacterial
peptidoglycan (PGN) and induce pro-inflammatory response upon re-
cognition of specific PGN ligand [13]. The minimal PGN moiety re-
cognized by Nod1 is p-glutamyl-meso-diaminopimelic acid (meso-DAP),
found mainly in Gram-negative bacteria, whereas Nod2 detects mur-
amyl dipeptide (MDP) containing PGN motif that are commonly found
in both Gram-positive and Gram-negative bacterial strains [14,15].
Well characterized immune responses engaged by Nodl and Nod2
signaling such as those through NF-kB have already been associated
with obesity-associated inflammation and specific metabolic dis-
turbances. Despite the fact that Nod2 can induce muscle cell autono-
mous inflammation and insulin resistance [16,17], the effects on whole
body glucose control are very different. It is known that deletion of
Nod2 worsens diet-induced dysglycemia and the administration of
postbiotics that activate Nod2 are insulin sensitizers [18]. In general,
Nod1 has the opposite effects of Nod2 on glucose metabolism. We have
previously showed that Nodl activation can induce whole body and
cell-autonomous insulin resistance [19]. Acute activation of Nodl
triggers inflammation and insulin resistance in liver and adipose tissue
in vivo and Nod1 deficient mice are protected from high fed diet (HFD)-
induced adiposity and glucose intolerance [19,20]. Moreover, exposure
to HFD increases circulating level of Nodl activator in mice, im-
plicating the involvement of Nodl in induction of metabolic in-
flammation [21]. In adipocytes, PGN-induced activation of Nodl has
been shown to suppress their differentiation [22] and to promote pro-
inflammatory response and insulin resistance [23]. Moreover, Nod1l
activation in adipocytes is associated with induction of lipolysis
through activation of, NF-kB, ERK, and PKA [24,25]. Induction of li-
polysis can further promote adipocytes inflammation through stress
kinases [26], contributing to induction of insulin resistance. However,
the association of Nodl-mediated lipolysis with induction of in-
flammation is not completely defined. It was not known if Nodl-
mediated lipolysis can lead to inflammation through cell autonomous
accumulation of lipid intermediates.

Interleukin-1 receptor (IL-1R)-associated kinase (IRAK) is a family
of Ser/Thr kinases involved in signaling of innate immune response
mainly induced by the TLR/IL-1R family [27]. The family comprises
four IRAK molecules, namely IRAK1, IRAK2, IRAK3 (IRAKM), and
IRAK4. IRAK1, IRAK2, and IRAK4 are positive regulator of immune
response, whereas IRAKM usually antagonizes their effects [27,28].
IRAK4 can phosphorylate IRAK1 at Ser/Thr in the activation loop to
promote inflammation [29]. Previous studies suggest the role of IRAK
family in TLR-mediated induction of pro-inflammatory response
[30,31], but their involvement in NLR-mediated inflammatory response
is not known. IRAK1 and IRAK4 can propagate inflammation from lipid
intermediate [30]. Therefore, we sought to elucidate the role of lipid
intermediates and IRAK proteins in Nodl-mediated inflammatory re-
sponse in adipocytes. We report that Nod1-mediated lipolysis is asso-
ciated with cellular accumulation of DAG that activate PKCS-IRAK axis,
leading to pro-inflammatory response in 3T3-L1 adipocytes.

2. Materials and methods
2.1. Materials

Endotoxin free C12-iE-DAP was from InvivoGen (San Diego, CA).
Fetal bovine serum, antibiotic/antimycotic solution, trypsin, and trizol
reagent were from Invitrogen (Carlsbad, CA). DMEM, dexamethasone,
rosiglitazone, IBMX, insulin, Nodinitib-1, IRAK1/4 inhibitor I, PKC in-
hibitor (Bisindolylmaleimide X Hydrochloride), RIPA buffer, glycerol
reagent, anti-Actinin-1, ATGL inhibitor (Atglistatin), and other chemi-
cals otherwise noted were from Sigma Chemicals (St. Louis, MO). DAG
analog (1-Oleoyl-2-acetyl-sn-glycerol) was from Cayman chemicals.
Antibodies to phospho-JNK1/2 (# 9251), JNK1/2 (# 9252), IRAK1 (#
4504), IRAK4 (# 4363), phospho-NF-kB p65 (# 3033), NF-xB p65 (#
8242), phospho-PKC8 (# 9374), PKCS (# 9616) were from Cell
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Signaling Technology (USA). The primer sets were obtained from
Integrated Data Technology (IDT, USA). ELISA Kits for MCP-1 was from
R&D systems (USA) and for IL-1 was from Elabsciences (USA).

