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Abstract: Obesity and Type 2 diabetes are leading health problems which are characterized by low-grade inflammation
with an increase in inflammatory cytokines along with the change in the gut microbiota population. Toll like Receptors
(TLRs) and NOD like Receptors (NLRs) are very prominent pathogen recognition receptors, which play a significant role
in the innate immune system. Both TLRs and NLRs pathways are mediated through different adaptor proteins; commonly
found to activate the NF-kB, which induces the expression of proinflammatory cytokines. It has been suggested that TLRs
and NLRs have a significant role in the pathogenesis of inflammation mediated insulin resistance, which further develops
metabolic complications. TLRs mediated mechanism for insulin resistance involves activation through TLR ligands such
as increased free fatty acids and lipid derivatives from adipocytes as well as the skeletal muscles. Moreover, gut microbi-
ota alteration in the type 2 diabetes also plays a key role by increasing the plasma LPS levels, which specifically activates
TLR4 and provokes the inflammation mediated insulin resistance. NOD1 and NOD?2 are involved in the pathogenesis of
diabetes, possibly through the recognition of the gut microbiota. Gut microbiota modulation by antibiotics plays a crucial
role in increasing insulin sensitivity, possibly through the TLRs and NLRs mediated signaling responses, which suggest
future therapeutic approaches for obesity, insulin resistance and type 2 diabetes. In this review, we focused on the interde-
pendent role of TLRs and NLRs in metabolic diseases and their cross talk for the pathogenesis of inflammatory diseases.
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INTRODUCTION

Diabetes is the most common chronic endocrine disorder
having 382 million people in 2013, which will increase to
592 million by 2035 all over the world [1]. Obesity and Type
2 Diabetes (T2D) are often associated with low-grade sys-
tematic inflammation, which is regarded as the activation of
the immune systems, increased release of the adipocytes
derived bioactive metabolites like free fatty acids (FFA),
lipids and proinflammatory cytokines and increased gut de-
rived lipopolysaccharide (LPS), leading to the progression of
disease [2, 3]. As early as the 1950s, there was little evidence
suggesting a correlation or link between inflammation and
insulin-resistant states such as obesity, but the mechanism
was unknown. In recent times, researchers have found that
IL-1B, TNF-a, Interleukin 6 (IL-6) and C-reactive proteins
(CRP) are major acute phase responsive proteins, which are
the strongest predictors of the development of obesity which
further progress to T2D [4].

TYPE 2 DIABETES, AN INFLAMMATORY DISOR-
DER

Adipose tissue (AT) acts as an origin of inflammation
and involves in the secretion of various bioactive molecules
such as cytokines, fatty acids and chemokines, which further
activates the macrophage infiltration and inflammation. In
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previous studies of young, obese subjects, TNF-o mRNA
expression in AT was found to be 2.5-fold higher as com-
pared to lean subjects and was strongly correlated with the
hyperinsulinemia condition of insulin resistance (IR) [5].
Reduction in body weight of obese people had significantly
reduced serum TNF-a levels and improved insulin sensitivity
[6]. It is suggested that high TNF-a phosphorylates the ser-
ine/threonine residues of the insulin molecule and down
regulates the insulin receptor signaling (IRS) pathway, which
further develop into IR [7]. The increased adipokines and
proinflammatory cytokines were observed in a recent case
cohort study of middle-aged obese individuals with diabetes,
which suggests the major role of inflammation markers in
adult onset of diabetes in obese individuals [8].

IL-6 is produced by several cell types including, fibro-
blasts, endothelial cells, monocytes and macrophages. Adi-
pocytes derived from obese people showed upregulated ex-
pression of IL-6 which can further be correlated with the
extent of IR [9, 10]. These observations suggest a possible
interacting link among IL-6 levels, obesity and inflammation
in the development of T2D and demonstrate that IL-6 can be
considered as a candidate biomarker for early T2D risk de-
tection [11].

CRP is also a very significant acute phase reactive pro-
tein, produced by the liver in response to IL-6 and TNF-a. It
is a common marker for inflammation due to its rapidity of
induction, cooperative role in innate immune response as
well as the ease of measurement [12]. Furthermore, CRP is
consistently correlated with certain parameters related to
diabetes, such as obesity, lipogenesis and adiponectin [13].
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The elevated circulating concentration of CRP was found to
be higher in the obese people with IR which reduced upon
weight loss along with improvement of insulin sensitivity
[14]. Above reports suggest that obesity and inflammation
are first steps towards the development and progression of
the IR and T2D.