2.2. Cell culture

Murine 3T3-L1 pre-adipocytes (ATCC, USA) were cultured in DMEM
supplemented with 10% FBS and 1% antibiotic/antimycotic solution
(10,000 U/ml penicillin G, 10 mg/ml streptomycin, 25 pg/ml ampho-
tericin B) in a humidified atmosphere of air and 5% CO, at 37 °C.
Differentiation was induced by switching confluent cells to culture
medium containing 0.5 mM 3-isobutyl-l-methylxanthine, 0.25pM dex-
amethasone and 10 pg/ml insulin for 48 h (day O to day 2). After 48h,
the medium was changed to culture medium containing only 10 pg/ml
insulin for 48 h (day 2 to day 4) and changed again to culture medium
containing only10 ug/ml insulin for another 48h (day 4 to day 6).
Subsequently, the medium was replaced by culture medium every al-
ternate day until full differentiation was achieved. Experiment was
performed in differentiated adipocytes between day 10 and day 12.

2.3. Nod1 ligand stimulation and measurement of lipolysis

Differentiated 3T3-L1 adipocytes were serum starved in DMEM
containing 0.5% fatty acid-free BSA and 1% antibiotic/antimycotic
solution for 16 h. The adipocytes were preincubated for 30 min with the
inhibitors and subsequently stimulated with 10 ug/ml of iE-DAP for
indicated time period. Lipolysis was assessed by measuring the con-
centrations of glycerol and non-esterified fatty acid (NEFA) released
into the culture medium. Glycerol concentration was measured by using
free glycerol determination kit from Sigma-Aldrich (St. Louis, MO,
USA). NEFA concentration was measured by using non-esterified free
fatty acids assay kit from Elabsciences (USA).

2.4. Oil red O staining

After treatment, 3T3-L1 adipocytes were washed with PBS and fixed
in 3% paraformaldehyde for 30 min. Cells were gently washed with PBS
and stained with Oil Red O solution (6 parts of saturated Oil Red O dye
in isopropanol and 4 parts of water) for 1 h. Excess stain was removed
and cells were washed 4-5 times with water. Stained oil droplets were
dissolved in DMSO and absorbance was measured at 500 nm.

2.5. Diacylglycerol measurement

After indicated treatment, 3T3-L1 adipocytes were lysed in PBS and
cellular DAG level was measured using mouse Diacyl Glycerol ELISA Kit
(MyBioSource, USA) according to manufacturer's instructions. Briefly;
cell lysate was added in pre-coated ELISA plate; DAG standards were
used to create a calibration curve for quantification of DAG levels in
samples. HRP conjugate was added to each well and plate was in-
cubated for 1h at 37°C. After incubation plate was washed with
washing buffer and 100 pl of chromogenic solution was added, and the
plate was incubated for 15min in dark. Reaction was stopped after
15min by adding stop solution and absorbance was measured at
450 nm.

2.6. SiRNA transfection

For IRAK4 gene knockdown, 3T3-L1 adipocytes were treated with
50 nM of nonrelated siRNA (siNR) or 50 nM of ON-TARGET plus Mouse
IRAK4 siRNA (silRAK4, Dharmacon) using lipofectamine RNAi-max
reagent (Invitrogen). Cells were transfected on day 8 and experiments
were carried out 48 h later.
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Table 1
Sequence of primers (5-3") used for RT-PCR.
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Gene Forward primer Reverse primer

Nod1 GTTGACCTCCACAGCCAAAT GCAGCAAGAAGGAGAACACC
Rip2 AAATCATCCCCCACAGGAG GAGGGTCCAGGAGAACCAGT
IRAK-1 GCTGTGGACACCGATACCTT GCTACACCCACCCACAGAGT
IRAK-2 CTAGACACAGGGCCCATCAT CTTGGACGACATCTGCTTCA
IRAK-3 CCATCAGCAGCCAGTAGTCA ACAACCAAGTCATGCCACAA
IRAK-4 AGCTGCGTCACCTACCTGTT GTTTGGTGATGTTGCTGTGG
PKCa CAAGGGATGAAATGTGACACC CCTCTTCTCTGTGTGATCCATTC
PKCB CCTCGGGAAGCAGAAAGTAACR TCCATACTGAGTTTTGGTGGAG
PKCy GTCGACTGGTGGTCTTTTGG CTCATCTTCCCCATCAAAGG
PKC3 CAAGAAGAACAACGGCAAGG TGCACACACATCAGCACCT
PKCo GGCCAAGGACCTTCTAGTGA TCCCAGTTGATCTCTCGAAAC
1L-6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA
IL-1B AGTTGACGGACCCCAAAAG AGCTGGATGCTCTCATCAGG
1L-18 CAAACCTTCCAAATCATCTCCT TCCTTGAAGTTGACGCAAGA
MCP-1 CTTGCCTAATCCACAGACTG GCCTGAACAGCACCACTA
TNFa ACTGCCAGAAGAGGCACTCC CGATCACCCCGAAGTTCA

2.7. Real time PCR

The differentiated adipocytes were treated as indicated, and total
RNA was extracted using guanidine isothiocyanate-phenol-cholorofrom
(TRIZOL). RNA was reverse transcribed to generate cDNA using a Verso
cDNA Synthesis Kit (Thermo Scientific). Real time PCR was carried out
using a CYBR green master mix (DyNAmo Flash SYBR Green qPCR Kit)
following manufacturer's instruction on CFX96TM Real-time system
(Biorad, USA). All quantifications were performed with 185 RNA as
internal control and the relative amount of mRNA was presented in
form of fold change over control. The primer sequences used are shown
in Table 1.

2.8. Western analysis

After the indicated treatments, differentiated adipocytes were wa-
shed with ice cold PBS, scraped and solubilized in RIPA buffer sup-
plemented with protease and phosphatase inhibitors. Cell lysates were
cleared by centrifugation at 10000 rpm for 10 min at 4 °C and protein
content was measured by the BCA assay. For western blotting, proteins
were boiled in Laemmli buffer, separated by SDS-PAGE and transferred
onto PVDF membrane. Membranes were then blotted using primary
antibodies (4 °C overnight), washed and peroxidase-coupled secondary
antibody was applied for 1h at room temperature. Membranes were
developed using enhanced chemiluminescence (ECL, Millipore), and
analyzed using NIH Image J software.

2.9. Measurement of MCP-1 and IL-1f3

Differentiated adipocytes were treated as indicated and secretary
levels of MCP-1 and IL-1f3 were determined in culture supernatant by
enzyme-linked immunosorbent assay (ELISA) using specific kits, ac-
cording to the manufacturer's instruction.

2.10. Caspase-1 activity assay

Caspase-lactivity was assessed by using caspase-1 fluorometric
assay kit (Biovision, Milpitas, USA). After treatment, cells were col-
lected and lysed in lysis buffer. Total protein (50 pug) was mixed with an
equal volume of 2x reaction buffer in a microplate. Reaction was in-
itiated by addition of 5pl of caspase-1fluorogenic substrate (YVAD-
AFC). Reaction was carried out for 1h at 37 °C and plate was read at
excitation 400 nm and emission 505 nm in fluorescence plate reader.
The results were expressed as fold increase in activity of treated cells
over control cells.
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2.11. Statistical analysis

All the data are expressed as the mean + SEM. Statistical analysis
of differences among samples was performed by ANOVA followed by
Dunnett's post hoc test (GraphPad Prism version 3). Difference with
p < 0.05 was considered statistically significant.

3. Results

3.1. Nod1 activation causes lipolysis and DAG accumulation in 3T3-L1
adipocytes

The minimal peptidoglycan structure recognized by Nod1 is meso-
diaminopimelic acid. We used acylated derivative of the dipeptide y-p-
Glu-meso-diaminopimelic acid (C12-iE-DAP) at reported concentration
of 10 ug/ml [23] to assess the effect of Nod1 activation on lipolysis in
3T3-L1 adipocytes. The iE-DAP treatment up regulated the mRNA ex-
pression of Nod1l and its downstream target Rip2 in 3T3-L1 adipocytes
in a time dependent fashion, validating the activation of Nodl by iE-
DAP (Fig. 1A). Further, iE-DAP (10 pg/ml) decreased intracellular lipid
accumulation in 3T3-L1 adipocytes in a time-dependent manner, with
significant decrease at 16 and 24 h, as determined by Oil Red O staining
(Fig. 1B). Rosiglitazone (10 uM) was used as control, which induced
intracellular lipid accumulation in 3T3-L1 adipocytes (Fig. 1B). Con-
sistent with this data, iE-DAP treatment increased glycerol and non-
esterified fatty acids (NEFA) release (markers of lipolysis) into the
culture medium in a time-dependent manner, with significant effect
after 16 h, which is comparable to the effect of TNFa (100 ng/ml), a
known stimulator of lipolysis (Fig. 1C and D). The presence of Nodi-
nitib-1, a selective inhibitor of Nod1, itself (5.0 uM) had no significant
effect on glycerol release, but prevented the effect of iE-DAP on glycerol
release in 3T3-L1 adipocytes (Fig. 1E). These data indicate that iE-DAP
has a cell autonomous lipolytic effect in adipocytes that is mediated by
Nod1.