GUT MICROBIOTA AND TYPE 2 DIABETES

Healthy human gut harbors complex organization of the
different microorganisms, which plays a key role in the regu-
lation of metabolism and inflammation. Any disturbance or
dysregulation in such highly organized microbial assembly
by means of stress, diet, antibiotics, genetics and environ-
mental factors, can cause the origin of several gut associated
disorders such as T2D. Various metagenomic studies have
revealed that there is a change in the gut microbiota compo-
sition between healthy and T2D individuals. One recent
study has shown that Type 1 Diabetes (T1D) is associated
with significant changes in the gut microbiota composition.
The significant differences in the number of bacteria such as
Bifidobacterium, Lactobacillus, Clostridium and in Fir-
micutes to Bacteroidetes ratio were observed between the
two groups. Moreover, the quantity of bacteria which is es-
sential to regulate the gut integrity was found to be signifi-
cantly reduced in the children with diabetes as compared to
the healthy ones [15].

Recent research clearly shows the association between
fecal microbiota composition and the emergence of T2D in
Denaturing Gradient Gel Electrophoresis (DGGE). The re-
sults of the real-time PCR analysis for Bacteroides vulgatus,
Bifidobacterial genus, and Clostridium leptum subgroup il-
lustrated the major alteration of these three strains at differ-
ent degrees in diabetic group, and the copy number of Bifi-
dobacterial genus was significantly declined [16]. A metage-
nome-wide association study (MGWAS) showed that pa-
tients with T2D were characterized by moderate microbial
dysbiosis with decreased in universal butyrate-producing
bacteria, increased opportunistic pathogens and enrichment
of the microbial functions such as spot reduction as well as
oxidative stress resistance [17]. The real time quantitative
PCR (gPCR) investigation showed significantly reduced
proportion of the phylum firmicutes and clostridia class in
T2D group as compared to control. Moreover, class betapro-
teobacteria was highly enriched in the diabetic group com-
pared to the non diabetic control [18]. Karlsson et al. have
studied the gut metagenome composition of T2D and normal
communities and found increased number of lactobacillus
species while decreased number of clostridium species in
T2D group [19]. Such findings could be very beneficial for
developing strategies to control the pathogenesis of diabetes
by modifying the gut microbiota.

PATTERN RECOGNITION RECEPTORS (PRRS)

The immune system is one of the foremost possessions
that nature has bestowed on us to fight against pathogens.
Vertebrates are constantly endangered by attack of harmful
microorganisms and have evolved immune arms to eliminate
the pathogens from the body. The vertebrate immune system
majorly consists of two arms: innate and acquired immunity
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[20]. The innate immune system is germ encoded and non
specific host defense system against pathogens and is medi-
ated by phagocytes, macrophages and other immune cells
[21, 22]. On the other hand, acquired immunity mainly in-
volves the specific elimination of pathogens in the delayed
phase of infection with the generation of immunological
memory [20].

Recognition of microbial pathogens is a crucial factor for
the initiation of innate immune responses such as inflamma-
tion, which is mainly mediated by germline-encoded varie-
ties of extracellular or intracellular pattern recognition recep-
tors (PRRs). PRRs recognize the various molecular struc-
tures, which are broadly shared by pathogenic microorgan-
isms such as pathogen-associated molecular patterns (PAMPS)
and Danger associated molecular patterns (DAMPS).
DAMPs are the molecules released by the stressed cells un-
dergoing necrosis, which act as danger signals to promote
the inflammatory response. Upon PAMPs and DAMPs rec-
ognition, PRRs commence a series of signaling events that
perform first line of host defensive responses, necessary for
killing infectious microorganisms [21]. Four different classes
of PRRs families have been recognized. These families con-
sist of transmembrane proteins like Toll-like receptors
(TLRs), NOD-like receptors (NLRs), C-type lectin receptors
(CLRs) and cytoplasmic proteins such as Retinoic acid-
inducible gene (RIG)-1-like receptors (RLRs) [23, 24]. In
spite of their great contribution in defense mechanism, they
are known to be involved in the pathogenesis of obesity and
T2D. TLRs and NLRs are most extensively studied PRRs
known to be involved in inflammation mediated IR. In the
present review, an attempt has been made to explain the role
of TLRs and NLRs in the context of obesity, IR and T2D.