Lipolysis is defined as the sequential enzymatic hydrolysis of tria-
cylglycerol to diacylglycerol to monoacylglycerol and final release of
glycerol and free fatty acids [32]. Besides providing energy, final and
intermediate products generated during lipolysis may act as signaling
molecules that regulate metabolic and immune processes. For example,
DAG can act as secondary messenger to activate many downstream
signaling cascades. Treatment with iE-DAP increased the accumulation
of DAG in a time-dependent manner and the presence of Nodinitib-1
prevented iE-DAP-induced increase in the intracellular DAG levels in
3T3-L1 adipocytes (Fig. 1F).
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Fig. 1. Nod1 activation by iE-DAP induces lipolysis in 3T3-L1 adipocytes. Differentiated adipocytes were incubated with iE-DAP (10 pg/ml) for increasing time
durations and mRNA expression level of Nod1 and Rip2 was determined by quantitative real time PCR (A). Results are expressed as fold change over control, N = 6.
Differentiated adipocytes were incubated with iE-DAP (10 pg/ml) for increasing time period or Rosiglitazone (10 uM) or TNFa (100 ng/ml) for 24 h, followed by
measurement of intracellular lipid content by Oil Red O staining (B); and Glycerol (C) and NEFA (D) release in to the medium. Glycerol release after 24 h (E) and
intracellular DAG content after indicated time period (F) was measured in absence or presence of Nodinitib-1. Data are mean *+ SEM of three independent ex-
periments. *p < 0.05, ***p < 0.001 relative to control. ###p < 0.001 relative to 24 h treatment with iE-DAP. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

3.2. Nod1 activation induces PKC§ in 3T3-L1 adipocytes

DAG has been an established ligand for protein kinase C isoforms
that can influence inflammation [33]. Therefore, we next measured the
effect of Nod1 activation on the mRNA expression of the different iso-
forms of PKC. Nodl activation by iE-DAP enhanced the mRNA ex-
pression of PKCS at 6, 16 and 24 h in 3T3-L1 adipocytes (Fig. 2A). There
was a significant increase in PKCa mRNA expression at 24 h of iE-DAP
treatment. No significant difference in mRNA expression of PKC[3, PKCO
and PKCy was observed after Nod1 stimulation (Fig. 2A). We next ex-
plored the effect of iE-DAP on PKC$ activation in 3T3-L1 adipocytes. iE-
DAP enhanced PKC8 phosphorylation (Thr-505) in a time-dependent
fashion with significant increase after 24 h, and Nodinitib-1prevented
the effect of iE-DAP on PKCS phosphorylation in 3T3-L1 adipocytes
(Fig. 2B). To verify the effect of Nod1 mediated DAG to activate PKCS,
effect of DAG analog (1-Oleoyl-2-acetyl-sn-glycerol, OAG) was mon-
itored on PKC$ activation in 3T3-L1 adipocytes. Treatment with OAG
(50 uM) caused a time-dependent increase in phosphorylation of PKCS
(Thr-505), suggesting the activation of PKC§ by DAG in 3T3-L1 adi-
pocytes (Fig. 2C).