TOLL LIKE RECEPTORS

At the end of 20th century, Toll was identified as an im-
portant receptor for host defense against several bacterial,
viral and fungal infections in Drosophila. Later, mammalian
homologs of TLR4 were revealed to induce expression of
certain genes, which are involved in inflammatory responses
against infections [20]. After identification and characteriza-
tion of TLR4, various other structurally related proteins of
TLR4 were identified and named as TLRs. Mammalian and
mouse TLRs comprise of a large family consisting of 11 and
13 members respectively. TLRs are divided into two groups
depending upon their cellular localization; a group that is
expressed extensively on cell surfaces, includes TLR1,
TLR2, TLR4, TLR5, TLR6, TLR11 and another group is
comprised of TLR3, TLR7, TLR8 and TLR9, which is ex-
pressed solely on intracellular vesicles like endoplasmic re-
ticulum, endosomes, lysosomes and endolysosomes. Differ-
ent types of TLRs sense different types of ligands and attach
to the various types of adaptor proteins to start signaling
events, which lead to the activation of the inflammatory
process (Fig. 1) [25]. TLRs are mainly characterized by an
extracellular leucine-rich repeat (LRR) domain, which is
involved in the recognition PAMPs through a cytoplasmic
Toll/IL-1 (TIR) domain that activates downstream signaling
adaptor protein molecules, including MyD88, IRAKs and
TRAF6 (Figs. 1 and 3) [26].
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Fig. (1). TLR and NLR signaling pathway: TLR1-11 have been identified in human for recognition of various microbial components and
localized on a plasma membrane and endosomes. TLRs sense ligands via their LRR ectodomain which leads to receptor dimerization through
adaptor proteins recruitment to the dimeric TIR domain. Signal transduction is processes mainly by the action of signal transducers such as
the IRAK and tumor necrosis factor receptor-associated factor (TRAF) family members which leads to the activation of NF-kB and members
of the interferon response family (IRF). On other side, activation of NOD1/2 also stimulates receptor oligomerization, followed by their inter-
actions with the adaptor proteins RIP2 or CARD?9. Signaling via RIP2 upregulated NF-kB, whereas the use of CARD9 activates Mitogen-
activated protein kinase (MAPK), p38 and c-Jun N-terminal associated kinase (JNK) pathways.

TLR2 AND TLR4

TLR2 recognizes a variety of microorganisms derived
products like lipoproteins from several pathogens, pepti-
doglycan moiety from both gram positive and negative mi-
croorganisms, Zymosan from some fungi and lipoteichoic
acid from certain gram positive microorganisms [27]. It also
recognizes LPS of certain non entero bacteria, such as Lep-
tospira interrogans, Porphyromonas gingivalis and Helico-
bacter pylori species[28].

There are mainly two proposed mechanisms to explain
the recognition of the wide spectrum of the microbes derived
products by TLR2. It forms hydrophilic dimers with some
other structurally associated TLRs like TLR1 and TLR6.
Macrophages and monocytes derived from TLR6 knockout
(KO) mice have failed to show any production of inflamma-
tory cytokines against Mycoplasma-derived diacy! lipopep-
tides. However, these cells had shown normal production of
inflammatory cytokines in response to tracheal lipopeptides
derived from Gram-negative bacteria. Thus, TLR1 and TLR6
are known to be functionally associated with TLR2 for dis-
crimination between diacyl and triacyl lipopeptides [29, 30].

TLR4 is a major receptor found in the recognition of a
variety of ligands derived from the gram-negative bacteria.
LPS is an important integral component of the outer mem-
brane of gram-negative bacteria which acts as a main ligand
for TLR4. It has been shown to be involved in the recogni-
tion of a variety of endogenous ligands derived from cellular
stress or necrosis, which includes DAMPs like heat shock
proteins, mainly HSP60 and HSP70, the extra domain of
fibronectins proteins, oligosaccharides moiety of hyaluronic
acid, heparan sulfate and fibrinogen at some lesser extent.
LPS along with LPS binding proteins initiates a signal path-
way through the interaction with membrane-bound receptors
like CD14, which are present on monocytes and macro-
phages [31, 32]. Stimulation of TLRs by various microbial
components, i.e. PAMPs, triggers expression of several
proinflammatory genes that are involved in the immune re-
sponse [33]. The molecular mechanisms by which TLR
ligands induce these gene expressions are now rapidly being
elucidated through analyses of TLR-mediated signaling
pathways (Fig. 1). [34-37].
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Fig. (2). Obesity mediated development of inflammation and insulin resistance. Obesity induced alteration in the skeletal muscles and
adipose tissue increase the plasma free fatty acids. Obesity is also involved with changing in gut microbiota composition towards increase in
gram negative microbial population. Both FFA and LPS triggers the upregulation of the TLRs and NLRs mediated inflammatory signaling
pathway, which further activates NF-kB and leads to the development of inflammation mediated insulin resistance.

NLRs

The cytosolic NLRs known as nucleotide-binding oli-
gomerization domain (NOD) containing receptors are a spe-
cialized group of intracellular proteins, which represent a
main component of the host innate immune system. This
family of proteins is defined by a tripartite structure mainly
consisting of (a) variable N-terminal protein-protein interac-
tion domain, known as caspase recruitment domain (CARD),
pyrin domain (PYD), acidic transactivating domain, or bacu-
lovirus inhibitor repeat (BIR), (b) a central NOD domain,
which mediates oligomerization with own that occurs during
activation and (c) a C-terminal leucine-rich repeat (LRR)
that detects PAMPs [38, 39]. Among all inflammosomes, the
present review describes the role of NOD1 and NOD?2 in IR
and metabolic disorders due to their cross talk with TLRs for
the induction of NF-kB mediated inflammation.

NOD1 AND NOD?2

NOD1 and NOD2 are the earliest identified and best
characterized NLRs, which are classic example of NLR acti-
vation of NF-kB and MAPK pathways [40, 41]. NODL1 is
also known as CARDA4, which recognizes various substruc-
ture of the peptidoglycan, namely iE-DAP (y -D-glutamyl-
diaminopimelic acid), which is found to be present in both
gram-negative and gram-positive bacteria but specifically,
senses the gram negative bacteria. NOD2 is also known as
CARD15, which recognizes muramyl dipeptide (MDP),
largest active component of peptidoglycan motif, which is
present in both gram-negative and gram-positive bacteria.
Upon recognition of their respective ligands, both NOD1 and
NOD?2 self-oligomerize to recruit and activate the adaptor
protein RIP2, which is necessary for the activation of both
NF-kB and the MAPKSs pathways (Fig. 1) [42-45].

ROLE OF TLRS IN OBESITY MEDIATED INSULIN
RESISTANCE

A link between gut microbiota and inflammation in the
pathogenesis of certain obesity-related complications is rap-
idly identified in the recent era. Many dietary factors like
FFA, lipids and glucose besides the changes in gut microbi-
ota composition triggers the progression of metabolic disor-
ders through the activation of TLRs and NLRs. Dasu and
colleagues have reported that, significant increment in TLR2
and TLR4 along with their ligands and cofactors was found
at both mRNA and proteins levels in subjects with T2D [46].
Physiological increase of plasma FFAs causes hepatic IR (i.e
increased hepatic glucose production) which results in he-
patic accumulation of diacylglycerol (DAG) and activation
of proinflammatory cytokines pathway. Furthermore this
suggests that obesity associated hepatic inflammation and IR
can be due to the elevated levels of plasma FFAs.

The function of the adipose tissue is not only to store and
release the fatty acids but also to synthesize and release
certain active compounds such as FFA, resistin, TNF-a, I1L-6
and others through the activation of macrophages (Fig. 2)
[48, 49]. Among all these compounds, rising plasma FFA
levels in the skeletal muscles and AT increase the IR and
lowering levels improve insulin sensitivity. The plasma FFA
level is usually increased in obesity due to enlargement of
the AT mass, which involves intramyocellular accumulation
of DAG and long-chain acyl-CoA, which further inhibit the
phosphorylation of insulin receptor substrate to down regu-
late the insulin action [50]. Absence of TLR2 protects
against high-fat diet (HFD) induced inflammation and results
in greater insulin-stimulated glucose transport in cultured
adipocytes [51]. The TLR2 KO mice were protected from
the detrimental effects of HFD as compared with TLR2 posi-
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Fig. (3). TLR and NLR cross talk in pathogenesis of Type 2 Diabetes. Innate immune receptors like TLRs (TLR2, TLR4) and NLRs
(NOD1, NOD2) play an important role in pathogenesis of the obesity mediated insulin resistance. In obesity, TLRs and NLRs mediated
pathway can be activated by increased FFA and LPS levels through the association with their adaptor proteins. Both TLRs and NLRs may
mediate activation of central NF-kB pathway which leads to the production of inflammatory cytokines and leads to the insulin resistance.

tive littermate controls with pronounced improvements in
glucose tolerance and insulin sensitivity with diminished
macrophage infiltration and inflammatory cytokine expres-
sion following 20 weeks of HFD feeding. This suggests the
molecular link between increased dietary lipid intake and the
regulation of glucose homeostasis by regulation of energy
utilization and tissue inflammation [52]. Another report sug-
gests that FFAs can activate CD11c (+) myeloid proinflam-
matory cells through the activation of TLR2/4 and JNK me-
diated signaling pathways, which promote inflammation and
cellular IR [53]. A recent study showed that saturated fatty
acids like palmitate treatment in differentiated C2C12 myo-
tubes resulted in a time-dependent inhibition of insulin-
activated signal transduction through activation of TLR2
[54]. Short-term inhibition of TLR2 expression using TLR2
oligonucleotides antisense in diet-induced obese mice leads
to a downregulated signaling pathway and increased insulin
sensitivity [55]. Other studies have reported that TLR2 KO
mice exhibit decreased body weight and adiposity along with
protection against IR, weight gain and co-morbidities on an
HFD than control mice [56].