3.3. Nod1 activation induces IRAK pathway in 3T3-L1

The IRAK family of proteins can propagate innate immune re-
sponses downstream to PKCS including the production of pro-in-
flammatory cytokines [31]. Hence, we assessed the effect of Nod1 ac-
tivation on the expression of the different isoforms of IRAK at indicated
time points after iE-DAP treatment in 3T3-L1 adipocytes. A significant
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increase in mRNA expression of IRAK-1 was observed after 16 and 24 h
of iE-DAP treatment (Fig. 3A), but no significant difference in mRNA
expression of IRAK2 and IRAK3 was observed after iE-DAP treatment in
3T3-L1 adipocytes (Fig. 3B, C). The mRNA expression of IRAK4 was
also significantly increased after 16 and 24 h of iE-DAP stimulation
(Fig. 3D). Next, we investigated whether the effect of iE-DAP on IRAK1
and IRAK4 mRNA was paralleled by a similar effect on protein levels.
We confirmed that IRAK1 and IRAK4 protein levels were significantly
higher after 24 h of iE-DAP treatment in 3T3-L1 adipocytes (Fig. 3E, F).
To verify the participation of Nod1 mediated DAG accumulation in
IRAK1/4 activation, mRNA expression of IRAK1/4 was assessed in re-
sponse to OAG. In 3T3-L1 adipocytes, treatment with OAG (50 uM) up-
regulated the expression of IRAK1 and IRAK4 mRNAs in a time-de-
pendent manner (Fig. 3G).

Based on the identification of PKC8 and IRAK1/4 as mediators of
Nodl-mediated signaling, we sought to determine proximal mediator
using pharmacological inhibitors of each. Because PKCS has shown to
regulate IRAK1/4, we examined the effect of PKC inhibitor on IRAK1
and IRAK4 mRNA expression. Presence of PKC inhibitor down regu-
lated the iE-DAP induced expression of IRAK1 and IRAK4, as assessed
by real time PCR (Fig. 4A, B). In contrast, the presence of IRAK1/4
inhibitor (IRAK1/4 INH) had no effect on iE-DAP induced PKC8 mRNA
expression (Fig. 4C). Results suggest that PKC8 lies upstream to IRAK
and involved in IRAK1/4 induction. Further, to validate that activation
of PKC and IRAK1/4 occurs downstream to lipolysis, we measured iE-
DAP induced glycerol release in presence of PKC inhibitor or IRAK1/4
inhibitor. As depicted in Fig. 4 D and E, presence of either PKC inhibitor
or IRAK1/4 inhibitor had no significant effect on iE-DAP-induced
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glycerol release in 3T3-L1 adipocytes. Results suggest that PKC and
IRAK1/4 do not participate in Nod1-mediated lipolysis, but rather the
PKC and IRAK1/4 are downstream and respond to cues (such as lipid
intermediate) generated from lipolysis. To prove this point, we em-
ployed Atglistatin, a pharmacological inhibitor of adipose triglyceride
lipase (ATGL), catalyzes the very first step of lipolysis, converting
triacylglycerols to diacylglycerols. Presence of Atglistatin prevented iE-
DAP induced glycerol release (Fig. 4F), indicating the inhibition of li-
polysis in 3T3-L1 adipocytes. At the same time, presence of Atglistatin
abolished iE-DAP-induced phosphorylation of PKCS8 (Thr-505) (Fig. 4G)
and mRNA expression of IRAK1/4 (Fig. 4H). Results validated the role
of lipolysis in Nod1-mediated activation of PKC and IRAK.

3.4. Nodl-mediated lipolysis induces pro-inflammatory responses via
IRAK1/4

We next assessed the induction of selected pro-inflammatory re-
sponses following Nodl-mediated lipolysis in 3T3-L1 adipocytes. A
significant increase in mRNA expression of IL-1f3, IL-6, IL-18 and MCP-1
was observed after 6 h of treatment, and this was further increased with
time reaching maximum at 16-24 h (Fig. 5A). A significant increase in
mRNA expression of TNFa was observed after 16 h, reaching maximal
level after 24h of iE-DAP treatment (Fig. 5A). In agreement to the
transcript expression data, we observed increased secretion of IL-1f3 and
MCP-1 in culture medium after treatment with iE-DAP (Fig. 5B, C),
validating the induction of pro-inflammatory response upon Nodl ac-
tivation in 3T3-L1 adipocytes. Secretion of mature IL-1f requires prior
processing of the inactive form of the cytokine by caspase-1, leading to
their maturation and secretion [34]. Therefore, for assessing the pro-
cessing of pro-IL-1f into mature IL-1f, caspase-1 activity was evaluated
in 3T3-L1 cell lysate. A significant increase in caspase-1 activity was
observed after 24 h of iE-DAP treatment (Fig. 5D).

To determine the role of IRAKs in iE-DAP-induced inflammatory
response, cytokines gene expression was measured in IRAK1/4 INH
pretreated cells after 24 h of iE-DAP stimulation. Presence of IRAK1/4
INH significantly attenuated iE-DAP induced expression of IL-1f3, IL-18
and TNFa, but did not affect the expression of IL-6 and MCP-
1(Fig. 5E-I). Conversely, the presence of Nodinitib-1 significantly
abolished the iE-DAP augmented expression of all cytokines (IL-1p, IL-
18, IL-6, TNFa, and MCP-1) (Fig. 5E-I). These results indicate that
IRAK1/4 propagate a subset of the inflammatory response engaged by

Nod1-mediated lipolysis.

3.5. IRAK1/4 activation contributes to Nod1 mediated NF-xB and JNK
activation

Cytokines induction is associated with the activation of NF-kB and
JNK, contributing to pro-inflammatory response. Because Nodl acti-
vation provokes stimulation of NF-xB and MAPK signaling cascade [23]
and IRAK1 signaling bifurcates downstream into NF-kB and JNK
pathway [35], it was logical to investigate the role of IRAK signaling in
Nod1-mediated inflammatory response. The effect on NF-kB activation
was analyzed by measuring the phosphorylation of p65 unit of NF-«B.
The iE-DAP treatment profoundly induced the phosphorylation of p65
(Ser-536) and the presence of IRAK1/4 INH significantly prevented the
effect of iE-DAP on p65 phosphorylation (Fig. 6A). Similarity, Nod1
activation by iE-DAP significantly induced the phosphorylation of
JNK1/2 (p < 0.05) after 24 h of treatment and the presence of IRAK1/
4 INH significantly attenuated iE-DAP-induced JNK1/2 phosphoryla-
tion (Fig. 6B). Results validate the contribution of IRAK1/4 signaling in
Nod1-mediated pro-inflammatory response in 3T3-L1 adipocytes.

To ascertain the participation of IRAK1/4 signaling in Nod1 medi-
ated inflammatory response, we attempted to silence IRAK4 expression
via siRNA and assessed the effect on NF-kB activation and expression of
the inflammatory cytokines. The degree of knockdown achieved was
around 70%, as assessed by real time PCR (Fig. 6C), which caused
significant reduction in IRAK4 protein level in silRAK4 treated cells
(Fig. 6D). In silRAK4 treated cells, iE-DAP induced activation of NF-xB
was inhibited (Fig. 6E). At the same time silRAK4 treated cells dis-
played inhibited mRNA expression of IL-1(3, IL-18 and TNFa in response
to iE-DAP (Fig. 6E). Results validated the involvement of IRAK4 sig-
naling in Nod1-mediated inflammatory response.

3.6. Effect of IRAK1/4 inhibition on Nod1-mediated impairment of insulin
signaling

Nod1 activation with iE-DAP in adipocytes has been reported to
impair insulin signaling and glucose utilization coupled with in-
flammation [23]. Insulin-stimulated phosphorylation of Akt (Ser-473)
is a critical node in insulin signaling pathway [36], treatment with iE-
DAP significantly suppressed insulin-stimulated phosphorylation of Akt
(Ser-473) after 24 h. However, the presence of IRAK1/4 INH failed to
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rescue the effect of iE-DAP on insulin-stimulated phosphorylation of inflammatory signals that engage IRAK1/4 are not the key pathways to
Akt on Ser-473 (Fig. 7). These results demonstrate that Nod1 activation induce this marker of insulin resistance in 3T3-L1 adipocytes.
mediated induction of IRAK1/4 signaling contributes to pro-in-

flammatory response, but Nodl-mediated lipolysis and consequent
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4. Discussion

Obesity, a growing epidemic worldwide, is closely associated with
chronic, low grade inflammation [3], and obesity-linked metabolic in-
flammation is now considered a focal point in the initiation and pro-
gression of multiple metabolic abnormalities including insulin re-
sistance and type 2 diabetes mellitus. Thus, understanding the
mechanisms of low-grade inflammation during obesity is increasingly
important to design new therapeutic approaches for metabolic diseases.
During obesity, it is hypothesized that lipid and microbial derived
products can contribute to metabolic inflammation by activating com-
ponents of the innate immune system [21] or by altering cellular me-
tabolism [37]. In this regard, Nod1 proteins, the members of cytosolic
PRRs have shown to propagate inflammatory signals in response to
bacterial peptidoglycan [13]. We and others previously showed that
bacterial PGN can cause whole body and tissue specific insulin re-
sistance by Nodl receptors [16,19,23,38]. While studies imply a role
for Nodl activation in induction of pro-inflammatory response and
insulin resistance associated with stimulation of lipolysis in adipocytes
[23,25], there is scant evidence on the involvement of signaling events.
In the present study, we have demonstrated the role of the PKC and
IRAK families of kinase and associated signaling in Nodl activation-
mediated inflammatory response in adipocytes. We show that iE-DAP
treatment in 3T3-L1 adipocytes caused stimulation of lipolysis, char-
acterized by decreased cellular lipid content, and increased glycerol and
NFEA release, via Nod1l. We then mapped the potential inflammatory
signals downstream of this lipolytic response.