Murakami and colleagues analyzed the overexpression of
TLR2 and TNFa in isolated adipocytes from obese mice
using flow cytometry, which was significantly associated
with IR [57]. Reyna and colleagues have shown that FFA
concentration was directly associated with an increase in
TLR4 gene and protein expression, which can be correlated
with the IR condition in obese and diabetic subjects [58].
Furthermore, researchers have shown that the TLR4 defi-
cient mouse strain fed on a diet rich in saturated fat protected
from systemic inflammation [59]. Increased TLR2 and TLR4
expression was demonstrated on monocytes derived from
type 1 diabetes mellitus patients with microvascular compli-

cations [60]. Long-chain saturated fatty acids activate TLR4
signaling and promote hypothalamic leptin resistance. Im-
munopharmacological inhibition of TLR4 protects from
monounsaturated fat induced obesity acting as a predominant
molecular target for saturated fatty acids in the hypothala-
mus, which activates the inflammatory response [61]. Previ-
ous report suggested that TLR4 deficient mice exhibit
greater than their wild-type counterparts, and this effects
consequence of reduced inflammatory signaling in AT [62].
When TLR 2 ligand, Zymosan-A (ZymA) was administered
at very low doses in vivo, which stimulated chronic low-
grade systematic inflammation contributing to the formation
of new adipocytes. These studies emphasize the important
link between obesity and innate immunity, and how dietary
fatty acids may aggravate obesity and its related co-
morbidities through direct interactions with TLR2 and TLR4
in AT [63]. MyD88 deletion in the central nervous system
protected from HFD and palmitate-induced impairment of
peripheral glucose metabolism. Thus, we define neuronal
MyD88-dependent signaling as a key regulator of diet-
induced leptin and IR in vivo [64].

One data showed that saturated fatty acids like palmitate
stimulates both TLR2 and TLR4 signals in insulin (INS-1)
cells, showing the involvement of TLR2 and TLR4 in fatty
acid induced IR. Activation of the stress-related JNK path-
way through TLR4 stimulation was involved in palmitate-
induced INS-1 B cell death, which suggests that activation of
an innate immunity signal may be involved in fatty acid in-
duced lipotoxicity in B cells [65]. Elective elevation of
palmitate levels among all the other circulating FFA species
would be the key to clearly demonstrate the activation of
inflammation via the TLR4/myD88 pathway which results in
B cell dysfunction [66]. Surface expression of TLR2 and
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TLR4 was significantly increased in monocytes in T1D pa-
tients and db/db mice at mRNA levels via palmitate and LPS
induction, while decreased by pioglitazone treatment. Other
researches also demonstrated that expression and activity of
the functional receptors of TLR2 and TLR4 were increased
in the monocytes of patients with metabolic syndrome,
which could be contributed to the increased risk for meta-
bolic disorders [68].

TLR3 and TLR9 contribute to innate immunity and pro-
gression of T2D by recognizing the Double-stranded RNA
and bacterial unmethylated DNA respectively. One study
depicted the critical role of TLR3 signaling and RNase L in
the obesity associated IR. They showed that defects in the
RNase L activation and TLR3 expression with reduced man-
ganese superoxide dismutase in skeletal muscle cells of the
obese people further increases insulin sensitivity [69]. TLR3
KO mice fed with HFD had improved glucose tolerance,
reduced hepatic steatosis and down regulated proinflamma-
tory cytokines as compared to Wild Type (WT) mice, indi-
cating that antagonizing TLR3 may be a beneficial approach
for the treatment of metabolic diseases [70]. Study in the
HFD mediated TLR9 KO mice has suggested that genetic
ablation of the TLR9 improved the insulin sensitivity
through decreasing the inflammatory responses in AT caused
by the activation and accumulation of the macrophages [71].

GUT MICROBIOTA, TLRS AND INSULIN RESIS-
TANCE

In recent times, the gut microbiota composition has also
been shown to play a significant role in the development of
obesity and IR by affecting fat storage and energy harvest-
ing. Earlier research suggested that T2D might be associated
with the dominance of gram-negative bacteria in the gut such
as, Bacteroidetes and decrease in gram positive helpful bac-
teria [72, 73]. LPS is a major component of the gram-
negative bacteria envelope and a known inducer of inflam-
mation in vivo. The proinflammatory component of LPS,
endotoxin (or lipid A), is composed of Fatty Acid (FA) and
phosphate groups attached to a central Glucosamine dimer.
Specific serum binding protein TLR4 transports endotoxin to
cells expressing its corresponding receptor through the GPI-
linked protein necessary for LPS binding [73]. Diet-induced
obese mice exhibit a constant increase in the plasma LPS
termed as “metabolic endotoxemia” which further improved
by the reduction in Bacteroides-Prevotella spp. by antibiot-
ics administration [74]. The gut mucosal permeability is
governed by the complex system of the tight junction pro-
teins, including occludin and claudin. In mice, decrease in
the population of bifidobacteria species in the gut loosens
the tight junctions between the cells of the gut lining. The
loose junctions or malfunction of the barrier increases the
gut permeability and allows LPS from microbes to leak
through the gut epithelium which causes a low-grade in-
flammation and can induce a number of metabolic disorders,
including the IR leading to T2D [75]. Creely et al. have
shown increased TLR2 expression in adipose tissue from
T2D patients with strong correlations of plasma endotoxin
levels suggesting that gut microbiota related factors are in-
volved in the development of T2D and obesity in humans.
The authors had also found that endotoxemia was 2-fold
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higher in the BMI, sex, and age-matched T2D patient group
than in the non diabetic patients [76].

CD14 (LPS co-receptor for TLR4) KO mice were com-
pletely resistant to the development of the inflammation in-
duced by both, high-fat feeding or following the chronic low
dose LPS administration in the visceral and subcutaneous
adipose depots, the liver and the muscle [77]. Gut microbiota
contributes to metabolic endotoxemia related to high-fat diet
feeding. In the same line of results, recent research has re-
ported that plasma LPS plays an important role in the devel-
opment of metabolic and vascular abnormalities in diabetic
patients [78]. High fat or high carbohydrate food increases
the plasma LPS concentration and LPS binding protein
which simultaneously increases the expression [79]. Periph-
eral Blood Mnonuclear cells (PBMCs) isolated from AT of
the obese subjects has shown increased TLR2 and TLR4
expression, which further increased pro inflammatory cyto-
kines expression and NF-kB binding [80]. Monitoring gene
expression in B-cells exposed for 48 h to the prototypical
TLR4 ligand LPS showed a concentration-dependent in-
crease in TLR4 and CD14 transcripts and decreased insulin
content and secretion. TLR4 positive mouse insulinoma cells
(MIN6) were found to be LPS-responsive with increasing
TLR4 and CD14 mRNA levels along with reduced cell vi-
ability and insulin content [81]. These results suggest that
inflammatory condition of T2D is significantly related to the
expression of TLRs like TLR2 and TLR4, but still clear un-
derstanding of exact mechanism needs further research.

ROLE OF NOD1 AND NOD2 IN OBESITY MEDI-
ATED INSULIN RESISTANCE

NOD proteins are important innate immune components
which are involved in diet-induced inflammation and IR.
Acute activation of NOD proteins by mimetics of bacterial
peptidoglycan (PGN) causes whole-body inflammatory IR in
vivo by altering both glucose tolerance and glucose produc-
tion. NOD1/2 or double KO mice are more insulin tolerant
compared with WT control mice after 16 weeks of HFD,
evidenced by decreased insulin tolerance. After the HFD,
these mice showed lower gonadal adipose and liver masses
compared with WT control mice with reduced adipose size.
Thus, we can say that mice were protected from the HFD-
induced IR, lipid accumulation and inflammation in AT,
skeletal muscle and liver [82]. NOD1 activator like bacterial
PGN motifs caused acute systemic IR in mice, which further
suppressed insulin action in the liver and isolated hepato-
cytes as well as decreased insulin-mediated glucose uptake
in adipocytes [83].

PGN motifs that acts on NOD2 induce muscle cell-
autonomous IR suggests that NOD2 alone is capable of
acutely inducing IR within muscle cells, possibly through the
activation of endogenous inflammatory signals and/or
through cytokine production, curbing upstream insulin sig-
nals. Therefore, NOD1 ligand-mediated IR, seems to involve
cross talk between cells from the various tissues, likely adi-
pose and hepatic, with indirect manifestation in skeletal
muscle [83]. Amar and his co-workers have observed the
bacterial translocation towards adipose tissue and blood only
after one week of high-fat diet mediated inflammation induc-
tion. This translocation is prevented in mice lacking the mi-



196 Current Diabetes Reviews, 2014, Vol. 10, No. 3

crobial recognition receptors NOD1 or CD14, suggesting
that these receptors have important roles in the development
of the low-grade inflammatory state that characterizes IR
[84]. Administering PGN-based NOD1 agonists to adipo-
cytes of WT mice leads to the activation of inflammatory
cytokines, impairing insulin signaling and decreasing insu-
lin-stimulated glucose uptake, but such effect was found to
be absent in NOD1 KO mice [85]. Along with NOD1 and
NOD?2, the list of innate immune components involved in IR
is growing and also includes NOD-like receptors such as
NLRP3 [86-88]. It is a daunting but important task to under-
stand how components of the immune system coordinate
inflammation resulting in IR.