Lipolysis involves catabolism of triacylglycerol stored in cellular
lipid droplets. It is characterized by sequential hydrolysis of ester bonds
between fatty acids and the glycerol backbone with the aid of lipases,

142

resulting in release of glycerol and free fatty acids for ATP production
[39]. The intermediate products of lipolysis such as DAG can act as
secondary messenger to activate downstream signaling cascade. Nod1-
mediated lipolysis caused a time-dependent accumulation DAG in 3T3-
L1 adipocytes, pointing the possible activation of DAG-mediated sig-
naling cascade. DAG is an established ligand for Protein kinase C
(PKCs), which are a family of serine/theronine protein kinases. PKC can
be classified into conventional PKC (cPKC-a, -3, and -y), which are
calcium and diacylglycerol (DAG) dependent; novel PKC (nPKC-8, -¢, -n,
and 0), which are DAG dependent but calcium independent; and aty-
pical PKC (aPKC), which are insensitive to both calcium and DAG [33].
Nod1 activation in 3T3-L1 adipocytes specifically induced the expres-
sion of PKC$ in a time-dependent fashion and its phosphorylation at
Thr-505, indicating the activation of PKC8. Pharmacological inhibition
of Nodl blocked the iE-DAP-induced lipolysis and consequently the
activation of PKCS, confirming the engagement of Nodl. PKC$ is a
novel PKC and reported to play an important role in inflammation
through its interaction with IRAKs [30,40]. IRAK family of kinases is
characterized as important moderators of innate immune response
[27,30,41]. However, the role of IRAK in Nod1-mediated inflammatory
response has not been reported so far. Here, we observed a time-de-
pendent increase in expression of IRAK1 and IRAK4 after iE-DAP
treatment, indicating the involvement IRAK pathways in Nod1-medi-
ated pro-inflammatory response. Nod1 activation induced expression of
IRAK1 and IRAK4 was abolished in presence of PKC inhibitor, on the
other hand presence of IRAK1/4 inhibitor did not affect Nod1-mediated
increase in PKCS expression. Together, these results suggested IRAK1/4
as a downstream mediator of PKC8 induced signaling in response to
Nod1 activation in adipocytes. Although our data suggest the role of
PKC8 in modulating IRAK1/4 for Nodl mediated signaling, we also
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Fig. 5. Effect of Nod1 activation on expression of different cytokines and chemokines in 3T3-L1 adipocytes. (A) Differentiated adipocytes were incubated with iE-DAP
(10 pg/ml) for different time points and mRNA expression level of different cytokines and chemokines was determined by quantitative real time PCR. Results are
expressed as fold change over control levels set to 1 unit (dotted line). (B-D) Differentiated adipocytes were treated with iE-DAP (10 pg/ml) for 16 h or 24 h and
release of MCP-1 (B) or IL-1f (C) in to the culture medium and cellular caspase-1 activity (D) was measured. (E-I) Differentiated adipocytes were treated with iE-DAP
(10 pg/ml) for 24 h in absence or presence of IRAK1/4 inhibitor or Nodinitib-1 and mRNA expression level of different cytokines and chemokines was determined by
quantitative real time PCR. Results are expressed as fold change over control, N = 6-14. *p < 0.05, **p < 0.01, ***p < 0.001 relative to control, ###p < 0.001

relative to iE-DAP treated sample.

observed a slight but significant increase in expression of conventional
PKCa upon Nodlactivation in 3T3-L1 adipocytes. Therefore the pos-
sible role of other PKCs in Nod1 mediated signaling cannot be ruled out.
Moreover, the presence of either PKC inhibitor of IRAK1/4 inhibitor
had no significant effect on iE-DAP induced lipolysis, suggesting that
activation of both PKC and IRAK1/4 do no mediate the lipolytic re-
sponse, but rather that the build-up of DAG (after Nod1 stimulation) is
the signal that propagates PKC and IRAK responses. In agreement to this
notion, inhibition of lipolysis using ATGL inhibitor prevented the Nod1-
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mediated activation of PKC8 and IRAK1/4 mRNA expression.