It has been hypothesized that after stimulation of both
TLRs and NLRs by microbial products, the inhibitor of 1kB
is phosphorylated, leading to degradation and the transloca-
tion of NF-kB into the nucleus where it activates the expres-
sion of cytokines, which induce the proinflammatory re-
sponse. TLRs mediate activation of NF-kB possibly through
adaptor proteins MyD88, whereas NLRs mediate through
interactions with RIP2 (Fig. 1 and 3) [88].

GUT MICROBIOTA MODULATION, TLRS AND NLRs

Antibiotics have been designed to target the pathogenic
microorganism, but they affect some members of commensal
microbiota, leaving an imprint on the gut community, long
even after their removal [89]. Recent experiments have re-
vealed that treatment with broad-spectrum antibiotics affects
the gut microbiota structure with significant decrements in
Bacteroidetes and a parallel increase in Firmicutes. As men-
tioned above, a high sugar/fat rich diet shifts gut microbiota
composition towards increase in gram-negative microbial
population, which leads to higher LPS concentration and
increases TLRs and NLRs mediated inflammatory responses
[90]. Recent research suggests that antibiotic treatment can
prevent the progression of T2D at some extent through the
modulation of gut microbiota. Oxytetracycline treatment
completely restored insulin sensitivity by increasing the in-
sulin binding capacity to the liver membrane [91]. Chronic
Oxytetracycline therapy was found to alter the diabetic status
of the spontaneously induced diabetic rat (Bio Breed rat)
with lowered plasma glucose levels in the fasted as well as in
the fed state. These results indicate that the Oxytetracycline
treatment was effective in lowering insulin requirements as
well as in improving the handling of glucose [92]. Membrez
and researchers have modulated the gut microbiota with the
combination of broad-spectrum antibiotics like norfloxacin
and ampicillin and found that such treatment enhances glu-
cose tolerance in mice through reducing gram-negative mi-
croflora population [93]. Gut decontamination with two dif-
ferent combinations of drugs (1) norfloxacin and ampicillin
(2) polymyxin and neomycin for two weeks decreased the
cecal bacterial DNA content below the level of detection,
which significantly improved fasting glycemia and oral glu-
cose tolerance in leptin deficient, diet-induced IR mice [94].
Above mentioned reports suggest that antibiotic treatments
may enhance glucose tolerance through the gut microbiota
modulation.

A combination of three different antibiotics (Ampicillin,
neomycin and metrodinazole) treatment greatly modified the
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gut microbiota with significant reduction in the levels of
Bacteroidetes and Firmicutes, overall bacteria count and
circulating plasma LPS levels. This manipulation also re-
duced the levels of fasting glucose, insulin, TNF-a and IL-6
along with reduced activity of TLR4, JNK, IKKB which
phosphorylates IRS-1 and subsequently improved glucose
tolerance and insulin action in metabolically active tissues.
These results suggest that modulation of gut microbiota in
obesity through antibiotics can improve insulin signaling and
glucose tolerance by reducing circulating LPS levels, and
TLR mediated inflammatory signaling [95]. Murphy et al.
have studied that vancomycin and bacteriocins producing
probiotics altered the gut microbiota in the diet induced
obese mice. However, only vancomycin treatment had im-
proved metabolic abnormalities via significant reduction in
Firmicutes and Bacteroidetes and increase in Proteobacteria
[96]. Previously, we showed that gut microbiota modulation
with cefdinir microspheres had significantly improved IR,
glucose intolerance, triglycerides, and hepatic damages in
high-fructose diet fed rats [97].

Until now there has been no report available regarding
the participation of NLRs in reduction of diabetic symptoms
through the modulation of gut microbiota by antibiotic appli-
cation. NOD1 and NOD2 may be involved in the inflamma-
tory based process of IR through the recognition of gut mi-
crobiota. Reduction of increased gram negative microflora
population in diabetic subjects through the application of
spectrum specific antibiotics may decrease relative expres-
sion of NODL1 as it specifically gets activated by gram nega-
tive bacteria. Moreover, it can be hypothesized that relatively
decreased expression of TLRs and NLRs through the antibi-
otics treatment in diabetic individuals, may downregulate the
NF-kB signaling. The downregulated activity of NF-kB may
reduce the expression of proinflammatory cytokines, which
thereby decreases the incidence of IR and metabolic abnor-
malities. Understanding such a crosstalk of TLRs and NLRs
along with the gut microbiota modulation in pathogenesis of
IR may provide new insights to develop novel therapeutics
for T2D. However, extensive study will be required to un-
derstand such a complex pathway and their intercalative role
in the progression of metabolic disorders like T2D, obesity
and IR.