Ligand inspired activation of Nodl in adipocytes has been char-
acterized by enhanced expression and secretion of various pro-in-
flammatory chemokines and cytokines. In agreement with previous
report [23], we observed enhanced gene expression of MCP-1, TNFa,
IL-6, IL-1f and IL-18, and concord secretion of pro-inflammatory MCP-
1 and IL-1f3 protein in response to iE-DAP in 3T3-L1 adipocytes. The
secretion of active IL-1f requires the processing of the inactive form by
caspase-1, leading to its maturation and secretion [34]. We observed a
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Fig. 6. A-B, Effect of Nodl activation on NF-kB and JNK phosphorylation. Differentiated adipocytes were incubated with iE-DAP for indicated time duration in
absence or presence of IRAK1/4 inhibitor. Cells were lysed and equal amount of protein samples were immunoblotted with specific antibodies against phospho-p65
subunit of NF-kB, total p-65 (A), phospho-JNK1/2 or total JNK1/2 (B). Shown are representative blots and densitometric quantification of three independent
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control, #p < 0.05 relative to 24 h treatment with iE-DAP. C-F, Effect of silRAK4 on Nod1 mediated inflammatory response. Adipocytes were incubated with siNR or
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time-dependent increase in caspase-1 activity with iE-DAP treatment, insulin dependent regulation of glucose metabolism and contributing to
which indicated its stimulation upon Nodl induction in adipocytes. glucose intolerance [43]. Treatment with iE-DAP inhibited insulin-sti-
Interestingly, the presence of IRAK1/4 inhibitor lowered the iE-DAP- mulated phosphorylation of Akt (Ser-473), an indication of impaired
induced expression of TNFa, IL-1f and IL-18, but not the expression of insulin signaling. However, presence of IRAK1/4 inhibitor did not

IL-6 and MCP-1. Conversely, the presence of Nodinitib-1 completely protect from iE-DAP mediated decrease in Akt (Ser-473) phosphoryla-
abolished the iE-DAP-induced expression of all the analyzed cytokines, tion. Altogether, our results indicated that, although IRAK1/4 signaling

including MCP-1, TNFa, IL-6, IL-1p and IL-18. These results demon- is involved in Nod1-mediated induction of inflammatory response, it is
strate that IRAK1/4 is involved in expression of some, but not all pro- not sufficient for the impairment of insulin signaling at the level of Akt
inflammatory cytokine gene expression. in 3T3-L1 adipocytes.

IRAK1 signaling bifurcates downstream into NF-kB and JNK In summary, we have demonstrated that Nod1-mediated lipolysis is
pathway [34] and it has been shown that Nodl activation provokes associated with accumulation of DAG in adipocytes. DAG accumulation
stimulation of NF-kB and MAPK signaling cascade, leading to induction causes activation of novel PKC-§ and downstream stimulation of
of pro-inflammatory response [23]. Consistent with being reported iE- IRAK1/4 signaling to NF-kB and JNK1 activation, leading to pro-in-
DAP stimulated NF-xB, and pharmacological inhibition of IRAK1/4 flammatory gene expression. To our knowledge, we report for the first
abolished iE-DAP-induced NF-xB activation. Similarly, iE-DAP medi- time the role of IRAK family of protein in Nodl mediated pro-in-
ated activation of JNK1 was also significantly inhibited in presence of flammatory response. We demonstrated the existence of DAG/PKCS8/

IRAK1/4 inhibitor. Consistent to the pharmacological inhibition, siRNA IRAK/NF-kB axis in Nod1 mediated pro-inflammatory response.
mediated down regulation of IRAK4 eliminated iE-DAP induced acti-
vation of NF-kB and expression of IL-1B, IL-18 and TNFa. Together,

these results demonstrate the involvement of IRAK1/4 signaling in Transparency document
Nod1l-mediated inflammatory response in adipocytes.

Chronic inflammation in adipose tissue is causally associated with The Transparency document associated with this article can be
obesity-mediated insulin resistance and other metabolic dysfunctions found, in online version.

[42]. Elevated levels of pro-inflammatory cytokines can contribute to
insulin resistance by disrupting insulin signaling, thereby impairing the
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