THE FUTURE MODULATORS OF THE TLRS AND
NLRs

TLRs and NLRs successfully fulfill several criteria and
indicated them as effective therapeutic targets to treat many
inflammatory diseases. Growing research indication through
well characterized strategies has also linked immune re-
sponses with TLRs and NLRs in the development of meta-
bolic disorders. However, efforts to identify and characterize
novel modulators of TLRs and NLRs dependent signaling
and inflammation for treatment of metabolic disorders are
still not significantly implemented. to treat several complica-
tions such as allergy, pain reduction, autoimmunity, inflam-
mation, ischemia, reperfusion, inflammatory bowel disease
and rheumatoid arthritis [98]. Several NLRs targeted thera-
peutics also have been developed to treat rheumatic disease
and many others [99, 100]. However, the TLR inhibitory
activity of new therapeutic agents in a direction to reduce
diabetes induced inflammation is not well documented or
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studied. Thus, these approaches need to be applied to target
TLR or NLR regulated pathways in diabetes and related
metabolic complications.

CONCLUSION

Obesity and T2D are associated with the increased level
of adipocytes derived FFA, proinflammatory cytokines and
gram negative bacteria derived LPS, which causes inflamma-
tion through TLR and NLR signaling pathways. Innate im-
mune receptors such as TLRs and NLRs play a significant
role in pathogenesis of obesity mediated insulin resistance
through induction of proinflammatory cytokines which fur-
ther causes downregulation of IRS pathway. Gut microbiota
modulation with certain antibiotics has increased insulin
sensitivity by decreasing the inflammation through TLR and
NF-kB pathway. Role of NOD1/NOD?2 can also be studied
in relation with gut microbiota and insulin resistance in
pathogenesis of T2D. In future, TLRs and NLRs and gut
microbiota targeted therapeutics can be developed in direc-
tion to treat the metabolic disorders like obesity and T2D.
However, it needs extensive research to be understood.
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ABBREVIATIONS

T2D = Type 2 Diabetes

IR = Insulin Resistance

TLR = Toll like receptors

NOD = Nucleotide Oligomerization domain

FFA = Free fatty acid

LPS = Lipopolysaccharide

IL-1B = Interleukin- 1p

TNF-a = Tumor necrosis factor- a

CRP = C-reactive protein

VLDL = Very low density lipoprotein

PRRs = Pattern reorganization receptors

PAMP = Pathogen associated molecular patterns

CLR =  C-type lectin receptors

RLR = Retinoic acid inducible gene(RIG) like re-
ceptors

LRR = c-terminal-Leucine rich repeats

MyD88 = Myeloid differentiation protein-88

IRAK = Interleukin-1 receptor-associated kinase

TRAF6 = TNF receptor associated factor
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IL-6 = Interleukin-6

AT = Adipose tissue

IRS = Insulin receptor signaling

IR = Insulin resistance

m-RNA = Messenger- ribonucleic acid

T1D = Type 1 Diabetes

DGGE = Denaturing gradient gel electrophoresis

MGWAS = Metagenome wide association study

gPCR = Quantitative Polymerase cycle reaction

NLR = NOD-like receptors

TIR = Toll/IL-1 receptor

KO = Knockout

CD14 = Cluster of differentiation-14

HSP60 = Heat shock protein 60

HSP70 = Heat shock protein 70

CARD = Caspase recruitment domain

PYD = Pyrin domain

BIR = Baculovirus inhibitor receptor

NF-«xB = Nuclear factor kappa-light-chain-enhancer of
activated B cells

MAPK = Mitogen activated protein kinase

iE-DAP = vy -D-glutamyl-mdiaminopimelic m diamino-
pimelic acid

MDP = Muramyl dipeptide

RIP2 = Receptor interacting protein kinase 2

DAG = Diacylglycerol

HFD = High fat diet

INK = c-Jun N-terminal Kinase

ZymA = Zymosan-A

WT = Wild type Species

FA = Fatty acid

PBMCs = Peripheral blood mononuclear cell

MING = mouse insulinoma cells

PGN = Peptidoglycan

AUC = Areaunder curve

NLRP3 = NOD-like receptor family, pyrin domain
containing 3

DNA = Deoxy Ribonucleic acid

IKKB = 3-Phosphoinositide-dependent Protein
Kinase-1-mediated 1xB Kinase
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